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ABSTRACT
An oscillating pipe flow experiment is performed to ex-

amine drag reduction behavior in high Reynolds number flows.
A novel experimental set-up allows for a large range of oscil-
lation amplitudes, frequencies, and friction Reynolds numbers
(ranging from 856 to 5744). A maximum drag reduction of
31% is reported. The results support the suggestion that the
key scaling parameter is the non-dimensional acceleration of
the surface oscillation, which collapses all the data regard-
less of Reynolds number, actuation frequency, and actuation
amplitude. This scaling holds for non-dimensional periods of
oscillation down to approximately 100, which corresponds to
the value that is commonly proposed to achieve the maximum
level of drag reduction.

INTRODUCTION
New methods to reduce turbulent drag will enable en-

hanced operational efficiency and energy conservation across
industrial applications like wind turbines, oil pipelines, air-
planes, and marine vessels. One promising method to achieve
significant turbulent drag reduction at Reynolds numbers rel-
evant to these industrial applications is to use transverse
momentum injection (TMI) created by streamwise traveling
waves of spanwise wall oscillations. This mechanism, shown
in figure 1, uses wall oscillations described by:

w(x, t) = Asin(κxx−ωt), (1)

Here w(x, t) is the instantaneous spanwise velocity of the wall,
A is the amplitude of the spanwise velocity, κx is the stream-
wise wavenumber of the traveling wave, ω is the spanwise an-
gular frequency, x is the location in the streamwise direction,
and t is time (Quadrio et al., 2009).

Transverse momentum injection has been widely studied
at low Reynolds numbers, that is, for Reτ < 1000, where the

friction Reynolds number Reτ = uτ R/ν (uτ is the friction ve-
locity, ν is the fluid kinematic viscosity, and R denotes the pipe
radius, channel half height or boundary layer thickness).

Studies with Reτ < 500 fall below the ”fully turbulent”
regime as defined by Lee & Moser (2015); however, drag
reduction up to 50% has been reported at these very low
Reynolds numbers (Gatti & Quadrio, 2016). For 500 < Reτ <
1000, computations for turbulent channel flow show that TMI
can reduce drag by around 40% in this range when an opti-
mal wavelength and frequency of actuation are chosen (Gatti
& Quadrio, 2016, 2013; Hurst et al., 2014). Related experi-
mental work typically reports somewhat lower drag reduction
(Bird et al., 2018; Wu, 2000; Choi & Graham, 1998), although
Choi et al. (1998) demonstrated drag reduction up to 45% at
Reτ = 549 in a boundary layer in the absence of a traveling
wave (κx = 0).

In addition to this work, a limited number of numerical
simulations have been performed at moderate Reτ values up to
about 2000. These result in a maximum drag reduction of 37%
in the case of a traveling wave (κx > 0), and 23% in the case
of no traveling wave (κx = 0) (Gatti & Quadrio, 2013 and Yao
et al., 2019, respectively). The maximum drag reduction was
typically found at an actuating frequency corresponding to the
non-dimensional time constant T+ = 2πu2

τ/(νω)≈ 100.

Figure 1. Schematic from Marusic et al. (2021) of stream-
wise traveling waves of spanwise oscillating wall panels.
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Figure 2. Model of the pipe test section. The pipe test section (in blue) is connected to a crank-slider mechanism (in yellow). The
crank includes symmetrical T-slot connections attached to the motor via two timing belts (in orange). Linear motion of the crank-slider
mechanism is converted to oscillatory motion via an additional timing belt (in green).

More recently, Marusic et al. (2021) performed experi-
ments using TMI in a boundary layer at Reynolds numbers
up to Reτ = 12,800, while covering a wide range of T+ and
A+ =A/uτ . They distinguished two broad regimes for drag re-
duction. For T+ < 350, they argued that the actuation targeted
the near-wall motions, and they called this inner-scaled actu-
ation (ISA). Although ISA can produce significant levels of
drag reduction, it becomes more difficult to achieve net power
savings as the Reynolds number increases because the nec-
essary actuation frequency increases at the same time. The
regime for T+ > 350 was identified as outer-scaled actuation
(OSA), in that it was believed to target the large-scale, outer-
layer motions. Significant levels of drag reduction were re-
ported using OSA even at the highest Reynolds number inves-
tigated, and because the corresponding actuation frequencies
were relatively low, net power savings were projected to be
possible in this regime.

Here, we extend this work by investigating drag reduction
in an azimuthally oscillating turbulent pipe flow, in the absence
of a traveling wave (κx = 0). A similar setup was used by
Choi & Graham (1998), who studied Reynolds number up to
Reτ = 995. In our experiment, we investigate a much wider
range of Reynolds numbers, 856 < Reτ < 5744. In addition,
our experimental setup allows independent variation of Reτ ,
T+, and A+, so that the scaling behavior of the drag reduction
can be studied in detail.

As a result, we draw new conclusions regarding the scal-
ing of drag reduction using TMI. Some of this work was re-
ported by Ding et al. (2023), but here we present a detailed
error analysis of the results, and discuss its implications on the
drag reduction results. As a consequence, rather than making
a distinction between the ISA and OSA regimes, we suggest
instead that our data over the entire range of operating condi-
tions collapses on a single scaling parameter a+ = A+/T+ for
all values of T+ greater than about 100.

EXPERIMENTAL SETUP
Transverse momentum injection (TMI) is implemented

by azimuthally oscillating a section of pipe housed within a
recirculating water pipe facility. The recirculating pipe facil-
ity has an inner diameter (D = 2R) of 38.1 mm and maintains
bulk flow velocities ranging from 1.1 to 4.2 m/s. The test sec-
tion (depicted in figure 2) is a 1.22 m section of pipe placed
more than 100D downstream of the inlet to ensure fully devel-

oped flow. This section of pipe is oscillated around its longi-
tudinal axis using a crank-slider mechanism, where the length
ratio of the crank to the rod-to-slider attachment is less than
0.05. This ensures oscillation closely approximates sinusoidal
motion. The crank-slider mechanism utilizes symmetrical T-
slot connections to permit manipulation of the amplitude of
oscillation, and further translates the resulting linear motion to
oscillatory motion via a timing belt. The frequency of oscil-
lation is controlled and adjusted by a motor connected to the
crank-slider mechanism via two additional timing belts.

Symmetry of the T-slot connections was essential to en-
sure stable operation at high frequencies and amplitudes of
operation. Moreover, the motor-to-T-slot connection via two
timing belts allows for equal distribution of forces between the
symmetrical T-slots. This helps to mitigate potential failure of
the T-slot mechanism. To ensure stable operation and reduce
vibration of the test section, the natural frequency of the base
table was also adjusted to frequencies outside our operating
regime with the addition of both weights and table leg sup-
ports. The T-slot mechanism is further designed to allow for
counterweight attachments when operating at maximum fre-
quencies. This guarantees minimal vibration of the test section
during high frequency operation.

Test Parameters
This experimental setup ensures a large range of available

test parameters. The important parameters for this problem
can be determined through dimensional analysis of the drag
reduction mechanism depicted in figure 1, yielding the follow-
ing relationship:

DR = DR(A+,T+,κ+
x ,Reτ ) (2)

where A+ = A/uτ0 = ωd/uτ0 , T+ = 2πu2
τ0
/(ων), and κ+

x =
κxν/uτ0 . For azimuthal surface oscillations in pipe flow, d is
the spanwise oscillation amplitude, and uτ0 = τω0/ρ is the fric-
tion velocity of the non-oscillating reference case, where τω0

is the time-averaged wall shear stress and ρ is the fluid den-
sity. Hence, Reτ = uτ0 R/ν . In the absence of a streamwise
traveling wave (κx = 0), the remaining test parameters are the
non-dimensional velocity amplitude of oscillation (A+), the
non-dimensional period of oscillation (T+), and the friction
Reynolds number (Reτ ).
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Reτ A+ T+ DR(%)

Experiment 649 1.76−22.1 608−48 0.5−24

(Choi & Graham, 1998) 995 2.37−17.2 663−91 0.8−22

DNS (Peet et al., 2023) 720 10 100 22.9

Experiment 884 ± 28 7.83−30.2 472−130 3.3−30.6

(current data) 1343 ± 40 2.72−30.6 2019−176 0.0−28.1

2224 ± 307 2.96−19.4 1672−439 0.7−10.2

3970 ± 320 2.88−11.9 4203−1343 0.2−3.7

5246 ± 498 3.59−8.33 6857−2084 0.0−2.2

Table 1. Scope of testing parameters and drag reduction results from existing experimental and numerical work for ”fully turbulent”
flow in an azimuthally oscillating pipe.
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Figure 3. Achievable ranges of testing parameters. Each par-
allelogram indicates the range of (A+,T+) by varying ω and
d(ω/(2π) ∈ [2,16] Hz, d ∈ [2,12.8] mm) at fixed uτ and ν

(thus fixed Reτ , as labeled in the legend). Each parallelograms
pair of the same color represent the variation of Reτ by chang-
ing only the water temperature (thus ν) from room temperature
to about 57◦C, and different colors are for different bulk veloc-
ity (thus uτ ) settings.

The ranges of Reτ , A+ and T+ explored in this study are
given in Table 1, and the achievable ranges of these parame-
ters are graphically summarized in figure 3, in which different
strategies for varying testing parameters are indicated. The T-
slot mechanism depicted in figure 2 allows for manipulation
of the oscillation amplitude up to d = 12.8 mm, where the mo-
tor controls the frequency of oscillation up to f = ω/(2π) =
20 Hz. Further, the recirculating pipe setup is attached to a
water heater, allowing the flow to reach ambient temperatures
up to 57◦C. We are then able to control the temperature of the
fluid (water) and the bulk flow speed to independently control
Reτ , while the T-slot and motor allow for significant indepen-
dent variation in A+ and T+. In figure 3, each parallelogram
represents the range of (A+,T+) with 2 < d < 12.8 mm and
2 < f < 16 Hz, when uτ and ν are fixed. Each parallelogram
pair of the same color defines the Reτ range when uτ (and bulk
velocity) is fixed and ν is varied by changing water tempera-
ture from 20◦C to 57◦C; different colors are for Reτ ranges by
changing uτ .

Pressure Measurements
Pressure taps were located 135 mm (≈ 7R) upstream and

downstream of the rotating test section. The time-averaged
pressure drop is then measured with a Validyne DP103 differ-
ential pressure sensor across these taps in the non-actuated and
actuated cases. Drag reduction is then calculated as follows:

DR% = (1−λ/λ0)×100 (3)

Here, λ0 is the friction factor for the non-actuated control case
calculated from the friction factor correlation for smooth tur-
bulent pipe flow given by McKeon et al. (2004). Pressure drop
measurements taken across the test section in the non-actuated
case (∆P0) are checked in-between actuated runs to ensure the
pressure sensor accuracy. These control measurements are
found to be within 1-2% of the pressure drops determined by
the McKeon et al. (2004) correlation. This correlation is also
used to determine uτ0 for each test, where λ0 = 8u2

τ0
/U2

b .
The friction factor for the oscillating case (λ ) is defined

by λ =−2∆PD/(LρU2
b ). Here L is the length of the oscillat-

ing test section, ρ is density, Ub is the bulk velocity of the flow,
and ∆P is the pressure drop across the test section. We assume
all drag alteration occurs within the oscillating section of pipe
flow. Thus, in order to establish accurate drag reduction, we
measure pressure drop across the pressure taps and subtract out
the pressure drop in the upstream and downstream stationary
pipe sections between the taps and the oscillating test section
according to the McKeon et al. (2004) correlation.

For each combination of testing parameters, we acquire a
minimum of 2,000 – 3,000 samples in the span of two or three
trials. The sampling rate was approximately 5 Hz so that pres-
sure measurements are not phase-locked with the pipe oscilla-
tion frequency. Two categories of contributions are considered
for the uncertainty in our drag reduction measurements. The
first category is the fluctuating part, capturing random mea-
surement noise in the pressure sensor, turbulent fluctuations
and phase-dependent fluctuations from the spanwise oscilla-
tion. The phase-dependent fluctuations are likely not signifi-
cant – for example, Touber & Leschziner (2012) reported 1-2%
phase dependent variations of DR at Reτ = 500. The combined
contribution of this category is approximated as ∆prms/

√
Ns,

where ∆prms is the root-mean-square pressure drop and Ns is
the number of samples. This uncertainty never exceeds ±0.2%
of the pressure drop in the trials collected. The second cate-
gory of uncertainty is that due to the pressure sensor. The Vali-
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Figure 4. Drag reduction results against non-dimensional acceleration of oscillation (a+ =A+/T+). a) Plots all tests where T+ > 100.
Filled circles represent current data color-coded by Reτ in legend. This is plotted with Choi & Graham (1998) pipe flow data where
Reτ < 1000, denoted by ⋄. b) Distinguishes sub-optimal frequencies (T+ < 100) in blue, above-optimal frequencies (T+ > 100) in red,
and optimal frequency (T+ ≈ 100) in yellow. ◦ represent current data, ⋄ are pipe flow data from Choi & Graham (1998), and □ is DNS
from Peet et al. (2023). Line is provided for reference, with a ±2% error shaded region to represent experimental error in our current
data. Choi & Graham (1998) error is given as ±3%.

dyne DP103 allows for replaceable diaphragms, each with an
accuracy of ±0.5% full scale pressure. The diaphragms were
switched out to match the required full scale range and en-
sure maximum accuracy across the changing flow rates. The
sensor was routinely calibrated, and the true zero offset was
always monitored between tests. This category yields a max-
imum error of ±1-2% when comparing to the McKeon et al.
(2004) correlation. Therefore, we report ±2% uncertainty for
all drag reduction data collected.

RESULTS

While the operating parameter space is much larger than
that of previous TMI studies, restrictions within this space and
the uncertainty in drag reduction measurement place limits on
the full extent of the data set.

Limitations in High Reτ Tests

From Table 1, we see a significant decrease in drag re-
duction at high Reynolds numbers, primarily because of the
limitations on the values of A+ and T+ that could be achieved.
These parameters depend on uτ , i.e. A+ = ωd/uτ0 and T+ =
2πu2

τ0
/(ων), and so higher frequencies and amplitudes of os-

cillation are required to maintain drag reducing values of A+

and T+. For example, as implied by figure 3, to achieve
T+ < 500 at Reτ ≈ 6600 (the solid purple box), f = ω/(2π)
needs to be about 130 Hz, whereas f = 20 Hz is practically
the highest operation frequency of our set-up. The error anal-
ysis of our drag reduction data (±2% error) then indicates that
we were unable to measure the drag reduction for Reτ ≈ 4500.
While we are able to operate the recirculating pipe flow up to
Reτ ≈ 7000, we are limited by our maximum operating fre-
quency and amplitude, both of which are too low to observe
significant drag reduction in these flows.

Cut-off T+

The drag reduction results are presented in figure 4 (see
also Ding et al. (2023)). Notably, we observe a collapse of our
drag reduction data against the parameter a+ = A+/T+. This
collapse follows for all data within our parameter space up
to a maximum frequency, corresponding to a minimum non-
dimensional period of oscillation , which we refer to as the
cut-off period. The following discussion will review the sensi-
tivity of this cut-off, and suggest that T+

c ≈ 100.
From our experiments, we have results for T+ > 130. All

tests performed in this regime collapse with non-dimensional
acceleration of oscillation (a+), independent of Reynolds
number, as shown in figure 4a, with a shaded region indicating
±2% error in the measurements.

Choi & Graham (1998) used a similar azimuthally oscil-
lating pipe flow, but because there Reynolds numbers were sig-
nificantly smaller (Reτ < 995) they achieved T+ values as low
as T+ ≈ 50. Their data, when plotted against non-dimensional
acceleration of oscillation (a+) for T+ > 100, collapses along-
side our data (see figure 4a). When T+ ≤ 100, however, this
collapse no longer holds, as depicted in 4b. We conclude,
therefore, that T+

c ≈ 100, but because oscillation periods be-
tween 100 and 120 were not explored by Choi & Graham
(1998), it may be that the cut-off lies somewhere within this
range.

We can also use the recent DNS results for an azimuthally
oscillating pipe obtained by Peet et al. (2023) at T+ = 100.
When plotted against a+, this point collapses on the same
curve as experimental data for T+ > 100. This result further
supports the conclusion that T+

c ≈ 100.
Actuation at T+ ≈ 100 has been shown to be physically

significant in many past studies of transverse momentum in-
jection. Early DNS estimated the optimal period of oscilla-
tion to be at T+ ≈ 100 (Baron & Quadrio, 1995; Dhanak &
Si, 1999); that is, the period of oscillation that optimizes the
drag reduction. This is further supported in DNS by Blesbois
et al. (2013), which found a streak amplification timescale of
t+ = 50. This result was later interpreted to mean that the
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weakened streaks do not have enough time to regenerate if the
oscillation changes direction every t+ = 50 (Quadrio & Ricco,
2004).

As a result, most existing TMI work accepts T+ ≈ 100 as
the optimal period of oscillation, though this has not been con-
firmed experimentally due to limitations in parameter space
explored. In addition, there are several studies that suggest
this optimal period of oscillation may decrease with increasing
Reynolds number (Choi et al., 2002; Yao et al., 2019). This re-
sult has also yet to be confirmed.

CONCLUSIONS
This current study investigates drag reduction behavior

in an azimuthally oscillating turbulent pipe flow at Reynolds
numbers ranging from Reτ ≈ 856− 5744. A maximum drag
reduction of 30.6% is reported. The outcome of this work
further suggests that the key scaling parameter for this drag
reduction behavior is the non-dimensional acceleration of the
surface oscillation (a+ = A+/T+), in accordance with the ear-
lier work of Ding et al. (2023).

Our novel experimental setup, where the water temper-
ature was varied allowing for independent variation of Reτ ,
A+, and T+, permitted us to explore the scaling behavior of
the drag reduction and demonstrate that the non-dimensional
acceleration (a+) is the key parameter, collapsing the data re-
gardless of Reτ , A+.

An error analysis yielded a ±2% maximum error in the
drag reduction measurements obtained. This error indicates
that we are unable to measure significant drag reduction at
Reτ > 4500 because it falls below the uncertainty level. Fur-
ther expansion of the parameter space is required to determine
drag reduction behavior at these higher Reynolds number val-
ues; however, the collapse of data against a+ suggests that
there is no Reynolds number dependence in this behavior.

The collapse of drag reduction data against the accelera-
tion parameter is independent of Reτ , A+, and T+; however,
we are able to determine a cut-off period (T+

c ≈ 100) below
which this collapse no longer holds. We further note that
T+ ≈ 100 is the period of oscillation in which the weakened
streaks are unable to regenerate (Quadrio & Ricco, 2004), and
is often assumed to be the optimal-period of oscillation in past
TMI work.
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