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ABSTRACT 
Vortex generators/turbulent promoters generate the vortices 

which reduce the boundary layer thickness and introduce a better 
mixing of the fluid to enhance the heat transfer. In this research, 
thermal performance of winglets longitudinal vortex generators 
(VGs) were investigated experimentally. Delta winglet VGs of 
different heights and attack angles were inserted inside a 1 m 
length copper tube. The experiments were conducted with VGs 
for an air flow range of Reynolds numbers from 6000 to 33000. 
The influence of the winglet VGs on heat transfer and pressure 
drop was investigated in terms of the Nusselt number and friction 
factor. Vortex generators were arranged repeatedly inside the 
tube 12 rows (N) with same pitch distance (P=L/N) and each row 
consists of 4 VGs in a circular pattern on the inner surface of the 
tube. So relative pitch ratio (PR=P/D) is 1.6 and three winglets 
blockage ratios (B=H/D) are 0.1, 0.2, 0.3 with respect to three 
winglets heights (H=5mm, 10mm and 15mm). Attack angles of 
the VGs were maintained 0°, 15°, 35° and 45° for B=0.3. The 
objectives of the study were to investigate the heat transfer 
enhancement and to identify the parameter which induces the 
highest thermal performance augmentation in the circular tube. 

Based on the experimental results, the best parameter for 
thermal performance enhancement (TPE) (η) is for B=0.1, with 
PR=1.6, β=45°. Nusselt number increased 2 times higher than 
that of the smooth tube. Friction factor decreased with Reynold 
number from 0.13 to 0.06.    

 
INTRODUCTION 

Vortex generator refers to the components that can generate 
vortices to improve the thermal performance of heat exchanger, 
especially for compact heat exchangers. So the size of heat 
exchanger can be reduced and save more energy. The effect of 
turbulence promoters on heat transfer has been researched 
intensively. Vortex generators create longitudinal vortices which 
do not decay until further downstream and consequently their 
heat transfer coefficients are higher than other types of VGs with  
same pressure drops in this region. For tubular heat exchangers, 
the twisted/helical tapes, wire coils, vortex rings[1] and conical 
tabulators have been widely used for enhancing the heat transfer 
[2, 3]. 

These are widely used in compact heat exchangers, solar 
collector, mixing biofuel [4], gas turbines [5, 6],  and cooling of 

electrical devices. However, in these applications, gases were 
used instead of liquids as heat transfer medium. 

NOMENCLATURE 
 

A [m3] Area of the tube wall 
B [-] Blockage ratio (H/D) 
Cp, air [kJ/kg·K] Air specific capacity 
D [m] Tube inner diameter 
f [-] Friction factor 
H [m] Height of the winglet 
h [W/m2·K] Heat transfer coefficient 
k [m] Air thermal conductivity 
L [m] test tube length  
l [7] Delta winglets length 

m
 [kg/s] Mass flow rate  

Nu [-] Nusselt number 
Q [W] Heat transfer rate 
P [m] Ring pitch  
∆P [Pa] Pressure drop 
PR [-] Pitch ratio (P/D) 
Pr [-] Prandtl number 
q [m3/s] volumetric flow rate 
Re [-] Reynolds number 
T [°C] Temperature (K) 
U [m/s] Mean axial velocity 
VG [-] Vortex generator 
 
Special characters 
β [°] Winglet attack angle 
ρ [kg/m3] Fluid density 
υ [m2/s] Kinematic viscosity  
η [-] Thermal performance enhancement (TPE) 
 
Subscripts 
b  Bulk 
0  Smooth tube 
pp  Pumping power 

 
Therefore, heat transfer enhancement techniques that improve 
heat transfer rate are of particular interest [7]. 

There are many researchers devoted to the study of vortex 
generator regarding its wide use in the heat exchangers. Jaisankar 
et al. [8] experimentally explored the heat transfer performance 
of thermosiphon solar water heater system which inserted 
twisted tapes with spacer and rod at the trail edge. In order to 
compare the heat transfer performance, three types of twist VGs 
were used for experiment. Results disclosed that the twist 
connected with rod VGs indicated better comprehensive thermal 
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performance enhancement than twist fitted with spacer. Gunes  
et al. [9] experimentally explored the thermal performance of 
coiled wire inserts while VGs placed separately with different 
pitch ratios in a tube. The Nusselt number (Nu) and friction (f) 
factor both were found to decrease with the increase of pitch ratio 
and coil distance. Zhou et al. [10] conducted the experiment 
inside a rectangular duct with a plate on the bottom to heat the 
test section by electrical energy. The results showed that curve 
winglet pair had better thermal performance. Leng  et al. [11] 
investigated the enhancement of heat transfer by spiral coil 
inserts model in the parallel-plate duct. They reduced the 
thickness of the boundary layer and enhanced the heat  transfer 
between boundary layer and mainstream. Khoshvaght-Aliabadi 
et al. [12] examined the thermal performance of plate fin heat 
exchanger with VGs on the surface where nano fluid was used 
as working fluid. Experiment and numerical methods were used 
to study the forced heat convection in laminar and steady state 
flow with copper based deionized water Nano fluid inside the 
VGs plate fin ducts. Islam et al [9] have experimentally studied 
the heat transfer and flow behaviour of a rectangular vortex 
generators in a narrow channel and obtained better thermal 
performance. Promvonge et al. numerically studied the thermal 
performance of 45° inclined baffles on bottom wall [13], 45° [14] 
and 30 ° [15] inclined baffles on two opposite (upper and lower 
baffles)walls in a square channel within laminar flow. 

As the above literature review shows, previous studies have 
investigated heat transfer enhancement with twisted tapes, 
vortex rings and a few studies have concentrated on delta 
winglets vortex generators in a circular tube with special 
arrangement. This research attempts to investigate the effect of 
blockage ratio and attack angle on the heat transfer enhancement 
and friction factor for delta winglets VGs in a tube. 
 

EXPERIMENTAL SETUP 
The experiment was conducted in an open loop facility as 

shown in Figure 1. Experimental setup consisted of a blower, 
orifice meter, flow straightener, calming tube and the test 
section. Test section has a copper tube of 52 mm inner diameter 
inserted with winglet vortex generators, with length of 1000mm 
and of thickness 1.75 mm.  A blower with a variac transformer 
is used for the air flow. The straightener can eliminate and reduce 
mal-distribution of flow during the experiments. For calm 
section, the length is 1.5m and which is enough to get fully 
developed flow state before flowing into test section.  Pressure 
drop is measured by a micromanometer which is used to 
calculate air flow rate. The inlet pressure depends on the flow 
rate. In the inlet and outlet of the copper tube, there were two 
pressure taps connected to micromanometer. Copper tube was 
heated by continually winding flexible electrical wire to provide 
a uniform heat flux boundary condition which is 694 W/m2. The 
electrical output power was controlled by a variac transformer to 
obtain a constant heat flux along the entire length of the copper 
tube. The outer surface of the test section was well insulated to 
minimize convective heat loss to surroundings. The inlet and 
outlet temperatures of the bulk air were measured by two K type 
thermocouples located in the inlet and outlet of the test section. 
The air comes from an air-conditioned room with stable uniform 

room temperature. So, the inlet temperature profile is uniform 
and is equal to room temperature. In order to measure the outlet 
bulk temperature, there is a 0.3m plastic tube downstream of  the 
copper tube which has same diameter with coper tube and also 
well insulated on the outer surface to avoid heat loss, so that the 
outlet temperature profile is uniform. So the point measured 
temperature is equal to bulk temperature.  While the other 26 
thermocouples were tapped in holes maintaining equal distance 
throughout tube surface to measure the test section temperatures. 
All of these 28 thermocouples were connected to DAQs which 
was connected to a personal computer to acquire the temperature 
data.  
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Figure 1 The schematic of the experiment setup 

 

DATA REDUCTION AND UNCERTAINTY 
   In this study we investigated the thermal performance of VGs. 
The essential quantities determined were the friction factor and 
the heat transfer coefficients. The detailed delta winglets VGs is 
indicated in Figure 2. 
   The average temperature in the tube surface is measured by 26 
thermocouples. Bulk temperature Tb is equal to the average of 
inlet and out temperature. Average heat transfer coefficient h can 
be calculated as: 

~

,m ( ) / ( )sp air o i bh C T T A T T


    
(1) 
 

   Average Nusselt number (Nu) based on the tube diameter can 
be expressed as: 

Nu= /hD K  (2) 

    Friction factor refers dimensionless pressure drop for internal 
flow which is calculated by: 

2( / ) / 2

P
f

L D U


  (3) 

    Finally get the thermal performance enhancement (TPE) 
factor (η)[1], which equals heat transfer coefficient with vortex 
generator over heat transfer coefficient without vortex generator 
in the same pumping power: 
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( )
h Nu Nu f

h Nu Nu f
     (4) 

The average uncertainty of Re is ±4.31%, the average 
uncertainty of Nu is ±6.25% and the average uncertainty of f is 
±7.34%. Experimental test parameters are included in Table1. 

 

 

Figure 2 The detailed delta winglets VGs:  (β) attack angle, (H) 
delta winglet height and (l) delta winglet length. 

 
 

Table 1 Parameters of VGs tested by experiment 

Parameters Values 

Tube hydraulic diameter (D) 52mm 

Tube length (L) 1m 

Number of VGs rows(N) 12 

Pitch(P=L/N) 0.083m 

Pitch Ratio (PR=P/D) 1.6 

VG length (l) 10mm 

VG height (H)  5mm, 10mm, 15mm 
Blockage Ratio(B=H/D) 0.1, 0.2, 0.3 

Attack Angle(β) 0°, 15°, 30°, 45° 

Reynolds number (Re) 6000‐33000 

 

RESULTS AND DISCUSSION 
 
At this part, the smooth tube is validated, and the effects of 

VGs on Nusselt number, friction factor and thermal performance 
are presented. 

 
Validation of smooth tube 

In order to verify the reproducibility, the heat transfer and 
friction characteristics in a smooth wall tube are validated in 
terms of Nusselt number and friction factor respectively by the 
empirical correlations. The correlation of friction factor is from 
Petukhov and Blasius[16] which is indicated in the Equation 
(5)(6) and Nusselt number is from Gnielinski and Dittus-
Boelter[16] which are indicated in the Equation(7)(8). 
Comparing with Gnielinski and Dittus-Boelter correlations, the 
average Nu differences are 9% and 3%. Comparing with 
Petukhov and Blasius correlations, average friction factor 
differences are 8% and 7%. As the error of Gnielinski and Dittus-
Boelter correlations for Nu are 10% and 25% respectively, and 
current results is within the range of errors, so current results 
were validated, as indicated in the Figure 3. 

 

Petukhov 
2( 0 .7 9 0 ln R e 1 .6 4 )Df    (5) 

Blasius 
0.250.316 Ref   (6) 

Gnielinski 1/ 2 2 /3

( / 8)(Re 1000) Pr

1 12.7( / 8) (Pr 1)
D

D

f
Nu

f




   
(7) 

Dittus-Boelter 
0 .8 0 .40 .023 R e P rDN u   (8) 

 
 
These correlations are valid for turbulent, fully developed 

flow for smooth walls. 

Delta winglet 

Flow 
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H 

β 
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Figure 3 Validation of smooth tube for Nu and f. 

Effect of VGs on Nusselt number 
Figure 4-6 indicate the effects of Reynolds number on the 

Nusselt number and Nusselt number increments (Nu/Nu0) which 
are observed for different cases.  

Figure 4 shows that Nusselt number increase with Reynolds 
number and also found higher than that of smooth tube for all the 
cases for different blockage ratios. The trend is similar regardless 
of the blockage ratio.  

The Nusselt number ratio, Nu/Nu0, defined as a ratio of 
augmented Nusselt number to the Nusselt number of smooth 
tube plotted against the Reynolds number as indicated in  

Figure 5. It is observed that Nu/Nu0 slightly decrease with Re 
for all the cases with different blockage ratios, while Nu/Nu0 is 
higher for the larger blockage ratio. It is noted that Nu/Nu0 is 
higher for B=0.3 than that for B=0.2 and 0.1. This is caused by 
higher flow blockage of the B=0.3, interrupting the flow and 
causes stronger turbulence and ultimately better mixing which 
enhance heat transfer. 

Figure 6 which shows that Nu/Nu0 decrease with Re for the 
cases of different attack angles. Larger attack angle, β=45° 
shows higher heat transfer augmentation than that of lower attack 
angles, (β=0°, 15° and 30°). The reason is that the VGs generate 
turbulence which reduce the thickness of the boundary layer[3], 
so heat transfer is enhanced.  

 

 
 

Figure 4 The effect of Reynolds number on Nusselt number for 
the case of PR=1.6, β=45°. 

 
 

Figure 5 The effect of Reynolds number on Nu/Nu0for the case 
of PR=1.6, β=45°. 

     
 

Figure 6 The effect of Reynolds number on Nu/Nu0 for the 
case of PR=1.6, B=0.3. 

 
 
Effect of VGs on friction factor 

Figure 7-9 indicate the effects of Reynolds number on the 
friction factor and friction factor increments (f/f0) for different 
cases.  

 
Figure 7 shows that friction factor f decrease with Reynolds 

number (Re). Friction factor is found higher than smooth tube 
for all the cases with different blockage ratios, while f also 
increase with blockage ratio. This is due to the turbulence that 
creates fluid interaction leading to the larger friction factor. 

Figure  8 shows that f/f0 increase with Re for all the cases 
with different blockage ratios, and f/f0 also increase with 
blockage ratio.  

Figure 9 shows that f/f0  increase with Re for all the cases 
with different attack angles, while f/f0 also increase with attack 
angle. The reason is that the VGs generate turbulence which 
increase the friction between the fluid[3], so more dynamic 
pressure are dissipated which leads more pressure drop.  
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Figure 7 The effect of Reynolds number on friction factor for 
the case of PR=1.6, β=45°. 

 

 
 
Figure 8 The effect of Reynolds number on f/f0 for the case of 

PR=1.6, β=45°. 
 

 
 

Figure 9 The effect of Reynolds number on f/f0 for the case of 
PR=1.6, B=0.3. 

 
 

Effect of VGs on thermal performance 
Figure 10 and 11 indicate the effects of Reynolds number on 

the thermal performance enhancement (TPE) (η = (Nu/Nu0)/ 
(f/f0)1/3) for different cases. For all the cases, the thermal 

performance enhancement (TPE) is larger than 1, which means 
the VGs fitted in the circular tube enhanced the thermal 
performance. VGs disturb the streamline, swirl the flow, reduced 
the thickness of the boundary layer. They increase turbulence[3] 
and enhance the heat convection between the internal fluid and 
heat conduction of the fluid with tube surface[17].  

Figure 10 shows that TPE decrease with Re for all the cases 
with different blockage ratios, and TPE also decrease with 
blockage ratio. Figure 11 shows that TPE decrease with Re for 
all the cases with different attack angles, and TPE also decrease 
with attack angle. The reason is that f/f0 increase more than 
Nu/Nu0 when increase Re, blockage ratio and attack angle. 

 

 
 

Figure 10 The effect of Reynolds number on thermal 
performance enhancement (TPE) for the case of PR=1.6, 

β=45°. 
 

 
 

Figure 11 The effect of Reynolds number on thermal 
performance enhancement (TPE) for the case of PR=1.6, 

B=0.3. 

CONCLUSION  
 
In this research, experiment was conducted for measuring 

heat transfer and friction factor in a circular tube with VGs for 
different blockage ratios and attack angles. After a thorough 
investigation we can summarise as follows: 

For the same attack angle and Reynold number, Nusselt 
number and friction factor are increasing with blockage ratio, the 
highest Nusselt number increment is 1.98. Thermal performance 
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enhancement (TPE) is decreasing with blockage ratio while the 
largest TPE is 1.40. For the same attack angle and blockage ratio, 
Nusselt number increase with Reynolds number from 35.95 to 
133.40, while friction factor decrease with it from 0.13 to 0.06, 
Thermal performance enhancement (TPE) decrease with it from 
1.40 to 1.02. So blockage ratio = 0.1 with pitch ratio =1.6, attack 
angle = 45° and Re = 6000 is the best parameter for thermal 
performance enhancement (TPE).  
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