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ABSTRACT

Delta winglets are an effective means for enhancing heat exchange and thus the
performance of renewable energy technologies, including solar energy. A pair of 0.1
mm thick, 15 mm high (h) and 30 mm long aluminum winglets separated with
transversal spacing, s, of 2/, # and 0 were scrutinized in a closed-loop wind tunnel at
a Reynolds number based on 4 of 6300. The turbulent flow was characterized using
a 3D hotwire probe, and the heat convection augmentation was quantified in terms
of the normalized Nusselt number (/NVu/Nu,), indicating the heat transfer improve-
ment compared to the reference case without the winglets. The interaction of the
organized counter-rotational vortices intensifies and they become indiscernible at s
= 0. The peak strain rate at 10h downstream increased from 390 s7!, to 478 57!, to
514 s7!, when the spacing decreased from 25 to 4 to 0, respectively. The zero-spaced
winglet pair provided the largest Nu/Nuy, of around 1.21, at X/ = 10 and Y7/ = 0,
approximately 21% higher than that of 2/-spaced winglet pair, due to the strongest
strain rate and the absence of upwash flow. On the other hand, the 2/-spaced winglet
pair provided the largest span-averaged Nu/Nu,, which is of practical significance.
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NOMENCLATURE
A Area of the PTFE (Polytetrafluoroethylene) plate
c Winglet chord length
E Uncertainty
H Convective heat transfer coefhcient
h Winglet height
K, Thermal conductivity of air
Korer Thermal conductivity of the PTFE plate
L Characteristic length

1. Turbulence and Energy Laboratory, University of Windsor, ON, Canada
2. Essex Energy, Oldcastle, ON, Canada
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N Sample size

Nu Nusselt number

Nu, Unperturbed reference Nusselt number
PTFE Polytetrafluoroethylene

Qconvcction Convective heat transfer rate

deiation Radiation heat transfer rate

Qmml Total heat transfer rate

s Transversal space between winglet pair

T, Ambient air temperature

Thorcom Bottom surface temperature of the PTFE plate
Tiop Top surface temperature of the P7FE plate
Tt Wall temperature of wind tunnel

'pTEE Thickness of the PTFE plate,

U, V, W, Instantaneous velocity in the X, ¥, and Z direction, respectively
u,v,w Time-averaged velocity in the X, ¥, and Z direction, respectively

o

Streamwise freestream velocity

RS
S
=

Instantaneous fluctuating velocity in X, ¥, and Z direction, respectively

Streamwise root-mean-square ﬂuctuating velocities

g

Streamwise direction
Widthwise direction
Vertical direction
Attack angle of winglet
Emissivity

Taylor microscale

Q > ™ Q N~ >

Boltzmann’s constant

Turbulent strain rate

SRS

Taylor time scale

1. INTRODUCTION

To simultaneously improve our environment, health and living standard, much effort has been
invested in ‘greening’ buildings in recent years [1]. Solar energy is, most often, a significant con-
tributor to green buildings. Rock [2] discussed optimizing solar energy collection via building
orientation, whereas Alvarado et al. [3] used housing attics. Peng et al. [4] detailed a case study
on net-zero-energy solar buildings. Heat exchange is critical in both solar thermal and photo-
voltaic applications. That being the case, many attempts have been made aiming at improving
heat transfer rates. A simple, straightforward, and effective way to improve energy efficiency is
to enhance the heat transfer rate passively. Among others, a promising technique is employing
winglet-type vortex generators. Winglets can provide long-lasting longitudinal swirling vortices,
destabilizing the flow field and disrupting the boundary layer development [5][6], improving
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the convective heat transfer and consequently the involved engineering systems. Wu et al. [7]
experimentally illustrated the influence of a delta winglet on the heat transfer augmentation of
a heated flat plate in an unconfined setting. The winglet was positioned with an attack angle of
30°, 45° and 60° with respect to the incoming flow, which was maintained at 10 m/s, a Reynolds
number of 6000 based on the winglet height. According to their study, the winglet with 60°
attack angle induced the largest share of the transverse longitudinal vortex and thus, the optimal
heat convection enhancement. A numerical investigation of the heat transfer in a circular tube
was conducted by da Silva et al. [8]. The attack angle of the winglet was varied from 15° to 45°,
for a Reynolds number based on the diameter of the circular channel ranging from 300 to 900.
Opver the range of studied conditions, increasing the attack angle augmented the heat transfer
rate. The Nusselt number was enhanced by around 40%, when the attack angle was 15° and
the Reynolds number was 900, compared to the reference case without the winglet. This heat
transfer augmentation increased to 68% at an attack angle of 45°.

Instead of a single winglet, winglet pairs or arrays are more appropriate when it comes
to a large heat transfer surface such as a relatively large heat exchanger tube or a photovoltaic
panel or array. Sun et al. [9] experimentally examined the effect of the number of winglets on
the heat transfer in a circular tube. They showed that the heat transfer rate in terms of Nusselt
number increased with the number of winglets, due to the added fluid mixing across the tube.
Li et al. [10] carried out a numerical study, investigating the arrangement of a pair of delta
winglets for heat transfer augmentation in a half coiled jacket pipe. They concluded that the
common-flow-up (CFU) configuration of the winglet pair could provide a stronger secondary
flow motion and thus, better thermal transportation compared to the common-flow-down
(CFD) configuration. The CFU winglet pair resulted in an approximately 16% increase in
the average Nusselt number, whereas the CFD configuration led to a 9% increase. The effect
of the shape of winglet pair on heat convection of a fin-tube heat exchanger was numerically
investigated by Hu et al. [11]. They pointed out that the intensity of the vortex plays a sig-
nificant role in heat transfer augmentation. Therefore, the delta winglet pair, from which the
largest vortex intensity was observed, provided the best heat transfer augmentation, compared
to the rectangular and trapezoidal winglet pairs. In another study, the delta winglet pair and
rectangular winglet pair were proposed for the heat transfer enhancement in a double-pipe heat
exchanger by Li et al. [12]. They found that a better heat transfer augmentation was achieved
when the delta winglet pair was utilized, with Nusselt number increased by 71% to 78% at a
Reynolds number from 6600 to 13400. The Nusselt number enhancement of the rectangular
winglet pair was around 52%-67% at the same Reynolds conditions. Zhai et al. [13] developed
an experimental investigation, optimizing the attack angle (10° to 40°), height (5 mm, 7.5
mm, 10 mm) and spacing (10 mm, 15 mm, 20 mm) of the delta winglet pair to maximize the
heat transfer enhancement in a circular tube. The Reynolds number in this study ranged from
5000 to 25000. It was found that the heat convection, in terms of Nusselt number, increased
with Reynolds number regardless of the attack angle, height and spacing of the winglet pair.
Further, they concluded that the winglet pair with the largest attack angle (40°), tallest height
(10 mm) and middle spacing (15 mm) provided the highest heat transfer enhancement, with
a maximum normalized Nusselt number of around 1.73.

It is interesting to note from the aforementioned studies that the heat convection aug-
mentation could be considerably improved by an appropriately designed winglet pair. The
design parameters include the arrangement, shape, attack angle, height, transversal space, etc.,
as summarized in Table 1. Among others, the spacing effect on the heat transfer seems more
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ambiguous. The optimal heat transfer does not necessarily occur with the narrowest nor the
widest spacing. For example, in Ref [13], the best heat transfer was obtained with a moderately-
spaced winglet pair. Pourhedayat et al. [14] numerically explored the effect of winglet pair
spacing on the heat transfer in a circular tube. The pair of winglets in this study were separated
by 0 to 40 mm, and the diameter of the tube was 47 mm. In their study, the 20 mm-spaced
winglet pair provided the maximum heat transfer augmentation. In another study conducted
by Song et al. [15][16], a pair of winglets separated by 0, 0.6, 1, 1.3 Lsin0 were investigated,
where L and 0 were the winglet base length and attack angle, respectively. This study showed
that the winglet pair with the second smallest space (0.6 Lsin8) provided the best heat transfer
enhancement in the fin-tube heat exchanger.

From the fundamental perspective, flow destabilization is one of the promising mecha-
nisms for passive heat transfer enhancement [5]. An increase in fluctuating velocity can result
in a significant increase in heat transfer enhancement [17][18]. In addition to flow fluctuations,
the turbulent length scales are also of significance to better describe the turbulent flow, which is
rich in eddying motions of different sizes [19]. Therefore, the turbulent strain rate, incorporat-
ing both the effect of turbulent fluctuating intensity and that of length scale, comes to mind.

TABLE 1. Summary of previous studies about the effect of winglet on heat transfer
enhancement.

Reference Condition Studied parameters Main finding
Wuetal [7] | Open flow Attack angle: 30° to 60° Heat transfer rate increases with attack
angle

da Silva et Channel flow | Attack angle: 15° to 45° Heat transfer rate increases with attack

al. [8] angle

Sunetal. [9] | Channel flow | Number of winglets: 4, 6, 8 Heat transfer rate increases with number

of winglets

Lietal. [10] | Channel flow | Configuration: Common-flow-up provided a better heat
common-flow-up and transfer performance
common-flow-down

Hu et al. Channel flow | Shape: delta, rectangular, Delta winglet provided the best heat

(11] trapezoidal winglet transfer performance

Lietal. [12] | Channel flow | Shape: delta, rectangular Delta winglet provided a better heat
winglet transfer performance

Zhai et al. Channel flow | Attack angle: 10° to 40°; Heat transfer rate increases with the

[13] height: 5 mm, 7.5 mm, 10 increase of attack angle and height; 15
mm; spacing: 10 mm, 15 mm-spaced winglet pair provided the
mm, 20 mm largest heat transfer enhancement

Pourhedayat | Channel flow | Spacing: 0 to 40 mm 20 mm-spaced winglet pair provided the

et al. [14] laregest heat transfer augmentation

Song et al. Channel flow | Spacing: 0, 0.6, 1, 1.3 Lsin®, | 0.6 Lsin6 provided the largest heat

[15][16] L and 6 were the winglet base | transfer enhancement
length and attack angle

100
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TABLE 2. Highlighted contributions of the current study.

* The less-known spacing effect of a winglet pair is investigated.

¢ Different from most previous studies conducted within the confinement of a channel, the current study
is carried out in open flow condition.

¢ The correlation between turbulent strain rate and heat transfer enhancement is deduced.

So far, notable investigations have been developed in characterizing a turbulent flame in terms
of the turbulent strain rate [20][21]. However, its effect on convective heat transfer is relatively
unexplored. With this backdrop, the current study aims at scrutinizing the spacing effect of
a winglet pair on the turbulent strain rate and the heat transfer enhancement over a heated
flat plate. The highlighted contributions are summarized in Table 2. With this understanding,
engineers can better design winglets for potent heat transfer enhancement.

2. EXPERIMENTATION

This experimental investigation was carried out in a closed-loop wind tunnel with a 760 mm
square cross-section. The detailed setup, including the studied delta winglet pair, is depicted in
Figure 1. A PTFE (polytetrafluoroethylene) plate was inlaid in the base of the test section. It
is 295 mm wide, 380 mm long, and 3 mm thick, with a thermal conductivity and emissivity
of 0.25Wm™'K! [22] and 0.92 [23], respectively. Under the PTFE plate, a tank of water was
heated to boil continuously, with the generated steam condensing on the lower surface. As a
consequence, a uniform temperature of approximately 100°C was maintained on the bottom
surface of the PTFE plate. In this study, a FLIR C2 thermal camera was employed to obtain
the top surface temperature distribution of the PTFE plate, and thus, the heat transfer aug-
mentation, in terms of the normalized Nusselt number could be deduced. The 0.1 mm thick

FIGURE 1. Experimental setup.
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aluminum winglets have height () of 15 mm and chord length (¢) of 30 mm. They were placed
side-by-side in a common-flow-up configuration [10] on the PTFE plate. The transversal space
() of the trailing edge of the winglet pair was 24, 4 and 0. The attack angle (@) of the winglets
was maintained at 30°. The origin O was chosen as the middle point between the tips of the
winglet pair, and the orthogonal X, Y, and Z representing the streamwise, widthwise and verti-
cal direction, respectively. The incoming flow in this study was set at 7 m/s, the corresponding
Reynolds number was approximately 6300 based on the winglet height. To characterize the
turbulent strain rate behind the winglet pair, a 3D hotwire probe with a constant-temperature
anemometer (type 55P95) was utilized to quantify the flow at 10/ downstream from the leading
edge of the winglet pair. The cross-stream measure plane was 84 by 2.674, with spatial resolution
of 0.334. At each measure point, the velocity signal was low-passed at 30 kHz and sampled at
80 kHz, with sampling number of 10° to avoid aliasing.

3. DATA PROCESSING
With a 3D hotwire probe, the instantaneous velocities in all three orthogonal directions could
be obtained. The streamwise, widthwise and the vertical velocities can be expressed as,

U=U+u; V,=V+v; W,=W +uw, (1)

i N

— 1 onN = 1 onN
N Un V= sz:lVi’ W= ﬁzile are the time-averaged velocities, and

7
u;, v;, and w; are the corresponding fluctuating velocity, from which the root-mean-square tur-
bulent fluctuating velocity could be calculated,

where U =

2
N U,
o =N D T @)

Here, N is the sampling size, which is set at one million in this study. Also, from the fluc-
tuating velocity, the Taylor timescale could be obtained, i.e.,

2u*(2)
t

) 3)
k4

Invoking the Taylor frozen hypothesis [24], the Taylor microscale can be deduced by
multiplying the Taylor timescale with the velocity conveying the eddies across the hotwire.
Specifically, the Taylor microscale,

A=Urt, 4)

Instead of relating the heat transfer with a characteristic turbulent velocity and a suit-
able length scale separately, an appropriate turbulent parameter incorporating both velocity
and length scales can be devised. Turbulent strain rate is such a parameter signifying the flow
straining caused by the intense vortex tubes represented by the Taylor microscale. This turbulent
strain rate can be expressed as
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o, = 5)

With negligible conduction heat transfer, the convective heat transfer rate of the studied
heated PTFE plate could be expressed as the total heat transfer rate minus radiation heat transfer
rate, i.e.,

Qconvection = Q&otal - Qradiation (6)

where the total heat could be obtained from,

i 71bottom - ]1top
Qoo = Kprpp A ; 7)

PTFE

Here, Kprpg is equal to 0.25 Wm™'K™! [22], which is the thermal conductivity of the PTFE
plate. The thickness and the area of the PTFE plate, #pp; and A are 3 mm and 295 mm by 380
mm, respectively. 7, is the top surface temperature of the heated plate, which is measured by
the thermal camera, and 7}, is bottom surface temperature, which is maintained at 100°C.

The radiation heat transfer rate,
: _ 4 4
Q,radiation - 8614(710;) Twall) (8)

where emissivity € is 0.92 [23], and the Stefan-Boltzmann constant ¢ is 5.67 X 10~8 Wm2K*
[25]. T, is the wall temperature of the wind tunnel, which is around 23°C.
The convective heat transfer coefficient could be deduced from Qo vection »

e L o
Az, -1,)

» 18 23°C. This convective heat transfer coefhicient could be nor-
) and the characteristic length (Z),

where the air temperature, 7,

malized by the thermal conductivity of the ambient air (K;,
giving the Nusselt number,

Nu=—— (10)

air

As we are interested in the heat transfer augmentation and not the heat transfer rate itself,
the Nusselt number is normalized by the corresponding reference Nusselt number in the absence

of the winglet pair (NVy),

Nu H
Nu, " H, (an
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4. RESULTS AND DISCUSSION

4.1 Flow and turbulent strain rate

Random fluctuation is one of the basic characteristics of the turbulent flow [19]. Therefore,
the streamwise root-mean-square fluctuating velocity (#,,,) at X// = 10 is shown in Figure 2.
The uncertainty, presented in the Appendix, is around 0.02 ms™'. The cross-sectional velocity
vectors are also presented in the figures to show the flow field. The two dashed-line triangles
trace the winglets in the YZ plane, looking upstream at 10/ downstream. When the transver-
sal space, s, between the two winglets is 25, a pair of counter-rotational swirling flows could
be clearly seen; see Figure 2(a). These organized flow structures cause a notable flow motion,
upwash, vertically upward away from the heated surface, locating at around Y74 = 0. This could
have a negative effect on the heat transfer enhancement [7], because the upwash leaves behind
a quasi-stagnant region next to the surface. With decreasing spacing between the winglets, the

FIGURE 2. Streamwise root-mean-square fluctuating velocity (ms™") and velocity vector in YZ
plane at 10h downstream of the winglet pair separated by (a) 2h (b) 1h (c) 0.
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TABLE 3. Peak value of v,

Spacing between winglets Maximum #,,,,
s=2h 0.75 ms™!
s=1h 0.86 ms™
s=0 0.97 ms™!

interaction of the large, organized vortices becomes stronger. This interaction is most intense
when the two winglets touch each other, with s = 0, in which case the two organized vortices
become literally indistinguishable; see Figure 2(c). Due to the finite resolution of the measure-
ment locations, they appear to merge into one vortex, which is not the case. More importantly,
the intensification of vortex-vortex interaction leads to intensification of the turbulence fluc-
tuation. From Figure 2(a), we can see that #,,, peaks at around 0.75 ms™!, at Y/h = -1.67, ZIh
= 0.67. This corresponds to the core of the swirling vortex [26]. With decreasing separation
between the two winglets, s, the intense #,, region tends to move toward the center, i.c., ¥/
= 0, where the two vortices strongly interact with each other. Also, the peak #,, increases to
around 0.86 ms™! and 0.97 ms™', when the spacing of the winglet pair decreases to 15 and 0,
respectively; see Table 3. Besides, a decreasing trend of turbulence fluctuation with respect to
the vertical direction, Z/4, is also identified. This indicates that the turbulence fluctuation is
also associated with the boundary layer, and it is being restored to the unperturbed condition
as the freestream is approached.

Figure 3 illustrates the contour of Taylor microscale (), which represents the small dissipa-
tive turbulent length scale. The uncertainty of the Taylor microscale is estimated to be around
0.10 mm; see Appendix. Note that a couple of considerably small values tend to appear far away
from the wake of winglet pair, where the flow is largely laminar and the turbulent length scale
is meaningless. Thus, we only focus on the wake region of the winglet, where the turbulence
fluctuation is of significance. Corroborating with the general decreasing trend of turbulence
fluctuation shown in Figure 2, an increase of Taylor microscale with respect to Z// could be
clearly observed. For the 2/-spaced winglet pair, the minimum value of Taylor microscale is
around 1.4 mm, located near the wall surface at Y/ = —0.33, Z/h = 0.67. With increasing
Zlh, A increases rapidly and reaches a maximum value of around 4.5 mm at ¥/4 = 0 and Z/5
= 1.67; see Figure 3(a) and Table 4. When it comes to the 1h-spaced winglet pair shown in
Figure 3(b), the minimum A is around 1.4 mm, the same level with that of 2/-spaced winglet
pair. Meanwhile, the increase of the Taylor microscale with Z// seems more gradual, with a
smaller A peak of around 3.9 mm at Y75 = 0 and Z/h = 2. When the separation between the
two winglets is reduced to 0, the Taylor microscale becomes smaller than 3 mm near Y/ = 0;
see Figure 3(c). This is presumably caused by the strongest vortex-vortex interaction and the
most intense turbulence fluctuation as shown in Figure 2(c).

Figure 4 depicts the contour of turbulent strain rate over a cross section at 10/ downstream
from the leading edge of the winglet pairs with varying spacing. Generally, the decreasing
space results in an increase of turbulent straining. It is clear from Figure 4(a) that for s = 2/,
the turbulent strain rate reaches a peak value of around 390 s7!, near ¥// = 0, Z// = 0.33. The
uncertainty of the strain rate is estimated to be approximately 23 s7!, see the Appendix. The
location of the maximum strain rate region corresponds to the vortex interaction area and the
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FIGURE 3. Streamwise Taylor microscale (mm) and velocity vector in YZ plane at 10h

downstream of the winglet pair separated by (a) 2h (b) 1h (c) O.
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TABLE 4. Largest A near Y/h =0.

Spacing between winglets Largest A
s=2h 4.5 mm
s=1h 3.9 mm
s=0 3 mm
106 Volume 16, Number 2

$S9008 93l} BIA Z2-80-G2Z0Z e /w09 Aiojoejqnd poid-awiid-yiewssiem-jpd-awrid;/:sdiy wouy pepeojumoq



near-wall boundary, where the turbulence fluctuation is large and the Taylor microscale is small.
When decreasing the transversal spacing to 14 and 0, the peak values of the turbulent straining
increased to around 478 s7' and 514 s7!, respectively; see Table 5. This is expected to have a
positive effect on the heat transfer near ¥/4 = 0, which will be discussed in the following section.

FIGURE 4. Turbulence strain rate contour (s') and velocity vector in YZ plane at 10h
downstream of the winglet pair separated by (a) 2h (b) 1h (c) 0.
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TABLE 5. Maximum turbulent strain rate.

Spacing between winglets Maximum turbulent strain rate
s=2h 390 s7!
s=1h 478 57!
5=0 51457
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4.2 Heat transfer

To scrutinize the heat convection enhancement compared to the reference case in the absence
of a winglet pair, the normalized Nusselt number (Nu/Nu,) is illustrated in Figure 5. The
uncertainty of Nu/Nu, is around 0.066, see the Appendix. The origin point (X/4 = 0, Y/h =
0) corresponds to the middle point between the tips of the winglet pair. The black triangles
are the attached fold of the pair of aluminum winglets; they are highly conductive and hence
promoted heat loss in the proximity. From Figure 5(a), two convection-enhanced areas could
be clearly found, span across from Y7/ = 0.5 to +3. These correspond to the locations of the

FIGURE 5. Normalized Nusselt number (Nu/Nuy) downstream of the winglet pairs.
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TABLE 6. Maximum normalized Nusselt number (Nu/Nu,) at the end of studied surface.

Spacing between winglets Location NulNu,
s=2h Xlh =20, and YIh = -1.33 1.21
s=1h Xlh =20, and Y/h =-0.83 1.16
s=0 Xlh=20,and YIh=0 1.08

counter-rotational vortices as shown in Figure 2(a). Nu/Nu, decreases gradually with respect
to the downstream direction, implying the weakening of the vortical flow with streamwise
distance. Nevertheless, the convective heat transfer is still enhanced by around 20% at X// =
20, and Y7/ = —1.33, the end of the studied area. This indicates the long-lasting effect resulting
from the longitudinal vortices created by the winglet pair. Also, worth mentioning is that, at
the area near Y// = 0, the heat transfer enhancement is considerably weak; see Figure 5(a). In
spite of the more intense turbulent straining motion, the upwash flow was also observed in this
region as shown in Figure 4(a), which tends to reduce heat convection [27]. With decreasing
separation between the winglets, the two side-by-side convection-enhanced areas start to merge
with each other. When the spacing is zero, only one enhanced area near Y/4 = 0, where the
most intense strain rate resides, is seen; see Figures 4(c) and 5(c). Without a clear upwash flow
region for the zero-spaced winglet pair, the effect of turbulent strain rate on heat convection is
expected to prevail. The correlation between the strain rate and heat transfer will be discussed
later. Meanwhile, from Figure 5(c), a smaller Nu/Nu, is observed near the end of the heated
surface, of around 1.08 at X// = 20, and Y// = 0, also shown in Table 6. This is probably due to
the absence of the pair of organized swirling vortex streets, an outcome of the intense vortex-
vortex interaction in the near wake which somewhat disintegrated the two vortex streets.

To take a closer look at heat convection augmentation, the cross-stream normalized Nusselt
number (Nu/Nu,) at X/h = 10 is depicted in Figure 6. Clearly, the convective heat trans-
fer enhancement peaks at around Y/ = 2 for 2/-spaced winglet pair, corresponding to the
downwash flow regions, where the freestream cooler air is more effectively transported toward
the heated surface; see Figure 2(a). Also, a valley of Nu/Nu, is observed at Y/h = 0, where the
upwash flow locates. With the transversal space of the winglet pair decreases from 24 to 4,
the valley Nu/Nuy near Y/h = 0 increases from 1.0 to around 1.12. This is partially due to the
increase of the turbulent strain rate. Meanwhile, the peak value decreases from around 1.35
to 1.23. Decreasing the separation further, from 4 to zero, the peak value decreases to around
1.21. This peak, instead of the minimum, Nu/Nu, occurs at Y75 = 0. In summary, the decrease
in the transversal spacing tends to increase the minimum value while decreasing the peak value.

Figure 7 shows the span-averaged normalized Nusselt number (Va/ Nu,) with respect to the
downstream distance, which is of practical significance, as the heat transfer of the entire surface
is taken into consideration. Recall that potential winglet applications include the cooling of solar
photovoltaic panels and enhancing solar air heaters [28]. The values plotted in Figure 7 are N/
Nuy averaged across Y/h = 4, the whole span area shown in Figure 5. The plot starts at X// of
3, omitting the area affected by the conductive aluminum winglets acting as heat fins. From the
figure, we can see that the largest Nu/ Nuj, occurs right behind the winglet, due to the strongest
vortices with the most intense turbulence. The span-averaged Nu/ Nu, for the 2/-spaced winglet
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FIGURE 6. Cross-stream normalized Nusselt number (Nu/Nuy) at X/h = 10.

L As=2h Os=1h ©s=0h
14 A A
13 r A
A A
1.220' A DE%OOO %DD A
1z A O O ]
MO0, 00 A ®coo0o0
160000 A D 000
09 r
0.8 1 1 1 1 1 1 1 J
-4 -3 -2 -1 0 1 2 3 4

Y/h

FIGURE 7. Span-averaged normalized Nusselt number (Nu/Nu,) downstream of the winglet
pairs (span-averaged across Y/h = £4).
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pair is around 1.32 at X// = 3. It decreases rapidly to 1.17 with streamwise distance up to X//
of 6, beyond which the decrease is more gradual. Nu/Nu, reaches a value of around 1.12 at the
end of the studied span at X// = 20. With decreasing transversal spacing between the pair of
the winglets, the averaged heat transfer augmentation tends to decrease. For the zero-spaced
winglet pair, the span-averaged Nu/Nu, at X/h = 3 and 20 are approximately 1.19 and 1.04,
around 0.13 and 0.08 smaller than those associated with the 2h-spaced winglet pair.

Figure 8 presents the correlation between the normalized Nusselt number and the turbu-
lent strain rate. Note that the strain rate values here are the vertical averaged values from Z/5 =
0.33 to 3 in Figure 4. From Figure 8(a), we can see that the correlation between Nu/Nu, and
strain rate is weak. The increase of strain rate tends to increase the heat transfer augmentation.
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FIGURE 8. Correlation between normalized Nusselt number and vertical-averaged strain rate.
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However, a couple of points at the high strain rate end deviate quite significantly from the
increasing trend, i.e., the strain rate is large, but the corresponding Nu/Nu, is small. These
values are located near Y7/ = 0, where the upwash flow appears. In other words, the upwash
flow seems to offset the positive effect of the turbulent straining, resulting in a reduction of
Nul Nuy. With decreasing transversal spacing between the winglets, the correlation between
Nul Nuy and strain rate becomes stronger. When it comes to the zero-spaced winglet pair, an
approximately linear increasing trend could be clearly observed; see Figure 8(c). This indicates
that, due to the strong interaction and the destruction of the organized vortices, the turbulent
strain rate, incorporating both turbulent fluctuation and length scale, becomes the dominant
factor dictating the extent of convection heat transfer enhancement.

5. CONCLUSIONS

A pair of 15 mm high (h), 30 mm long delta winglets were experimentally explored for their
effectiveness in generating turbulent strain rate and hence augmenting the heat convection from
a heated flat surface. The pair of winglets was separated by 24, 5 and 0 in 7 m/s wind. The main
findings are summarized as follows.

1. The stronger the vortex-vortex interaction, the more intense the resulting turbulent
strain rate. With decreasing transversal spacing from 2/ to 4 to 0, the peak of turbulent
strain rate increases from 390 s to 478 s7! to 514 s7!, respectively.

2. Due to the strongest vortex-vortex interaction, the zero-spaced winglet pair led to
the highest Nu/Nu, value around the middle region, i.e., Y74 = 0. The peak Nu/Nu,
is approximately 1.21 at X/ = 10, Y/h = 0, roughly 0.21 larger than that associated
with the 2/-spaced winglet pair. However, the 2/-spaced winglet pair provided the
largest span-averaged Nu/ Nu, value from the beginning to the end of the studied heated
surface. This indicates that the 2/-spaced winglet pair is more effective in enhancing
heat convection over the span of the studied flat surface. This is of practical significance
as few winglets are needed to promote heat transfer over a long stretch of surface.

3. The local turbulent strain rate correlates well with the local heat transfer enhancement,
Nul Nuy. An approximately linear correlation between strain rate and heat convection
enhancement was identified in the absence of the organized swirling vortex structure
for the case of the zero-spaced winglet pair.
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APPENDIX

Uncertainty
The uncertainty in the experiment is consisted of bias and precision, which could be expressed

as [29],

E = \/Bias® + Precision? (12)

And the precision in this study was deduced by a 10-times repeating measurement, fol-
lowing the Student’s # distribution of 95% confidence interval. Then, the uncertainty of the
dependent parameter, y = flx,x;,...x,), could be deduced based on the propagation rule [29],

Ho)= |2 3250 0

According to calibration error [30] and the Equation (12) and (13), the uncertainties in
this study were estimated and summarized in Table 7.

TABLE 7. Uncertainties of parameters in the experiment.

Parameter U v w NulNu,
Uncertainty 0.14 ms™ 0.05 ms™ 0.03 ms™! 0.066
Parameter A A o,

Uncertainty 0.02 ms™ 0.10 mm 23 57!
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