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Novel Three-dimensional Surface Treatments for

Trailing-Edge Noise Reduction
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The present study is concerned with the experimental investigation of novel complex
surface treatments as a passive trailing edge noise control technique. The proposed novel
three-dimensional surface treatments, composed of a combination of finlets with different
spacings and patterns, have shown better aeroacoustic performance than the standard two-
dimensional treatments in terms of the reduction in the surface pressure power spectral
density, the spanwise length-scale, eddy convection velocity and the trailing edge noise.
Furthermore, the boundary layer flow measurements downstream of the surface treatments
has provided some insight into the mechanisms through which three-dimensional surface
treatments affect the flow structures, which can help improve the performance of such passive
techniques for the suppression airfoil noise at source. The aerodynamic performance of the
plates fitted with different surface treatments is also examined using the boundary layer
velocity information. The results from this fundamental study can lead to the development of

new generations of quieter airfoils with unconventional surface treatments.
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f =  frequency, Hz

h (R = finlet height, m (made dimensionless using wall units)
s(st)=  finlet wall spacing, m (made dimensionless using wall units)
t =  trailing edge thickness, m

u =  streamwise velocity, m/s

U. =  convection velocity, m/s

Ums =  root mean square of velocity fluctuations, m/s

U, =  freestream velocity, m/s

U, = wall-friction velocity, m/s

x,y,z=  coordinate system placed at the plate leading edge, m

X,y, 7= coordinate system placed at the finlets trailing edge, m

¢ =  power spectral density, Pa?/Hz

Aps; =  spanwise length scale, m

d = boundary-layer thickness, m

o* =  boundary-layer displacement thickness, m

y,? =  coherence of Surface pressure fluctuations

v = kinematic viscosity, m?/s

. My =  Streamwise and spanwise separation distance between microphones, m
PSD = Power Spectral Density

SPL = Sound Pressure Level

I. Introduction
22Airfoi| self-noise is generated when the airfoil interacts with its own boundary layer and the near wake flow-field.
Turbulent boundary layer trailing edge noise is one of the most important and common airfoil self-noise mechanisms
[1] and various passive control methods, such as the trailing edge serrations [2, 3], trailing edge brushes [4], porous
trailing edge [5-8], airfoil shape optimization [9], trailing edge morphing [10, 11] and recently upstream surface

treatments [12-15], have been developed and tested over the past few years.
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The use of microstructure surface treatments, known as the riblets, as a passive flow control method, has been the
subject of much studies. Two-dimensional streamwise riblets have been widely investigated and shown to be effective
in reducing the turbulent skin friction drag by as much as 10% [16]. Besides the 2D streamwise riblets, some studies
have explored the effects of three-dimensional riblets such as the interlocking staggered riblets [17] and showed that
3D-riblets produce an appreciable drag reduction. However, the actual drag reduced using 3D riblets was less than
that of equivalent 2D riblets.

Recently, Clark et al. [12, 18] studied the use of larger surface treatments, referred to as the finlets, for reducing
the trailing-edge noise for a tripped DU96-W180 airfoil. The treatments were installed directly upstream of the trailing
edge to modify the boundary layer prior to interacting with the trailing edge. Compared to the untreated airfoil, the
treatments were found to be effective, providing a broadband farfield trailing-edge noise attenuation of up to 10dB.
The aerodynamic analysis of Clark et al. [12, 18] also showed that the aerodynamic impact of the surface treatments
is minimal, with the lift remained largely unaffected for almost the entire angle of attack range where finlets were
found to be effective for reducing the trailing edge noise, and the drag coefficient showing slight increase, by an
amount proportional to the increase in the wetted surface area associated with the treatments.

Afshari et al. [13] also studied the mechanisms responsible for the reduction of far-field noise using upstream
surface treatments by simultaneous measurement of the surface pressure fluctuations and boundary layer velocity on
a long flat-plate model, equipped with several streamwise and spanwise surface pressure microphones. It was shown
that using finlets as a surface treatment can lead to around 8 dB reduction of the surface pressure fluctuations near the
trailing edge. Furthermore, it was observed that the spanwise coherence can be significantly reduced over a wide range
of frequencies.

Bodling et al. [15, 19] presented a numerical analysis of an airfoil geometry inspired by the down coat of the night
owl. Their bioinspired geometry consisted of an array of finlets applied to the trailing edge region of the baseline
airfoil and aligned in the flow direction. Their simulation results showed that the use of finlets can result in significant
reduction in the unsteady surface pressure and farfield radiated noise, in agreement with the measurements available
in the literature [12, 13]. Their results also revealed that the finlets treatment increase the distance between the
boundary layer turbulence and the airfoil trailing edge and therefore reduce the trailing edge noise.

The work presented in this paper is a continuation of our earlier efforts on development of passive surface treatment

based trailing edge noise control techniques [13]. In the present study, to improve the efficiency of the standard 2D
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surface treatments, two different novel 3D surface treatment configurations have been introduced and tested. These
novel complex configurations are shown to provide some improvement over the 2D finlet configurations, namely
producing higher reduction in the surface pressure spectrum near the trailing edge, relatively smaller spanwise length
scale of flow structures compared to the 2D treatments, lower eddy convection velocity and generally lower trailing
edge noise, especially at mid to high frequency ranges. The experimental layout is described in section 2 and the main

outcomes of the investigation are presented in section 3.

I1.Experimental setup

The experiments were carried out in the blow-down subsonic wind tunnel of the Yazd University with a test-
section size of 46 x 46 cm and length of 240 cm. The flat plate used in the present work has a chord length of 580
mm, a span of 456 mm and a thickness of 8 mm. The thickness of the trailing edge is t=0.4 mm, minimizing the
possibility of trailing edge vortex shedding generation (t/8* < 0.3) [20]. The experiments were carried out at zero
angle of attack and at the free-stream velocity of 20 m/s, corresponding to the chord-based Reynolds number of Re, =
7.73 x 10°. To ensure a fully turbulent boundary layer, the model was tripped at 5 percent of the chord-length,
downstream of leading edge on the upper surface. The schematic of the flat plate model is shown in Fig. 1. Two
coordinate systems have been used for describing the geometry and presenting the results. The (X, y, z) coordinate
system placed at the leading edge of the flat plate is used for describing the finlets position and geometry, and the (x,
¥, Z) coordinate system, positioned at the trailing edge of the finlets, is used for presenting the flow and pressure
results downstream of the treatment section, see Fig. 1.

To measure the unsteady surface pressure, a total number of 9 Knowles FG-23329-P07 miniature pressure
transducers (p1-p9) are employed in the form of an L-shaped array on the upper surface of the plate, see Fig. 1. The
locations of the pressure transducers on the upper surface of the flat plate are summarized in Table 1. A set of pressure
transducers are distributed in the streamwise direction from x/c = 0.85 to 0.98 to provide information on the evolution
of the boundary layer structures in the streamwise direction and the convection velocity of the turbulent eddies.
Another set of microphones are positioned along the span of the plate at x/c=0.98 to provide information on the
spanwise coherence and length scale of the boundary layer turbulent structures. The spanwise microphones are
distributed with unequal separation distances, according to the potential function, z/Zuin = Zmax/ Zmin) 2/ M2,

i = 2..N, in order to obtain a good range of distances with all pinhole pairs. The minimum and maximum lateral



1 distances of the pinholes from the flat plate midspan, z,,;,, and z,,4., are 3.2 mm and 40 mm, respectively. The

2  transducers have a radius and height of 2.5 mm and a circular sensing area of 0.8 mm.

3
"
Ny
A&
™
4
5 Fig. 1 The flat plate model used for the present study with an L-shaped pressure transducer array for the
6  measurement of unsteady surface pressure near the trailing edge.
7
8 Table 1 Position of the unsteady pressure transducers on the upper surface of the flat plate.
Microphone number Distance from TE (mm) Distance from midspan (mm)
pl, p2, p3, p4, p5 14.0 0.0, 3.2, 7.5, 17.0, 40.0
p6, p7, p8, p9 35.0, 40.5, 59.5, 87.5 0.0
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The microphones are embedded in the flat plate under a pinhole mask of 0.4 mm diameter in order to decrease the
attenuation effects at high frequencies due to the finite size of the microphones sensing area [21, 22]. Due to the space
constraints in the trailing edge area, two different techniques have been used for the installation of the FG pressure
transducers. For the positions far from the trailing edge, the plate is thick enough to place the microphones vertically
under the pinhole. For the positions near the trailing edge, the microphones have been installed inside the flat plate
parallel to the surface (i.e. horizontally), linked to the pinhole via an L-shaped channel. A schematic of both

arrangements is depicted in Fig. 2a.

a)
ﬁ L

= —40r 7 -
= oo 5
=3 0 _ _
E —60F Nak T “-%

. % o
m 80F ———Pin-hole configuration = —— Pin-hole configuration
= - = =L-shaped channel configuration —10k =" =L-shaped channel configuration

—100 - : . ‘

p 10 10° 10° 10° 10° 10°

) F (Hz) c) f (Hz)

Fig. 2 (a) The pressure transducer installation near the trailing edge, (b, c) Amplitude and phase
frequency response of a pressure transducer under the pin-hole configuration (p6) and with L-shaped

channel configuration (p1).

A tube with a length of 110 mm and diameter of 10 mm along with a high-quality loudspeaker were used for the
calibration of the microphones [23]. All microphones were calibrated in-situ with a white noise excitation signal over
the frequency range of 100 Hz to 20 kHz, based on the calibration procedure proposed by Mish [24]. The amplitude
and phase responses for both arrangements are presented in Figs. 2b and 2c, which show that both the pin-hole and L-

shape channel methods can provide reliable data over the frequency range considered in this study. The attenuation
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and possible resonances induced by the pinhole mask and the L-shaped channel are therefore accounted for by using
this in-situ calibration. A more detailed explanation regarding the pressure transducers installation and calibration can
be found in Ref. [25]. The microphones were powered by a 10-channel power module and the data were collected
using a 16-channel NI PCI-6023E data acquisition system, at the sampling frequency of 40 kHz, for 20 seconds.
Reliable and repeatable measurements are achieved for all microphones. The experimental uncertainty for the surface
pressure spectra is mainly due to the statistical convergence error, which is inversely proportional to the number of
records used [26]. To reduce such errors, in the present study, the spectra were calculated as the average of the spectra
of individual data records obtained from dividing the pressure time series into a sequence of smaller records. The total
number of records used was N,. = 800 resulting in an uncertainty of about 3.5%.

The boundary layer velocity measurements have been carried out using a single constant temperature hot-wire
anemometer. The sensing element of the probe is a standard 5pum diameter tungsten wire with a length of 1.25 mm.
The probe was calibrated using a standard Pitot tube located parallel to the incoming flow. Furthermore, the frequency
response of the probe was verified by means of a square wave test to ensure a second-order response and demonstrating
a 3 dB drop-off, based on the definition of Freymuth [27], at 30 kHz, for the free-stream mean velocity of 20 m/s. The
probe is traversed in the boundary layer using a three-axis traverse unit controlled by stepper motors with 0.01 mm
accuracy. The data were recorded at a sampling frequency of 40 kHz and for a sampling time of 10 seconds. To
calculate the uncertainty of the hot-wire data, the methodology provided in Ref. [28] is used. The independent
parameters such as the atmospheric temperature and pressure, curve fitting error in the calibration, A/D resolution
uncertainty, probe positioning, and humidity are considered for the uncertainty analysis. Results revealed that the
maximum uncertainty in the measured mean velocity and turbulence intensity are approximately 3%.

In the present study, blade-shaped fences (finlets) are chosen as the surface treatments for the flat plate. The design
parameters of the various surface treatment configurations used in this study are illustrated in Fig. 3. The thickness of
all finlets blades is 0.5 mm. Furthermore, the finlets have a height of A = 12 mm, corresponding to h/& = 0.24 or
h* =624 (h* = hu,/v). The surface treatments are positioned at 105 mm upstream of the trailing edge and are
placed such that the streamwise pressure transducers (p1, p6-p9) are located at the center channel made by finlet walls,
see Fig. 1. The position of the spanwise transducers (p2-p4), relative to the finlet walls may vary depending on the
finlet gap distance (s). Three types of finlet treatments will be examined here: (1) two uniformly placed two-

dimensional surface treatments, with finlets spacings of s = 8 and 2 mm, correspondingto s/§ = 0.16,0.04 ors™ =
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416,104 (s* = su,/v). These finlet treatments will be referred to as the U-type s8 and s2 treatments, see Fig. 3a; (2)
3D interlocked staggered finlets, see Fig. 3b (referred to as the S-type finlets); and (3) finlets with gradually reduced
spacing, see Fig. 3c (referred to as the G-type finlets). All the finlet treatments are fabricated using 3D rapid

prototyping. The geometrical details of the U-, S- and G-type finlet treatments are provided in Fig. 3.

Fig. 3 Various surface treatment configurations, (a) uniformly placed 2D standard configuration (U-

type), (b) staggered configuration (S-type), (c) gradually reduced spacing configuration (G-type).

I1l. Results and Discussion

A. Pressure Field

According to Amiet’s [29] mathematical model, the wall pressure point spectrum, the frequency dependent
spanwise length scale and the convection velocity of the surface pressure fluctuations in the vicinity of the trailing
edge are the determining quantities for the prediction of the far-field trailing edge noise. Figure 4 presents the surface
pressure power spectral density (PSD) measured by the pressure transducer p1 near the trailing edge (x/c=0.98) of the
clean and treated flat plates, normalized by p,., = 20 uPa. The unsteady pressure data are corrected according to the
calibration procedure described in [24] and the Corcos’ correction [21]. As shown, the surface pressure PSD curve for
the clean flat plate case follows decay rates of f~* and £~ at mid and high frequencies, which agrees with the results
reported in the literature [20, 30]. As can be seen, the U-type finlets with coarse and fine spacing (s=8 mm and 2 mm)
exhibit very different surface pressure behavior at the trailing edge. For the finlets with coarse spacing (s8), the
presence of the upstream surface treatment has led to a significant reduction of the surface pressure PSD over the mid

to high frequency ranges, with no noticeable changes to the low frequency energy content of the boundary layer. For
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the surface treatment with fine spacing (s2), results demonstrate that while the presence of the upstream surface
treatment leads to a greater reduction in the pressure PSD at high frequencies, it also results in a significant increase
in the energy content of the surface pressure at low frequencies. These trends are consistent with the far-field noise
observations of Clark et al. [12] which showed that reducing the spacing between the finlets can result in low frequency
increase of the far-field trailing-edge noise. As can be seen in Fig. 4, for the U-type finlets with fine spacing (s2), the
spectral broadband peak occurs at about 130 Hz, corresponding to fh/U,, = 0.078, where h is the finlets height. This
also matches well with the non-dimensional vortex shedding frequency in the wake of backward facing steps (BFS)
[31, 32]. Finally, the results for the S-type and G-type finlets have shown that they can provide a better performance
than both the U-type s2 and s8 treatments at high frequencies and have less negative impact at low frequencies than
the s2 treatment. This is an interesting observation which means that the more geometrically complex finlet treatments
are able to increase the energy decay at high frequencies, and that the low frequency hump is somewhat controlled.
The mechanisms through which the low frequency PSD is reduced, relative to the U-type s2, will be discussed in

Section I11.B.

90 . .
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30 = ' '
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Fig. 4 Surface pressure power spectral density referenced to p,..; =20 pPa measured by microphone p1 on

the trailing edge of the clean and treated flat plates.

To investigate the effect of the finlets on the unsteady surface pressure in the spanwise direction and the potential

three-dimensionality effect of the finlets, the pressure power spectral density results obtained from all the spanwise
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microphones (p1-p5) for the different treated flat plates are provided in Fig. 5. These pressure transducer locations
cover a wide enough spatial range, relative to the finlets walls, to demonstrate any three-dimensionality effects. In all
sub-plots, z/h=0 corresponds to the center-point of the finlet channels. The exact location of each pressure transducer
can also be found from Table 1. As can be seen, the surface pressure PSD results remain almost unchanged, particularly
at low and mid frequencies, regardless of the relative spanwise location of the pressure transducers and the finlet walls.
At the high frequencies, the PSD results again show a good collapse with a maximum deviation of 4dB in the case of
the s8 treatment and 2dB for the other cases. The pressure PSD results at different spanwise locations, therefore,
suggest that the pressure field at flat plate trailing edge region is nearly statistically stationary in the spanwise direction

for all surface treatments.
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Fig. 5 Surface pressure power spectral density measured by various spanwise microphones (p1-p5) at the

trailing edge of the treated flat plates, (a) U-type (s=8 mm), (b) U-type (s=2 mm), (c) S-type, (d) G-type.

The effects of the presence of the finlets on the lateral coherence of the boundary layer structures, obtained using
the pl to p5 pressure transducers, located at x/c=0.98 are presented in Fig. 6. The results in this figure show the

changes to the lateral coherence, i.e. Ay? = Y2 oatea — YZean, S a function of separation distance (n,) and frequency.
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Results show that the use of the coarse U-type surface treatment (s8) leads to an increase in the lateral coherence at
low to mid frequencies without any significant changes at high frequencies, Fig. 6a. The results for the U-type finlets
with fine spacing (s2), on the other hand, shows that the use of such finely distributed finlets can somewhat reduce
the coherence at mid frequencies with an undesirable increase at low frequencies, see Fig. 6b. As can be seen, the
lateral coherence of the boundary layer structures for both proposed 3D surface treatments, especially the G-type case,
is fairly similar to the s2 treatment case, see Figs. 6¢ and 6d. The spanwise length-scale of the surface pressure

fluctuations, A, 5(f), was calculated using the spanwise coherence, yz?i,pj (f,n,), measured using the p1 to p5 pressure

transducers at x/c = 0.98 (A, 5(f) = f0°° ¥p,ij (f,n2)dn;). Figure 7 shows the effects of the finlets presence on the
spanwise length-scale. Results show that using both the fine (s2) and coarse (s8) U-type finlets leads to an undesirable
increase in the spanwise length-scale at low to mid frequencies. As seen in Fig 7, the proposed 3D surface treatments
cause a smaller increase in the spanwise length-scale at low frequencies compared to the standard U-type treatments,
particularly the U-type s8 treatment. This implies that in the presence of the proposed 3D surface treatments, the flow

structures passing over the trailing edge are less prone to cause high level of noise compared to the U-type treatment.
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= 30 — 0.3
B 20 0.2
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g - m ! —0.1
a) 100 p)  10° 10°
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. . -0.1
‘ ) 10° 10°
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Fig. 6 Changes in the lateral coherence, A¥? = ¥ .ated — VZiean, Measured between spanwise microphones

for different finlet treatments, (a) U-type (s=8 mm), (b) U-type (s=2 mm), (c) S-type, (d) G-type.

11



10

11

12

13

14

15

16

17

25 —Clean lJlate
i 4
e - - - -U*t}"pe (5:8 mm)
30r e U—t}-'pe (5':2 mm) |
Y
= e, N T S-type
g 251 TN * G-type |
<200 7
4:.:_
157 |
9 \ 4
- I 2 ‘ .
10 10
/ (Hz)

Fig. 7 Spanwise length scale (4, 3) measured at x/c=0.98 for the clean and treated flat plates.

The convection velocity of the wall fluctuating pressure field is defined using the phase shift calculated from the
cross-spectra of two streamwise pressure transducers, as explained in Ref. [13]. Table 2 summarizes the values of the
convection velocity of the boundary layer structures, calculated using the phase analysis between the microphones p6
and p7 (n,=5.5 mm) near the trailing edge for the clean and treated cases. It is clear from the results that the presence
of the surface treatments generally leads to a reduction in the convection velocity in the trailing edge region. Results
have also shown that the s2 type causes significant reduction in the convection velocity compared to the s8 type and

that the novel 3D treatments have a fairly similar behavior to the s2 type finlets.

Table 2 Convection velocity calculated from the phase shift between microphones p6 and p7 (17,=5.5 mm).

Configuration Clean plate  U-type (s=8 mm) U-type (s=2 mm) S-type G-type

Uc/Us 0.6 0.46 0.25 0.26 0.24

B. Boundary Layer Velocity Field
To gain a better insight into the mechanisms through which the proposed 3D surface treatments affect the flow
structures and improve the efficiency of the standard 2D surface treatments, the boundary layer flow field downstream

of the clean and treated flat plates, measured along the centerline of the finlet channels (i.e. along the Z = 0 axis), are

12
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studied. In Fig. 8, the contour maps of the dimensionless mean velocity and the turbulence intensity (u,ms/Us)
downstream of the two- and three-dimensional surface treatments are presented and compared against the clean flat
plate results. Figures 8c and 8d show that the use of U-type finlets with coarse spacing (s8) leads to the reduction of
both the mean velocity and turbulence intensity in the near wall region downstream of the finlets compared to the
clean plate case. It may be hypothesized that in the case of coarse U-type surface treatment (s8), significant portion of
the boundary layer flow (up to approximately 25% of the boundary layer thickness, y/§ < 0.25) is channeled between
the finlets, leading to an increased wetted surface area and therefore possible increase in energy dissipation via surface

friction.
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Fig. 8 Turbulence intensity contour map downstream of the different surface treatments. (a, b) Clean flat

plate, (c, d) U-type (s=8 mm) finlets, (e, f) U-type (s=2 mm) finlets, (g, h) S-type finlets, (i, j) G-type finlets.

The contour map of the mean velocity and turbulence intensity downstream of the fine U-type s2 case, Figs. 8e
and 8f, shows the emergence of a shear layer at about y/h =~ 1 which extends downstream to the reattachment point

at about x/h = 9. The behavior observed here is similar to the flow-field behind a backward-facing step [33, 34]. It

13
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can, therefore, be concluded that by reducing the spacing between finlets (from 8 mm to 2 mm), some parts of the
upstream flow separate at the end corner of the finlets and forms a free-shear layer downstream of the finlets. Finally,
the contour maps of the turbulence intensity downstream of the 3D surface treatments, Figs. 8h and 8j, show that
although the presence of the 3D surface treatments can lead to flow separation and formation of a shear layer
downstream of the finlets, this shear layer, especially for the S-type case, is much weaker than the U-type s2 treatment
case.

To better understand the flow behavior downstream of the U-type and novel 3D surface treatments, the boundary
layer mean velocity (u/U,) and the turbulence intensity (u,,s/Us) profiles, measured at the location of the pl
pressure transducer, i.e. x/c=0.98 and at the middle of the space made by finlet walls, are studied. Results in Fig. 9
show that all two- and three-dimensional surface treatments create a velocity deficit in the near wall region, y/h < 2,
indicating significant changes to the boundary layer structures downstream of the finlet treatments, Fig 9a. As seen,
the changes in the boundary layer mean velocity deficit increases with decreasing the spacing between the finlets of
the U-type treatment from 8 mm to 2 mm. Furthermore, the boundary layer mean velocity profiles downstream of
both the 3D cases are similar to the profile of the fine U-type surface treatment (s2), which is consistent with the eddy
convection velocity results in the vicinity of the flat plate trailing edge, see Table 2. As can be seen in Fig. 9b, in the
presence of the U-type finlets with coarse spacing (s8), the passage of the flow through the treatment channels lead to
a reduction in the turbulent intensity profile within 0 < y/h < 2.5. Furthermore, reducing the finlets spacing from 8
mm to 2 mm leads to a strong rms velocity peak at y/h =~ 1, which is due to the turbulence generated by a shear layer
originating from the top surface of the finlets, as shown in Fig. 8f. Interestingly, results show that using both proposed
3D surface treatments create a lower rms velocity peak at y/h = 1 than the s2 case and leads to a more pronounced
reduction of the turbulence intensity in the near wall region than both the s2 and s8 finlets. This behavior is consistent
with the reduction of the undesirable low frequency content of the surface pressure PSD, achieved by replacing the

U-type fine finlets with 3D surface treatments, as observed in Fig 4.
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Fig. 9 (a) Boundary layer mean velocity profiles, (b) Turbulence intensity profiles at the position of

microphone pl (x/c = 0.98) for the clean and treated flat plates.

The results presented in Fig. 10 show the velocity PSD contour plots, normalized by the results of the clean flat
plate (Ady, = 10logyo(Pyutreatea/ Puwciean)). The results in Fig. 10a, show that the use of the s8 finlets leads to
the reduction of the low frequency energy content of the boundary layer structures over the normal distance from the
plate of y/h < 3. Furthermore, it can be observed that the energy content of the near the wall mid- to high-frequency
structures has been reduced. The normalized velocity PSD results for the U-type s2 finlets is presented in Fig. 10b. As
can be seen, the turbulence energy content of the near the wall structures at mid- to high-frequencies are reduced, even
more than that observed for the coarse U-type finlets (s8). However, in the region between 0.5< y/h < 2, the
turbulence energy content of the flow is significantly increased, particularly at low frequencies, due to the additional
turbulence generated in the shear layer originating from the flow separation formed at the end of the finlets [35], as
also evidenced by the mean velocity gradients in Fig. 9a and the turbulence intensity peaks in Fig. 9b. Therefore, for
the fine finlet treatment, the flow s