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Abstract The current work investigates the aero-ther-
mal impact of standing sound waves, excited in a straight
channel geometry, on turbulent, separating and reattach-
ing flow over a fence. Effects of distinct frequency reso-
nant forcing (Rey = 10,050 and f = 122 Hz) are quan-
tified by wall static pressure measurements and detailed
convective heat transfer distributions via liquid crystal
thermometry. Acoustic boundary conditions are numeri-
cally predicted and the computed longitudinal resonance
mode shapes are experimentally verified by surface
microphone measurements. Findings indicate the pres-
ence of a resonant sound field to exert strong influence
on local heat transfer downstream of the fence, whereas
the boundary layer upstream of the obstacle remains
notable unaffected. Upstream shift of the maximum
heat transfer location and an earlier pressure recovery
indicate a reduction in time averaged flow reattachment
length of up to 37 %. Although the streamwise peak Nus-
selt increased by only 5 %, the heat transfer level in the
vicinity of the unexcited reattachment zone was locally
enhanced up to 25 %. Despite prominent impact of reso-
nant forcing on the fence wake flow, the total pressure
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drop penalty remained invariant. Observations demon-
strate the significant aero-thermal implications of shear
layer excitation by standing sound waves superimposed
on the channel flow field.

List of symbols

Roman

¢ (m/s) Air speed of sound

D, (m) Channel hydraulic diameter
f (Hz) Sound frequency

f) Darcy friction factor

h (W/m?>K) Heat transfer coefficient

H (m) Fence height

k(W/mK) Air thermal conductivity

K (1/m) Wave number

1 (m) Characteristic length scale
LWH (m) Channel length, width, height
p (Pa) Pressure

q (W/m?) Surface heat flux

Ma () Mach number

Nu (-) Nusselt number

Re (-) Reynolds number

SPL (dB) Sound pressure level

St (-) Strouhal number

T (K) Temperature

U (m/s) Axial velocity

X,y,Z (m) Axial, lateral, vertical direction
Z (Ns/m%) Acoustic impedance

Greek

A (nm) Sound wavelength

i (Kg/ms) Dynamic viscosity

p (Kg/m®) Air density

o (Hz) Angular frequency
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Abbreviations

BR Channel blockage ratio

CwW Clockwise direction

CCW Counter-clockwise direction
EF Enhancement factor

FEM Finite element method

HSI Hue, saturation, intensity
RGB Red, green, blue

TC Thermocouple

TLC Thermochromic liquid crystal
Subscripts

c Complex quantity

D Hydraulic diameter based

H Fence height based

max Maximum heat transfer

R Flow reattachment

00 Free stream

1 Introduction

Active and passive flow control techniques are commonly
employed in a broad range of both laminar and turbulent
flow applications, including control of flow transition,
boundary layer separation, shear-layer instability alteration
and subsequent flow reattachment [1, 2]. A well-established
approach involves the introduction of small amplitude
periodic disturbances to the flow, where perturbations are
induced globally (e.g. acoustic) or locally (synthetic jets,
mechanical flaps, plasma actuators) [1]. The common con-
cept underlying these flow control strategies is the deliber-
ate manipulation of downstream shear flow evolution. Flow
control over a backward-facing step, owing to its funda-
mental nature, has received most attention in the research
community [3, 4].

1.1 Flow control in a backward facing step

The abrupt volumetric expansion behind a backward-
facing step enforces a sudden deceleration of the flow,
entailing flow separation and free shear layer forma-
tion due to adjacent high velocity freestream and low
momentum wake fluid, Fig. la. The fluid beneath the
separated free shear layer is characterized by a recir-
culation region, the length of which is confined by the
downstream reattachment point, where the shear layer
curves downward, impinges on the wall and splits into
two fractions [5, 6]. A part of it reattaches to the bound-
ing wall, thus contributing to gradual redevelopment of
the ordinary boundary layer [5, 7]. Unable to overcome
the adverse pressure gradient imposed by the abrupt
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Fig. 1 Step and fence-flow topology: / shear layer formation, 2 wake
recirculation, 3 reattachment point, 4 shear layer, 5 boundary layer
redevelopment, 6 upstream separation

cross section expansion, the other part of it is deflected
upstream, feeding into the low momentum reversed flow
region.

Modification of the separated shear layer and subse-
quent flow reattachment by periodic forcing has been stud-
ied extensively. In backward-facing step flow, harmonic
acoustic excitation, below the natural vortex passage fre-
quency (in the step height based Strouhal number range
St = 0.1-0.4), was found to be conducive to a notable wake
flow alteration [4]. Similarly, a local mechanical excitation
at the step edge was demonstrated to have a regularizing
effect for the spanwise-correlated structure formation of
both laminar and turbulent separating flow [3]. Upstream
of the reattachment region, due to forcing-promoted accel-
eration and vortex structure merging, the spreading rate of
the shear layer was increased by higher momentum entrain-
ment [4]. Excitations at the dominant shedding frequency
concentrated the formerly distributed turbulent energy into
a sharp peak, resulting in the reduction of streamwise reat-
tachment length up to 30 % [3]. Moreover, the spanwise
distribution of the reattachment line was observed to be
flattened by the periodic excitation, primarily attributed
to forcing-induced two-dimensionality of vortical struc-
tures in the free shear layer [4, 8]. However, in general, the
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distinct conducive optimum frequencies in the effective
Strouhal range, St=0.1-0.7 remain controversial [3, 4, 9,
10].

As the maximum heat transfer point correlates with the
location of an aerodynamic reattachment region [11, 12],
a relatively limited number of studies investigated the heat
transfer ramifications of reattaching shear layer flow con-
trol via periodic disturbances. Employing controlled local
forcing at the edge of the backward facing step, the reduced
reattachment length was reported to yield increased heat
transfer (up to 30 %) in the step wake region for laminar
and turbulent flow [13, 14]. Similar observations were
made for turbulent separating flow over a flat plate with
a squared leading edge, for which a shortened separation
bubble along with globally higher heat transfer and aug-
mented maximum heat transfer was reported [15].

1.2 Flow over an isolated fence

Despite similarities in flow topology with a backward fac-
ing step, the flow over a fence is of a higher degree of com-
plexity; the oncoming boundary layer state is altered by
the rib, reverse flow regions upstream and downstream of
the rib are coupled, and the shear layer bounding the wake
recirculation bubble is formed at the upstream edge of the
fence with an upward angle, Fig. 1b. Furthermore, there
exist additional characteristic flow features which include:
a CW rotating secondary flow structure in front, a local
separated flow region on top, and a CCW rotating vortex at
the back face of the rib [16].

Literature pertaining to flow control in ribbed flow
geometry is extremely scarce. According to the authors’
best knowledge, the only investigation of relevance is
purely aerodynamic, where the flow upstream of a high
(15 %) blockage ratio fence is excited via local flap and
oscillating synthetic jet forcing. In a narrow Strouhal range
within St = 0-0.25 a reduction of the turbulent reattach-
ment length by up to 30 % was demonstrated. [17].

1.3 Acoustic resonance effects

Although the beneficial impact of periodic excitation on
abruptly separated flow has been shown in several stud-
ies, prior investigations have not focused on the impact
of acoustic resonances. As traveling waves interact with
boundaries, constructive interference of the incident and
reflected waves can give rise to spatially-stationary, tem-
porally-oscillating static pressure fields, where sound pres-
sure fluctuations and associated acoustic particle velocity
exceed the incident wave amplitude. Standing wave effects
on forced convection heat transfer have been demonstrated
to be significant particularly for longitudinal resonance

modes in attached turbulent duct flow, with local impact
depending on Reynolds number and standing wave patterns
(node-/antinode locations) [18-20]. Recently, acoustic
resonance effects on flow field structures and heat transfer
enhancement became of interest for application in thermoa-
coustic systems and refrigerators [21-24].

1.4 Motivation

The majority of prior literature on separated flow control
pertains to local excitation via mechanical devices, deliv-
ering a large concentrated and localized energy input. Yet,
the implementation of additional miniaturized mechanical
components to many geometries (including heat exchange
surfaces) is impractical. Addressing this issue, there exists
a modest amount of scientific effort addressing the subject
of globally excited backward-facing step geometries, how-
ever the focus is predominantly on the purely aerodynamic
perspective of traveling waves. Extending upon this knowl-
edgebase in abruptly separated flow modulation, the current
research investigates convective heat transfer ramifications
of resonance excitation (standing sound waves) for flow
over an isolated fence. Under a distinct longitudinal stand-
ing wave excitation, the aero-thermal implications are con-
trasted through heat transfer and static pressure distribu-
tions across the fence geometry. Towards characterizing the
acoustic resonance behavior of the wind tunnel facility and
excited mode shape patterns, experimental observations are
corroborated by a numerical eigenfrequency analysis.

2 Experimental methodology
2.1 Wind tunnel facility

The experimental wind tunnel facility employed is oper-
ated by a centrifugal blower running in aspiration mode; it
is decoupled from the test section to damp out mechanical
vibrations. Pressure fluctuation propagation from the driv-
ing unit is prevented by a settling chamber, equipped with
two layers of fine mesh structures. The duct which forms
the test and exhaust sections has a 20 x 20 cm cross sec-
tion at a length of 4 meters. Upstream, the air is sucked in
through a bellmouth inlet of contraction area ratio 25:1,
which was designed based on the guidelines proposed in
[25]. The inlet is further equipped with a honeycomb and
metal screen structure to attain minimum inflow swirl and
to diminish spatial non-uniformities.

For setting the aerodynamic operating conditions along
the channel, bulk velocity is measured via a Paragon duct
mounted airflow measurement station, along with six
T-type thermocouples exposed to freestream air at the test
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Fig. 2 Schematic of the experi- [llumination
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section inlet and outlet. The facility schematic can be found
in Fig. 2.

The test section comprises of 1.5 m long Plexiglas walls
which are supported by an aluminum frame. Optical access
is enabled from two sides as one wall serves as the heat
transfer investigation surface. Situated perpendicular to
the mean flow, a single, squared wooden rib element with
sharp edges is placed 57 cm downstream of the test section
inlet, producing a channel blockage ratio of H/D, = 7.5 %.
The steady pressure distributions are acquired by pressure
taps located along the channel wall centerline.

A Mackie DLM-8 loudspeaker (zero mass flow) is
employed as the active audible frequency range excitation
source (65 Hz—20 kHz), placed in a sealed casing on the
observation side wall. A squared taut fine steel wire mesh
(25 pm cell size), covering the entire 20 cm duct height,
allows for the acoustic excitations to permeate within the
test section with minimal distortion of the channel flow,
Fig. 3. Acoustic boundary conditions are acquired by a
high-sensitivity wide frequency range (4 Hz—70 kHz) pres-
sure field condenser microphone (type G.R.A.S. 46BD),
flush mounted to the heat transfer surface side wall at the
centerline. The signal is amplified with an Endevco Meg-
gitt Model 133 conditioner, followed by acquisition via
National Instruments NI 9205 module at 200 kS/s sam-
pling rate, and subsequent Fast Fourier Transform spectral
analysis.

2.2 Acoustic resonance modes
To study the impact of longitudinal standing waves, the

test section is bounded by two fine steel wire meshes
(25 pm cell size with 60 % blockage ratio) which confine
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the upstream and downstream ends of the test section.
The mesh structures modify the acoustic boundary condi-
tions by partial wave reflection and encourage formation of
a cuboid closed duct cavity, mimicking the behavior of a
resonance tube. Assuming a cuboid space of acoustically
hard walls and length L, width W and height H, Fig. 3, the
resonance frequencies are estimated in a first approxima-
tion according to:

[T @G o

where [, m, n =0, 1, 2 denotes the higher harmonics [26].

fl,m,n =

NSRS

2.3 Liquid crystal thermometry

Measurement of time-averaged convective heat transfer is
conducted by means of wide-band liquid crystal thermom-
etry at steady state. This allows optical acquisition of high-
resolution spatial distributions of surface temperature and
heat transfer coefficient. Cholesteric micro-encapsulated
TLCs, type R35C20W by Hallcrest Inc., are employed. A
spatially-uniform constant-heat flux thermal boundary con-
dition is implemented by a 25 pm thick Inconel foil which
is attached to the vertical heat transfer measurement sur-
face. Covering the entire axial length and 90 % (18 cm out
of 20 cm) of the channel height, the test plate is subjected
to Joule heating from an Agilent 6032A DC power supply.
The imposed surface heat flux q is calculated from supplied
voltage and current g = V-I.

For optimal TLC color-play brilliance and contrast, the
thermochromic liquid crystals are deposited on a uniform
underlying layer of matte black paint which exhibits a
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Fig. 3 Illustration of the experimental configuration

non-dazzling surface due to diffuse reflection. The test sur-
face TLC response is observed via a Nikon D300S digital
camera, placed at a 20° observation angle from the channel
axis. A camera off-axis illumination configuration is used,
ensuring minimum surface reflections, shadows and over-
coming issues of non-uniformity.

Ilumination is provided by OSRAM type T8 L 36W flu-
orescent lights, mounted above the principal axis, irradiat-
ing at a 1 m vertical distance from the TLC surface, Fig. 3.
The entire test section and observation camera are covered
with a thick black cloth to prevent spurious background
illumination sources.

2.4 TLC calibration and data reduction

During data acquisition, high-resolution images of the
active TLC surface are captured in the RGB color space
of the camera. To reduce a possible angular dependency
due to camera-lighting off-axis arrangement, a back-
ground subtraction routine is utilized. RGB values of the
unheated/inactivated TLC surface (background image)
are sampled at the beginning of an experiment and sub-
tracted from every subsequent measurement image. The
effectiveness of this methodology was previously demon-
strated [27].

In order to quantify the local surface temperature, RGB
tristimulus color values are mapped into the HSI space:

H=1/27 - tan”! [\/§~(G—B)/(2R—G—B) @

The hue-angle color quantity can be uniquely correlated to
temperature by a monotonously increasing, single valued
and continuous function. This enables the unambiguous
calculation of local surface temperature from the camera-
recorded TLC response.

Hue-temperature calibration curve is established by an
in-situ calibration at natural convection, using 4 T-type sur-
face thermocouples located at the downstream end of the
test plate. Arranged in a cross shaped configuration and
enclosing a small TLC coated square (1 cm x 1 cm), the
hue-angle value of exposed area is acquired and correlated
with averaged thermocouple readings. The successively
imposed temperature levels span the entire TLC color play
bandwidth. Discrete data is fitted by a twice-differentiable,
monotonically increasing 20 knot cubic spline. Details of
TLC thermometry technique and the calibration procedure
are given in [27].

Due to the inclined observation path, sampled images
are subject to significant perspective distortions. Each
region of the image must therefore be mapped and pro-
jected separately onto a single plane via independent bicu-
bic transformation, Fig. 4. Accordingly, due to the optical
path, the magnification factor varies along the test plane;
as an overall indicator, the averaged mean scale factor is
calculated to be 12 pixels/mm.

Finally, after utilizing the calibration curves and con-
verting acquired hue-angle distributions to the desired
maps of surface temperatures, the raw temperature data
is subjected to a series of median and Gaussian low pass
filters.

2.4.1 Enhancement factor calculation

The local convective heat transfer coefficient is calculated
from the (conduction losses-corrected) Inconel heat flux,
the TLC-acquired surface temperature and the bulk temper-
ature along the channel axis (linearly approximated from
the inlet and exit section TC measurements):

h(x,y) = q/(T(x,y) — Too(x)) 3)

which is further non-dimensionalized by the channel
hydraulic diameter based Nusselt Number:

Nup(x,y) = h(x,y) - Dy/kgir “)

Sound-induced modification of convective heat transfer is
quantified by the local enhancement factor EF, contrast-
ing the Nusselt number in the presence and the absence of
forcing:

EF = Nuexcited [ NUunexcited (®)]
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Fig. 4 Image perspective correction: a raw form, b projective transformation, ¢ cropping

2.5 Uncertainty analysis

The measurement uncertainty is estimated according to the
single sample method proposed in Ref. [28]. The overall
uncertainty in wall temperature is determined by the uncer-
tainty of thermocouple readings (40.35 K), hue-angle con-
tribution of the fixed broadband image noise (£0.25 K), the
liquid crystals’ angular dependency (£0.3 K) and deviation
from the hue-temperature curve fit formulation (£0.2 K).
This results in a combined wall temperature uncertainty of
(£0.55 K). The major contributor to the heat flux uncertainty
is the back face conduction loss, which yields deviations up
to +2.4 %. Along with uncertainty on flow temperature, air
thermal conductivity and hydraulic diameter measurement,
the resulting nominal Nusselt number error is £3.6 %. The
error associated with the enhancement factor, however, is a
matter of measurement precision, and not necessarily accu-
racy. As a consequence, the EF uncertainty is determined in
terms of repeatability and is estimated to be less than £1.5 %.

The total uncertainty in Reynolds number is in the order
of 3.5 %. This value represents an upper bound on meas-
urement accuracy, as the experimentally determined mean
deviation (precision) appears to be around 0.5 %, adequate
to ensure satisfactory repeatability.

@ Springer

3 Numerical simulation
3.1 Technical approach

In order to accurately predict complex modal character-
istics and natural frequencies of the experimental test
rig, a numerical simulation is carried out using COM-
SOL Multiphysics [29]. By assuming rigid boundary
conditions for the passage enclosure and considering
low mean flow Mach number (Ma <« 0.1), the numeri-
cal domain is modeled by the Acoustic module, where
sound-structural and aero-acoustic coupling is neglected.
The FEM-modeled 3D geometry includes every air cav-
ity component of the test facility: upstream bellmouth
inlet, squared test section duct, downstream settling
chamber as well as the compressor plenum and air outlet
duct.

An unstructured mesh of 668,100 s-order Lagrange tet-
rahedral elements (971,000 degrees of freedom) is used
to solve the sound pressure field in the Helmholtz equa-
tion, Eq. 6, in the frequency domain. This describes sound
propagation in a gaseous medium at time-harmonic pres-
sure fluctuations. The formulation of the problem (absent
of source terms) can be written as,
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Table 1 Numerical simulation
boundary conditions

‘Wall enclosure

Acoustically hard (rigid) wall

Inlet

Outlet

Plane wave radiation
Incident pressure wave (1 Pa)

Plane wave radiation

Mesh-, screen inserts

Interior perforated plate

Fig. 5 Computational domain
boundary conditions

Turbulence mesh Honeycomb Metal screens
Area porosity ¢ (—) 0.1 0.75 0.6
Hole diameter d;, (m) 25 x 107° 0.010 0.001
Plate thickness t, (m) 0.0001 0.2 0.0007
End correction 3, 0.25 d, 0.25 d, 0.25d,
Flow resistance 6; - - -
Outlet
x10° 4
= Metal Screen
[
inlet Metal Screen

500

! Honeycomb

1 w?p
V-(==(Vp) )| ——5 =0
P pc

(6)
where w = 2xf is angular frequency, p is the fluid den-
sity, and c is the speed of sound. Sound wave attenuation
due to viscous dissipation and thermal effects (bulk fluid
viscosity/-thermal conduction and acoustic boundary
layer absorption) are not modelled. For appropriate reso-
lution of the sound waves, the mesh element size (max
40 mm) is set to be <1/6th of the minimum wavelength of
interest, A, = 2.01 m. Furthermore, the degrees of free-
dom (DOF) associated with the discrete mesh has been
adjusted by the number of cells to meet the criterion for
adequate wave resolution in the direction of propagation,
DOF i, = 1728 - V/ /1311'11 [29]. A Grid independency study
has been carried out, and further mesh refinement does not
indicate significant changes.

The simulation is conducted using the boundary condi-
tions listed in Table 1: while rigid walls (sound hard bound-
ary condition) are assumed for the enclosure, plane wave
radiation is set at inlet and outlet sections, Fig. 5. Honey-
comb, turbulence-meshes and screen inserts are modeled

as interior perforated plates: as the Mach number is small
(Ma <« 0.1), convective effects and flow resistance 6; across
plate boundaries are omitted. Acoustic transfer impedances
Z are calculated according to the model expression [29, 30]:

z ! 8“K<1+t”>+9 +'K(r+8) 7)
IR I iz .
PcCc o PcCe dh g o P

Visualization of the associated eigenmodes localizes the
regions which host the resonance effect, and allows for the
identification of frequencies that entail local influence on
the test surface.

3.2 Acoustic resonance analysis

The response of the facility to sound forcing is analyzed
in the 100-200 Hz frequency range. The relevant acoustic
eigenmodes (123, 167 Hz) are illustrated by distributions
of the total acoustic pressure in Figs. 6 and 7. Evidently,
for 123 Hz, a characteristic standing wave pattern occu-
pies the straight duct section, Fig. 6. On the other hand,
the resonance mode predicted at 168 Hz exhibits a coupled
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Fig. 6 Total acoustic pressure at 123 Hz excitation

behavior between the bellmouth inlet, and the cuboid sec-
tion, Fig. 7. Hence, the numerical results indicate sound
forcing at both eigenfrequencies 123 and 167 Hz to exert
strong direct influence on the measurement surface due to
excited longitudinal acoustic resonance modes of the duct.
Numerically predicted resonances of the wind tunnel
are validated via unsteady pressure measurements along
the channel wall center-plane, spanning a distance of 30
to 135 cm downstream of the inlet mesh. The sound pres-
sure level distributions at two different excitation frequen-
cies (122 and 167 Hz), are charted in Fig. 8. The spatial
variation and apparent node/antinode behavior is indica-
tive of characteristic longitudinal standing wave pat-
terns inside the test section. In agreement with associated
numerical predictions, the sound pressure node of 122 Hz
is seen to be induced at around 0.8 m, while correspond-
ing antinodes are located further upstream and downstream
by 0.5 m. Similarly, close agreement between experimen-
tal and numerical results is observed in the case of 167 Hz
excitation. The longitudinal mode shape pattern is shifted
and the associated pressure node is situated 0.2 m ahead of

Fig. 7 Total acoustic pressure at 167 Hz excitation
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Fig. 8 Sound-pressure-level variation inside the test section

the 122 Hz resonance node, thus closer to the rib obstacle
located at 0.57 m.

Moreover, depending upon the location throughout the
test section, the standing sound wave-induced SPL for 122
and 167 Hz excitations are of similar magnitude. In both
resonance excitation cases, the rib-roughened flow is sub-
jected to the strong direct influence of periodic localized
acoustic pressure/velocity fluctuations.

4 Experimental results

Measurements of steady and unsteady pressure, as well
as convective heat transfer experiments, are conducted
for a nominal Reynolds number of RE, = 134,000 and
REy; = 10,050, based on channel hydraulic diameter
(20 cm) and rib height (1.5 cm) respectively. The rib aspect
ratio (Dy/H = 13.3), >10, satisfies the two-dimensionality
criterion of reattaching flows, defined for rearward-facing
steps [31]. Therefore, the flow at the symmetry plane is
assumed to be unaffected by lateral wall influence. The
acoustically excited flow is subjected to harmonic forcing
at 120 Hz (corresponding to a, step height based, Strouhal
number St =f-H/U = 0.17) at 131 dB SPL. In compari-
son, for mean flow velocities up to 10 m/s, the background
noise is measured to be <80 dB absent of excitation.

4.1 Baseline heat transfer distribution

For a region spanning 30 to 108 cm from inlet mesh, the
unexcited baseline heat transfer distributions are portrayed
in terms of the Nusselt number (Nup); referenced with
respect to the fence downstream edge, this corresponds
to —20 < x/H < —32, Fig. 9. As no heat transfer data is
acquired on top and directly upstream of the rib (due to the
blocked camera observation path), regions —2.33 < x/H <0
are blanked out. The line of streamwise maximum in heat
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Fig. 9 Baseline unexcited Nus-
selt distribution
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Fig. 10 Baseline unexcited streamwise Nusselt development

transfer, X, is indicated by the thin grey line. To further
illustrate the streamwise Nup, trends, line charts are pre-
sented at three lateral planes, located at channel symmetry
line and two other points towards the side wall, correspond-
ing to y/H = 0; 1.67; 3.33, Fig. 10. An asterisk indicates
the point of local maximum in heat transfer for each plane.

The characteristic aero-thermal features of the rib-rough-
ened flow topology were previously discussed in detail for
high blockage ratios (BR = 30 %) and similar Reynolds
number Rey = 12,000 [16, 32, 33]. Examining the current
Nup, findings (for BR = 7.5 % at Rey = 10,050), Fig. 9,
the upstream region —19 < x/H < —2.33 is characterized
by the unperturbed boundary layer development over a flat
plate prior to the influence of the rib obstacle. In this state,
an overall gradual decrease in heat transfer is associated
with boundary layer thickening at increasing development
length from the inlet, Fig. 10. Overall, towards the lateral
wall y/H ~ 3.3, higher levels of heat transfer are observed,
as a result of the corner wall vortices associated with the
channel flow geometry.

Approaching the rib, due to the potential blockage effect,
the flow separates from the surface and deviates around the
rib obstacle. Owing to reduced cross-sectional area, it is

650

600

550

(3]

00
450
400
350

300

locally accelerated and subsequently experiences an abrupt
step change at the backward face of the rib. Confined by the
flow reattachment line, an elongated recirculation bubble is
formed. In current configuration, the separated flow region
occupies a distance of approximately 8—10 H.

As the most prominent flow feature, the flow reversal
exerts large variations in heat transfer; in addition to form-
ing a low momentum region, the entrainment of cool free
stream fluid is prevented. Thus, as observed in Figs. 9 and
10, the rib wake separation bubble imparts a global mini-
mum in Nusselt number Nup, = 370 at the immediate vicin-
ity of the rib (x/H ~ 0), which is evident along the entire
passage width.

Further downstream of the rib from x/H ~ 1.5, the Nus-
selt number begins to increase monotonously, as a conse-
quence of the diminishing rib wake effects which allow
cooler flow to be progressively entrained from the main-
stream. At an increased axial position, this steep rise
reaches a global maximum (Nup ~ 580) in the vicinity of
the reattachment point. This is associated with the strong
impingement of the separated free shear layer on the
bounding wall, subjecting the heated surface to low-tem-
perature, high-momentum fluid.

Although the aerodynamic reattachment point (xz) and
maximum streamwise heat transfer position (x,,,,) do not
universally coincide for all separated flows, x,,,, is consid-
ered as the relevant indicator of skin friction reversal point
[5, 12]. Towards the sidewalls, the local heat transfer max-
ima levels increase, the positions of which are observed
slightly further upstream, Fig. 9. This curved spanwise
distribution and laterally increasing heat transfer are attrib-
uted to the aerodynamic wall effects and rolled up corner
vortices being advected over the rib from the upstream
separation point [13, 16]. Beyond the reattachment point,
x/H > 10, the heat transfer decreases monotonically in the
streamwise direction with the redeveloping thermal bound-
ary layer and eventually re-approaches its initial unper-
turbed boundary layer state, x/H > 27.
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Fig. 11 120 Hz excited Nusselt
number distribution

650 -=--y/H =0 unexcited
600 —yH=0 excited
—y/H = 1.67 excited
550 | —y/H = 3.33 excited
a 500
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= 450
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x/H

Fig. 12 120 Hz centerline Nusselt number comparison

4.2 Excitation effects on heat transfer

In order to investigate the heat transfer implications of
sound excitation, the flow over a fence is subjected to
acoustic resonance forcing at 120 Hz with a 131 dB source
amplitude. The resulting distributions of Nusselt number
are displayed in Fig. 11, and the longitudinal Nup, variation
at three lateral positions are charted in Fig. 12. Compar-
ing these results to the unexcited case in Fig. 9, the forcing
induced heat transfer is significantly affected by acoustic
perturbations, Fig. 11—albeit retaining an overall self-sim-
ilar pattern. To highlight this impact, Fig. 12 features the
unexcited Nusselt number trend at the centerline position.
Regions upstream of the rib (x/H < 2.33), which feature
flat plate boundary layer development, appear to be imper-
vious to acoustic excitation, Figs. 11 and 12. On the con-
trary, downstream of the step disturbance and around the
reattachment region, O < x/H < 15, the sound forcing has a
significant effect on the local flow field and the associated
heat transfer distribution, Fig. 11. While the local mini-
mum remains fixed at the rib back face (x/H = 0), the steep
streamwise gradient of heat transfer in the separation region
appears to be augmented as a consequence of the sound
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excitation, Fig. 12. A small increase in the peak heat trans-
fer level is observed. The extent of the recirculation bub-
ble is significantly reduced under the influence of acoustic
excitation, shifting the location of centerline maximum heat
transfer from x_, /H = 9.5 to x,,,/H = 6. Towards the lat-
eral walls at y/H > 3.33, a similar observation can be made,
moving x,.../H from 8.5 to 6, Fig. 11. Therefore, while the
line of unexcited flow reattachment exhibits a curved shape
in the spanwise direction (Fig. 9), it becomes flattened in
the presence of forcing—evidenced by uniform x,,,,/H = 6
in Fig. 11. Under different experimental conditions, excita-
tion is demonstrated to lower flow three-dimensionality at
the location of shear layer impingement [4, 13]. Further
downstream, as the excited thermal boundary layer starts
to develop at an earlier streamwise position, the local heat
transfer level at re-attached flow condition appears to be
lower with respect to the unexcited case.

[lustrating the localized sound alteration of heat trans-
fer, Fig. 13 presents the enhancement factor, ratio of the
excited to unexcited Nusselt numbers. Upstream of the rib,
indicated by uniform EF ~ 1, the effect of acoustic excita-
tion is notably absent. There is an upstream shift of the bell
shaped Nusselt curve in the immediate wake of the fence,
Fig. 12. Therefore, pronounced heat transfer augmentation
is observed at x/H = 0-8 over the entire span of the chan-
nel. With a maximum around the centerline at x/H ~ 1.5
and ly/HI < 2.5, enhancement factor exhibits an increase up
to 25 %. This alteration is not as prominent towards the lat-
eral side walls.

Further downstream, the heat transfer enhancement
decreases gradually. Decaying to unity slightly upstream
of the unexcited reattachment point (x/H = 8), it reaches
a global minimum at x/H = 12.5. Far away from the obsta-
cle, with the EF re-approaching unity, the sound induced
effects gradually diminish. Averaging the Nusselt number
in the lateral and streamwise directions within the excited
separation region (0 < x/H < 6.33 and —5 < y/H < 5),
the integral heat transfer is augmented by 15 %. If the
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Fig. 13 120 Hz excitation
enhancement factor

control surface is extended to the unexcited separation
region (0 < x/H < 6.33 and —5 < y/H < 5), a net global
increase of 10 % is observed. If the area of interest is much
larger, 0 < x/H < 25 and —5 < y/H < 5, the average gain is
limited to 2 %; and with larger surfaces, it asymptotically
abates to zero.

4.3 Excitation effects on static pressure

From a complementary aerodynamic perspective, in order
to assess the implications of a local pressure drop by acous-
tic forcing in the fence wake, prior heat transfer meas-
urements are supplemented by static wall pressure data.
Absent and present of 120 Hz excitation, Fig. 14 presents
the pressure development along the channel centerline over
a distance of 30 rib heights around the rib. Reported in ref-
erence to the fence upstream port at x/H = —10, the val-
ues are normalized by the dynamic pressure head: (p—p,.p)/
(0.5pU>).

As the flow encounters the perturbator, —8 > x/H > —1,
the initially streamwise constant static pressure rises due
to the potential blockage effect, which is typical for the
mean flow topology in the presence of an obstacle, Fig. 1b.
Furthermore, consistent with prior findings for heat trans-
fer, the acoustic excitation does not impose any changes to
the local pressure field, supporting the observation that the
oncoming upstream boundary layer is unaffected by acous-
tic forcing, Fig. 14. Furthermore, it is clear that heat trans-
fer is not a function of pressure distribution, but is rather,
influenced by flow structures. In contrast, notable excita-
tion induced effects are apparent in the region downstream
of the fence, 0 < x/H < 13.5

For the baseline case absent of forcing, the wall pres-
sure in the separation region initially reduces in the stream-
wise direction and reaches a global minimum at x/H = 3.
Thereafter, the static pressure exhibits a gradual rise with
constant slope until a region past the reattachment point,
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Fig. 14 Centerline static pressure development

x/H = 12.5. Further downstream, the curve maintains
a constant level in the redeveloping flat plate boundary
layer. In the presence of the excitation, although the gen-
eral trends are retained, there seems to be a greater pres-
sure drop at the immediate vicinity of the rib, followed by
an earlier minimum at x/H = 1.5. Subsequently, evidenced
by the initially steeper rise in static pressure signature, an
earlier recovery is observed; downstream of the excited
maximum heat transfer point (x,,/H = 6) this slope
diminishes. Remarkably, the same plateau of downstream
static pressure level is reached at around an identical loca-
tion of x/H = 12.5. Independent of excitation state, the
integral pressure drop penalty incurred by the flow over the
fence obstacle is characterized by the Darcy friction fac-
tor of around f = 014. Therefore, the total pressure loss is
inferred to remain constant.

5 Discussion

Based on the premise of convective heat transfer in the
vicinity of turbulent separating and reattaching flow over a
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fence obstacle to be affected by sound excitation, the cur-
rent work investigates ramifications of acoustic resonance
forcing on heat transfer distributions and flow reattachment
by detailed liquid crystal thermometry. Towards contrib-
uting to the understanding of this complex physical phe-
nomenon, numerical prediction is to pinpoint experimental
conditions conducive to standing wave excitation, hence to
define acoustic boundary conditions that potentially entail
aero-thermal modulation.

In the first step of this work, the numerical part is lim-
ited to identification of eigenfrequencies and mode shapes.
Acoustic boundary conditions towards shear layer and flow
structure modulation are modeled by a FEM simulation
of the sound field in a generic straight passage geometry.
The level of reduction employed in the numerical approach
captures all the relevant physical aspects associated with
the resonance creation mechanism. Eigenfrequencies and
resulting mode shape patterns are predicted by a sim-
ple analytical model and further reproduced numerically,
providing accurate information on the sound field. Sub-
sequently, numerical predictions are experimentally cor-
roborated for the wind tunnel facility resonance case by
flush mounted microphone measurements: computed eigen
frequencies and modes (location of the pressure anti-node)
are demonstrated to conform with the experimental SPL
distributions. In the following second step, ramifications of
identified acoustic resonance excitation on heat transfer and
flow reattachment are determined by Nusselt number dis-
tributions via steady wide-band liquid crystal thermometry.

While this work revealed the pronounced heat transfer
impact of acoustic resonances on the reattaching rib flow, it
still ambiguous whether forcing effectiveness is determined
by the presence of a fixed eigenfrequency acoustic reso-
nance mode, or whether it is the result of standing wave
excitation in a favorable Strouhal regime. Future work on
the subject should include the effectiveness of standing
and travelling sound wave excitations via a parametric fre-
quency (Strouhal number) and amplitude variation.

Most research effort in literature on separating and reat-
taching shear flow over backward-facing steps and fence
geometries devote attention to traveling sound wave excita-
tion. In contrast, standing sound wave (acoustic resonance)
impact has only been studied in wall-bounded (attached)
flows in straight ducts and pipes, absent of free-shear lay-
ers. Therefore, conditions created in the current combined
numerical and experimental investigation, by highlighting
the implications of standing sound waves on aero-thermal
separating and reattaching shear flow over a fence, are to
provide novel physical insight on a fundamental phenom-
enon relevant to the research community.

@ Springer

6 Conclusion

Within the scope of this article, effects of acoustic reso-
nances on turbulent convective heat transfer and separated
flow reattachment were studied in the presence of a squared
fence obstacle of 7.5 % passage blockage ratio at a chan-
nel Reynolds number of 134,000. A longitudinal standing
sound wave was excited by an acoustic forcing at 120 Hz
(St = 0.17) with a source SPL of 131 dB. The correspond-
ing resonance mode shape patterns of the wind tunnel facil-
ity were predicted by a numerical simulation and verified
experimentally through surface microphone measurements.

Regions upstream of the rib feature flat plate boundary
layer development and appear to be impervious to acous-
tic excitation despite the elevated SPL. This was evidenced
by heat transfer and wall static pressure measurements. On
the contrary, a pronounced impact on the rib downstream
separation region was ascertained. A strong diminishing
influence on the recirculation bubble was manifested as an
upstream shift of the maximum heat transfer line by up to
Axmax = 3.5H or 37 %. Similarly, but for mere traveling
wave excitations, the literature results indicated a 30 %
reduction in aerodynamic reattachment length [3]. This was
most prominent at the channel centerline. Therefore, exhib-
iting a curved shape absent of forcing, the flow reattach-
ment line under excitation flattened significantly in the lat-
eral direction. Retaining an overall self-similar pattern, the
streamwise bell shaped Nusselt curve moved upstream with
a slight increase in maximum heat transfer of 5 %, in gen-
eral agreement with numerical predictions on sound excited
flow over a backward-facing step absent of resonance [14].
Yet, the heat transfer distribution prior to the unexcited
reattachment point was locally enhanced up to 25 %, while
a slight reduction of 8 % was observed further downstream.

Complementary measurements of the wall static pres-
sure clearly reflected the upstream shift of the time-aver-
aged reattachment region, where a steeper local static
pressure recovery was observed. Similar aerodynamic
observations were reported for an oscillating jet upstream
of a fence [17]. However, further downstream, the static
pressure level stayed invariant, such that the integral pres-
sure drop penalty associated with the rib flow remained
entirely unchanged by the sound forcing. Thence, the asso-
ciated aerodynamic loss mechanism was inferred to be
unaffected despite prominent excitation induced changes in
the reattachment region.

In conclusion, acoustic resonance at a single frequency
was demonstrated to have beneficial implications on heat
transfer and flow reattachment, without an added pressure
drop penalty.
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