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Experimental Study of Wall Bounded Harbor
Seal Whisker Inspired Pin Geometries

Anish Prasad! and Mark Ricklick?
Embry-Riddle Aeronautical University, Daytona Beach, FL, 32114, USA

Conventional cylindrical/elliptical pins are one of the most widely used geometries in convection cooling
systems and are used in the internal cooling of gas turbine blades and other applications, as they promote better
heat transfer at the expense of large pressure losses and unsteadiness in the flow. The need to reduce pressure
drop and maintain the heat transfer rates are a pressing requirement for a variety of industries to improve
their cooling efficiency. One such prominent field of research is conducted in optimizing the design of pin
geometries. In this study, a harbor seal whisker inspired geometry is being studied for their unsteady behavior
in an internal cooling channel. The seal whisker geometry consists of streamwise and spanwise undulations
which reduce the size of the wake and coherent structures shed from the body as a result of an added component
of stream-wise vorticity along the pin surface. Also, the vortex shedding frequency becomes less pronounced,
leading to significantly reduced lateral loading on the modified cylinder. Previous computational studies have
shown that the bio-mimicked pin geometries break down the wake structure and there is a reduction in
development of turbulent intensity downstream of the channel leading to a lower pressure loss. In this
experimental study the thermal performance of the bio pins is compared against a conventional elliptical pin
for a range of Reynolds numbers. From the results it is found that the bio pins in comparison to the elliptical
pin performs on average 13% better in pressure drop at the cost of 4.5% in heat transfer. These findings are
important to the gas turbine community as reduced penalties associated with cooling flows directly translate to
improved efficiencies.

I. Nomenclature

G2TV = Bio inspired pin with two valleys T = Temperature (K)
G2TRV = Bio inspired pin with three valleys | = Intensity
G2E = Elliptical pin AT = Temperature difference (K)
Nu = Nusselt number k = Thermal conductivity (W/m.K)
f = Friction factor q = Heat supplied (W)
Re = Reynolds number q” = Heat flux (W/m?)
X = Streamwise direction (m) m = Mass flow rate (kg/S)
Y = Spanwise direction (m) Cp = Specific heat (J/Kg.K)
D, Dn = Characteristic diameter (m) Subscripts
H = Height (m) 0 = Smooth channel case
CFD = Computational Fluid Dynamics S = Surface
TSP = Temperature Sensitive Paint ref = Reference
VARIAC = Variable  Alternating Current sup = Supplied
Transformer
CMOS = Complementary Metal Oxide

Semiconductor

I1. Introduction

Most energy-based systems in-use employ some form of convection based thermal management. Most of the
passenger aircrafts operating today are powered by gas turbine engines. The efficiency of the gas turbine is directly
related to the turbine inlet temperature, and the effectiveness of the hot section cooling systems. Modern gas turbine
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designs have taken advantage of advanced cooling technologies to the extent that rotor inlet temperatures several
hundred Kelvin beyond the melting point of the exotic materials used within them have been achieved [1], with limits
continuing to be pushed. The importance of this is highlighted by the fact that a 56 Kelvin increase in hot gas
temperature potentially yields an increase of up to 13% in power output or 4% in simple cycle efficiency [2]. Future
advances, however, are becoming more difficult to achieve, as the rate of technology improvement has somewhat
reached a plateau in the past 10 years [3,4]. There is a need in improved cooling techniques which take the advantage
of advanced materials and their manufacturing methods. In most heat exchange applications, an array of constant cross
section cylinders are widely employed; hence they have been heavily studied in the literature.

The circular cross section cylinders have higher heat transfer characteristics at the cost of pumping power
requirements in comparison to other conventional pins, hence increasing heat transfer characteristics will subsequently
increase the pumping power requirements. It has been found that the behavior of flow around the pin impacts the heat
transfer and it’s also been found that the presence of the pin breaks up the boundary layer creating a horseshoe vortex.
This horseshoe vortex produces high wall shear stress beneath it, resulting in high heat transfer from the wall in this
region [5]. The resulting flow separation around the pin, however, results in large pressure losses. The pin fin channel
has been heavily studied in the literature [6-10], in an effort to describe the heat transfer and flow behavior and improve
prediction abilities. The circular cylindrical pins are relatively easy to manufacture and hence, this configuration is
often found in commercial applications. However, the advent of advanced manufacturing techniques has brought about
focus in uniquely shaped pins in an effort to improve the effectiveness of these configurations.

Several researchers have investigated benefits associated with non-conventional pins. For example, Kim and
Moon [11] investigated a stepped circular pin shape, in an effort to enhance heat transfer and thermal performance.
They showed that significant improvements were possible as compared to straight pin shapes. Tullius [12] investigated
the impact of normal, non-circular fin shapes on heat transfer in a microchannel, with improved performance observed
with triangular pins. Pent [13] investigated the performance of a porous pin fin array, in an attempt to reduce the
pressure drop across the system. However, the size of the wake was increased along with pressure penalties. Uzol and
Camci [14] conducted a study to compare end-wall heat transfer enhancements and total pressure loss between
circular, elliptical and a pin based on NACA 0024 airfoil. The circular pin outperformed the other two shapes thermally
while the latter showed significant pressure loss reduction. Optimization techniques have also been carried out by
several other groups as well [15, 16].

Biomimicry and bio-inspired devices have gained interest recently, due to the optimized designs presented in
nature through evolution. It is a new discipline that imitates natural designs to solve problems [17]. Biomimicry has
found applications in a variety of fields, including modeling bumblebees and other insects in flapping wing
aerodynamics [18, 19], gas sampling based on canine olfactory airflows [20], as well as in the industrial design sector
[21]. Performance gains and technological insight have been seen in all sectors.

The harbor seal whisker has been studied heavily in the literature, in an effort to understand their acute sensing
abilities [22, 23]. The undulated shape of the whiskers results in reduced vortex excitations and smaller organized
flow structures behind the whisker [24-27]. This leads to reduced lifting forces and flow induced vibrations, making
them an ideal solution to micro-sensors [28-33]. NASA researchers have investigated the benefits associated with
larger scale structures, such as adaptations to turbine blades [34], and other structures [35]. Reduced aerodynamic
loading and total pressure losses have been observed, associated with the streamwise vortex-mainstream flow
interactions. In general, the elimination of large-scale coherent structures and resulting reduced wake size have an all-
around positive impact aerodynamically. With the advent of advanced manufacturing techniques, such as three-
dimensional printing of high strength alloys [36], implementation of such devices is now a possibility.

Previous studies involved computational work with bio-mimicked pin geometries, these geometries did not retain
the same structural pattern as the harbor seal whiskers, and these computational results were later compared
experimentally [37, 38]. The results of those studies show an agreement for using computational tool for performing
more studies on this topic. Computational studies were performed for pins which retain the same structural pattern as
the whiskers, Fast Fourier Transform (FFT) on these pins have shown that the harbor seal whisker pin geometries
breakdown the wake structure which contributes to the reduction in pressure drop, as the turbulence mixing in the
downstream of the channel decreases in intensity [39]. The current study intends to compare the thermal performance
of the bio pins with a conventional elliptical pin in pin fin channel experimental setup for a range of Reynolds numbers.

I11. Pin Model

The harbor seal whiskers have two distinct elliptical shapes, one at the peak and one at the valley, as seen in Fig.
1. The bio pin created in this study are scaled uniformly 12.6 times from the whiskers natural dimensions [27]. The
dimensions of the pins made in this study: period of the undulations is 11.466 mm, peak major and minor radius are
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7.497 mm and 3.024 mm, valley major and minor radius are 5.985 mm and 3.654 mm, and the peak and valley plane
angle are 15.27° and 17.60°. The height of the pins for this study is 30 mm.

Peak

Valley

Fig. 1 Seal whisker structure [27]

The pin geometry for this study is made by cropping the bio pins to retain two valley, and one peak (G2TV) and
three valley, and two peaks (G2TRV). The conventional elliptical pin (G2E) is based on the minor and major diameter
of the valley of the bio pin. The endwall blockage for the channel is the same for all the pin design used. The pins are
3D printed using a third-party 3D printing service (Shapeways) as seen in Fig. 2. Most of the 3D printed pins are made
of versatile plastic (Nylon 12), few pins are made of aluminum alloy (AISil0Mg).

Fig. 2 Pin Geometry

IV. Experimental Setup

A pin fin channel was created using acrylic plates for the experimental study as shown in Fig. 3. The pin array in
the test section was composed of 8 rows of pins, 7 pins in each row, arranged in a staggered manner with spanwise
(YY) and streamwise (X) spacing of 45 mm each and channel height (H) of 30 mm. The exit section was connected to
the suction side of the blower using pipes. The air flow was controlled using valves. The mass flow is calculated using
the difference in pressure measured using a venturimeter. The velocity is calculated based on the mass flow and the
inlet area of the test section test section, hence the calculated velocity will be the inlet velocity of the test section.
Reynolds number is based on the inlet velocity and the characteristic length scale (2H). Reynolds number of 15,000,
30,000, 60,000 and 85,000 is used in this study.

The end wall of the acrylic test section was painted with a uniform coat of Temperature Sensitive Paint, above
which the strips were placed using a double sided high-strength tape. The strips were connected in series using copper
bus bars. These were then connected to a VARIAC to form a series circuit. The pins were placed on top of the Inconel
heater strips. Some of the pins were internally heated using cartridge heaters specifically the central section of the
setup to reduce lateral conduction. The data from the regions surrounding these pins are post-processed and presented
in this paper. A scientific grade CMOS camera was used to capture the TSP, which was excited by LED light of
particular as shown in Fig. 3. A constant heat flux was supplied to the Inconel strips through Joule heating by varying
the voltage.
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V Temperature Sensitive = [
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CMOS Camera

/

Fig. 3 Setup and view of test section.

As seen from Fig. 3 sixteen fasteners are used to secure a proper fit between the top and bottom plate, since acrylic
plates warp due to constant heating, which leads to the pins not touching the bottom plate. Hence this problem is
avoided by using fasteners. The schematic of the test section is shown in Fig. 4.

A]I Flow

Acn lic top wall
AR ="

"\{ Double sided tape

!
TSP i

Inconel Smps Cartridge heater
Came.ra +———| Ultra violet light

Acrvlic end wall

Fig. 4 Schematic of the wall and test section
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Fig. 5 Jablonski diagram [42]

TSP provides a convenient way to obtain local
temperature data. It is a luminescent paint with fluorescent
molecules suspended within a binder. The TSP molecules
are excited to a higher energy state when exposed to light of
appropriate wavelength (excitation wavelength). Jablonski
diagram shown in Fig. 5, describes the transition of the
molecules. They can return to ground state by emitting
photons of particular wavelength (emission wavelength)
through luminescence and without emitting photons by
thermal quenching. In thermal quenching the molecules
vibrate and collide with one another, losses energy and
returns to ground state.

In a given instant the molecules return to the ground
state by both luminescence and thermal quenching, but the
number of molecules returned by each method differs
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statistically in regard to temperature applied. For this research I1SSI brand UniCoat TSP [40] was used having
excitation wavelength of 380 — 520 nm and emission wavelength of 500 — 720 nm. An ultraviolet light with a
wavelength of 460 nm (from manufacturer I1SSI [41]) was used to excite the TSP molecules. The intensity of the paint
varies with the number of photons emitted. Increase in temperature will statistically increase the return of photons to
ground state through thermal quenching, thereby decreasing the intensity of the paint (intensity is related to the
measure of photons emitted from the TSP, which are then captured by the photodetector).

In Fig. 6, the reference image is taken before
the heated run with known intensity and
reference temperature (measured and confirmed
with multiple thermocouples across different
locations). The data image is that of the heated
run where the intensity of the paint is known but
the surface temperature of the paint is unknown.

TSP is calibrated with a calibration curve of
intensity ratio vs temperature difference. Using
this calibration curve, the temperature of the data
image can be found. The calibration uncertainty
of TSP was found to be + 0.93 °C for temperature
ranges of 22 to 90 °C in previous studies®. A
scientific grade camera (CMOS) is used to
capture the intensity of the light emitted by the
TSP, with a long pass filter (wavelength 550 nm)
to distinguish between the excited and the emitted wavelength. A detailed description of TSP and PSP technologies
has been presented by Liu [43], Sullivan [44].

Reference

Fig. 6 Reference Image & Data Image

V. Endwall Data Reduction
The calibration curve for the TSP is given by,

T —T L\ L\ I\ i
S—”’f=2.52< S) —8.30< S) +10.18( S) —6.24< S>+1.85 (1)
100 Iref Iref Iref Iref

A constant heat flux was supplied to the Inconel strips. In order to account for the heat lost to the surrounding
through the channel endwall, a heat leakage test was conducted. The test section was filled with insulating material to
prevent natural convection, and a heat flux was applied to the bottom wall. The applied heat flux under these conditions
was assumed to pass through the acrylic wall into the room. The heat lost to surrounding was found at several wall
temperatures, and correlated as a function of the difference in temperature between the wall and room, given by,

Qloss = 6.3144 x AT (2)
The bulk temperature is calculated as,
- i q(x)
Tz(x) — Tl 1(x)
bk bk + me (3)

The left-hand side of the equation is the bulk temperature of the current pixel in the x direction (streamwise)
calculated using the bulk temperature of the previous pixel. q(x) is the heat supplied per pixel, m is the mass flow rate
into the channel while C, is the specific heat capacity of the air based on the mean bulk temperature.

The Nusselt number was calculated using the following equation:

qgup - q{oss
I P )

N
u k
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VI. Results

A smooth channel test was done in order to establish confidence in the results obtained from our test setup and
measurement techniques before progressing further. The spanwise averaged Nusselt number for smooth channel was
compared with Gnielinski correlation [45] as shown in equation 5.

(f/8)(Re, — 1000)Pr (5)
NuD = 1 2
14 12.7(f/8)/2(Pr/3s — 1)

Where f is the friction factor which is calculated using Darcy—Weisbach equation, as shown in equation 6. This
correlation is valid for 0.5 < Pr < 2000 and 3000 < Rep < 5 x10°. Figure 7 shows the spanwise average Nusselt number
for the smooth channel test for the Reynolds number case of 60,000.

_2xAP Dy (6)
T Lxpxv?
230
\ - = = Experiment - Re 60k
210 |\ Gnielinski correlation
‘\ ----- Error
190 Y
\
170 =\
= RN
150 Tesel
"""""""""" ='=""P:':'_':"""""'""""':‘:'—
130 il ool - X2k E
i [ J St e s s e e b A
90
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
X/D,,

Fig. 7 Spanwise Average Smooth Channel Nusselt Number

Since heating begins at the start of the test section, the impact of thermal development of the flow is seen up to
approximately at an X/Dy, of 4. After this point we can say that the flow becomes fully thermally developed. Comparing
the result to the correlation we can see that the spanwise average is in good agreement, well within 10% of given
uncertainty. Figure 8 shows the post processed image of TSP for the smooth channel test for Reynolds number of
30,000.

378
X/Dh

Fig. 8 Temperature Contour

Figure 9 shows the end wall Nusselt number contour for Re of 30,000. From the figure we can see that behind
row 1 the wake region is much narrower for pin G2TRYV in comparison to the other pins, this trend can be seen almost
behind every row for G2TRV. Looking at the data downstream of the channel we can see that pin G2E has an increase
in magnitude of heat transfer compared to other two pins.
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Fig. 9 Nusselt number contour for Re = 30,000

The uncertainty in this experimental study is calculated using the Root Sum Square Method [46, 47]. Figure 10
shows the Nusselt number variation across different Reynolds number. From this result, it can be seen that the
difference between the heat transfer performance is maintained between 1 — 2%. With G2E being the best performer
followed by G2TV and G2TRV. The uncertainty in the results is approx. 9.4% for Reynolds number case of 15,000
and 30,000 and approx. 8.5% for Reynolds number case of 60,000 and 85,000. The uncertainty in the Reynolds
numbers is approx. 2.8%.

350

300

250 %
2 200 é

150 ®G2E
@ G2TV
100 ® *G2TRV
50
0 15000 30000 45000 60000 75000 90000
Re

Fig. 10 Endwall Nusselt number over Reynolds number

Figure 11 — Figure 14 shows the endwall Nusselt number vs friction factor. The endwall average Nusselt number
is normalized with respect to the smooth channel results and compared with the friction factor normalized with smooth
channel friction factor for respective Reynolds number. The friction factor is calculated using Darcy-Weishbach
equation as shown in equation 6. The uncertainty in the results is approx. 10% for normalized Nusselt number and
approx. 5% for normalized friction factor for Reynolds number of 15,000. For Reynolds number of 30,000 its 11.5%
and 3.3%, for 60,000 its 8.5% and 3% and for 85,000 its 9.5% and 2.7%.

As seen from the results, in comparison to pin G2E, the bio pins G2TV and G2TRYV performs 9.84% - 16.11%
better in pressure drop at a cost of 3.54% - 5.59% in heat transfer for the Reynolds number case of 15,000.
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Fig. 13 Normalized Nu vs f for Re = 60,000
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Fig. 14 Normalized Nu vs f for Re = 85,000
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Similar observation could be
made for other Reynolds number
cases. One notable difference is that
for a high Reynolds number of 85,000
the thermal performance of G2TV and
G2TRV are the same. And the
difference in heat transfer between
G2E and the bio bins decreases from
5.5% to 3.5% as the Reynolds humber
is increased, with an overall
improvement in  friction factor
performance by 14%. The behavior of
the pins shown in these results could
be seen in the pressure drop and
spanwise surface average Nusselt
number results.

Figure 15 — Figure 18 shows the
pressure drop data for Reynolds
number case of 15000, 30000, 60000
and 85000. The pressure data are
obtained from the side wall in the test
section. Each port is located between
two rows of pins, first port is located
before the first row and the last port is
located after the last row. The pressure
drop across the channel is calculated
based on the difference between the
first port and the subsequent port. The
experimental uncertainty is calculated
to be 7%, 5.5%, 4% and 3.3% for
Reynolds number case of 15000,
30000, 60000 and 85000.

From the figures we can see that
the bio pin has reduced pressure drop
in the channel in comparison to the
elliptical pin. This is due to pin G2E
having periodic wake shedding which
leads to an increase in flow mixing
downstream of the  channel
contributing to large pressure drop.
Whereas the bio pins have a reduction
in the wake magnitude and flow
mixing leading to decrease in pressure
drop along the channel.

From these results we can see that
as the Reynolds number is increased
the magnitude difference between the
static pressure loss for pin G2TV and
G2TRV decreases, this is due to fact
that as the momentum in the flow is
increased the magnitude of flow
mixing downstream of the channel is
increased as well, leading to loss of
uniqueness of the pin wake structure.
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Fig. 18 Pressure drop along the channel — Re = 85,000

To study the spanwise data the spanwise average Nusselt number was normalized with respect to square root of
Reynolds number to obtain Frossling number. Figure 19 — Figure 22 represents the spanwise average Frossling number
along the streamwise direction for all four Reynolds numbers. From the spanwise results, we can see that as the
Reynolds number is increased the difference between the spanwise average Frossling number for pin G2TV and
G2TRYV decreases after Row 3. This is due to fact that as the momentum in the flow is increased the magnitude of
flow mixing downstream of the channel is increased as well, leading to loss of uniqueness of the pin wake structure.

On comparing between the bio pins and pin G2E, we can see that the pin G2E still has a better heat transfer
augmentation downstream of the channel. This is due to G2E having periodic wake shedding which leads to an
increase in turbulence fluctuations at the endwall as the flow moves through the channel. The bio pins G2TV and
G2TRV having reduced wake size due to the presence of the undulation leads to a reduction in magnitude of flow
mixing downstream of the channel thereby leading to the decrease in endwall Nusselt number.

1.05

—— G2E Re-15K-EXP
L | ——--- G2TV Re-15K-EXP
0.95 § | eeeeeee G2TRV Re-15K-EXP
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0.65 o o ° ° ° ° ° °
0 1 2 3 4 5 6 7 8
X/D,,

Fig. 19 Spanwise averaged Nusselt number for Re = 15,000
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Fig. 22 Spanwise average Nusselt number for Re = 85,000

11
American Institute of Aeronautics and Astronautics



VII. Conclusion

The objective of this study was to experimentally investigate the thermal performance of harbor seal whisker
inspired pin geometries in a pin-fin channel. From the result discussed above it is understood that the harbor seal
whisker pin geometries breakdown the wake structure which contributes to the reduction in pressure drop, as the
turbulence mixing in the downstream of the channel decreases in intensity. This reduction in pressure drop reduces
the Nusselt number which is related to reduced turbulence mixing. Table 1 compares the thermal performance at
constant pressure drop and at constant pumping power for pins G2E, G2TV and G2TRV for all four Reynolds
numbers. Results in column 3 shows thermal performance at constant pressure drop and column 4 shows thermal
performance at constant pumping power.

Table. 1 Summary

Nu Nu

Re Case Nig Nuf
f f\/3

o ()

G2E 0.296 0.098

15,000 G2TV 0.318 0.106
G2TRV 0.333 0.111

G2E 0.323 0.107

30,000 G2TV 0.371 0.123
G2TRV 0.387 0.129

G2E 0.205 0.068

60,000 G2TV 0.219 0.073
G2TRV 0.221 0.076

G2E 0.205 0.068

85,000 G2TV 0.233 0.077
G2TRV 0.229 0.076

The thermal performance data is normalized with respect to smooth channel data, hence a higher value indicates
better performance. From the results we can see that the bio pins perform better in comparison to elliptical pin G2E
in terms of thermal performance at constant pressure drop and pumping power, with a maximum difference of 11%
and 13% for the lower Reynolds number case. As the harbor seal whisker is elliptical in nature pin G2E was used as
a comparison instead of a conventional cylindrical pin. It can be seen from this study that the pin geometries inspired
from harbor seal whiskers do have the potential to improve thermal performance.

Furthermore, the impact of endwall heat transfer and pressure drop in the channel are related to the magnitude of
wake created by the pins, flow acceleration and turbulence mixing in the channel. Hence other engineered pin designs
can be implemented such as, helical strake on a circular cylinder. Helical strakes are used in cylindrical towers to
minimize flow induced vibrations by reducing the wake size generated by these towers. Numerous studies have been
carried out on pin shapes, such as oblong pins, teardrop shaped pins, NACA airfoil shaped pins, triangular pins and
so on. This shows that there are other engineering designs and also other potential nature designs available to be
implemented in a pinfin channel configuration for thermal management purpose, with harbor seal whisker pin designs
being one more potential solution.
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