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From small scales to large scales in three-dimensional turbulence: The effect of diluted polymers
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In a turbulent flow, diluted polymers are shown to inhibit the formation of coherent high-vorticity
filaments and to reduce correspondingly the rate of formation of large eddies. This effect demonstrates
that in a three-dimensional turbulent flow, some nondissipative small-scale structures, the vorticity fila-
ments, are nuclei of formation of large-scale structures. The reduction of the energy dissipation rate also
suggests that this breakdown of the vorticity filaments into eddies is important for the formation of the

dissipative structures.

PACS number(s): 47.25.—c, 61.25.Hq, 47.55.Bx, 47.80.+v

Flexible polymers have been known for a long time to
reduce turbulent drag [1], a very striking phenomenon in
view of the high dilutions at which it occurs. Most at-
tempts to understand turbulent-drag reduction are based
on the fact that the polymer molecules, coiled in a spheri-
cal shape at rest, can be uncoiled and stretched under a
stress that the fluid exerts on them [2-4]. For large-scale
hydrodynamic motions, the polymer molecules are ad-
vected passively and there is no reason why they should
affect the flow. At small scales, however, the stresses can
become comparable to the elastic modulus of the polymer
so that it can undergo a coil-stretch transition; different
models have thus proposed that either in the boundary
layers [2] or in the dissipative range [3,4] the stretching of
the molecules either modified the viscosity [2,4] or intro-
duced a viscoelastic behavior in the fluid [3].

Independent of the type of activity of the polymer
(viscous or elastic), the main difficulty in interpreting the
drag reduction could well have been due to the implicitly
assumed structure of turbulence. The Kolmogorov cas-
cade [5] implies that in the steady regime of turbulence,
energy is fed into the flow at large scales and dissipated at
small scales. The original Kolmogorov theory is statisti-
cal and does not address the problem of the spatiotem-
poral structure of the turbulent flow. It is often thought,
however, that the Kolmogorov spectrum corresponds to
a hierarchy of vortices of all sizes, each vortex of a given
size being responsible for the formation of the vortices of
a smaller size, the smallest structures being exclusively
dissipative [6]. Within this model it is difficult to see how
a change in these smallest scales could lead to a global
effect very different from that of a change of the viscosity.
Recently there have been several indications suggesting
that the structure of the turbulent flows is in fact more
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complex. The time series of the velocity [7] or of the vor-
ticity [8] in one point have strong intermittent bursts usu-
ally ascribed to the effect of energetic coherent structures.
Measurement of spatial velocity gradients [9] shows that
their probability distribution function is non-Gaussian, a
possible signature of this intermittency. Several numeri-
cal simulations [10—14] have shown the existence of
high-vorticity regions structured in tubes while the dissi-
pative regions were layer shaped [14]. Finally in a recent
experiment (Douady and co-workers [15]) the zones of
minimum pressure in a turbulent flow were singled out.
These are regions where there is simultaneously strong
vorticity and weak dissipation [16]. They were observed
directly using a liquid seeded with bubbles. This tech-
nique confirmed the filamentary structure of these regions
and also permitted one to reach the dynamics of their for-
mation and destruction. The filaments appear abruptly
by the rolling-up of thin layers where both shearing and
stretching coexist; they have a diameter of the order of
the dissipation length scale, but can have different
lengths, up to the injection length scale. They are unsta-
ble and undergo vortex breakdown [17] by formation of
helical distortions. The longest filaments are then ob-
served to be transformed into large, long-lived eddies.
This was the first direct observation in a three-
dimensional (3D) turbulent flow of strong, coherent
small-scale structures forming the nuclei of development
of large-scale structures. This dynamics suggests that, by
acting only on the small scales of a turbulent flow, not
only its dissipation but also its whole structure could be
modified. It is the possibility that this is the main role of
diluted polymers that we wish to explore.

We therefore undertook an investigation of the
influence of the polymers on the dissipation rate and on
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the flow structures in the same experimental system in
which the filaments had been observed. The experimen-
tal cell [15] is a vertical cylindrical container with a rotat-
ing disk of radius 7,=35 cm at each end. These two disks
have high rims [15], are 15 cm apart from each other,
and can be rotated independently at angular frequencies
fo up to 20 Hz. When they rotate with opposite veloci-
ties, the fluid is forced into two rotations separated by a
strong shear. In this way, a strongly turbulent flow is ob-
tained in the central region of the cell with an estimated
integral Reynolds number of the order of R, =mf,r3 /v,
where v is the kinematic viscosity of water. For f,=15
Hz, we thus have R; =120 000.

In our experiment, the reduction of the energy dissipa-
tion rate is the equivalent of drag reduction. This is mea-
sured by the input power P in the electrical motors neces-
sary to obtain a given rotation velocity of the disks (after
subtracting the power necessary to rotate them at the
same velocity in an empty cell). For pure water, the in-
put power per unit mass is proportional to f3, a scaling
relation expected in a turbulent flow. Measurements
were performed with two different polymers (po-
lyethylene oxide) of molecular mass M;~3X10° amu
(Polyox WSR301) and M, ~5X10° amu (Polyox coagu-
lant). The small polymer gives a steady drag reduction of
the order of (10+1)% for a concentration of 50 parts per
million by weight (wppm). With the longer polymer a
larger drag reduction (up to 25% for 20 wppm) is ob-
tained immediately after the injection, but this effect van-
ishes slowly with time [Fig. 1(a)]. At different times after
the injection of polymer, samples of the turbulent liquid
were taken with a syringe. Using photon-correlation
spectroscopy [18], we obtained a measure of the size of
the coiled molecules at rest [19]. Figure 1(b) shows that
the average radius R, of the large molecules M, dimin-
ishes with the time during which they have been exposed
to the turbulence (at f,=18 Hz). At this frequency the
smaller polymer M| remains unaffected. This mechanical
degradation of the polymer proves that in the turbulent
flow the stresses have been strong enough not only to
stretch the longer molecules but also to tear them apart.
The degradation is slow, suggesting it is only in very lim-
ited zones of the flow that the stress is large.

In order to observe the effect of the polymers on the
flow structures we use the visualization technique de-
scribed in Ref. [15], seeding the fluid with small bubbles.
The basic process of this technique is the migration of
these bubbles towards the low-pressure regions in which
vorticity is large and dissipation small [16]. The median
region of the flow is observed with two synchronized
videotape recorders, each providing 50 images per
second. On the first one, using a long exposure time
(1/50 s) the motion of the bubbles reveals the large-scale
velocity field. The second, with a short exposure time
(1/2000 s), only showed the concentration of the bubbles
which is directly related to the extrema of the pressure
field. The experimental procedure is to start the experi-
ment with pure water, record the turbulence, and then
add the polymer by injecting it with a needle in the cen-
tral region of the cell.

In pure water, once a steady regime of the flow is set, a
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FIG. 1. (a) Drag reduction as a function of time. The polyox
solution (M,~5X10° amu) is injected at ¢t =0, the resulting
concentration is 20 parts per million, and the rotation frequency
is 17.8 Hz. (b) Measurement of a mean radius of the polymer as
a function of the time during which they were exposed to a tur-
bulent flow at f,=17.8 Hz. Crosses, initial M, ~3X 10° amu;
triangles, initial M, ~5X 10° amu.

very turbulent motion of randomly scattered microbub-
bles is observed. As described previously, the intermit-
tent and abrupt formation of filaments of bubbles corre-
sponding to the regions of high vorticity is observed. The
longest filaments, created directly from the basic flow, are
easiest to observe. Figure 2(a) shows the aspect of one of
them as seen from the side: a line of a length of a few
centimeters and a width of the order of 0.1 mm corre-
sponding to the energy injection scale L; and the Kolmo-
gorov dissipation scale Ly, respectively. These filamenta-
ry concentrations of high vorticity only exist during one
turnover time 7;,=wL,/U;=27/Q,=0.1 s. The time
evolution of the longest filaments can be observed: they
usually undergo vortex breakdown and a large eddy is
formed with a lifetime of the order of ten turnover times.
With the addition of a polymer the aspect of the flow is
modified. A striking effect is a suppression of the fila-
ments. Playing the recorded tapes in slow motion, we
counted the number of large filaments formed per unit
time in a given volume. Figure 3(a) shows the decrease of
this number with increasing polymer concentration
(M;~3X10° amu) for three different velocities. The
reduction of the number of filaments could be simply due
to the reduction of the input power, i.e., to a general
reduction of the level of turbulence by, say, a change of
the entrainment of the fluid by the boundary layers. This
is not the case: our results show that for the same input
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FIG. 2. Two images of high concentrations of vorticity ob-
tained in pure water and observed with small bubbles. The tank
is lit with diffuse light from behind: the bubbles appear dark on
a light background. (a) A vorticity filament in a turbulent flow
(exposure time 0.001 s). (b) The core of an axial vortex below a
rotating disk. No photograph after the introduction of poly-
mers is worth showing: not much is left to be seen.

power the density of filaments is much smaller in a poly-
mer solution than in pure water. With the larger poly-
mer (M,~5X10° amu) the effect is at first even more
spectacular: transitorily almost all the filaments are
suppressed. However, with time they reappear: after
about ten minutes, the flow regains an aspect very similar
to what it was before the injection. A systematic count-
ing is more difficult because of this time dependence. The
time scale of the decrease of the polymer’s activity is the
same for filament inhibition and drag reduction and cor-
responds to that of the molecular degradation.

An important observation from the structural point of
view is that the inhibition of the formation of high vorti-
city filaments also results in changes of the large struc-
tures of the flow. To measure this effect we counted (on
the slow camera recordings) the number of the large ed-
dies observed during a time 7 in a given region. Figure
3(b) shows the results of these measurements as a func-
tion of C the polymer concentration. Comparison of Fig.
3(b) with Fig. 3(a) shows that the number of eddies is re-
duced by the introduction of the polymer in the same
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FIG. 3. (a) Statistics of the number of filaments observed in a
given region of the flow per unit time as a function of the con-
centration (in parts per million by weight) of polymer (polyox
M, =3X10° amu) for f,=8 Hz (triangles), f, =11 Hz (circles),
and f,=15 Hz (squares). (b) Statistics of the corresponding
number of large eddies.

proportion as the number of filaments. The total number
of eddies observed is, of course, larger than the total
number of filaments because their lifetime is larger by a
factor of 10. In pure water the formation of the eddies
had been related to the breakdown of the filaments [15].
Here we observe that, as the formation of the filaments is
partly suppressed by the presence of polymers, so is the
formation of the large eddies.

The suppression of the filaments suggests that the pres-
ence of the polymer inhibits the process of vorticity con-
centration. Such a concentration can also be obtained in
a nonturbulent flow, for instance in the axial vortex of a
draining rotating tank. In this case, the addition of a po-
lymer is known to suppress the formation of the vortex
core. This effect was first observed by Gordon and
Balakrishnan [20] who called it vortex inhibition.
Though they clearly stated that the optimal conditions
for vortex inhibition were the same as for drag reduction,
the two effects were not shown to be directly related to
each other. In our experimental cell a steady axial vortex
with a filamentary core can also be formed when only one
disk is rotated [Fig. 2(b)]. With the introduction of a po-
lymer the central concentration of high vorticity van-
ishes. This results probably from an elastic action of the
polymer near the vortex core: by a local injection of a
colored polymer it is easy to observe that this effect
occurs in the bulk of the fluid before the polymer has
reached any boundary.

Our results have implications both for the dynamical



RAPID COMMUNICATIONS

47 FROM SMALL SCALES TO LARGE SCALES IN THREE- . . . R31

structure of a turbulent flow and for the action of the po-
lymers. As for the former they confirm that not all the
small scales of a turbulent flow are dissipative: there also
exist transient energetic coherent small-scale structures.
These are filamentary regions of high vorticity and weak
dissipation which appear wherever a large structure (the
basic flow or the large eddies) has created a thin layer
with both shearing and stretching. These filaments are
observed to undergo vortex breakdown. This process,
though unsteady here, appears to have some of the
characteristics of the breakdown widely investigated in
steady conditions [17]. During this breakdown, there is
simultaneously formation of a large eddy and of many
small-scale structures imbedded inside it. The bubbles
are violently dispersed showing a jump in pressure due to
the dissipative character of the newly formed small-scale
structures [16]. As for the activity of the polymers, it

must be remembered that the filaments are very thin and
scattered structures which occupy a very small fraction
of the total volume. Therefore even if some dissipation
can occur near their core it is unlikely to be responsible
for an appreciable fraction of the turbulent dissipation
[21]. For this reason the suppression of the filaments
cannot be directly responsible for the drag reduction.
But in our scheme, dissipative structures are formed as a
result of the chain of processes which starts with the for-
mation of the filaments. Therefore the present experi-
ment suggests that the main reason [22] for which a tur-
bulent flow is so deeply affected in its structure and in its
dissipation rate by the introduction of a polymer is that
in the chain of processes leading to the creation of the
dissipative structures, one of them, the formation of fila-
ments, is partly inhibited by the polymer.
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FIG. 2. Two images of high concentrations of vorticity ob-
tained in pure water and observed with small bubbles. The tank
is lit with diffuse light from behind: the bubbles appear dark on
a light background. (a) A vorticity filament in a turbulent flow
(exposure time 0.001 s). (b) The core of an axial vortex below a
rotating disk. No photograph after the introduction of poly-
mers is worth showing: not much is left to be seen.



