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Exploring Applicability of
Acoustic Heat Transfer
Enhancement Across Various
Perturbation Elements
The requirements of improved heat transfer performance on turbine surfaces and internal
cooling passages drive the research into exploring new methods for efficiency enhance-
ments. The addition of ribbed structures inside the cooling ducts has proven to be most
practical, which increases heat transfer from surfaces to fluid flow at the cost of some pres-
sure loss. Many active and passive methods have been proposed for enhancing the heat
transfer, where acoustic excitation has been recently shown to be an effective option. More-
over, the existing pressure fluctuations due to rotor–stator interactions can also be utilized
as a source of excitation. However, the sensitivity of the phenomenon to various flow and
geometric parameters has not been fully characterized. The present study investigates
various aspects of convective heat transfer enhancement and turbulent flow modulation
caused by acoustic forcing on separating and reattaching flow over isolated rib obstacles.
A parametric study is conducted; rib obstacles of various sizes and shapes (including rec-
tangular, squared, triangular, and semi-cylindrical) are installed in a low-speed, fully tur-
bulent wind tunnel, and measurements are taken at different velocities and excitation
frequencies. Static pressure and spatially resolved surface temperature measurements
are performed to quantify the ramifications of acoustic excitation on the wetted wall.
Within the favorable Strouhal number range of 0.1–0.25, an optimum value of 0.16 is
observed. It is shown that triangular ribs are more prone to acoustic heat transfer enhance-
ment than rectangular or cylindrical perturbations. A linear correlation between static
pressure recovery rate and acoustic heat transfer enhancement is observed, which is invari-
ant to change in size/shape of the rib as well as flow and excitation parameters.
[DOI: 10.1115/1.4049800]
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Introduction
Active and passive flow modulation is a topic of current research

toward flow topology enhancement and optimization. The energy
equation, describing the temperature field, is strongly impacted by
the state of the velocity field. As a consequence, manipulation of
the flow field can have dramatic ramifications on the heat transfer
properties [1].

Gas Turbine Heat Transfer Enhancement. In gas turbine heat
transfer applications, passive elements such as turbulators are com-
monly used to increase the convective heat transfer across a solid–
fluid interface. Transition to turbulence, increased mixing, and flow
impingement mechanisms have been shown to enhance heat trans-
fer [2]. While passive mechanisms offer simple and effective
approaches toward heat transfer enhancement, they often come at
a cost in the form of a pressure penalty [2]. Much needed progress
in heat transfer efficacy remains a key driver in the gas turbine
community.
Active flow control studies in wall-bounded flows using synthetic

jets, mechanical actuators, and other methods have shown the dra-
matic impact that these approaches can have in modifying fluid–
structure interaction [3–6]. Among existing active flow control tech-
niques, many are unsuitable or impracticable in the already complex
and demanding environment of a turbine stage. “Global” flow

control, via acoustic forcing, provides a simple, minimally invasive
approach to heat transfer enhancement.
It has been shown that the existing tonal noise production in

turbine stages associated with blade-pass interactions (>150 dB)
[7] could be harnessed to provide a “free” enhancement via the
selection of appropriate turbulator geometries to instigate Strouhal
coupling within the serpentine cooling channels [8]. It was also
shown that the base frequency and higher harmonics of turbine ser-
pentine channels are minimally affected by the small-scale features,
such as cooling holes, and that the acoustic characteristics of a
winding serpentine channel, with 180-deg bends and varying
aspect ratio, are remarkably similar to that of a straight, simple
tube of equal total length. It was also determined that the reso-
nance frequencies of the serpentine cooling channels are of the
same order as the blade-pass frequencies. Finally, it was further
demonstrated that the conditions studied within the serpentine
channels, including the resonance effects, can be represented by
appropriate scalings, matching Reynolds number, sound pressure
levels, typical blockage ratios (BRs), and the existence of a
scaled resonance condition.
Although the potential for global flow control strategies is

clear and has been demonstrated in rib-roughened heat exchangers
[9], there is much that remains to be understood on the funda-
mental aspects of the phenomenon. To this end, there is still a
particular benefit to working with canonical geometrical
configurations.

Rib Turbulator Shear Layer Dynamics. In the incompressible
regime, turbulent flow over a square cylinder rib obstacle contains
many of the flow features present in classical turbulator designs,
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while minimizing the added complexity of a strongly three-
dimensional flow field [10]. The rib presents an abrupt contraction
and re-expansion to the oncoming flow, leading to separation and
downstream impingement. At Reynolds numbers ReH≈O[104],
the time-averaged flow field exhibits three recirculation zones com-
prising four time-averaged vortex structures that form around the
rib, positioned in front, on top and two contrarotating vortices in
the rib near-wake and wake regions [11].
The free shear layer, originating at the upstream edge, is pro-

pelled toward the wall by the low back-pressure zone and impels
the instability waves to swirl into spanwise-correlated coherent
structures [6,12–15]. The evolution of the shear layer is governed
by the formation of vortices and large momentum fluctuations,
which convect downstream along with the mixing layer [5,16,19].
As they convect downstream, the vortices undergo spatial growth
and vortex pairing interactions. These interactions promote momen-
tum entrainment into the low-pressure region of the obstacle near
wake as the shear layer curves downward [19–21]. The downward
momentum, induced by the back pressure, leads to wall–vortex
interaction and vortex breakdown as the mixing layer impinges
on the wall. The strong interaction of the mixing layer with the
surface promotes high levels of turbulent mixing on the wall,
which inhibits and thus delays boundary layer redevelopment
[22–24]. The location of the shear layer impingement demarcates
the vicinity of local maximum heat transfer although the precise
relationship is a function of the flow thermal history and obstacle
geometry [25].
The rib-roughened flow topology greatly enhances channel

flow heat transfer via the promotion of mixing, increased wetted
area, and flow impingement [26,27]. The role of the wake recircu-
lation region, particularly in the near-wake region, shows that
there is an accumulation of heat in this region that contributes to
higher local mean temperatures than would be observed in an
unribbed channel [28]. It has been shown that the detrimental
impact of the recirculation zone on the overall heat transfer
enhancement can be mitigated through the application of active
flow control [26].

Periodic Excitation of Recirculating Wall-Bounded Flows.
Control of bounded and free shear layers is done in practice with
the inclusion of periodic flow disturbances either locally (synthetic
jets, mechanical flaps, plasma actuators) or comprehensively (e.g.,
acoustic) to the flow [3]. The mechanisms of enhancement are
attributed to the amplification and triggering of instability mecha-
nisms, such as Kelvin–Helmholz or a shedding-type instability
[29]. The regularized shedding enhances heat transfer by dislodging
the hot fluid in the rib wake and replacing it with the cold fluid from
the freestream [27].
Local shear layer modulation via active, periodic forcing has

been shown to be conducive to altering the reattachment properties
of free shear layers in a myriad of ways. In the literature, it is
observed that forcing of the local flow entails higher spreading
rates with altered velocity profiles due to stimulation and organiza-
tion of the vortex merging process [30–32]. Local Strouhal numbers
corresponding to subharmonic forcing of the shear layer natural
instability frequency are conducive to shear layer modulation
[17]. Subharmonic forcing enhances spreading rates by precipitat-
ing the shedding of multiple wake flow structures simultaneously,
thereby breaking down the sequential shedding of vortex pairs
and replacing it with a collective bulk migration of unstable flow
features [31]. There is evidence that local excitation mechanisms
can induce Strouhal peak lock-in behavior, thus regularizing the
shedding structures in the spanwise direction and reducing turbulent
reattachment length by as much as 30% in a backward-facing step
geometry [33].
Siller and Fernholz [6,34,35] excited the flow upstream of a rib

by a local flap and zero-net mass flux oscillating jet in the conducive
natural shedding frequency range (corresponding to frequencies
around 30Hz). They reported notable alteration of the shear layer
with both forcing methods (40% reduction in reattachment

length). They further observed that while the time-averaged
length of the recirculation region was reduced, the length of the
region where instantaneous reverse-flow occurs remained
unchanged. A conducive Strouhal number range of St= 0.05, St=
0.08, and St= 0.15− 0.25 was reported.
In a previous study [26] on acoustic excitation effects on heat

transfer, a wind tunnel operating at 10 m/s freestream velocity
was fitted with a rib obstacle (5% blockage ratio) secured to an
iso-heat flux heated wall coated with thermochromic liquid crystals
(TLCs). A sidewall flush-mounted loudspeaker excited the air
cavity at a range of frequencies around the acoustic harmonic reso-
nance frequency. Exclusively at acoustic harmonic resonance, a
notable enhancement in the forced convection heat transfer charac-
teristics in the reattachment region downstream of the rib fence was
observed.
Global excitation of the flow at an acoustic harmonic resonance

frequency of the tunnel air cavity demonstrated a reduction of the
reattachment region of up to 37% for forcing amplitude of
130 dB. An enhancement is observed in the Strouhal number
range of 0.13–0.25. A generated acoustic sound pressure level of
121 dB was found to be necessary to initiate the instability
dynamic [26]. As the sound pressure level is further increased,
the heat transfer enhancement increases accordingly.
It is also observed that there is no measurable change in the inte-

gral pressure loss with acoustic excitation, which is suggestive of
the similar periodic shedding dynamic noted by Siller and Fernholz
[6]. Furthermore, the effect of acoustic resonance is only observed
downstream of separation. The alteration of the shear layer dynam-
ics was found to correspond to a local heat transfer enhancement of
25% across a single rib fence [26].

Motivation. Despite recent progress in understanding the impact
of acoustically modulated forced convection heat transfer on
rib-roughened flows, there remain a number of significant gaps in
the understanding of the phenomenon. Previous works have
reported a weak Strouhal number dependence, with limited avail-
able data. There have been no studies correlating the shape of per-
turbation elements to the acoustic enhancement. This gap in data
likely results from the necessity of complex experimental setups
required for heat transfer measurements under acoustic excitation.
Moreover, this problem of acoustically modulated heat transfer is
also difficult to study numerically due to very small time scale
requirements.
Along these lines, the motivation of this work is to parametrically

study the dependency of acoustic enhanced forced convection on
various flow (velocity, excitation frequency) and shape parameters
(size, aspect ratio, and geometry). Acoustic modulation has been
shown [26] to affect both the heat transfer enhancement and the dis-
tribution of static pressure while keeping the overall pressure drop
unchanged. Another objective of this study is to create a link
between heat transfer enhancement and static pressure measure-
ments, which will enable investigating a broader range of configu-
rations by static pressure measurements alone.

Experimental Methods

Facility. A low-speed open-loop wind tunnel facility (Fig. 1)
operating in a suction mode was used for measurements of the
present study, precise details of which can be found in a previous
publication [36]. The facility was designed with the appropriate
scalings to mimic the acoustic resonance, fluid, heat transfer, and
acoustic forcing conditions that are present within the serpentine
turbine cooling channels [8]. It is powered by a centrifugal
blower, which is mechanically decoupled from the test section to
prevent the propagation of vibrations induced by the motor.
Upstream of the blower, a settling chamber with multiple fine
mesh layers further dampens out pressure fluctuations. The 1.5-m
long test section is connected to the settling chamber through a
1.8-m constant area duct. The inlet of the facility consists of a
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honeycomb mounted on a bell mouth inlet with a contraction area
ratio of 25 : 1. It is connected to the test section through a 0.12-m
long connection piece containing a fine and taut steel wire mesh
(25 μm cell size) to introduce a homogeneous turbulence level in
the inlet flow [37]. The tunnel has a constant cross-sectional area
of 0.2 × 0.2 m2 between the exit of the bell mouth and the inlet of
the settling chamber. The honeycomb flow straightener with a
cell size of 20mm reduces the swirl and straitens the inflow
through reducing the lateral velocity component of the mean flow
[37]. The bell mouth is constructed according to Refs. [38,39],
such that a high level of flow uniformity is achieved in the
working section. The maximum tunnel velocity is 50m/s.
The tunnel velocity and Reynolds number are calculated from

pressure and temperature readings. Static and dynamic pressure is
measured upstream of the settling chamber using a Paragon duct
mounted air flow measurement station connected to a Scanivalve
pressure transducer (Scanivalve Model DSA 3217) with a
maximum differential pressure of 2490 Pa (6890 Pa high-pressure
side) at an accuracy of ±10 Pa and a Almemo pressure transducer
(Ahlborn Almemo Model 2590 DPS) with maximum differential
pressure of 10 kPa at an accuracy of ±40 Pa.
Static pressure is measured as differential pressure with respect to

the ambient. The ambient temperature is determined via T-type ther-
mocouples, placed upstream of the bell mouth, and inside the set-
tling chamber and acquired with a thermocouple module (24-bit
NI TB-9214).
The working section can be fitted with a TLC wall or a plexiglass

wall with ports for static pressure measurements and for unsteady
microphone measurements.

Acoustic Excitation. Acoustic sound excitation is provided by a
loudspeaker (Mackie DLM-8; frequency spectrum of 65Hz–20 kHz
and maximum amplitude of around 140 dB), placed in a sealed
casing on top and at the exit of the test section, facing into the
working area. A fine and taut steel wire membrane (25 μm cell
size) is placed between the channel working section and the
speaker cavity, enabling the permeation of acoustic excitation at
zero average mass flux into the test section. The maximum

speaker sound amplitude is a function of frequency, although typi-
cally above 120 dB for all frequencies. Sinusoidal signal input used
for the acoustic excitation was provided by a signal conditioner
(Tektronic AFG 3021C).

Working Section Measurement Techniques

Static Pressure. Static pressure measurements are conducted
using a Scanivalve pressure transducer (Scanivalve Model DSA
3217). The Svanivalve acquires differential pressure in the low-
pressure range with an accuracy of ±10 Pa at five ports and in the
high-pressure range with an accuracy of ±20 Pa at eight ports.
The wind tunnel test section is fitted with a plexiglass plate con-

taining 57 holes of 2mm diameter at the centerline. The distance of
the ports from the edges is 50mm, and the spacing between subse-
quent ports is 15mm. The region of interest contains 35 measure-
ment locations, which are divided into seven batches of five
measurement ports each, connected in turn to the high accuracy
Scanivalve ports via a sequence of valves. Static pressure data are
acquired at a sampling frequency of 8Hz across a duration of
120 s and is thus averaged over a total of 960 samples at each port.
The first pressure port is taken as a static reference pressure level

from which changes in static pressure across the obstacle (Δp= (p−
pref)) can be deduced. In this study, the static pressure difference has
been normalized by the dynamic pressure and further multiplied by
the blockage ratio (BR= rib height/channel height). The blockage
ratio is found to be a suitable nondimensional parameter with
which to normalize for the effect of obstacle height on the pressure
drop. It should be noted that there is no impact of any blockage
effects on the experimental results.

p̃ =
(p − pref )
1
2
ρU2

1
BR

=
Δp
1
2
ρU2

1
BR

(1)

Thermochromic Liquid Crystal. Cholesteric microencapsulated
TLCs (R35C20W by Hallcrest Inc.), with an active temperature
interval of 35− 55°C and a color-play interval within the bandwidth
of λ= 400–700 nm, constitute the final surface coating of a heated

Fig. 1 Wind tunnel facility
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sidewall (see Fig. 2). The wall itself is made of tempered glass of
thickness L= 0.01m and thermal conductivity kg= 0.6W/mK, fol-
lowed by a 25 μm thick Inconel foil-resistive heating element sup-
plied by a DC power supply. This layer is coated with a thin layer of
matte black paint to improve the image contrast of the color-play
and promote diffuse light reflection. The sidewall is finally coated
with the active TLC crystals in solution (see Fig. 3).
The thermoelectric properties of Inconel make it an adequate

choice for joule heating as a resistive material providing constant
electric resistivity and uniform surface heat flux. At steady state,
the majority of the imposed surface heat flux is drawn into the
flow. An array of thermocouples positioned behind the plate
measure the back plate temperature Tb and allow the heat-flux
through the back plate to be accounted for.

q =
V · I
A

− kg
Tw − Tb

L
(2)

The surface images are acquired by a high-resolution digital camera
(Nikon D300S), placed at a 90 deg observation angle from the
channel axis. Illumination is provided by a fluorescent light
source (OSRAM type T8 L 36 W), mounted 1 m above the test
section. To minimize reflections, the test section is surrounded by
a black cage, and all surfaces are covered with black cloth.
Thermal equilibrium needs to be reached by operating wind

tunnel facility for steady-state data acquisition. Rise times for
thermal equilibrium were found experimentally. Temperature mea-
surements for acoustically excited and unexcited flow are recorded
subsequently.
High-resolution sRGB images of the active TLC surface are cap-

tured in RGB color space, and after background image subtraction,
angle correction, and image cropping, the images are transformed
into Hue-saturation-isntensity color space (HSI) color space using
the following equation [26,28,40]:

Hue =
1
2π

· tan−1
��
3

√
· G − B

2R − G − B

[ ]
(3)

This transformation collapses six dimensions into three. A Hue-
temperature calibration curve, Fig. 4, is established by an in situ cal-
ibration, spanning the entire gamete of color-play (Fig. 5).
The in situ calibration is performed with a special calibration

plate (Fig. 5). Seven thermocouples are equally distributed at the

centerline of the plate, and the left side the plate is heated using a
pad heater and the right side cooled by cooling pipes attached to
the plate. A 1D steady-state heat conduction condition is achieved
in the calibration area, and thermocouple readings and Hue values
at the centerline are correlated to their x-position. The x-position
is then eliminated by fitting the hue values to temperature values
and vice versa. A twice-differentiable, monotonically increasing
20 knots cubic spline provides an exact fit to the calibration data
points.

Particle Image Velocimetry. Particle image velocimetry (PIV)
measurements for time-averaged recordings were performed using
a PIV system consisting of a continuous wave laser (Amtron
LS453; 75 W power, 808 nm wavelength) and a high-speed
camera (IDT Motion Pro Y7 S1) mounted in the tunnel as shown
in Fig. 1. The laser was operated in a continuous mode at
maximum power to produce a laser sheet of 2.5 mm thickness
and 160 mm width. To avoid reflections, a light-absorbing tape
(Acktar Spectral Black) was applied to the rib and the bottom
wall surface. A seeding machine (LaVision Aerosol Generator),
which produces di-ethyl-hexyl-Sebacat tracer particles with a
mean particle diameter of 1 μm, was used to seed the flow. The
camera, equipped with a large aperture lens (Nikon NIKKOR
50 mm f/1.2 AI-s), was set to record at 7500 fps, an exposure
time of 131 μs at a region of interest of 1920 px width and 688 px
height, saving images in 8-bit grayscale. The field of view had a
width of 151 mm and a height of 84 mm at a focal plane depth of
2.26 mm. Recordings were processed using the LaVision DaVis
8.4 software package via a cross-correlation algorithm with multi-
pass. Velocity vectors were calculated from 7500 recorded
frames, correlating each pair of frames (1-2, 2-3, 3-4, 4-5, …)
resulting in 7499 vectors. The interrogation windows were of
decreasing size from 256 × 256 px, and 50% overlap to 64 × 64 px
and 75% overlap. Median filtering was used with a removal peak
ratio of <1.2 and interpolation. Vector fields were afterward filtered
and smoothed.

Fig. 2 Setup TLC measurement

Fig. 3 Cross section TLC plate

Fig. 4 TLC calibration curve

Fig. 5 TLC calibration setup
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Uncertainty Analysis. The uncertainty in the static pressure
measurements is ±0.5% from the manufacturer’s specification
sheet.
Given the highly complex nature of the TLC measurements, a

thorough analysis of the error in the temperature readings must be
made. The error associated with distortions in the TLC crystal
hue-angle is of the order ±0.25K. This error is compounded by
fluctuations of the order of ±0.2K in the bulk fluid temperature,
the uncertainty of thermocouple reading (±0.35K), the liquid crys-
tals angular dependency (±0.3K), and deviation from the hue-
temperature curve fit formulation (±0.2K). This gives an overall
wall temperature uncertainty of within ±0.56K and a relative
wall temperature uncertainty of within ±0.3K.
The relative error in the determination of the heat transfer coeffi-

cient and Nusselt number stands at ±1.5%, with the enhancement
factor (EF) computing a ±1.5% uncertainty within the 95% confi-
dence bounds. The absolute error is notably more significant due
to surface heat flux uncertainty (±2.4%), the back-face conduction
loss (up to ±2%), and the Inconel area uncertainty (±1.3%). Along
with the uncertainty of convective heat transfer coefficient (±3.5%),
hydraulic diameter measurement (±0.56%), and air thermal con-
ductivity (±0.15%), the resulting combined Nusselt number uncer-
tainty is estimated as ±4%.

Results
Flow around perturbation elements depend on a number of flow

(velocity, excitation frequency, excitation amplitude, turbulence
intensity, etc.) and shape parameters (element size, shape). Tables
1 and 2 present the range of parameters varied for static pressure
and TLC measurements, respectively. In addition, Tables 3 and 4
in Appendix B show detailed experimental points for the
measurements.
To illustrate the impact of acoustic forcing, the flow field around

a rectangular rib is shown in the streamline plot for excited and
unexcited flow (Fig. 6). The streamlines are obtained by time-
averaging large duration PIV data for both unexcited and excited
flow fields. A smaller compressed recirculation bubble with a
length of approximately 6H is seen in case of excited flow compared
to 10H in case of unexcited flow. The approximate location of reat-
tachment is obtained by considering the location of maximum heat
transfer downstream of the rib [25]. Moreover, the streamlines are
shifted toward the wall in the excited flow. Let us examine how
this reduction in the size of the recirculation zone manifests itself
in the static pressure readings.

A sample static pressure measurement over a square rib is pre-
sented as a function of distance along the wall in Fig. 7(a), for
both unexcited and acoustically excited (162Hz) cases, for a
mean flow velocity of 11 m/s corresponding to a Reynolds
number ReH (=UH/ν) of approximately 9 × 103. The boundary
layer thickness (δ) immediately upstream of the rib obstacle is esti-
mated to be 3.05± 0.15 cm, which results in a boundary layer to the
rib height ratio of δ/H≈ 2, and an inlet turbulence intensity of
approximately 6 % is measured through PIV. The longitudinal posi-
tion is normalized by rib height, and the origin is placed below the
rib leading edge.
The frequency of excitation is chosen to be 162 Hz as it corre-

sponds to one of the acoustic resonance modes of the tunnel.
Since the wind tunnel was designed to scale the acoustic resonances
present in turbine serpentine channels, and this frequency also
scales to the order of magnitude of typical resonances in the
turbine internal cooling passages. The impact of resonance is to
establish a standing wave distribution within the tunnel, whereby
the acoustic amplitude in the vicinity of a pressure antinode is
amplified and reduced in the vicinity of a pressure node.
A typical increase in static pressure before the rib, followed by a

sudden drop and then a recovery, is observed. It should be noted
that the overall static pressure loss does not change measurably
due to excitation. Since the redeveloping flow properties far down-
stream of the rib are similar, any change in static pressure drop
between excited and unexcited cases would also be the same as
the total pressure drop. The only difference is that static pressure
corresponding to excited flow shows a faster recovery. For quanti-
fication of this difference, a pressure recovery enhancement (PRE)
over the reattachment length behind the rib is defined.

PRE =
∫x/H=10

x/H=1
(̃pex − p̃unex) d(x/H) (4)

To achieve this, the static pressure values are referenced with
respect to their respective downstream minimum values and then
normalized by the dynamic pressure and the blockage ratio (Eq.
(1)), as shown in Fig. 7(b). PRE is defined as the area between
excited and unexcited profiles, indicated in gray. The uncertainty
in PRE measurements is estimated to be 1%.
The PRE value for the case shown in Fig. 7 is 12.68.
The spatially resolved surface temperature measurements by

TLC are used to calculate Nusselt number, Nu (=qD/kair(T−
T∞)), as shown in Fig. 8, over the half plate for unexcited and
excited cases. The location of maximum heat transfer on a surface
has been shown to in the vicinity of reattachment point [25].

Table 1 Static Pressure measurement range

Parameter Location TE (cm) Rib Shape Rib Height (mm) Rib Width (mm) f(Hz) U(m/s) St ReH

Rib size 43.5 Square 10–100 10–100 162 11 0.14–1.5 (6–60) ×103
Rib width 43.5 Rectangular 15 5–100 162 11 0.22 9 × 103

Rib height 43.5 Rectangular 10–45 15 162 11 0.14–0.66 (6− 27) × 103

Location 24–107 Square 15 15 162 11 0.22 9 ×103

U and f 43.5 Square 15 15 100 120 162 200 5–24 0.06–0.6 (4− 20) × 103

Shape 43.5 Triangles 15 15 162 11 0.22 9 × 103

Shape 43.5 Semi-cylinder 15 30 162 11 0.22 9 ×103

Table 2 TLC measurement range

Parameter Location TE (cm) Rib Shape Rib Height (mm) Rib Width (mm) f(Hz) U(m/s) St ReH

Rib size 43.5 Square 5–100 5–100 162 11 0.07–1.5 (3–60) × 103
Rib width 43.5 Rectangular 15 5–100 162 11 0.22 9 × 103

Rib height 43.5 Rectangular 10–30 15 162 11 0.14–0.42 (6-18) × 103

Location 24–85 Square 15 15 162 11 0.22 9 × 103

U and f 43.5 Square 15 15 100 120 162 200 7–24 0.06–0.43 (6-20) × 103
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Therefore, it can be concluded that excitation results in a smaller
reattachment length (x/H≈ 10) compared to unexcited case (x/H≈
13).
The centerline values of Nu are shown in Fig. 9(a) for excited

(162Hz) and unexcited cases. EF is defined as the ratio between
the two Nu profiles (shown in Fig. 9(b)).

EF = Nuex/Nuunex (5)

An average TEF over the region of reattachment is calculated
(Eq. (6)) using the area under the EF curve (gray area in Fig. 9(b)).

TEF =
100
9x/H

∫x/H=10

x/H=1
(EF − 1)d(x/H) (6)

The average TEF for the case shown in Fig. 9 is 11.26, which trans-
lates to an average 11.26% heat transfer enhancement in the region,
with an uncertainty of 1.5%.
There are multiple considerations that must be taken into account

when determining the appropriate range of integration.

(i) The cause for the enhancement in heat transfer is due to the
time-averaged shrinkage of the recirculation region. The
region of interest of the TEF plot is where the impact of
this mechanism is predominant.

(ii) In a typical heat-exchange application, there are multiple
ribs, with a set pitch (spacing) between one another. The
spacing is designed to maximize the local enhancement
effects. The region of interest in an applied setting is there-
fore immediately downstream of the rib.

(iii) The temperature field in the tunnel is strongly affected by
the flow’s “thermal history”; the extent of the heating that
the flow has already endured at the point of measurement.
With the reduction in the reattachment length in the
excited case, the local rate of heat transfer between the
flow and the wall is increased. This increase causes a consid-
erable change in the temperature distribution and energy
content of the flow. Given that the flow is now “hotter”
earlier that it previously was, the rate of enhancement down-
stream is reduced. This difference can be seen in the discre-
pancy in TEF far downstream of the rib (X/H= 35–40).

Fig. 6 Time-averaged flow streamlines for excited (162 Hz) and
unexcited (0 Hz) flow fields: H=1 cm, U=7.5 m/s, ReH=4.103,
and St=0.22

Fig. 7 (a) Raw pressure profiles for excited (162Hz) and unex-
cited flow and (b) referenced and normalized (by dynamic pres-
sure and blockage ratio) pressure profiles; the region of
interest for pressure modification by excitation marked in gray;
H=1.5 cm, U=11 m/s, ReH=104, St=0.22

Fig. 8 Spatially resolved Nusselt number values for (a) unex-
cited (0Hz) and (b) excited (162Hz); half plate is shown; center-
line is at y/H=0 for each plot. The black curve corresponds
to the location of maximum Nu values. H=1.5 cm, U=11 m/s,
ReH=104, and St=0.22.

Fig. 9 (a) Nu profiles for excited (162Hz) and unexcited flow and
(b) EF profile; the region of enhancement used to calculate
average thermal enhancement factor (TEF) shown in gray; H=
1.5 cm, U=11 m/s, ReH=104, St=0.22
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Since it is well understood that the mechanism of enhancement
manifests in the shrinkage of the recirculation zone, the approxi-
mate location of reattachment of the unexcited flow-field (i.e., 10
H) was selected as an appropriate location to demarcate the end
of the span of integration.
One of the objectives of this work is to quantify the effects of

change in the shape of perturbation elements on the acoustically
enhanced heat transfer phenomenon. For rectangular ribs, the size
of square cross section ribs is varied, as well as the height of the
ribs while keeping the width constant and vice versa. Figure 10
shows PRE and TEF for various square rib sizes (from 0.5 cm to
10 cm), for a fixed mean flow velocity of 11 m/s and an excitation
frequency of 162Hz resulting in 140 dB of oscillations amplitude.
PRE and TEF are seen to correlate closely and indicate a possible
optimum rib size of 1 cm, resulting in a 20% heat transfer
enhancement.
Similarly, PRE and TEF are plotted (Fig. 11) for variation in the

rib width, while keeping the height of the rib constant at 1.5 cm.
Mean flow is still maintained by 11 m/s, with 162Hz excitation.
Once again, PRE and TEF correlate closely, and it can be concluded
that rectangular ribs of smaller width result in higher pressure recov-
ery enhancement and thermal enhancement under acoustic excita-
tion. This result is reminiscent of the observations of Bearman
and Trueman [41] in the case of a rectangular cylinder rigidly sus-
pended in a flow. They found that for high width-to-height ratios,
the vortex formation length (which originates at the leading edge)
is extended further downstream as a result of the stabilizing influ-
ence of the upper surface and the trailing edge corners on the
region of vortex formation. Presumably, this stabilizing effect
may be further strengthened by the re-establishment of the turbulent
boundary layer on the rib top surface, which mitigates the effect of
acoustic enhancement.
Keeping the width constant at 1.5 cm and increasing the height

also result in a decrease in the two quantification parameters,

while both PRE and TEF show similar variation, as shown in
Fig. 12.
Owing to the fact that 162Hz corresponds to one of the acoustic

resonance modes of the tunnel, amplitude of fluctuations can be
modified by changing the rib location in the tunnel. Microphone
measurements are performed at the tunnel wall to estimate the var-
iation of SPL along the length, as shown in Fig. 13(a). It shows the
presence of a pressure node at around 0.4 m and a pressure antinode
at around 1 m. PRE and TEF are shown for the change in location of
1.5 cm square rib, while keeping the flow velocity and excitation
frequency constant at 11 m/s and 162 Hz, respectively, in
Fig. 13(b). Maximum enhancement is observed near 0.4 m and fol-
lowed by a minimum at 1 m, which are also the locations of pres-
sure node (velocity antinode) and pressure antinode (velocity
node), respectively. This indicates that acoustic enhancement in
pressure recovery and heat transfer are correlated with the velocity
fluctuations amplitude. The higher the velocity fluctuations ampli-
tude, the higher would be the enhancement in heat transfer. This
observation was also made by Blevins [42] when studying the
effect of sound on vortex shedding from cylinders suspended in a
duct. It suggested that the pressure of acoustic wave in itself is
not of importance, and the governing factor, as in the use of
mechanical actuators, jets, and dielectric-barrier discharge, is the
existence of sufficiently large velocity fluctuations. In addition, it
is noted that the boundary layer thickness upstream of the rib
varies from approximately 1.5H–2.5H, but no variation in the
enhancement parameters is observed, which can be attributed to
this change in boundary layer thickness.
The magnitudes of PRE and TEF for variation in velocity for the

same 162Hz excitation over a 1.5 cm2 cross section rib are shown
in Fig. 14. PRE and TEF once again show a very strong correlation,
and both of them show a peak in their respective magnitudes at

Fig. 10 PRE and TEF profiles for various ribs of square cross
sections; U=11 m/s, f=162Hz

Fig. 12 PRE and TEF profiles for various height of rectangular
ribs; U=11 m/s and f=162Hz

Fig. 11 PRE and TEF profiles for various width of rectangular
ribs; U=11 m/s, f=162Hz, ReH=9×103, and St=0.22

Fig. 13 (a) SPL levels as obtained from microphone measure-
ments at the wall inside the tunnel and (b) PRE and TEF profiles
as a function of rib trailing edge (TE) location in the tunnel; U=
11 m/s, f=162Hz, H=1.5 cm, ReH=9×103, and St=0.22
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approximately 15 m/s flow velocity, corresponding to the Strouhal
number of 0.162.
This hints at a possible optimum combination of parameters, cor-

responding to a Strouhal number of 0.162, for maximum enhance-
ment in heat transfer. To explore this further, PRE and TEF as a
function of Strouhal number are shown in Fig. 15, for two different
frequencies. It is understood that because the Strouhal number takes
into account the variation in frequency, one should expect these
curves to collapse. But that would be true only if the amplitude of
oscillations is the same for all frequencies. Due to experimental lim-
itations, the maximum amplitude that could be reached for 120Hz
and 162Hz is 136 dB and 140 dB, respectively. The effect of this
difference in amplitudes of oscillations can be observed in the
respective magnitudes of PRE and TEF for different frequencies.
The magnitudes of heat transfer enhancement (TEF) observed for
120Hz and 162Hz excitations are 10% and 12%, respectively.
Nevertheless, for both frequencies (or amplitudes) of excitations,
the optimum Strouhal number value is fixed at approximately
0.16. An additional dip can be observed in the PRE values at
St = 0.18 for 120Hz and St= 0.24 for 162Hz excitation. This dip
is within the uncertainty in the calculations of PRE and therefore
should be ignored.
For the considered parametric variations, the magnitudes of PRE

and TEF follow similar curves, which implies that there is some cor-
relation between the pressure recovery enhancement and thermal
enhancement factors. Figure 16 shows the variation of TEF as a
function of PRE for various frequencies of excitation and various
changes in flow and rib parameters. It shows a linear correlation,
with a slope of 0.86, i.e., doubling PRE results in doubling of

TEF. This leads to the conclusion that a quantitative estimate of
thermal enhancement can be obtained from only the static pressure
measurements, thereby saving the efforts associated with tempera-
ture or heat transfer measurements. Even if a different range of inte-
gration is used for calculations of PRE and TEF, the relationship
between TEF and PRE remains linear as shown in Figs. 18–22 in
Appendix B.
In addition to varying the flow parameters and the size of rectan-

gular ribs, the possibility of optimizing the shape of perturbation
elements for acoustic enhancement of forced convection heat trans-
fer is also explored. The linear correlation between thermal
enhancement and pressure recovery enhancement allowed us to
perform only static pressure measurements. The PRE for some of
the shapes is shown in Fig. 17 for a flow velocity of 11 m/s and
an excitation frequency of 162Hz. All shapes have a height of
1.5 cm. It is found that compared to the semi-cylinder, the square
rib has much higher PRE, which might be because of larger concen-
trated vortex shedding from the leading edge of the square rib.
Taking away the downstream edge of the square rib did not have
a significant effect on PRE, as shown with the second and third
points in Fig. 17. Changing the orientation of the triangle to an
upstream slope leads to a significant increase in the pressure recov-
ery to a PRE value of 22. Using the linear relation obtained in
Fig. 16, an enhancement in heat transfer due to acoustic excitation
alone is expected to be around 20%.
It should be noted that the Strouhal dependence indicates the

existence of shedding events at a characteristic, velocity and
geometry-specific, frequency. It has been demonstrated by

Fig. 14 PRE and TEF profiles for various mean flow velocities;
f =162 Hz, H=1.5 cm

Fig. 15 PRE and TEF profiles as a function of Strouhal number,
St, for three frequencies of excitation: (a) 120Hz and (b) 162Hz;
U =11 m/s, ReH=9 ×103

Fig. 16 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), rib width variation
(gray-empty symbols), and rib height variation (black-empty
symbols)). The linear fit with TEF=0.85×PRE with an r2 of 0.83.

Fig. 17 Variation of PRE for change in shape of perturbation ele-
ments: starting from left: semi cylinder, square, isosceles right
angle triangle with downstream slope, and with upstream slope
U=11 m/s, f=162Hz, H=1.5 cm, ReH=9×103, St=0.22
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Ref. [43] that the characteristic shedding frequency is associated
with the separation distance between the shear layers (wall and
free shear layer in this case), as well as the base pressure [43,44].
This being the case, the enhancement effect is not strictly related
to the bluff-body geometry itself, but rather, is determined by the
relationship between the distance and the shear layers, which is
approximately the obstacle height and the velocity field. These
experiments indicate that differences in geometry can impact the
base pressure, primarily by affecting the velocity profile around
the obstacle. The acoustic enhancement effect is therefore expected
for all geometrical topologies, as it is driven by the Strouhal cou-
pling phenomenon—a function of obstacle height and back
pressure.

Conclusion
Heat transfer enhancement by acoustic excitation remains an

attractive topic of research due to the possibility of providing heat
transfer enhancement with negligible added pressure penalties.
This is particularly the case in gas turbines, where the acoustic
source is very loud [7] and results from the turbine–stage blade–
pass interactions. The previous work has demonstrated the potential
applicability of this to improve the heat transfer within the turbine
blade serpentine cooling channels [8].
This parametric study, performed at the appropriate scalings to

mimic the physics within these serpentine passages, encompasses
various physical, flow, and excitation parameters affecting the
acoustically excited heat transfer, through wall static pressure and
surface heat transfer measurements. It is demonstrated that there
is a conducive peak in the Strouhal number at around St values of
0.16. It was further noted that the effect of acoustic forcing is dimin-
ished by increasing rib width, which is possibly due to the stabiliz-
ing effect of the rib topside on the vortex formation length. The
linear correlation between the integrated pressure recovery
enhancement and thermal enhancement factor paves the way for
simpler cold flow experiments towards future investigations of
acoustically excited heat transfer enhancement. Furthermore, it
was confirmed that velocity fluctuation amplitudes and not the pres-
sure fluctuation amplitudes are correlated to the heat transfer
enhancements. The importance of rib geometry in acoustic heat
transfer enhancement is shown by changing shape from a semi-
cylinder to an upstream slope right-angled triangle, resulting in
three fold increase receptivity to acoustic excitation.

Lessons Learned
For acoustic enhancement of forced convection heat transfer over

perturbation elements.

(1) Optimum Strouhal number is approximately 0.16.
(2) Receptivity of triangular ribs is greater than square ribs,

which is higher than semi-cylindrical ribs.
(3) There is a direct correlation with amplitude of velocity oscil-

lations not necessarily the local sound pressure level.
(4) There is a direct correlation of thermal enhancement to pres-

sure recovery rate.
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Nomenclature
Symbols

f = sound excitation frequency (Hz)
k = thermal conductivity (W/m*K)
p = pressure (Pa)
q = heat flux per unit area (W/m2)
x = freestream direction (m)
y = transverse direction (m)
z = spanwise direction (m)
A = Joule heated area (m2)
B = intensity of blue in RGB color space (–)
D = hydraulic diameter of test section (m)
F = acquisition frequency (Hz)
G = intensity of green in RGB color space (–)
H = rib height (m)
I = eccentric current (A)
L = thickness of glass plate (m)
R = intensity of red in RGB color space (–)
T = temperature (K)
U = mean flow velocity (m/s)
V = voltage (V)
p̃ = normalized pressure (–)

ReH = Reynolds number based on rib height (–)
r2 = statistical coefficient of determination (–)
fps = frames per second (1/s)
px = number of Pixel (–)
BR = blockage ratio (–)
EF = enhancement factor (–)
Nu = Nusselt number (–)

PRE = pressure recovery enhancement (–)
Re = Reynolds number (–)
St = Strouhal number (–)

SPL = sound pressure level (dB)
TEF = thermal enhancement factor (–)
TL = rib obstacle trailing edge location (m)
Hue = angle of HSI color space (rad)
△ = difference operator (–)
λ = light wavelength (nm)
ρ = density (kg/m3)

Subscripts

acqu = acquisition
air = air
b = back of the plate

dyn = dynamic
ex = excited
g = glass

opt = optimal
ref = reference

unex = unexcited
w = wall
∞ = freestream

Appendix A: Dependence of Thermal Enhancement
Factor and Pressure Recovery Enhancement Ratio on the
Range of Integration
Figures 18–22 show the TEF as a function PRE for various range

of integrations.
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Fig. 18 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), and rib height variation
(black-empty symbols)), and the linear fit with TEF=2.63×PRE;
for integration over 7 rib heights downstream of the rib

Fig. 19 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), and rib height variation
(black-empty symbols)), and the linear fit with TEF=1.2 ×PRE;
for integration over 9 rib heights downstream of the rib

Fig. 20 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), rib width variation
(gray-empty symbols), and rib height variation (black-empty
symbols)), and the linear fit with TEF=0.68×PRE; for integration
over 11 rib heights downstream of the rib

Fig. 21 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), rib width variation
(gray-empty symbols), and rib height variation (black-empty
symbols)), and the linear fit with TEF=0.49×PRE; for integration
over 13 rib heights downstream of the rib

Fig. 22 TEF as a function of PRE for four frequencies of excita-
tion (different symbols) and for different variations of flow
parameters (velocity variation (black-filled symbols), square
ribs size variation (gray-filled symbols), rib width variation
(gray-empty symbols), and rib height variation (black-empty
symbols)), and the linear fit with TEF=0.38×PRE; for integration
over 15 rib heights downstream of the rib
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Appendix B: Experimental Points

Table 3 Combination of physical parameters for static pressure measurements

Rib size variation

Width, height (mm) 10 15 20 30 45 50 100
St 0.15 0.22 0.29 0.44 0.66 0.74 1.47
ReH 6 × 103 9 × 103 1 × 104 2 × 104 3 × 104 3 × 104 6 × 104

U= 11 m/s, f= 162Hz, Rib shape= Square, TE location= 43.5 cm

Rib width variation

Width (mm) 5 15 20 30 45 50 65 85 100
Height= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Rectangular, TE location= 43.5 cm, ReH= 9 × 103, St = 0.22

Rib height variation

Height (mm) 15 20 30 45
St 0.22 0.29 0.44 0.66
ReH 9 × 103 1 × 104 2 × 104 3 × 104

Rib width= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Rectangular, TE location= 43.5 cm

Location variation

Location TE= 23.5− 107 cm (50 locations)
Width=Height= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Square, ReH= 9 × 103, St= 0.22

Rib velocity variation

Velocity (m/s) 5.3 7.3 8.5 9.4 10.0 10.8 11.5 14.9 18.4 24.3
ReH 4 × 103 6 × 103 7 × 103 8 × 103 8 × 103 9 × 103 1 × 104 1 × 104 2 × 104 2 × 104

f= 120Hz
St 0.34 0.25 0.21 0.19 0.18 0.17 0.16 0.12 0.10 0.07
f= 162Hz
St 0.46 0.33 0.29 0.26 0.24 0.23 0.21 0.16 0.13 0.10
Width=Height= 15 mm, Rib shape= square, TE location= 43.5 cm

Rib shape variation

Height (mm) Width (mm)

Shape 1: Semi-cylinder 15 30
Shape 2: Downstream slope right-angled isosceles triangle 15 15
Shape 3: Upstream slope right-angled isosceles triangle 15 15
U= 11 m/s, f= 162Hz, ReH= 9 × 103 TE location= 43.5 cm

Table 4 Combination of physical parameters for TLC measurements

Rib size variation

Width, height (mm) 5 10 15 20 30 50 100
St 0.07 0.15 0.22 0.29 0.44 0.74 1.47
ReH 3 × 103 6 × 103 9 × 103 1 × 104 2 × 104 3 × 104 6 × 104

U= 11 m/s, f= 162 Hz, Rib shape= Square, TE location= 43.5 cm

Rib width variation

Width (mm) 5 15 30 100
Height= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Rectangular, TE location= 43.5 cm, ReH= 9 × 103, St= 0.22

Rib height variation

Height (mm) 15 20
St 0.22 0.29
ReH 9 × 103 1 × 104

Rib width= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Rectangular, TE location= 43.5 cm

Rib location variation

Location TE (cm) 23.5 30 43.5 63.5 83.5
Width=Height= 15 mm, U= 11 m/s, f= 162Hz, Rib shape=Square, ReH= 9 × 103, St= 0.22

Rib velocity variation

Velocity (m/s) 8 11 15 24
ReH 7 × 103 9 × 103 1 × 104 2 × 104

f= 100Hz, St 0.19 0.14 0.10 0.06
f= 120Hz, St 0.23 0.16 0.12 0.08
f= 162Hz, St 0.30 0.22 0.16 0.10
f= 200Hz, St 0.38 0.27 0.20 0.16
Width=Height= 15 mm, Rib shape= Square, TE location= 43.5 cm
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