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Two types of three-dimensional vortex structures in the near wake behind a circular 
cylinder are studied (figure 1): large-scale and small-scale structures of modes A and B,
identified in the experimental work by Williamson (1988). The main objective of the present 
work is to understand the influence of basic physical mechanisms (such as stretching, tilting 
of vortex lines and vorticity diffusion) on the process of the development of three-
dimensional structures. This information can be important for the clarification of the physical 
reasons of the origin of modes A and B, which is still under discussion (Thompson et al., 
2001; Barkley, 2005; Aleksyuk and Shkadov, 2018).

(a) Mode A, Re  220 , / 2 .

(b) Mode B, Re  300 , 5 / 2 .

Figure 1: Three-dimensional vortex structures of modes A and B at an early stage of their 
development. Depicted isolines and isosurfaces correspond to constant values of 3u (black

and gray colors) and 3 (red color).

The mechanisms and regions that determine the transition are identified in the following 
way. Three-dimensional vortex structures arise on the background of two-dimensional 
periodic base flow and can be regarded as small perturbations at the initial stages of flow 
development. The linearization of the vorticity transport equation with respect to the 
perturbations after some transformations leads to the following equation for the amplitude of 
perturbations (Aleksyuk and Shkadov, 2018) 
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Here, 1 2, ,x x t and 1 2, ,x x tv are two-dimensional vectors, which characterize perturbations 
of vorticity and velocity projected on the plane 1 2x x , ,v ; 1 2, ,S x x t and 1 2x x t
are the positive eigenvalue of the strain rate tensor and vorticity of the base two-dimensional flow;
angles , define the mutual arrangement of ,v and the principal direction of the strain rate 
tensor; is the wavenumber of perturbations along the cylinder axis 3x ; the Reynolds number is 
Re /U d , where U , d and are the free-stream velocity, the cylinder diameter, and the 
kinematic viscosity. There is a linearized substantial derivative on the left-hand side.

Amplitude of perturbations in a fluid particle increases (decreases) if the sum of terms on
the right-hand side of equation (1) is positive (negative). These terms describe the action of the 
following basic mechanisms: stretching of the vortex lines of disturbances by the base flow; shear 
deformations of the vortex lines of the base flow by perturbations; viscous diffusion of 
perturbations. The fields for each term are found from the numerical solutions of three-
dimensional Navier-Stokes equations, which are obtained using the Galerkin least-squares (GLS) 
finite-element method on unstructured tetrahedral meshes.

An analysis of the fields for the terms in equation (1) made it possible to identify the regions 
and mechanisms that determine the process of transition to three-dimensionality. The three-
dimensional vortex structures occur due to the instability of the flow in the vortex formation 
region. It is found that the perturbation growth interval is approximately twice as large for mode 
A as for mode B. It is shown that modes A and B have two and one stages of perturbation growth, 
respectively. Two stages of growth of mode A perturbations are associated with the development 
of perturbations in the subregions of the flow with different properties. At the first stage, the 
perturbations are transported inside the elliptical region (rotation of the fluid particles 
predominates), at the second stage they enter the hyperbolic region (the stretching of the fluid 
particles predominates) of the shear layer. The growth rate for the second stage is higher. The 
perturbations of mode B develop mainly outside the elliptic region. The main mechanism 
responsible for the growth of perturbations for both modes is the stretching of the vortex lines. 
Shear deformations of the vortex lines of the base flow are responsible for the initial growth of 
perturbations inside the emerging vortices of the main flow for mode A. However, the conditions 
for the appearance of these perturbations can be created by the previously formed longitudinal 
vorticity in the hyperbolic region. For mode B, the shear deformations of the vortex lines mainly 
have a stabilizing effect. For both modes, the action of viscous forces causes a decrease in three-
dimensional perturbations.
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Abstract: The article extends the concept of the osculating-cone waverider to a kind of double 
swept waverider. Vortex effect is introduced by customizing the planform for waverider, thus 
the configuration integrating vortex and shock effect is proposed, which employs vortex effect 
under subsonic condition and shock effect under super/hypersonic condition to ensure a wide-
velocity-range performance. CFD technology is employed to simulate the flow fields. 
Compared with flat plate models, the lift, drag and flow characteristics are analyzed in 
subsonic and hypersonic states, respectively. Simulation results suggest that the double swept 
waverider with reasonable planform has satisfying performances under both subsonic and 
hypersonic condition, remedying some deficiencies of traditional waverider. The work 
provides a new thought for the wide-velocity-range configuration design. 

Keywords: waverider, osculating-cone, vortex, shock, wide-velocity-range 

1. Introduction
The development of hypersonic cruiser and launch vehicle, especially for the ones 

taking off and landing horizontally, is being paid more and more attention since 2000 for the 
aim to lower expense and increase launch capacity. Those aircrafts go through subsonic, 
transonic, supersonic and hypersonic conditions, bringing drastic difficulties for aerodynamic 
design to meet wide-velocity-range requirements. Usual aerodynamic shapes, such as slender 
body, blended wing body and lifting body, have limited either hypersonic or subsonic 
performances, and no practical aerodynamic shape is proposed for hypersonic cruise or launch 
vehicle.

Waverider is the basic configurations for some hypersonic aircrafts [1]. The configuration 
effectively increases the lift by preventing the high-pressure flow leaking from windward 
surface to leeward surface with an attached shock wave along the entirely leading edge, thus
the lift-to-drag (L/D) ratio is higher than that of many conventional configurations
dramatically. However, waverider is still limited in engineering application [2, 3] of 
hypersonic cruiser and launcher vehicle because of some deficiencies such as unsatisfactory 
low-speed performance and inadequate longitudinal stability.

Traditional design methods of waverider, including 2D wedge approach [4], conical 
flow design [5] and arbitrary 3D flow design [6, 7], employ a pre-defined shock with flow 
fields. Waverider surface is then generated by tracing streamlines in flowfields, so the outlook 
shape is determined after design rather than customized before surface generating. The shape 
of aircraft, especially the planform shape, influences the aerodynamic and maneuver
performance dramatically. For example, decreasing sweep angle improves low-speed 
performance, strake wing increases the lift of high angle of attack, and modifying planform 
improves longitudinal stability. Configuration of customized planform shape is of vital 
importance for waverider design. In 1980s and 1990s, Starley [8] and Jones explored the 
planform-customized waverider based on 2D wedge and conical approach as a meaningful 
attempt. In 2010s, Rodi P.E. [9] analyzed two geometric relationships of osculating-cone 
waverider, and proposed the constant swept waverider. 

* Corresponding author. Email: baipengaero@163.com 
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In this article, a double swept waverider is derived from osculating-cone method to 
integrate vortex and shock effect. Then wide-velocity-range performance is improved. To 
analyze the aerodynamic performance and flow mechanics, Computational Fluid Dynamics 
(CFD) is used to simulate the flowfield of the double swept waverider. Compared with flat 
plates, high L/D ratio of the waverider with reasonable planform is maintained in hypersonic 
state because of shock effect. In subsonic state, the vortex effect is distinguished for double 
swept waverider, and L/D ratio is increased to obtain a favorable wide-velocity-range 
performance.

2. Double Swept Waverider
The osculating-cone method is an inverse design method, which permits the design of 

waverider from a given shock wave. The method generates a series of osculating planes 
which are created normal to the Inlet Capture Curve (ICC), which is the local shock wave 
shape defined at the trailing edge. Conical flow, often determined by solving the Taylor-
Maccoll equation, is employed in each osculating plane to approximate a three-dimensional 
flowfield [10]. Then the lower surface (LS) of waverider is constructed by tracing the 
streamlines begun from the leading edge, which is the projection of a prescribed Flow 
Capture Tube (FCT) to the shock wave surface. The upper surface is usually created by 
following the freestream. A relationship exists according Figure 2:

1

1

cos( ) 1
sin( ) tan tan (1)

Generally, the influence of flow filed is more significant, hence the article sets FCT as one 
horizontal straight line to concerns more on the design of ICC. When 1=0, the formulation is
simplified as shown [11]: 

sin tan tan (2)
In this study, we propose a double swept waverider, aided using Non-Uniform Rational B-

Spline (NURBS). According to the Eq.(1) and corresponding analysis, the ICC contains one 
circular arc of radius R, central angle 1 and one straight line of the slope angle 2, as shown 
in Figure 2. FCT is chosen to be a horizontal straight line, and the offset of FCT relative to 
point O is r. The arc and straight line segments correspond to the bend and second swept 
portions GH  and ID , respectively. A joint area corresponding to the first swept area HI is 
inserted between the arc and the line, in which the curvature is set to vary linearly.

An important advantage of NURBS is representing conic sections easily, making it 
suitable for expressing the ICC. Points A,E,B,F,C,D are the control points: points A,E,B
control the circular arc, the straight line is determined with points F,C,D, and the joint area is 
controlled by points B,F,C points. Point F is on the tangent line of the arc from point B, and 
one parameter, 0 1, is given to determine the length of BF. When =0, point F is the same 
as B; when =1, point F reaches FCT, and the method reduces to the constant swept 
waverider.

Waverider configuration parameters can be determined from the design method. Length 
and width of the waverider are:

tan
R rl

1 1
1 2

1sin ( cos )( )
tan tan

s R R r

r determines the width of bend head area, if r=0, a sharp nose is generated. The multiple-knot 
technique is applied to avoid the interference of the arc and line. Widths of the first and 
second swept areas s1 and s2 can be solved through NURBS and the osculating-cone 

6

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



relationships. The first sweep angle can be approximated from Eq.(2) as
1=arctan(sin 1/tan , and 2 is similarly defined from Eq.(2).

Figure 1: View of relationship in the osculating-cone waverider 

3. Shock and Vortex Effect
3.1 Test cases and numerical approach

Planform shape influences the performance of aircraft to large extent. In this section, 
vortex effect is imported by customizing the planform of waverider to gain a wide-velocity-
range performance by integrating shock and vortex effect in hypersonic and subsonic states, 
respectively. Double swept planform is a frequently-used shape to utilize vortex effect [12]. 
Six double swept waveriders are generated to illustrate their aerodynamic performances. The 
six configurations labeled Model-1~Model-6 are listed in Table 1 and shown as Figure 3.
Model-1~Model-3 are sharp head configurations, and Model-4~Model-6 are bend-head. 

Model-1 and Model-4 are the waveriders of customized planfroms designed at Ma=5, 
altitude H=30km. Inboard and outboard sweep angles are 75 and 50°, respectively. Shock 
wave angles of conical flows are 14 and 12° for Model-1 and Model-4. 

The other four configurations are flat plate models. The flat plates are generated according 
to typical delta wing [13], whose thickness is 2% of length with 45° corner cut at the leading 
edge. The planforms of flat plates are the same as the corresponding sharp and bend head 
waveriders. To ensure the same volume efficiency, a cylinder body is added on the leeward
(Model-2 and Model-5) and windward (Model-3 and Model-6) surfaces. 

CFD techniques are applied to evaluate the aerodynamic performances of the six 
configurations. The finite volume method is used to solve the compressible N-S equations. 
Inviscid fluxes are computed with Roe scheme [14], and second-order accuracy in space is 
obtained with the weighed Green-Gauss equation. The improved Barth limiter [15] is 
employed in computation to eliminate the numerical oscillation around discontinuity. Viscous
fluxes are computed with classic second-order centered scheme along with Menter's SST k-
two-equation turbulence model [16]. Integration in time is performed by employing an second 
order implicit LU-SGS algorithm [17]. 

7

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



For a hypersonic aircraft which takes off and lands horizontally, the performances in 
taking-off/landing and cruise stages are significant according to flight security and quality. 
Typical subsonic and hypersonic states are selected to evaluate the aerodynamic performances 
and effects for the test configurations, listed in Table 2. Two kinds of constructed meshes, 
suiting for subsonic and hypersonic conditions respectively, are provided in CFD simulation. 

Figure 2: Double swept waverider design using NURBS

Label Head area Windward surface Leeward surface
Model-1 sharp waverider freestream
Model-2 sharp flat flat+cylinder
Model-3 sharp flat+cylinder flat
Model-4 bend waverider freestream
Model-5 bend flat flat+cylinder
Model-6 bend flat+cylinder flat

Table 1: Descriptions of the six double swept configurations 

(a)model-1                 (d)model-4 

(a)model-2                 (d)model-5 

(a)model-3                 (d)model-6 
Figure 3: View of the six double swept configurations 

H (km) Ma (°)
30 5.0 0 4 8 12 16 20
0.0 0.4 0 4 8 12 16 20

Table 2: Table of computation states
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3.2 Shock effect
Waverider has much higher L/D ratio than other typical shapes because of shock wave 

effect. Figure 4 and Figure 5 illustrate the L/D ratio variation of sharp head and bend head 
waverider due to angle-of-attack compared with the flat plates. In the design state (H=30km, 
Ma=5.0), L/D ratio of both sharp and bend head waverider is higher than that of flat plates, 
significantly. The maximum L/D ratio of sharp waverider is 3.9, compared with 2.4 of flat 
plates; For the bend waverider, the L/D ratio is 4.9, compared with 2.8 of the corresponding 
flat plates. The angle-of-attack according to maximum L/D of waveriders is approximate 4°, 
while that of the corresponding flat plates Model-2 and Model-5 is 12°, and that of Model-3
and Model-6 is 8°. In addition, flat plates of cylinder body on the windward surface have 
higher L/D than that of cylinder body on the leeward surface. 

Figure 4: L/D ratio between the waverider and plates with sharp head (H=30km, Ma=5.0) 

Figure 5: L/D ratio between the waverider and plates with bend head (H=30km, Ma=5.0) 

Waverider has high L/D ratio in hypersonic state because shock wave is attached at the 
leading edge, preventing the leakage of high-pressure flow from windward to leeward surface. 
As for other traditional configurations, such as blended wing body, lifting body, the leakage 
of flow contributes much lift loss [18]. 

Figure 6 shows the pressure contours of the three sharp head configurations under 
maximum L/D ratio state. In Figure 6 (a), the shock wave below waverider is attached to the 
leading edge evidently, preventing the leakage of high-pressure flow. However, shown in 
Figure 6 (b) and Figure 6 (c), the shock wave is not attached to the leading edge for the flat 
plates, then high-pressure flow leaks, contributing to a large lift loss. 
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From the analysis above, waveriders take full advantage of shock wave effect in 
hypersonic state to obtain a high L/D ratio. The bend head waverider has better performance 
since the shock wave of conical flow is smaller, along with lower volume efficiency.  

(a) Model-1 (H=30km, Ma=5.0, =4°)

(b) Model-2(H=30km, Ma=5.0, =12°)

(b) Model-3(H=30km, Ma=5.0, =8°)
Figure 6: Pressure distributions of the three sharp head configurations 

3.3 Vortex effect
Although waverider is preferable in hypersonic state, low-speed performance of 

traditional waverider is unsatisfactory, limiting its engineering application. The planform-
customized waverider permits us to construct a double swept planform to improve subsonic 
performance.

Figure 7 and Figure 8 show the L/D ratio variations for sharp and bend head 
configurations in subsonic state. In Figure 7, the maximum L/D of sharp waverider (Model-
1) is 4.5 at =4°, corresponding with 4.1 of Model-2 at =8° and 4.6 of Model-3 at =4°. The 
results suggest that L/D ratio of sharp head waverider is similar as flat plates, other than 
dramatically decreasing. In Figure 8, the maximum L/D of the bend head waverider is 5.7 at 

=4°, compared with 4.6 of Model-5 and 4.8 of Model-6. Bend head waverider has a similar
good performance in subsonic state with sharp head waverider. 

Analyzing the flow fields in subsonic state, the improvement of low-speed performance 
for waverider is resulted from the vortex effect, generated by double swept planform. Fig.8 
and Fig.9 show the pressure distributions of sharp and bend head waverider at H=0km, 
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Ma=0.4. The two figures suggest that two strong vortices are generated on the leeward 
surface, leading to large regions of low pressure.  

Figure 7: Comparison with L/D ratio for the sharp head configurations (H=0km, Ma=0.4) 

Figure 8: Comparison with L/D ratio for the bend head configurations (H=0km, Ma=0.4) 

Vortex effect of the waverider in subsonic state comes from double swept planform. 
Similar to strake wing, the large swept inboard wing generates vortex at the leading edge, and 
the outboard wing enhances vortex effect. The vortex effect increases lift dramatically 
compared with traditional waverider, gaining a preferable low-speed performance.

Figure 9: Low-speed vortices for the sharp head waverider
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Figure 10: Low-speed vortices for the bend head waverider

3.4 Nonlinear lift increase
In addition to shock and vortex effects, we observe an evident nonlinear lift increase for 

double swept waverider at high angle-of-attack in hypersonic state. Figure 11 shows the lift 
coefficients of sharp and bend head waverider. A the 
sharp head waverider (Model-1) compared with linear fitting curve is 0.271, 7.4%, and that of 
the bend head waverider is 0.391, 12.1%. 

Figure 11: Lift coefficients and linear fitting curves for waveriders with sharp and bend head

A possible explanation in Ref [i] says that the vortex effect in hypersonic state leads to the 
nonlinear lift increase shows the pressure contour on the leeward surface of sharp head 
waverider. Two regions of low pressure exist in the middle of upper surface, which are 
possibly caused by vortex effect. From Ref [i], specific leading edge of waveriders is 
constructed to produce strong vortices, generating two regions of low pressure to increase lift 
nonlinearly. But we should notice that the regions of low pressure are different with that 
shown in Figure 9. In Figure 9, the regions of low pressure locate on two sides of leeward 
surface other than in the middle. 

It is worth mentioning that the main lift comes from the windward surface in hypersonic 
state other than leeward surface. So there are important issues about whether the low pressure 
regions on leeward surface are able to provide nearly 10% lift increase. Figure 13 shows the 
lift coefficients of the windward and leeward surfaces of the double swept waverider due. 
With the increase of angle-of-attack, the slope for lift increase of windward surface increases, 

the lift provided on the leeward surface 
runs into limitation, but the lift on windward surface is still increasing. Thus the nonlinear lift 
increase at high angle-of-attack does not come from the vortex effect on leeward surface, at 
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least not all. A possible explanation is that the nonlinear lift increase comes from the shock 
interaction caused by double swept leading edge on windward surface, and more work is 
ought to be carried on. 

Figure 12: Pressure distributions of sharp head waverider (H=30km, Ma=5.0, =20°). 

Figure 13: Lift coefficient and linear fitting curves of waverider on windward and leeward 
surface

4. Conclusion 
Wide-velocity-range configuration integrating vortex and shape effect is proposed by 

importing vortex by customizing the planform for waverider. Aerodynamic performance and 
flow mechanics of the configuration are analyzed employing CFD simulation. Compared with 
flat plates, results suggest that waverider with reasonable planform has satisfying subsonic 
and hypersonic performance, providing a feasible way to design wide-velocity-range 
hypersonic aircraft. More work shall concentrate on those aspects in the future: 

1. The influence of curvature of ICC to waverider performance will be analyzed to guide 
the curvature distribution of ICC. 

2. Except for double swept planform, waverider with other different shape planform, such 
as 'S' leading edge, shall be tested in detail to bring the flexibility of osculating-cone method 
into full potential. 

3. Transonic performance is supposed to be analyzed along with subsonic and hypersonic 
state in order to evaluate a wide velocity range performance.
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We describe a one-dimensional laptop computer simulation of a turbulent flow velocity 
record of length T, subjected to the action of the Navier-Stokes equation (NSE), and compare 
the simulations to corresponding experiments. We can input an arbitrary velocity signal 
record to the computer program and follow its development in time as it is transformed by 
repeated incremental actions of the NSE. The simulation relies totally on allowed solutions of 
the NSE; no additional assumptions are needed.  

As an example, we perform computations and measurements on a turbulent round free 
jet into which we have injected a single Fourier mode. The Fourier mode is created by a thin 
airfoil (a “flap”) inserted into the flow and made to oscillate (flapping) at a prescribed 
frequency. We present spatial velocity power spectra, measured by laser anemometry (LDA) 
and by hot-wire anemometry (HWA) and compare the measured spectra to spatial velocity 
power spectra computed by the one-dimensional computer simulation.  

We can see the dynamic development of the power spectra as the measurement point is 
located further and further downstream, corresponding to increasing time spans for the 
operation of NSE on the velocity record (Figure 1).

The results show how a large number of higher harmonics are generated, and how these 
develop in time. We measure the time constant for the absorption of the injected mode and its 
harmonics into the background fully developed turbulence, and we display the shape of the 
spectrum as it is reduced and finally annihilated.

The results show a very convincing correspondence between the 1D computer 
simulations and the measurements. 

Figure 1: Measured and computed spectral development of  
injected flap energy into turbulent jet flow. 
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EFFECT OF FLEXIBILITY ON UNSTEADY AERODYNAMIC FORCES OF
PURELY PLUNGING AIRFOIL
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The effect of flexibility on unsteady aerodynamic force (including drag and lift)
generated by a 2D pure plunging airfoil is numerically studied in this work using a 
loose fluid–structure interaction method. Aerodynamic forces produced by fully and 
partially deformed airfoils with varying flexibility are computed and discussed. Results
show the following. The fully and partially deformed airfoils (i.e. FA and PFA) are both 
considered.

Though the typical fully deformed airfoil (FA) shares a similar pattern in 
cycled-averaged forces with the rigid airfoil (RA), the drag is reduced, lift and its 
efficiency are increased as the airfoil becomes flexible. The maximum lift of FA is 
approximately 2.8 times larger than that of RA as the airfoil deformation enhances the 
resultant force and induces the force tilted to lift direction. Moreover, it is airfoil 
passive pitching other than camber deformation that donates the differences in 
aerodynamic forces between FA and RA. According to lift, RA with passive pitching 
motion can be a reasonable approximation of FA despite a certain amount of overestimation.

The effects of airfoil stiffness on the FA are further investigated. Results show that 
low flexibility or high rigidity are not beneficial for thrust enhancement, lift augmentation as 
well as improvement in lift efficiency. However, the airfoil with moderate stiffness could 
produce high lift efficiently at high angle of attack around 40 .The aerodynamic forces of 
PFA with various chordwise length of the flexible trailing edge (TE) are also explored and 
compared with that of FA. Regarding lift generation, the FA with moderate flexible TE 
produces smaller drag and better lift than all PFAs with same stiffness do. Moreover, the 
fully deformed airfoil with highly flexible TE is just beneficial for drag reduction.

These studies may help us further understand the aerodynamic performance of 
insect wings in forward flight and provide guidance in the design of MAVs.
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Figure 1: Schematic of instantaneous airfoil kinematics and forces; (a) airfoil shapes and 
force vectors in 35th plunging period, (b) yTE and YLE of FA, (c) e of RA and FA 

Figure 2: Vortex field and pressure distribution of RA and FA at 35th plunging period
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There have been numerous studies of inertial waves in axisymmetric swirling flows in 
tubes, largely motivated by the possible relationship between such waves and the 
phenomenon of vortex breakdown. This highly non-linear phenomenon exhibits the extreme 
sensitivity to a wide range of external influences, and to date there is no uniformly accepted 
model for this phenomenon (Lucca-Negro and O'Doherty, 2001).  

Main problem noticed in the early studies in the straight tubes is the upstream influence 
leading to the formation of the separation zone at the upstream boundary. One way to resolve 
this difficulty is to induce the breakdown by a local contraction of the tube, so that the 
separation zone is observed in the lee past contraction. Another includes introduction of 
specific inlet conditions preventing upstream propagation of disturbances. Sophisticated 
calculations including the vortex shedding from the vane generator and a careful modelling of 
the geometry of the experimental set up were also reported. In the most theoretical studies 
reported earlier the specific geometry of the tube was fixed and the influence of its variations 
on the flow patterns was examined numerically. In this contribution we are going to develop a 
theoretical semi-analytical model for the stationary patterns which may contain breakdown 
(separation zones).  

We consider the special, but important case when the upstream flow is nearly uniform 
with the aim of emphasizing the effects associated with the influence of the variation of the 
cross-section of the tube. A mathematical model has been formulated and the asymptotic 
development was then developed based on the original paper by Derzho and Grimshaw, 2002.  

Further, several calculations are presented for the case of a solid body rotation.  
In the case of diverging tube the calculations show that the streamlines significantly 

converge just several bubble diameters downstream of the back side of the separation zone. It 
may lead to instabilities in a newly formed jet-like vortex or even to the onset of another 
separation zone near the boundary of the tube.  As these instabilities may violate our initial 
assumption that the flow is axisymmetric, our model is not applicable far downstream the 
separation zone. When the divergence occurs only at a finite interval, the convergence of the 
streamlines past the separation is   relatively mild. In this situation the divergence mainly 
affect the flow before the stagnation occurs, thus separation zone is fairly symmetric.

When the divergent section of the tube is followed by the interval of convergence, it is
found that the separation zone may consist of the bubble-like part, which finally joins the 
divergent tail. The flow pattern for this case is shown in the figure. The flow structure 
changes entirely just due to the slight convergence of the tube.  The shape of the separation 
zone turns to be conical.  

Finally, speculations about the possible relevance of the presented calculations to the 
experimentally observed features are presented. 
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Figure: Profile of the tube (upper part) and the corresponding flow pattern (lower part 
of the figure) in the tube with a finite interval of mild divergence followed by the convergent 

section.
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COMPARISON OF GRID-BASED AND GRID-FREE METHOD FOR WING TIP 
VORTEX STRUCTURE RESOLUTION
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The resolution of tip vortices by CFD is a big challenge because of inherent numerical 
dissipation effects which lead to an unphysical strong decay of the vortices. This work is 
focused on grid based methods and vortex methods for tracking the tip vortices in the far 
downstream until they decay. It is confirmed from the experimental investigations that the tip 
vortex sustain for a longer distance in the far wake which is a benchmark test by Devenport 
et. al [1] of a tip vortex trailing from a NACA0012 wing until 30 chords downstream of the 
wing. Several grid based refinement techniques and modeling approaches were applied using 
OpenFOAM code based on Finite Volume Method. Alternatively solution was obtained using 
domain decomposition approach by coupling of grid based and vortex methods. Results 
obtained are compared for tracking of the tip vortex in far downstream. 

Grid based method approaches are very efficient to resolve the flow layers close to the 
body whereas the particle based approaches have difficulties with formulation of boundary 
conditions and smooth representation of thin near wall flows. And so, there are not so many 
applications of vortex methods for the real 3D problems with high Re number flows. On the 
other hand, grid based approach shows strong numerical dissipation in the far downstream. 
Therefore, to overcome disadvantages of both the approaches, domain decomposition method 
is applied. Grid based method is applied close to the body whereas far from the body, vortex 
method is applied. 

Figure 1: Domain-decomposition method for tip vortex problem.

In this paper we use the domain decomposition procedure originally developed by 
Cottet's group (see [2], sec. 8.3.2 ) to improve the resolution of tip vortices by coupling the 
vortex method and OpenFoam. The domain is decomposed into the upstream (zone A) and 
downstream (zone B) sub-domains (Fig. 1). In the domain A the OpenFoam is used, whereas 
in the domain B vortex method is used. The outlet conditions for the A-domain solution are 
taken from the B-domain by direct calculation of velocities induced by vortex elements. The 
strength and the position of vortex elements flowing into B-domain from A are calculated 
using the following conditions:  

A vortex element is generated on the face at x = x1 if the vorticity magnitude OF
calculated from the OpenFoam solution, is larger than some threshold | OF|> tr.
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The vortex element strength is set as j = OF (xj) Volj, where OF (xj) is the vorticity 
of the grid simulation at point xj and Volj = 3 is the volume of cell within which the 
vorticity is replaced by the j - th vortex element.   
The irrotational and rotational components of velocity induced by the sub-domain A 
(induced by the wing and the part of the tip vortex in A) in sub-domain B are taken by 
the Poincare identity into account.  
The Schwartz alternating algorithm is applied to match the solutions in A and B at the 
interface x = x1. 

Figure 2: Left - Instantaneous distribution of 86,500 vortex elements, Right - Maximum 
tangential velocity decay downstream. 

The most promising results among grid based methods were obtained using the 
approach without turbulence modelling, which can be classified as an under resolved very 
large eddy simulation VLES without a subgrid model.[3] It exactly matches with the 
experimental data at x/c 5, further shows decay of maximum tangential velocity decrease by 
twenty five percent at the end of the domain due to effects of artificial dissipation. As seen 
from the Fig. 2, with the vortex method approach the maximum tangential velocity decreases 
only by seven percent at the end of the domain. This is the best numerical solution obtained so 
far. It shows a strong potential of the vortex method to radically improve the quality of 
numerical simulation of the tip vortex flow. Further development of the vortex method  and 
their coupling with the grid based methods seem to be a very promising way for a radical 
improvement of the accuracy of tip vortex dynamics prediction. 
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CONTRIBUTION OF LARGE-SCALE VORTEX STRUCTURES TO MIXING IN 
TURBULENT SWIRLING JETS. A STUDY BY PIV/PLIF METHODS

V.M. Dulin1,2*, A.S. Lobasov1,2, D.M. Markovich1,2 and S.V. Alekseenko1,2

1 Kutateladze Institute of Thermophysics, 1 Lavrentyev Avenue, 630090, Novosibirsk, Russia
2 Novosibirsk State University, 2 Pirogov Street, 630090, Novosibirsk, Russia

*E-mail: vmd@itp.nsc.ru 

Keywords: swirling jets, mixing, helical vortices, PIV, PLIF  

Jet flows with swirl are often organized in combustors for stabilization of flames by 
means of a swirl-induced recirculation zone. The superimposed swirl also intensifies turbulent 
heat and mass transfer and increases overal efficiency of mixers and burners. This is achieved 
via formation of large-scale helical vortices in the mixing layer of the jet flow. Besides, for 
jets with swirl rate above a certain critical value, breakdown of the vortex core occurs and 
results in an unsteady flow dynamics near the nozzle exit. The unsteady flow behaviour is 
associated with precession of the vortex core and rotation of secondary helical vortices. The 
related coherent structure is considered to be caused by a global flow instability, triggered by 
formation of central recirculation zone. It has been measured that the vortex breakdown 
intensifies mixing near nozzle of the swirling jet. However, still there is a lack of 
experimental studies on flow structure and mixing in turbulent swirling jets, especially on 
contribution of coherent structures to the mixing process.

The present paper reports on the experimental study of coherent structures and mixing 
in the initial region of turbulent swirling jets (Re = 5000) by using simultaneously PIV and 
PLIF methods. Four flow cases are considered, viz., a non-swirling jet, low-swirl jet without 
vortex breakdown and central recirculation zone, and two high-swirl jets with vortex 
breakdown. To evaluate contribution of coherent vortex structures to mixing, a proper 
orthogonal decomposition was applied to the ensembles of the fluctuating velocity fields.
Figure 1 shows the examples of the instantaneous velocity and concentration fields for the 
non-swirling and swirling jets. Large-scale vortex structures are visualized by regions with 
positive (|| ||2 ||S||2), where  and S are the vorticity and strain rate tensors, respectively.

Figure 1: The instantaneous velocity and concentration snapshots for non-swirling and 
swirling turbulent jets. Contour lines highlight cores of large-scale vortex structures
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ASYMPTOTIC EXPANSIONS FOR MOTION OF A CURVED 
VORTEX FILAMENT TUBE WILL ELLIPTICALLY 
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Abstract. Three-dimensional motion of a slender vortex tube, embedded in an inviscid 
incompressible fluid, is investigated for the Euler equations. Using the method of matched 
asymptotic expansions in a small parameter , the ratio of core radius to curvature radius, the 
velocity of a vortex tube is derived to ( ), whereby the influence of elliptical deformation 
of the core due to the self-induced strain is taken into account. Some detailed analysis is made 
of motion of a helical vortex tube. 

Keywords: vortex tube, Biot-Savart law, matched asymptotic expansions, helical vortex

1. Introduction
At a large Reynolds number, vorticity has a tendency to accumulate in thin regions owing to 
the nonlinear effect. Vortex tubes endowed with curvature moves themselves. The local self-
induced flow around the core comprises not only a uniform flow but also a straining field which 
deforms the core into an ellipse. Our purpose is to present a systematic method for calculating 
the effect of strained core on the traveling speed of a slender vortex tube, embedded in an 
inviscid incompressible fluid.  

We employ the method of matched asymptotic expansions in a small parameter , the 
ratio of the core to the curvature radii, developed so far to ( ). The local self-induced 
straining field makes its appearance at ( ) and influences the traveling speed at the next 
order. We are thus required to extend asymptotic expansions to ( ). Fukumoto & Moffatt 
(2000) carried through a substantial part of this program for an axisymmetric problem. Dyson's 
third-order velocity formula (Dyson 1893) for an inviscid vortex ring is recovered if specialized 
to a particular distribution of vorticity. We shall demonstrate that the restriction of axisymmetry 
can be lifted. 

The outer solution is provided by the Biot-Savart law. To ( ), the vorticity is shown 
to have the tangential component only. With this distribution, the vector potential for the 
velocity field. Use of the shift-operator technique systematically produces multiple-pole 
expansions. The detail of vorticity distribution is as yet unknown, and is determined, order by 
order, by the inner expansion and the matching procedure. This is supplemented by the 
contribution from transversal components of the vorticity which arises at ( ). We point out 
that the previous theories did not concern the induced field due to di- and higher-poles. The 
inner solution is constructed by solving the Euler equations in the comoving coordinates, in the 
form of power series with respect to , An analysis tells that axial flow is assumed to be absent 
at leading order, but that the variation of curvature along the centerline and torsion give rise to 
pressure gradient along the filament at ( ) which drives an axial flow at the same order. The 
third-order correction to the traveling speed is deduced by handling the dipole component in 
the flow in the orthogonal plane. 

25

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



2. Setting of problem
In order to look into the flow field near the core, it is expedient to introduce local coordinates ( , , ) , along with local cylindrical coordinates ( , , ) such that =  cos  and  = sin , moving with the filament. Here is a parameter along the central curve of the vortex 
tube, defined so as to satisfy ( , )  ( , )  = 0. Here a dot stands for a derivative in with 
fixing . Given a point sufficiently close to the core, there corresponds uniquely the nearest 
point ( , ) on the centerline of filament. Then is expressed as=  ( , ) +   cos   +   sin  .                    (1)
The coordinates ( , , ) are converted into orthogonal ones ( , , ) by adjusting the origin of 
angle as ( , , ) =  –  ( , ) d( , )  ,                           (2)
where = ( , ) is the arclength along the centerline [7]. 

We define the relative velocity  =  ( , , ) as functions of , , and by =  ( , ) +   +   +  ,                           (3)
where  and are the unit vectors in the radial and azimuthal directions respectively. The 
vorticity =  ×  is calculated through=   +  +                                                                              (4)=  1  – 1 +   sin – 1          + + 1  +   cos + 1   + 1 ( ) 1  ,                                                                         (5) 
where = ,   =  (1  cos ).                           (6)

We are concerned with a quasi-steady motion of a vortex filament. Suppose that the 
leading-order flow is circulatory motion with prescribed velocity field ( )( ) as a function 
only of . Consistently with the LIA, we may pose the following form for the perturbation 
solution in a power series in = / , the ratio of a typical core radius to a typical 
curvature radius : =  ( ) +  ( ) +  ( )  + ,                    =  ( )( ) +  ( )  +  ( ) + ( )  + ,                 =  ( )  +  ,    =  ( )  + ( )  + .                   (7) 

Inspection from (4) and (6) tells us that= ( )  + ,      =   ( )  + ,                = ( )( ) + ( )  + ( ) + ( )  + .                                          (8) 
To integrate the Euler equations, it is advantageous to eliminate the pressure at the 

outset and to deal exclusively with vorticity and vector potential for the velocity: =  × . Introduce a Stokes stream-function  ( ) = (1  cos )  ( )  ( )                                        (9)= ( )( ) + ( ) + ( ) + ( ) .                       (10)
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3. Asymptotic development of Biot-Savart law
This section presents only a brief sketch of how to perform an asymptotic development, valid 
near the core, of the Biot-Savart law for ( ).

The vorticity is dominated by the tangential contribution . We stipulate that | | decays 
sufficiently rapidly to zero with distance from the vortex centerline. The contribution _
from is ( ) = 14 ( , ) ( )(1  )|  | d d .                                        (11)

Use of a shift-operator, being adapted from Dyson's technique [5], facilitates to rewrite 
(11) in a form amenable to a multi-pole expansion as       ( ) = 14 d d d ( , )(1 )                                                                    ×  [– ( )– ( )] ( )|   ( )|                                     (12)                       = 14 d d d 1 ( )– ( )+ 12 [ ( ) + 2 ( )( ) +  ( ) ] +  ( )+ ( ) + ( )| ( )| .                                                        (13)
We shall know from the inner expansion in the following dependence of  on :( , ) =  + cos +  sin + cos2  + ,                               (14)
where ( )( ) + ( )( ),          ( )( ) + ( )( ),                                   ( )( ),                             ( )( ).                                              (15)

In ( ), the superscript stands for order of perturbation, and labels the Fourier mode 
with = 1 and 2 being corresponding to cos  and sin respectively.

Substituting (14) and (15) into (13), we get the first two terms  and as( ) =  ( ) +  ( ) + ,                                                           (16)
where ( ) = 4 ( )| ( )| d ,                                                                              ( ) = 116 2 ( )d +| ( )| d       ( )2 d  [ ( ) + ] | ( )|,                          (17)  
with ( ) = 14  2  ( )d  – 12 2  ( ) d ,                (18)
being the strength of dipole. 

The first term  in (16) pertains to a flow field induced by a curved vortex line of 
infinitesimal thickness, and is called the “monopole field”. The correction term 
corresponds to a part of the flow field induced by a line of dipoles, based at the vortex 
centerline, with their axes oriented in the binormal direction. The origin of dipole field is 
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attributable to the curvature effect; by bending a vortex tube, the vortex lines on the convex 
side are stretched, while those on the concave side are contracted, producing effectively a 
vortex pair [6].

The components of vorticity perpendicular to make its appearance at ( ).
In view of (5), the second-order terms ( ) and ( ) are expressible as( ) = ( )( ) ( )(  cos  + sin ),                                                                       (19)( ) = ( )( ) 2 – ( )( )  ( ) + ( ) ( )  ( cos  sin ),              (20)
where ( ) will be determined later.

The vector potential associated with the transversal vorticity is, to ( ),( ) 14 |   ( )| (  + )d d .                             (21) 
Substitution from (19) and (20) yields14 ( ) d ( ) ( ) + ( ) ( ) ( )|  ( )| d ,                     (22)
the dipole field originating from the transversal vorticity. Collecting (17) and (22), we have4 |  |  d ( )2  × | |  d .                           (23)     
The contributions from the monopole field, the first term, and the dipole field the second 
term, takes tidy forms. 

So far only the monopole field has attracted attention, but the dipole field has gone 
unnoticed. Fukumoto& Okulov (2005) considered the latter for the induced velocity by a 
helical vortex tube, but its influence on the motion of three-dimensional vortex tube has not 
been considered, except for the vortex ring and for the localized induction approximation 
(Fukumoto 2002). In order to gain the vorticity field, we are requested to obtain the inner 
solution, with the inner limit of the outer solution (23) as the matching condition. 

4. Inner solution and motion of a vortex tube
The inner solution is addressed by solving the Euler equations in the moving coordinates. We
introduce the dimensionless variables, we write down dimensionless form of the Euler 
equations and their curl, viewed from the moving coordinates (r, , ), along with the 
subsidiary relation that links  to .

The solution at ( ) is well known (Callegari & Ting 1978). We then make headway 
to third order. 
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FAR-FIELD SIGNATURE OF TRAILING VORTICES IN VISCOUS AND 
COMPRESSIBLE FLOW
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The feature and evolution of aircraft trailing vortices have been reviewed by Spalart 
(1998), Rossow (1999) and Gerz et al. (2002). In the widely accepted concept, the wake 
vortices come from rolling-up of vortex sheet just behind the aircraft. They descend while
going downstream due to their induced motion and break down because of instability. These 
processes are all related to fluid’s nonlinearity and take place at near field. 

In this work, we study the characters of trailing vortices at far downstream when all 
nonlinear dynamics have died out but only the linear signatures still remain. Using the linear 
theory developed by Liu (2018), we find the vorticity lines in linear far wake are all oval-like 
plane curves, and that the inclination slope of vorticity-line plane equals the drag-lift ratio.
These results are valid for all Mach number provided the viscosity going to a constant at far 
field. Several typical vorticity lines are shown in figure 1. 

Figure 1: Vorticity lines (colored) and iso-vorticity-magnitude surfaces (gray) in 
linear theory.

A direct numerical simulation of wake vortices from incompressible Navier-Stokes 
equation is carried out using spectral element code Nektar++ (Cantwell et al. 2015) to obtain a 
complete evolution picture from nonlinear near wake to linear far wake. Using a wake cross 
section from the delta wing result of Zou et al. (2018) as the incoming flow condition, the 
numerical result covers the downstream ranging from nonlinear wake region all the way to 
linear region, which is the first numerical test to the validity of linear far field theory.

The features of trailing vortices are studied using vorticity tube as the vortex criterion,
which is assistant by iso-vorticity-magnitude surfaces. The mechanism of degeneration of 
nonlinearity to linear vortices is also discussed.
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THE ROLE OF LEADING-EDGE VORTEX IN THRUST GENERATION OF 
HEAVING ELLIPSE
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The thrust generation of a heaving airfoil in a uniform incoming flow has been studied
by Wang (2000), Lu et al. (2003), Zhang et al. (2004), Godoy-Diana et al. (2008) and 
Andersen et al. (2016). In these works, it has been recognized that the leading-edge vortex is 
crucial in thrust generation, and Lu et al. (2003) notices the passing over of leading-edge 
vortex from one side to another side is beneficial for thrust. 

In this work, we conduct a parametric study of heaving ellipse problem using spectral 
element code Nektar++ (Cantwell et al. 2015) to uncover the role of leading-edge vortex in 
thrust generation. We study the effects of Reynolds number, heaving frequency, heaving 
amplitude, ellipse’s thickness ratio. It is found that for small amplitude and relatively large 
frequency, the shed leading-edge vortex can pass over the leading edge and hover around 
there for several flapping strokes. In this situation the transient thrust can be many times of 
that in one stroke motion.  

By tracing the edge of vortex patch, we single out the leading-edge vortex and analyze 
its impulse change to judge its role in thrust generation. Boundary vorticity flux (BVF) 
beneath the leading-edge vortex is also analyzed to show the kinetic mechanism of thrust 
generation by leading-edge vortex.
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VORTEX GENERATORS FOR WIND TURBINE BLADES

Martin O. L. Hansen

To capture more energy from the wind using wind turbines and thus reducing the cost 
of producing one kWh the length of the blades are still increasing and today the longest blades 
are now approaching 100 m. To prevent the blades to become too heavy the chords should 
be kept as low as possible, but still be able to produce the necessary aerodynamic thrust and
also be able to withstand the very high bending moments at the blade root. This requires both 
thick and aerodynamically efficient airfoils, which is in fact a contradiction, and to 
overcome this almost all wind turbine blades are equipped with vortex generators, VGs. 
Most of these are shaped as small triangular or sometimes rectangular fins glued to the 
blade surface with an angle to the incoming flow, as shown in Figure 1, and as seen there 
are many parameters that need to be determined. 

Figure 1: Geometry of classical triangular VG showing the most important parameters

To understand the physics some CFD and experimentally obtained results are presented. More 
specifically the generation of the vortex from a full CFD computation, see Figure 2, is 
addressed and compared to a semi analytical lifting line model.   

Figure 2: Computed streamlines past a rectangular and triangular VG, respectively

Further, the potential in drag reduction of shaping the VGs as small airfoils having a thickness 
and rounded leading edge will be shown.  
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REVISITING LOW-SPEED STREAK IN WALL-BOUNDED FLOW: 
AN EXPERIMENTAL VIEW

X. Jiang1 and C. Lee1

1 State Key Laboratory for Turbulence and Complex Systems, College of Engineering, Peking 
University, Beijing 100871, China 

E-mail: xyjmh@pku.edu.cn

Keywords: turbulence, coherent structure, experiment, low-speed streak, SCS

Coherent sturctures are important in turbulence evolution and are regarded as “beasts” 
in turbulence jungle by C.R Smith (1984). Over the past half century, a lot of efforts have 
been devoted in trying to capture and tame them, however, no consistent conclusion has been 
arrived yet on what’s the elemental structure in the evolution of wall-bounded turbulent flow. 

In this work, both qualitative and quantitative experiment techniques are adopted in 
boundary-layer turbulence visualization to get a deeper understanding to turbulent boundary 
layer flow. In the first step, horizontal and vertical bubble-lines visualizations are carried out 
to confirm previous results on low-speed streaks, bursting process and large scale vortices. 
Secondly, the whole velocity field is digitalized using time-resolved tomographic PIV 
measurement, then the low-speed streaks and their evolutions are extracted by Lagrangian 
tracking. The evolution of streaks behaves a character of 3D wave, which indicates that the 
streaks may result from soliton-like coherent structures (SCS) (Lee and Wu, 2008) other than 
hairpin vortices. 

Using the digitalized flow field of tomographic PIV, the motion of vortical structures is 
also analyzed base on Lagrangian-averaged vorticity deviation (LAVD) (Haler et al., 2016). 
Result shows that vortex emerging at the border of the low-speed streak live shorter than long 
streaky structure. This provides another clue for understanding of turbulent boundary layer 
flow.

Figure 1 Profiles of wall-normal fluctuation with different times for streaklines at low-speed 
streak, (a) y0 = 2.63mm, t = 0.77  1.25 s; (b) y0 = 2.63mm, t = 1.44  1.86 s; (c) y0 = 1.13 

mm, t = 1.5  1.86 s; (d) y0 = 1.74mm, t = 1.5  1.86 s. 
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Figure 2 (a) Contour plot of LAVD1.86 
1.50  at time t = 1.50 s, location x = 10 mm, dash 

lines are time-lines at t = 1.50 s. (b) The contour of LAVD1.86 
1.50 at at time t = 1.50 s, location x = 

0 mm, dash lines are time-lines at t = 1.68 s. 
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Diffusers are important components of aircraft intake, wind tunnel and turbomachinery. 
To assure structure compact, diffusers are expected to be convert the kinetic energy to 
pressure potential in a short length. However, diffusers with large divergence angle and area 
ratio are working on strong adverse pressure gradients, which may cause flow separation and 
distortion. Active (Kwong et al., 1994) and passive (Mariotti et al., 2014) flow control 
methods were used to improve the pressure recovery performance and flow distortion in the 
diffuser. As a device could generate unsteady spanwise Karman-Vortexes, the Karman-
Vortex Generator (KVG) could effectively improve diffusers with the total divergence angle 
range from 14° to 29.1° (Sajben et al., 1977 and Zhang et al., 2012).  This paper employed a 
circular cylinder (KVG) to improve the flow separation in plane diffusers. 

The asymmetric plane diffuser of 10° divergence angle and Reynolds number based the 
inlet height and bulk velocity 1.8 104 was widely researched in the past decades (Buice 1997 
and Kaltenbach et al., 1999) .The reliable experimental and LES data provide sufficient 
information for turbulent models validation (El-Behery et al., 2011). There were large scale 
separation in the downstream region of the diffuser. This paper used the Scale Adaptive 
Simulation based the k-kL model (Abdol-Hamid, 2013) and Menter’s SST k-ω model to 
simulate the Buice diffuser. Two dimensional steady simulation was conducted to validate the 
CFD code and the turbulent models. The velocity contours and streamlines of the CFD results 
was shown in Figure 1. The comparison of the average velocity profiles was shown in Figure 
2. The result of the surface friction and pressure coefficient was shown in Figure 3. The steady
CFD results complied well with experiments, and the k-kL model was slightly better than the 
SST model in velocity profiles and surface parameters prediction.

Figure 1: Velocity contours and Streamlines of the diffuser(Left: k-kL model, Right:SST model) 

Figure 2 : Average velocity profiles (circle:experimental, black solid line: k-kL model, red solid line:SST model) 
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Figure 3: Surface friction and pressure distribution (Case1: k-kL model, Case 2: SST model) 

As the KVGs shown great poteintial in the diffuser flow control, and the author did 
many attampts to use the KVG control the spearation in the Buice diffuser.  The shemetic 
diagram of KVG used for diffusers separation was shown in Figure 4. KVGs with different 
size and location combinations were tried to reduce the flow separation. Two dimensional 
unsteady simulations of the k-kL model were conducted to find the best combination at a low 
calculaton and time cost. The KVG was setted both near the throat and before the separation 
region. The result of a cylinder diameter D=0.05 of which locate near the throat was shown in 
Figure 5, the case with KVG was obviously increased the separation region in diffuser 
compared to the Figure 1.  

Figure 4: The schemetic diagram of the KVG used for diffuser separation control 

Figure 5: The velocity contours and streamlines of KVG setting near the diffuser throat 

Many schemes of the KVG setting  before the separtion start point was attampted, the 
detail of the KVG geometric parameters is shown in Table 1. The table in green color were 
calculated, and KVG dimeter D varied from 0.05~0.12,  and the distance between the cylinder 
and the wall G/D varid from 1 to 5, 18 schemes was calculated. The average velocity coutour 
results suggest that most combinations neith increase nor reduce the separation bubble length 
obviously. The most effective scheme was the scheme D=0.12, with LS/D=15 and the 
separation region length reduced nearly 8%. The velocity contour and steamline was shown in 
Figure 6. The KVG has the potential to control the flow separation in the diffuser, while for 
the long diffuser with a medium divergence angle, current attamps were not very effctive. 
There need to be more attamps and the KVG may be more effective in the diffuser with 
greater divergence angle or a relative short length refernce to the successful KVG aplications 
in Sajben (1977) and Zhang et, al (2012).

36

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



Separation point
6.50,-1.15)

G/D
(D=0.05/0.08/0.12)

G/D
(D=0.12)

Ls/D 1 3 5 2 4
5 11 12 13 14 15
10 21 22 23 24 25
15 31 32 33 34 35

Table 1 KVG setting schemes before the separation point 

Figure 6: Velocity contours and detail of the scheme  D=0.12, Ls/D= 15, G/D=4
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DEVELOPMENT OF THE SCALED MODEL OF THE GAS FLOW DISTRIBUTER  
FOR CATALYTIC GAS EMISSIONS NEUTRALIZATION
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The emission reduction is a contemporary problem for the environmental safety. In the 
framework of this problem in particular the development of compact efficient catalytic 
devices for neutralization of volatile organic components is essential. The cleaning efficiency 
of the cartridge of catalyst elements, a key component for such a device, is strongly dependent 
on velocity uniformity of entering gas flow. In this respect the scaled simulator for the gas 
distributor and the aerodynamic measurement set for flow diagnostics in it have been created 
for the development of engineering solution for uniform gas feeding (Fig.1). 

a) b)  
Figure 1. The set for investigation of the gas flow distributer scale simulator. 
a) The scheme of experimental setup. b) The scheme of distributer simulator.

The distributer simulator consisted of the following operating units: mixer, control unit, 
turnaround unit, catalyst cartridge, and atomizer. The air was fed to the simulator through the 
ventilator 1and the compressor 2, passing then through the flowmeters 3 and 4. The flow 
temperature was measured by temperature transducers 5 and the overpressure – by pressure 
sensors 6. For the hydraulic flow resistance measurement, the pressure drops were detected on 
the turnaround 10 and catalyst cartridge 11 units by differential pressure transducers 7. The 
distributer simulator geometry is illustrated by Fig. 1b. 

The velocity fields were measured in two simulator cross sections and the attempts are 
undertaken of numerical calculations for the flow with the help of turbulent models.  

The velocity distribution within air flow was measured by the Laser Doppler anemometer 
method that was implemented in the LAD-078 measurement complex, manufactured in 
Kutateladze Institute of Thermophysics SB RAS. The complex permits the simultaneous 
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measurements of two velocity vector’s projection components in the range of 0.001...300 m/s 
with no more than 0.5% relative error. The positioning device moves the measurement 
complex with the accuracy of 0.1 mm within the volume of 250x250x250 mm. 

a) b)

Figure 2. Velocity distribution in two cross sections of the simulator. a) 
Velocity profiles in strait section before turn b) Velocity profiles after turn

In Fig 2 a, b the velocity profiles are presented in two cross sections along the symmetry 
line, before and after the right-angled bend. After the turn a circulation zone appears in the 
flow that is negative for reactor operation, so the channel improvement is required. 

The numerical simulation of turbulent flow is based on equation system consisting of 
continuity, Navie-Stokes and energy conservation averaged equations for incompressible and 
isothermal media. For the closure of averaged equations to this time the following 
semiempirical turbulent models were used: Spalart - Allmaras model [1], k-  model [2], k-
model[3], k -kl-  model[4] and the transport of Reynolds stresses model [2]. 

The numerical results for longitudinal velocity are shown in Fig.2 a, b. The comparison 
with experimental data after turn have shown a considerable discrepancy for all models, the 
prediction of Reynolds stress transport model was some better that others, though it did not 
predict the size of the reverse flow zone that appears after a sudden turning of the flow. The 
consideration of special aspects for the turbulent separation flows should probably be taken 
into account.  
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LAMINAR FLOW PERTURBATIONS GENERATED IN NEAR-WALL SHEAR 
LAYERS BY LOCAL SURFACE VIBRATION
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Evolution of laminar flow perturbations generated in shear layers by low-frequency 
local vibration of the neighboring wall is investigated in the T-324 ITAM SB RAS wind 
tunnel. The experimental data are obtained at low subsonic velocities U =3.5 m/s through 
hot-wire measurements. The basic configuration which is examined represents a laminar 
boundary layer (Blasius) on flat plate of 1500-mm length, 1000-mm width, and 10-mm 
thickness placed parallel to the oncoming flow. The surface pulse vibration by elastic
membrane of 17 × 17 mm2 mounted flush with the plate surface results in the origination of 
streaky structures appearing as quasi-stationary deformations of the shear layer which are 
accompanied by wave packets of high-frequency velocity oscillations sitting at the forward 
and back fronts of the streaks (Chernorai et al., 2001). In low-Reynolds-number conditions of 
the present study both the streaky structures and the wave packets (see figure 1) decay at their 
convection in the Blasius boundary layer.  

Once the flat-plate flow is modified with a 2D backward-facing step of the height h =
3.0 mm generating a local region of boundary-layer separation, the streaks are still damped. 
At the same time, the wave packets are subject to nearly exponential growth behind the step 
which is contrast to their decay in the Blasius boundary layer (compare figure 1 and figure 2).
The separated shear layer is more unstable than the flow attached to the body surface. From 
the classical analysis of hydrodynamic stability is known that such a behavior is due to the 
formation of mean velocity profiles with an inflexion point inherent in flow separation
(Schlichting, 1969). Present observations are in qualitative agreement with our previous 
experimental results on the localized laminar flow disturbances propagating in the adverse-
pressure-gradient boundary layer on a wing model (Kozlov et al., 2001). One expects, this 
phenomenon may have a pronounced contribution to the laminar-turbulent transition in near-
wall shear layers subject to low-frequency local forcing. 

Figure 1: Streamwise variation of the maximum amplitude of oscillations in the wave packets 
at the forward (1) and back (2) fronts of the streaky structure at z = 0; 

the frequency band is 25–100 Hz, Blasius flow. 
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Figure 2: Streamwise variation of the maximum amplitude of oscillations in the wave packets 
at the forward (1) and back (2) fronts of the streaky structure at z = 0;

the frequency band is 26–400 Hz, separated flow. 
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The paper is devoted to the recent experimental study of noise generated by large-
scale turbulent vortex rings. Vortex rings were produced by means of small explosion in 
cylindrical chambers of different diameters (80, 60 and 37 cm) at outdoor test rig. Acoustic 
measurements were made by far-field microphones flush-mounted on special plates lying on 
ground surface. High-speed video camera was used for registration of vortex ring initial 
motion parameters. Estimated values of vortex Reynolds numbers were in the range of 
Re~106 - 107. Measured peculiarities of vortex ring noise were compared with results of 
small-scale experiments and theoretical predictions. 

The vortex ring is a well known and very popular object of fluid dynamics. 
Investigations of vortex rings began in the 19th century when a vortex ring was considered as 
a model of the vortex theory of atoms then under development. Though the quantum theory 
has made many of the ideas developed in that period insignificant, the vortex ring seems to 
remain one of the most interesting and convenient objects for investigations in hydrodynamics 
(Saffman,1998; Kambe, 1986). Really, the vortex ring is suitable for experimental research 
and at the same time its behavior can be described within the limits of the main equations of 
continuous medium. The most important feature is that once generated, this vortex develops 
only under the effect of its own dynamics and is not affected by rigid boundaries. This 
permits the use of the vortex ring for investigations of many problems of aerodynamics and 
aeroacoustics in a pure form. Some aspects of vortex ring properties one could find in 
Akhmetov, (2009). 

The theory of vortex ring noise based on the careful description of vortex ring eigen-
oscillations in Euler approximation was developed by Kopiev and Chernyshev, (1997). The 
results obtained in these directions permitted understanding the mechanism of sound 
generation by 3-D vortex and formulating a new concept of sound radiation by vortex 
structures. It appeared that the noise of even one vortex which seems at first sight to be a 
rather simple oscillating system was in fact a highly complex random process with quite 
definite peculiarities which can be recorded experimentally and predicted theoretically.  

Figure 1: Scheme and photo of vortex ring generator 
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In the present work we restrict ourselves to considering aeroacoustic properties of 
large-scale turbulent vortex rings produced by means of explosion in steel cylindrical 
chambers (figure 1). Unlike the small-scale experiments in which noise of the ring has been 
determined by averaging spectra from an ensemble of closed realizations, in the case of large-
scale rings, obtained with the help of the explosion, the investigation was possible by 
analyzing only a single realization due to substantial increase in signal to noise ratio, which 
significantly extends the range of parameters that can be analyzed.  

a        b
Figure 2: a) Spectrogram and b) narrow-band spectra of the vortex ring noise measured by 

far-field microphone 

The large-scale vortex ring noise manifests itself by strong peaking of the spectrum in 
a narrow frequency band as well as small-scale one (Zaytsev et al, 1987; Kopiev et al, 2018). 
However for large-scale vortex one could recognize two or even three narrow frequency 
bands which are close to the multiple frequencies of the main peak, but the amplitudes of 
these peaks are significantly lower. Unlike small-scale result, the main peak shifts to a region 
of larger Strouhal numbers, which fundamentally distinguishes these results from small-scale 
ones, which in turn confirmed the self-similar theory of the motion of such vortices. It seems 
that the aerodynamics of such vortices is much more complicated, although the presence of 
several peaks is further consistent with the conclusions of the theory of sound generation by 
such objects. 
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Investigations of the interaction of stationary weak shock waves with a flow in the 
vicinity of the leading edges of the models and their influence on the laminar-turbulent 
transition are considered in this paper. 

The experiments were conducted in T-325 supersonic wind tunnel of ITAM SB RAS at 
Mach 2 and unit Reynolds number Re1 = 8×106 m-1. Two models of a flat steel plate with a 
radius of leading edge bluntness 0.04 (controlled experiments) and 0.6 mm (were used. 
Constant temperature anemometer was used for mean and pulsating flow quantities 
measurements. The sticker placed on the test section wall was applied to induce the pair of 

ck. 
Schematically, the experiment set-up is shown in figure 1. The distance L = 146 mm was 
selected in such a way that a weak shock wave from the front edge of the label impact to the 
center of the model (z = 0). Getting on a flat plate a weak shock wave creates a vortex in the 
boundary layer that leads to the distortion of the mean flow (Vaganov et al., 2016, Kosinov et 
al., 2017). As a base case, experiments on the excitation of a wave train in a supersonic 
boundary layer on a smooth flat plate without the use of a sticker on the wall of the wind 
tunnel test section are considered. Artificial disturbance sources based on high frequency 
glow discharge in chamber (Kosinov et al., 1990) were used in controlled experiments.
Controlled pulsations are delivered into the boundary layers through the surface aperture of 
0.5 mm in diameter. The pulsation measurements were synchronized with glow discharge 
which was ignited with fundamental frequency of 20 kHz. The spanwise measurements were 
made at the fixed normal dist
at the perturbation maximum in the boundary layer. 

Figure 1: Experiments set-up. 
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Origin of the streaks is examined in the flat plate boundary layer at Mach 2. They arise 
due to the interaction of the weak shock waves with flow in vicinity of the flat plate leading 
edge. When these weak shock waves impact on the leading edge of the plate in the boundary 
layer, longitudinal vortices are generated. The process is accompanied by significant increase 
of the pulsation amplitudes in the boundary layer. The transition location was determined with 
the help of Pitot probe. Obtained, the transition to turbulence occurs at Retr 1.8×106 for the 
case of measurement in the vortex region and aside from it.

In controlled experiments the amplitude and phase distributions in spanwise direction at 
x = 60, 70, 80, 90 and 100 mm were measured. After data processing the amplitude and phase 
perturbation spectra over (wave number in the transverse direction) at frequencies of 10–70 
kHz were determined. Two cases are considered: 1) the wave train was introduced into the 
unperturbed boundary layer (smooth flat plate); 2) the wave packet was introduced into the 
boundary layer with a longitudinal vortex. The amplitudes of controlled pulsations in the 
initial and reference sections are compared for both cases It was found out that disturbances at 
frequencies f>40 kHz were not introduced into the boundary layer in both cases. In the initial 
section, the presence of a longitudinal vortex has the greatest effect on the excitation of 
perturbations at a frequency of 40 kHz. In the downstream direction, is detected the 
appearance of additional peaks in the amplitude spectra over at frequencies f=1–40 kHz. 
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ON MODELLING OF THE PRESSURE PULSES INDUCED  
BY THE VORTEX RING IMPACTING ON A WALL 
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In recent experiments (Alekseenko et al., 2016) it was shown that a helical-like precessing 
vortex in the expanding conical channel can be unstable, it undergoes the phenomenon of vortex 
reconnection. As a result of reconnection are vortex rings separated from the main vortex. After
separation the vortex rings moves by spiral trajectory approaching the channel wall. The impact 
of the vortex rings on a wall induces intense pressure pulses. 

In the present work we apply analytical approaches (Kuibin, 2017) for description of the 
pressure field induced by the vortex ring near a surface. For simplicity we consider a flat surface 
rather than a conical one, uniform vorticity distribution inside the vortex core and inviscid 
problem statement. This allows one to use known analytical approaches to calculate the velocity 
and pressure fields. To satisfy the conditions at the wall we introduce imaginary mirror-
reflected vortex ring. The pressure has been found through the Cauchy-Lagrange integral and 
represented through the full elliptic integrals. The performed analysis yielded the pressure 
distributions on the surface in dependence on the specified parameters. Transition to the time 
dependencies yielded description of the pressure pulses. 

The example of calculation of the pressure distribution on the surface is shown in Figure 
1. This sample corresponds to the ratio of minimum distance between the vortex ring and the 
surface to the ring radius d/a = 0.1 and inclination angle of the vortex ring relative the surface 

 = 15°. The ring projection on the surface is depicted by the black dashed curve. The pressure 
(dark blue area) lies under the segment of ring closest to the surface. In the same time there 
exist the pressure maximum (dark red area) located close enough to the point of minimum 
pressure.  

Figure 1: The pressure distribution induced by the vortex ring on the surface. 
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Further we compare forms of the pressure pulses observed in the experiments with the 
model ones. The experimental set-up and conditions of the pressure measurements were 
described in Skripkin et al. (2017). We combined the high-speed video recording with the 
synchronized pressure measurements. When the vortex rings separated from the main vortex 
moved near the probe strong pressure pulses were registered. The typical forms of the pressure 
signals are presented in Figure 2.

The pulse form in the model presented above will depend on the angle of the vortex ring 
inclination and trajectory of the vortex motion. Let’s represent the pressure dependence on time 
when the vortex ring moves along some straight line (in the frame moving with the ring the 
observation point will draw line crossing the picture in Figure 1). As seen from Figure 3, in the 
model the most probable pulse form corresponds to pulse shown in Figure 2a (strong pressure 
drop with subsequent relatively small maximum). The order of minimum and maximum
appearance can be opposite in dependence on the sign of the ring inclination angle and direction 
of its motion. The positive pulse with subsequent minimum (Figure 2b) is possible if the 
trajectory is inclined by high angle (say, = 60°) and lies below the ring center (dash lines in 
Figure 3c). The pulse forms with positive and negative peaks of close amplitude (Figure 2c)
can arise at moderate trajectory inclination (dash lines in Figure 3b). The positive peaks in 
Figure 3 have large width, for higher ring inclination angles they will be narrower.
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Figure 2: The typical forms of the pressure pulses in the experiment. 

Figure 3: Pressure profiles for different trajectories (shown in inserts) of the vortex ring 
motion relative the observation point.  
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Potential for Active Flow control in Aircraft 
–Control of Forebody Flow Asymmetry in High-Angle Flows
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A new proportional side forces control technique of slender body at high angles of 
attack was developed. Dynamic manipulation of forebody vortices as a means to obtain 
directional control of high-performance aircraft at high angles of attack was investigated. A 
tangent ogive shape of a slender body of the revolution was chosen as most representative of a 
real nose geometry of either a missile or military aircraft. 

Effectiveness of the rotary oscillating mini-nose-tip-strake technique for controlling 
forebody vortex asymmetry at high angles of attack was investigated. The new method was 
effective in suppressing side force to zero level with only very small energy input at high 
angles of attack (30º<α<60º). Test results show that, at high angles of attack from 30° to 60°, 
the new method could make an efficient proportional control of side force with very low input 
power levels. In this way, the yawing moment generated by the forebody vortices could 
provide directional control of high-performance aircraft at high angles of attack where the 
conventional control surface would be useless in the wake flow of the wing and fuselage. This
forebody vortex control technique was employed in a remote controlled model aircraft, and its
control effectiveness was demonstrated in several flight test.

Effectiveness of the alternating dual synthetic jet actuator for controlling forebody 
vortex asymmetry at high angles of attack was also investigated. The actuator is mounted near 
the nose tip. The driving signal of the actuator is 50Hz square wave and the duty cycle ranges 
from 20% to 80%. This method could make an continuous control of side force with micro 
alternating dual synthetic jet only by changing the duty cycle.

Figure1. The slender body model in the test section of low speed  wind tunnel at NUAA
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Figure 2: Forebody vortices control with fixed (left & right) and rotary oscillating mini-nose-
tip- strake (middle), ɑ=55º, x=2D, view from upstream.

C
M

y

Figure 3: Side forces and yaw moments measurements with changing the azimuthal angle of 
rotary oscillating mini-nose-tip- strake, ReD=55000

(a) T=40ms
Figure 4: Remote controlled model aircraft in the test section of  wind tunnel and in flight

test
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Figure 5: Side forces measurements with changing the duty cycle, ɑ=57º,ReD=55000
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Bubbly flows are widespread in chemical technology, the energy industry and other 
areas of practical applications. Such flows are complicated by the phase interaction between 
the carrier liquid and gas bubbles, flow separation, polydispersity, break-up and coalescence 
of bubbles, and interphase heat transfer. The recirculation flow that arises at detachment of 
single-phase flow at a sharp edge largely determines the structure of the turbulent flow and
has a significant effect on the intensity of the processes of momentum, mass and heat transfer.
Correct simulation of the distribution of bubbles over the pipe cross section is of great 
importance for safe operation and prediction of development of various scenarios for 
emergency situations in heat generators of TPPs and NPPs. 

The first experimental studies of two-phase bubbly flows in a pipe sudden expansion 
include work Rinne and Loth (1996). The local void fraction, the axial velocity of bubbles 
and their size behind the flow cross section were measured. The paper also showed the size of 
the bubbles to decrease behind the detachment cross section due to their break-up. A detailed 
theoretical and experimental investigation into an upward separated bubbly flow in a sudden 
pipe expansion was carried out in Aloui et al. (1999). The axial averaged and pulsation 
velocities of the bubbles, local gas content, change in the size of the dispersed phase, change 
in the pressure gradient, and friction on the wall were measured. The intensity profile of the 
fluctuations of the bubble velocity is qualitatively similar to that of the pulsations of the 
carrier phase. The theoretical model developed by the authors makes it possible to calculate 
the longitudinal pressure gradient in a separated bubbly flow. In Ahmed et al. (2008),
measurements were carried out in a horizontal flow of a mixture of air and oil in two modes
of two-phase flow: transient to annular flow and annular mode. The increase in the gas 
concentration immediately after the flow detachment cross section was shown to be caused by 
the air separation from the two-phase flow in the recirculation region.  

Despite the existence of some works on the research of bubbly flows in a sudden 
expansion of a pipe or a channel, many important problems of hydrodynamics and 
thermophysics of separated two-phase flows remain open. This relates especially to the effect 
of the dispersed phase on the heat transfer intensity and other factors.  

An experimental and numerical investigation into the heat transfer in a bubbly turbulent 
flow in a sudden pipe expansion has been carried out in this paper. The heat transfer was 
measured using the infrared thermography method. The bubble sizes in the area up to the pipe 
expansion were measured using the method of shadow photography. The mathematical model 
uses the system of RANS equations in the axisymmetric approximation, written with 
consideration of the back of bubbles on the mean and fluctuational characteristics of the flow. 
The turbulence of the carrier phase is predicted using the Reynolds stress transport model.
The dynamics of bubbles is described using Eulerian approach with consideration of the 
variation in the average volume of bubbles due to expansion because of changing density, 
break-up and coalescence processes. The investigation was carried with the flow Reynolds
number ReH = (1.02–3.15) × 104 –10%. It has 
been experimentally and numerically shown that addition of air bubbles causes significant 
increase in the heat transfer intensity, and these effects grow with increasing bubble 
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concentration. The main growth in the heat transfer has been revealed in the flow relaxation 
region downstream of the flow attachment point. According to measurements and 
calculations, it grows almost 3-fold in the flow relaxation region with ReH = 1.02 × 104 and 
the volumetric flow rate ratio (see Fig. 1). The increase in the heat transfer 
coefficient is caused by the significant deformation of the velocity profiles of two-phase flows 
as compared with a single-phase flow and the velocity gradient increase near the pipe wall.
An increase in the Reynolds number is characteristically associated with a significant
decrease in the heat transfer intensification in the flow relaxation region. The distributions of 
the Nusselt number along the pipe length are qualitatively similar to those for single-phase 
and gas-droplet flows. In order to obtain more data the flat channel with the backward facing 
step was constructed and preliminary tests and numerical calculations were performed in this 
geometry.  

Figure 1. Nusselt number distributions in bubbly flow after sudden pipe expansion at ReH =
1.02 × 104, 1 -phase flow), 2 1.2%, 3 3.6, 4 7, 5 10.1. 
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The precessing vortex core (PVC) is a coherent flow structure that often occurs in swirl-
stabilized combustors and other swirl-flow applications such as Francis turbines. The PVC
can be described as a helical oscillatory motion around the inner recirculation zone (IRZ) that
occurs due to vortex breakdown. Due to its self-excited natrure, it is still very difficult to 
quantify the effect of the PVC on important combustion properties such as flame dynamics, 
mixing and thermoacoustic stability.
In this study, we investigate the influence of the PVC on the flow field and flame dynamics 
inside the combustion chamber of a swirl-stabilized combustor. To adjust amplitude and 
frequency of the PVC in the flow field, open and closed loop control is utilized in connection 
with helical loudspeaker-based actuation in the mixing tube upstream of the combustion 
chamber (Lückoff et al., 2017). For closed loop control, pressure signals, gained from 
circumferentially arranged sensors, are used as input signal. The corresponding test rig and 
the actuator are shown Fig.1 a) and b).

Figure 1: a) Test rig and measurement technique setup; b) Detailed view of the actuator 
inside the burner

In order to describe and investigate the effect of PVC on the flow and flame dynamics, proper
orthogonal decomposition (POD) is applied providing the mode shape and dynamics of the 
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PVC for different actuation and control parameters. In addition, the response of the flame 
shape and dynamics on the flow control is studied in reacting flows. 
With the help of open loop control, the transition of an M-shaped flame that is detached from 
the mixing tube outlet to an attached V-shaped flame can be shifted to fuel-richer mixtures. 
The detached M-flame typically features a PVC. For the PVC considerably damped by closed 
loop control, the influence of the PVC on important combustor properties such as mixing of 
fuel and air is investigated. Based on the quantitative light sheet method (QLS), first 
estimations of the PVC influence on mixing are derived from time-resolved seeding snapshots 
of particles emanating into the unseeded combustion chamber (Göckeler et al. 2013).
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Medium and large insects in normal hovering have horizontal, planar up- and 
downstrokes. The lift of the two half-strokes, generated by the leading-edge vortex, provides 
the weight-supporting vertical force. But for small insects (Reynolds number (Re) being about 
80 to 10), because of the large effect of air viscosity, sufficient vertical force could not be 
produced if using the above wing kinematics; they must use different flapping kinematics. 
Our recent study on the hovering of a tiny wasp (Re -
shape upstroke which greatly enhance the vertical force production. This leads us to 
hypothesize that as insect-size or Re decreasing, deeper and deeper U-shape upstroke would 
be used. We test this hypothesis by measuring the wing kinematics for several species and 
obtained data for Re ranging from about 80 to 10. We find that the data support our 
hypothesis. We also find that when the insect is very small, the well known fling motion is 
used at the beginning of the downstroke, but it is the U-shape upstroke contributes the major 
part (about 70%) of the weight-supporting vertical force. 

The wing length (R) of an average-size insect is about 3-4 mm (Dudley, 2002) and its 
wing operates at a Reynolds number (Re) about 100. R of small and very small insects is
about 0.3-2.5 mm and Re on the order of 80 to 10. Medium and large insects in normal 
hovering beat their wings approximately in a horizontal plane (Fig. 1a) (Ellington, 1984; 
Walker et al., 2010; Liu and Sun, 2008) and Re is 100-3500 (R 4-50 mm); during the 
downstroke or upstroke, a lift, and a drag that is a little smaller than the lift, are produced 
(Fig. 1a). The lift provides the weight supporting vertical force; the drag in the downstroke 
cancels out that in the upstroke and the flapping-cycle mean horizontal force is zero. The 
aerodynamic force are generated mainly by the leading-edge vortex (LEV) that attaches to the 
wing during an entire down- or upstroke, which is referred to as the delayed-stall mechanism
(Ellington et al., 1996; Dickinson et al., 1999; Bomphrey et al., 2002; Sun and Tang, 2002;
Chin and Lentink, 2016). However, the above results do not apply to the small (and very 
small) insects because of the very large effect of air viscosity at their low Re range (80-10):
the LEV is significantly defused and little lift can be generated, while the drag is very large
(Wu and Sun, 2004; Miller and Peskin, 2004). The small insects must have used different 
wing kinematics and aerodynamic mechanisms from those of the medium and large insects.

Recently we measured the detailed wing motion of a very small wasp Encarsia 
Formosa (EF) (R 0.5 mm and Re 10) in hovering and found that the wing motion is 
dramatically different from that of the medium and large insects (Cheng and Sun, 2018). The 
tiny wasp has a very deep U-shape upstroke: the wing moves fast downward and backward at 
a very high angle of attack (hence referred to as “rowing”), and then moves vertically 
upwards at almost zero angle of attack until the wing-tips reaching the level of the head. By 
generating a very large transient-drag that points almost upwards, the rowing provides the 
major part of the required weight-supporting vertical force. That is, the tiny insect overcomes
the problem of large viscous effects by a novel wing motion: the very deep U-shape upstroke. 

This leads us to hypothesize that as size or Re decreasing, an insect would have a deeper 
and deeper U-shape upstroke and rely more and more on the transient drag for generating the 
weight-supporting vertical force. To test this hypothesis, we need data for insects with Re
ranging from about 80 to 10. A few years earlier, we measured the wing motions of hovering 
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fruitfly Drosophila virilis (DV) (R mm and Re 77) (Meng and Sun, 2015) and vegetable 
leafminers Liriomyza sativae (LS) (R mm and Re (Cheng and Sun, 2016). Here we
use high-speed cameras equipped with micro-lenses and extension tubes to film the hover 
flight of four species: biting-midge Forcipomyia gloriose (FG) and biting-midge Dasyhelea 
flaviventris (DF), gall midge Anbremia sp. (AS) and Thrips Frankliniella occidentalis (FO). 
Their Re is 30, 24, 17 and 14, respectively, and is between those of LS (40) and EF (10). We
extract the wing kinematics using an interactive graphic user interface (Mou et al., 2011). Fig. 
1b shows the measured Euler angles of the wing in four individuals, each from one of the of 
four species (see: msun.buaa.edu.cn). For each of the four species, wing motions of another 
four individuals were also measured; within a species, the results are similar. 

Figure 1: (a) Left: the wing-tip trajectory of a dronefly Eristalis tenax (ET); right: the 
motion of a section of the wing. (b) Left: reference frame and Euler angles defining the wing 
kinematics: (x, y, z) are coordinates in a system with its origin at the wing root and with x-axis 
points horizontally backwards and z-axis points vertically upwards and y-axis points to the 
left of the insect, is the positional angle (in the stroke plane), the pitch angle,  deviation 
angle, and the stroke-plane angle; right: measured Euler angles of biting-midge FG1, biting-
midge DF1, gall midge AS1 and thrip FO1. T, stroke period. 

Using data in Fig. 1b, stroke diagrams showing the wing motions of the four insects are 
plotted in Fig. 2 (those of ET, DV, LS and EF (Liu and Sun, 2008; Cheng and Sun, 2018; 
Meng and Sun, 2015; Cheng and Sun, 2016) are also included). The results support our 
hypothesis: as size or Re decreasing, the insect has a deeper and deeper U-shape upstroke 
(Fig. 2b-h). For the two very small insects, thrip FO and tiny wasp EF, the downstroke is also 
U-shaped, but a much shallower one (Fig. 2g, h), which is the result of the “fling” motion 
described previously by Weis-Fogh (Weis-Fogh, 1973). Within each of the eight species, all 
the individuals have approximately the same wing kinematic pattern.

In the early part (the left part) of the U-shape upstroke, the wing accelerates downwards 
and backwards; the smaller the insect or the lower the Re, the larger the acceleration (see the 
change in wing speed in Fig. 2b-h). Moreover, during the downwards and backwards motion, 
as the insect size or Re decreasing, the wing surface becomes more horizontal and the angle of
attack becomes larger. In the later part (the right part) of the U-shape upstroke, in general, the 
wing moves slower (Fig. 2e-h); as the insect size or Re becomes smaller, the wing moves 
almost vertically upwards with the wing surface vertical and the angle of attack close to zero 
(Fig. 2e-h).  
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Figure 2: (a) through (h): stroke diagrams show the wing motions of the insects; solid 
curve indicates the wing-tip trajectory (projected onto the x-y plane); black lines indicate the 
orientation of the wing at various times in one stroke cycle, with dots marking the leading 
edge; black dot defines the wing-root location on the insect body; blue arrow, velocity of the 
wing at the radius of gyration; red arrow, total aerodynamic force of the wing. (a*) through 
(h*): vertical forces in one stroke cycle (black line); contribution by the lift (blue line) and 
that by drag (orange line); gray background indicates the upstroke. Re=cmU/ , here cm is the
mean chord length of wing, U=2 fr2 ( , stroke aptitude; f, stroke frequency; r2, radius of 
gyration of wing) and the kinematic viscosity of the air. 

To assess how the weight supporting force is generated by the novel wing motions, the 
flow and forces on the wings were computed using an experiment-data validated flow solver. 
Fig. 2a*-h* give the computed vertical forces (FV) for the eight insects shown in Fig. 2a-h.
For the larger insect ET (Fig. 2a*), FV in the upstroke (t/T=0-0.5) is similar to that in the 
downstroke (t/T=0.5-1). But for the small insects (Fig. 2b*-h*), the U-shape upstroke 
produces a large FV peak, while the planar downstroke produces a relatively small FV. In 

58

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



general, as insect size or Re deceasing, the FV peak in the U-shape upstroke becomes higher 
and narrower. For the two very small insects (FO and EF), a FV peak is also produced at the 
early downstroke (Fig. 2g* and h*, t/T=0.55-0.7) by the ‘fling’ motion mentioned above, 
which is smaller than that by the U-shape upstroke (Fig. 2g* and h*, t/T=0.1-0.2). For these
two very small insects, 70% of the vertical force is produced by the U-shape upstroke and the 
other 30% by the ‘fling’. 

The vertical and horizontal forces of a wing come from its lift and drag. In the present 
study, the velocity at the radius of gyration of the wing is used to represent the velocity of the 
wing (Fig. 2a-h). Lift and drag are defined as the components of the total aerodynamic force 
that are perpendicular and parallel to the velocity of the wing, respectively. Lift and drag 
contributions to the vertical force are also plotted in Fig. 2a*-h*. For the larger insect ET (Fig. 
2a*), almost all the vertical force is contributed by the lift. For the small insects DV and LS
(Fig. 2b* and c*), vertical force is mainly (about 90%) is contributed by the lift. As insects 
become smaller or Re lower (Fig. 2f*-h*), the drag has more and more contribution; for the 
two smallest insects, FO and EF, about 70% of the vertical force is from the drag.  

Figure 3: Non-dimensional spanwise vorticity contours in the section at the radius of 
gyration, at verious times during the U-shape upstroke. Vorticity is nondimensionalized by 
U/cm; solid and dashed lines denote the anticlockwise and clockwise vorticity, respectively. 
The magnitude of the non-dimensional vorticity at the outercontour is 2 and the contour 
interval is 1.

In order to explain the large aerodynamic force in the U-shape upstroke, representative 
vorticity fields are plotted. First let us consider DV and LS. Fig. 3a shows the vorticity plots
of LS in the period of t/T=0.18-0.34, in which the large aerodynamic force is produced. It is 
seen that a LEV attaches and moves with the wing, producing the force using the well-known 
delayed-stall mechanism. It can be shown that the planar downstroke also use the delayed-
stall mechanism to produce the force. The reason for the U-shaped upstroke producing a 
larger force than the planar downstroke is that it has a larger wing velocity (see Fig. 2c). The 
forces of DV can be similarly explained. Next we consider the smaller insects: Fig. 3b shows 
vorticity plots of FG in the period of t/T=0.07-0.23, in which the large force peak is produced;
the corresponding results for AS and FO are given in Fig. 3c and d, respectively. As an 
example, we look at the vorticity plots of FO (Fig. 3d): during the very short period (t/T=0.14-
0.22), counter clockwise vorticity is continuously produced around the leading edge of the 
wing and clockwise vorticity around the trailing edge. This would result in a large time rate of 
change in the first moment of vorticity, giving the large aerodynamic force (Wu, 1981). This 
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force producing mechanism is called as ‘rowing mechanism’ (Cheng and Sun, 2018; Zhu and 
Sun, 2017): the wing accelerates fast from zero velocity at a very high angle of attack, 
producing at large transient drag (here the drag points almost upwards, giving a large vertical 
force). Explanation of the large forces in the U-shape upstroke for FG, DF, AS and EF is 
similar. As aforementioned, for the two very small insects FO and EF, there is also a FV peak 
at the early downstroke, produced by the ‘fling’ motion. The vertical force peak during the 
‘fling’ is also due to the large drag on the wing; its production mechanism has been explained 
in detail by many previous studies (Spedding and Maxworthy, 1986; Miller and Peskin, 2005; 
Sun and Yu, 2006; Arora et al., 2014). 

To show the advantage of having a U-shape upstroke for the small insects, we made test 
calculations in which both the down- and upstrokes were planar and horizontal, like those of 
the larger insects, while Re being kept the same. The computed vertical forces for the eight 
insects are shown in Fig. 4a-h. It is seen that the planar upstroke produce much less vertical 
force than the U-shape upstroke and it is more so as Re becomes smaller. For the fruitfly DV 
(Re 77), the mean vertical force produced by the U-shape upstroke is 1.43 times of that by 
the planar upstroke. For LS (Re 40), FG (Re 30), DF (Re 24), AS (Re 17), FO (Re 14) and
EF (Re 10), the corresponding numbers are 1.82, 1.75, 1.92, 2.27, 2.27, and 4.17, 
respectively. This shows that the small insects use the novel motion, the U-shape upstroke, to 
overcome the problem of insufficient lift at very small Reynolds number, encountered by the 
commonly used flapping kinematics.  

Figure 4: (a) through (h): vertical force produced if the upstroke was planar (green
dashed line), compared with that using the real wing kinematics which has U-shape upstroke
(black line).

Taken together, our findings show that the small insects change their flapping mode to 
solve the low Re problem. The planar upstroke changes to U-shape upstroke; as size or Re
becomes smaller, a deeper U-shape upstroke is employed. When the insect is very small, the 
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‘fling’ motion is also used at the beginning of the downstroke, but it is the U-shape upstroke 
contributes the major part (about 70%) of the weight supporting vertical force.  
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Yu. Lyulin1,2, A. Kreta1 and O. Kabov1,2

1 Institute of Thermophysics SB RAS, 1, Lavrentiev Ave, 630090, Novosibirsk, Russia 
E-mail: lyulin@itp.nsc.ru  

2 Novosibirsk State University, 2, Pirogov Ave, 630090, Novosibirsk, Russia 

Keywords: vortex flow, evaporation, thermocapillarity, convection, liquid layer  

Study of heat and mass transfer through the gas-liquid interface is one of the most 
important problems in the present time. The intensive evaporation from the liquid surface into 
the gas flow induces various convective flows within the liquid. Two mechanisms have been 
spotted to be responsible for the convection. One of them is the gravity that acts essentially on 
density differences due to temperature gradients, the other one is the thermocapillarity 
originated by the temperature dependence of the surface tension at the liquid interface. The 
convective motions caused by buoyancy are known as the Rayleigh-Bénard convection. When 
the convection is induced by the surface tension, it is referred to as Marangoni-Bénard 
convection. In the most of investigations the fluid layers are steadily heated from below with 
a static temperature gradient and without evaporation. The evaporating fluid layers with 
nonlinear temperature gradient have much less been studied due to the complexity of the 
problem. It was found that evaporation is not only a means of cooling the layer surface, but 
also a driving power for the development of the convective instabilities. The problem of 
convection of the evaporating liquid layer under the action of the inert gas flow is much more 
complicated than described above, because includes also the shear stress effect induced by gas 
flow. The coupling between evaporation and convection cased by a shear-stress, 
thermocapillary and buoyancy effects in the liquid layer, has a direct effect on the evaporation 
flow rate. The increased interest to the problem is caused by experiments under microgravity 
conditions, some experiments under normal gravity and the preparation of experiments on the 
International Space Station in the framework of the scientific project ‘‘Convection and 
Interfacial Mass Exchange” (CIMEX) of the European Space Agency.  

The aim of this work is to experimentally study the structure of convective flows using 
PIV method within horizontal liquid layer evaporated into gas flow the action of the gas flow. 

A schematic of the experimental setup is shown in Fig. 1, a). The experimental rig 
consists of the fluid cell, gas/liquid supply circuits, the data acquisition system, thermal 
stabilization system and optical systems. The pure gas arrives into the inlet of the gas channel 
of the test cell from the compressor. The flow controller maintains the flow rate at the inlet of 
the fluid cell. To supply the working liquid into the fluid cell the syringe pump is used. The 
liquid is evaporated into the gas phase. The flow rate of the gas-vapor mixture is measured by 
the flow meter at the outlet of the test cell. The temperature difference between the liquid and 
the gas flows at the entrance to the test cell is maintained less than 0.1 C. An optical Shlieren 
technique is used for the observation of the flow patterns on the gas-liquid interface and 
control of the flatness of the liquid surface. Optical PIV method is used for the visualization 
of convection in the liquid layer, Fig.1 b). 

Two-dimensional velocity fields in liquid layer for various temperatures are presented 
in Fig. 2. Circulation velocity of a vortex structure depends essentially on the conditions on 
the interface. The velocity of a vortex is determined by the action of thermocapillary forces, 
which depend on the temperature gradients at the surface. It is found that at liquid and gas 
temperature of 40 ° C, there is a local maximum of the average velocity of the vortex 
structures and the surface temperature gradient, respectively.  
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At a temperature of 50 ° C, the values of the surface temperature gradients, as well as the 
velocities of the vortex structures, are close for different gas velocities. This fact is due to the 
vapor concentration near the liquid surface corresponds to the saturated vapor pressure at the 
surface temperature of the liquid. For maximum temperature, the vapor concentration near the 
interface increases so much that it creates a diffusion resistance for the gas and prevents the 
movement of air molecules to the interface boundary. This results in more uniform 
evaporation over the entire surface of the liquid for different gas flow rates and a decrease in 
the surface temperature gradient along the interface. A decrease in the surface gradient and 
surface tension with increasing temperature causes a decrease in the thermocapillary forces on 
the interface and the average circulation velocity of the vortex structures. 
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Figure 2: Two-dimensional velocity fields 
in liquid layer.

Figure 1: a) Experimental setup;
b) PIV method.
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Model scale testing of a floating wind turbines system pose a challenge when testing 
experimentally a fully coupled aero-hydro-servo system with both wind and waves loads. 
Hydrodynamic Froude scaling is mandatory for equivalent full scale system response 
leading to severely reduced Reynolds number mainly associated with the model scale
aerodynamics of the rotor blades. The later is addressed by choice of well behaving 
airfoils at model scale Reynolds number. The SD70xx airfoil family is found applicable and
has served as design foil for a successful model scale D=2.4m rotor, tested at the 
POLIMI wind tunnel. Dynamic movement associated with floating wind turbines, leads to
blade operating states equivalent to pitching a 2D sectional airfoil. The present study 
addresses the behavior of the SD7032 airfoil during periodic pitching at different reduced
frequencies and amplitudes for a range of Reynolds numbers. A low speed (DTU Red)
wind tunnel serves to investigate the characteristics of a pressure tab instrumented 2D test 
airfoil. Initial static test is first compared showing fairly good comparison through the AOA
range at Re=50k-200k, figure 1 right.

Figure 1: Measured polars (right) (thick lines, dotted lines are reversed AOA 
measurements) compared with data from Selig et al. (thin lines with dimonds), green is 
Re=304k. Pitching foil (left) Re=100k, frequencies 0.25-3Hz, amplitude 5deg. 

Figure 1, left displays the first results during 5deg amplitude harmonic pitching of the 
SD7032 foil, showing an expected trend of loops opening with increasing frequency and
amplitude. Harmonic oscillation in the linear attached flow range, reveal good comparison 
to Theodorsen modeling whereas in the light stall and stalled AOA range nonlinear effects
are dominant. Further results and discussion are addressed in the presentation.
UNAFLOW project within IRPWIND European Integrated Programme on Wind Energy 
Research.
http://www.windtunnel.polimi.it/
Selig MS, Guglielmo JJ, Broeren AP, Giguere P. Summary of low-speed airfoil data.
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IN ISOTROPIC HOMOGENEOUS TURBULENCE 
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A mechanism of the flow transition into a vortex in a turbulent flow is one of interest in 
vortex dynamics and important in the flow control in various engineering fields. In the 
absence of the universal vortex definition, popular definitions frequently applied in the vortex 
identification are associated with the local flow geometry derived from the velocity gradient 
tensor ∇v, such as Δ, Q, λ2 and their unified definition (Nakayama et al., 2014). In the local 
geometry, the swirlity φ (Nakayama, 2014) represents the unidirectionality and intensity of 
the extracted azimuthal flow vθ, using the eigenvalues λθ i (i = 1, 2) of vθ, i.e., φ= −sgn(λθ1λθ2) 
(λθ1 λθ2)1/2. φ has been shown to be appropriate to monitor the flow transition into a vortex 
(Nakayama et al., 2017). And the swirl plane can be predicted using the eigenvectors ξξ  i of the 
eigenvalues λ i (i = 1, 2, 3) of ∇v. In the present study, we clarify the role and contribution of 
the invariant ∇v components in the predicted swirl plane, to the vortex transition in an 
isotropic homogeneous turbulence.  

We define an orthonormal coordinate system xi with unit bases ei (i = 1, 2, 3) where the 
ξ1-ξ2 plane is the eigenplane associated with λ1 and λ2 with the same sign and e1 are parallel 
to the eigenvector of ξ1. Then ∇v, i.e., A = [aij] = [∂vi /∂xj] (i, j = 1, 2, 3), can be expressed as:   

 
 
                                                                                    .                                                   (1) 

 
 

where ω i (i = 1, 2, 3) denote the vorticity components (Nakayama et al., 2017). It should be 
noted that all components in Eq. (1) are invariant quantities as all bases are associated with 
the eigenvectors of ∇v. The vortex transition is specified by φ where negative φ becomes 
positive, as shown in Fig. 1. φ has an interesting characteristic that it is given by φ= − |λ1 − 
λ2|/2 before the vortex transition, which indicates that φ depends on the strain in the predicted 
swirl plane, not on the vorticity explicitly (Nakayama, 2016). On the other hand, Eq. (1) 
indicates that the vortical flow is generated if a21 becomes to have a non-zero value with the 
opposite sign to a12 (Nakayama, 2017). When a21 becomes δ (≠0), then λθ1 λθ2 is described as: 

 λθ1 λθ2 = ω 3  δ − (λ1 − λ2 )2/4.  (2) 

Equation (2) shows that the vorticity component in the predicted swirl plane, ω 3 , contributes 
facilitation of the vortex transition. Figure 2 shows the joint probability density functions 
(JPDFs) between ∂φ/∂t and ∂a21/∂t or ∂a22/∂t, in terms of 0 < a12 and λ1, λ2 < 0, in the Direct 
Numerical Simulation of an isotropic homogeneous decaying turbulence in a low Reynolds 
number (Nakayama, 2017). The time derivative is non-dimensionalized by Kolmogorov time, 
and φ and aij are non-dimensionalized by root mean squared value of φ and the norms of ∇v, 
respectively. The correlation coefficients of (∂φ/∂t, ∂a21/∂t) and (∂φ/∂t, ∂a22/∂t) are -0.88 and 
0.33, respectively. These indicate that, although the feature of ∂a22/∂t associated with λ2 is not 
clear in terms of the role of approach that  |λ1 − λ2| → 0 for the vortex transition, ∂a21/∂t  
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Figure 1: Flow transition into a vortical flow from (a) to (c) in predicted swirl 
plane ((a) and (b); φ < 0) or swirl plane ((c); 0 < φ),  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: JPDFs of (a) (∂φ/∂t, ∂a21/∂t), and (b) (∂φ/∂t, ∂a22/∂t),  

in terms of 0 < a12 and λ1, λ2 < 0. 
 
 
strongly tends to be negative, thus the opposite sign to a12 for vortical flow. Therefore the 
main contribution to the vortex transition, i.e., the change of φ from the negative to positive 
sign, is not the eigenvalue of ∇v but invariant a21 component in the predicted swirl plane. As 
for the transition of the sign of λθ1 λθ2 in Eq. (2), a21 contributes significantly. This is a 
statistical mechanism of the vortex transition in an isotropic homogeneous turbulence.  
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DEVELOPMENTS OF THE INSTABILITY IN THE CAVITY FLOWS
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When developing vortex devices in chemical, biological and power technologies, it is 
necessary to investigate the characteristics of the confined vortex flows and to define the 
regimes of emergence and destruction of the self-organized vortex structures for improvement 
heat and mass transfer. For a classical example of vortex flow induced by a rotating lid in a 
closed liquid-filled cylinder, the flow mode parameters are the following: the aspect ratio h
the ratio of height to diameter of the cylinder (H/R), and Reynolds number Re = R2/ , where

is the angular velocity of lid rotation and is the liquid kinematic viscosity. The rotating lid 
drives the fluid around the container axis. Depending on the rotation rate and aspect ratio, the flow 
may experience vortex breakdown in the form of re-circulating bubbles appearing at the cylinder 
axis (Sorensen et al, 2006). It contains general flow phenomena like vortex breakdown and in 
some cases the breakdown is accompanied by multihelix vortices (Sorensen et al, 2010). 

The control vortex breakdown in lid-driven cavity flows is important in a variety of 
technical areas such as combustion with an annular furnace, Czochralski oxides growth or cell 
growth in rotating disk bioreactors, where the polygonal geometry of closed container used with 
rotated disk embedded in the endwall. The vortex breakdown bubble in the confined flow 
generated by a rotating lid in closed containers with polygonal cross-sections (for square, 
pentagonal, hexagonal and octagonal) was analysed for 0.5 < h < 4.0 both experimentally and 
numerically (Naumov et al. 2015, 2017). A 70% glycerine-water mixture was used as a working 
fluid. The viscosity of the fluid was equaled to 26.82 cS at 20 .

Figure 1: View of the vorticity and axial velocity at Re=2100, h=3.5 and Re=2400, h=2.5 N=5.

In this work influence of a container configuration on structure of the confined vortex flow 
was investigated. The primary axisymmetry-breaking instability of the flow in closed 
containers with polygonal geometry was investigated. The vortex breakdown size and position 
on the container axis were identified. Here we extend the analysis of VB onset and flow 
character for Reynolds numbers in range from 500 to 3000 and different aspect ratio. The
primary axisymmetry-breaking instability of the flow in closed containers with polygonal 
geometry was investigated (fig 1). The results were compared with flow structure in cylindrical 
and cubical configurations of closed cavity. It was found that the flow losses axial symmetry 
near the wall but near the axis in the breakdown bubble area the flow structure for pentagonal 
and hexagonal configurations, and even for square configuration, might be considered as 
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axisymmetric. Both the experimental and numerical study show that at the same Reynolds 
numbers, when decreasing the number of angles in the cross section, the stagnation points move 
toward the rotating disk for octagonal flow configuration the condition was very close to that 
for cylindrical geometry. It is also shown that the structure of a flow in a polygonal container 
has the general regularities with structure of a vortex flow in an axisymmetric container with 
various axisymmetric geometry of a side surface (a cone, a wave).

In addition, the flow topology and the onset of the recirculation zones for case of two 
immiscible (sunflower oil-water) was defined. For case of two immiscible swirling fluids 
(Naumov et al. 2018) the development of the vortex breakdown (VB) in the upper liquid occurs 
similarly to that in mono fluid flows. However, the presence of a lower liquid, which serves as 
a liquid “bottom”, significantly affects the formation of recirculation zone in the upper fluid. 
The VB emergence occurs at lower Re and the VB bubble has a shorter axial extent (fig 2). At 
the same time thickness of a layer of the lower liquid doesn't influence the onset of formation 
of VB, and the viscosity exerts impact. Assuming that the “solid” bottom answers infinite 
viscosity, and viscosity of sunflower oil in 50 times more of viscosity of water, it is established 
that the shift of a curve for water is 50-100 Re more, than for glycerin in comparison with shift 
in 400 Re for a case of a “solid” bottom (case of mono-fluid). 

b)

Figure 2: VB in cylindrical with “liquid bottom” at Re =800, h =1.0 (left); Re =1000, h=2
(right)
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The investigation of turbulent exchange between vortex ring and surrounding medium is
of fundamental and practical interest. Fundamental meaning is that lows established in vortex 
rings investigations can be extended to other concentrated vortices in particular to linear 
vortices. Practical meaning is that vortex rings are often formed in various natural and
technogeneous processes.

The investigation of turbulence in vortex ring is significantly complicated by non- 
stationary and vortex character of the flow, therefore determination of any turbulent 
characteristics of this flow is an essential achievement. Up to now it has been known that the
exchange between vortex and surrounding medium mainly occurs from its atmosphere, as 
turbulence in a core is suppressed (Vladimirov, Tarasov, 1979). The transport of passive
impurity in turbulent vortex ring was experimentally studied in (Tarasov, Yakushev, 1974) 
but characteristic distance and time for impurity losses due to turbulent exchange were not 
obtained. In the present work a new method for observation of turbulent exchange using 
shadow visualization is proposed. For this purpose vortex ring containing liquid more dense 
than outside it is created. High-speed photography of vortex shadow image is performed
perpendicular to vortex motion direction. 

The experimental setup consists of vertical chamber of cross-section 150 150mm and
height 300mm. The chamber is filled with two-layer liquid. The upper layer is water of
density 1 = 1g/cm3 and depth 180mm. The bottom layer is sugar solution of density 2 =
1,02; 1,04; 1,08g/cm3 and depth 70mm. A vortex ring is formed in bottom layer by forcing 
out of pulse jet of length 34mm from cylindrical tube of 21mm in diameter through a nozzle 
of 12,5mm in diameter. The distance between the nozzle and boundary dividing layers equals 
to 40mm. Vortex is formed in the bottom layer and containing liquid more dense than 
surrounding medium enters the upper layer. The velocity and radius of the vortex core are 
defined in the upper layer at the distance of 15-20mm from interface. Kinematic viscosity 
taken to equal 10 2cm2/s, experimentally measured velocity and radius are used for 
calculation of Reynolds number. The initial vortex velocity and liquid density of bottom layer 
are varied in the experiments. The ring diameter is approximately constant and equal to 
(15±0,5) mm.

Immediately after vortex ring leaves bottom layer its boundary with surrounding 
medium is visualized because inside and outside the vortex liquids are homogeneous. During 
the vortex motion the homogeneity of media breaks down because turbulent volumes of one 
liquid penetrate into another. As a result the shadow visualization of vortex takes place. At 
first, vortex image grows darker, then after some distance darkness decreases up to full vortex 
transparency. This means that quantity of heavy liquid in the vortex decreases up to full 
replacement of it by a surrounding liquid. Using shadow pictures, the value of average
darkness of the region corresponding to vortex ring at various distances from the interface is 
established. This region is defined immediately after leaving the bottom layer by the vortex 
when it is easily seen and this region is considered to be invariant during observation. 
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It is established that average darkness of vortex shadow image peaks at some distance z*
from interface. Figure1 shows the dependence of z* on Re number for different densities of 
bottom layer liquid. 

Figure 1: Dependence of distance from interface to position where vortex has maximum
darkness (z*) on Re number, 2 = 1,08 (1); 1,04 (2); 1,02 / 3 (3) (b). 

Because darkness is due to turbulent exchange, it is evident that the distance from
interface to position where vortex has maximum darkness is characteristic for this process. It
can be assumed that at this position maximum mixing occurs, that is the half of liquid initially
filled the vortex is replaced by a surrounding liquid. According to Fig.1(b), the characteristic 
distance initially decreases with the increase of Re number and bottom layer density. Then at 
Re > 104 it is practically independent on them. The independence of z* on density at Re > 104

means that in this region z* alsow characrerises tubulent exchange in homogeneous liquid.
Since the vortex velosity u over the distance z* is constant, characteristic time can be calculate
for turbulent exchange: = z*/u. As at Re > 104, z* is approximately constant, that in this 
region is inversely related to vortex velocity.

Acknowledgements
The work was supported by the RFBR grant No. 18-08-00824. 

References
V.A. Vladimirov, V.F. Tarasov, Structure of turbulence near the core of vortex ring. Dokl. 

Akad. Nauk SSSR, Hydromech. 1979. V.245. No.6. P. 1325–1328 (in Russian). 
Tarasov V.F., Yakushev V.I. Transport in a turbulent vortex ring. J. Appl. Mech. Tech. Phys.

1974. No.1. P.106-110. 

70

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



REAL HISTORY OF HELICAL VORTICES: THEORY AND APPLICATIONS.
Annex: Comments on “Motion of a helical vortex by O. Velasco Fuentes” 
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Research on helical vortices has a long history, which dates back to the famous work of 
Lord Kelvin in 1880 on the helical perturbations of the columnar vortex. Helical vortices are 
of fundamental importance to fluid mechanics because they describe one of the main states of 
swirling flows. An accurate estimation of velocities in the rotor plane requires knowing the 
velocity field induced by the helical vortices. Therefore, starting with the inspirational work 
of Joukowsky, the theory of helical vortices has been actively studied as a prerequisite to 
understand and analyze rotor aerodynamics [1]. At present the fundamentals are based on 
various analytical components [1, 2], which holds true for all values of the helix pitch, such as 
(i) the 2D Biot-Savart law for helical filaments represented by Kapteyn series or in a form 
with singularity separation; (ii) solutions of helical vortex tubes with finite core, governed by 
series expansion of helical multipoles; (iii) relations between the induction of vortex filaments 
and the self-induced velocity of helical vortex tubes resulting in a closed analytical solution of 
the helix motion; (iv) analytical representation of Goldstein’s solution for the circulation of a 
helical vortex sheet in equilibrium; (v) Kelvin’s N-gon stability problem of point vortices 
generalized to multiple helical vortices.

Annex: Comments on “Motion of a helical vortex by O. Velasco Fuentes”
In the recent paper on the motion of helical vortices [VF2018] in J. Fluid Mech. 836, 

R1, doi:10.1017/jfm.2017.845 the model with both tangential and binormal velocities 
including in the helical motion was used in contrast to the classical approach when only the 
bi-normal component included [3]. A large difference between both solutions was found. We 
demonstrate here that conflicts of VF2018 were based on a bias in the representation of the 
velocities in different coordinate systems and that the motion of a helical vortex is uniquely 
dictated by the bi-normal component of the velocity as it was stated in the classical approach 
and only it correlates with the Betz-Joukowsky limit well [1].  

Figure 1: Correlations of azimuthal velocities u inducing by infinite thin vortex line (dotted 
lines) and vortex with the finite cores of uniform vorticity t distributions (solid lines): 

(a) rectilinear vortices and (b) helical vortices [4]. 
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VF2018 also erroneously expand a property of the point vortex dynamics to the helical 
vortex (Fig. 1). He used the vortex-line solutions (dotted lines) instead of one for the finite 
core (solid lines) for the helical vortex with a finite core in which even the uniform vorticity 
concludes to non-uniform velocity profiles analytically proven by Eq. (3.6) of [5].  
A comparison  of [3] with an axial motion of fluid particles along the helix axis 

The main error of the VF2018 is his comparison of the angular velocities (red VF2018 
and green [3] curves on fig 2) because both ones were derived in different coordinate systems.
The vortex system in [3] p. R For a partial 
case (Fig. 2) when the fluid particles move with the ua only in the axial direction we will 
show that the classical approach of [3] can explain both axial ua and azimuthal 
displacement of the helical vortex when the VF2018 gives only one of that, ua (or 0) = 
0). 

Figure 2: Sketch of the helix displacement with the axial translation of the fluid particles ua 
and the plots of the angular and axial displacements of the helix (green lines - [3]) and fluid 

particles (red lines –VF2018). 
The root of red curve of VF2018 0 of the 
absolute velocity in this point ua 0) U 0) =5.35. The angular velocity of [3] (green curve) 
has non zero value Ok 0 0 = 0.275. The coordinate system for the single vortex 
in [3] p. 328, 335, R 0 0 0. If we put the 
coordinate translation it in the formula UOk  - R Ok 0 0 of [3] for the axial 
velocity the value UOk – 0.554)/0.275=5.28. The correction to the non-uniform flow (fig 
1b) with add-on 2)3/2 2)3/2=0.062. Summing both lines: 
5.28+0.062=5.342 which coincides with the axial movement of the fluid particles U 0)
=5.35. So the classical approach of [3] permits to estimate both real displacements of the helix 
in axial, UOk ua, and azimuthal, Ok 0), directions when the by fluid-particle 
motion of VF2018 approximates only the axial displacement U* ua without rotation  = 0.  
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Swirling droplet-
encountered in spray dryers, propulsion and industrial combustors where they are used to
improve stabilization and minimized pollutant production. This is a typical case of 
turbulent recirculating and separating two- .
The flow physics of such ows is extremely complex. The interactions between nely 
dispersed phase and turbulent gas-phase confined ows are extremely complex, and many of 
these interactions remain poorly understood. The swirling ows are characterized by high
local gradients of the mean and uctuating parameters, and they are accompanied by the 
complex ow phenomena due to the centrifugal forces and Coriolis effect [1]. 

The aim of the present paper is the numerical study effect of droplets evaporation on the 
-

The gas-droplets turbulent swirling flow downstream of a pipe sudden expansion is 
numerically examined. Volume concentration of the dispersed phase assumes to be lower than 
( 1 < 10-4) and sufficiently fine (d1 < 100 m), so the effects of inter-particle collisions are 
neglected when treating hydrodynamic and heat and mass transfer processes in the two-phase 
flow, where d1 is the droplet initial diameter. All computations are performed for 
monodispersed gas-droplet flow at uniform wall temperature (TW = 373 K). The pipe surface 
is always dry, so no liquid film from deposited droplets formed on the wall. This condition is 
valid, if the temperature difference between the wall and the droplet is higher than TW – TL
40 K. Break-up or droplet deformation processes are not taken into account. 

The flow is treated as a steady-state, incompressible and axisymmetrical with ignored 
mass forces. The mean flow is described by the continuity, three momenta, energy equations 
and equation of vapor diffusion into the binary gas-vapor mixture. The system of 3D RANS 
equations for the two-phase is given in [2]. The values of turbulent Prandtl and Schmidt 
numbers were equal to PrT = ScT = 0.85. The turbulent heat and mass fluxes in the gaseous 
phase were determined according to the Boussinesq hypothesis. Modelling of the turbulent 
flow, more accurate than the two-equation models, can be based on the solution to the system 
of transport equations for the components of Reynolds stresses.  

The effect of the thermophysical properties of the droplet material on the volume 
fractions profiles along the pipe axis (a) and at a distance x/H = 5 (b) from the sudden 
expansion cross- 1 is the inlet value of the volume concentration of 
the dispersed phase. The value of the volume fraction of water droplets is greatest, while for 
acetone particles it is the smallest. This is due to the significant difference (about 5 times) in 
the latent heat of evaporation of water and acetone. The large particles are accumulated in the 
near-wall of the channel wall due to the action of centrifugal forces. The smaller particles are 
in the central recirculation zone of the chamber. The droplets in the axial separation zone 
cannot leave it because the level of turbulence in the ambient space is higher than in the 
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disperse phase. Heat transfer enhancement at an increase in the swirl parameter is shown (the 
maximal increase in heat transfer is up to 50% at S = 1). The position of heat transfer 
max

a 

b

Figure:  Axial (a) and radial at x/H = 5 
(b) distributions of volume fraction of 
droplets. d1 ML1 = 0.05, S =
0.5. 1 , 2 , 3 tone.
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INVESTIGATION OF LOCALIZED PERTURBATIONS IN A SWEPT WING 
BOUNDARY LAYER, GENERATED BY FINITE SURFACE VIBRATIONS

A.M. Pavlenko, M.M. Katasonov, A.V. Primakov and V.V. Kozlov 
 Khristianovich Institute of Theoretical and Applied Mechanics, SB RAS, Novosibirsk, 

Russia
E-mail: pavlyenko@gmail.com 

Keywords: hydrodynamic stability, transition to turbulence, streaky structures, wave 
packets, swept wing. 

Presently, an interest of the researchers of transition to turbulence in boundary layers 
has been attracted by localized laminar flow disturbances referred to as “streaky structures”. 
The formation of these structures is a result of the nonmodal growth of hydrodynamic 
disturbances, which is beyond the framework of the conventional model of shearlayer 
instability with respect to elementary waves (Dovgal et al., 2017). The experimentally 
observed streaky structures are quasisteady deformations of a shear layer, oriented streamwise 
and localized in the transverse direction. Generated in the boundary layer due to different 
factors, for example, the external flow turbulence, they favor the amplification of wavy 
disturbances followed by transition to the turbulent flow regime. The recently detected 
instability effect associated with the streaky structure formation consists in the generation of 
Tollmien–Schlichting wave packets on their fronts. The packet generation and evolution was 
investigated in detail in the earlier experimental studies of the present authors in modeling the 
streaky structures in the boundary layer using different techniques. They included the 
structure generation by air injection/suction through slots in the body surface, its localized 
vibrations, and by vortical disturbances of the oncoming flow both in gradient and 
gradientless flows. 

The origin and development of disturbances generated by low-frequency localized 
source of vibrations on the wall of swept wing was investigated in a wind tunnel (see figure 
1). The experiments were performed in the T-324 subsonic, low-turbulence wind tunnel of the 
Khristianovich Institute of Theoretical and Applied Mechanics of the Siberian Division of the 

Figure 1: Experimental model of swept wing.
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Russian Academy of Sciences (Novosibirsk, Russia). The results are obtained using the hot-
wire anemometry technique. The low-frequency perturbation of the laminar flow was 
generated by the controlled oscillations of elastic a lavsan membrane, which was installed 
near leading edge. Free stream velocity was 6.4 m/s. 

It was found that low-frequency vibrations of a three-dimensional surface lead to 
formation of two types of perturbations in the boundary layer of swept wing: quasi-stationary 
streamwise streaky structures and wave packets accompanying them. Similar results were 
obtained in previous experiments on the straight wing (Kozlov et al., 2017). The secondary 
flow influenced the flow past the swept wing, but formation and evolution of waves packets 
and streaky structure was the same in both cases. The amplitude of the longitudinal structure 
decreased along the x axis from 10% to 4%. On the other hand, amplitude of the wave packet 
swiftly rised after X=480mm in the separated region (see figure 2), that led to the origin of a 
turbulent spot. 
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Figure 2: Distribution of the wave packet and localized streaky structure 
amplitude downstream. 
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A NEW CLASS OF  EXACT SOLUTION OF VISCOUS VORTICES
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Exactly solvable models are one of very important research field in physics. It is well 
known that in the quantum mechanical, statistical mechanics and fluid mechanics, we have 
already found many kinds of exactly solvable systems. It is useful, both from the 
mathematical methods, and discussing the nature of the physical system. In this study, using 
the generalized method of self-similarity solution, we introduce an eigenvalue system, to 
study the axisymmetric incompressible vortex flows without and with axial stretching, and 
found some new solutions. Some comparisons are made with the well known solutions. 

In this paper, based on the generalized self-similar solutions, introducing an eigenvalue
system, we made some further study on incompressible axisymmetric vortex flow with axial 
stretching. A new set of analytical solutions are obtained. At least there are different in the 
following aspects:

(1)Vortex field based on the new solution to repeat same feature of the well-known 
solutions. 

(2)Even if with the gauge conditions we introduced, two kinds of solution, the vorticity 
field still exists huge difference. 

(3)Eigenvalue system analysis method we propose can be easily extended to other vortex 
flow system. 

It is note that the deeper causes of these difference call for further research.
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UNSTEADY VORTEX FLOW REGIMES IN A MODEL DRAFT TUBE OF HYDRO 
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Hydropower stations frequently operate at off-design conditions to adapt to the variable 
demand on the energy market. In this case, the possibility of hydro-turbine to provide stable 
operation in a wide range of non-optimal regimes has become very important. Often at non-
optimal operation, the effects of vortex instability appear in the slow swirl flow, that is called 
a precessing vortex core (PVC) or a “vortex rope”. PVC in draft tubes has been studied by 
different authors using various methods, such as experimental, numerical and analytical 
(Zhang et al., 2018). Current work deals with an LDA characterization of the velocity 
distributions in a draft tube model for the flow conditions corresponding to wide range of the 
operating regimes of the hydro turbine. To capture spatial characteristics of the unsteady flow
a phase averaging procedure for the LDA data has been employed. The model of the draft 
tube and swirlers were manufactured by the rapid prototyping technique (Sonin et al., 2016).
By using of special software it was possible to maintain the specified flow regime parameters 
within the required time with an uncertainty of 1.5 and 0.5% for setting a discharge Q and the 
rotation frequency of the runner n, respectively. The diameter of the inlet cone and swirlers 
was D = 100. 

Fig. 1 presents a sample result on the phase-averaged of three components of velocity
over an x-y cross-section. It can be noticed that the recirculation zone (area with negative 
axial velocity) and the PVC are shifted away from the geometric flow centre of draft tube 
cone. 

Figure 1: Phase-averaged velocity distribution (grey levels represent axial velocity) at the 
inlet of the draft tube cone (z=0.05D). 
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INVESTIGATIONS OF SPATIAL PROPERTIES OF TURBULENCE 
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We describe how we have bypassed Taylor’s hypothesis and the method of “frozen 
turbulence” transported by the local mean velocity, and we explain our method by which we 
convert a time signal to a spatial signal in a fully exact way, valid for arbitrary turbulence 
intensities. The jet is the excellent test bed, due to the relatively low turbulence intensities at 
the centerline and the high intensities in the outer parts of the jet. This flow thus provides test 
cases ranging from applicable for Taylor’s hypothesis at the centerline to increasingly 
challenging conditions with radial distance away from the centerline. 

We denote the spatial record the “convection record” as it represents the spatial fluid 
properties as they are convected through the measurement volume. We present spatial 
velocity power spectra (Figure 1) measured at cross sections through a turbulent round jet and 
computed by our method and display computations of 2nd and 3rd order spatial structure 
functions. The (spatial) convection record spectra collapse when normalized by the energy, as 
is expected from mapped spatial spectra measured directly using Particle Image Velocimetry 
(Buchhave & Velte 2017, Hodži  2018 and Wänström 2009).  

The results are obtained by an in-house developed laser Doppler anemometer (LDA) 
optical system and the measured data are processed by a fully digital process, also developed 
in-house. Finally, we present a novel 2-spot LDA under development, designed to measure 
spatial structures with a very high spatial and temporal resolution. 

Figure 1: (Left) Temporal LDA power spectra measured in the fully developed jet from the 
centerline and with increasing radial distance. (Middle) Corresponding spatial spectra mapped 

using Taylor’s hypothesis. (Right) Corresponding convection record spectra. 
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NUMERICAL STUDY OF SECONDARY SWIRL EFFECTS IN SUPERSONIC
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Plasma flows in self-vacuuming vortex tubes (SVVTs) were studied by means of 
numerical simulation, i.e. solving Reynolds-Averaged Navier-Stokes (combined with “Stress-
Omega” Reynolds stress transport model (Wilcox, 1998)) and Euler equations with 
commercial computational fluid dynamics code ANSYS CFX. The purpose was to analyze 
general flow pattern in SVVT main chamber in order to identify local flow features 
responsible for energy losses.   

Comparison of viscous and inviscid flow simulation results revealed that while direct 
friction and turbulent losses are rather small (from 1 to 10% of power lost due to friction and 
less than 1% of power lost due to turbulence), viscous effects play a significant role, 
drastically changing the general flow pattern. Viscous effects are responsible for interaction of 
“streams” produced by separate inlets. This interaction twists these “streams”, turning them 
into rotating cords (secondary vortices) with high intrinsic swirl (see Figure 1; results 
obtained for T0 = 500K, p0 = 3atm). Such “flow rearrangement” could be considered as a 
source of energy losses. 

Figure 1: Streamlines originating from SVVT inlets colored by local Mach number: 1 – 
unswirled initial “streams”, 2 – rotating cord (secondary vortex) resulting from their 

interaction.

As “streams” become supersonic due to expansion from inlet channels into main 
chamber, their interaction with each other and with SVVT peripheral wall also produces a 

2

1
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system of oblique compression shocks. These shocks could be considered as another source of 
energy losses. Interestingly, it was found that for lower end of the considered temperature 
range (500 – 10,000K) the main flow could remain supersonic even after passing the shocks 
(see Figure 2; results obtained for the same conditions as Figure 1). This was because addition 
of transonic “relative” velocity (associated with high intrinsic swirl of rotating cords produced 
by “streams” interaction) to transonic circumferential velocity (associated with general 
rotation, produced by tangential gas supply) results in supersonic total velocity. 

Figure 2: Isosurface of Mach number equal to 1. 

While qualitative analysis of energy losses due to compression shocks presented mere 
technical difficulties, for qualitative analysis of energy losses due to “flow rearrangement” 
and swirl generation it was necessary to estimate the energy associated with the intrinsic swirl
of rotating cords. Taking the curl of velocity vector 

= ×V, (1)

and considering it in cylindrical reference frame aligned with SVVT main chamber (i.e. axial 
coordinate z corresponding to Y coordinate of global Cartesian reference frame at Figures 1 
and 2) it could be assumed that: z could be attributed to “general” or 
“main vortex” rotation, generated by tangential gas supply; 
could be roughly attributed to “secondary” rotation or intrinsic swirl of rotating cords. By 

2 by surface at section plane = const
to get a crude (by the order of magnitude) estimation of specific energy associated with swirl 
(note that such a section plane must be truncated in order to omit boundary layer, containing a 
lot of vorticity). For more precise estimation it was necessary to identify the axis of the 
rotating cord (to construct the section plane normal to it) together with its bounds and 
consider the curl of velocity in a local coordinated frame aligned with rotating cord axis.
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HELICAL VORTICES AND ACTUATOR DISK MODELS OF WIND TURBINES
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This work extends that of Wood et al. (2016, 2017) and Wood (2018) who used helical 
vortex theory to account for the finite number of blades in aerodynamic analyses of wind 
turbines. The intention is to replace Prandtl’s “tip loss factor” in some applications of blade 
element theory by using Okulov’s (2004) approximations to the Kawada-Hardin equations for 
the velocity fields of the helical vortices in the wake. These equations determine the velocities 
at the blades but are restricted to helices of constant pitch and radius. Dividing the blade 
velocities by the streamtube averages gives the correction factors used in the conservation 
equations for axial and angular momentum. 

Actual helical vortices must expand in the near-wake close to the rotor and their pitch 
may well vary radially and axially. These complications have yet to be included in finite blade 
corrections partly because of our lack of knowledge of the geometry of the expanding wake. A 
simple expanding wake, however, occurs behind an actuator disk (AD) which is the idealization 
of a wind turbine with an infinite number of blades. The helix radius can then be associated 
with that of streamsurfaces, and the pitch determined from the flow angles on those surfaces. 

This presentation will describe the analysis of the wake of a Betz-Goldstein (BG) AD 
which is characterized by constant pitch at the exit of the rotor plane. The BG model provides 
the radial dependence of the axial (U) and azimuthal (W) velocities exiting the disk, as well as 
the bound circulation. It is then easy to deduce the radial velocity, the pressure drop across the 
AD, and the exiting angular momentum flux. The resulting power and thrust coefficients 
asymptote to the Betz-Joukowsky values at high tip speed ratio, . Further, the wake can be 
analyzed using the Bragg-Hawthorne (BH) equation for an inviscid axisymmetric flow with 
vorticity. The BH equation has been used previously for AD wake analysis, by Conway (1998) 
and Bontempo & Manna (2016), but not for the BG model. The streamfunction, , is given by+  = ( + )     (1)

where x is the axial direction with origin at the disk, r is the radius, and C = Wr, is the angular 
momentum. It is straightforward to derive the analytical expression for dC/d , and hence the 
right hand side, but the expression is complex and nonlinear in , implying that a closed form 
solution of (1) is not possible. To date, the far-wake has been determined from (1) with the x- 
derivative set to zero. The resulting ordinary differential equation was integrated using a 
standard Runge-Kutta method. Figure 1 shows typical results for the far-wake velocity and 
pitch as a function of ; the very high value ( =100) was included to indicate the asymptotic 
behaviour. Cleary, the axial velocity U , tends to half that at the rotor (U) and is constant over 
most of the far-wake at one-third the wind speed. Both these results are in agreement with the 
one dimensional analysis that leads to the Betz-Joukowsky limit. Similarly, the pitch is constant 
over most of the far-wake with a value of 1/(3 ).
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At lower , however, the velocity and pitch are significantly more complex. Nevertheless, 
there is no indication of recirculation near the centreline, which was suggested as a possibility 
for wind turbine wakes by Mikkelsen et al. (2014). 

Currently, a finite difference, iterative solution of Equation (1) for the near-wake is 
being developed to provide the full dependence of pitch and radius throughout the wake. The 
results will determine the pitch and radius of the developing helical vortices whose velocity 
field at the AD will be found from the Biot-Savart law. These velocities will be compared 
with the predictions of the Kawada-Hardin and Okulov’s equations. 
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NONCONTACT DIAGNOSTICS INSIDE THE RANQUE-HILSH VORTEX TUBE 
WITH SQUARE CROSS-SECTION
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Experimental study of the vortex effect in Ranque-Hilsh tube is presented. The 
insufficience of the available experimental data and theoretical approaches for the 
understanding of processes inside a vortex tube are well-known [1]. Systematic and detailed 
experiments are now strongly needed for verification of theoretical models, the techniques 
being preferable that do not or just slightly disturb the flow. The nonintrusive diagnostics in 
the Ranque tube has demonstrated certain success. In [2,3] the flow inside vortex tube is 
diagnosed by scanning the central longitudinal plane section via LDA method.

Figure 1. Vortex tube geometry and  coordinate system. 

In [2] for the convenience of optical diagnostics all along the flow, the tube with square 
cross section was used. This particular tube is the subject of present research. The careful 
comparison of circle and square tubes was made in [4] in the region of incoming overpressure 
from 1 to 6 Bar, showing a distinct Ranque effect of temperature separation in the square tube 
at nearly the same total flow rate, though being about 1.5 times less than that in a circular one 
with the tube diameter equal to the square side.  

In the present work the authors continue the investigation of the square tube in order to fit 
the LDA method for obtaining the velocity field inside it. The actual Ranque tube (Figure 1) 
includes two-slit swirl apparatus, the accelerating vortex chamber with a planar top cover at 
one side and a hyperbolically profiled diaphragm at the other side, and the working channel, 
adjusted to the diaphragm orifice. The cold exit from the tube is made as a cylindrical 
channel, passing through the swirler cover, and the hot exit is made as a radial diffuser. The 
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air from the hot exit flows to the buffer volume that has an exit to atmosphere, regulated by a 
valve.  The cross section of the working channel is a square with 34 millimeters side. Thermal 
insulation is absent. Sections of the square tube are made of duralumin; each section has two 
optical glass windows on opposite sides. 

Figure 2. Map of axial velocity with the black line denoting the reverse flow area boundary.

The experimental flow kinematics inside the Ranque tube is studied using the laser 
Doppler anemometer (LDA) with an adaptive temporal selection of the velocity vector (LAD-
05). The measuring device was designed and manufactured at the Kutateladze Institute of 
Thermophysics SB RAS, in Novosibirsk, Russia.  

Figure 3. Map of tangential module. The white dashed line denotes zero tangential velocity.

Two-dimensional LDA measurements in the center plane are presented in Figures 2,3 (at 
overpressure of 1 Bar, incoming flow rate of 0.02 kg/s, cold flow fraction  = 0.24, the 
temperature difference in two exits being of 7 K). The maximum of tangential velocity was 
observed at a distance of one caliber from the swirler. The reverse flow area reached the hot 
exit plane. No circulation areas were observed in the mean flow. 

All the three velocity components were measured in three cross-sections of the center 
plane (close to the swirler, in the center of working channel, and close to the hot exit).  The 
pulsations of the velocity components were also measured. The maximum of pulsation 
amplitudes, as expected, was observed near the boundary of the reverse and direct flows.  
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Study of nonlinear interaction between Görtler and Mack modes in hypersonic 
boundary layers 
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Boundary layer flow over the concave surface is subject to Görtler instability [1]. A 
number of practical engineering designs involve regions of concave surface curvature. At 
hypersonic speeds, Görtler modes and Mack modes coexist and play a crucial role on stability 
conditions of the flow [2]. The boundary layer over the concave surface exist multiple 
scenarios for transition, namely, (1) secondary instability route; (2) Görtler-Mack mode 
interactions; (3) oblique breakdown and so on. Numerical simulations are carried out for the 
nonlinear development and interactions of Görtler and Mack modes. 

The Mach number Ma in the free stream is taken to be 6. The wall condition is an 
adiabatic surface condition. The unit Reynolds number is 9.9×106 per meter and a 20-m radius 
of curvature is applied [3]. Table 1 lists the specific parameters of the considered modes. 
Nonlinear interaction of Mack mode and G rtler mode is considered. Case1~4 (G rtler mode 
only, Mack1 mode only, Mack2 mode only, and Mack3 mode only) focus on the development 
of G rtler and Mack modes themselves. Case5~7 (G rtler-Mack1, G rtler-Mack2, G rtler-
Mack3) focus on the interaction between G rtler and Mack modes. 

Table1 Parameters of the disturbances at the inlet

Modes Amplitude Frequency
Streamwisewa
venumber r

Growth rate Spanwise 
wavenumber

Görtler 0.01 0 0 0.00411874 0.83775804
Mack1 0.01 0.135 0.15113723 0.00400647 0.20943951
Mack2 0.01 0.135 0.14926914 0.00365326 0.296
Mack3 0.01 0.135 0.14667644 0.00216016 0.41887902
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(a) G rtler mode                 (b) Mack modes
Fig. 1 Amplitude development of G rtler mode and Mack modes

Fig. 1 shows the amplitude development of the imposed modes. Although the initial 
growth rate of G rtler mode is highest among these introduced modes, the development of 
G rtler mode in Case1 experiences a little nonlinear amplification close to the end of the 
computational domain. For Case2~4, Mack1 mode which has the highest growth rate among 

87

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



imposed Mack modes, experiences nonlinear amplification earliest, compared to Mack2 and 
Mack3 modes. For Case5~7, the interaction between G rtler mode and Mack modes, promote 
the nonlinear development of the introduced modes. The difference of the introduced Mack 
modes influences the onset position of the nonlinear process.
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Fig. 2 Streamwise development of skin-friction coefficient of all cases

The skin-friction curves obtained from the simulations are compared with a theoretical
laminar result and a correlation for a turbulent boundary layer (See Fig. 2). G rtler mode 
(Case1), by itself, does not lead to transition inside the computational domain. The curve of 
Mack3 mode with a relative small initial growth rate starts to rise close to the end of the 
computational domain (Case4). Except for Case1 and Case4, all the skin-friction curves 
increase from the laminar curve towards the turbulent curve and eventually overshoot the 
turbulent skin-friction curve. That curve suggests that the boundary layer is close to a 
turbulent boundary layer at the end of the computational domain. Transition onset location 
based on the rise of skin-friction coefficient is listed in Table 2. Because of introducing 
G rtler mode, the transition location moves upstream. 

Table 2 Transition onset based on the rise of skin-friction coefficient
Transition onset

location
Case2 Case3 Case4 Case5 Case6 Case7
2069.7 2132.9 2274.19 1906.17 1974.84 2120.02

In this paper we further explore the characteristics of growth rate of the introduced 
G rtler and Mack modes during the nonlinear stages of the transition process and the 
spanwise wavelength selectivity mechanism. Herein three spanwise wavenumbers are 
specified. Transition location moves forward when introducing G rtler mode. But the 
promotion transition by introducing G rtler mode has no obvious wavelength selection 
mechanism for different Mack modes under the scope of calculated spanwise wavelength.
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Turboprop aircraft is still widely used in regional aviation, since turboprop engines have 
a higher fuel efficiency over jet engines. The propeller slipstream usually causes aerodynamic 
difference to flow field around wings, nacelles and other parts. When performing 
aerodynamic optimization, traditional propeller aircraft design does not take slipstream into 
account. Thus combining optimization and propeller slipstream is necessary (Jiakuan Xu, 
2014).  

To reduce propeller calculation cost, actuator disc method is used to simulate slipstream.
A round surface without thickness is used to replace the propeller. When air flow across this 
disc, pressure and velocity will change (see figure 1), similar to air flow pass a rotating 
propeller. Considering the cruising speed of propeller planes are relatively lower than jet-
planes. Assumption could be made that density remains the same across the actuator disc 
(Froude, 1889). 

The propeller was simulated first to obtain a proper pressure and velocity distribution
(see figure 2), and these two distributions were fitted onto the actuator disc model (see figure 
3). Mass conservation and thrust conservation should be guaranteed. Then the actuator disc 
model can be used in aircraft CFD calculation and optimization.

Wings are chosen to present the following optimization research (see figure 4). By 
modifying the airfoil of several wing sections, lift distribution can be adjusted to decrease 
induced drag, which usually means a higher lift-to-drag ratio.  

As cases are still being calculated, more complete results and further discussion will be 
presented in the full paper. 

Figure 1: Actuator Disc Model.

Figure 2: Propeller Mesh.
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Figure 3: Rotational Velocity Distribution.

Figure 4: Optimization Wing Sections. 
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Annular swirling jet flows are of great importance as they occurs in many man-made 
devices such as gas turbine combustors which involve combustion-generated reacting flows
(Gupta et al., 1984). Both numerical and experimental studies have shown that they present 
different flow characteristics: a central recirculation zone (CRZ) because of  flow separation 
behind the bluff-body, and a precessing vortex core (PVC) or vortex breakdown above of a 
certain level of the swirl number (Lucca-Negro et al., 2001). These coherent structures have
been intensively studied during the past several years, and not only single helix but also 
double helix vortex breakdown has been found (Vanierschot et al., 2018). A key issue in this 
field is to identify the frequencies and the global dynamic modes dominating the large-scale 
unsteady behavior. The aim of this study is to detect the coherent structures of the flow fields
in spatial as well as in frequency domain by the recently introduced spectral proper 
orthogonal decomposition (SPOD) method (Siebert et al., 2016). Unsteady Reynolds-
averaged Navier-stokes (URANS) approach is adopted to compute the three-dimensional (3D)
motion and the resulting flow fields. The numerical results are compared with those obtained 
by tomographic particle image velocimetry (tomo-PIV) as well. It was found that URANS can 
capture the most dominant coherent motions in the flow field (figure 1). A double helix 
breakdown is observed, which is wrapped around a central recirculation zone. There is a
difference in the precession frequency and the wavenumber of the structure, but overall 
URANS is hence a good compromise between accuracy and computational cost in the 
simulation of these kind of flows.
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Left: Numerical simulations with URANS Right: Tomo-PIV measurements

Figure 1: Most dominant coherent structure in the SPOD decomposition. Structures are 
visualized using isocontours of the Q-criterion, colored with axial velocity. Blue surfaces:

Isocontours of zero axial velocity.
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Laminar separation bubble is the characteristic feature of the airfoils under low Reynolds 
number. The formation and subsequent turbulent breakdown of laminar separation bubbles 
has long been known to be detrimental to the performance of airfoils, directly affecting 
endurance and degrading handling and stability of aircrafts. The laminar separation 
phenomenon shows up severe nonlinearity and intense unsteadiness by the complex flow 
structures of separation, transition, and reattachment. The shearing layer, boundary layer and 
wake flow coexist in the phenomenon, and the mechanism of separation induced transition is 
still unclear.

In present study, two dimensional laminar and three-dimensional LES simulation are 
conducted for the laminar separation phenomenon on low Reynolds number airfoils, and the 
Fourier analysis and Proper Orthogonal Decomposition(POD) method are utilized for 
investigating unsteady characteristics. Then the mechanism of separation induced transition is 
discussed.  

The numerical study focus on the flow field around the SD7003 airfoil at the Reynolds 
numbers 6×104 and angle of attack 4°. The free-stream Mach number is set as 0.2.TheC type 
patched structural mesh is utilized to discrete the computational domain. And the AUSM+ 
scheme and dual-time step method are adopted for spatial discretization and time integration.
Free-stream conditions are prescribed with fixed dependent variables on the far-field 
boundary. The no-slip, adiabatic temperature condition are adopted on the airfoil surface.
Period condition is set in the span-wise direction for three dimensional computation.

The 3D LES computation is validated by the comparison with ILES and experiment data 
(See Fig. 1and Fig.2). Both the averaged pressure coefficient and Reynolds shear stress agree 
well. 
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Figure 1: Comparison of mean Cp 

(a) Present LES (b)ILES 

(c)TUBSwind tunnel experiment  (d)HFWT water tunnel experiment 
Figure 2: Comparison of Reynolds shear stress

The instantaneous vortex (shown in Fig.3)illustrate thatthe 2D coherent span-wise 
(z-direction) vortices are generated periodically. These vortices break up near the trailing 
edge and turn into hairpin-like vortices.

Figure 3: Iso-surfaces by Q criterion.
Both 2D and 3D averaged streamlines formed the laminar separation bubbles, and the 

averaged mean skin friction coefficients are close around before the transition point. So it can 
be concluded that the early stage of laminar separation is dominated by the 2D instability.

Figure 4: Comparison of mean skin friction coefficient 
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Then the POD analysis is carried out on the 2D unsteady flow field data. The power 
spectrum of the coefficient of the first 9 modes are compared in Fig.5, and the several 
character modes are listed in Fig.6. The character frequencies represent the multiple and add 
relationship, and the character flow structure shows the corresponding relation. The POD 
analysis indicate that pairing: and combining of vortex take place, and it can be inferred that
the nonlinear evolution may cause the eventual three dimensional breaking up.  

Figure 5: Comparison of coefficient power spectrum 

(a)Mode 2                           (b)Mode 4

(c)Mode 6                           (d)Mode 8
Figure 6: POD modes
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Fish and other aquatic fish-like animals are very good swimmers. Fish with different 
living habits adopts different swimming modes, and that may inspire innovative designs of 
fish-like unmanned underwater vehicles(UUV). Lindsey classified fishes swimming by body 
and/or caudal fin into five modes by their morphing part — anguilliform, subcarangiform, 
carangiform, thunnifom and ostraciiform. These fives swimming modes transform from 
undulatory to oscillatory gradually. In this paper, these modes are investigated systematically. 
That may be useful for understanding fish swimming and designing of underwater vehicles.

To understand the fluid mechanism of the thrust acting on various modes of morphing 
fish, an analysis method based on the virtual power principle is applied in this paper. By 
introducing a specific virtual flow field and calculating the virtual power done by each force 
term on this virtual flow field, thrust or drag acting on a fish body can be associated with 
vorticity movement, boundary movement, boundary dissipation and other effects. 

In this paper, self-propelled steady swimming and accelerating starting are studied. 
Flow fields are obtained by a 2D numerical simulation and the post-analyses are processed by 
the present analysis method. The analysis indicates that the movement and shedding of
vorticity induced by tail movement mainly contributes to the thrust for all these modes.
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We present an exact fully nonlinear theory for the breakdown of aerodynamic drag into 
the induced drag and profile drag, acted on an arbitrary configuration in a three-dimensional 
viscous and incompressible steady flow, including steady turbulent mean flow in Reynold-
averaged sense. In so doing the aerodynamic lift is also analyzed. 

We first revisit the natural and rigorous definitions for force breakdown proposed by 
Wu et al. (2006, 2015), and reconfirm: the natural and primary definition of lift L and induced 
drag Di is the vertical and stream-wise components of the volume integral of , while the 
natural and primary definition of profile drag is the wake-plane integral of the total 
pressure, which can however be directly cast to that of a scalar moment of . Therefore, 
the Lamb-vector field generated by the steady body motion, along with its kinematic 
and kinetic evolution, stands at the core of all force components. In addition, according to this 
nonlinear theory, the induced drag also exists in two dimension. 

In order to meet the needs of computational and experimental fluid dynamics, these 
force components are expressed by wake-plane integrals, of which the stream-wise location is 
arbitrary and can even cut into the body. The results are confirmed by a quality numerical 
simulation of steady flow over a slender delta wing at large angles of attack. Unlike the 
elegant and physical volume-integral definitions, the wake-plane integrals are unnatural and 
mask the core physical mechanism as its cost. Although some of the integrands are compact, 
which is convenient for CFD/EFD, there still remain some physically obscure extraneous 
items.

After that, we further explore the underlying physical mechanisms behind these 
components, especially their exact stream-wise evolutions as the wake-plane location varies. 
This analysis naturally reveals the mutual correlation of the components and explain why it is 
so. 

Finally, we proposed two possible engineering application prospects for the new 
formulas. One is a new avenue to detailed localized diagnosis of the lift, induced drag, and 
profile drag exerted to a complicated body configuration by wake-plane integrals of the same 
Lamb-vector field at varying x-positions, from its nose all the way to tail and from near wake
to mid wake. The other is the mid-field approximation formulas which meet the need of semi-
quantitative evaluation of the overall force performance in preliminary configuration design. 
The mid-field approximation formulas provide a possible mechanism for achieving an 
increase in lift while reducing drag.

This work is a contribution to the modern aerodynamics theory at the fundamental level, 
which can be closely combined with computational and experimental fluid dynamics and 
thereby broadens one's vision and ability on drag reduction and optimal aerodynamic designs 
in applied engineering community.

97

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018



Acknowledgements
This work was supported by the National Natural Science Foundation of China (11472016, 
11221062, 11521091, and 10921202).

References
J. Z. Wu, H. Y. Ma, M. D. Zhou. Vorticity and vortex dynamics[M]. Springer Science & 

Business Media, 2006. 
J. Z. Wu, H. Y. Ma, M. D. Zhou. Vortical flows[M]. Springer, 2016. 

98

4th International Retreat on Vortical Flow and Aerodynamics
Novosibirsk, Russia, October 1 – 3, 2018
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On the wings and blades of small aircraft and small wind turbine, the Reynolds number 
along the wing chord does not exceed 500,000. At such a Reynolds number, a flow structure
with separation bubbles in boundary layer is appears. The high sensitivity of this kind of flow
to various external influences opens the possibility of controlling the boundary layer with the 
help of local influences. This can be done with the help of various kinds of vortex generators.
The problem is that the vortex generators lead to an increase in resistance at small angles of 
attack. In this regard, the search for optimal forms of vortex generators is continues. The 
authors, in article Kryukov et al.(2017) and in the patent (No. 2412864 (RU)) proposed the 
design of a wing that can create vortex generators on the surface in the form of successive 
humps and grooves. This is a varioform sectional wing (VFS wing) Fig.1. 

The device is a system of rigid power frame and elastic skin (Fig.1). The sectors of the 
bearing surface are hermetic and independent. When creating a differential pressure in the 
section, there is a deformation of the elastic skin. This leads to the formation of longitudinal 
humps and hollows. Due to the fact that the wing has also a longitudinal pressure gradient, the 
humps and grooves play the role of vortex generators, as a result of which local separation 
zones are formed on the border layer. 

But measuring the parameters of the boundary layer on such a wing brings definite 
problems. In the laboratory of aerophysical studies of subsonic flows of ITAM SB RAS, the 
method of point measurements with the help of a thermoanemometer is traditionally applied.
A mechanism of automatically moving the sensor and data acquisition has been developed. 
But due to the fact that the skin of the varioform wing is flexible, a touch of the surface sensor 
often occurs, as a result of which it burns out. Therefore, other sensors were developed that 
could be used in a data acquisition system instead of a thermo-anemometer. And such sensors 
were made (Fig.2.). 

Figure 1: Varioform sectional wing (VFS wing)
1 – primary structure,  2 – longitudinal frame set,  3 – transverse frame set, 4 – elastic skin, 5 – pressure 

gradient channel, 6 – hump, 7 – groove. 
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The first sensor is manufactured on the basis of the microphone and is designed to 
determine the laminar-turbulent transition. And the second one is based on the pressure sensor 
to determine the velocity profile in the boundary layer. The results of testing these sensors on 
a wavy wing model with a rigid surface showed that if we determine the laminar-turbulent 
transition at the maximum of the pulsations produced by the acoustic sensor, then the laminar-
turbulent transition will be shifted forward by 10-12% along the chord to the region of the 
shear layer above the laminar separation bubble. 

The error in determining the speed with the help of the pressure sensor can reach 10% of 
the speed of the oncoming stream. However, the qualitative profile of the velocity in the 
boundary layer coincides with the velocity profiles obtained with the help of the thermo-
anemometer sensor, therefore, the position of the local separation zone in the boundary layer 
is diagnosed in the same way as using thermoanemometric measurements and the laminar-
turbulent transition is diagnosed with an accuracy of 5% of the chord. 
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Figure 2: Acoustic sensor ( ), Pitot tube (b).
1 – surface of theVFS wing,  2 – acoustic sensor housing,  3 – sensor mounting bar

., 4 – total pressure tube 0.8 mm in diameter.,5 – protective microphone case, 
6 – acoustic bell, 7 – microphone HMO0603A (JR WORD), 8 – pressure sensor ADZ-SIL-13.0 (NAGANO).
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