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A total of 21 planar fractal grids pertaining to three different fractal families have been used in two
different wind tunnels to generate turbulence. The resulting turbulent flows have been studied using
hot wire anemometry. Irrespective of fractal family, the fractal-generated turbulent flows and their
homogeneity, isotropy, and decay properties are strongly dependent on the fractal dimension D,
=2 of the grid, its effective mesh size Mg (which we introduce and define) and its ratio z, of largest
to smallest bar thicknesses, t,=t,,,,/ i, With relatively small blockage ratios, as low as 0=25%,
the fractal grids generate turbulent flows with higher turbulence intensities and Reynolds numbers
than can be achieved with higher blockage ratio classical grids in similar wind tunnels and wind
speeds U. The scalings and decay of the turbulence intensity u'/U in the x direction along the
tunnel’s center line are as follows (in terms of the normalized pressure drop C,p and with similar
results for v'/U and w'/U): (i) for fractal cross grids (D;=2), (u’/U)2=t3CAPfct(x/Meff); (ii) for
fractal 1 grids, (u'/U)?=t,(T/Lyay)*Capfct(x/ M), where T is the tunnel width and L,,,, is the
maximum bar length on the grid; (iii) for space-filling (D;=2) fractal square grids, the turbulence
intensity builds up as the turbulence is convected downstream until a distance xpc, from the grid is
reached where the turbulence intensity peaks and then decays exponentially, u’zzul')eakzexp[—(x
~Xpeak)/ Luurb ), Where u}')eakz increases linearly with 7,, Xpear * fminT/ Linin (Limin being the minimum bar
length on the grid), and /,,,*\>U/v (v being the kinematic viscosity of the air and \ being the
Taylor microscale); N remains approximately constant during decay at x>>xc,. The longitudinal

and lateral integral length scales also remain approximately constant during decay at x> X,cqi-
© 2007 American Institute of Physics. [DOI: 10.1063/1.2676448]

I. INTRODUCTION

Research activity on fractal-generated turbulence has
been slowly building up over the past six years or so."”’
However, only two of these studies have contributed results
from laboratory experiments on fractal-generated turbulence,
and they both do so for wakes of three-dimensional fractal
objects. Here we present wind tunnel measurements of tur-
bulence generated by fractal grids placed at the entrance of
the test section in the spirit of earlier seminal works that used
“classical grids,” i.e., regular rectangular arrays of bars, to
generate the turbulence.®"°

Various valid motivations for the general study of
fractal-generated turbulence have been given.lf“’7 The more
immediate motivations in the present paper are three. First,
there is the issue of how to create ideal experiments on tur-
bulence with well controlled conditions and very high Rey-
nolds numbers. Conditions are usually well controlled in the
wind tunnel where classical grids produce homogeneous iso-
tropic turbulence but only with very moderate Reynolds
numbers. High Reynolds number turbulence can be obtained
in field measurements but with very little control over the
type (whether statistically stationary, homogeneous, isotro-
pic, etc.) of the turbulence measured. This issue has already
been addressed over the past 15 years for homogeneous iso-
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tropic turbulence with some success (starting with Makita''
and Mydlarski and Warhaft'?) by replacing the classical grids
with active ones in the wind tunnel. Here we try fractal grids
in the wind tunnel. However, to preempt our conclusions, we
cannot claim yet that we have been successful in designing
the ideal turbulence experiment.

Our second and third motivations are the following two
questions, and for these our findings are perhaps more
interesting:

(1) How does a turbulence decay when it is generated by
creating many eddies of many different sizes at once,
which is what a fractal grid is doing?

(ii)  How does a turbulence scale when it is generated by a
fractal grid that has its own intrinsic scaling?

We report here an extensive exploratory study on fractal-
generated turbulence. It is extensive because a total of 21
grids pertaining to three different fractal families and two
different wind tunnels have been used. It is exploratory be-
cause what we present is a necessary first exploration into the
broad landscape of properties and effects pertaining to
fractal-generated turbulence. As a consequence, many of our
experimental results may just be indicative and may call for
further investigations on each and every single one of our
grids if definite interpretations are to be reached. However,
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the directions of such further investigations and some rea-
sons for why they may be worthwhile are nevertheless clear
in our conclusions.

The paper is structured as follows. Section II describes
the experimental apparatus and Sec. III the three families of
fractal grids used in this work and the quantitative ways to
describe them. In Secs. IV-VI, we report our results on wind
tunnel turbulence generated by fractal cross grids, fractal I
grids, and fractal square grids, respectively. Each of these
sections ends with a concluding subsection summarizing the
main results for each family of grids. Overriding conclusions
summarizing and comparing results obtained from all grids
are given in Sec. VII.

Il. EXPERIMENTAL APPARATUS

Experiments were conducted in two horizontal wind tun-
nels. One is a recirculating wind tunnel with a test section of
72=0.91%> m? cross section and 4.8 m length. This tunnel
was designed for turbulence research, so it has a low back-
ground turbulence level (measured to be 0.25%). When
empty, the maximum speed in the tunnel is 45 m/s.

The other tunnel is a conventional open-circuit wind tun-
nel with a working section of 72=0.46% m? cross section and
3.6 m length. Its maximum speed, when empty, is 33 m/s
and the background turbulence intensity is 0.4%.

Flow velocities were measured by hot wire anemometry.
The hot wires used in this work were manufactured from
wollaston wire consisting of a 5 um diameter, platinum alloy
core (10% rhodium) coated with silver up to an external
diameter of 20—25 um. The wires were soft-soldered to the
top of a Dantec 55P51 x-wire probe. This probe has straight
prongs with sensor angles of 45° and a 1 mm spacing be-
tween the two sets of prongs. The wire sensing element was
then obtained by etching away a central portion of the silver
coating in an electrolytic nitric acid bath. The resulting plati-
num element was roughly 1 mm long, giving a sensing
length-to-diameter ratio of [,,/d, =200. A 6 mm diameter
Dantec 55H24 probe support was used to support the x-wire
probes.

In all our measurements, it was estimated that [,=3
—8m, where 7 is the Kolmogorov length scale.

We used a state-of-the-art AALab AN-1005 constant-
temperature anemometer system with four channels of which
we used two. This anemometer has a high-frequency re-
sponse (80 kHz using 5 um wollaston wires) and enables
accurate small-scale measurements to be made. The highest
resolvable frequency is of order U/l,, where U is the mean
free-stream velocity. In both tunnels, U was varied between 6
and 20 m/s, which gives a maximum frequency of 20 kHz
for our wires (/,,~ 1 mm), well within the capabilities of our
anemometer.

The AALab anemometer has built-in signal conditioners,
filters, and an acquisition card. The built-in signal condition-
ers were used to offset and amplify the analogue signals
output by each anemometer. The resolution of the built-in
acquisition card is 16 bit. A typically expected signal-to-
noise ratio is 60 dB.
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FIG. 1. The three fractal-generating patterns, S=2, 3, 4.

The hot wires were statically calibrated in the free-
stream flow of the wind tunnels used in this testing. The
free-stream velocity was measured using a 6 mm pitot-static
probe, fixed at the inlet of the tunnel and connected to a Betz
manometer. Homogeneity traverses were performed to verify
that the local free-stream velocity matched the inlet velocity.
Good calibrations are achieved with the AALab anemometer
by fourth-order polynomial fits of the velocity as a function
of voltage, which provides small corrections to the usual
King’s law.

Systematic directional calibrations of the x-wire were
also performed, first by aligning it with the freestream flow
to record anemometer voltage output at various tunnel
speeds, then by setting the tunnel running at a constant speed
and rotating the entire x-wire probe £20° in 5° increments.

Sampling frequency was chosen so as to pick up the
smallest scales accurately resolved by the anemometer/wire.
To satisty the Nyquist condition, sampling was carried out at
twice the frequency of the smallest resolvable scales. Tun-
able low-pass filtering was used in order to remove noise and
to prevent higher frequencies from folding back (aliasing)
and distorting the lower frequencies of the sampled signal.
The setting of the low-pass filter was always set to half the
sampling frequency.

Data were sampled for a period of time that captured at
least 100000 integral lengths of the flow. Such large samples
are required to obtain accurate (converged) statistics, espe-
cially at large (infrequent) scales. A typical integral length
was 5 cm, resulting in typical sampling times varying from 4
to 14 min.

lll. THREE FAMILIES OF FRACTAL GRIDS

We considered three families of fractal grids each based
on a different fractal-generating pattern (see Fig. 1).

These three patterns can be distinguished by the number
S of rectangular bars they require, S=2 in the case of the
cross, S=3 in the case of the I pattern, and S=4 in the case of
the square. Fractal grids are completely characterized by the
choice of pattern and (i) the number of fractal iterations N;
(ii) the bars’ lengths L_,-=R£L0 and thicknesses tj=R{t0 (in the
plane of the pattern, normal to the mean flow) at iteration j,
Jj=0,...,N—1 (all these bars, irrespective of iteration and
type of grid in this work, have the same 5 mm thickness in
the direction of the mean flow, with the one exception of the
grid of Fig. 13, which, unlike all other grids that are made of
acrylic or wood, is made of steel and has a 1.6 mm thickness
in the direction of the mean flow); (iii) the number B/ of
patterns at iteration j.

B=4 and R;=1/2, R,=1 in all the fractal grids used
here. By definition, Ly=L, . Ly-1=Lpnin> 10=tmax> IN-1
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FIG. 2. Classical grid geometry.

=fin- Scaled diagrams of all the fractal grids used in this
investigation are shown in Figs. 3, 12, 13, 17, 32, and 33.

A. Derived quantities and parameters

The blockage ratio o of these grids is the ratio of their
total area to the area 72 of the tunnel’s cross section. A fractal
grid’s total area A is the sum of the areas A; covered by each
iteration j: A;=L;jt;B’ and A=SZ)J'A;=SSNLoty(R.R BY
=SLoto([1- (BR RL)N]/(I BRLR,)) It follows that o
=S(Loto/ T)([1 - (BRR)V)/(1-BR,R))).

Scaling exponents 3; and S, that characterize the area/
blockage distribution across scales can be defined as follows:
Aj~L; B, Aj~1; A, Higher/lower values of these [ expo-
nents mean that more/less of the blockage is to be found in
the smaller scales of the grid. Note that, as a consequence of
A=Lt;B/, L=R]L, and t;=R/L,, RP'"'RB=RP"'R B=1,
and o= S(LOIO/T2)((1 R; BLN)/(l R)))= S(Lot(, Tz)((l
—Rt_ﬁfN )/(1=R,)). The scaling exponent that characterizes the
fractal perimeter, however, is a fractal dimension defined by
Df—log B/log(1/R;). Note that 1=D,=2.

It is also of interest to define the thickness ratio ¢,
=10/ ty_1 =tmax/ tmin- Note that £,=R} ™",

Classical grids are a special case of our fractal grids
where §=2; B,=% and R,=1; R;=1/2, Dy=2; B;=1 and
t,=1.

Unlike classical and even active grids, fractal grids do
not have a well-defined mesh size. Intuitively it would make
sense to define an effective mesh size M as being propor-
tional to the ratio of 72 over the fractal perimeter’s length P.
However, such a definition does not take into account the
blockage ratio o because part of the tunnel’s cross-sectional
area is of course covered by the area of the grid. We calculate
the o correction to 72/ P by reference to classical grids as we
want our definition of M s to return the mesh size M of
classical grids when applied to them.

By direct inspection of Fig. 2 we see that in the case of
a classical grid, a'=1%(2—ﬁ), where b=tj for all j=0,...,N
—1 as t,=1. The perimeter of a single mesh being am(1

1&) and there being a number (7/M)? of meshes in a clas-
sical grid, P= (T/M)24M(1——) Hence we obtain two ex-
pressions for 7; M that equate to give M=(4T%/P) Vi-o.
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We therefore define an effective mesh size for our fractal
grids as follows:

AT ——
Meff=7\1_ (1)

The fractality of the grids influences M. via their perimeter,
which can be extremely long in spite of being constrained to
fit within the area 7°.

The simple requirement that the fractal grids must fit
exactly into the tunnel’s cross section implies that 7=L,,,, in
the case of cross grids but that 7= ZN_"O' i ino1 = Ling[ (1
—RY)/(1-R;)] in the case of I and square gnds

A complete description of cross grids (assuming B is
kept constant; here B=4) requires a minimum of four param-
eters, for example 7, N, f,,,x, and R,, whereas a complete
description of T and square grids (again assuming B is kept
constant, here B=4 too) requires a minimum of five param-
eters, €.g2., T, N, Ly tmax> and 7. Note the extra constraint
R;=1/2 (hence D;=2) in the case of cross grids.

B. The fractal grids

We constructed five different biplanar cross grids for the
0.91% m? wind tunnel, one of which is a classical grid. These
grids differ by their thickness and blockage ratios. Three of
the fractal cross grids have the same number of N=4 fractal
iterations and very similar mesh sizes. Two of those have
three identical parameters, T, N, and ¢,,,,, and differ by their
blockage ratio so as to allow comparisons at different block-
age ratios while keeping all other independent parameters
constant.

We also constructed for the 0.91% m? tunnel five differ-
ent planar I grids, four of which have the same f,,;,=1 mm,
0=25%, and N=6 iterations. Thus, four of the five param-
eters required to completely determine these four fractal I
grids (see Sec. IIT A) are fixed. The remaining parameter that
we determine is the fractal dimension Dy, and we chose four
values: D;=1.68, 1.79, 1.87, and 1.98 giving four different
grids. These four grids have similar L,,,, because L,,,, turns
out to be mostly constrained by the tunnel width. The pur-
pose of these four grids is to determine the role of their
fractal dimension at constant blockage ratio, minimum thick-
ness, number of iterations, and tunnel size 7. The purpose of
the fifth I grid is to test dependencies on blockage and/or
nondimensional parameters such as N, which is why it has
N=5 (instead of N=06) iterations, t,,;,=4 mm, D;=2.0, and a
higher blockage o=31%(which is made possible by the
smaller number of iterations).

Following the results obtained from these fractal I grids,
we designed and constructed five extra fractal I grids all with
D=2 for the purpose, as explained in the following sections,
to maximize flow homogeneity. We kept 0=25% as with the
previous N=6 I grids. We designed these five new grids for
the 7=0.46 m wind tunnel which, even though smaller, has
effectively a longer test section (it is approximately 7.8 T
long). To identify which length scale or length scales control
turbulence decay, it is useful to construct fractal I grids with
the same values of Mg, o, L, and L., for example, in
which case we can establish the role of 7., by varying it
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e (d)

FIG. 3. The four nonclassical cross grids. From l,:R,]'N, R,=0.55, 0.58,
0.71, and 0.79 from (a) to (d). (a) 7,=3.3, f,x=62 mm, B,=0.00, o
=40%; (b) 1,=5.0, ty=16 mm, B;=0.18, o=17%; (c) 1,=2.8, Iy
=14 mm, B,=0.45, 0=21%; (d) t,=2.0, t,,,x=16 mm, B8,=0.58, 6=29%.

from grid to grid. We set N=4 and M =36 or 37 mm for all
these extra I grids. It is possible to widely vary ¢, while only
slightly varying M. within this narrow range because M
is predominantly controlled by R; and N, which are both
fixed to 1/2 and 4, respectively. Hence, the five extra grids
differ by r,=2.5, 5.0, 8.5, 13.0, and 17.0, but their lengths
L.x and L;. turn out to be about constant for all five grids.

In an attempt to further improve flow homogeneity and
isotropy, we then constructed for the 7=0.46 m wind tunnel
(test section’s length =7.8 T) five different planar fractal
square grids all with D;=2 (space-filling) for best homoge-
neity, same 0=25% (which is also the blockage ratio of nine
out of the ten I grids), N=4 (as for the space-filling I grids),
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3 - /// 4
a 251 o ]
O<l
2 L
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0 0.1 0.2 0.3 0.4 0.5 0.6

FIG. 4. Cyp vs grid o.
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FIG. 5. Turbulence production, 7=0.91 m tunnel, U,=12 m/s. See Fig.
for grid correspondence with S;.

and M ;=~26.5 mm for all grids. It is possible to widely vary
t, while only slightly varying M.y within a narrow range.
The five space-filling square grids therefore differ by their
values of #,, and we chose the same five values of 7, as for the
five space-filling I grids: ¢,=2.5, 5.0, 8.5, 13.0, and 17.0. By
square construction and tunnel width constraint, L,
=237.4 mm and L_;,=29.7 mm for all five grids.

The purpose of these five grids is to make a start toward
identifying which length scale or length scales control turbu-
lence decay. In this particular case, we have kept M, o,
L.« and L, constant while varying only ¢,,,, and ¢,,;, from
grid to grid.

For the purpose of investigating the effects of the wind
tunnel width 7, we constructed two space-filling fractal
square grids with similar specifications as the five previous
square grids but larger so as to fit into the test section of the
T=0.91 wind tunnel (test section’s length ~5.25 T). For
both of these larger square grids, Df=2.0, o0~=25%, N=4,
and the value of M is very close to that of the five smaller
square grids. It is again possible to widely vary ¢, while only
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FIG. 6. Homogeneity profiles, 7=0.91 m tunnel, x=4.25 m,

slightly varying M within a narrow range. Hence, the two
grids differ by their values of ¢,: £,=17.0 and 28.0. L, and
L, are about the same for both grids.

A complete quantitative description of all these fractal
grids as well as fairly faithful pictorial descriptions of them
are to be found in the following sections.

IV. TURBULENCE GENERATED BY FRACTAL
CROSS GRIDS

We constructed five different biplanar cross grids for the
0.91> m? wind tunnel, one of which is a classical grid with
0=44%, M =152 mm, b=39 mm. As shown in Fig. 3, these
grids are distinguished by their thickness ratios, the classical
grid (not shown in the figure) corresponding to 7,=1. They
also have different blockage ratios that are given in the figure
captions. The effective mesh size and N are M =114 mm
and N=3 for Fig. 3(a), but N=4 for the other three Figs.
3(b)-3(d), and the mesh sizes are, respectively, M ;=58.4,
57, and 54 mm.

A. Pressure drop

The difference in pressure (AP) across each grid was
measured using a Betz manometer for various mean flow

Phys. Fluids 19, 035103 (2007)

12 ‘
10+ W |
- B =018
87 <%~ B =045 |
£ B =0.58
5 —+ B, =0.00
D 6F )
E =¥ Classic
4 I -
2 i -
O L
-0.5 0 35
(®) y/T
1.6 .
= B =0.18
15} <5 B =0. |
=
—+
141 v |
g
2 ) )
I = e AN A i
1.3 B ,@/"‘\Qb@"» ? ’!_ &
M o B
121 FSges Y |
1.1 ,
08 0 0.5
(d) y/T

U.=12 m/s. See Fig. 3 for grid correspondence with S;.

velocities U, upstream of the grid. In agreement with clas-
sical measurements,9 it was found that AP Ufo thus defining
a dimensionless normalized static pressure drop

AP
Cap= 1

Lot ?
2 ©

where p is the atmospheric air density.

It is shown in Sec. III that fractal cross grids only require
four parameters to be completely described, and the four
cross grids used here all have the same value of T; three of
these grids also have the same value of N [Figs. 3(b)-3(d)];
finally two of these three grids also have the same value of
fmax LFigs. 3(b) and 3(d)]. Hence, specifying the blockage
ratio o determines completely these last two grids and Fig. 4
shows that increasing o by 70% (from o=17% to 29%)
while keeping #,,.., I, and N constant causes the pressure
drop to more than double. Note that the bar aspect ratios, i.e.,
the ratios of bar thicknesses 7; to the bar thickness in the
direction of the mean flow (which is 5 mm for all bars),
change when o changes while keeping 7, N, and 7,
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=0.91 m tunnel, U,.=12 m/s. See Fig. 3 for grid correspondence with f3;.

constant because of the fractal construction constraints de-
tailed in Sec. III.

The increase of pressure drop with blockage ratio is
confirmed by the other two cross grids [Figs. 3(a) and 3(c)]
even though other independent parameters have also been
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varied in their definition (including the bar aspect ratios),
thus limiting the ability to firmly conclude as to the effect
of o.

Figure 4 also shows that C,p is larger for our fractal
cross grids than for classical grids at equal blockage ratio o
(extrapolating lines from Corrsin’ in that figure). The data
point at 0=44% is for our own classical grid and shows that
Cyp is smaller than for fractal cross grids but higher than
Corrsin’s classical grids, which were made of circular or
square cross-section bars. (Our classical grid also has square
cross-section bars, but 7/M =6, whereas Corrsin’s grids in
Fig. 4 are such that T7/M=40. In fact, Corrsin’ always used
T/M =20 or 40 for best homogeneity and isotropy. The value
of C,p is notoriously sensitive to bar shape but even to 7/M,
at least where 7/M is not large enough. The value of 7/M .4
of our cross grids is 16 for all of them except for the one with
the largest value of Mg, for which T/M . =8.) Designing
grids that can generate as high C,p as possible for a given o
is potentially interesting for various applications, but in par-
ticular for generating high Reynolds number turbulence in
the wind tunnel (high C,p causes high turbulence intensity)
withOﬂtlzthe effort and complexity involved with active
grids.
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FIG. 8. Turbulence decay, cross grids, 7=0.91 m tunnel, U,.=12 m/s. See Fig. 3 for grid correspondence with ;.
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FIG. 9. Cross grid with 0=40%, T=0.91 m tunnel, U,.=12 m/s.

B. Turbulence production, homogeneity, and isotropy

Fractal cross grids generate nonzero values of % on the
tunnel’s centerline near the grids (U is the mean flow veloc-
ity in the direction of the tunnel’s central x axis) whereas
classical grids do not (see Fig. 5). This longitudinal gradient
causes some turbulence production P:—(u'z—v’z)% (this
formula, where u’ and v’ are the rms. longitudinal and lateral
horizontal turbulence velocities, is valid on the center line
for symmetric grids with respect to a 90° rotation'® such as
cross and square grids but not I grids; the correction v’z%
comes from incompressibility,13 which implies longitudinal
mean velocity gradients in the y and/or z directions too),
which is, nevertheless, usually limited to within 5% of en-
ergy dissipation and often less, as shown in Fig. 5. The mea-
sure of dissipation used in this figure is €  obtained from
%Ud%(u’2+v’2+w’2)=79—e*, where w’ is the rms vertical
turbulence velocity.

Gradients of U along x have to be offset by lateral gra-
dients of U, for example along the horizontal y axis, which is
orthogonal to the x axis and to the vertical z axis. Far enough
from the grid, however, there seem to be no longitudinal
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FIG. 10. Exponents s and n as functions of x,, 7=0.91 m tunnel, U,
=12 m/s. See Fig. 3 for grid correspondence with §;.

gradients of U and we might expect to find no lateral gradi-
ents of U either (inklings for how far it is to be far enough
from the grid are given in the next paragraph). Due to time
constraints and the large number of novel grids that have
been tested in this work, it was not possible to produce com-
prehensive three-component velocity maps of the region
around the tunnel centerline at many downstream locations
for each grid. We only obtained lateral mean velocity profiles
as far downstream as possible from the grid (x=4.25 m in
the 0.91% m? wind tunnel) in order to quickly identify grids
that do not produce homogeneous turbulence. In the case of
cross grids, y profiles suffice because of their y-z symmetry.
We plot them in Fig. 6 and comment on them in the follow-
ing three paragraphs.

There is good U homogeneity for the three cross grids
with relatively small effective mesh size [M.4 between 5.5
and 6.0 cm, i.e., say M ;=57 mm for all these three grids,
see Figs. 3(b)-3(d)], but the cross grid with M.z=114 mm
[Fig. 3(a)] generates a significant velocity deficit in the cen-
ter of the tunnel, which is presumably offset by velocities
larger than U., at the edges of the tunnel, where we did not
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FIG. 11. Permanence of large eddies, 7=0.91 m tunnel, U.,,=12 m/s. See Fig. 3 for grid correspondence with ;.

take measurements. In fact, this high-M . cross grid gener-
ates a wake-like turbulence around the centerline judging
from the mean velocity deficit and the high turbulence inten-
sities. In Sec. IV C, we report that the turbulence decay
seems to scale with M. Hence the distance x=4.25 m from
the grids where traverses are taken may be considered to be
effectively twice as far from the M ;=57 mm cross grids
than from the M ¢=114 mm cross grid. It may be concluded,
subject to future confirmation with more such grids and more
comprehensive measurements, that fractal cross grids pro-
duce as good transverse U homogeneity as classical grids but
only much further away in multiples of M. (the mesh size

TABLE I. 7=0.91 m tunnel I grid geometry. The errors on o are estimated
by assuming the thickness of each iteration to be accurate within plus/minus
the diameter of the manufacturing cutting laser (0.15 mm).

N Dy B B (%) Mg (mm) t, R,

6 1.68 -0.49 -0.38 25+1.0 50 43.8 0.47
6 1.79 -0.25 -0.21 25+1.7 31 340 049
6 1.87 -0.13 -0.11 25+2.1 25 29.2 0.51
6 1.98 0.00 0.00 25+2.5 21 249 0.53
5 2.00 0.40 0.69 31+1.4 36 5.0 0.67

of our classical grid is M=152 mm and therefore factors
larger than the mesh size of our fractal cross grids).

The homogeneity of u’/U and v’/ U is very good for the
fractal cross grids with M =57 mm and for the classical
grid, but not so good, though perhaps broadly satisfactory
around the centerline, for the fractal cross grid with M

TABLE II. 7=0.91 m tunnel I grid geometry.

Grid D168 D179 D187 D;198  D;2.00
Ly (mm) 570.3 524.8 503.1 483.9 468.3
L, (mm) 215.2 225.1 228.4 230.5 235.1
L, (mm) 81.2 96.6 103.7 109.8 118.0
L; (mm) 30.7 41.4 47.1 52.3 59.2
L, (mm) 11.6 17.8 21.4 249 29.7
Ls (mm) 44 7.6 9.7 11.9 -
to (mm) 43.8 34.0 29.2 24.9 20.0
t; (mm) 20.6 16.8 14.9 13.1 13.4
t, (mm) 9.7 8.3 7.6 6.9 8.9
5 (mm) 45 4.1 3.8 3.6 6.0
7, (mm) 2.1 2.0 2.0 1.9 4.0
t5 (mm) 1.0 1.0 1.0 1.0 -
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FIG. 12. Scaled diagrams of I grids: N=6 and D;=1.98, 1.87, 1.79, and 1.68.

=114 mm. A similar comment can be made again that fractal
cross grids produce turbulence intensity profiles that are ho-
mogeneous but farther away in multiples of M than clas-
sical grids. (By the way, it may be interesting to note that the

T il Bl Bl il Bl il B
e e T

FIG. 13. Scaled diagram, I grid: N=5 and D;=2.0.

peaks in the y profiles of v'/U and u'/U downstream of the
M =114 mm grid are positioned at distances from the cen-
ter y=0, which are between M 4 and 2M .)

The large-scale isotropy indicator u’/v’ takes values
comparable to those obtained with active grids12 (though
larger than those obtained with classical gridsg’m) and is ap-
proximately homogeneous across y except for the cross grids
with the two highest values of o, which exhibit sudden
growths in anisotropies far out from the centerline.

C. Turbulence decay

In Fig. 7, we plot the decay along the centerline of the
Reynolds number Rey, =u'N/v, where v is the kinematic vis-

cosity of the air at room temperature and N\ is the Taylor

microscale defined by )\ZEu’2/<(LU%)2>, where u is the in-

stantaneous fluctuating velocity in the x direction, and the
angular brackets signify an average over time. [In the defi-
nition of A\, we have made use of the Taylor hypothesis x
=Ut, which is known to be conservatively valid when u'/ U,
v'/U, and w'/U are less than about 10%, as is the case for

1 du

all measurements in this paper. We calculate u'? and «E 5)2

by appropriately integrating energy spectra such as those of
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Fig. 47 and resulting dissipation spectra. In all the cases pre-
sented in this paper, dissipation spectra were sufficiently well
resolved for a sufficiently accurate estimation of <(%,%)2>]
The fractal cross grids with o below 30% generate Reynolds
numbers lower than the classical grid with 0=44%. How-
ever, the fractal cross grid with 0=40% returns Reynolds
numbers two to three times greater than the classical grid,
but the turbulence it generates is far less homogeneous.

In Fig. 8, we plot the decay of turbulent intensities u'
and v’ on the centerline as the turbulence is convected down-
stream of the grid in the wind tunnel. It is interesting that
u'/U and v'/U take very similar values for the three differ-
ent cross grids with 0=29% even though the normalized
pressure drops C,p are so different across each one of these
grids. It is natural, however, to expect that (u'/U)?> and
(v'/U)?* should be proportional to Cyp, as is the case with
wind tunnel turbulence generated by classical grids.9’14 The
best way we have found to collapse these turbulence decay
data without violating this proportionality involves the ratio
of maximum to minimum thicknesses, f,, and the effective
mesh size. As shown in Fig. 8, this collapse is the following
(it might be improved a bit if slightly different power rela-
tions between turbulence intensity and Cyp are allowed for
the smaller values of z,, specifically 7,=2 and 1, which cor-

Phys. Fluids 19, 035103 (2007)
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FIG. 15. I grids, 7=0.91 m tunnel, U,,=12 m/s, x=4.25 m. Mean profiles
in the y direction.

responds to the classical grid, but this fine point requires
more data to be fully settled and is left for future study):

(u'/U)* = £} Capf (xIM ), (3)

(V' /U)? = 2Cpf,(xIM o). (4)
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D. Power-law turbulence decay?

Assuming large- and small-scale isotropy, negligible tur-
bulence production, and Taylor’s hypothesis, —%U(du’zl dx)

=15vu'?/\?, as originally shown by Taylor.15 Hence, a

Phys. Fluids 19, 035103 (2007)

TABLE III. 7=0.46 m tunnel I grid geometry. The errors on o are estimated
by assuming the thickness of each iteration to be accurate within plus/minus
the diameter of the manufacturing cutting laser (0.15 mm).

N Dy B B a (%) M gr(mm) 1, R,

4 2.00 1.25 0.55 25+1.4 36.9 2.5 0.74
4 2.00 0.30 0.23 25+1.4 36.4 5.0 0.58
4 2.00 -0.04 -0.04 25+1.4 359 8.5 0.49
4 2.00 -0.17 -0.21 25+1.5 35.7 13.0 0.43
4 2.00 -0.25 -0.34 25+1.5 35.5 17.0 0.39

power-law turbulence decay u'?~ (x—x,)™" (where x, is vir-
tual origin) is only possible if N>~ v(x—x,)/U.

The exponent n, which can be extracted from a best data
fit, depends notoriously16 on the choice of the virtual origin
Xo- Writing N ~ (x—x,)*, best data fits lead to different powers
s for different values of x,. This is illustrated in Fig. 9, where
we also show how n differs for different values of x,. We
therefore try many different values of x;, and choose the
value that produces a well-defined s=1/2. Having chosen x,
we then find n, which fits u'?~ (x—x,)™ best. Figure 10
shows the results of our procedure. Choosing x, close to 0
gives exponents n similar to those obtained in previous stud-
ies of wind tunnel turbulence generated by classical™'® and
active'’ grids where x, was indeed arbitrarily chosen or
found to be small (effectively close to 0 by the scale of Fig.
10) by methods different from our A-based one. However,
choosing the value of x, for which s=1/2 gives values of n
between 1.7 and 2.0 for the fractal cross grids and close to
2.3 for the classical grid. This x; turns out to lie between
—0.5 and —1.2 m and is therefore well behind the grid.

The disagreement between previously published values
of x, for classical grids and the value that we obtain from our
N\-based method could have its cause in the small value of
T/M of our classical grid and/or the relatively small stream-
wise extent of our measurements in multiples of M (up to
about 28 M) away from the grid. To confirm this, we carried
out hot wire measurements of turbulent streamwise velocities
in the 7=0.46 m wind tunnel with another classical biplanar
grid made of square bars for which 7/M=14.4 and b
=6 mm. All these measurements were taken on the centerline
from x=24 M to x=107 M. We find x,=10 M by our
\-based method, and A\~ (x—x,) as well as an exponent n
~1.39 between x=24 M and x= 107 M, in good agreement
with previous measurements.*

Power-law turbulence decay is often seen as resulting
from the principle of permanence of large eddies.'™'® A par-
ticular consequence of power-law turbulence decay accord-
ing to this principle is that u’(x—xy)/L, (where L, is the
longitudinal integral length scale calculated, throughout this
paper, by integrating the autocorrelation function of the ve-
locity component u) is independent of x. In Fig. 11, we plot
as functions of x, u'x/UL,, v'x/UL, u'x/UL, and
v'x/UL,, where L, is the lateral integral length scale (calcu-
lated, throughout this paper, by integrating the autocorrela-
tion function of the velocity component v). The constancy of
all these four quantities seems valid, particularly for the low
blockage cross grids and for the two quantities involving L,
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instead of L,. This is perhaps surprising considering the rela-
tive proximity of our measurement stations to the grids in
multiples of M and the relatively low values of 7/M ..

E. First conclusions: Fractal cross grids

Our conclusions on the fractal cross grids can be sum-
marized as follows:
(i) The normalized static pressure drop is larger across
fractal cross grids than across classical grids at equal
blockage ratio. However, there is some, though lim-
ited, turbulence production downstream fractal cross
grids that does not occur downstream classical grids.
Statistical homogeneity is good for low blockage
cross grids, though not as good as for classical grids.
Statistical large-scale isotropy is comparable to that
produced by active grids.
The ratio ¢, of outer to inner bar thicknesses and the
effective mesh size are very important scaling param-
eters as they control the turbulence intensity (and
therefore the Reynolds number too) independently
from Cpp, (u'/U)*=r*Cppf(x/My), and (v'/U)?
=thApfu(x/MCff); see Egs. (3) and (4).
The turbulence decay observed is not in disagreement
with power-law fits and the principle of permanence
of large eddies. However, more extensive checks of
large-scale and small-scale isotropy as well as homo-
geneity will be required to fully conclude on the na-
ture of the turbulence decay behind fractal cross grids,
in particular in order to assess the viability of our

(iii)

A-based method for estimating x, in the cross grid-
generated flows.

V. TURBULENCE GENERATED BY FRACTAL | GRIDS

We constructed for the 0.91> m? tunnel four different
planar I grids all with the same ?,;,=1 mm, 0=25%, and
N=6 iterations. This fixes four of the five parameters re-
quired to completely determine a fractal T grid (see Sec.
Il A). The remaining parameter that we determine is the
fractal dimension Df, and we chose four values: Df=1.68,
1.79, 1.87, and 1.98 giving four different grids. These four
grids have similar L ,, because L, turns out to be mostly
constrained by the tunnel width. The purpose of these four
grids is to determine the role of their fractal dimension at
constant blockage ratio, minimum thickness, number of it-
erations, and tunnel size 7.

TABLE IV. T=0.46 m tunnel I grid geometry.

Grid 1, 2.5 1, 5.0 1, 8.5 t, 13.0 t,17.0
L, (mm) 236.2 236.9 237.2 237.5 237.6
L, (mm) 118.1 118.4 118.6 118.7 118.8
L, (mm) 59.1 59.2 59.3 594 594
Ly (mm) 29.5 29.6 29.7 29.7 29.7
fo (mm) 9.5 14.4 18.9 23.1 25.8
t; (mm) 7.0 8.4 9.3 9.8 10.0
t, (mm) 5.1 4.9 4.6 4.2 3.9
#3 (mm) 3.8 2.9 22 1.8 1.5
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We also constructed one more I grid for the 0.91> m?
tunnel: it has N=5 iterations, t,;,=4 mm, Df:2.0, and a
higher blockage o=31% (which is made possible by the
smaller number of iterations). The purpose of this extra I grid
is to test dependencies on blockage and/or nondimensional
parameters such as N. A complete quantitative description of
these I grids is given in Tables I and II. Scaled diagrams are
given in Figs. 12 and 13. The orientation of all the I grids
used here was along the vertical z direction (see Fig. 14).

A. Better homogeneity for higher D;

Due to the difference between the vertical and the hori-
zontal directions of the I grids, two measurements of the
static pressure drop across each I grid were taken using a
Betz manometer, one at the midpoint of a vertical wall and
the other at the midpoint of a horizontal wall (see Fig. 14).
These measurements were taken for various mean flow ve-
locities U., upstream of the grid. In Fig. 14, we plot the
dimensionless normalized static pressure drops Cyp at both
tappings and for the five different fractal I grids shown in
Figs. 12 and 13. The different values of C,p between the two
tappings indicate inhomogeneity of the flow near the grid.
Clearly this inhomogeneity is progressively reduced as Dy
tends toward its maximal value 2.

Qualitatively, a characteristic average value of C,p is
reflected in the power settings required for the wind tunnel to
run. In the testing carried out, similar power levels were
required for all N=6 I grids, thus implying that the drag was
similar for all these grids. This might suggest that the C,p
measurements on the vertical wall might be a better indicator
of overall grid drag that the C,p measured on the horizontal
wall, which is strongly dependent on the grid (see Fig. 14).

We set U,=12 m/s, and the mean y profiles, which we
obtained far downstream from the grids (x=4.25 m in the
0.91? m? wind tunnel), all concur with the trend that homo-
geneity improves for higher D, (see U/U.., u'/U, and v'/U
y profiles in Fig. 15).

The homogeneity of U/ U, in the z direction is good for
all Dy particularly around the center (see Fig. 16, and note
that U/ U.,, varies between 0.87 and 1.03 across all grids and
for all values of z sampled), and the homogeneity of the
w'/U z profiles also improves as Dy increases. Only the ho-
mogeneity of the u'/U z profile worsens as Dy increases, but
not by much compared with the overall improvement in ho-
mogeneity as D, increases.

We therefore conclude that, overall, the homogeneity of
mean profiles improves as Dy increases, but is never as good
as it is in turbulence generated by cross and classical grids.
One may suspect by direct inspection of Fig. 12 that the
lower the values of Dy, the higher the influence on profiles
about the tunnel’s centerline of the wake turbulence gener-
ated by the largest vertical bar. This point merits further
study, but we leave it for future investigations as we are
mainly concerned, in this paper, with finding fractal grid de-
signs that produce as homogeneous a turbulence as possible.

Phys. Fluids 19, 035103 (2007)
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FIG. 18. Space-filling I grids, 7=0.46 m tunnel, U,.=10 m/s, x=3.25 m.
Mean profiles in the y direction.

B. Space-filling fractal | grids

To maximize our chances of achieving homogeneous
turbulence, we designed and constructed five new fractal I
grids all with D;=2 (it is in this sense that these grids are
“space-filling”). We kept 0=25% as with the previous N=6 I
grids. We designed these five new grids for the 7=0.46 m
wind tunnel, which, even though smaller, has effectively a
longer test section (it is approximately 7.8 T long). To iden-
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tify which length scale or length scales control turbulence
decay, it is useful to construct fractal I grids with the same
values of M, 0, Ly, and L, for example, in which case
we can establish the role of #,,,, by varying it from grid to
grid. Other such experiments will be needed in the future
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FIG. 20. Turbulence production, I grids D;= 2, T=091 m tunnel, U,
=10 m/s.

where other length scales will be made to vary while most
remain constant. Here we have set N=4 and M ;=36 or
37 mm for all these new I grids. It is possible to widely vary
t, while only slightly varying Mg within this narrow range
because M is predominantly controlled by R; and N, which
are both fixed to 1/2 and 4, respectively. The five grids differ
by #,=2.5, 5.0, 8.5, 13.0, and 17.0. The lengths L, and L,;,
also turn out to be about constant for these five grids. A
complete quantitative description of these space-filling I
grids is given in Tables III and IV. Scaled diagrams are given
in Fig. 17.

C. Space-filling fractal | grids: Homogeneity

The normalized static pressure drop Cyp is approxi-
mately 0.75 at both pressure tappings (thus supporting the
conclusion in Sec. V A that the static pressure drop’s inho-
mogeneity is primarily controlled by D;) and invariant with
grid ¢,. Setting U,=10 m/s, U/ U.. profiles at x=3.25 m are
found to be quite homogeneous (see Figs. 18 and 19, and
notice the values of U/U.,, on the ordinate axes) and approxi-
mately independent of 7, (except for ¢,=2.5). The homogene-
ity of the u'/U and v'/U y profiles improves (1,=2.5 ex-
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cepted) and that of the w'/U z profiles improves slightly as
t,increases (see Figs. 18 and 19). However, the homogeneity
of the u’/U z profile worsens slightly as ¢, increases, but by
not much compared with the overall improvement in homo-
geneity as ¢, increases (see Fig. 19).

We conclude that, overall, the homogeneity of mean pro-
files downstream of space-filling fractal I grids is satisfactory
and, perhaps surprisingly, improves as ¢, increases. We note
that homogeneity regions at the centers of the mean profiles
far downstream of our grids (including space-filling and non-
space-filling ones) are invariably larger than five longitudinal
and eight to ten lateral integral length scales.

D. Turbulence production by dU/dx

Fractal I grids do not generate significantly nonzero val-
ues of %} on the tunnel’s centerline when D,<2 (see Fig.
20). However, when D;=2 production by nonzero values of
‘;—g increases with ¢, up to values above about 10% of dissi-
pation for z, larger than about 10 (see Fig. 21; in this figure
and Fig. 20 we used the same measure of dissipation as in
Sec. IV B but with P=—u’2%, the modulus of which is most
probably an overestimate').

Phys. Fluids 19, 035103 (2007)
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E. Large-scale anisotropy

Figure 12 might suggest that fractal I grids with higher
values of D, generate turbulence with higher levels of large-
scale anisotropy. However, as evidenced in Fig. 22, this is
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FIG. 23. Large-scale anisotropy, I grids D;=2, T=0.46 m tunnel, U,
=10 m/s.

not the case. The values of u'/v’ and v'/w' are sufficiently
far from 1 to categorize the turbulence as anisotropic at the
large scales. But there is no clear trend with Dy the
anisotropy is by and large comparable for all fractal dimen-
sions Dy.

Phys. Fluids 19, 035103 (2007)

FIG. 24. Space-filling I grid with added central bar of thickness f,,,,.

The turbulence generated by the space-filling T grids (see
Fig. 17) in the T=0.46 m wind tunnel is also significantly
anisotropic, as shown in Fig. 23. In this case, however, a
trend with 7, is observed: u'/w’ and v'/w’ increase as ¢,
increases (¢,=2.5 excepted).

These results seem to suggest that the large-scale turbu-
lence anisotropy does not result solely or mostly from the
largest scales of the I grids. All the scales of these grids are
anisotropic and all of them seem to be contributing to the
anisotropy of the turbulence. To test this hypothesis, we have
added a bar of similar thickness to 7,,, (17 mm) to each
space-filling I grid and measured the values of u'/v’, u'/w’,
and v'/w’ in the turbulence generated by these grids in the
T=0.46 m wind tunnel at x=3.25 m. The addition of this bar
increases the blockage from 25.0% to 28.7% (see Fig. 24).
The results, plotted in Fig. 25, support the conclusion that the
multiscale anisotropy of the fractal I grids is essential for the
large-scale anisotropy of the resulting turbulence. Indeed, no
clear trend can be extracted from Fig. 25; the addition of this
large-scale bar can either increase or decrease the values of
u'lv', u'/w', and v’ /w’.

F. Turbulence decay

In Fig. 26, we plot the decay along the centerline of the
Reynolds number Re, defined in Sec. IV C. U, was set at
12m/s in the 7=0.91 m tunnel and at 10 m/s in T
=0.46 m tunnel. There appears to be a trend whereby space-
filling I grids with higher ¢, generate higher Reynolds num-
bers (7,=2.5 excepted). Considering the low blockage ratio
of our fractal T grids (6=25% ), these Reynolds numbers are
rather high, particularly when compared with those of the
turbulence generated by classical and cross grids with similar
values of U., and either similar or much higher values of o
(compare Fig. 26 with Fig. 7). However, the turbulence pro-
duced by the I grids is significantly less homogeneous and
more anisotropic than the turbulence produced by classical
and cross grids.

In Fig. 27, we plot the decay of turbulent intensity u’'/U
on the centerline as the turbulence is convected down the
wind tunnel. It is natural to expect that (u'/U)?* should be
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FIG. 25. Large-scale anisotropy, I grids with bar, 7=0.46 m tunnel, U..
=10 m/s.

proportional to Cyp, as is the case with wind tunnel turbu-
lence generated by classical grids.g’14 The best way we have
found to collapse these turbulence decay data without violat-
ing this proportionality involves the ratio of maximum to
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FIG. 26. Re, as a function of x measured in meters from the I grids. U.,
=12 m/s in the 7=0.91 m tunnel and =10 m/s in the 7=0.46 m tunnel.

minimum thicknesses, ?,, the effective mesh size Mg, and
the ratio 7/L,,,.. As shown in Fig. 27, we find that

(u,/U)z = trCAP(T/Lmax)sz[(X/Meff) (5)

collapses the turbulence decay data generated by all fractal I
grids in both wind tunnels. In this equation, C,p is measured
on the vertical wall in agreement with the observations con-
cerning homogeneity and dependence on D, made in Sec.
V A in relation to Fig. 14 (see also the first sentence of Sec.
V C). The data for v'/U and w'/U collapse in exactly the
same way and with the same quality of collapse, and we also
show v'/U in Fig. 27 but not w'/U for economy of space.

G. Power-law turbulence decay?

As explained in Sec. IV D and under the assumptions
stated there, a power-law turbulence decay u'?~ (x—x,)™" is
only possible if N>~ [v(x—x,)]/U. Of these assumptions, the
Taylor hypothesis can be applied to all I grid-generated flows
as turbulence intensities are small enough in all our points of
measurement. Turbulence production may be considered
small, though not always negligible, for all I grids with Dy
=2 and ¢, smaller than about 10. However, there is very
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=0.46 m tunnel.

significant production in the flows generated by I grids with
D=2 and £,>10 and there is also significant large-scale an-
isotropy in the turbulence generated by all I grids. In spite of
these shortcomings, we do attempt to find best data fits for
A~ (x—xp)* and therefore values of s as a function of the
virtual origin x,. However, we calculate the Taylor micro-
scale in two different ways: (i) by directly applying the defi-
nition Azzu’2/<(é%)2> given in Sec. IV C and (ii) by using
the definition € of the kinetic energy dissipation rate per unit
mass given in Sec. IV B but with P=—u'2%, the modulus of
which is most probably an overestimate.'? This definition of
dissipation takes into account large-scale isotropy and,
partly, production by % (it ignores the correction due to
incompressibility13) but is not very accurate in its determina-
tion of gradients along x. By equating € to 151/((%]%)2)
(where we make use of the Taylor hypothesis x=Ut and as-
sume turbulence isotropy), we obtain a second, indirect way
of rather crudely estimating the Taylor microscale, \*
=(15vu’'?/ €)"2. We measure both N\ and \* and note that \*
turns out to be typically larger than . That these two mea-
surements yield slightly different values should not be sur-

Phys. Fluids 19, 035103 (2007)
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FIG. 28. Space-filling I grid, #,=17, T=0.46 m tunnel, U,.=10 m/s. Taylor
microscale N as a function of x—x, and log(U/u’)? as a function of log(x
—x,) for two values of x,. Best power-law fits are shown for both values of
Xo- x and x, are in meters.

prising as there are various inaccuracies in the determination
of € and uncertainties surrounding the assumptions leading
to e*:15v<(%,%)2>, the main ones being small-scale and
large-scale isotropy and good homogeneity. In the previous
subsection, we provided evidence for significant large-scale
anisotropy, which must therefore be an important contributor
in the discrepancy between \ and \".

If we are to choose the virtual origin x,, which satisfies
s=1/2, it is important to estimate the Taylor microscale in
two different ways and therefore address the issue of how
well we estimate it, particularly because of the uncertainties
surrounding the assumptions leading to s=1/2. For each x,
we determine thg best-fit values of s and s” in A~ (x—x,)*
and \"~ (x—x,)* and also the best-fit values of n in the
assumed power-law u’?~ (x—x,)™". Examples of results are
plotted in Figs. 28 and 29. If x, is chosen so as to set s
rather than s equal to 1/2, then our results are not inconsis-
tent with power-law decay and 1=n=2 for all I grids in
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FIG. 29. I grids in 7=0.91 m tunnel, U..=12 m/s. Exponents s, 5", and n as
functions of x, (in meters).

both tunnels. It must be stressed that this conclusion does not
mean that \* is a better estimate of the Taylor microscale
than \ (which it probably is not) as it is not known whether
the turbulence generated by I grids does indeed decay as a

Phys. Fluids 19, 035103 (2007)
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FIG. 30. Permanence of large eddies, I grids in 7=0.91 m tunnel, U.,
=12 m/s.

power law, and if so, with what power n. Our conclusion is a
weak one and is stated in terms of two negatives: not
inconsistent.

Finally, in Figs. 30 and 31 we make use of the longitu-
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FIG. 31. Permanence of large eddies, space-filling I grids, 7=0.46 m tunnel,
U,=10 m/s.

dinal integral length scale L, and the two lateral integral
length scales L, and L,, (L,, is calculated by integrating the
autocorrelation function of w) and plot as functions of x,
u'x/UL,, u'x/UL,, and u’'x/UL,, for all I grids in both wind

Phys. Fluids 19, 035103 (2007)

TABLE V. T=0.46 m tunnel square grid geometry. The errors on o are
estimated by assuming the thickness of each iteration to be accurate within
plus/minus the diameter of the manufacturing cutting laser (0.15 mm).

N Dy B B o (%) Mg (mm) 1, R,

4 2.00 1.32 0.58 25+2.0 26.6 2.5 0.74
4 2.00 0.32 0.25 25+2.0 26.5 5.0 058
4 2.00 -0.03 -0.03 25+2.0 26.4 8.5 0.49
4 200 -0.16 -0.20 25+2.0 26.3 13.0 043
4 2.00 -0.24 -0.33 25+2.0 26.2 170 0.39

tunnels. By and large, these quantities seem constant for
large enough values of x, thereby suggesting that the I grid
turbulence data are not inconsistent with the principle of per-
manence of large eddies.

H. Second conclusions: Fractal | grids

Our conclusions on the fractal I grids can be summarized
as follows:

(i)  Statistical homogeneity improves with increasing D.
For D,=2, it is satisfactory and improves with in-
creasing #,. In this space-filling case, the normalized
static pressure drop is invariant with z,.

(i)  Not much turbulence production occurs by ‘;—g when
Dy<2, but when D=2 such production increases
with 7, up to values well above about 10% of dissipa-
tion for ¢, larger than about 10.

(iii) Large-scale turbulence anisotropy is generated by all
anisotropic scales on the fractal I grids.

(iv) The ratio ¢, of outer to inner bar thicknesses, the
effective mesh size, and the ratio 7/L,,,, are the scal-
ing parameters that control turbulence intensities
u' /U, v'/U, and w'/U independently from Cj,p. For
example,  (u'/U)*=1,Cpp(T/ L) *f(x/ Mgp);  see
Eq. (5).

(v)  The turbulence decay observed is not in disagreement
with power-law fits and the principle of permanence
of large eddies. However, more extensive checks of
large-scale and small-scale isotropy as well as homo-
geneity will be required to fully conclude on the na-
ture of the turbulence decay behind fractal I grids, in
particular in order to assess the viability of our

TABLE VI. T=0.46 m tunnel square grid geometry.

Grid 1, 2.5 1, 5.0 1. 8.5 1, 13.0 t, 17.0
L, (mm) 236.9 2372 237.5 237.7 237.8
L, (mm) 118.5 118.6 118.8 118.9 118.9
L, (mm) 59.2 59.3 594 594 59.5
Ly (mm) 29.6 29.7 29.7 29.7 29.7
fo (mm) 7.0 10.7 14.2 17.2 19.2
t; (mm) 52 6.3 6.9 73 7.5
t, (mm) 3.8 3.7 34 3.1 2.9
13 (mm) 2.8 2.1 1.7 1.3 1.1
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FIG. 32. Scaled diagrams of space-filling square grids for the 7=0.46 m tunnel: 7,=2.5, 5.0, 8.5, 13.0, and 17.0.

N-based method for estimating x, in these I grid-
generated flows.

VI. TURBULENCE GENERATED BY SPACE-FILLING
FRACTAL SQUARE GRIDS

We constructed for the 7=0.46 m wind tunnel (test sec-
tion’s length =7.8 T) five different planar fractal square
grids all with Dy=2 (space-filling) for best homogeneity, the

same 0=25% (which is also the blockage ratio of nine out of
the ten I grids), N=4 (as for the space-filling I grids), and
M ;=~26.5 mm for all grids. It is possible to widely vary ¢,
while only slightly varying M within a narrow range. The
five space-filling square grids therefore differ by their values
of t., and we choose the same five values of ¢, as for the five
space-filling I grids: 7,=2.5, 5.0, 8.5, 13.0, and 17.0. By
square construction and tunnel width constraint, L,
=237.4 mm and L ;;=29.7 mm for all five grids. A complete
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TABLE VII. T7=0.91 m tunnel square grid geometry. The errors on ¢ are
estimated by assuming the thickness of each iteration to be accurate within
plus/minus the diameter of the manufacturing cutting laser (0.15 mm).

N Df B B a (%) M g (mm) 1, R,
5 2.00 0.00 0.00 25+2.0 26.6 17.0 0.49
5 2.00 -0.18 -0.21 25+1.7 28.6 28.0 0.43

quantitative description of these space-filling fractal square
grids is given in Tables V and VI. Scaled diagrams are given
in Fig. 32.

The purpose of these five grids is to make a start toward
identifying which length scale or length scales control turbu-
lence decay. In this particular case, we keep M.s, 0, Ly,
and L.;, constant, and vary only 7., and 7;,. Other such
experiments may be needed where other length scales are
made to vary while most remain constant.

For the purpose of investigating the effects of the wind
tunnel width 7, we constructed two space-filling fractal
square grids with similar specifications to the five previous
square grids but larger so as to fit into the test section of the
T=0.91 wind tunnel (test section’s length =~5.25 T). For
both of these larger square grids, D;=2.0, 0~25%, N=4,
and the value of M is very close to that of the five smaller
square grids. It is again possible to widely vary ¢, while only
slightly varying M within a narrow range. Hence, the two
grids differ by their values of 7,: £,=17.0 and 28.0. L, and
L., are about the same for both grids. A complete quantita-
tive description of these space-filling fractal square grids is
given in Tables VII and VIII. A fairly faithful pictorial de-
scription is given in Fig. 33.

A. Homogeneity and turbulence production by dU/ dx

The normalized static pressure drop C,p is found to lie
between 0.6 and about 0.7 (the value for space-filling I grids
is =0.75) at both pressure tappings and in both wind tunnels
and for all our space-filling fractal square grids. C,p is there-
fore, to first approximation, invariant with 7. (in fact, we
observe a very small trend upwards with increasing r,). (It
may also be worth mentioning that the space-filling square
grids have a C,p that is about 15% lower than that of the
space-filling I grids in the same wind tunnel even though the

TABLE VIII. 7=0.91 m tunnel square grid geometry.

Grid B,-0.18 B, 0.00
Lo (mm) 4833 4712
L, (mm) 234.4 235.6
L, (mm) 113.7 117.8
Ly (mm) 55.1 58.9
L, (mm) 26.7 29.5
o (mm) 30.8 23.8
t; (mm) 13.4 11.7
t, (mm) 5.8 5.8
t; (mm) 2.5 2.8
ty (mm) 1.1 1.4

Phys. Fluids 19, 035103 (2007)
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FIG. 33. Scaled diagrams of space-filling square grids for the 7=0.91 m
tunnel: #,=17.0 and 28.0.

perimeter P of the space-filling square grids in the T
=0.46 m tunnel is about 39% longer than that of the space-
filling I grids in the same tunnel. This is interesting because
a longer perimeter should contribute to higher drag via in-
creased viscous blockage.)

U(x)/ U, is found to decrease with increasing x at a rate
that is faster for larger values of 7, [see T=0.46 m tunnel
example in Fig. 34(a)]. The flows must therefore be inhomo-
geneous and have non-negligible turbulence production near
the grid. However, turbulence production by 3—? falls to lev-
els below 5% of dissipation far enough from the grid for high
enough ¢, [see the T=0.46 m tunnel example in Fig. 34(b),
where the production and dissipation are the same forms of
P and € used in Fig. 5].

The homogeneity of the U/ U., y profiles at our far point
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FIG. 34. Turbulence production, space-filling square grids, 7=0.46 m tun-
nel, U,=10 m/s.

of measurement was found to be good and to improve as ¢,
increases; similarly, the y profiles of both u' /U and v'/U are
satisfactorily homogeneous with the one exception of #,
=2.5. In Fig. 35, we plot, as an example, the profiles ob-
tained in the 7=0.46 m wind tunnel. Lateral and longitudinal
integral scales are smaller than 6 cm in all square grid cases
(see Fig. 45 in Sec. VID), and mean profiles are homoge-
neous across at least five such integral scales. Overall, ho-
mogeneity is therefore satisfactory and improves as 7, in-
creases, except close to the grids, where our production and
U/U,, measurements seem to indicate that the flow is pre-
sumably not homogeneous.

It is worth noting, comparing Figs. 35 and 18, that the
residual inhomogeneities in the horizontal y direction about
the centerline are jet-like in the case of square grids but
wake-like in the case of I grids. This clear quantitative dif-
ference is most probably correlated with the fact that I grids
have a relatively thick vertical bar crossing their center (see
Fig. 17), whereas the square grids are characterized by a
clear empty strip in that region (see Figs. 32 and 33).

Phys. Fluids 19, 035103 (2007)
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FIG. 35. Homogeneity mean profiles, space-filling square grids, T
=0.46 m tunnel, U,=10 m/s, x=3.25 m.

B. Large-scale isotropy

In Fig. 36, we plot u'/v’' as a function of x on each
tunnel’s centerline. We find that u’/v’ lies approximately
between 1.2 and 1.3 beyond the region close to the grid
where U(x)/ U, =1.1 and for 7, large enough. There is there-
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FIG. 36. Large-scale isotropy indicator u’/v’ as a function of x (in meters)
on the centerline. Space-filling square grids in both tunnels; U..=10 m/s for
T=0.46 m, U,=12 m/s for T=0.91 m.

fore a distance far enough from the grid where the turbulence
isotropy is comparable to that produced by active grids.”’12
This conclusion is clear from the results obtained in the T
=0.46 m tunnel but less so from the 7=0.91 m tunnel’s re-
sults. As we are about to see in the following subsection, the
length scale which measures how far the turbulence is from
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FIG. 37. Large-scale isotropy indicator u'/v" as a function of x/x,c, along
the centerline. Space-filling square grids; U.,.=10 m/s, T7=0.46 m tunnel.
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the grid seems to be Xpeq=75(fiinT/Liyin). In the space-
filling fractal square grids that we have used here, ¢, in-
creases as f,;, decreases, and therefore the two requirements
for acceptable large-scale isotropy, i.e., that x should be large
enough and that ¢, should also be large enough, are one and
the same considering that x is large enough when x> x,,. In
fact, the u’ /v’ data of Fig. 36(a) collapse quite nicely when
plotted against x/xpe,, as can be clearly seen in Fig. 37. This
plot shows how u'/v’ decreases, in this case apparently to-
ward 1.2, as x increases above X,eq -

C. Turbulence decay

In Fig. 38, we plot the decay along the centerline of the
Reynolds number Re, defined in Sec. IV C for all our square
grids in both tunnels. There appears to be a trend not dissimi-
lar to that of space-filling 1 grids whereby space-filling
square grids with higher ¢, generate higher Reynolds num-
bers. In fact, the Reynolds number peaks at higher values but
also closer to the grid for higher f,. The Reynolds numbers
generated by the square grids are not as high as those gen-
erated by I grids, but are nevertheless higher than Reynolds
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FIG. 39. Turbulence intensities as functions of x in meters and of x/x

numbers generated by classical and cross grids (comparisons
at equal blockage ratios). However, the turbulence produced
by the I grids is significantly less homogeneous and more
anisotropic than the turbulence produced by classical and
cross grids and even by square grids if the comparison is
made far enough from the grid.

In Fig. 39 we plot, for the five space-filling fractal square
grids designed to fit in the 7=0.46 m tunnel, the develop-
ment of the turbulent intensities u’/U and v’/U on the cen-
terline as the turbulence is convected downstream. The be-
havior is identical to that of Re,: the turbulence intensities
build up until they reach a point x,,, where they peak and
then decay beyond that point. More striking, perhaps, is the
existence of a universal asymptotic decay curve common to
all space-filling fractal square grids. The turbulence intensi-
ties produced by all these grids meet and follow that decay
curve, albeit further downstream for lower values of f,.

Equally striking are the plots of the turbulence intensities
as functions of x/x;c,, where

Phys. Fluids 19, 035103 (2007)
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- Space-filling square grids, 7=0.46 m tunnel, U..=10 m/s.

peal

75 tminT (6)
X, = - .
peak me

This result implies that the smallest length scales on the grid
determine the distance downstream where the turbulence
peaks. The reason for this unusual property may have some-
thing to do with the fact that the smallest bars are also the
most numerous on the grids. The dependencies of xp, on T
and L, in Eq. (6) have been obtained from comparative
analysis of the turbulence intensities in both wind tunnels.
Figure 40 is similar to Fig. 39 but for the two space-filling
fractal square grids designed to fit in the 7=0.91 m tunnel.
The best fit that we found for x., taking account of the data
in both tunnels is given by Eq. (6).

D. Exponential turbulence decay beyond Xpeax

It is clear from Fig. 40 that the 7=0.91 m tunnel’s test
section is too short in terms of multiples of T for a study of
the decay of fractal square grid-generated turbulence beyond
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FIG. 40. Turbulence intensities as functions of x in meters and of x/X,,. Space-filling square grids, 7=0.91 m tunnel, U..=12 m/s.

Xpeak- Hence we concentrate on our measurements of turbu-
lence generated by the five square grids in the smaller T
=0.46 m tunnel for our study of turbulence decay beyond
Xpeak-

As explained in Sec. IV D and under the assumptions
stated there, a power-law turbulence decay u'?~ (x—x,)™" is
only possible if N>~ [v(x—x,)]/U. Of these assumptions, the
Taylor hypothesis can be applied to all our square grid-
generated flows as turbulence intensities are small enough in
all our points of measurement. Turbulence production and
large-scale anisotropy may only be considered small far
enough from the grid and for high enough values of ¢, (see
Figs. 34, 36, and 37). One suspects that the production by ';—Z,
like the large-scale anisotropy, drops down to relatively
small values at x>>x,.,. Hence, it makes some sense to
expect N>~ v(x—x0)/ U at x>>Xpeyy.

In Fig. 41, we plot \ [in millimeters and calculated by
direct application of the definition N>=u'2/ <<LU%)2> given in
Sec. IV C] as a function of x (in meters) and as a function of
X/ Xpeax for the five fractal square grids shown in Fig. 32. The

A data collapse when plotted against x/x.,. More intrigu-
ingly, Fig. 41 suggests that, for x>>x.., A is independent of
t, (it is about the same for all five space-filling square grids)
and even approximately independent of x. During turbulence
decay far from the fractal square grid where the turbulence
seems approximately homogeneous, isotropic, and without
turbulence production, the Taylor microscale seems to re-
main constant. For a double check on this very unusual re-
sult, we also calculate N"=15vu’?/€" with € calculated as
for Fig. 5, but only where xq, is sufficiently small to allow
measurements at enough values of x sufficiently larger than
Xpeaks 1-€., for £,=8.5,13.0,17.0 (see Fig. 41, where we also
add three data points for 7,=5.0). These measurements of \"
confirm the constancy of the Taylor microscale during turbu-
lence decay at distances x> x.,, and measurements of \ in
the 7=0.91 m tunnel confirm this too (see Fig. 42).

To determine whether the Taylor microscale can indeed
be considered constant during turbulence decay or whether it
can instead be reasonably well fitted by a power law A\ ~ (x
—xp)*, we apply the procedure of Secs. IV D and V G to the
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FIG. 41. Taylor microscales X and \* as functions of x (in meters) and
X/ Xpear- Space-filling fractal square grids, 7=0.46 m tunnel, U..=10 m/s.

turbulence generated by the #,=17 fractal square grid be-
cause it has the smallest x,, and therefore the longest mea-
surable extent of turbulence decay in the tunnel’s test sec-
tion. For each x(, we determine the best-fit values of s and s

Phys. Fluids 19, 035103 (2007)
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FIG. 42. Taylor microscale \ as a function of x (in meters). Space-filling
fractal square grids, 7=0.91 m tunnel, U,=12 m/s. For the ¢,=17 grid,
Xpeak=2.75 m and for the #,=28 grid, x,c~3.2 m. In both cases, N is
approximately constant where x> ;-

in A~ (x—xy)* and )\*~(x—x0)‘v* and also the best-fit values
of n in the assumed power law u'?~ (x—x,)™". Results are
plotted in Figs. 43 and 44. In particular, these results show
that N ~[v(x—x0)/U]"> requires x,<-8.4 m. Such very
large negative values of x, would imply u'?~ (x—x,)™" with
n>6.75, much steeper than any existing theory and measure-
ments would suggest.g’m’]é_]9 If we were to choose xy=0
just to put ourselves artificially in line with measurements of
X, obtained from turbulence generated by classical and active
grids,lﬁ’17 we would be led to 1=n=2, in agreement with
previous theories and measurements, but also to A= (x
—Xxp)*, where s =~ 0.1, which is incompatible with a power-law
turbulence decay.

We are therefore led to conclude, as Fig. 41 suggests,
that the Taylor microscale remains, to good first approxima-
tion, constant during turbulence decay (there may actually be
a slight increase with x, but to a first approximation for the
purposes of this paper, we consider A to be constant, particu-
larly because this very slight increase cannot be accounted
for by the usual power-law fits). Specifically, A =6 mm at all
X>Xpeac for all our space-filling square grids in the T
=0.46 m tunnel with U,=10 m/s. (We find N between
7 and 8 mm in the 7=0.91 m tunnel with U..=12 m/s. This
tunnel has a shorter test section in multiples of 7, which
means that we cannot measure much beyond X, in it.)

The principle of permanence of large eddies applied to
isotropic homogeneous turbulence implies18 that a low wave-
number energy spectrum of the form E;(k;) ~k{ leads to
u'?~(x—xp)™ and integral scale L,~ (x—x,)" with n=2(1
—m) and n=2(1+¢)/(3+¢). Our space-filling square grids
produce integral scales that remain approximately constant
during decay at x> Xy, i.€., m=0 (see Fig. 45). Values of
m very close to 0 would imply n=2 and g — . The validity
of the principle of permanence of large eddies is doubtful for
q =4 as noted, for example, by Frisch,18 and we are therefore
led to conclude that it does not apply to the turbulence gen-
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FIG. 43. Taylor microscale N (in millimeters) as a function of x—x, (in
meters) and log(U/u’)? as a function of log(x—x,) for two values of x, with
power-law best-fit curves through data. The best-fit values of s and n for
each x, are given in the plots. Space-filling fractal square grid ¢,=17, T
=0.46 m tunnel, U,=10 m/s.

erated by our space-filling fractal square grids. In fact, to be
precise, at U,=10 m/s in the 7=0.46 m tunnel, for all
X>xpeaw and for all five space-filling square grids, A\
~6 mm, L,~48 mm, and L,~22 mm (about L,/2 as re-
quired by isotropy). Note that all these length scales are
much smaller (ten times or more) than 7=0.46 m. It may
therefore be difficult to account their constancy in time (i.e.,
with x) on the finite size of the tunnel’s width.

Assuming large- and small-scale isotropy, negligible tur-
bulence production, and Taylor’s hypothesis, —%U(du’zl dx)
=15vu'?/\%. Hence, A=\, independent of x implies

Lt’z = M;eakzexp[_ ()C - xpeak)/lturb] s (7)

where Xk, given by Eq. (6), is the distance from the grid
where the turbulence fully intensifies, and
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ey
0.6¢ |l

o o o
w B 9]
T T T

A Decay Exponent

o
N
T

FIG. 44. Exponents s, 5™, and n as functions of x, (in meters). Space-filling
fractal square grids #,=17, T=0.46 m tunnel, U,,=10 m/s.

U\
Lusty = 0.1>\OT° (8)

is the distance beyond x, that the turbulence lasts. This
exponential decay law is supported by our measurements
both for u’? and v'?, as evidenced in Fig. 46. Note, by the
way, that we find u[;eakz to increase linearly with 7, and that it
is a bit larger than the measured u’?(x=1Xpes)-

In an unpublished manuscript dating from 2003, George
and Wang predicted the possibility of constant length scales
during exponential turbulence decay but as a result of eddies
having grown so large that they would stop growing because
of wall confinement. At first sight, it might be hard to imag-
ine how wall confinement could have an effect in our mea-
surements where 7 is at least an order of magnitude larger
than our measured integral scales. However, fluid mechanical
barriers resulting from the interactions between the various
elementary flows generated by the various multisized squares
of the fractal square grid are not inconceivable, and work in
this direction is currently underway by one of the authors of
the present paper.
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FIG. 45. Longitudinal (L,) and lateral (L,) integral scales as functions of
X/ Xpear- Space-filling fractal square grids, 7=0.46 m tunnel, U..=10 m/s.

E. Third conclusions: Space-filling fractal
square grids

Our conclusions on the space-filling fractal square grids
can be summarized as follows:

(i) The normalized static pressure drop is nearly indepen-
dent of ¢, (in fact very slowly increasing with increas-
ing t,).

(i)  Far enough from the grid (beyond x,,), homogeneity
is satisfactory and improves as f, increases.

(iii)  Turbulence production by % falls to levels below
10% of dissipation far enough from the grid and for
high enough ¢,.

(iv) Large-scale isotropy: u'/v' lies approximately be-
tween 1.2 and 1.3 beyond the region close to the grid
where U(x)/U,=1.1 and for ¢, large enough. u'/v’
collapses as a function of x/Xpea, Where xpeqx
=75([minT/Lmin)-
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FIG. 46. T=0.46 m tunnel with U,=10m/s. (a) In(U/u’')> and (b)
In(U/v")? as functions of x (in meters) for all five space-filling fractal square
grids revealing the straight line [in agreement with Eq. (7)] on which the
turbulence decay curves generated by all these grids eventually asymptote
to. (c) u'? in m?/s? as a function of x in meters with exponential fit accord-
ing to Eq. (7) for ¢,=17.

(v)  The principle of permanence of large eddies does not

hold and the turbulence decay seems to be exponen-
tial for x>>Xpeq. Specifically, u'?=uy., exp[—(x

—Xpeak)/ Lurb ), Where u[;eakz increases linearly with z,,
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FIG. 48. Exponents p of power-law energy spectra (see third plot of previ-
ous figure) as functions of Re, at x=3.25 m downstream the 7,=13 fractal
square grid in the 7=0.46 m tunnel. The lines marked “Mydlarski” are best
fits obtained by Mydlarski and Warhaft (Ref. 12) for the Re, dependence of
the exponents p in the power law u and v spectra obtained in active grid-
generated turbulence.

VIl. OVERALL CONCLUSIONS

Dy, t,, and Mg are important fractal grid parameters.
Best homogeneity is obtained for D,=2. For space-filling
fractal I and square grids, homogeneity can be further im-
proved by increasing ¢,. In all cases of fractal grids, turbu-
lence intensity and Reynolds number can also be increased
by increasing .. However, high values of 7, can lead, at least
in the case of space-filling fractal I grids, to increased turbu-
lence production by %] In the case of space-filling square
grids, they lead to a muting of turbulence production far
enough from the grid. In that case, f.;,/Ly;, is also an im-
portant parameter.

Not only the large scales, but all anisotropic scales of
fractal grids are potentially responsible for the large-scale
turbulence anisotropy that these grids might generate. At the
very least, there is compelling evidence to this effect in the
case of fractal I grids.

The scalings and decay of the turbulence intensities
along the x direction on the tunnel’s centerline are as
follows:

(i)

For fractal cross grids (Dy=2), both (u'/ U)? and

-3

10

(v'/U)? are well collapsed by >Cypfct(x/ Mg).

(© kn

FIG. 47. Energy spectra at x=3.25 m downstream the ¢,=13 fractal square
grid in the 7=0.46 m tunnel at eight different speeds U., ranging between 6
and 20 m/s in 2 m/s increments.

lwrb=0.1)\U—V)‘, and N is the Taylor microscale, which
appears to remain approximately constant during tur-
bulence decay beyond x,,c,- The integral length scales
also remain constant during decay beyond X,c, and
they are independent of 7,, as is A.

(i)

(iii)

For fractal I grids, (u'/U)?
=t(T/Ly.)*Capfct(x/Myy)  [and  similarly ~ for
(v"/U)? and (w'/U)?], where T is the tunnel width
and L, is the maximum bar length on the grid.

For space-filling (D;=2) fractal square grids, the tur-
bulence intensity builds up as the turbulence is con-
vected downstream until a distance x,,, from the grid
is reached where the turbulence intensity peaks and
then decays exponentially, u'*=u} . exp[-(x
—Xpeak)/ lyurn ], Where ”,;eakz increases linearly with z,,
Xpeak ® IminT/ Linin (Liin being the minimum bar thick-
ness on the grid), and /,,, N>U/ v, v being the kine-
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matic viscosity of the air and \ being the Taylor mi-
croscale, which remains approximately constant
during decay at x> x,.,- The longitudinal and lateral
integral length scales also remain approximately con-
stant during decay at x> X,cak-

Clearly, these results call for many more measurements
to be made in wind tunnel turbulence generated by fractal
grids. Mean velocity and turbulence intensity profiles need to
be collected in many more stations than has been possible in
the present exploratory work. The decay of turbulence inten-
sities needs to be measured off center-axis for completeness
and interpretation purposes. Mixing studies and applications
should be considered; the prospect of increasing turbulence
intensities by increasing parameters such as ¢, and T/L,,
without increasing pressure drop points at possibilities for
energy efficient mixing. Also, it will be interesting to see
whether scalar variances in fractal-generated turbulence scale
and decay similarly to turbulence intensities. Relations such
as (3)—(8) open up the possibility of what may be termed
multiscale flow control, which in the case of fractal grids is
passive. It seems possible, for example, to control the dis-
tance xp.,x downstream of a fractal square grid where the
turbulence builds up by controlling the smallest thickness
tmin ON the grid. It also seems possible to control the turbu-
lence intensity by controlling 7,, the ratio of maximum to
minimum thicknesses, in different ways for all three families
of fractal grids presented here. Distances downstream can be
meaningfully measured in terms of the effective mesh size
M ¢, which we have introduced in this paper, and in the case
of fractal square grids, the distance [, after buildup over
which the turbulence lasts may also be controlled.

Finally, two-point statistics such as energy spectra need
to be calculated at various stations in the wind tunnel, in
particular to assist with the interpretation of the apparent
exponential turbulence decay far downstream of fractal
square grids. Equally important are coherence spectra
C(k))=|E 2(k)) >/ E,,(k))E,y(k;), which measure tendencies
toward or away from small-scale isotropy. Indeed, in this
paper we have often taken kinetic energy dissipation rate per
unit mass to equal 15vu’?/\?, which assumes small-scale
isotropy, and our conclusion that the turbulence far down-
stream of fractal square grids decays exponentially relies on
this relation [in fact, on the proportionality —%U(du’zl dx)
~vu'?/\%, not on the specific value of the constant of pro-
portionality]. Comprehensive and careful studies of coher-
ence spectra of turbulence generated by fractal grids need to
be carried out.

Preempting future publications, we close this paper with
examples of spectral results collected at x=3.25 m down-
stream of the ¢,=13 fractal square grid in the 7=0.46 m tun-
nel at eight different speeds U, ranging between 6 and

Phys. Fluids 19, 035103 (2007)

20 m/s in 2 m/s increments. Figures 47 and 48 show that
the energy spectra are broad and continuous and well ap-
proximated by power-law dependencies on wave number
with exponents —p, which seem to tend toward the Kolmog-
orov value —5/3 as Re, increases. We are currently working
on how such spectra can account for exponential turbulence
decay laws and for integral and Taylor length scales that
remain constant during decay. Coherence spectra are an in-
tegral part of this forthcoming study.
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