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ABSTRACT 

 

We can manipulate the prevailing atmospheric wind to enhance the convective 

cooling of a solar photovoltaic panel and thus its energy conversion efficiency. The 

transverse spacing (D) of a delta winglet pair was examined for its role in 

convective heat transfer enhancement. A pair of winglets with an inclination angle 

of 90° and chord/height (c/h) ratio of 2 was positioned at an attack angle of 30° 

with respect to incoming wind at a Reynolds number, based on the winglet height, 

of 6300. The transverse distance, D, was varied from 0 to 3h in 1h increments. The 

Nusselt number normalized by the reference no-winglet case, Nu/Nu0, was 

determined from the surface temperature measured by a thermal camera. The 

D=2h case was found to lead to the largest Nu/Nu0. This significant heat transfer 

enhancement was explained in terms of vortical flow characteristics detailed at 10h 

downstream of the winglet pair, where the most potent downwash was induced 

when D=2h. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and Background 

Solar photovoltaics (PV) is a promising renewable energy technology [1] and it is 

considered as the best source to make a revolution in energy field [2]. A major challenge 

is that its energy conversion efficiency drops substantially in the summer due to increased 

cell temperature [3]. This increased cell temperature reduces the efficiency of PV panels 

[4]. The cell temperature can be reduced by either deploying active or passive methods of 

cooling. Some of the active cooling methods involve liquid immersion, concentrating 

photovoltaic thermal system, jet impingement cooling, thermophotovoltaic system [5]. 

Among these, liquid immersion, and jet impingement appear to be the best active cooling 

technologies cited in the literature [6]. However, all these methods involve the use of 

additional mechanical equipment and electrical power to force water on the surface of 

photovoltaics [7]. So, an alternative option of using passive method using vortex 

generators to cool the PV panels can be adapted to eliminate the use of additional 

equipment and electric power. 

Among the types of vortex generators, delta winglets seem to be effective when it 

comes to convective heat transfer because of their ability to generate long-lasting vortices 

[8]. Most of the studies related to delta winglets were conducted inside a confined space. 

To better understand the longitudinal vortices created by the delta winglets, it is 

fundamental to investigate the role of delta winglets over an unconfined flat surface. 
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1.2 Major Paper Objective and Overview   

The objective of this study is to investigate the role of delta winglets on heat 

transfer enhancement from an unconfined flat plate with varying transverse distance 

between the trailing edges of the delta winglets. The heat transfer measurement was 

captured using thermal camera and flow was measured using triple probe hot-wire 

anemometer system. The content in different chapters is briefed as follows.   

Chapter 1 (Introduction) 

 The motivation, background, major paper objective and overview are given in 

this chapter. 

Chapter 2  

This chapter experimentally investigates the role of the transverse distance 

between the trailing edges of the winglet pair (D=0, D=1h & D=2h) at Reh=6300 on heat 

transfer and flow characteristics. The chosen winglet attack angle is 30°, and chord length 

and height are 30 mm and 15 mm respectively leading to the aspect ratio (c/h) of 2. First 

the investigation of the role of transverse distance (D) between the trailing edges of the 

winglet pair on heat transfer for four cases, D=0, D=1h, D=2h, and D=3h is discussed. 

Then the flow characteristics are delineated for three cases of transverse distance between 

the trailing edges of the winglet pair viz, D=0, 1h and 2h with the help of hot-wire 

measurement. Next the results of multiple linear regression are discussed which 

correlates the impact of influential flow properties with the heat transfer enhancement.  
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Chapter 3 (Conclusion) 

 This final chapter summarises the results from the last chapter. It also brings 

forth some recommendations for future study.  

Appendix A. 

 This section details the uncertainty analysis involved in the studied parameters.  

Appendix B. 

 This section compares the streamwise, spanwise and height wise turbulent 

intensities and their respective influence on heat transfer. 

Appendix C. 

The impact of all the flow parameters on heat transfer is documented in this 

section, supporting the regression analysis conveyed in Chapter 2, Section 2.4.3.  

Appendix D. 

This section discusses some non-ideal real wind effects on the proposed winglets 

model. 

Appendix E. 

This section discusses the scaling factor of the winglets from the wind tunnel 

model to a real PV panel (array). 
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CHAPTER 2 

ENHANCING FLAT PLATE HEAT CONVECTION USING A PAIR OF 

WINGLETS – THE EFFECT OF TRANSVERSE SPACING 

Siddharth Koushik Mohanakrishnan a, Yang Yang a, David S-K. Ting a, and Steve Ray b 

a Turbulence and Energy Laboratory, University of Windsor, ON, Canada 

b Essex Energy, Oldcastle, ON, Canada 

2.1 Introduction 

Solar photovoltaics (PV) is a promising renewable energy technology [1] and the 

best source to revolutionize the energy field [2]. A major challenge is that its energy 

conversion efficiency decreases notably with increasing cell temperature [3, 4]. To 

mitigate this, we can employ different means to cool the PV panel. The various cooling 

methods can be categorized into active and passive cooling methods. Active cooling 

methods include liquid immersion and jet impingement, among others [5, 6]. These 

active methods, however, require additional mechanical equipment and external power 

input, thus increasing their cost and maintenance requirements [7]. The passive approach, 

on the other hand, eliminates the complication of additional equipment and power input. 

Passively cooling the PV panels using turbulent generators is a promising means 

to promote heat convection [8]. Among these, many vortex generators have been 

designed to spawn vortices to scoop away the thermal energy [9], and winglets are 

particularly promising in creating streets of vortices that can survive far downstream [10]. 

Table 2.1 highlights studies of different types of turbulent generators. Wu et al. [10] 

examined the effect of a single delta winglet’s attack angle over a flat surface and 

witnessed an escalation in turbulence with increasing attack angle from 30° to 60°. The 
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increase in attack angle contributed to heat transfer enhancement. da Silva et al. [11] 

conducted numerical study on three angles of attack (15°, 30° & 45°) for rectangular and 

delta winglets on a flat plate under three Reynolds numbers, 300, 600, and 900. 

Increasing Reynolds number resulted in increasing Nusselt number and at Reynolds 

number of 900, the Nusselt number enhancement increased from 40% to 68% when the 

attack angle was increased from 15° to 45°. The best ratio between heat transfer 

enhancement and pressure drop penalty was verified for a delta winglet vortex generator 

with an attack angle of 30° at Reynolds number of 600 and 900. Naik et al. [12] studied 

the spacing effect of the rectangular winglet pair on heat transfer enhancement over a flat 

plate. The 1h-spaced winglet pair led to higher heat transfer rate compared to 2h- and 3h-

spaced winglet pairs. 

Table 2.1. Highlight of studies on turbulent generators on heat transfer enhancement. 

External Forced Convection 

Study & Generator Type Studied parameters & Major findings 

Wu et al. [10] 

Delta winglet 

Attack angle: 30° to 60°. Heat transfer rate increases with 

increase in attack angle. 

da Silva et al. [11] 

Rectangular & Delta 

winglets 

Attack angle: 15°, 30°, & 45°. The rectangular winglet 

with an attack angle of 45° led to larger Nusselt number.  

The delta winglet with an attack angle of 30° resulted in 

the best heat transfer and pressure penalty ratio. 

Naik et al. [12]  

Rectangular winglet pair 

Spacing: 1h, 2h, & 3h. 1h-spaced winglet pair led to better 

heat transfer compared to 2h- and 3h-spaced winglet pairs. 
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Internal Forced Convection 

Study & Generator Type Studied parameters & Major findings 

Lei et al. [13] 

Delta winglet 

Attack angle: 10° to 50° & Aspect ratio: 1 to 4. The heat 

transfer coefficient increases with increasing attack angle 

and aspect ratio. 

Wijayanta et al. [14] 

Delta wing 

Attack angle: 30° to 70°. The heat transfer rate is highest 

for attack angle of 70°. 

Hiravennavar et al. [15] 

Delta winglet pair 

Number of winglets: 1 & 2. The heat transfer rate enhanced 

by a winglet pair is more than that augmented by a single 

winglet. 

Althaher et al. [16] 

Delta winglet 

Number of winglets: 1, 2, & 3. Heat transfer performance 

increases with increase in the number of winglets. 

Tang et al. [17] 

Rectangular & Delta 

winglets 

Delta winglet pair with common-flow-up configuration 

provided better heat transfer performance. 

Sinha et al. [18] - 

Rectangular winglet 

Configuration: Inline and staggered row of tubes. The heat 

transfer performance of inline tubes configuration is better 

than staggered row of tubes. 

Among the internal forced convection studies, Lei et al. [13] performed a 

numerical simulation on hydrodynamics and heat transfer of delta winglets in a fin-and-

tube heat exchanger. They studied the effects of attack angles from 10° to 50° and aspects 

ratios from 1 to 4. Both heat transfer coefficient and friction factor increased with 
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increase in attack angle and aspect ratio. The heat transfer coefficient also increased with 

Reynolds number. They concluded that an attack angle of 20° along with an aspect ratio 

of 2 provided the best Colburn j-factor to friction factor ratio. Wijayanta et al. [14] 

numerically studied the heat transfer enhancement of a tube heat exchanger fitted with 

punched delta winglet vortex generators. They varied the attack angle of the delta 

winglets from 30° to 70° and found that at an attack angle of 70°, the Nusselt number, 

friction factor and thermal performance factor increased by 269%, 10.1 times and 1.1 

times, respectively, compared to that of the smooth tube.  

Hiravennavar et al. [15] conveyed that a pair of winglets doubled the heat transfer 

rate in a channel compared to a single winglet. Althaher et al. [16] explored the roles of 

Reynolds number, number of delta winglets, angle of attack and vortex generator 

geometry in a triangular duct. The Nusselt number increased as the number of delta 

winglets pair increased from 1 to 3, and the friction factor increased drastically with 

increasing attack angle from 18° to 50°.  

Many studies also explored the specific shapes of winglets. Tang et al. [17] used 

field synergy principle to compare the heat transfer performance of rectangular and delta 

winglets pair in a rectangular channel. At a given Reynolds number, the delta winglet pair 

contributed to larger Nusselt number than its rectangular counterpart. Moreover, 

common-flow-up configuration led to a larger Nusselt number than the common-flow-

down one. Sinha et al. [18] compared the effect of attack angle on two different 

configurations, inline tubes, and a staggered row of tubes, in a heat exchanger with 

rectangular winglet pairs. The performance of heat exchanger for inline tubes 
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configuration improved in terms of Nusselt number, friction factor and quality factor with 

decreasing attack angle from 165° to 160°.  

It is thus clear that some subtle changes of a delta winglet can lead to significant 

variation in the resulting heat transfer rate. While many studies have focused on the 

attack angle, dimensions and shape of a winglet and a winglet pair, very few studies 

explored the effect of the spacing between a pair of winglets. Pourhedayat et al. [19] 

conducted a numerical study on the lateral spacing between a winglet pair on the heat 

transfer rate inside a circular tube with a diameter, D, of 47 mm. Both chord length and 

height of the winglets were 0.43D and winglet-winglet spacing of 0, 0.43D and 0.86D 

were studied. They found that the 0.43D-spaced pair resulted in the maximum heat 

transfer augmentation.  

Most of the convection enhancement studies have been performed inside a 

confined space, and investigations on winglets such as [20, 21] are no exception. While 

confined flow represents internal forced convection, the interactions between the 

perturbed flow and the channel confinement are rather complex and particular to the 

specific tested conditions. To overcome this complication, Wu et al. [10] studied forced 

convection augmentation induced by a delta winglet over a largely unconfined flat 

surface. This study extends the investigation to uncover the effect of the spacing between 

a pair of side-by-side delta winglets. 

2.2 Experimental Setup 

The studied winglets, fashioned from 0.1 mm thick aluminium (1145-H19) sheet, 

are illustrated in Figure 2.1. Over the range of their studied conditions, Wu et al. [10] 
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found that a single winglet with an attack angle of 30° led to the highest heat transfer 

enhancement. In another study, an optimal aspect ratio of 2 was suggested by Lei et al. 

[13]. Accordingly, the winglets studied in this study were 15 mm high with a chord 

length of 30 mm, and they were placed at 30° with respect to the flow. The uniform flow 

in the wind tunnel was set at 7 m/s, leading to a Reynolds number based on the winglet 

height of 6.3 × 103.  

The winglet pair was fixed to the top surface of a 3 mm thick, 295 mm wide and 

380 mm long PTFE (Polytetrafluoroethylene) plate inside a wind tunnel of 76 cm × 76 

cm cross-section as shown in Figure 2.2. The conductivity and emissivity of the plate are 

0.25 Wm-1K-1 [22] and 0.92 [23], respectively. The bottom surface of the PTFE plate was 

heated by steam continuously generated in a water bath, maintaining the bottom surface 

of the plate at 100°C. The temperature of the top surface was measured by a FLIR C2 

thermal camera. The thermal camera with 60 by 80-pixel resolution was positioned at 0.5 

m above the heated plate. The orthogonal coordinates X, Y, and Z represent stream-wise, 

width-wise and height-wise directions, respectively. The origin O was defined as the 

midpoint of the gap at the leading edge of the winglet pair; see Figure 2.1. The vortical 

flow reached a slowly-decaying, quasi-steady condition between 5h and 10h downstream 

of the winglet pair. Therefore, the turbulent flow characteristics generated by the delta-

winglet pair over the unheated PTFE plate were measured at 10h (150mm) downstream 

of the leading edge of the winglet pair. We used a 3D hotwire (type 55P95) and a 

constant temperature anemometer for this purpose. The turbulence in the flow field was 

delineated in terms of the vortex structure, velocity profile, turbulent intensity, integral 

scale, and Taylor microscale. To avoid aliasing and to ensure reliability, 106 data points at 
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each measurement location were sampled at 80 kHz and low-passed at 30 kHz. The flow 

characteristics deduced were correlated with the heat transfer behaviour. According to 

Tennekes et al. [24], when the mean flow properties do not change significantly with 

time, the flow maybe assumed to be in a quasi-steady state. In this study, neither the 

mean flow nor the heat transfer properties changed noticeably with respect to time after 

the initial warming-up phase and hence, we invoked the steady-state assumption. 

 

 

Figure 2.1.  The winglet pair with chord length, c = 30 mm, height, h = 15 mm, attack 

angle, α = 30°, separation, D = h. 
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Figure 2.2.  The experimental setup inside a wind tunnel. The bowl of water underneath 

the PTFE plate was boiling over the course of the experiment. 

2.3 Data Analysis 

The total heat conducted from the bottom to the top surface of the PTFE plate, 

�̇�𝑇𝑜𝑡𝑎𝑙 =
𝑘𝑃𝑇𝐹𝐸·𝐴(𝑇𝐵𝑜𝑡𝑡𝑜𝑚−𝑇𝑇𝑜𝑝)

𝑡𝑃𝑇𝐹𝐸
                                                 (1) 

where PTFE plate conductivity, kPTFE, was 0.25 Wm-1K-1 [22], the local heat transfer 

area, A, was 20 mm2, the thickness of the PTFE plate, 𝑡𝑃𝑇𝐹𝐸 , was 3 mm, the bottom 

surface temperature, 𝑇𝐵𝑜𝑡𝑡𝑜𝑚, was fixed at 373 K by the condensing steam, and the top 

surface temperature, 𝑇𝑇𝑜𝑝 , was measured by the thermal camera. With negligible 

horizontal conduction to the base of the wind tunnel, the heat conducted through the 

PTFE plate to the top surface either radiated to the surroundings or was convected by the 

incoming free stream. The heat that radiated to the surroundings was determined 

according to the Stefan-Boltzmann law, 

      �̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = 𝜀𝜎𝐴(𝑇𝑇𝑜𝑝
4 − 𝑇𝑊𝑎𝑙𝑙

4 )                                                       (2) 
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where the emissivity, 𝜀, was 0.92 [23], the Stefan-Boltzmann constant, 𝜎, was 5.67 × 10-8 

[25] Wm-2K-4, and the wall temperature TWall was approximately 295 K. The convective 

heat transfer rate was deduced by subtracting the heat radiated to the surrounding from 

the total heat transfer rate. 

�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =  �̇�𝑇𝑜𝑡𝑎𝑙 − �̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛                                                       (3) 

The convective heat transfer coefficient, 

                       𝐻𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

𝐴(𝑇𝑇𝑜𝑝−𝑇𝐴𝑖𝑟)
                              (4) 

The surrounding air temperature, 𝑇𝐴𝑖𝑟 , remained around 295 K during the experiment. 

The corresponding Nusselt number, 

𝑁𝑢 =
𝐻𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛ℎ

𝑘𝐴𝑖𝑟
                                                                       (5) 

The height of the winglet (h =15 mm) was taken as the characteristic length and the 

thermal conductivity of air, 𝑘𝑎𝑖𝑟, was 0.0262 Wm-1K-1 [22]. As we were interested in the 

heat transfer enhancement, we normalized the Nusselt number with the reference Nusselt 

number without the winglet pair, that is, 

                                   
𝑁𝑢

𝑁𝑢0
=

𝐻𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

𝐻𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛.𝑜
                                                                      (6) 

The reference convective heat transfer coefficient, 𝐻𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛.0, corresponded to the case 

without the winglet pair.  

We calculated the time-averaged velocities according to, 

�̅� =
1

𝑁
∑ 𝑈𝑖

𝑁
𝑖=1 ;  �̅� =

1

𝑁
∑ 𝑉𝑖;  �̅� =

1

𝑁
∑ 𝑊𝑖

𝑁
𝑖=1

𝑁
𝑖=1                                 (7) 

where N=106 data points. Here, Ui, Vi, and Wi signify the streamwise, widthwise and 

vertical instantaneous velocities, respectively [26]. 
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We obtained the instantaneous fluctuating velocities by subtracting the time-

averaged velocity from the instantaneous velocity, i.e., 𝑢𝑖 = 𝑈𝑖 − �̅�, 𝑣𝑖 = 𝑉𝑖 − �̅�, 𝑤𝑖 =

𝑊𝑖 − �̅� . The streamwise root-mean-square fluctuating velocity was deduced 

accordingly, 

 𝑢𝑟𝑚𝑠 = √∑
𝑢𝑖

2

𝑁−1
𝑁
𝑖=1                                                                         (8) 

Dividing this with the freestream velocity, U∞, gave the non-dimensional local turbulent 

intensity [27], 

𝑇𝑢 =
𝑢𝑟𝑚𝑠

𝑈∞
                                                                                 (9) 

The integral scale signifies the energy-containing large eddies [28]. In this study, we 

estimated the integral time scale from the autocorrelation factor, 

𝜌(𝜏) =
𝑢(𝑡)𝑢(𝑡+𝜏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑢2(𝑡)̅̅ ̅̅ ̅̅ ̅̅                                                   (10) 

With discrete signals, we realized this by invoking, 

𝜌(𝑛∆𝑡) =
1

𝑁−𝑛
∑ (𝑢𝑖𝑢𝑖+𝑛)𝑁−𝑛

𝑖=1
1

𝑁
∑ 𝑢𝑖

2𝑁
𝑖=1

                                                             (11) 

The integral time scale can be determined by integrating the autocorrelation factor, 

𝜏⋀ = ∫ 𝜌(𝜏)𝑑𝜏
∞

0
                                                                         (12) 

We approximated this from the discrete signals as 

𝜏⋀ = ∑ 𝜌(𝑖∆𝑡)∆𝑡
𝑁𝐾−1
𝑖=1                                                                     (13) 

NK corresponded to the point where the autocorrelation first changed from positive to 

negative. 

Multiplying the integral time scale with the time-averaged freestream velocity in 

X-direction, �̅�, gave the streamwise integral length scale,  
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∧= �̅�𝜏⋀                                                                               (14) 

In other words, we invoked the Taylor frozen hypothesis [28], assuming the relatively 

fast convection of the eddies across the hot-wire sensor as though they were frozen. At 

the studied measurement locations, the relative turbulence intensity, Tu, was largely less 

than 10% and thus, the Taylor frozen hypothesis was reasonably sound. 

We also applied Taylor frozen hypothesis for deducing the streamwise Taylor 

microscale [28], 

𝜆 = �̅�𝜏𝜆                                                                               (15) 

The Taylor time scale can be expressed as 

𝜏𝜆 = √
2𝑢𝑖

2̅̅ ̅̅ ̅̅

(
𝑑𝑢𝑖
𝑑𝑡

)2
                                                                          (16) 

For discrete data, we approximated this as 

𝜏𝜆 = √
1

𝑁
∑ 2𝑢𝑖

2𝑁
𝑖=1

1

𝑁−1
∑ (

𝑢𝑖+1−𝑢𝑖
∆𝑡

)2𝑁−1
𝑖=1

                                                               (17) 

We computed the vorticity of the longitudinal vortex based on  

𝜔 =
𝜕�̅�

𝜕𝑦
−

𝜕�̅�

𝜕𝑧
                                                                           (18) 

Multiplying this with the height of the winglet and dividing it with the freestream 

velocity, U∞, gave the non-dimensional vorticity. 

𝛺 =
𝜔ℎ

𝑈∞
                                                                                (19) 

We determined the total uncertainty from bias uncertainty (B) and precision 

uncertainty (P) following Ref [29]. In this study, we based the bias certainty on the 
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calibration process, and the precision uncertainty on repeated measurements. The details 

of the uncertainty analysis are in the appendix.  

Wu et al. [10] studied the impact of total turbulence fluctuation, velocity towards 

the heated surface, and near-surface streamwise velocity on heat transfer enhancement 

using delta winglets. According to their study, the total turbulence fluctuation was the 

largest contributor to heat transfer enhancement, followed by velocity towards the heated 

surface. The near-surface streamwise velocity had significantly smaller impact. We 

performed similar analysis in this study. We examined cross-stream vorticity, Ω, stream-

wise time-averaged velocity, �̅�/𝑈∞ , vertical averaged, �̅� /U∞, stream-wise root-mean-

square turbulence intensity, urms/U∞, span-wise turbulence intensity, vrms/U∞, height-wise 

turbulence intensity, wrms/U∞, streamwise integral scale, 𝛬/h, and streamwise Taylor 

microscale, λ/h, on the heat transfer enhancement, Nu/Nu0, using multiple linear 

regression analysis. To find the weight of impact, the standardised regression coefficients 

(𝛽𝑗
𝑠𝑡𝑑) were used [30], 

𝛽𝑗
𝑠𝑡𝑑 = 𝛽𝑗

𝑠𝑡𝑑𝑗

𝑠𝑡𝑑𝑦
                            (20) 

Here,  𝛽𝑗
𝑠𝑡𝑑 represents the standardized regression coefficient, denoting the impact of the 

individual studied flow parameters on the dependent variable (Nu/Nu0), 𝛽𝑗 and 𝑠𝑡𝑑𝑗  are 

the regression coefficient and standard deviation of each of the studied individual 

parameter and 𝑠𝑡𝑑𝑦 is the standard deviation of the dependent variable (Nu/Nu0).  
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2.4 Results and Discussions  

We focused on the effect of transverse distance between the trailing edges of the 

winglet pair on the augmentation of forced convection over the heated PTFE plate. As 

such, we normalized the local Nusselt number with the underlying reference Nusselt 

number without the delta winglets. We determined the various correlations at 10h 

downstream of the winglet pair where the flow was quasi-steady and representative of the 

average conditions over the entire plate. 

2.4.1. Heat Transfer 

Figure 2.3 shows the distribution of the normalized Nusselt number, Nu/Nu0, on 

the inner portion, away from the boundary outside of which the bottom surface was not 

exposed to the condensing steam, of the PTFE plate. The uncertainty of Nu/Nu0 was 

around 0.06. The dark triangles denote the winglets. The region in the immediate 

proximity of these winglets gave the highest Nu/Nu0 primarily mostly because the 

aluminium winglets acted like heat fins. The intense vortical flows around the winglets 

resulted in more than 80% enhancement in Nusselt number, with Nu/Nu0 = 1.8 contour 

up to X=3h downstream, for all studied cases (D=0, 1h, 2h, and 3h). Outside of this, a 

high Nu/Nu0 = 1.3 region is seen up to X/h=7 (Y/h=1.5 to -1.5) for both D=0 and D=1h 

cases. This Nu/Nu0 region of 1.3 is extended all the way downstream to X/h=11 for the 

D=3h case. More importantly, this high Nu/Nu0 contour of 1.3 extended up to X/h=15 

(Y/h= 0 to 1.5) when D=2h. Further, it is noticed that the D=2h case shows a consistent 

Nu/Nu0 = 1.2 contour up to X/h of 19, which is not found in the other three cases. The 

general diminishing enhancement with distance downstream, due to decaying turbulence 

and vortex intensity, becomes more visible beyond X=14h. It is also noted that for the 
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most sparsely spaced winglet pair with D=3h, the narrow strip between the two winglets 

(Y=±0.75h) a normalized Nusselt number of no more than 1.05 is observed. In fact, there 

is a narrow region where Nu/Nu0 is less than one. This hints that there is a lack of positive 

heat transfer enhancing interaction between the flow structures generated by the two 

winglets. That is, the winglet pair acted largely as two isolated winglets with a narrow 

region of diminishing heat transfer possibly because of the merging of near-surface hot 

air brought about by the counter-rotating vortex streets generated by the sparsely 

separated winglets. 
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Figure 2.3. The normalized Nusselt number, Nu/Nu0, distribution for the winglet pair 

with (a) D= 0 (b) D=1h (c) D=2h and (d) D=3h. 

Figure 2.4 depicts the effect of transverse distance between the trailing edges of 

the winglet pair on the cross-sectional Nu/Nu0 profile at various downstream distances. It 

is noted that at X=5h, the 2h-spaced winglet pair produced a peak Nu/Nu0 of nearly 2.1 at 

Y=-2.0h, significantly higher than those of 0-, 1h-, and 3h-spaced winglet pair which 

were around 1.0, 1.30, and 1.45, respectively at the same location. This peak Nu/Nu0 

observed at Y/h of -2.0 obtained at D=2h tends to decrease farther downstream, 

specifically, Nu/Nu0 ≈ 2.10, 1.40 and 1.37 at X/h = 5, 10, & 15, respectively at the same 

cross-stream location. The 2h spaced winglet pair provided the highest Nu/Nu0 of 

approximately 1.40 at X=10h and Y=-2.0h. This value is much larger than those 

associated with 0-, 1h-, and 3h-spaced winglet pairs, whose values are around 1.05, 1.20, 

and 1.30, respectively. It is also noted that at Y/h=0, and X/h=10, a high Nu/Nu0 of 1.20 is 

observed for D=0; at the same location the Nu/Nu0 for 1h-, 2h-, and 3h-spaced winglets 
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are significantly lower, around 1.17, 1.0, and 0.75, respectively. This hints that there is a 

lack of fresh cooler air from the freestream moving into and approaching the hot surface. 

The location of the low (less than one) Nu/Nu0 value has been found to be associated with 

the outflow region [31], indicating the warmer near-surface air from the neighboring 

near-surface was brought into this region before it is swept away from the hot surface, 

reducing the local heat transfer rate. We see that even far downstream at X=15h, the 2h-

spaced winglet pair continued to significantly enhance the cooling of the hot plate, with 

Nu/Nu0 around 1.30 at Y/h=-2.0. At that same location, Nu/Nu0 corresponding to the 0-, 

1h-, and 3h-spaced winglet pairs are approximately 1.0, 1.17, and 1.20, respectively.  
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Figure 2.4. The effect of transverse distance between the trailing edges of the winglet 

pair (D=0, D=1h, D=2h & D=3h) on the cross-sectional Nu/Nu0 profile at (a) X=5h, (b) 

X=10h and (c) X=15h downstream. 

The average, rather than localized Nu/Nu0, Nuavg/Nu0, avg, is of importance in 

engineering applications, such as the cooling of a solar panel.  Figure 2.5 compares the 

centerline, along Y=0, Nusselt number, Nu/Nu0, with that averaged over Y= ±3h, 

Nuavg/Nu0, avg. The Nu/Nu0 of less than one stretch for D=3h case at Y=0 observed in 
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Figure 2.3 is clearly seen in Figure 2.5(a); this heat transfer reduction is not seen in the 

other three (D=0, 1h and 2h) cases. Nonetheless, values of Nuavg/Nu0, avg for all cases, 

including the D=3h case as shown in Figure 2.5(b) are above one. This indicates that the 

use of winglets over the tested range of conditions always improve the overall heat 

transfer rate. More importantly, the D=2h case is consistently superior over the entire 

studied plate area, this is followed by the D=1h case. To understand the underlying 

physics, we take a close look at the flow characteristics in the next section.  
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Figure 2.5. Normalized Nusselt number distribution downstream of the winglets (a) local 

value, Nu/Nu0, along the center of the wing pair, Y=0, and (b) value averaged over Y= 

±3h, Nuavg/Nu0, avg. 

2.4.2. Flow Characteristics 

The winglet pair was taped onto the PTFE plate with origin O defined as the 

midpoint of between the leading edges of the pair of winglets; see Figures 2.1 and 2.2. 

The vortical flow reached a slowly-decaying, quasi-steady condition between 5h and 10h 

downstream of the winglet pair. Therefore, the turbulent flow characteristics generated by 

the delta-winglet pair over the unheated PTFE plate were measured at 10h (150mm) 

downstream of the leading edge of the winglet pair for three spacing conditions of D=0, 

1h and 2h between the trailing edges. We used a 3D hot wire probe (type 55P95) and a 

constant temperature anemometer to measure the wind velocity. We then decomposed the 

measured velocity into the three orthogonal components and delineated these velocities in 

terms of vortex structure, velocity profile, turbulence intensity, integral scale, and Taylor 

microscale [26]. We depict the pair of winglets, when viewed from downstream to 

upstream, as triangles with dotted lines in the upcoming figures.  

2.4.2.1. Vortex Structure 

The cross-stream vorticity contours at 10h downstream are shown in Figure 2.6. 

The uncertainty in vorticity (Ω) was estimated to be 0.004. Decreasing the transversal 

spacing from D=2h to D=0 resulted in a decrease in non-dimensional X-direction 

vorticity from 0.4 to 0.1. This is similar to what was observed by Yang et al [32] and Sun 

et al [33]. Among others, Wu [34] noted that the swirling vortical motions promoted 

downward flow towards the hot surface, bringing in cooler air from the freestream to 
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carry away the heat from the surface. Figure 2.6 shows two main vortices, one rotating 

clockwise and the other anti-clockwise. These counter-rotating vortices induced an 

upward flow in the common region between the two vortices for the D=1h and D=2h 

cases. The plate surface areas corresponding to the highest vorticity regions at the core of 

the vortices, at the same Y/h values, coincided roughly with the peak Nu/Nu0 regions in 

Figure 2.4. This is because the vortex-induced tangential sweeping of air across the hot 

surface is most intense at these near-surface regions. Furthermore, these vortices tended 

to move closer to the surface as the transverse distance was increased from D=1h to 

D=2h. Consequently, the vorticity at the vortex core increased from 0.3 to 0.4 and hence, 

the corresponding enhancement in heat transfer.  
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Figure 2.6.  Normalized cross-stream vorticity contours for (a) D=0 (b) D=1h and (c) 

D=2h, at 10h downstream from the leading edge of the winglets. 

2.4.2.2. Velocity Profile 

The air moving along the plate in the stream-wise direction is known to affect the 

heat transfer rate. Figure 2.7 shows the time-averaged stream-wise velocity contours 

normalized by U∞ along with the velocity vectors at YZ plane. The uncertainty of the 

mean stream-wise velocity was approximately 0.28 m/s and the uncertainty in �̅�/𝑈∞ was 
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around 0.040. With an increase in transversal spacing, D, from 0 to 2h, the boundary 

layer became thinner. We can clearly see that the 0.9U∞ contour approaches the plate 

with increasing D from 0 to 2h. The cooling becomes more effective as faster moving 

fluid moves nearer to the hot surface. In other words, the thinning of the boundary layer 

contributed to the increasing Nu/Nu0 as D increased from 0 to 2h. 
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Figure 2.7. Normalized stream-wise time-averaged velocity (�̅�/𝑈∞ ) contours and 

velocity vectors at YZ plane for (a) D=0 (b) D=1h and (c) D=2h, at 10h downstream from 

the leading edge of the winglets. 

The downward wind velocity towards the hot surface also plays a significant role 

in heat convection [10]. The normalized vertical velocity, �̅�/𝑈∞, measured at Z = 0.33h, 

and 10h downstream of the winglet pair is plotted in Figure 2.8. The uncertainty in �̅� 

was approximately 0.021 m/s, leading to an uncertainty in �̅�/𝑈∞ of around 0.003. For 

the winglets with their trailing edges in contact with each other, D=0, a substantial 

downwash velocity of -0.105 is observed at Y/h= 0, which roughly coincided with the 

peak Nu/Nu0 in Figure 2.4.  In general, the locations of the lowest and largest �̅�/𝑈∞ 

roughly coincided with the inflow and outflow regions in Figure 2.7. For example, the 

2h-spaced winglet pair recorded a most negative �̅�/𝑈∞ of -0.085 in the inflow region 

and a most positive �̅�/𝑈∞ of 0.105 in the outflow region. The associated most negative 

and most positive �̅�/𝑈∞ for the 1h-spaced winglet pair are around -0.06 and 0.09, 

respectively. In other words, increasing the transverse distance from D=1h to 2h resulted 
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in more cold air flow towards the hot plate at the more negative �̅�/𝑈∞ region and more 

hot air scooped away from the plate at the more positive �̅�/𝑈∞ region. It appears that a 

significant inflow followed by an equally significant outflow furnishes the most effective 

“heat scooper”; this is a probable reason why D=2h case is superior to D=1h and 0 cases. 

 

Figure 2.8. Normalized vertical velocity, �̅�/𝑈∞, measured at Z = 0.33h above the plate, 

at X=10h downstream of the winglet pair. 

2.4.2.3. Turbulent Intensity 

The flow turbulent intensity also plays a significant role in convective heat 

transfer [10]. Figure 2.9 depicts the turbulence intensity (Tu is the local turbulence root-

mean-square fluctuation urms, normalized by the freestream time-averaged velocity, U∞) 

contours at 10h (150 mm) downstream the winglet pair. The uncertainty of freestream 

turbulent intensity was estimated to be around 0.004. With the heat transfer bottleneck 

imposed by the boundary layer where the fluid slows down to zero at the solid surface, 

the near-surface turbulence is most critical in mitigating this heat transmission bottleneck. 
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It is clear from Figures 2.9 that the near-surface turbulence intensity increases with 

increasing D from zero to 1h, to 2h. This is consistent with the increasing Nu/Nu0 results. 
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Figure 2.9. Normalized stream-wise turbulent intensity (urms/U∞) contours in the YZ 

plane for (a) D=0 (b) D=1h and (c) D=2h, at 10h downstream from the leading edge of 

the winglets. 

2.4.2.4. Integral Scale  

The integral scale is of interest because most of the turbulent kinetic energy is 

contained in the eddying motions described by it [28]. The steam-wise contours of the 

integral scale (𝛬) normalized by winglet height (h =15 mm) in the YZ plane is shown in 

Figure 2.10. Note that outside of the wake and boundary layer regions, the flow 

turbulence is relatively weak and hence, the corresponding integral scale is not well 

defined. Within the well-defined turbulent region of interest, the uncertainty of integral 

length normalized by winglet height scale was estimated to be 0.04. No clear trend of 

systematic variation stream-wise integral scale value with respect to changing D is 

discernible from the figure. We will examine the role 𝛬 on Nu/Nu0 based on multiple 

linear regression analysis in a latter section. 
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Figure 2.10.  Normalized stream-wise integral scale, 𝛬/h, contours in YZ plane for (a) 

D=0 (b) D=1h and (c) D=2h, at 10h downstream. 

2.4.2.5. Taylor Microscale 

The Taylor microscale represents the dissipative end of the turbulence energy 

cascade and thus is also of interest in heat convection [28]. The contour view of the 

stream-wise Taylor microscale normalized by the winglet height (15 mm) is shown in 

Figure 2.11. The uncertainty of the normalized Taylor microscale was estimated to be 

0.004. From the figure, it is evident that the low Taylor microscale regions roughly 

coincide with the maximum turbulent intensity zones in Figure 2.9 and the high Nu/Nu0 

areas in Figure 2.4. Similar to the integral scale results, it is difficult to quantify the 

influence of D on Taylor microscale, and its subsequent effect on Nu/Nu0, based on the 

contour plots. Therefore, we will resort to the multiple linear regression analysis.  
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Figure 2.11.  Normalized stream-wise Taylor microscale, /h, contours in YZ plane for 

(a) D=0 (b) D=1h and (c) D=2h, at 10h downstream. 

2.4.3. Regression Analysis 

Based on the heat transfer and flow characteristics described above, it can be 

inferred that the heat transfer augmentation is influenced by various flow mechanisms. 

The individual effects of the normalized vertical velocity, �̅�/𝑈∞ , the stream-wise 

velocity normalized by the time-averaged free-stream velocity, �̅�/𝑈∞ , and the local 

height-wise turbulent intensity normalized by time-averaged free-stream velocity, 

wrms/U∞, on the heat transfer enhancement (Nu/Nu0) are of interest. To compare their 

respective significance, a regression analysis was performed by fitting the data at X=10h, 

spanning the cross-section defined by Y=±3h, and at Z=0.33h. The raw data of the 

regression analysis are plotted in Figure 2.12. The correlations between other studied 

flow parameters and Nu/Nu0 appear similarly scattered and are not included in this 

manuscript. Amidst the scatter, we can still see that certain flow parameters correlate 

better with the heat transfer enhancement than others. The significant scatter is primarily 
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because every data point corresponds a condition where the values of the different flow 

parameters are unique to that data point. For example, when correlating Nu/Nu0 with 

�̅�/𝑈∞ in Figure 2.12(a) for D=1h case, the data points correspond to changes in wrms/U∞, 

�̅�/𝑈∞, and others, in addition to variation in �̅�/𝑈∞. As such, a multiple linear regression 

analysis is more appropriate. 

 

 



 

38 
 

 

Figure 2.12. Correlating normalized (a) vertical velocity, �̅� /U∞, (b) stream-wise 

velocity, �̅�/𝑈∞, and (c) local vertical turbulent intensity, wrms/U∞, with Nu/Nu0 at X=10h, 

Y=±3h, and Z=0.33h. The solid, dashed, and dotted lines represent the linear fits for D=0, 

D=1h and D=2h cases, respectively. R-square values of �̅�/𝑈∞ are 0.13, 0.00 and 0.36 

for D=0, D=1h and D=2h cases, respectively. R-square values of �̅�/𝑈∞ are 0.00, 0.06 

and 0.58 for D=0, D=1h and D=2h cases, respectively. R-square values of wrms/U∞ are 

0.38, 0.38 and 0.11 for D=0, D=1h and D=2h cases, respectively. 

A multiple linear regression analysis was performed to delineate the relatively 

significance of dimensionless cross-stream vorticity, Ω, stream-wise time-averaged 

velocity, �̅�/𝑈∞ , vertical averaged, �̅� /U∞, stream-wise turbulence intensity, urms/U∞, 

span-wise turbulence intensity, vrms/U∞, height-wise turbulence intensity, wrms/U∞, 

streamwise integral scale, 𝛬/h, and streamwise Taylor microscale, λ/h, with respect to the 

local heat transfer enhancement, Nu/Nu0. The results are summarized in Table 2.2. Only 

the values corresponding to the data points closet to the plate at Z=0.33h were employed 
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in the analysis. This is because we expect the local flow characteristics to have the largest 

impact on heat convection from the hot plate. 

Table 2.2. Multiple linear regression results. 

Parameter wrms/U∞
 �̅�

𝑼∞
⁄  �̅̅̅�

𝑼∞
⁄  urms/U∞

 Ω 𝛬 /h λ/h vrms/U∞ 

𝜷𝒋
𝒔𝒕𝒅 0.657 0.497 0.416 0.370 -0.192 -0.099 0.064 0.015 

The weight of each parameter on the heat transfer enhancement in Table 2.2 was 

determined by the absolute value of the standardised regression coefficient (𝛽𝑗
𝑠𝑡𝑑). It is 

clear that among the studied parameters, the vertical turbulent intensity, wrms/U∞, has the 

largest influence on the heat transfer enhancement. This indicates that the velocity 

fluctuation in the vertical direction is most effective in bringing the warmer fluid away 

from the hot plate and the cooler one onto the hot plate, resulting in significant cooling of 

the plate. The second most effective parameter is the stream-wise velocity, �̅�/𝑈∞,which 

is closely followed by the velocity perpendicular to the plate, �̅�/U∞. In practise, we need 

a continuous flow of air over a heated surface such as a photovoltaic panel to keep it cool. 

Along the long span of a photovoltaic panel or an array of panels, the near-surface air 

will become warm and hence loses its cooling capability. Therefore, the into- and out-of-

the-plate vertical flow comes to help. Downstream of the winglet pair, especially the pair 

that is separated by D=2h apart, the streets of organized vortices effectively realize this 

by swirling cooler air farther away in the freestream onto the hot surface while scooping 

away the warmer near-surface air into the freestream. Extending the span in the stream-

wise direction is expected to reverse the order of �̅�/𝑈∞ and �̅�/U∞ in Table 2.2, that is, 

lowering the value of 𝛽𝑗
𝑠𝑡𝑑  of �̅�/𝑈∞ while increasing that associated with �̅� /U∞. The 
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stream-wise turbulence intensity, urms/U∞, ranked fourth, with less than 60% of the weight 

of its vertical counterpart, wrms/U∞. This clearly illustrates the importance of mixing hot 

and cold fluid (vertically) across the boundary layer for effective heat transfer. The 

magnitude of the cross-stream vorticity, Ω, has a relatively small weight. More 

interestingly, it is negatively correlated with �̅�/𝑈∞. Recall that we have utilized only the 

next-to-the-surface data points, and that vorticity is highest at the core of the organized 

vortices that are somewhat away from the plate. Around the edge of a vortex the vorticity 

is low. The near-surface regions marked by the two vertical edges of an organized vortex 

in this study corresponded to the inflow and outflow regions (Figure 2.4), and they, 

especially the inflow, correlated strongly with high Nu/Nu0. This likely resulted in the 

negative correlation between near-surface vorticity and Nu/Nu0. In other words, it is not 

the decrease in vorticity that improved the local heat convection, it is the associated 

inflow and outflow motions. As portrayed in Figures 2.10 and 2.11, the effects of /h and 

λ/h are not obvious. The low values of 𝛽𝑗
𝑠𝑡𝑑  confirmed that this is indeed the case. 

Furthermore, the slightly negative value of 𝛽𝑗
𝑠𝑡𝑑 for /h substantiates that an increase in 

integral length, which implies weaker turbulence, weakens �̅�/𝑈∞. On the other hand, the 

small positive value of 𝛽𝑗
𝑠𝑡𝑑 for λ/h seems to convey that when an eddy is too small it 

loses its influence. The last-ranked parameter is the cross-stream turbulent fluctuation, 

vrms/U∞. It appears that the organized cross-stream motion induced by the organized 

vortices almost completely overshadowed the impact of wrms/U∞. 
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2.4. Conclusion 

We experimentally investigated the role of the transverse distance between the 

trailing edges of a pair of winglets, D=0, D=1h, D=2h and D=3h, at Reh=6300 on forced 

convection from a flat surface. The winglets of 30 mm chord length and 15 mm height 

were positioned with an attack angle 30° with respect to the wind. The heat transfer rate 

in terms of the normalized Nusselt number, Nu/Nu0, was most significantly enhanced by 

the D=2h pair. This pair of optimally-spaced delta winglets consistently resulted in the 

most potent heat transfer augmentation in terms of maximum peak Nu/Nu0 over an 

extended stretch of surface and highest average Nusselt number, Nuavg/Nu0, avg, over the 

entire tested surface. Multiple linear regression analysis considering cross-stream 

vorticity, Ω, stream-wise time-averaged velocity, �̅�/𝑈∞, vertical time-averaged velocity, 

�̅�/U∞, stream-wise turbulence intensity, urms/U∞, span-wise turbulence intensity, vrms/U∞, 

height-wise turbulence intensity, wrms/U∞, streamwise integral scale, 𝛬/h, and streamwise 

Taylor microscale, λ/h, with respect to the normalized Nusselt number, Nu/Nu0, was 

performed. The analysis demonstrated that turbulent fluctuation vertically into and out of 

the plate (boundary layer), as defined by wrms/U∞, has the largest influence on the heat 

transfer enhancement. The second most influential flow parameter is the stream-wise 

velocity, �̅�/𝑈∞,which is responsible for moving the incoming air over the plate. Over the 

range of studied conditions, the velocity perpendicular to the plate, �̅�/U∞ that brings in 

freestream cool air into the hot plate has the third largest impact on the heat transfer rate. 

Ranking fourth is the stream-wise turbulence intensity, urms/U∞, which is less than 60% as 

influential as its normal-to-the-plate counterpart wrms/U∞. The D=2h winglet pair 
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furnished the largest values of these most effectual flow parameters primarily via a pair 

of vibrant counter-rotating vortex streets that are closest to the plate. 
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CHAPTER 3 

CONCLUSIONS & RECOMMENDATIONS 

3.1 Summary and Conclusions 

This study experimentally investigates the role of the transverse distance between 

the trailing edges of the winglet pair (D=0, D=1h & D=2h) at Reh=6300 on heat transfer 

and flow characteristics. The chosen winglet attack angle is 30°, and chord length and 

height are 30 mm and 15 mm respectively leading to the aspect ratio (c/h) of 2. Section 

2.4.1. investigates the role of transverse distance (D) between the trailing edges of the 

winglet pair on heat transfer for four cases, D=0, D=1h, D=2h, and D=3h. The D=2h pair 

optimally-spaced delta winglets consistently resulted in the most potent heat transfer 

augmentation in terms of maximum peak Nu/Nu0 over an extended stretch of surface and 

highest average Nusselt number, Nuavg/Nu0,avg, over the entire tested surface. 

The flow characteristics are delineated in Section 2.4.2., for three cases of 

transverse distance between the trailing edges of the winglet pair viz, D=0, 1h and 2h 

with the help of hot-wire measurement and from the experimental study, it is revealed 

that: 

• The proximity of the vortices leads to a low velocity contour region of 0.6 and it 

roughly coincided with maximum turbulent intensity contour zone of 0.11, 

accompanied by the maximum integral scale contour region of 0.9 and minimum 

Taylor microscale contour region of 0.15.  
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• As the faster moving fluid approaches the hot surface, the cooling becomes more 

effective as the fluid is more turbulent near the surface. In other words, the 

thinning of the boundary layer contributed to the increasing Nu/Nu0 as D 

increased from 0 to 2h. 

• Increasing the transverse distance from D=1h to 2h resulted in more cold air 

towards the hot plate at more negative �̅�/𝑈∞ region and more hot air scooped 

away from the plate at the more positive �̅�/𝑈∞  region. It appears that a 

significant inflow followed by an equally significant outflow makes heat transfer 

more effective. 

Multiple linear regression analysis considering cross-stream vorticity, Ω, stream-

wise time-averaged velocity, �̅�/𝑈∞, vertical time-averaged velocity, �̅�/U∞, stream-wise 

turbulence intensity, urms/U∞, span-wise turbulence intensity, vrms/U∞, height-wise 

turbulence intensity, wrms/U∞, streamwise integral scale, 𝛬/h, and streamwise Taylor 

microscale, λ/h, with respect to the normalized Nusselt number, Nu/Nu0, was performed. 

The analysis demonstrated that turbulent fluctuation vertically into and out of the plate 

(boundary layer) as defined by wrms/U∞ has the largest influence on the heat transfer 

enhancement. The second most influential flow parameter is the stream-wise velocity, 

�̅�/𝑈∞, which is responsible for moving the incoming air over the plate. Over the range of 

studied conditions, the velocity perpendicular to the plate, �̅�/U∞ that brings in freestream 

cool air into the hot plate has the third largest impact on the heat transfer rate. Ranking 

fourth is the stream-wise turbulence intensity, urms/U∞, which is less than 60% as 

influential as its normal-to-the-plate counterpart wrms/U∞. The D=2h winglet pair 
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furnished the largest values of these most effectual flow parameters primarily via a pair 

of vibrant counter-rotating vortex streets that are closest to the plate. 

3.2 Recommendations 

The delta winglets are promising turbulent generators in enhancing convective 

heat transfer. The 2h-spaced winglets can effectively contribute to heat transfer 

augmentation. This study includes the Nu/Nu0 over an extended stretch of surface and 

highest average Nusselt number, Nuavg/Nu0, avg, over the entire tested surface for 3h spaced 

winglets. The flow characteristics of the 3h spaced winglets can be studied to support the 

current heat transfer results.  

Other parameters of the winglets such as size of the winglets can be scrutinized. 

Winglets with much larger height cause increase in Reynolds number as the Reynolds 

number is based on height, while the wind speed is constant. Other way round, the wind 

speed can also be increased, keeping the dimensions of the winglet constant. These can 

have a different influence on heat transfer. A row of winglets can be studied before 

implementing the winglets into practical application. 
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APPENDICES 

 

Appendix A. Uncertainty Analysis 

Uncertainty Analysis 

The total uncertainty, E, consisted by the bias (B) and precision (P) 

uncertainties [1], 

𝐸 = √𝐵2 + 𝑃2                                                                    (A-1) 

Uncertainty of Ui 

At characteristic point of Y/h=0 and Z/h=1.5, the bias uncertainty of 

instantaneous velocity was influenced by the process of calibration (0.194 m/s), 

linearization (0.097 m/s), A/D resolution (0.078 m/s), and probe positioning (0.015 

m/s). The bias uncertainty of the instantaneous velocities was thus approximately, 

 𝐵(𝑈𝑖) = √0.1942 + 0.0972 + 0.0782 + 0.0152 =  0.2 m/s                  (A-2) 

We rested the hotwire to freestream and measured the velocity 20 times and 

thus provided an estimate of the precision uncertainty. For every measurement, N = 106 

points were recorded, and precision, P, was assumed to follow the Student’s 

distribution method with a confidence interval of 95%, giving 

    𝑃(𝑈𝑖) = 0.11 m/s    

      (A-3) 

Then the total uncertainty of Ui was thus 

 𝐸(𝑈𝑖) = √𝐵(𝑈𝑖)2 + 𝑃(𝑈𝑖)2 = √0.202 + 0.112 = 0.23 m/s (A-4) 

Uncertainty of �̅�, �̅�, &  �̅̅̅� 

For the mean velocity (7 m/s), the bias uncertainty was assumed to have the 

same value as the bias uncertainty of the instantaneous velocity, 
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 𝐵(�̅�) = 𝐵(𝑈𝑖) = 0.20 m/s          (A-5) 

 

The precision uncertainty of the mean velocity was obtained by resetting the 

hotwire to the typical position and measuring the velocity for 20 times. The resulting 

precision of  �̅�, 

P(�̅�) = 0.20 m/s          (A-6) 

From the above equations, the total uncertainty of �̅� was obtained to be, 

𝐸(�̅�) = √𝐵(�̅�)2 + 𝑃(�̅�)2 = √0.202 + 0.202 = 0.28 m/s, 

 𝐸(�̅�) = 0.021 m/s,  𝐸(�̅�) = 0.021m/s                   (A-7) 

Uncertainty of urms, vrms, & wrms 

We estimated the bias uncertainty in urms to be, 

    B(urms) = 0.010 m/s                                                        (A-8) 

Based on 20 repeated measurements, we estimated the precision of urms,  

  P (urms) = 0.028 m/s                                                          (A-9) 

The total uncertainty of urms, vrms, wrms were calculated to be, respectively, 

𝐸(𝑢𝑟𝑚𝑠) = √𝐵(𝑢𝑟𝑚𝑠)2 + 𝑃(𝑢𝑟𝑚𝑠)2 = √0.010352 + 0.0282 = 0.029 m/s  (A-10) 

𝐸(𝑣𝑟𝑚𝑠) = √B(𝑣𝑟𝑚𝑠)2 + 𝑃(𝑣𝑟𝑚𝑠)2 = √0.010352 + 0.0252 = 0.026 m/s    (A-11) 

 𝐸(𝑤𝑟𝑚𝑠) = √𝐵(𝑤𝑟𝑚𝑠)2 + 𝑃(𝑤𝑟𝑚𝑠)2 = √0.010352 + 0.0212 = 0.023 m/s (A-12) 

Heat Transfer 

We captured the temperature distribution using a thermal camera calibrated by a 

thermocouple having a bias uncertainty of 0.5℃. Based on 10 repeated surface 

temperature measurements, we estimated a precision uncertainty of 0.36℃. Using the 

propagation of the uncertainty, each parameter’s uncertainty involved in the heat transfer 

was estimated using, 

𝐸(�̇�𝑇𝑜𝑡𝑎𝑙) = √[
𝜕�̇�𝑇𝑜𝑡𝑎𝑙𝐸(𝑇𝑇𝑜𝑝)

𝜕𝑇𝑇𝑜𝑝
]2 =

𝐾𝑃𝑇𝐹𝐸𝐴

𝑡𝑃𝑇𝐹𝐸
𝐸(𝑇𝑇𝑜𝑝)                             (A-11)                              
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 𝐸(�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) = √[
𝜕�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛𝐸(𝑇𝑇𝑜𝑝)

𝜕𝑇𝑇𝑜𝑝
]2 = 4𝜀𝜎𝐴𝑇𝑇𝑜𝑝

3 𝐸(𝑇𝑇𝑜𝑝)                   (A-12) 

 

𝐸(�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛) = √[
𝜕�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐸(�̇�𝑇𝑜𝑡𝑎𝑙)

𝜕�̇�𝑇𝑜𝑡𝑎𝑙

]

2

+ [
𝜕�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛𝐸(�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛)

𝜕�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

]

2

 

 

   𝐸(�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛) = √[𝐸(�̇�𝑇𝑜𝑡𝑎𝑙)]2 + [𝐸(�̇�𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛)]2                            (A-13) 

 

                   𝐸(ℎ̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛) = √[
𝜕ℎ𝐸(�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)

𝜕�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
]

2

+ [
𝜕ℎ𝐸(𝑇𝑇𝑜𝑝)

𝜕𝑇𝑇𝑜𝑝
]

2

   

       

           𝐸(ℎ̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)  = √[
𝐸(�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)

𝐴(𝑇𝑇𝑜𝑝−𝑇𝑎𝑖𝑟)2]
2

+ [
�̇�𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐸(𝑇𝑇𝑜𝑝)

𝐴(𝑇𝑇𝑜𝑝−𝑇𝑎𝑖𝑟)2 ]
2

              (A-14) 

 

𝐸 (
𝑁𝑢

𝑁𝑢0
) =

𝐸(ℎ̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛)

𝐸(ℎ̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛,0)
                             (A-15) 

According to calibration error [1] and Equations A-11 to A-15, the uncertainty of 

Nu/Nu0 was found to be 0.061. Moreover, we estimated the uncertainty in probe 

positioning to be around 0.2h. Uncertainty of thermocouple was 0.5℃ and the thermal 

camera was 0.36℃. According to Ref [1], the uncertainty of each parameter considered 

in this study was calculated. Table A.1 tabulates the uncertainties of mean velocities and 

their respective root-mean squares uncertainties, and Table A.2 tabulates the 

representative uncertainties of all the studied parameters.  
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Table A.1. Typical uncertainties of mean velocities and their respective root-mean 

squares uncertainties. 

Parameter �̅� �̅� �̅̅̅� 𝒖𝒓𝒎𝒔 𝒗𝒓𝒎𝒔 𝒘𝒓𝒎𝒔 

Uncertainty 0.28 0.021 0.021 0.029 0.026 0.023 

 

Table A.2. Representative uncertainties of studied parameters 

Parameter 𝑵𝒖

𝑵𝒖𝟎
 

�̅�

𝑼∞
 

�̅�

𝑼∞
 

�̅̅̅�

𝑼∞
 

𝜴 

Uncertainty 0.061 0.040 0.003 0.003 0.004 

Parameter 𝒖𝒓𝒎𝒔

𝑼∞
 

𝒗𝒓𝒎𝒔

𝑼∞
 

𝒘𝒓𝒎𝒔

𝑼∞
 

𝜦

𝒉
 

𝝀

𝒉
 

Uncertainty 0.004 0.0037 0.0033 0.04 0.004 
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Appendix B. Turbulent Intensity & Stream-wise Normalized Velocity, �̅�/𝑼∞ , of 

Inflow, Outflow, and Base Flat Plate Case  

The comparison of urms/U∞, vrms/U∞, and wrms/U∞ at 10h downstream for the 2h-

spaced winglets pair is shown in Figure B.1. The uncertainty in urms/U∞, vrms/U∞, and 

wrms/U∞ were estimated to be around 0.004, 0.0037, and 0.0033, respectively.  The 

inflow and outflow regions are chosen from the Figure 2.6, chapter 2, section 2.4.2.1, 

where the arrows point downwards (upwards) represents inflow (outflow) and at the 

location of Y/h = -2.0, and -0.5, for inflow and outflow, respectively. It is noted that 

wrms/U∞ at inflow is larger than the outflow region near the surface. This seems to be 

useful for differentiating the inflow and outflow regions when compared to the vorticity 

(Ω). In other words, the normalized vertical velocity, �̅�/𝑈∞ , acts as an important 

parameter to clearly differentiate inflow and outflow. Note that the high turbulent 

intensity can significantly contribute to heat transfer. The turbulent intensities for all 

three components are almost similar, with a largest difference among urms/U∞, vrms/U∞, 

wrms/U∞ being only 3% at same location. It is also noted that both at inflow and outflow 

the W component turbulent intensity values are higher near the surface and as the 

normal distance from the plate is increased, the U component turbulent intensity values 

become higher at the proximity of vortex core area signifying both the U and W 

components turbulent intensities are significant in contributing to heat transfer 

compared to V component. In Figures 2.9 from chapter 2, the maximum turbulence 

intensity of 0.096, 0.11, & 0.11 is obtained nearly in the vortex regions of Y/h= -1.0 & 

Z/h=1.25, Y/h= -1.75 & Z/h=1.25, Y/h= -2.25 & Z/h= 1.0, respectively. And this 

turbulence intensity decreases apart from the proximity of the solid surface to the 
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freestream regions near both inflow and outflow regions. This confirms the low 

background turbulence outside the boundary layers near the freestream area. 
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Figure B.1. Turbulent intensities (urms/U∞, vrms/U∞, and wrms/U∞) at inflow and outflow 

regions at 10h downstream of the 2h-spaced winglet pair. 

The comparison of vrms/U∞, and wrms/U∞ at 10h distance downstream for the 2h-

spaced winglets pair is shown in Figure B.2. The uncertainty in vrms/U∞, and wrms/U∞ 

were estimated to be 0.0037, and 0.0033, respectively.  It is clear from Figure B.2(a) that 

as the fluid approaches the surface the turbulence intensity increases. It is also noted that 

the near-surface turbulent intensity is higher at inflow and outflow region which can be 

seen in Figure B.2(b), and this roughly coincides with the increase in Nu/Nu0, making 

D=2h case superior compared to D=0 and D=1h cases. 
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Figure B.2. (a) Spanwise turbulent intensity contours (vrms/U∞) and (b) height wise 

turbulent intensity contours (wrms/U∞) in the YZ plane at 10h downstream for 2h spaced 

winglet pair. 

Figure B.3 shows the stream-wise normalized velocity, �̅�/𝑈∞ , of inflow, 

outflow, and base flat plate case (without winglets) at X=10h downstream distance for 

2h-spaced winglet pair. Boundary layer thickness is the location of the height where the 

U component velocity is 99% of freestream velocity. For flat plate without winglets the 
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boundary layer lies approximately near 6 mm (0.33h) at 10h downstream of the winglet 

[1]. The turbulent boundary layer can be derived from 
𝛿

ℎ
=

0.37

𝑅𝑒ℎ
1/5  and it is around 

5.7mm, where 𝛿 is the boundary layer thickness, h is the winglet height and Reh is the 

Reynolds number based on winglet height. The inflow and outflow regions are chosen 

from chapter 2, section 2.4.2.1, Figure 2.6, where the arrows point downwards 

(upwards) represents inflow (outflow) and this correspond to the location of Y/h = -2.0, 

1.5, and -0.5, 0, respectively. The �̅�/𝑈∞ values shown in the Figure B.3 are average of 

the two inflow and two outflow regions, respectively. The boundary layer is thicker 

near the inflow region than the outflow. If the normalized velocity near the plate is 

observed, it is nearly 0.8 at inflow which is significantly higher than the base plate of 

0.76 contributing to better heat transfer. Near the plate, the outflow region is 0.66 and 

heat transfer is expected to be less at this region. 

 

 

Figure B.3. Stream-wise normalized velocity �̅�/𝑈∞ of inflow, outflow, and base flat 

plate case at X=10h downstream distance of the D=2h winglet pair. 
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Appendix C. Impact of Individual Flow Parameters on Heat Transfer 

The impact of cross-stream dimensionless vorticity (Ω), stream-wise time-

averaged velocity normalized by U∞ ( �̅�/𝑈∞ ), vertical averaged �̅� /U∞, stream-wise 

turbulence intensity normalized by freestream time-averaged velocity (urms/U∞), span-

wise turbulence intensity normalized by freestream time-averaged velocity (vrms/U∞), 

height-wise turbulence intensity normalized by freestream time-averaged velocity 

(wrms/U∞), integral scale normalized by winglet height (𝛬/h), and Taylor microscale 

normalized by winglet height (λ/h) on heat transfer enhancement (Nu/Nu0) at a 

downstream distance of X=10h, spanwise distance of Y=±3h, and at Z=0.33h is shown in 

Figure C.1 starting from the parameter which had lower influence to the parameter which 

had higher influence on heat transfer according to multiple linear regression results 

shown in Chapter 2, Section 2.4.3. The correlations of studied flow parameters and 

Nu/Nu0 appear similarly scattered, still we can see that certain flow parameters correlate 

better with the heat transfer enhancement than others. The significant scatter is primarily 

because every data point corresponds a condition where the values of the different flow 

parameters are unique to that data point. For example, when correlating Nu/Nu0 with 

�̅�/𝑈∞ in Figure C.1(f) for D=1h case, the data points correspond to changes in wrms/U∞, 

�̅�/𝑈∞, and others, in addition to variation in �̅�/𝑈∞. It is found that the height-wise 

turbulent intensity normalized by time-averaged free-stream velocity (wrms/U∞) has most 

significant impact on heat transfer as the turbulent intensity near the surface is larger 

compared to the other areas and the high Nu/Nu0 values corresponds to the high turbulent 

intensity locations for 2h-spaced winglets. The impact of stream-wise velocity 

normalized by time-averaged free-stream velocity (�̅�/𝑈∞) also has significant impact on 
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Nu/Nu0. The higher stream-wise velocity locations compared to the base case (without 

winglets) denotes the inflow region and this roughly coincide with high Nu/Nu0 and these 

locations are outnumbered by 2h-spaced winglets than other cases. Next to stream-wise 

velocity, the vertical velocity towards the hot surface normalized by time-averaged free-

stream velocity (�̅�/U∞) has marginal effect on Nu/Nu0. The �̅�/𝑈∞ has both negative 

values (inflow) and positive values (outflow). The 2h-spaced winglets have significant 

lowest negative value and equally significant positive value denoting that the vortices 

generated by 2h-spaced winglets are more organized making significant impact on heat 

transfer. The higher fluctuation of both streamwise velocity, urms/U∞, and cross-stream 

turbulent fluctuation, vrms/U∞, is beneficial for heat transfer. The magnitude of the cross-

stream vorticity, Ω, has a relatively small impact. Recall that we have utilized only the 

next-to-the-surface data points, and that vorticity is highest at the core of the organized 

vortices that are somewhat away from the plate. Around the edge of a vortex the vorticity 

is low. The effects of /h and λ/h are not obvious. Increase in integral length, which 

implies weaker turbulence, and a negative impact on heat transfer. Taylor microscale, λ/h, 

seems to convey that when an eddy is large, it negatively influences the heat transfer. 
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Figure C.1. Correlating normalized, (a) span-wise turbulence intensity, vrms/U∞, (b) 

integral scale normalized by winglet height, 𝛬/h, and (c) Taylor microscale normalized 

by winglet height, λ/h, (d) cross-stream dimensionless vorticity (Ω), normalized (e) 

stream-wise turbulence intensity, urms/U∞, (f) vertical velocity, �̅� /U∞, (g) stream-wise 

velocity, �̅�/𝑈∞, (h) height-wise turbulence intensity, wrms/U∞, with Nu/Nu0 at X=10h, 

Y=±3h, and Z=0.33h. The solid, dashed and dotted lines represent the linear fits for D=0, 

D=1h and D=2h cases, respectively. R-square values of vrms/U∞ are 0.74275, 0.12041, & 
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0.08104 for 0, 1h and 2h spaced winglets, respectively. R-square values of λ/h are 

0.38644, 0.0411, & 0.0489 for 0, 1h and 2h spaced winglets, respectively. R-square 

values of 𝛬/h are 0.052. 0.02836, & 0.16783 for 0, 1h and 2h spaced winglets, 

respectively. R-square values of Ω are 0.00034, 0.05518, & 0.33887 for 0, 1h and 2h 

spaced winglets, respectively. R-square values of urms/U∞ are 0.18005, 0.02096, & 

0.04513 for 0, 1h and 2h spaced winglets, respectively. R-square values of �̅�/𝑈∞ are 

0.13115, 0.0022, & 0.35856 for 0, 1h and 2h spaced winglets, respectively. R-square 

values of �̅�/𝑈∞  are 0.00034, 0.05518, & 0.58213 for 0, 1h and 2h spaced winglets, 

respectively. R-square values of wrms/U∞ are 0.38449. 0.38470, & 0.1141 for 0, 1h and 2h 

spaced winglets, respectively. 
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Appendix D. Impact of Non-ideal Real Wind Effects 

The hourly average wind speed and most frequent wind direction for the period 

1981 to 2010 in Windsor is obtained to be 15.5 km/hr (4.3 m/s) and south-west direction, 

respectively [1]. From the data provided by Ref [1], the standard deviation of hourly wind 

speed is calculated to be 2.45 m/s. From this the wind turbulence can be calculated by 

dividing the standard deviation of hourly wind speed by the average hourly wind speed 

(4.3 m/s). The corresponding wind turbulence is calculated to be around 0.16. According 

to Althaher et al. [2], as the Reynolds number increases, the base Nusselt number 

increases by using delta winglets pairs. They varied the Reynolds number based on mean 

velocity variation indicating that the increase in mean wind velocity can results in 

increased Nusselt number (Nu). The wind flow in Windsor has its natural turbulence of 

0.16 for an average velocity of 4.3 m/s. This when passes through the delta winglets 

model proposed in this study can cause a raise in turbulence and considered the increase 

in wind velocity, it would be beneficial for effective fluid mixing thereby increasing the 

local Nusselt number and helps in enhancing the heat transfer from the hot surface. 
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Appendix E. Dimensional Analysis and Scaling Factor for Winglets 

The results shown in this work are in non-dimensional form. All the heat transfer 

and flow characteristics results are normalized by the height of the winglet (h=15 mm). 

The longitudinal vortices survived till the downstream distance of 20h i.e., 300 mm of the 

heated plate for the winglet height of 15 mm. If these winglets are practically needing to 

be implanted in a solar panel of 1-meter length, then approximately winglets with height 

of 50mm are needed. Accordingly, the chord length also needed to be scaled up to 

100mm to provide an aspect ratio of 2 to witness the same performance obtained from 

this study.  Increasing the winglet height increases the Reynolds number as it is based on 

the winglet height and it positively influences the heat transfer as presented in the 

previous section, Appendix D. 
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