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The velocity profiles and shedding frequencies of three axisymmetric bluff bodies 
consisting of a disk, a cup, and a rigid canopy model were examined in the near wake, 
0.25 ≤ z/D ≤ 9.0.  The measurements were conducted at a Reynolds number of 1.93 × 105 
using a single element hot-film anemometer.  The data revealed that the mean velocity deficit 
profiles became self-similar beyond z/D ≥ 3.0, and are identical in self-similar coordinates.  
However, the cup and rigid canopy models recover more quickly than the disk.  At least two 
shedding frequencies were observed in the near wake of these axisymmetric models; one 
corresponding to the dominant downstream mode at a Strouhal number ≈ 0.15 and the other 
at low Strouhal numbers which disappears after z/D ≥ 3.0.  The dominant mode appears at 
z/D ≥ 1.6 and persists at all locations further downstream.  This mode has typically been 
associated with a helical mode present for axisymmetric bluff bodies with a fixed separation 
point.  A high Strouhal number mode (≈ 0.55) seen in flexible parachute canopies does not 
appear to be present in the near wake of these rigid models including the rigid canopy.   

Nomenclature 
A = amplitude of oscillation 
D = model diameter 
∆U = velocity deficit, ∆U = U∞ - U 
∆Um = maximum velocity deficiency 
f = frequency 
fs = sampling frequency 
h = model height 
n = number of data points 
r = radial coordinate 
r½ = radial location where velocity deficit is ½ of the maximum 
Re = Reynolds number, U∞ · D / ν 
St = Strouhal number, f · D / U∞ 
Sv = power spectral density of the radial velocity component 
u = axial velocity component 
U = mean axial velocity component 
u'rms = axial velocity fluctuations 
U∞ = freestream velocity 
v = radial velocity component 
Xv, Xv

* = fast Fourier transform (and its complex conjugate) of the radial velocity component 
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z = downstream location from leading edge of model 
 
ν = kinematic viscosity 

I. Introduction 
he main objective of this project was to study vortex shedding in the near wake of rigid axisymmetric bluff 
bodies having a geometry similar to an inflated, round parachute canopy.  Recent experiments1 have shown that 

a flexible canopy has a high frequency mode that corresponds to the canopy breathing, i.e. cyclic expansion and 
contraction of the canopy. On the other hand, previous work on axisymmetric rigid bluff bodies such as disk has 
only revealed a dominant helical mode and a very low frequency axisymmetric mode in the near wake.  The present 
work was undertaken to assess whether a high frequency mode also exists in the immediate vicinity of a smooth cup 
and a rigid model with a geometry similar to an inflated parachute canopy. 

Although the wake of rigid axisymmetric bluff bodies such as disk and sphere has been studied in the past, there 
is little known about flexible bluff bodies, such as parachute canopies.  Round parachute canopies introduce difficult 
problems in the study of axisymmetric bluff body wakes.  Two features specific to fabric canopies differentiate them 
from rigid bluff bodies such as cup, disk or sphere.  First, fabric flexibility allows variations in the canopy geometry 
and the separation region spatial position.  Second, there is a small mean flow through the canopy surface due to the 
fabric permeability, amounting to a few percent of the freestream velocity.  Since the bluff body wakes are unsteady, 
combination of the flexible fabric geometry with the time dependent vortical flow in the near wake results in strong 
fluid-structure interaction.  Moreover, the flow structure in the near wake is also responsible for the aerodynamic 
forces and moments experienced by the canopy.  We are interested in comparing the flow dynamics and vortex 
shedding in the near wake of flexible canopies and their rigid analogues.  The key flow features in the wake of disk 
and sphere are reviewed first to provide a basis for comparison with the results of our study.   

Vortex shedding from spheres in incompressible flow has been studied extensively.  Natarajan and Acrivos2 
found in their numerical study that the wake of a sphere becomes unstable at a Reynolds number of 105 and the 
primary unstable mode is non-axisymmetric, in accord with experimental observations.  The structure of sphere 
wake turns out to be complex and Reynolds number dependent.  Vortices form a double helix3 or hairpin loops4,5 in 
flow visualization studies at Reynolds numbers of ~ 103, whereas at Reynolds numbers of ~ 104 and beyond, the 
wake becomes completely turbulent with quasi-periodically spaced vortex loops or rings.6  The primary Strouhal 
number associated with vortex shedding in the sphere wake in the subcritical regime is ≈ 0.2 for Reynolds numbers 
greater than about 103.4,5,7,8  Also, there is a higher frequency mode close to the sphere at a Strouhal number that 
increases with Reynolds number.7  This mode is a result of the Kelvin-Helmholtz vortices in the separated shear 
layer. 

The flow in the near wake of a circular disk might be more representative of round canopies since the separation 
line is fixed at the disk edge, analogous to the location of separation line near the canopy skirt.  Fuchs et al.9 and 
Berger et al.10 have investigated the flow structure in the disk wake at Reynolds numbers of ~ 104 using cross-
spectral analysis at axial locations ranging from 3 and 9 disk diameters.  Three instability modes have been 
identified: an axisymmetric oscillation of the recirculation bubble at a low Strouhal number of ≈ 0.05; a helical 
mode at a Strouhal number of ≈ 0.14; and a high frequency mode at a Strouhal number of 1.6 associated with the 
separated shear layer.  The mean recirculation bubble extends to about 2.5 diameters behind the disk.  The primary 
helical mode at Reynolds number of 104 in the disk wake was also confirmed by flow visualization experiments of 
Higuchi.11,12  Berger et al.10 observed the formation of axisymmetric vortex rings in the immediate vicinity of the 
disk in their flow visualization study using smoke.  The tilting and linking of these rings in the near wake result in 
the helical structure.   

The characteristic features of parachute canopies during various phases from deployment to terminal descent 
have been reviewed by Peterson, Strickland and Higuchi13 and Strickland and Higuchi.14  An interesting feature of 
the canopy dynamics during terminal descent is the ‘breathing’ of the canopy where the canopy diameter (typically 
near the skirt) oscillates about a mean value periodically.  This is a result of the interaction of near wake fluid forces 
with the flexible, low-inertia fabric.  Detailed measurements of the flow field in the near wake of flexible small-
scale canopies in a low-speed tunnel have been reported by Desabrais.15  In the close proximity of the canopy, the 
flow field has a mode corresponding to the canopy breathing at a Strouhal number of 0.55.  A mode analogous to the 
helical mode observed in rigid bluff bodies was also observed in the wake of flexible canopies. 

In this paper, we examine the mean flow profiles and vortex shedding in the near wake of a disk, a cup, and a 
rigid parachute canopy model having the same projected diameter.  These results are compared with those of 
previous work on disk and flexible canopies.  The experimental approach and the results are described below. 
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II. Experimental Setup 
The experiments were conducted in a wind tunnel at a freestream velocity of 27.7 m/s.  The freestream 

turbulence intensity was measured to be 1%.  The wind tunnel test section had a 0.6 m square cross-section and was 
2.4 m long.  The temperature of the tunnel was maintained at a constant value through a heat exchanger mounted in 
the flow upstream of the flow straightener and contraction sections.  A schematic of the experimental setup in shown 
in Fig. 1.   

Three different models were investigated (see Fig. 2); a disk, a cup, and a rigid canopy model.  All models were 
constructed of aluminum.  The diameter of each model was D = 0.106 m which results in a Reynolds number based 
on the freestream velocity of 1.93 × 105.  It is expected that the flow will be turbulent at this Reynolds number.  The 
solid blockage of the models was 2.4% and no blockage corrections were applied to the data.  The disk model was 
3.2 mm thick with a rearward facing 45° chamfer giving a sharp leading edge around the disk.  The cross-sectional 
shape of the cup and rigid canopy models were based on the mean cross-sectional shape of the 15 cm flexible 
canopy model in the work of Desabrais15 as was the front projected shape of the rigid canopy model.  The wall 
thickness of these models at the leading edge was 1.6 mm.  The aspect ratio (h/D) of the cup and the rigid canopy 
models was 0.39 and 0.42, respectively.  The models were mounted horizontally in the wind tunnel and centered.  
The models were supported by a 8 mm diameter by 280 mm long steel support rod which was connected to a 
streamlined support strut in the wind tunnel.   

The flow velocity was measured in the wake of the models using a calibrated single-element hot-film 
anemometer.  A single component of the velocity was sampled at a time.  The axial component was measured by 
orientating the hot-film probe element perpendicular to the freestream velocity and the radial component was 
measured by orientating the element parallel with the freestream velocity.  Each velocity component was sampled 
from the centerline of the model to a radial distance over twice the model diameter.  The output of the anemometer 
was sampled using a 16-bit data acquisition system at a sampling frequency of 1 kHz with a total of 16384 sample 
taken at each data point.   

Mean and fluctuating velocity profiles in the wake of the models were obtained from measurements of the axial 
velocity component.  The uncertainty of the velocity measurements was estimated to be 2%.  The velocity profiles 
were obtained at five locations from the leading edge of the models: z/D = 0.25, 1.0, 3.0, 6.0, and 9.0.  In the very 
near wake (z/D < 3.0), flow reversal occurs in the wake directly behind the model.  The shedding characteristics of 
the models were obtained by measuring the radial velocity component near the edge of the wake at seven 
downstream locations (z/D = 0.25, 1.0, 1.25, 1.6, 3.0, 6.0, and 9.0).  The power spectral density of the radial velocity 
component was calculated using the Fast Fourier Transform (FFT).  The uncertainty in selecting the power spectral 
density peaks was estimated at ±1.3 Hz which corresponds to an uncertainty in the Strouhal number of ±0.005.   

III. Results 
The wake profiles were examined by measuring the mean axial velocity component at the five downstream 

locations.  The wake velocity deficit, defined as U U U∞∆ = − , for the three models is shown in Fig. 3.  The profiles 
of all three models show similar behavior.  In the very near wake of the models (z/D = 0.25 and 1.0), the flow is 
accelerated around the body as is evident by the negative velocity deficit around the model at 0.7 ≤ r/D ≤ 1.0).  As is 
clearly apparent at z/D = 0.25, a distinct thin shear layer exists close to the edge of the body (0.5 ≤ r/D ≤ 0.8) which 
gets diffused as it grows into the fully developed wake.  Directly behind the models, the flow reverses given that a 
recirculation bubble exists within 2.5 diameters of the disk.10  The inversion of the profile curves in the near wake 
shows the ineffectiveness of the single-element hot-film to discern the direction of the fluid velocity in the 
recirculation bubble.  Away from the model centerline, the deficit diminishes as at the velocity approaches the 
freestream velocity.   

At downstream locations z/D ≥ 3.0, the maximum velocity deficit on the centerline monotonically diminished 
(∆U → 0) as the velocity approaches the freestream value away from the centerline.  The recirculation bubble is 
fully closed at z/D ≥ 3.0 and the flow has begun to recover.  Both the cup and the rigid canopy models have nearly 
identical profiles and different from the disk.  The cup and rigid canopy deficit recover more quickly than the disk.  
For example, at z/D = 3.0, the maximum deficit of the disk is 0.5 whereas the cup has already achieved a deficit 
recovery of 0.4.  This is consistent at the axial locations further downstream as well.   

The rms-value of the axial velocity fluctuations is plotted as a function of radial locations in Fig. 4 for each of 
the three models.  The maximum rms-values are achieved in the vicinity of the shear layer being formed near the 
edge of the body.  Maximum values are 25-30% of the freestream velocity in the shear layer and decays rapidly 
further downstream from the body.  Far away from the centerline at all downstream locations, the axial fluctuations 
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approach the freestream turbulence intensity levels.  The location of the peak u'rms values move radially outward as 
the probe location goes from z/D = 3.0 for the cup and canopy models.   

It is well known that wakes become self-similar at locations far downstream from the body.  The similarity 
characteristics of the mean wake profiles were examined for z/D ≥ 3.0 and the results are shown in Fig. 5.  The 
proper normalization requires the velocity deficit, ∆U, to be normalized by the maximum deficit, ∆Um, and the radial 
location be normalized by the half-width r½ (i.e. the radial location where ½ of the maximum deficit occurs).  The 
wakes for all three models are clearly self-similar at these downstream locations given that all the data collapses 
together.  Similarly, there is no difference between the models either suggesting that once the flow becomes self-
similar, the wake becomes independent of the shape of the body.   

The vortex shedding characteristics of the models was assessed by calculating the power spectral density of the 
radial velocity component on the edge of the wake at seven downstream locations.  A sample of the power spectral 
density for the rigid canopy model is shown in Fig. 6 where the power spectral density is calculated by 

 
*
v v

v
s

X XS
n f

=
⋅

  

where Xv is the FFT of the radial velocity, Xv
* is its complex conjugate, n is the number of data points, and fs is the 

sampling frequency.  The power spectral density sampling locations in the wake are listed in Table 1.   

Table 1. Radial probe locations for sampling the power spectral density. 

z/D r/D 
0.25 0.69 
1.0 0.81 

1.25 0.81 
1.6 0.81 
3.0 0.75 
6.0 0.84 
9.0 0.84 

These locations were selected in order to match the probing locations of previous research in vortex shedding 
characteristics of disks and flexible canopies.1,9,10  The primary shedding frequencies were selected from 
examination of the FFT of the radial velocity component at each location.  The shedding frequencies are stated in 
terms of Strouhal numbers based on the model diameter and the freestream velocity.   

The shedding frequencies of the disk are plotted in Fig. 7.  In the very near wake (z/D ≤ 3.0), three distinct 
shedding frequency are evident, St ≈ 0.02, 0.07, and 0.15.  Both low frequency modes are of comparable amplitude 
(at the downstream locations where these modes are present) in the power spectral density suggesting they contain 
approximately equal amounts of energy in their structures.  These modes are no longer present at downstream 
location beyond z/D > 3.0.  Neither of these low frequency modes has been reported in the past; however, Berger et 
al.10 have observed a low frequency mode at St = 0.05 exists which corresponds to the oscillation or pumping of the 
recirculation bubble.  Without flow field measurements or flow visualization it is difficult to ascertain the source of 
the low frequency modes.  The mode corresponding to St ≈ 0.15 correlates well with a mode reported by both Fuchs 
et al.9 and Berger et al.10 which has been associated with a helical shedding mode at farther downstream locations.  
This mode is first detected at z/D = 1.6 and becomes the primary mode at all downstream locations beyond this 
point.   

Examination of the vortex shedding of the other two models shows similar characteristics as that of the disk.  
Figure 8 shows the Strouhal number for all three models in addition to the primary shedding frequencies of a 
flexible canopy with the same mean projected diameter as the rigid models.  The same dominant shedding modes at 
St ≈ 0.15 observed from the disk are also observed with the cup and rigid canopy models.  This mode becomes 
detectable as early as z/D = 1.25 for both the cup and the rigid canopy and persists at all farther downstream 
locations.  When compared to a flexible parachute canopy, the rigid models have no vortex shedding mode which 
corresponds to the flexible canopy mode at St ≈ 0.55.  This suggests the latter, which corresponds to the canopy 
breathing, is not a natural frequency of the rigid canopy geometry but instead is a result of the fluid-structure 
interaction of the flexible canopy.   

To further examine the development of the dominant shedding frequency at St ≈ 0.15, the amplitude of the 
power spectral density peak corresponding to this mode was plotted as a function axial distance from the model 
leading edge.  The data indicates that the mode is initiated at z/D ≈ 1.6 and its amplitude reaches a peak value for all 
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three models at z/D ≈ 3.0.  The power spectral density amplitude diminishes further downstream.  The reduction in 
the amplitude is partly due to the reduced wake strength as indicated by the decreasing turbulent fluctuations.  To 
compensate for this effect, the amplitude of the power spectral density was normalized by the maximum velocity 
deficit, ∆Um, and model diameter, D.  For the positions z/D < 3.0, ∆Um was taken to be U∞.  The normalized data in 
Fig. 9b reveals that although the amplitude of this mode increases rapidly between z/D = 1.6 to 3.0 and than 
decreases slowly further downstream.   

IV. Conclusions 
The velocity profiles and shedding frequencies of three axisymmetric bluff bodies consisting of a disk, cup, and 

rigid canopy model were examined in the near wake, 0.25 ≤ z/D ≤ 9.0.  The measurements were conducted at a 
Reynolds number of 1.93 × 105 and used single element hot-film anemometer.  The data revealed that the mean 
velocity deficit profiles became self-similar beyond z/D ≥ 3.0, and these profiles in self-similar coordinates are 
identical.  However, the cup and rigid canopy models recover more quickly than the disk.  The rms-values of the 
axial velocity fluctuations are also nearly identical for the cup and rigid canopy.   

At least two shedding frequencies were observed in the near wake of these axisymmetric models; one 
corresponding to the dominant downstream mode at St ≈ 0.15 and the other at low Strouhal numbers.  The lower 
Strouhal number mode disappears after z/D ≥ 3.0, where the St ≈ 0.15 mode becomes the only mode.  The St ≈ 0.15 
mode which has been observed previously in disk studies appears after the z/D ≈ 1.6 and persists at all positions 
further downstream.  Apparently, this mode is the dominant helical mode present for all axisymmetric objects with a 
fixed separation point, i.e. disk, cup, rigid and flexible canopies.  On the other hand, the high Strouhal number mode 
(St ≈ 0.55) associated with flexible canopies does not exist in the near wake of rigid models.   
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Figure 1. Schematic of experimental setup. 
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a)  

b)  

c) 
Figure 2. Photograph of a) disk; b) cup; c) rigid canopy. 
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a) 

b) 

c) 
Figure 3. Mean velocity deficit in the wake of a) disk; b) cup; and c) rigid canopy. 
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a) 

b) 

c) 
Figure 4. Axial velocity fluctuations in the wake of a) disk; b) cup; and c) rigid canopy. 
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a) b) 

c) d) 
Figure 5. Similarity of axial velocity in the wake of a) disk; b) cup; c) rigid canopy; and d) all three models. 
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Figure 6. Sample power spectral density of radial velocity for the rigid canopy at z/D = 6.0, r/D = 0.84, and 
Re = 1.9 × 105.  The dominant mode at f = 41 Hz is indicated by an arrow and corresponds to a Strouhal 

number of 0.157. 
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Figure 7. Shedding modes as a function of downstream location in the wake of a disk model. 
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Figure 8.  Shedding frequencies as a function of downstream location for all models. 
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a) 

b) 
Figure 9.  a) Power spectral density amplitude of the helical shedding mode as a function of downstream 

location; b) normalized power spectral density amplitude. For z/D < 3.0, ∆Um was taken to be U∞.   
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