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mechanism that, being nonradiative,
doesn’t show up in a spectrum. In a
mixing model proposed by Andrew
Fabian of Cambridge University and
his collaborators, small metal-enriched
clouds float in the otherwise uniform
plasma. Thanks to their copious line
emission, such clouds cool quickly and,
like ice cubes in a gin and tonic, cool the
warmer fluid surrounding them.* Ob-
servations don’t rule this explanation
out, but they don’t rule it in, either.
Whether metal-enriched clouds exist is
not clear.

The heating explanation relies on
the observation that at the heart of
nearly all cooling flow clusters lies a
big elliptical galaxy. And fully 70% of
those galaxies harbor an active galac-
tic nucleus (AGN). AGNs shoot huge
jets of relativistic plasma into their
surroundings. Could the jets be re-
sponsible for arresting cooling flows?

Chandra observations appear at
first glance to support this idea. Vast
bubbles of evacuated plasma, presum-
ably created by AGN jets, have been
found in the inner regions of some clus-
ters. The energy required to inflate
the bubbles is close to what’s needed to
halt a cooling flow, but, as with the
other explanations, there are prob-
lems. Spectral analysis of the Chandra
images reveals that the bubbles are
wrapped in gas that’s colder, not hot-
ter, than the surroundings. Moreover,
jets inject energy anisotropically.
Somehow, in plasma prone to thermal
instabilities, the energy must end up
uniformly distributed.

New theories

Paul Dirac believed he understood an
equation when he could predict the
properties of its solutions—even with-
out solving it. Is it possible to foresee
a successful denouement to the cool-
ing-flow mystery?

The arrested cooling flows observed
so far have a substantial range of ini-

tial temperatures and luminosities, yet
they all stop cooling at what seems to
be a constant halfto one third of the ini-
tial temperature. That feature smells of
a universal feedback mechanism.

One such mechanism involves
AGN heating. Imagine an AGN at the
center of a cluster. Material from a
full-blown cooling flow accretes onto
the AGN’s central black hole, which
uses the energy to propel jets into the
surrounding plasma. The jets halt the
cooling flow and cut off the AGN’s fuel
source. Starved of fuel, the jets wither,
the cooling flow resumes, and the
cycle continues.

Of course, this picture suffers the
same defects as generic AGN heating,
but it might be made to work by in-
corporating extra features. Mateusz
Ruszkowski and Mitchell Begelman of
the University of Colorado in Boulder
have recently added conduction to an
AGN feedback model.® Their 1-D sim-
ulations appear to stave off thermal
instabilities and can mimic observed
density profiles.

Ironically, the XMM-Newton re-
sults may have made one aspect of
cooling flows less of a puzzle. The spec-
tral fits don’t exclude plasma cooling
all the way down in amounts that
match the observed star formation.

Charles Day
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Laser Technique Follows Turbulent
Flow in Three Dimensions

simple equation, the Navier—

Stokes, completely describes a
fluid’s flow. A single parameter, the
Reynolds number, flags a flow as
smooth or turbulent. But a true un-
derstanding of turbulence—one that
would furnish accurate predictions of
a hurricane’s path or a car’s drag—re-
mains out of reach.

Studying small-scale eddies could
bring that goal closer. Tornados and
breaking waves look different from
afar, but their kinetic energy ends up
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Making movies of stirred-up
beads illuminates the baffling
problem of turbulence.

in the same sort of localized viscous
heating. If, as fluid dynamicists sus-
pect, small-scale eddies behave in a
universal way before they dissipate, it
might be possible to build up reliable
predictions of large-scale behavior.
But even if one explored the small-
est scales, one property of turbulence
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blocks the path to understanding: in-
termittence. In turbulent flows, vio-
lent, sporadic jumps can occur with-
out warning. Such events, despite
their rarity, can’t be ignored. A once-
a-century gust of wind could be the
one that blows the roof off your house.

Because of intermittence, hunting
for the universal features of turbu-
lence on small scales requires not only
high temporal and spatial resolution,
but also the ability to gather enough
data to capture rare events. And be-
cause turbulence is intrinsically
anisotropic, one needs to view the flow
in three dimensions.

Benjamin Zeff, his thesis adviser
Dan Lathrop of the University of
Maryland in College Park, and their
collaborators have met all these ob-
servational challenges in a single ex-
periment. Based around lasers and
high-speed video cameras, their appa-
ratus is already shedding light on how
two key properties of turbulence, vor-
ticity and dissipation, interact.!

Lasers, cameras, action!

The Maryland experiment exploits a
generic technique called particle
image velocimetry (PIV). In PIV, one
seeds a flow with tiny beads that flu-
oresce or reflect light when illumi-
nated. Various PIV schemes have
been developed. Some track single
particles as the flow sweeps them
along; some use holography to take
snapshots of the whole flow. But when
Lathrop and Zeff began their project,
they found that none of the existing
PIV schemes could deliver the long
stretches of high-resolution, three-di-
mensional data they needed.

At first, Lathrop and Zeff thought
the answer was straightforward, at
least conceptually: Just add fluores-
cent beads to a tank of water, agitate,
illuminate with a laser, then film the
flow with high-speed cameras. Looking
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s land setup are visible

= in this photo. Occupy-
ing center stage is the
&= tank, above which is
~«the motor that drives

W4 the turbulence. In the
foreground are two of
the high-speed video
cameras. (Courtesy of
Dan Lathrop.)

at motions on the Kolmogorov scale—
that is, the scale at which viscosity
smoothes the flow—would ensure that
the first two terms of a Taylor expan-
sion suffice to describe the flow’s veloc-
ity. Working in this linear regime, they
reasoned, would simplify the computa-
tion and provide all the information
they needed about the flow, including
the full 3 X 3 velocity gradient matrix.

Zeff originally set to work on a Tay-
lor—Couette tank that Harry Swinney
of the University of Texas at Austin had
lent to the Maryland team. In a Tay-
lor—Couette tank, fluid that fills the
gap between two concentric cylinders is
whipped into a turbulent state by the
rapid rotation of one or both of the
cylinders. Unfortunately, Taylor—-Cou-
ette flow turned out to be too hard to
study on the Kolmogorov scale because
the mean flow carried the beads out of
the illuminated volume too quickly.

Zeff opted instead to work on an-
other classic exemplar of turbulence,
grid turbulence. The setup he devel-
oped appears in the above photo. It cen-
ters on a cubic tank with transparent
acrylic walls, 22 cm on a side, that
holds about 10 liters of water and 3 mil-
liliters of 1-micron-sized polystyrene
beads. Two horizontal grids, separated
by 10 cm, drive the turbulence by os-
cillating up and down with an ampli-
tude of 0.32 cm and a frequency of 10
Hz. The resulting Reynolds number is
a highly turbulent 48 000; the Kol-
mogorov scale is 0.75 mm.

Illuminating a cubic millimeter of
fluid isn’t hard, but Zeff and Lathrop
found that their original idea of spot-
lighting the entire 1 mm? volume did-
n’t work. The cameras were unable to
tell exactly where the beads were, and
so couldn’t yield accurate velocity gra-
dients. Zeff and Lathrop decided in-
stead to illuminate beads passing
through and along three of the cube’s
intersecting faces.
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Painting three faces of a cube with
lasers requires creating thin sheets of
light with converging cylindrical
lenses. For simplicity, only one con-
verging beam (in the y direction) is
shown here. (Adapted from ref. 2.)

To create such an illumination pat-
tern, Zeff and Lathrop sought the help
of their Maryland colleague and laser
expert Raj Roy and his graduate stu-
dent Ryan McAllister. In the system
they built, light from a single contin-
uous-wave laser is split into three mu-
tually orthogonal beams that con-
verge in the center of the tank. One
beam points vertically through the
bottom of the tank; the other two
point horizontally.

To form the faces of the cube, the
beams pass through cylindrical lenses
that focus the beam into sheets about
2mm long and 10 um thick (see the fig-
ure above). Aligning the sheets to in-
tersect proved to be the experiment’s
hardest task. Zeff did it by looking at
the sheets with the same cameras that
imaged the flow. He then repositioned
the beams with micrometers.

The Maryland researchers used
three cameras, one for each sheet, op-
erating at 125 frames per second. Each
camera viewed the flow through mi-
croscopes that brought into sharp focus
only the sheet in the center of its field
of view. After starting the flow, Zeff
would run the cameras for 16 seconds
(the time it took to fill the cameras’
memory), wait for 48 seconds for the
data to be transferred and reduced,
then run the cameras again. By adding
together data from 2500 such runs, he
generated a dataset that occupied al-
most three terabytes of disk space.

To dig out the physics from such a
huge pile of data, the Maryland team
turned to an applied mathematician,
Eric Kostelich of Arizona State Uni-
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versity in Tempe. Kostelich devised
an algorithm that compared the
beads’two-dimensional positions from
frame to frame to derive, for the flow
within the cube, all three components
of the velocity and all nine compo-
nents of the velocity gradient matrix.

The matrix captures much of the
physics of the flow. Its symmetric part
is proportional to the rate at which
the fluid suffers strain, and hence, to
the rate of energy dissipation. The
antisymmetric part yields a quantity
called enstrophy, which is a measure
of the flow’s vorticity.

Vortex squelch

Thanks to their trove of data, Lathrop
and his colleagues could track how
dissipation and vorticity behaved all
the way up to 30-40 standard devia-
tions above their respective norms.
That the two quantities tended to rise
and fall together suggested a picture
of how turbulent events unfold. First,
stretching occurs and starts to am-
plify itself and, with it, any vortices
that spin about the stretching direc-
tion. But when the vortices get too big,
they suppress the strain in a process
Lathrop calls vortex squelch. The vor-
tices last longer than the stretching,
but eventually dissipate.

Lathrop’s mechanism could be an
important piece in the turbulence
puzzle, but it hardly completes the
picture. Lewis Richardson in the
1920s and Andrey Kolmogorov in the
1940s proposed that the path to un-
derstanding turbulence lay in follow-
ing the energy’s course from the large
input scale of, say, a ship’s propeller
down to the small scale at which vis-
cosity turns energy into heat. Being
able to watch that process from be-
ginning to end, with high time resolu-
tion and in 3D, is the Golden Fleece of
experimental turbulence studies.

Whether the College Park setup
can be extended to look at a wider
range of length scales is not clear, but
it’s already being used to study other
problems. Another of Lathrop’s stu-
dents, Dan Lanterman, is trying to
find out why adding polymer mole-
cules to water reduces strain and drag.
Fire departments are interested in the
answer. They add polymers to reduce
the power needed to force water from
their hoses. Charles Day
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