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Abstract A study on the relation between the wake inlet conditions and the wake

characteristics of a bluff body by means of Particle Image Velocimetry is presented.

The wake inlet condition, being a laminar boundary layer at the trailing edge of the

body, are varied by means of wall-suction. Measurements are carried out at Reh =
6.7 × 103 based on the body thickness h. The induced radius of curvature of the

streamlines is shown to be a promising parameter in explaining the increase in base

drag and decrease in vortex shedding frequency associated with a thinner boundary

layer.

1 Introduction

Vortex shedding is the result of an absolute instability, which is manifested with

vortices being shed at a fixed frequency from alternating sides of a bluff body. This

phenomena causes an increase in the base drag [1]. Methods to reduce the base drag

are either based on manipulation of the vortex interaction or on modification of the

boundary layers separating from the trailing edges of the body [2, 3]. Previous stud-

ies indicate that an increase of the boundary layer thickness leads to a decrease of the

base drag and a reduction of the vortex shedding frequency [4–6]. It has been sug-

gested that the change in curvature of streamlines may be the cause of this altered

base drag [7]. In other to gain more fundamental knowledge of the flow around bluff

bodies it is therefore of paramount importance to study the boundary layer separating

from the trailing edge in combination with the formation recirculation region where

the interaction between shear layers takes place [8].

A novel experimental setup that enables the variation of the inlet boundary con-

dition prior to separation of a bluff body has recently been reported [6]. The novelty

lies in the way in which the inlet conditions are being modified. The body, that will be
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described more extensive in Sect. 2, has a perforated top and bottom surface, which

allows for boundary layer modifications by means of suction and/or blowing. In the

first study [6] an elaborate description of laminar and turbulent boundary layers sub-

ject to suction is given. Based on hot-wire anemometry and differential pressure

measurements the wake inlet conditions were related to the wake characteristics.

In the present study, the measurements described in [6] are complemented with

Particle Image Velocimetry (PIV) measurements to include the near wake topology

as well as the region prior to separation. A first result in the study of the wake char-

acteristics including the curvature of streamlines will be shown.

2 Experimental Setup

The measurements have been carried out in the closed circuit Boundary Layer (BL)

wind tunnel located in the Odqvist Laboratory at the Royal Institute of Technology

(KTH). The background turbulence intensities are 0.04 % and 0.06 % in the stream-

wise and cross-flow directions, respectively, at a free-stream velocity of 25 m∕s. The

BL-tunnel has a 4 m long interchangeable test section with a cross-sectional area of

0.5 m in width and 0.75 m in height.

Within the test section a 2 m long rectangular body is mounted horizontally, see

Fig. 1. The body spans the entire test section width and is h = 4.0 cm thick, which

corresponds to a blockage equal to 5.3%. A smooth, elliptically shaped, leading edge

with a length of 30 cm is added to prevent leading edge separation. The trailing edge

is blunt, hence, the point of separation is fixed at the trailing edge corner.

Fig. 1 A schematic top- and side view of the body studied. Dash-dotted line (-.-) indicates the

boundary layer edge over the impermeable leading edge and permeable forebody with arrows sym-

bolizing wall-suction. The inset shows the PIV configuration with dashed lines indicating the field

of views
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The titanium top and bottom surfaces of the body are perforated to allow for

suction and blowing. A porosity of 0.5% is realised by 60 µm laser drilled holes

which are uniformly distributed across the total surface. A measure of the wall-

normal velocity is obtained by relating the pressure drop over the perforate plate

to the velocity of air through the perforations, on the basis of a relation given by [9].

The Particle Image Velocimetry (PIV) measurements were carried out with a

Dantec Dynamics PIV system, composed of a Litron DualPower 50–200 laser

(50 mJ, 200 Hz) and, in the present configuration, two SpeedSense M120 cam-

eras (12 bits) which have a sensor resolution of 1920 × 1200 pixels. The cameras,

mounted in a planar configuration as shown in Fig. 1, were equipped with 50 mm

objectives to obtain field of views of FOV = 140 × 88 mm
2
. A number of 1825

images were recorded at a repetition rate of 100 Hz, which is sufficient to resolve the

vortex shedding frequency. The pulse separation time of 𝛥t = 700 µs was based on

an average particle displacement of 25% within the initial interrogation area. This

initial interrogation area of 128 × 128-px is reduced in a multi-pass PIV algorithm

to a final interrogation resolution of 16 × 16-px, corresponding to a resolution of

1.2 mm. Due to the thin boundary layer in case of suction and strong reflection at

the titanium surface the boundary layer could not be fully resolved, but information

on the streamline curvature prior to separation could be calculated.

Two single hot-wire probes, operated in combination with a Dantec Dynam-

ics StreamLine 90N10 system, are used. One to measure the velocity profiles and

another one to obtain the vortex shedding frequency, which is mounted downstream

of the trailing edge on the border of the wake. The reference free-stream velocity U∞
was measured with a Prandtl tube mounted through the ceiling of the test section.

The differential pressure was recorded using a Furness FCO510 (0–200/2000 Pa,

0.25 % FSD) pressure transducer. The same pressure transducer was used to mea-

sure the pressure across the perforated surfaces and the base pressure at the center of

the base. The static pressure of the Prandtl tube was used as reference in both cases.

3 Results

All measurements are carried out at a free-stream velocity of U∞ = 2.5 m∕s, which

corresponds to Reynolds numbers of Reh = 6.7 × 103 and ReL = 3.8 × 105 based on

the base height h and the length of the body L, respectively. Hence, the boundary

layer is laminar at the point of separation.

For a laminar boundary layer subject to wall suction, the streamwise velocity

distribution U∕U∞ will asymptote to an exponential form:

U(y)
U∞

= 1 − exp
(
yV0
𝜈

)
, (1)

with V0(< 0) being the wall-normal velocity and 𝜈 the kinematic viscosity. The dis-

placement thickness 𝛿1 and momentum thickness 𝛿2 for the ASBL are given by:
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𝛿1 = − 𝜈

V0
, 𝛿2 = −1

2
𝜈

V0
, (2)

and hence, independent of the free-stream velocity.

For a flat surface of limited extent, like the body in the present study, the ASBL

is only obtained in case a sufficiently large wall-normal velocity relative to the free-

stream velocity is applied. Here we define the suction coefficient 𝛤 :

𝛤 = −
V0
U∞

× 1000 , (3)

as a measure of the amount of suction applied. In Fig. 2a boundary layer profiles

at a distance of 1h upstream of the trailing edge for several suction coefficients are

shown, where a larger suction coefficient corresponds to a lighter shade of gray, black

being the neutral suction case. An increase in suction coefficient leads to a thinner

boundary layer with a larger velocity gradient at the wall. From Fig. 2b, in which the

normalized displacement thickness 𝛿1 and 𝛿2 are presented as function of the suction

coefficient, it can be concluded that the ASBL in this case is reached for 𝛤 ≈ 6. For

more information on laminar and turbulent boundary layers subject to suction the

interested reader is referred to [6].

In Fig. 3a the time averaged formation region for the neutral suction case is visu-

alized by means of streamlines and constant streamwise velocity contours. The for-

mation region is characterized here by two parameters. 1: The confluence point xC,

which is here defined as the saddle point where both the wall-normal as well as the

streamwise velocity component are equal to zero. 2: The induced curvature of the

streamlines. A streamline at a distance ys from the body surface at the trailing edge
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Fig. 2 a Boundary layer profiles for increasing suction coefficient 𝛤 at a distance 1h upstream of

the trailing edge. b Normalized displacement and momentum thickness as function of the suction

coefficient 𝛤 . The expected values for an ASBL are marked with a dash-dotted line
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Fig. 3 a The time averaged streamwise velocity component U, with the selected streamline to

extract the radius of curvature R marked in blue and the confluence point marked with a white ‘×’,

b the position of the confluence point xC as function of the suction coefficient 𝛤 , c the maximum

radius of curvature R/h along the selected streamline as function of xC, d + e the Strouhal number

St and base pressure −Cp,b as function of R/h, respectively

is selected, where ys = 𝜂𝛿99 is a position relative to the boundary layer thickness 𝛿99.

Here 𝜂 = 0.5 was chosen. The radius of curvature along this streamline is subse-

quently found by applying the standard mathematical equation:

R =
||||||
[
1 + y′(x)2

]3∕2
y′′(x)

||||||
. (4)

The characteristic curvature of the streamline was then decided to be the maximum

radius of curvature found along the streamline.
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From Fig. 3b it can be derived that an increase in suction leads to a shorter for-

mation region. For 𝛤 > 6, where the ASBL is reached, the recirculation seems to

approach a minimum. This can be explained by the fact that the boundary layer thick-

ness becomes negligible compared to the body thickness to play a significant role in

the wake formation. At the same time, in the case of the ASBL the boundary layer

shape is constant.

In Fig. 3c the two parameters of the formation region are compared. It is con-

cluded that the a shorter recirculation region corresponds to a proportional change

in the radius of curvature of the streamline. This is an indication that an appropriate

method to determine a characteristic radius of curvature was chosen.

From Fig. 3d, e it can be observed that both the Strouhal number based on the

shedding frequency St = fh∕U∞, and the base pressure coefficient correlate fairly

well with radius of curvature, at least for the Reh studied here. However, we should

keep in mind that we have compared the time averaged base pressure coefficient and

the time averaged formation region, a flow condition the fluid does never actually

experience. Future research will therefore include the phase averaged data of the

formation region, as well as a range of Reynolds numbers.

4 Conclusion

A first analysis of velocity field data obtained in the area prior to separation and in

the formation region of a bluff body has been shown to be a promising database to

investigate the relation between the wake characteristics and wake inlet conditions.
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