
 

 

 
Abstract—Tripping of boundary-layers from laminar to turbulent 

flow, which may be necessary in specific practical applications, 
requires high amplitude disturbances to be introduced into the 
boundary layers without large drag penalties. As a possible 
improvement on fixed trip devices, a technique based on vortex 
shedding for enhancing supersonic flow transition is demonstrated in 
the present paper for a Mach 1.5 boundary layer. The compressible 
Navier-Stokes equations are solved directly using a high-order 
(fifth-order in space and third-order in time) finite difference method 
for small-scale cylinders suspended transversely near the wall. For 
cylinders with proper diameter and mount location, asymmetry 
vortices shed within the boundary layer are capable of tripping 
laminar-turbulent transition. Full three-dimensional simulations 
showed that transition was enhanced. A parametric study of the size 
and mounting location of the cylinder is carried out to identify the 
most effective setup. It is also found that the vortex shedding can be 
suppressed by some factors such as wall effect.  
 

Keywords—Boundary layer instability, boundary layer transition, 
vortex shedding, supersonic flows, flow control.  

I. INTRODUCTION 

LOW transition can have a significant influence on the lift, 
drag, stability, and heat transfer properties of air vehicles 

[1], [2]. Laminar flow is desirable for a requirement of low 
friction drag design, while laminar-turbulent transition can 
minimize flow separation, since laminar flows are less able to 
withstand the adverse pressure gradients that appear in flows 
with shock-wave/boundary-layer interactions and for vehicles 
at large angles of attack. Transition via different routes depends 
on the ingestion and growth of disturbances [3], [4]. The 
environmental disturbances, after a receptivity process, may 
undergo eigenmode and/or transient growth, or pass through 
bypass mechanisms before breakdown to turbulence. It is more 
of a challenge to understand and control (delay or promote) 
transition in high speed flow since the process can be slower 
than in incompressible flow. In the present paper, a method is 
considered to guarantee effective tripping of a moderately 
supersonic boundary layer, which may be encountered on a 
laminar flow transonic wing before the shock interaction. 

Roughness has long been used to trigger laminar-turbulent 
transition, and roughness-induced transition has been 
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extensively investigated through wind tunnels and flight tests. 
For a wide range of flows, including blunt bodies and lifting- 
entry vehicles, experimental data for roughness-dominated 
transition can be correlated with a roughness Reynolds number, 
𝑅𝑒  𝑢 𝑘 𝜈⁄ , defined in terms of the local flow properties at 
the height k of the roughness element in the undisturbed 
boundary layer. Von Doenhoff and Braslow [5] reviewed 
studies on transition with cylindrical elements carried out 
before 1960s, and gave an empirical criterion for flow 
transition based on 𝑅𝑒 . However, Schneider [6] found that, 
although the roughness Reynolds number is useful, it does not 
come close to correlating all the transition data available. The 
critical 𝑅𝑒  is influenced by many factors, including the shape 
of the roughness, the external disturbance level, wall 
temperature, and flow compressibility [7]-[10]. In supersonic 
and hypersonic flows, the size of the trip device is usually much 
larger than that in low speed flows. For example, the trip 
devices on Hyper X43 and X51 are much large, usually 
comparable to the local boundary layer thickness, which is 
several millimeters [11]. Large trip devices can cause loss of 
total pressure, shock-wave/boundary-layer interactions, heating 
and drag penalties.  

In order to minimize the size of trip device, we need to find 
an effective way of generating disturbances. A simple passive 
method of generating boundary layer disturbances is to utilize 
Kámán-type vortices. It is well known that alternating vortices 
are shed when the Reynolds number of a circular cylinder 
(based on the diameter) is larger than 47 in incompressible 
laminar flows, which means a very tiny cylinder in high-speed 
flows could generate unsteady vortices. Based on our previous 
results of 2D simulations [25], this paper further investigates 
the possibility of generating vortex shedding by a small-scale 
cylinder, and employing the vortex shedding to enhance 
instability and boundary layer transition.  

II. NUMERICAL METHODS AND PROBLEM SETUP 

A. High-Order Numerical Methods 

The strong conservative time-dependent Navier-Stokes 
equations in curvilinear coordinates are marched in time 
numerically by using an explicit third-order Runge–Kutta 
method. The formally fifth-order weighted compact nonlinear 
scheme [12], [13] is applied to the inviscid terms, and the 
Steger-Warming splitting method [14] is applied to 
reconstructing inviscid fluxes. Grid metrics, such as 𝜉 , / , 
are computed by the conservative metric method of Deng et al. 
[15]. The viscous terms are discretized by applying the 
following sixth-order scheme: 
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Tu et al. [16] showed that the staggered method of (1), which 

calculates the cell-edge first derivatives from cell-node 
variables and then the cell-node second derivatives from the 
cell-edge first derivatives, can largely reduce numerical 
oscillations which may appear in the vicinities of 
discontinuities and in large gradient regions when high-order 
schemes are used.  

A code based on the above high-order methods has been 
validated through a variety of benchmark cases and applied to 
many engineering problems [17]-[22]. The validations showed 
that the code preserves high-order accuracy and has good 
performance on complex curvilinear grids. 

B.  Problem Formulation 

The aim of the present work is to use a small-scale circular 
cylinder to generate vortex shedding which can be used to 
enhance boundary instability. The influence of a suspended 
cylinder, as sketched in Fig. 1, on the boundary layer stability is 
investigated. 

 

 

Fig.  1 Sketches of the problem setups 
 

Simulations are carried out at freestream inflow conditions: 
𝑀 1.5 ,  𝑇  202.17 K , 𝑝 18,200 P , and a unit 
Reynolds number 𝑅𝑒 1 10 m . Simulations are run for 
air, which is taken to be thermally perfect with specific heat 
ratio 𝛾 1.4 and Prandtl number Pr 0.72.  

As shown in Fig. 1, a circular cylinder is suspended 
transversely in the flat plate boundary layer. The gap between 
the flat plate and the cylinder allows disturbances to propagate 
upstream. The wall here is nonslip and isothermal with wall 
temperature 𝑇  293.15 K, which is equal to the stagnation 
temperature. Cylinders are tested for diameters ranging from 
0.05 mm to 0.6 mm.  

In this paper, results are shown in a dimensionless form 
based on the incoming freestream velocity 𝑈∗ , density 𝜌∗ , and 
temperature 𝑇∗ , and reference time scale 𝑡∗ 𝐿∗ 𝑈∗⁄ . 
Lengths are normalized with a reference length of 𝐿∗

0.001 m  1 mm, thus non-dimensional lengths are the same 
as the dimensional in mm. Variables with a superscript asterisk 
(*) stand for dimensional quantities. Therefore, the 

non-dimensional frequency is given by 𝑓 𝑓∗𝑡∗ . 

III. RESULTS AND DISCUSSIONS 

A local region of absolute instability, leading to global 
instability, appears for example in flow past a circular cylinder 

[23], where the well-known Kármán vortex street appears. As 
shown in Fig. 1, a circular cylinder is suspended transversely in 
the boundary layer to generate vortex shedding and also to 
allow fluctuations to propagate upstream through the cylinder- 
wall gap within the subsonic region of the boundary layer. The 
cylinder is centered at 𝑥 , 𝑦 , where 𝑥 40, while 𝑦  vary 
from 0.1 to 0.6. The undisturbed boundary thickness at 𝑥 40 
is 0.372, and the moment thickness is 0.0413. Seven cylinder 
diameters within the range of D = 0.05 to 0.6 are tested. The 
parameters and coefficients are given in Table I.  

 
TABLE I 

MOUNTING LOCATION, DIAMETER, ROUGHNESS REYNOLDS NUMBER, 
BLOCKAGE RATIO, AND GAP RATIO FOR THE CYLINDER 

𝑦∗ (mm) 𝐷∗ (mm) 𝑅𝑒  .⁄  G/𝐷 

0.1 0.05 ~0.1 120.9~241.8 0.134~0.268 1.00~1.50

0.2 0.05 ~0.3 121.1~726.6 0.134~0.807 0.17~3.50

0.3 0.05 ~0.5 430.7~4306.7 0.134~1.345 0.10~5.50

0.4 0.05 ~0.6 500.0~6000.0 0.134~1.613 0.17~7.50

0.5 0.05 ~0.6 500.0~6000.0 0.134~1.613 0.33~9.50

0.6 0.05 ~0.6 500.0~6000.0 0.134~1.613 1.00~11.5

 
To minimize induced drag and other aerodynamics and 

thermodynamics penalties, small cylinders are preferred. The 
current tested cylinder diameter range is practically possible to 
implement as even the finest cylinder (D = 0.05) is an order of 
magnitude larger than the hot wires that have been used in 
anemometry. Although the practicalities are not our concern 
here, it is not unreasonable to suppose that such a wire could be 
constructed and fixed in position near a wall.  

A. Two-Dimensional Simulations 

A previous study [25], when the cylinder was centered at 
𝑥 , 𝑦 40, 0.2 , and its diameter D = 0.05, 0.1 and 0.2, 

showed that visible vortex shedding can be observed for the 
cases with D = 0.05 and D = 0.1. However, for the cylinder of D 
= 0.2, the vortex shedding is suppressed. The suppression of 
vortex shedding is a result of ground effect [24]. As the cylinder 
diameter increases, the gap between the cylinder and the plate 
wall decreases, which enhances the ground effect. The gap is 
not only necessary for vortex shedding, but also allows the 
acoustic waves to propagate upstream in the subsonic part of 
the boundary layer.  

Simulations are run for two-dimensional (2D) flow with 
wider range of flow triggering setups. It can be seen from Fig. 2 
that when there is vortex shedding from the cylinder, very large 
fluctuations may appear in the wake of the cylinder. For 
example, the amplitude of pressure fluctuations (relative to the 
free stream static pressure) can exceed 20% (Figs. 2 (b), (c) and 
(e)), and it is believed that the fluctuations have reached a 
nonlinear saturation status in the 2D flow. By contrast, if the 
vortices are steady, the fluctuations may disappear (Fig. 2 (a)) 
or may become acoustic waves (Fig. 2 (f)) with amplitudes 
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several magnitudes lower than the cases with unsteady vortices 
(Figs. 2 (b), (c) and (e)).  

 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Fig.  2 Snapshots of Mach number M (Left) and pressure fluctuations 𝑝 𝑝⁄  (Right) contours of the flow fields with a cylinder for (a) 𝐷 = 0.05, 
𝑦 0.1; (b) 𝐷 = 0.05, 𝑦 0.2 ; (c) 𝐷 = 0.05, 𝑦 0.3; (d) 𝐷 = 0.2, 𝑦 0.2; (e) 𝐷 = 0.2, 𝑦 0.3; (f) 𝐷 = 0.3, 𝑦 0.3; White solid lines are 

contours for 𝑢 0, and white dashed lines are contours for 𝑀 1. The contour levels of the maps in the right column are different 
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There is also a critical case when 𝐷 0.2 for 𝑦 0.2 (Fig. 
2 (d)) where the vortex is marginally unstable but not enough to 
induce vortex shedding. In this case, the fluctuations do not 
reach a nonlinear saturation status but are still large enough to 
cause noticeable disturbances in the boundary layer. Increasing 
the height of the mounting location (namely 𝑦  can increase 
the gap. However, this may induce shock waves if the cylinder 
is placed in the supersonic region of the boundary layer and 
may even cause shock-wave/boundary interactions. 

The separations in Figs. 2 (a) and (f) are steady. However, 
there are strong acoustic waves in Fig. 2 (f) while no 
disturbances in Fig. 2 (a). As shown in Fig. 3, further 
downstream of the cylinder, the large wavenumber of acoustic 
waves induces relatively low wavenumber Tollmien–
Schlichting (TS) waves. The TS waves are unstable before 𝑥
49, but stable again further downstream. The TS waves shown 
in Fig. 3 are unstable because the cylinder changes the 
boundary layer profile and induces separations (Fig. 2 (f)). As 
the boundary layer recovers to its equilibrium state downstream, 
the TS waves become stable. 

 

 

Fig.  3 Pressure fluctuations in the extended domain of the case shown 
in Fig. 2 (f) 

 
Wall pressure fluctuations are Fourier transformed in time to 

obtain its power spectral density (PSD). The PSDs show that 
the non-dimensional frequencies f of fundamental modes are of 
order  1  (Please note 𝑓∗=4.275𝑓 10 Hz). For example, 
the fundamental mode of the cases with 𝑥 , 𝑦 40, 0.2 , 
and 𝐷 0.05, 0.1, and 0.2 is at frequency 𝑓 1.834, 1.070 
and 𝑓 0.734, respectively. It is worth pointing out that the 
frequency of the most unstable spatial TS mode of the 
undisturbed boundary layer at 𝑥 40 is 0.0805, and a linear 
stability analysis shows that the disturbances with frequency 
higher than 0.12 are stable. We can find that the vortex 
shedding frequency is much larger than the unstable TS waves. 
To address the question of whether the vortex shedding can 
promote laminar-turbulent transition, three-dimensional (3D) 
simulations have been carried out, which are discussed in the 
next section. Some wind tunnel experiments will be done in the 
future. 

B. Three-Dimensional Simulations 

As the fluctuations may reach nonlinear saturation in 2D 
simulations and the frequency of the vortex shedding is much 
higher than the unstable TS waves from a linear stability theory 
(LST) point of view, it is necessary to investigate the flow in 
3D. The setups for the 3D problems are the same as the 2D 
cases in the x-y plane, and a spanwise length of 3 millimeters is 

used with periodic boundary conditions applied in the 
transverse direction. Fig. 4 shows instantaneous isosurfaces of 
the second invariant of the velocity gradient tensor (Q- 
criterion). It can be seen that 3D structures appear immediately 
downstream the cylinder, and lambda vortices appear just about 
2 to 3 millimeters downstream of the cylinder (Fig. 4 (a)). The 
appearance of lambda vortices is usually deemed as an early 
sign of transition. The lambda vortices are stretched in the 
streamwise direction and start breaking down at about 𝑥 50 
(Fig. 4(b)). Fig. 4 (b) indicates that flow becomes fully 
turbulent at about 𝑥 60 (Re 6 10 ).  

 

 

(a) 
 

 

(b) 
 

 

(c) 

Fig.  4 Three-dimensional simulation of a cylinder centered at 
𝑥 , 𝑦 40,0.2  with diameter of 𝐷 0.1;  The width of the 

computational domian is 𝑧 3 with periodic boundary conditions. (a) 
The Q=0.5 isosurfaces in the near flow field of the cylinder; (b) The 

Q=0.1 isosurfaces in the extended domain. (c) 3D view of Q=0.5 
isosurfaces 

 
As shown in the 2D simulations, a cylinder with some 

parameters may not able to generate large disturbances. In 
order to enhance instabilities furthermore, we add a rectangular 
bar downstream of the cylinder (Fig. 5). Our previous 2D 
simulations show that a feedback loop forms between the 
cylinder and the bar, and the flow in the feedback loop can be 
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absolutely and globally unstable [25]. Then, any disturbances 
in this feedback loop can be amplified. The 3D simulation 
given in Fig. 6 clearly shows that this feedback loop is capable 
of enhancing boundary layer instabilities and lambda vortices 
appear in the near field of the bar (Fig. 6 (a)). The lambda 
vortices breakdown quickly after they pass over the rectangular 
bar. In this simulation, we changed the computational domain 
in the transverse direction to z 2.0436  which is 
approximately four times the width of the lambda vortex. The 
extended flow region is shown in Fig. 6 (b).  

 

 

Fig.  5 The combination of a cylinder and a rectangular bar. Cylinder: 
𝐷 0.1 and x , y 40,0.2 ; Bar: the cross section is rectangular 

with width of 0.1 and height of 0.2 
 

 

(a) 

 

(b) 

  

(c)  

Fig. 6 Three-dimensional simulation of a cylinder-bar combination. 
The width of the computational domain is 𝑧 2.0436 with periodic 

boundary conditions. (a) The Q = 2 isosurfaces in the near flow field of 
the cylinder; (b) The Q = 0.5 isosurfaces in the extended domain. (c) 

3D view of Q =2 isosurfaces 
 

From the 3D view of the Q-isosurfaces shown in Figs. 4 (c) 
and (c), we can find that the stems of the lambda vortices are 
not on the plate, but in the wake of the cylinder. This 
phenomenon is consistent to the 2D simulations which show 
that the strongest fluctuations are in the wake of the cylinders, 
as indicated in Figs. 2 (b), (c), and (e).  

IV. CONCLUSIONS 

The effect of a suspended small-scale 2D circular cylinder on 
supersonic boundary layer instability has been investigated 
numerically by using high-order accurate finite difference 
schemes. Cylinders of particular diameters were shown to be 
capable of giving self-excited structures which can enhance 
boundary layer instabilities. At least two reasons are 
responsible for the effectiveness of the cylinder. The first one is 
the vortex shedding which works as a source of adding 
disturbances. Secondly, the gap between the cylinder and the 
plate wall allowing the disturbances propagate upstream, which 
will be receipted by the boundary layer though a receptivity 
mechanism and then converted downstream to enhance the 
vortex shedding. The 2D simulations indicate that the gap 
between the cylinder and the plate wall and the ratio of the gap 
to the cylinder diameter are critical parameters for producing 
unsteady vortices. There are thresholds for the existence of 
vortex shedding. Adding a downstream block (namely bar) can 
amplify the disturbance, which is very useful in triggering 
laminar-turbulent transition.  

More details, including parameter studies on the cylinder 
size and its mounting location, the block height and its 
mounting location, will be included in the final manuscript with 
the hope of finding some thresholds and critical parameters and 
some correlations between the parameters and the frequency 
and strength of the vortex shedding. Also, more details of 3D 
simulations with further flow field analysis will be finished in 
the near future. 
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