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Abstract. Counter-rotating streamwise vortices are known to enhance the heat transfer 
rate from a surface and also to improve the aerodynamic performance of an aerofoil. 
In this paper, some methods to generate such counter-rotating vortices using different 
methods or physical conditions will be briefly considered and discussed. 

1. Introduction 
A well known method to enhance the heat transfer rate from a surface or to improve the aerodynamic 
performance of an aerofoil is by generating counter-rotating streamwise vortices in the surface or 
aerofoil boundary layer. Such method has recently attracted much interest due to the potential 
applications in fluid and thermal engineering. In this paper, some types of counter-rotating streamwise 
vortices which are generated using different methods or conditions will be briefly considered and 
discussed 

2. Caused by centrifugal instability 
The well known Görtler vortices which occur in concave surface boundary layer flows, as sketched in 
Fig.1, are in fact a system of counter-rotating streamwise vortices caused by centrifugal instability [1]. 
These vortices will appear if the Görtler number Gθ

  

, as defined by [2]: 

( )θG Uθ ν θ R∞=                             (1) 
is greater than a critical value Gθcr, where ν is the fluid kinematic viscosity, θ the momentum thickness 
based on Blasius flat plate boundary-layer solution, U∞

                                                      
1  To whom any correspondence should be addressed. 

 the free-stream velocity, and R the concave 
surface radius of curvature. The vortices will grow downstream resulting in a three-dimensional 
boundary-layer flow due to streamwise momentum distribution which causes spanwise variation in the 
boundary-layer thickness, due to the formation of the so-called “upwash” region, where low 
momentum fluid moves away from the surface, and the “downwash” region, where high speed outer 
fluid moves towards the surface (Fig. 1). At “upwash” regions, the boundary-layer is thicker and the 
shear stress is lower than those at “downwash” regions.  
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The effects of Görtler vortices on boundary layer development, heat transfer and deposition (for the 
case of turbine blades) cannot be ignored since concave surfaces exist in many fluid engineering 
applications. 

Since the analytical work of Görtler [1], the early experimental works were mainly focused on 
visualizing these vortices to confirm their existence, as reviewed by Winoto et al. [3].  

The heat transfer effect of Görtler vortices was first investigated by McCormack et al. [4] who 
reported 100 to 150% increase in Nusselt number on a concave surface in the presence of such 
vortices, compared with a reference flat plate. An empirical relationship for laminar heat transfer 
enhancement by the vortices was also proposed based on measurements on a turbine cascade [5]. The 
more recent workson the thermal effects of Görtler vortices were done by Crane  & Sabzvari [6] , 
Crane & Umur [7], and Momayez et al. [8, 9]. 
Numerical works on Görtler vortex instability were initially focused to find a unique stability curve. 
Floryan and Saric [10] found that the neutral curve appears to asymptotically level off at Gθ,cr = 
0.4638 which can be considered as a critical value. Finnis & Brown [11] found that the minimum 
point of the unstable region occurs at Gθ = 1.38 for the dimensionless wave number αθ = 0.28. 
Different values of Gθ,cr

Assuming the most amplified vortices will occur in an experiment, a method based on the Görtler 
vortex stability diagram of Smith [2], for example, can be used to predict the experimental wavelength 
of Görtler vortices, for which the non-dimensional wavelength parameter Λ is defined as: 

 were also obtained from experimental works. Moreover, Kottke & Mpourdis 
[12] did not detect any sign of instability when the screens that act as a source of disturbance were 
placed sufficiently far upstream. The above results show that the concept of a unique stability curve is 
not tenable in Görtler problem. The growth, as well as the wavelength selection mechanism of Görtler 
vortices, is fully governed by the receptivity process, as discussed by Denier et al. [13] and Bassom & 
Hall [14]. 

            Λ = (U∞ λm/ν) (λm /R)0.5 

where λ
  (2)   

m is the most amplified Görtler vortex wavelength, and Λ represents a family of straight lines 
which cross the Görtler vortex stability diagram of Gθ

Since the wavelengths of naturally developed Görtler vortices are not uniform, experimental 
studies were biased due to the choice of “good” pairs of such vortices. Hence, Peerhossaini & Bahri 
[18], Ajakh et al. [19], Toe et al. [20] and Mitsudharmadi et al. [21, 22] used a series of thin wires 
placed upstream and perpendicular to the concave surface leading edge to pre-set or “force” the 
wavelength of Görtler vortices to be uniform and equal to the spanwise distance between the wires.  

versus αθ where αθ is called dimensionless 
wave number and α (= 2π/λ) is called wave number. Luchini & Bottaro [15] found that the most 
amplified wavelengths are for Λ = 220 to 270, while Floryan [16], Smith [2], and Meksyn [17] 
respectively proposed Λ = 210, 272, and 227.  
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Figure 1. Sketch of Görtler vortices on a concave surface: (a) 
Flow configuration, and (b) Spanwise distribution of mean 
streamwise velocity U showing the definitions of vortex 
wavelength λ, downwash, and upwash regions. 

 
Using hot-wire anemometer measurement, Mitsudharmadi et al. [23] were probably the first who 

experimentally showed the splitting and merging of Görtler vortices. The splitting of vortices occurred 
when the pre-set vortex wavelength was larger than the most amplified vortex wavelength λm and the 
merging occurred when the pre-set vortex wavelength was smaller than λm

Tandiono et al. [25] also used hot-wire anemometry to study the linear and non-linear development 
of Görtler vortices and later investigated the development of wall shear stress in concave surface 
boundary layer in the presence of Görtler vortices [26]. The wall shear stress τ

. Mitsudharmadi et al. [24] 
also experimentally confirmed the existence of its secondary instability. 

w was “measured” or 
estimated by near-wall hot-wire measurements using the near-wall velocity gradient technique [27] on 
concave surface of 1.0 m radius of curvature in the presence of controlled Görtler vortices for three 
different. It was found that τw at downwash decreases at a slightly lower rate than the Blasius curve, 
and increases after its minimum point. In contrast, τw at upwash decreases at a higher rate than the 
Blasius curve. The minimum τw is found to be 59% of the Blasius value at that position. After its 
minimum point, τw increases slightly due to the secondary instability as the onset of secondary 
instability is just slightly before the location of the minimum τw 

fC
at the upwash [28]. The spanwise-

averaged wall shear stress coefficient , which initially follows the Blasius curve, increases well 
above the local turbulent boundary layer value farther downstream due to the nonlinear effects of 
Görtler vortex instability and the secondary instability modes. 

Görtler type vortices can also appear on flow over corrugated plates [29]. Flow in a channel with 
one of the simplest corrugation geometry of a sinusoidal plate is studied for which a corrugated plate 
with amplitude of 7.5 mm and wavelength of 78 mm, is mounted into a small wind tunnel. A flat plate 
is also mounted with the gap between these two plates is fixed at H = 50 mm, as shown in Fig. 2. 
Layer of smoke is generated using smoke-wire flow visualization technique for which droplets of 
paraffin oil through the electrically heated thin wire and green laser sheet is mounted perpendicular to 
the channel. A digital camera is placed at certain distance after the exit of the wind tunnel to capture 
the visualization images. 
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Figure 2. Side view of the channel used in the experiment [30]. 

 
From the smoke-wire flow visualization, the vortices can be found at the first peak of corrugation. 

In Fig. 3, for Re (= U∞

Non-uniformity in size and in spanwise wavelength of such vortices will cause experimental bias in 
studying the phenomenon [31]. Thus, to obtain a more uniform size and wavelength for such vortices, 
for example as shown in Fig. 4, it is necessary to pre-set the vortex wavelength by some geometric 
patterns like triangles on the flat plate leading edge. This patterned leading edge is used as a substitute 
for perturbation wires used in some earlier works, such as by Peerhossaini & Bahri [18] and Ajakh et 
al. [19]. 

.½H/ ν) = 3350, at least two vortex structures are shown in the midspanwise 
plane. However, these naturally-developed vortex structures are not really similar since they have 
different spanwise wavelengths. Nevertheless, both structures show the stem and head of mushroom-
like structures. The stem is related to the low momentum fluid that pulled out from the wall and 
returned back toward the wall with maximum shear and formed the mushroom hat [21]. Similar to the 
concave surface case, these two structures refer to the most amplified counter-rotating vortices. 

From the visualization, the downstream development of the vortices is also examined. After the 
first peak, separation bubble formed at the valley of corrugation and the vortices were floating above 
it. These vortices remained visible until the second valley, where the mixing of the flow was improved 
and the structures broke down prior to turbulence. As the Reynolds number increased, the onset of 
turbulence is moved upstream. While for Re = 3350 the vortices remain visible up to the second peak, 
for Re = 5300 the vortex structures can be clearly observed only at the first peak. 

 

 
Figure 3. Two naturally-developed counter-rotating Görtler type vortices in the middle of the 

spanwise plane at the first peak of corrugation, caused by the centrifugal effect from 
sinusoidal plate. In this case, Re = 3350. 

 

 
Figure 4. Counter-rotating Görtler type vortices with nearly uniform spanwise wavelength at the 

first peak of sinusoidal plate with the modified leading edge, Re = 3350 (taken from 
[30]).  
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3. Caused by leading edge patterns 
Some simple geometric patterns on the leading edge of a flat plate or an airfoil, patterns, such 
as, saw tooth shape, can generate counter-rotating streamwise vortices in the surface boundary 
layer flow which can improve momentum exchange which results ina better mixing zone and 
increased heat transfer.  

The use of leading edge pattern was actually inspired by nature, for example, the owl 
wings  generate mini vortices by comb like feathers, so to retard the boundary layer 
separation, and consequently, give this predator the ability of quietly approaching its prey by 
high stall angle of attack [32].These vortices were interpreted like vortex lift over the delta 
wings, which create low pressure region over the surface. As the angle of attack increases, the 
vortex lift increases until it breaks down.  

Studies by Fish and Battle [33] on humpback whales’ pectoral flipper demonstrated that 
the flipper has high aspect ratio, symmetric profile with large sinusoidal tubercles 
(protuberances on the leading edge) which can cause a considerable increase in the stall angle 
of attack and the maximum lift coefficient. The combination of tubercles and the high aspect 
ratio of the flippers allow humpback whale to perform sharp banking turns lead to a rise in 
proportion of lift to drag coefficients [34] despite of its huge and inflexible body.  

These examples help to better understand the actual mechanism of the leading edge shape 
on generating vortices. Soderman [35] examined the effect of attached saw-tooth to the 
leading edge of a 2-D airfoil and found that this type of leading edge can reduce the 
separation and drag. Johari et al. [36] experimentally studied the role of sinusoidal 
protuberances on the leading edge of a 2-D airfoil. They determined that the amplitude of the 
protuberances plays more significant role on the performance than the wavelength and also 
found from visualization that the flow separation forms chiefly in the region between two 
ridges. Cranston et al. [37] recently showed the size of the serrations on flat plates at low 
Reynolds numbers significantly affects the aerodynamic characteristics and separation bubble. 

Some practical applications have been considered, for example, Weber et al. [38] used 
tubercles on the leading edge of rudder and found the tubercles enhance lift for high angles of 
attack. It causes more favourable control during turning.  

An industrial fan with leading edge protuberances on blades was reported to produce 
higher flow rates at lower speeds and lower noise level and hence improved its efficiency and 
electricity consumption [39]. The use of tubercles technology has also been successfully 
applied in renewable power generation. A 35 kW wind turbine utilizing tubercles technology 
on its blades was recently introduced. This new design produced more electricity at more 
moderate wind speeds [40]. 

Since the mechanism of the leading edge pattern on the flow structures and the effective 
parameters are still not well understood yet, Hasheminejadet al. [41] studied the effect of 
different leading edge patterns on the vortex structures generated using smoke visualizations 
on a flat plate with 14 mm wavelength of saw-teeth, semi-circulars and slots. The experiments 
were performed in a small open-circuit low speed wind tunnel with its test section of 160mm 
x 160mm and free-stream turbulent intensity of about 0.25%. The smoke-wire flow 
visualization was used to visualize the cross-sections of the vortex structures generated in the 
flat plate boundary layers at some streamwise positions from the flat plate leading edge for 
different Reynolds numbers (based on wavelength of leading edge patterns) ranging from 
1250 to 1800. 
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For all the leading edge patterns considered, the visualization results show that pairs of 
counter-rotating vortices are formed in the laminar part of boundary layer and grow in the 
streamwise direction until they break down to turbulence. However, for the case of the 
leading edge with slots, there are additional counter-rotating vortices which occur in the 
spaces between the slots which may be a secondary flow caused by the intense upwash flow 
made by the abrupt change of the flow direction in a narrow span. The cross-sections of the 
vortex structures due to different leading edge patterns are visualized in Fig. 5. Hot-wire 
anemometer measurements within these vortex structures will be conducted to obtain 
quantitative data.  
 

 

(a) 

 

(b) 

 

(c) 

Figure 5. Cross sectional visualizations of flow at x=10 mm and Re= 1250 for 
different leading edge patterns: (a) saw tooth, (b) semicircle and (c) slot. 

4. Due to vortex generator 
Mushroom like counter-rotating vortex pairs are predominant structures that occur in the transitional 
boundary layers [42]. To study the dynamics of these vortices in the transitional boundary layer, 
evolving spatially and temporally, is cumbersome [43]. Hence, a more convenient environment to 
characterize these embedded vortices is necessary. Görtler vortex system is a good example to 
characterize such vortices since they appear as steady, spatially evolving structures in concave surface 
laminar boundary layer flow. Initiation or simulation of such counter-rotating streamwise vortex pair 
in a zero pressure gradient flat plate boundary layer is possible by passive means, such as vortex 
generators which have been effectively employed in aerodynamics for flow control, as well as in heat 
transfer enhancement. There are many different types of vortex generators and a brief overview is 
given by Lin [44]. 

Besides the vortex generators, scales of fast swimming sharks were reported to have directional 
surface roughness elements known as convergent and divergent riblets [45,46]. Recently, the 
application of convergent and divergent riblets in manipulating turbulent boundary layer, to reduce the 
skin friction drag and to control very large scale motion, was initiated [47]. The highly inflexional 
velocity profiles created around the center of convergence, by these roughness elements are similar to 
those of Görtler vortices [45,48]. The convergent and divergent riblets used in these studies consist of 
multiple riblets arranged in tandem with a constant pitch. The aim of this work is to incorporate a 
single set of convergent riblets (Fig. 6) in a flat plate boundary layer to study the growth and formation 
of these vortices using smoke-wire visualization technique.  
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Figure 6. A single set of convergent riblets 
 
The experiment was carried out on a flat plate where a single set of convergent riblets are mounted. 

The riblet height is 1mm and the aspect ratio of the riblet is defined as the ratio of cd to h, which is set 
to 2 in this study, where cd is the riblet length. The riblet set is placed at a distance from the leading 
edge such that the ratio of Blasius boundary layer thickness to the height of the riblet (δ/h) is 0.5. The 
angle of the riblet to the flow is 30̊ as shown in Fig. 6.  The m odel is mounted inside a low speed 
wind tunnel with free stream turbulent intensity of about 0.25% and with test section of 160 x 160mm 
cross-section. Smoke sheet is created by applying a constant current through a wire coated by paraffin 
oil dripped along through gravity. The co-ordinates has its origin at the trailing end of the riblets. Any 
distance mentioned henceforth is with respect to the origin. 

As shown in Fig. 7, the vortices are initiated by the convergent riblets grows along the downstream 
direction. The mushroom like structure comprises the stem and the counter-rotating vortex pair 
distributed on its either side. As the flow encounters the convergence, the fluid stream in the boundary 
layer, encountering the riblets, is lifted up due to continuity thus initiating a transverse velocity. The 
low momentum fluid from the boundary layer is lifted up to a distance until it overcomes the normal 
pressure gradient. As the low momentum fluid is ejected away from the wall, the outer high 
momentum fluid tries to penetrate the boundary layer to satisfy continuity. The high momentum fluid 
thus envelopes to form the mushroom hat exhibiting maximum shear stress, similar to Görtler vortices. 

Along the downstream direction, the vortices gets tilted which might indicate the onset of transition 
as shown in Fig. 7 (c) and far downstream, the structures broke down. As the ratio δ/h decreased, the 
observed phenomenon occurred earlier upstream. 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Streamwise counter-rotating vortex structures at 
different cross stream planes for δ/h=2, (a)at x=30mm, (b) at 
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x=60mm, and (c) at x=150mm. 

5. Conclusions 
Some types of counter-rotating streamwise vortices generated by different methods or physical 
conditions have been briefly considered and visualized using smoke-wire flow visualization technique. 
The experimental work on these vortices are still on going to obtain quantitative data from the vortex 
structures by means of hot-wire anemometry and/or particle image velocimetry. 
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