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Experiments and numerical simulations were both performed to investigate coher-
ent structures and heat transfer process in a square pipe turbulent flows induced 
by arc vortex generator. The velocity fields of induced turbulent flow was obtained 
by planar particle image velocimetry. The analysis of velocity profiles revealed the 
co-existence of various coherent structures. Turbulent fluctuation quantities, such 
as turbulent intensities, Reynolds stress, etc. exhibited the different behaviors of 
fluid motions introduced by arc vortex generator. Probability density function of 
swirling strength showed the complication of the vortex-rotating. Heat transfer 
process was simulated using large eddy simulation. The results of Nusselt number 
achieved the maximal improvement 57% with the use of arc vortex generator. The 
distribution of Nusselt number was in good agreement with the distribution of co-
herent structures, especially hairpin vortices and subsequent secondary coherent 
structures, which highlighted the influence of coherent structures by arc vortex 
generator on heat transfer enhancement.
Key words: vortex generator, heat transfer enhancement, coherent structure

Introduction

Heat transfer enhancement is very important to modern industrial process such as 
heat exchangers and refrigeration systems. Researchers put forward lots of techniques [1, 2] 
to improve heat transfer efficiency, which include vortex generator (VG). Planar or solid VG  
[3, 4] are frequently applied due to its simple form and low cost. The VG induces secondary 
flows which lead to coherent structures (CS), like counter-rotating vortices pair (CVP) and 
hairpin vortices, and indirectly enhances heat transfer through CS [5]. The study of VG needs 
more details about the development and interaction of CS for understanding the mechanism of 
heat transfer enhancement.

Early researches [5, 6] highlighted the function of the longitudinal CVP in VG flows. 
Some studies [7, 8] mentioned the generation of hairpin vortices on the upper edge of VG. Yang 
et al. [8] and Dong and Meng [9] both experimentally and numerically investigated the flows 
associated with a trapezoidal-shaped VG and confirmed the co-existence of CVP and hairpin 
vortices. Habchi et al. [10] investigated twelve configurations of VG and found the interactions 
of CS greatly enhances the heat transfer. Hamed et al. [11] analyzed the influences of VG’s 
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geometry and incoming flow on the CS and flow state. They found the generations of hairpin 
vortices happened more early with increasing Reynolds number. Oneissi et al. [12] compared 
the global performances of winglet VG with and without hemispheric protrusion. Their results 
showed with the interaction between hairpin vortices introduced by hemispheric protrusion 
and CVP by winglet VG, the heat transfer can be improved 7% more than using winglet VG  
[13, 14] only. There were more and more evidence for the importance of hairpin vortices in-
duced by VG. In this study, we focus on the role of hairpin vortices and reveal the relationship 
of hairpin vortices with heat transfer.

In this study, the flow field with arc VG (AVG) was measured by planar particle im-
age velocimetry (PIV) and the heat transfer process was obtained by numerical simulations 
with large eddy simulation (LES) model. The experimental set-up and numerical methods were 
firstly introduced. Then the fluid motions including fluctuating quantities were compared and 
analyzed. Finally the heat transfer performance with AVG were discussed combined with the 
influence of CS.

Experimental set-up and numerical method

The experiment was conducted in a plexiglas square pipe with 300 mm length and 20 mm 
side, shown in fig. 1. The x-axis is the flow direction, the y-axis is the wall normal direction and 
the z-axis is the transverse direction. The AVG had a 45° inclined angle, the height H = 3.5 mm, the 
4 mm width, the 6 mm curvature radius of the upper edge and the 2 mm thickness. The model 

was mounted in the center transverse plane at 
x0 = 170 mm from the inlet of the pipe. Planar 
PIV was used for the acquisitions of the veloc-
ity fields in the streamwise-wall normal plane 
A time-series of 9700 snapshots were recorded 
by an OLYMPUS I-speed 3 camera with a res-
olution of 2048 × 2048 pixels at sampling rate 
2000 Hz. The image pairs were processed using 
adaptive correlation algorithm with an interro-
gation window of 16 × 16 pixels, a 50% overlap 

rate, resulting in the velocity fields of 159 × 27 vectors with a 0.5125 mm spacing in both direc-
tions. The Reh is 3546 based on the height, H, and the freestream velocity U∞ = 1 m /s.

The disturbed turbulent flows were carried out by ANSYS Fluent 17.0 code with LES 
model to give more information about the heat transfer process. In this study, numerical simu-
lations included two parts: water was chosen as the fluid material to compare with the results 
of the experiment and verify the LES model; the physical parameters of water were the density  
ρ = 1000 kg/m3, the thermal conductivity k = 0.599 W/mK, specific heat capacity Cp = 4.186 kJ/kgK,  
the dynamic viscosity μ = 1.004 ⋅ 10–3 Pa∙s; and due to the Prandtl number of water was 7 which 
means the transport of momentum is more faster than the transport of temperature in water, 
we used the air whose Pr = 0.7 for the simulation of heat transfer process instead of water. 
The physical parameters of air are ρ = 1.205 kg/m3, k = 0.023 W/mK, Cp = 1.013 kJ/kgK,  
μ = 1.81⋅10–5 Pa∙s. All the flow environments were remained as the above experiment except for 
the freestream velocity increase to 7 m/s for the approximation of Reynolds number.

The continuity, momentum and energy equations in numerical simulations were:
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Figure 1. Experimental set-up and AVG model
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where ui was instantaneous velocities, xi – the co-ordinates, p – the pressure, t – the time,  
uiuj – the Reynolds stress, and T – the temperature.

The SIMPLE algorithm and QUICK Scheme were used for the coupling of velocity 
and pressure and the convection terms, respectively. The second-order upwind scheme was 
used to discretize the convection term. The residuals were set to less than 10–6 for the ener-
gy equation and 10–4 for other variables. The time step was 0.1 ms for the convergence. The 
Smargorinsky-Lily sub-grid model was selected in LES model. The flow in the vicinity of the 
wall was dealt with the enhanced wall function. Non-slip condition was applied to all the solid 
surfaces in the simulations.

The Reynolds number is defined:
 Re b

h
u Hρ
µ

=  (4)

where ub is the bulk fluid velocity.
The Nusselt number is described：

 0Nu
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k
=  (5)

where D was the equivalent diameter, and the heat transfer coefficient h0 was defined：
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where qw was the heat flux, Tw – the temperature on the surface of the pipe and set to 343 K,  
Tf – the mean temperature of the bulk fluid and calculated as Tf = (Tin + Tout) where Tin – the inlet 
temperature and set to 293 K, Tout is the outlet temperature. The analyzed Nusselt number in this 
study was area-averaged as:
 1Nu Nu dx

A

A
A

= ∫  (7)

where the subscript x denoted the quantity in the streamwise direction and A was the area of the 
cross-section.

The computational domain was discretized into a structured mesh and a very fine and 
5 grid quantities, 1.1 million, 2.2 million, 3 million, 4.1 million, and 5.2 million, were used to 
test the grid independence. The LES simulation required the normalized vertical co-ordinate y+ 
of the first point away from the wall must be less than 1. From tab. 1, when the grid quantity was 
larger than 3 million, the y+ < 1 condition can be satisfied. After the grid quantity exceeded 4.1 
million, the changes of Nusselt number in computational flows was less than 0.5% which can be 
considered as the convergence. Therefore, in this study the grid number is set to be 4.1 million.

               Table 1. The y+ value of the first point away from the wall with different grid numbers
Grid quantities 1146564 2238568 3001348 4067588 5217740

y+
min 3.74 1.25 0.65 0.62 0.59
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Results and discussion

Turbulent flows induced by AVG

Figure 2 gave the developments of the mean streamwise velocity profiles along the  
x-direction in the streamwise-wall normal plane. The grey block denoted the AVG, the red line
denoted the LES results and the black circle denoted the PIV results. Velocity profiles from

LES were in good agreement with the PIV 
measurement in all x locations, which validat-
ed the reliability of LES simulation. The de-
velopment of the shear layer [8] on the upper 
edge of AVG at y = 1H can be well captured 
by LES. The variation tendencies of LES pro-
files in y-direction at each x location were also 
consistent with PIV profiles. In fact, due to the 
5 times higher spatial resolution of LES than 
PIV in this study, near-wall region flows un-
derneath y = 0.5 H were more obvious for the 
LES results.

Figure 3 showed the distributions of in-
flection points (∂u /∂y = 0) and (∂2u /∂2y = 0) 
indent points calculated from more velocity 
profiles in fig. 2. There was two-layer alter-
nating distributions of inflection point-indent 
point-inflection point-indent point. The upper 
layer reflected the existence of heads of pri-
mary hairpin vortices shed from the upper 
edge of AVG and induced secondary vortices. 
Meanwhile the lower layer represented the ex-
istence of CVP and corresponding secondary 
vortices [9]. The linear-fitting lines from the 
distributions of both points were displayed in 

fig. 3 as solid and dash lines, respectively. The slopes of these lines indicated the upward mo-
tions of CS during they moved downstream. Table 2 listed the fitted expressions of inflection 
points from two layers and corresponding inclined angels. Due to the limitation from upper 
hairpin vortices at higher locations, the lifting of the lower CVP is about half of the former.

Table 2. Fitted expressions and inclined angels of inflectional points from two layers
Fitted expression Inclined angel

Upper inflection points y = 0.15x + 0.70 8.3
Lower inflection points y = 0.07x + 0.82 3.9

Figures 4(a) and 4(b) showed the distributions of the streamwise and wall normal 
turbulent intensities, Tu and Tv in the x-y plane, respectively. The fluid motions in x- and y-di-
rections introduced by AVG had different distributions: Tu had two extreme area, corresponding 
to the regions of hairpin vortices and CVP, respectively. In contrast, Tv only had one extreme 
area, locating between the regions of CS. It was implied that streamwise fluctuation may come 
from the CS individually while vertical fluctuation comes from the interaction of CS. Figure 
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4(c) showed the distribution of Reynolds stress, –u′v′–––  – , which exhibits a clear alternation of 
positive and negative values. The periodic distribution confirmed the importance of hairpin 
vortices in the momentum transport of the turbulent flows with AVG [15, 16]. Figure 4(d) gave 
the distribution of turbulent kinetic energy (TKE) which is similar to the contour of Tu because 
of its higher value.
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Figure 4. (a) streamwise turbulent intensity, Tu, (b) wall normal turbulent intensity, Tv,  
(c) Reynolds stress, –u′v′
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–
  , (d) TKE in the streamwise-wall normal plane 

Heat transfer performance associated with CS

Figures 5(a) and 5(b) displayed the distributions of probability density functions 
(PDF) of positive vortex and negative vortex, respectively. The vortex were identified by swirl-
ing strength λci [17-19] and multiplied by the sign of transverse vorticity for distinguishing 
the rotating directions. The black line in fig. 5(b), indicating the locations of PDF extreme of 
negative vortex, i. e., counterclockwise-rotating vortex, with a 8° inclined angel, coincided with 
the upper inflection points line in fig. 3, which indicated the dominant contribution of hairpin 
vortices to negative vortex. The PDF extreme of positive vortex happened on both sides of the 
extreme of negative vortex, revealing the rotation-reversing relationship between the primary 
CS and induced secondary CS.
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Figure 5. The distributions of normalized PDF of (a) positive vortex and (b) negative vortex

Figure 6 displayed the instantaneous distributions of temperature, T, in the cross-sec-
tion at x = 0.5-5.5 H with 0.5 H interval. The contours vividly revealed the influence of CS on 
the heat transfer process. In the near-wake region just behind AVG, shown in figs. 6(a) and 6(b), 
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the heat flux was carried by the rising fluid and had a mushroom shape which was consistent 
with the cross-section of hairpin vortices, indicating the significant contribution the heat trans-
port, especially above the upper half of AVG. The range and strength of heat flux vanished after  
x = 5.5 H due to the decay of CS.
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Figure 6. The distributions of temperature in the cross-section at (a) x = 0.5 H, (b) x = 1.5 H,  
(c) x = 2.5 H, (d) x = 3.5 H, (e) x = 4.5 H, and (f) x = 5.5 H

Figure 7 gave the results of Nusselt num-
ber along the x-direction in the flows with and 
without AVG, and the latter’s result was de-
noted by the subscript 0. Here Nusselt number 
was area-averaged within the cross-section, re-
sulting in the variation of Nusselt number only 
in the x-direction. It was highlighted the im-
provement of heat transfer with the use of AVG 
compared to the case without AVG. The intense 
heat transfer enhancement, approaching 57%, 
happened 1 H ahead of and 2.5 H behind the 
AVG while the heat transfer was still augment-
ed but with a mild degree further downstream.

Figure 8 further revealed the close re-
lationship between the distribution of Nusselt 
number and CS. The upper figure was Nusselt 

number and the lower figure was the 3-D CS from the top view. The pink surfaces denoted the 
λci-identified CS, basically a train of hairpin vortices shed from the upper edge of AVG, which 
surrounded a pair of counter-rotating quasi-streamwise vortices, visualizing as the red and blue 
surfaces, respectively. The range of enhanced heat transfer was closely associated with the dis-
tributions of CS. Both had the similar width which reached normalized transverse length Lz

+ = 3  
downstream. Ahead of x = 2 H, the contour of Nusselt number had two-branches like CS in 
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this region [20]. The results revealed the dominance of CS on the heat transfer process, which 
means the improvement of heat transfer performance come down to the control problem of CS 
generated by AVG.
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Conclusion

Experimental measurement and numerical simulations were performed in square pipe 
flows with AVG. The turbulent flows induced by AVG and subsequent heat transfer performance 
were analyzed. The velocity profiles and fluctuation quantities exhibited the existence of CS 
generated by AVG and accompanying disturbances to the original flow. The Nusselt number of 
the turbulent flow can be improved 57% with the use of AVG. The enhanced heat transfer was 
attributed to the dominant control of CS, especially hairpin vortices and related secondary CS.
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Nomenclature

Cp  – specific heat capacity, [kJkg–1K–1] 
D  – equivalent diameter, [mm]
H  – AVG height, [ mm]
h0  – heat transfer coefficient, [Wm–2K–1]
k – thermal conductivity, [Wm–1K–1]
L  – length, [mm]
Tu  – streamwise turbulent intensity
Tv  – wall normal turbulent intensity

U∞  – freestream velocity, [ms–1]
–u′v′

–––
 
–
 – Reynolds stress, [m2s–2]

Greek symbols

λci  – swirling strength
μ – dynamics viscosity, [kgm–1s–1]
ρ  – density, [kgm–3]
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