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1 Introduction

The field of viscous aerodynamic drag reduction includes a wide variety of passive and active
methods that mostly aim to manipulate near-wall coherent turbulent motions [1]. Certain
methods, not considered to be viable on manned vehicles, may be viable on unmanned vehicles
that are not constrained by human comfort or physiological limitations [2]. One such method
IS non-harmonic, periodic, acceleration and deceleration of the vehicle, possibly attained by
intermittent propulsion. This approach is based on observations of net drag and pumping power
savings in non-harmonic, periodic, internal (pipe and channel) flows [3-9]. For example, direct
numerical simulations (DNS) with short-duration pulse-modulation of the pressure gradient,
show an energy saving of around 30% [8]; and a combined experimental-computational study
employing an asymmetric triangular waveform followed by a “diastolic” rest phase show a
drag reduction of more than 25% [9]. In these flows, there are at least two drag reduction
mechanisms: rapidly accelerated turbulent flows tend to “relaminarize,” thereby producing
relatively low skin friction [10-17]; while decelerated flows produce lower skin friction due to
the adverse temporal pressure gradient.

The objective of this research is to study the rapid temporal acceleration and deceleration
of a nominally incompressible turbulent flat plate boundary layer, to determine if a net skin
friction drag reduction can be realized. The experiment is conducted on a flat plate with a
leading-edge trip, in an unsteady wind tunnel, where flow deceleration and acceleration are
achieved by closing and opening a set of downstream louver vanes. In this preliminary study,
the evaluation is performed by comparing the local ensemble-averaged skin friction

coefficients c} =z,/q, with their corresponding quasi-steady values. Details of the

experimental setup are described in section 2; the results, discussion and scaling considerations

are presented in section 3; and the conclusions are summarized in section 4. This preliminary
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study does not directly consider specific modulated or intermittent propulsion methods or

techniques that would be required to achieve periodic vehicle acceleration and deceleration.

2 Experimental Setup

Experiments were performed in a blower-type unsteady wind tunnel, with an 8:1 contraction
and a 250 x 152.5 mm test section; it is a ¥4 scaled-down version of the unsteady wind tunnel
described in [23] (see Fig. 1). A set of counter-rotating louver vanes, driven by a pneumatic
actuator, are mounted at the tunnel exit. With the louver vanes installed, the maximum

freestream velocity U_ is 50 m/s and the turbulence levels is 3.9%.

A 5 mm thick, 350 mm long aluminum flat plate, with an elliptical leading-edge and a
trailing-edge flap, was mounted in the center of the test section, 100 mm downstream of the
contraction. A leading-edge trip (120-grit sandpaper roughness) was wrapped around the
elliptical leading-edge and extended 10 mm on both surfaces. All experiments were performed
at a fixed fan speed: steady experiments were performed by statically varying the vane angles;
and unsteady experiments were performed by rapid partial closing of the vanes, followed by
rapid opening after 1,000 ms.

Fifteen pressure ports, with a 20 mm spacings between them, were installed on the one
wall of the tunnel, and connected to 5 inH20 (1.27 kPa) Honeywell HSC differential pressure
transducers, using close-coupled vinyl tubing, as shown in Fig. 1. Prior to, and following
experiments, the pressure transducers were calibrated using an inclined-tube alcohol-based

manometer. The steady and unsteady pressure gradients (dp/dx and op/ox) were obtained

by means of least-squares linear curves. Velocity and skin friction measurements were made
using a right angle hot-wire probe (Dantec 55P14) and a flush-mounted hot film (Dantec
55R47), respectively, in conjunction with an AA Lab Systems hot wire anemometer. All probes

were located at x, =265 mm downstream of the leading-edge, where the hot-film sensor was

displaced 50 mm in the cross-stream direction. A pitot-static probe (Dwyer model 166-12),
with an inclined-tube alcohol-based manometer was used to calibrate the probes (but removed
for experiments), by statically varying the louver vanes. Fifty unsteady measurements were
performed and the resulting data were ensemble-averaged, which resulted in <1% precision for
velocity and skin friction measurements based on 95% confidence intervals. The measurement

of steady flow velocity profiles u=u(y) showed close correspondence with standard log-law
and power-law relationships. Skin friction was calibrated by means of the well-known

correlation ¢} =0.0576(U_x_/v)™° [24].
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Fig. 1 Schematic of the experimental setup showing top (above) and side (below) views
of the wind tunnel test section, flat plate setup, main dimensions and measurement
instrumentation.

3 Results and Discussion

Ensemble-averaged results of hot wire velocity and test section pressure are shown in Fig. 2,
for the louver vanes closing and opening sequentially, with insets showing the deceleration and
acceleration details. As expected, flow speed control using the vanes clearly produces a higher
test section pressures at lower speeds. More surprising, however, is the large impact of
compressibility; both for the acceleration and deceleration, despite the nominally
incompressible conditions (Ma < 0.1). During deceleration, i.e., rapid partial closing of the
vanes, large pressure oscillations (in excess of the 1.27 kPa transducer range) are observed that
closely correspond to the Helmholtz frequency of 29 Hz [23], i.e., the nominally isentropic
compression and expansion in the plenum. The local freestream deceleration then lags the
initial pressure increase by approximately 54 ms. During acceleration, i.e., rapidly opening of
the vanes, the Helmholtz effect is greatly reduced but the velocity lags the pressure by
approximately 47 ms, again, due to compressibility. Therefore, unlike incompressible (liquid)
pipe and channel flows [4-17,19-22] we cannot rely on the incompressibility assumption

pdU_ /dt=-0p/ox, to infer the temporal acceleration from the pressure gradient. Under
harmonic oscillations at similar frequencies (~1 Hz), compressibility effects are significantly

reduced [23].
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Fig. 2 Ensemble-averaged test section pressure and freestream velocity during rapid
closing and opening of the downstream louver vanes. Insets show details of the initial

stages.
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Fig. 3 Ensemble-averaged skin friction coefficient and free stream velocity during the

deceleration and acceleration phases. Times corresponding to A, =17.5 and A}, =5.1

are indicated.



Ensemble-averaged skin friction coefficient and freestream velocity are shown in Fig. 3,
corresponding to the interval 1s <t <2.5 sof Fig. 2. Much like rapidly decelerated pipe and
channel flows, the skin friction coefficient decreases sharply with decreasing velocity. This is
explained principally as an inertia effect [19,21], i.e., the velocity profile decreases almost
uniformly (like a plug-flow in pipes), apart from the region very near the wall, which leads to

a significant reduction in wall shear stress. Following this, ¢} exhibits high frequency

oscillations, that correspond to the Helmholtz-oscillation-induced freestream oscillations.

These velocity oscillations are relatively small, but it can be expected that a lower ¢ minimum

would be attained if they were absent. A welcome result is that the skin friction coefficient
does not exceed its final steady state value as observed in pipe and channel flows [19-22]. The
most likely reason is that in our experiments the latter part of the deceleration is gradual,
whereas in pipe and channel flow studies, the deceleration typically ends abruptly, with a

piecewise continuous bulk flow velocity U, . This acceleration singularity corresponds to a
sharp ¢} minimum, which can go negative to produce skin friction thrust [22], followed by an

overshoot of the final value [19,21] that can take up to 800 viscous time units to recover [21].
Thus, in contrast to prior pipe flow results, the present deceleration phase corresponds to a net
decrease in drag coefficient when compared to the quasi-steady value. Note, in addition, that

our deceleration phase of t =1s is comparable to that of pulse-modulated pumping [8], based
in near-wall scaling, namely16,200v /u?, ~ 1.8 s.
The acceleration phase is characterized by a rapid increase in ¢’ , similar to pipe and

channel flows and, again, this is explained as an inertial effect where the velocity profile
increases almost uniformly [13,17]. An important difference, however, is that ¢’ does not drop
below its corresponding quasi-steady value, but rather diminishes gradually towards its final
state. The absence of relaminarization can be explained by generalizing the criterion of [18],
by including temporal acceleration effects, namely A=-op/ox/(z,/06)>50 which
represents the dominance of pressure forces over the Reynolds shear forces, irrespective of
whether the pressure gradient is spatial or temporal. However, the pressure gradient peak
occurs prior to the flow acceleration, and thus we are compelled to use an “equivalent local
incompressible pressure gradient” —pdU_/dt and hence an effective relaminarization

parameter A'=(pdU_ /dt)/(z, /5). The peak values, namely A ., =175 and A’ =5.1,

are indicated on Fig. 3, where the latter is an order of magnitude less than that required for



relaminarization. This observation is consistent with the acceleration time interval described in
[8], for which the bulk velocity increases by a factor of 16 over 1,800v / u?, =200 ms, which

is roughly an order of magnitude greater than that in our experiment. Lower acceleration rates
may be sufficient to produce relaminarization in the case of natural transition, in that the
stabilizing effect of the pressure gradient could result in transition occurring at significantly
higher Reynolds numbers (cf. [25]). This can be examined by repeating the present experiment
with the transition trip removed.

The data of Fig. 3 are summarized parametrically according to their corresponding
Reynolds number and shown together with steady data and the flat plate skin friction
coefficient correlation in Fig. 4. As anticipated, the acceleration only produces an overshoot
and the deceleration only produces and undershoot of the quasi-steady results. On the basis of
these data, a strategy can be developed to achieve a net drag reduction, based on quasi-steady
acceleration, followed by a relatively rapid deceleration. One could devise such an experiment,

for example, using a towing tank with unsteady capabilities [26].
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Fig. 4 Parametric plot of skin friction coefficient as a function of corresponding Reynolds
number, showing deceleration and acceleration phases relative to corresponding quasi-

steady values.



While viscous drag reduction can clearly be achieved, this must translate to propulsive
energetic savings on an unmanned vehicle. In internal flows, low duty-cycle (~10%), pulse-
modulated pumping [8], i.e., rapid constant acceleration over ~10% of the cycle, followed by
slower deceleration over ~90% of the cycle, can produce an energetic saving. The equivalent
strategy on a vehicle involves pulse-modulated, or intermittent, propulsion using a comparably
low duty cycle. To attain relaminarization, however, our data together with that of [7-17], show

that extremely high acceleration rates must be attained, typically g-force =0(10), although

lower acceleration rates could be achieved with an initially laminar boundary, where transition
is delayed due to the acceleration (cf. [25,27]). Note furthermore that while viscous drag is the
only internal-flow retarding force, pressure drag, induced drag and added mass effects must be
accounted for on lift-producing vehicles. Development of such vehicles may require new
approaches to propulsion-system, aerodynamic and structural design.

4 Conclusions

An experimental wind tunnel study was performed to investigate the viability of
incompressible turbulent boundary layer skin friction drag reduction by temporal acceleration
and deceleration, motivated by similar pipe and channel flows studies. The acceleration and
deceleration phases were achieved by rapidly opening and closing a set of downstream louver
vanes, and it was observed that wind tunnel compressibility effects are substantial despite the
nominally incompressible conditions. Deceleration produced an undershoot of the
corresponding quasi-steady flow, but did not subsequently overshoot like in pipe flows due
gradual reduction of the deceleration. The acceleration phase exhibited a skin friction
coefficient overshoot, but did not subsequently produce the well-known relaminarization
undershoot, due to a weaker and insufficiently-sustained acceleration. Energetic savings can
potentially be achieved by intermittent propulsion that produces rapid acceleration over a small

fraction of the cycle, followed by relatively slow deceleration for the remainder of the cycle.
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