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ABSTRACT

The present work investigates the effects of a forced harmonic oscillations of fixed frequency and amplitudes
on the characteristics of a turbulent pipe flow with a mean Reynolds based on the cross sectional bulk
velocity and pipe diameter of 5900. The setup refers to an extremely thin Stokes layer § so that the vorticity
associated to the oscillating motion is generated in a small near wall region.

When the ratio of the amplitudes of the oscillating and bulk velocities is increased from 1 to 11, the
turbulence is affected by the harmonic forcing so much that the near wall coherent structures are substantially
modified. This effect results in an overall space and time averaged resistance reduction which, for the largest
amplitude case, adds up to 33 % of the non pulsating flow at the same bulk Reynolds number.

The analysisiscarried out processing a set of statistically independent samples obtained fromwall resolved

Large Eddy Smulations with a spectrally accurate Navier-Stokes code.

INTRODUCTION

There is a considerable literature available on
pulsating flow in circular pipes and channels
which, because of space constraints can be ac-
knowledged only partially [1-8]. However, most
if not all of the available contributions are con-
centrated on a region of the parameter space,
viz. on the so called current dominated regime,
while little material has dealt with the wave
dominated regimes [7]. This is unfortunate since
for a given combination of the relevant non di-
mensional parameters, it has been shown, both
experimentally and numerically, that the cycle
averaged wall shear stress may be smaller (1)
than the equivalent value of the non pulsating
flow. The resistance reduction phenomenon be-
ing quantitatively non negligible, there are good
engineering motivations to further elaborate on
the reasons of its genesis.

In this work we investigate numerically a few
flow conditions for which previous studies [7,9]
have indicated resistance reduction; calculated
data have been processed so that the phase locked
averaged statistics of the Reynolds stress tensor
components, could be collected. Velocity spectra,
spatial correlations and turbulent kinetic energy
budgets will be presented elsewhere.

FLow PROBLEM AND COMPUTATIONAL
SETUP

The problem under investigation is the pulsating
flow through a circular pipe with diameter D =
2R and bulk velocity U, driven by an harmon-
ically time varying forcing term of appropriate
amplitude and pulsation f = f[1 + a cos (wt)],
with f, a and w determined so that appropri-
ate values of the governing non dimensional pa-



rameters are achieved. More precisely these have
been specified as to match the experimental setup
of Lodahl et al. [7]. As discussed in [7] pulsat-
ing flows are fully characterized by three non di-
mensional parameters, namely: Re, = U,D/v,
Res = Upd/v, A = U, /U,, where § = /2v/w
is the Stokes layer thickness, v the kinematic vis-
cosity, and U,, the maximum value of the os-
cillatory flow at the center of the pipe. Other
triplets are of course possible [7,6]. According
to [7] there are four main regimes that com-
pletely characterize this three dimensional state
space, namely the current (respectively wave)
dominated regime (A < 1, resp. A > 10), with
either low or high Re; values. Here and after we
shall assume that the current flow is turbulent,
that is Re, > 2300. Unlike the oscillating flow
for which the stability region is defined by a sin-
gle value of Res (Res. ~ 550 for R/§ > 10),
in the case of pulsating pipe flows the transi-
tion conditions are defined by a combination of
both Res and Re, [7]. Experimental and compu-
tational data [7,4] have now demonstrated that in
the wave dominated regime and for Re; < Re;s
a considerable drag reduction phenomenon oc-
curs. Our previous study has concentrated on the
analysis of time and space averaged statistics col-
lected out of a set of numerical data presented and
validated in [9]. The run matrix presently used
is identical to the one used in [9], and recalled
below for sake of clarity.

Rey, Res A
Steady flow 5000 0 O
Current dominated 6100 56 1
Wave dominated 5546 572 11

In what follows, we shall denote with u, v, w the
streamwise (z), radial (r) and azimuthal (6) ve-
locity components, respectively. The analysis is
carried out processing a set of statistically in-
dependent samples obtained from wall resolved
Large Eddy Simulations with a spectrally accu-
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Fig. 1. Mean velocity profiles in inner coordinates;
DNS data by [11]

rate Navier-Stokes code [10]. The flow is as-
sumed periodic in the streamwise (and obviously
azimuthal) direction, with a periodicity length
L, equal to 47 R, both for the steady and un-
steady (A = 1) calculations. In the A = 11 case
the streamwise length has been increased up to
L, = 8mR. The number of points is roughly
6.6 x 10° for A = 0 and A = 1, and it is doubled
in the A = 11 calculation.

RESULTS AND DISCUSSION

Space and time averaged streamwise velocity
profiles shown in Fig. 1, enlighten a consider-
able upward shift of the logarithmic region in
the A = 11 case, connected with the resistance
reduction phenomenon. The friction coefficient
is indeed 33% of the corresponding steady value.
Fig. 2 puts into evidence a substantial modifica-
tion in the contributions of the individual normal
stress components to the overall turbulent kinetic
energy radial distribution. While the radial com-
ponent remains practically unaltered, both the
streamwise and the azimuthal ones are increased
and decreased, respectively. The shear stress
profile also undergoes a remarkable attenuation,
especially in the wall layer, a fact that supports
the friction reduction. It’s worth of note that in
the wall layer the structure parameter (i.e. the
ratio of the shear stress and the turbulent kinetic
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Fig. 2. Reynolds stress tensor components normalized
with turbulent kinetic energy; from top to bottom
uuy, uuy, ug'ug’s u'u,

energy) attains nearly identical values indepen-
dently of the magnitude and frequency of the
pulsation.

In Fig. 3 the phase locked averaged shear stress
profiles are compared with the steady one. While
no appreciable differences are observable in the
A = 1 case, in the other case the shear stress
distribution is constantly below the steady one.
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Fig. 3. Phase locked averaged turbulent shear stress
normalized with mean friction velocity.
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Fig. 4. Phase locked averaged turbulent kinetic energy
production in inner coordinates.

Furthermore evident is the appearance of a dis-
turbance of unsteady nature propagating from the
wall to the core region, with a frequency higher
than the modulating one. Interesting is the mag-
nitude of the maximum shear stress deficit which
extinguishes at a distance from the wall of about
40 units. The phase locked averaged turbulent Ki-



netic energy production, depicted in Fig. 4, en-
lightens the presence of a double traveling wave
appreciable in both cases, although most pro-
nouncedly for the A = 11 calculation. The fact
that the unsteady values largely exceed the steady
ones has to be attributed to the considerable dif-
ferences in the wall friction velocity due to the
resistance reduction. For A = 11 the location of
the peak moves away from the wall and its value
decreases to disappear at ¢ = 3/27; simultane-
ously the appearance of a secondary peak, which
will soon substitute the primary peak to close the
cycle dynamic, is remarked. The waves are gen-
erated in the viscous sub-layer and extinguish at
the end of the buffer layer.

CONCLUSIONS

Large Eddy Simulations of pulsating turbulent
pipe flows have been carried out in a narrow win-
dow of the wave dominated regime. Space and
time averaged quantities agree well with the ex-
perimental data [7,4], showing in the largest am-
plitude case a resistance reduction adding up to
33%. Radial distributions of the mean normal
stress components enlighten a different split of
the individual contributions for the largest am-
plitude case, compared with the steady non pul-
sating case at the same bulk Reynolds number.
Likewise in the wall layer, a considerable reduc-
tion of the structure parameter is observed. Phase
locked averaged turbulent kinetic energy produc-
tion shows the appearance of a double traveling
wave originated in the viscous sub-layer and ex-
tinguishing in the buffer layer.
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