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	ABSTRACT:
The paper presents an experimental investigation on enhanced heat transfer and pressure loss characteristics using zigzag-winglet perforated-tape inserts (ZW-PT) in a round tube having a uniform heat-fluxed wall for the turbulent air flow, Reynolds number (Re) from 4200 to 26,000. In the present work, the ZW-PT having the winglet attack angle of 45° were inserted into the test tube at two different winglet pitch ratios (P/D=PR=1 and 1.5) and four winglet-width or blockage ratios (b/D=BR=0.1, 0.15, 0.2 and 0.25). The experimental results of the heat transfer and pressure loss due to friction for propelling air through the tube are presented in terms of Nusselt number (Nu) and friction factor (f), respectively, reveal that the Nu and f increase with the increment of BR and Re but with the decreasing PR. The Nu for the inserted tube is in a range of 3.1–5.1 times above that for the plain tube while the f is around 12.5–53.6 times. In addition, the use of the ZW-PT with PR=1.0 leads to better thermal enhancement factor (TEF) than that with PR=1.5 around 3–5%.
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1. Introduction
Many engineering and industrial techniques have been devised for enhancing the convective heat transfer rate from the heated wall surfaces such as solar air heater and heat exchanger systems. A heat exchanger as an equipment to facilitate the convective heat transfer of fluid inside the tubes is frequently utilized in many engineering and industrial applications for example, heat recovery process, cooling of turbine blades, air conditioning and refrigeration systems, solar water heater, chemical engineering process. To date, several studies have been focused on passive heat-transfer enhancement techniques. Passive enhancement techniques by tube inserts have been widely used for enhancing the heat transfer rate in a heat exchanger [1]. Insertion of vortex generator (VG) devices to generate the vortex flow such as wire coil [2], twisted tape [3], fin tape [4,5], baffle [6], winglet [7], in the flow passage to enhance the convective heat transfer rate is the most commonly known in many thermal systems.

For decades, the heat transfer enhancement by insertion of VG devices has been widely investigated both numerically and experimentally. The conjugate heat transfer and thermal stress in a circular tube with wire coiled inserted under a constant wall heat-flux was numerically investigated by Ozceyhan [8].  Chokphoemphun et al. [9] investigated numerically and experimentally the turbulent convection heat transfer in a circular tube inserted with winglet vortex generators (WVGs).
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They indicated that the thermal performance for the WVGs is found to be much higher than that for the wire coil and twisted tape. The heat transfer and pressure drop characteristics in a double pipe heat exchanger fitted with regularly-spaced twisted-tape elements at several space ratios were studied experimentally by Eiamsa-ard et al. [10].  Promvonge [11] conducted measurements using wire coils in conjunction with twisted tapes for heat transfer augmentation and reported that the combination of wire coil and twisted tape leads to a double increase in heat transfer over the use of wire coil/twisted tape alone. Influences of the straight full twist insert with different spacer distances on heat transfer characteristics were also studied by Krishna et al. [12].  Eiamsa-ard et al. [13] studied the effect of the short-length twisted tape on heat transfer, friction factor and thermal performance in a heat exchanger tube. Chiu and Jang [14] presented the numerical and experimental work on thermal–hydraulic characteristics of air flow inside a circular tube with five different tube inserts; longitudinal strip inserts both with/without holes and twisted-tape inserts with three different twist angles for different inlet velocity ranging from 3 to 18 m/s. Promvonge et al. [15] examined the heat transfer, friction loss and thermal performance in a round tube fitted with inclined horseshoe baffle inserts. They found that the horseshoe baffle at BR=0.1, PR=0.5 provides higher thermal performance than other baffles. A 3-D numerical simulation of swirling flow and convective heat transfer in a circular tube fitted with loose-fit twisted tapes were also reported by Eiamsa-ard et al. [16].

According to the literature, the heat transfer enhancement strongly depends on the baffle/winglet structure. Devices with more proper geometries give better thermal performance enhancement. In the present work, the novel 45º winglets with two different winglet pitch ratios (P/D=PR=1.0 and 1.5) and four winglet-width or blockage ratios (b/D=BR=0.1, 0.15, 0.2 and 0.25) are proposed. The experimental results using air as the test fluid for the 45º ZW-PT inserted tube are presented for turbulent flows in a Reynolds number range of 4200 to 26,000 in the current work.
2. Experimental Setup
A schematic diagram of the experimental apparatus is presented in Fig. 1.  In the apparatus setting above, inlet air at 25 ºC from a 1.5 kW blower was directed through an orifice flow-meter and passed to the heat transfer test section. The airflow rate was measured by the orifice flow-meter calibrated by using a hot-wire anemometer. The volumetric airflow rate from the blower was adjusted by varying the motor speed of the blower through an inverter. The copper test tube has a length of 3000 mm long, included the test section (L) of 1200 mm with 50.2 mm inner diameter (D) and 54.3 mm outer diameter (Do) as depicted in Fig. 2. The tube was heated by continually winding flexible electrical wire to provide a uniform heat-flux condition. The outer surface of the test tube was well insulated to minimize convective heat loss to the surroundings. The inlet and outlet temperatures (Ti and To) of the bulk air were measured at certain points with a multi-channel temperature measurement unit in conjunction with the RTD PT 100 type temperature sensors while the surface temperatures (Tw) were measured by 16 T-type thermocouples located equally on each of the top and side walls along the test section. Two static pressure taps coupled with a digital manometer were used to measure pressure drops across the test section. The Reynolds number of the bulk air was varied from 4200 to 26,000.

[image: ]
Fig. 1. Schematic diagram of the experimental setup.

Figure 2 displays the ZW-PT arrangements used in the present work. Each winglet was made of a 0.3 mm thick (t) aluminum strip with 50 mm long (l). The perforated-tape made of aluminum sheet were 1200 mm long and 0.5 mm thick (e). To obtain a perforated-tape, several holes were punched along the central line of the straight tape with a single diameter (d) of 10 mm while the pitch distance between holes drilled was equal to a half diameter of the tube (0.5D). At the tape edges, half-holes with similar diameter and pitch of the center holes were drilled along both edges. The winglets were attached repeatedly to the perforated-tape using hot glue on both sides of the tape in zigzag-arrangement as seen in Fig. 2. The 45º ZW-PT with various geometries including two different winglet pitch ratios and four winglet-width or blockage ratios were inserted into the tube by wall-attached position. The parameter ranges of the investigation were given in Table 1.
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                                 (a) test tube with 45º ZW-PT insert                                 (b) photograph of tube insert
Fig. 2. The ZW-PT arrangements used in the present work.

Table 1: Ranges of parameters in the investigation.
	Working fluid 
Reynolds number
	Air
4200 to 26,000

	b/D=BR
	0.1, 0.15, 0.2, 0.25

	P/D=PR
	1.0 and 1.5

	Tape thickness, 
	0.5 mm

	Tape length, L
	1200 mm 

	Winglet thickness, t
	0.3 mm

	Winglet length, l
	50 mm


3. Data Processing
The data reduction for flow condition (Reynolds number, Re), heat transfer rate (Nusselt number, Nu), pressure drop (friction factor, f), and thermal enhancement factor (at the same pumping power), are described in this section. The Re based on the tube diameter is given by


	(1)

The f computed by pressure loss across the test tube length is written as


	(2)

in which U is the mean air velocity in test tube.

In the experiment, air flowed through the test tube having a uniform heat-fluxed wall. The steady state of the heat transfer rate is assumed to be equal to the heat loss from the test section which can be expressed as:


	(3)
where

	(4)

The convection heat transfer from test section can be written by


	(5)

in which


	(6)

and


	(7)

where Tw is local wall temperature along the test tube. The average wall temperature is calculated from 16 points of surface temperatures lined equally between the inlet and the exit of test tube. The average heat transfer coefficient (h) and mean Nusselt number (Nu) are estimated as follows: 


	(8)

The heat transfer is calculated from the Nu which can be obtained by


	(9)

All of thermo-physical properties of air are determined at the overall bulk air temperature (Tb) from Eq. (6).
The thermal enhancement factor (TEF) is given by


	(10)

[bookmark: OLE_LINK3]where hp and hs are heat transfer coefficients for plain tube and the inserted tube, respectively.
4. Results and Discussion
4.1 Verification of plain tube
The comparison of the experimental heat transfer (Nu) and friction loss (f) results of a plain tube in the present work and those obtained from the standard correlations [17] of Dittus-Boelter and Blasius, as given in Eqs. (11) and (12), is depicted in Fig. 3. In the figure, measured data are in good agreement with correlation’s data. The average deviation of the measured is about 6% for both Nu and f. 
Dittus-Boelter correlation:


	(11)

Blasius correlation:


	(12)
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Fig. 3. Verification of Nu and f for plain tube.
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	(a) Nu
	(b) Nus/Nup


Fig. 4. Variation of Nu and Nus/Nup with Re for ZW-PT insert.

4.2 Effect of ZW-PT on heat transfer
Figure 4a and b presents the relationship between Nusselt number (Nu) and Nusselt number ratio (Nus/Nup) with Re for using the ZW-PT with different BR and PR values. As compared to the results of the plain tube, the heat transfer was considerably enhanced with the presence of ZW-PT. This is due to the interruption of the flow by the turbulator results in the destruction of thermal boundary layer near the tube wall. Under similar conditions, the Nu increases with the rise of Re and BR but with the decreasing PR. The ratio of augmented Nu of inserted tube to Nu of plain tube, Nus/Nup plotted against the Re is depicted in Fig. 4b. In the figure, the Nus/Nup tends to decrease slightly with the rise of Re for all cases. It is noted that the BR = 0.25 provides the highest Nus/Nup. This is caused by higher flow blockage of BR = 0.25 interrupting the flow leading to stronger vortex flow strength and, thus, more efficient heat transfer between the working fluid and the heated wall surface. The average increases in Nus/Nup for using the 45° ZW-PT with BR = 0.1, 0.15, 0.2 and 0.25 are about 369%, 441%, 472% and 497%; and 324%, 388%, 422 and 446% for PR = 1.0 and 1.5.


4.3 Effect of ZW-PT on friction factor
Figure 5a and b depicts the variation of friction factor (f) and friction factor ratio (fs/fp) with Re for various ZW-PT inserts, respectively. It is clearly observed in Fig. 5a that the ZW-PT provides a substantial increase in f above the plain tube, due to the dissipation of dynamic pressure of the fluid due to higher surface area and the reverse/swirl flow. The mean increase in the f of the ZW-PT is in a range of 15-46 times over the plain tube. The ZW-PT at PR=1.0 gives much higher f than that at PR=1.5 and the f increases with the increment of BR. Fig. 5b presents the variation of fs/fp with Re for various BR and PR values. In the figure, the fs/fp tends to increase with the rise of Re for all insert cases. The maximum fs/fp of about 53.6 times is seen for the ZW-PT at BR = 0.25 and PR = 1.0. The mean fs/fp for the ZW-PT at PR = 1.0 is seen to be higher than the one at PR = 1.5 around 18.4-24.3%.
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	(a) f
	(b) fs/fp


Fig. 5. Variation of f and fs/fp with Re for ZW-PT insert.
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Fig. 6. Variation of TEF with Re.


4.4 Effect of ZW-PT on thermal performance
The variation of the thermal enhancement factor (TEF) with Re values for all inserts is shown in Fig. 6.  The TEF is achieved by simultaneously evaluating the Nu and f in the enhanced tube and plain tube under constant pumping/blowing power conditions taken into account by using Eq. (10). In the figure, the TEF shows the downtrend with the increase of Re for all inserts. The maximum TEF is between 1.32-1.6 for BR = 0.15 and PR = 1.0 while the minimum one is between 1.2-1.49 for BR = 0.1 and PR = 1.5, depending on Re values. The highest TEF of 1.59 is found for the ZW-PT at BR = 0.15 and PR = 1.0 at the lowest Re.
5. Conclusion
The thermal performance in a round tube inserted with 45° ZW-PT at two PR and four BR values has been investigated experimentally for the turbulent regime, Re = 4200-26,000 under a uniform wall heat-flux condition. The Nu increases whereas f decreases with the increase in Re. The use of the 45° ZW-PT leads to considerable heat transfer enhancement over the plain tube at about 324-497% depending on the Re, PR and BR values. The f of the ZW-PT is found to be 15-46 times above that of the plain tube. The maximum TEF of around 1.6 is found for the ZW-PT with BR = 0.15, PR = 1.0 at the lowest Re.
Nomenclature
A	heat transfer surface area, m2
b	winglet height, m
BR	winglet blockage ratio (b/D)
Cp,a	specific heat of fluid, J/kg-K 
D	inner diameter of test tube, m
Do	outer diameter of test tube, m
d	hole diameter of perforated tape, m
e	thickness of tape, m
f	friction factor
h	convective heat transfer coefficient, W/m2-K
k	thermal conductivity of fluid, W/m-K
L	length of test section, m
l	winglet length, m

	mass flow rate, kg/s
Nu	Nusselt number
P	axial pitch spacing of winglet, m
PR	pitch ratio (P/D)
P	pressure drop, Pa 
Pr	Prandtl number 
Q	heat transfer rate, W
Re	Reynolds number

	mean temperature, K
T	temperature, K
TEF	thermal enhancement factor
t	thickness of winglet, m
U	mean air velocity, m/s
W	tape width, m
ZW-PT	zigzag-winglet perforated-tape
	attack angle of winglet, degree
ρ	fluid density, kg/m3
ν	kinematic viscosity, m2/s
Subscripts
a	air
conv	convection
i	inlet
o	outlet
p	plain tube
pp	pumping power
s	inserted tube
w	wall
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