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In many situations involving flows of high Reynolds number
(where inertial forces dominate over viscous forces), such as
aircraft flight and the pipeline transportation of fuels, turbulent
drag is an important factor limiting performance. This has led to
an extensive search for both active and passive methods for drag
reduction1. Here we report the results of a series of wind-tunnel
experiments that demonstrate a passive means of effectively
controlling turbulence in channel flow. Our approach involves
the introduction of specified patterns of protrusions on the
confining walls, which interact with the coherent, energy-bearing
eddy structures in the wall region, and so influence the rate at
which energy is dissipated in the turbulent flow. We show that
relatively small changes in the arrangement of these protrusions
can alter the response of the system from one of drag decrease to
increased mixing (drag enhancement).

Experiments were carried out in a fully developed turbulent
channel flow of half-height h ¼ 2:815 cm, width 75 cm and length
8.5 m. (A description of the channel may be found elsewhere2.) the
range of Reynolds numbers (Re) of the channel, based on centre-

line velocity, U0, was 1:5 3 104 , Re ¼ U02h=n , 4 3 104, where n
is the kinematical viscosity. The flow therefore falls into the realm of
fully developed turbulence downstream of the entry region3. By
convention, such turbulent flows are viewed as having a central core
flow which is referred to as the outer region, in contrast with the
layer adjacent to the wall, referred to as the inner region. In the
former region the characteristic length scale is the channel half-
height h which, with U0, defines a ‘turnover’ timescale, t0 ¼ h=U0.
Both h and t0 represent estimates of scales over which correlations
are lost. Further, in the outer region viscosity plays an asymptotically
small role and the mean velocity, U(y), scales as U0 2 UðyÞ ¼
U0f ðy=hÞ, where y is the wall-normal distance. The inner velocity
scale is the friction velocity, u¬, defined by the wall friction,
u2

¬ ¼ n½]U=]yÿy¼0. The inner length scale is then given by l¬ ¼ n=u¬,
and the mean velocity scales as UðyÞ=u¬ ¼ gðy=l¬Þ ¼ gðy¬Þ, referred
to as the law of the wall. u¬ defines a second Reynolds number,
Re¬ ¼ u¬h=n, on which basis 750 , Re¬ , 2;000 in our experiments.

Both f(y/h) and g(y¬) are regarded as being universal functions.
Postulation of an overlap region4,5 leads to the ‘log-law’, U=u¬ ¼
k2 1 ln y¬ þ B where k, the von Karman constant, and B are empiri-
cally determined. Evidence of the log-law, in an investigation of pipe
flow over three decades of Re (ref. 6), indicates a logarithmic overlap
region at high Re (ref. 7).

Several features of the flow show universality. In particular
fluctuations in the direction of the flow (urms) and turbulence
production ( 2 uvdU=dy) peak at y¬ < 14. Here u and v denote
velocity fluctuations in the streamwise and wall-normal directions,
respectively, and uv, the Reynolds stress, is the temporal covariance.
Of particular importance is the universal presence of ‘streaks’ in the
wall region8,9, which refer to counter-rotating rolls, aligned in the
stream direction, that confer on the flow a (statistically) quasi-
periodicity in the transverse direction of wavelength l < 100l¬ (ref.
10). (‘Transverse’ here indicates the direction across the width of the
channel.) Simulations indicate that these are tubular structures, of
positive or negative vorticity with respect to the stream, which
extend in the stream direction for as much as 1,000l¬ (ref. 11).
Simple scaling arguments suggest that roll spacing should grow
linearly with wall-normal distance, and this has been verified
experimentally2. A variety of mechanistic theories have been sug-
gested to explain the presence of streaks12–14, with no general
agreement. More recently a statistical theory15 suggests that the
rolls are the result of an inverse cascade16,17; that is, instead of the
normal cascade of turbulence to smaller scales, this cascade takes the
flow to larger scales. The spacing is then well estimated by balancing
turbulence production and the rate of ejected energy from the wall
region.

It has long been known that these structures undergo a rapid cycle
of events culminating in their eruption from the wall region, known
as ‘bursts’, which results in slow-moving wall fluid entering the
outer region and fast-moving outer fluid entering the wall region;
the latter are known as ‘sweeps’18–20. These relatively infrequent
events account for a significant fraction of wall drag. One view of
this phenomenon is that if coherent structures could be stabilized
drag would be reduced. (Or from a more general perspective,
stabilized coherent structures present a barrier to the cascade to
small scales, and hence their maintained presence would impede the
rate of energy loss.) Explanations of drag reduction by means of
riblets use this viewpoint21. Riblets (wall grooves aligned with the
stream, with transverse wavelength and height ,15 l¬), which in
physical experiments can produce drag reductions of ,6% (refs 21,
22), and ,4% in simulations23,24, are thought to restrain the
movement of the rolls and therefore maintain their coherence.
The methods of turbulence control presented here differ radically
from this approach.

Analysis of several numerical simulations25,26 reveals that turbu-
lent energy resides primarily in stream-independent (roll) modes.
Further, this analysis also revealed the presence of propagating plane
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wave modes travelling downstream at an almost fixed speed. These
are possibly related to the sublayer waves observed by Morrison et
al.27. The waves, which are obliquely orientated with respect to the
direction of flow, undergo triad interactions with the roll modes.
The most intense of these interactions take place with waves which
propagate in a range of angles, 458–658, to the right or left of the
stream direction and have length scales comparable to the roll size.
A recent numerical investigation (carried out in the simplifying
framework of a minimal channel28) gives further evidence of the
importance of the interaction between selected propagating modes
and the energy-bearing roll modes for the cycle of events which
occur in the flow29. (For a recent review see ref. 30.) The importance
of these interactions has been further underlined in an earlier
investigation in which the relevant propagating waves received
regular phase randomization (a workless change) during the
course of the simulation31. This numerical experiment led to drag
reductions well in excess of 50%. This drag reduction is comparable
to that found in low-concentration polymer additive experiments32,33;
there was a close resemblance in all statistical measures for the case
of polymers and the simulation.

This series of observations suggested that management of wall
turbulence might be achieved with wall protrusions, chosen to
excite appropriate propagating modes. This was tested in the
channel shown in Fig. 1a; details are given in the figure legend. Of
the variety of wall patterns that were tested, two are shown in Fig. 1b
and c. Here we will focus on experiments performed on these two
patterns, and comment briefly on other tested patterns.

The entrant flow passed through 157h of the channel (this

includes the rough surface) before reaching the mid-station, B.
Hot-wire measurements were taken at station B, and pressure
measurements were made at the other stations shown in Fig. 1a.
Channel geometry and Reynolds-number range are comparable to
other reported experiments34–36. However, although our channel
was significantly longer than in these other studies, it fell short of the
length of the channel used by Hussain and Reynolds37. A small
along-stream variation existed beyond B (see below), as implied by
Hussain and Reynolds37.

A series of baseline measurements, for later comparison, were
carried out in the absence of any applied patterns, and all mention of
drag increase or decrease are relative to this baseline data set. Figure
2 shows the Reynolds-number (¼ U02h=n) dependence of the
unaveraged raw data for the friction coefficient Cf (¼ 2u2

¬=U
2
0Þ.

Individual data sets showed little noise and each is well fitted by a
power law. The average over the four data sets conforms to the
power law, Cf < 0:0254=Re0:165, which compares with Cf <
0:0269=Re0:178 found by Hussain and Reynolds, who averaged over
many experiments performed over a significantly larger Reynolds-
number range. (The four data sets shown in Fig. 2 are actually quite
close; the lower two sets of points are fitted by Cf < 0:0253=Re0:167.)
The vertical variation, ,63%, seen in the plot was due to
uncontrollable ambient conditions. Transducer calibrations indi-
cated a sensitivity of 0.5%, and pressure variations due to tempera-
ture changes caused a 60.8% error, resulting in a net 61.3% error in
the friction measurements. Mean velocity and Reynolds stress
measurements performed at B confirmed the friction values
shown in Fig. 2. These and other turbulence statistics will be
reported elsewhere.

Figure 2 also shows the results for Cf when the randomly shifted
row pattern (Fig. 1b) is applied to the floor of the channel. Cf for the
three data sets for the patterned floor all lie below their smooth-
floor counterparts. The average of these, Cf < 0:0248=Re0:172, repre-
sents a drag reduction of ,10% against the smooth-floor average
over the range shown. The peak drag reduction, data points
represented by ‘×’s over the smooth-floor average, exceeds 12.5%.
The Cf results shown in Fig. 2 and quoted here are based on pressure
drops measured between B and D, a 3.02-m span. Cf, when
measured between B and C, a 2.02-m span, differed by 2% from
these values. Although this lies within experimental error we took it
as an indication of residual stream dependence.

The pattern was chosen (on the basis of the above-cited
references) to produce waves which interact maximally with the
energy-bearing roll modes. The goal was to prevent formation of the
rolls, and to break them up if formed. As a heuristic argument to
support this strategy, we can suppose that roll structures have
characteristic velocity u0, and dimension l0. It might then be
supposed that t0 ¼ l0=u0 is characteristic of the duration of a
burst. We denote by fu2

0 the fraction of the energy contained in
roll modes. Flow visualizations imply that as a consequence of a
burst the roll goes directly into small scales; on these grounds fu2

0/t
0

is a measure of the dissipation rate due to the rolls. On the other
hand, if instead the rolls were to follow the cascade route to
dissipation, as forced by the protrusions, the estimate changes.
We will now assume that the Kolmogorov spectrum is valid for
scales below l0, that is, for l < l0, u2=u2

0 ~ ðl=l0Þ
5=3 and therefore

t=t0 ~ ðl=l0Þ
1=6. To model the cascade we will regard an eddy as

halving in size for each turnover time. Thus the time t̄ to fully
dissipate the eddy is t̄=t0 ¼ S`

n¼0ð2
nÞ1=6ð1 2 21=6Þ2 1 < 8:3. Thus

within this crude depiction of the phenomena, energy degradation
is delayed and therefore the dissipation rate due to rolls alone is
substantially reduced. From this it can be inferred that the roll
modes now carry less energy than in the standard smooth case. The
principal premise of this simple modelling of events is that by
preventing the creation of the roll ‘coherent structures’ we delay the
time taken until the final loss to dissipation.

Additional measurements support this picture. Burst (and

Figure 1 a, Plan view of the floor of the channel used in these experiments. The

region shown black is 0.3m long and represents the settling chamber into which

flow enters vertically through 4-mm holes, both in the floor and the ceiling of the

channel. The following 0.9m (squares) is a rough surface. The remainder of the

channel (hatched) is either covered with the patterns shown in b or c, or left

smooth. The floor to ceiling height is 5.63 cm, whether the floor is covered with

patterns or not. As the protrusions of the pattern, on average, effectively shorten

the height, our measurements are conservative. (Surface area is increased by

,5%.) The black circles on the centre line show pressure-tap locations. The mid-

station, B, houses a hot-wire system which yields wall-normal and transverse

measurements. b, c, Protrusion patterns on channel floor. Pattern b is obtained

from the regular array shown in c by random shifts of rows. Each vee has width in

the transverse direction of 200 l¬ period in the transverse direction of 260 l¬ and

period in the flow direction of 300 l¬. The height of the vees, perpendicular to the

floor, is 5 l¬ –6 l¬.
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sweep) frequency q were measured at the upper (smooth) wall of
the channel (the ‘ceiling’) and the lower (patterned) floor at a wall-
normal distance of 30 l¬ and centre-line velocity of 6 m s−1. Follow-
ing Alfredsson and Johansson38, a burst at the channel ceiling is said
to occur when uv . 4urmsvrms and v , 0 (and a sweep when v . 0).
Similarly for the channel floor, but for proper comparison the r.m.s.
values at the ceiling are used. By these criteria we found the
normalized burst frequency, qh/U0, at the ceiling to be 0.127
which is comparable to value found in ref. 38. By comparison, the
patterned floor had a significantly lower burst frequency of 0.050. (A
comparable reduction in the sweep frequency also occurred.)
Transverse correlation measurements indicated a streak spacing at
the patterned wall 10% greater than at the smooth wall. Also, vrms in the
vicinity of the patterned wall was found to be less than at the smooth
wall. Increased streak spacing and a diminished vrms are consistent
with drag reduction using trace amounts of polymer additives32.

It has recently been shown that if contributions to the average
Reynolds stress is separated into roll and propagating mode
contributions29, then roll modes are the major contributors near
the wall, whereas propagating modes mainly contribute in the core.
By interfering with the formation of the roll modes, as the protru-
sions do, we can diminish the contribution from roll modes.

We performed experiments designed to increase the fraction of
energy which reside in roll modes. This was accomplished by using
the pattern of protrusions shown in Fig. 1c. In this case, the same
‘vee’ protrusions (having the same height of roughly 5 l¬ –6 l¬) are
now aligned as columns in the stream direction. As evidenced from
direct hot-wire spanwise transverse measurements, a statistically
steady array of counter-rotating rolls was established. Thus, the
energy in roll modes was increased. In this case a drag increase well
in excess of 20% was obtained. The results are indicated in the upper
part of Fig. 2. Unfortunately these data were acquired from
pressure-tap locations still showing along-stream variation. As a
consequence the results underestimate the effect.

The bursting of the rolls was facilitated by increasing their
production. The simple change of misaligning or aligning of the
vees, all of which point in the upstream direction, results in a drag
reduction of .10% altering to a drag increase in excess of 20%. We
have also tested the pattern shown Fig. 1c, but with alternate rows
shifted a half-wavelength. This also produced a drag reduction but
was less effective than the randomly slid rows of Fig. 1b. Variations

in protrusion heights and the effect of the inclusion of additional
permissible vee angles remain to be studied.

A straightforward argument indicates that if both floor and
ceiling of the channel are covered with the patterned material, the
effect should at least double. Unfortunately, the design of the
channel did not allow this and we were not able to pursue this
idea. We are redesigning the channel to permit such experiments.
Finally, we mention that over the past 15 months, during which we
improved our experimental procedures and verified the phenom-
ena, almost without exception each experiment with the randomly
patterned floor showed a drag reduction. M
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Figure 2 Plot of friction coefficient Cf (¼ 2u2
¬ =U

2
0) against Reynolds number Re

(¼ U02h=n). Circles, results of four independent experimental runs in a channel

with a smooth floor. The continuous straight line is the regressionfit to these data.

The three sets of symbols in the lower portion of the plot represent three

independent experimental runs with the random pattern of Fig. 1b on the floor

of the channel. The dashed line is the result of a regression analysis on these

data. The filled squares in the upper portion of the figure represent runs carried

out on the aligned pattern shown in Fig.1c. The analytic form of the regression fits

are indicated by arrows.


