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Abstract
The flow over a hemisphere-cylinder has been studied at various
angles of attack (AoA): 10, 20 and 25 and at Reynolds number
between 1000 and 3000. This paper presents an experimental
approach to characterise turbulent flow structure generated by
such axisymmetric body. Time-resolved particle image
velocimetry (PIV) measurement has been conducted to provide
both spatial and temporal information of the flow field. Proper
orthogonal decomposition (POD) has been performed on such
experimental result to identify the dominant features in the flow.
Introduction
The focus of this paper is on the coherent structure generated by
the flow over a hemisphere cylinder. In the past, both numerical
and experimental studies have been done to outline the dominant
features in such flow field.
Numerical methods have been proven to play an important role in
providing the details of turbulent structure in the past. Nose
vortices unleashed by flow separation have appeared in several
studies on the hemisphere cylinder model [1, 2, 5].
Flow topology in terms of describing skin friction lines and the
flow pattern is another direction that has generated various
interests [3, 4, 6, 7]. The experimental research on flow
separation and topology studies is usually aided by flow
visualisation techniques such as paint coating and dye injections.
The former is used to show the flow characteristics on the body
surface, while the latter is employed to present features above the
surface. However, no quantitative information can be extracted
from those experiments.

Proper orthogonal decomposition (POD) analysis has been
applied to the PIV results. It is useful in determine the most
energetic flow structures in terms of kinetic energy. The study of
these structures provides a better understanding of the flow
motion.
Experimental Descriptions
The experimental testing is conducted in the horizontal water
tunnel located at Laboratory for Turbulence Research in
Aerospace and Combustion (LTRAC) in Monash University. The
test section of the tunnel has a square cross section of 500𝑚𝑚×
500𝑚𝑚 and an overall length of 5m. The free stream turbulent
intensity is estimated to be around 1%.
The model used for this experiment comprises a cylindrical body
with a hemispherical nose. The model is 200mm in length and
has a diameter of 25mm. The model is machined from plastic
material and was painted black with a matte finish to ensure
minimum reflection of laser light during the experiment. The
model is mounted on a sting from behind, which is then
positioned on a turntable. This arrangement can be seen as part of
the experimental setup illustrated in Figure 1. The mounting
arrangement ensures pitch and yaw angle of the model can be
altered during the experiment from above the tunnel. The yaw
angle is set to zero for the present experiment. The measurement
plane is the symmetry plane, parallel to the incoming flow. the
pitch angle varies from 10 to 25 degrees. The Reynolds number
is calculated based on the diameter of the model, and is between
1000 and 3000.

The dynamic character of the flow field has also been
investigated experimentally by embedding hot wires in the flow
to extract frequency information. Hoang et.al. [8-10] identified
periodic and organised unsteadiness in the wake of hemispherecylinder at moderate angle of attack. But detailed features cannot
be identified with mere frequency information.
Hence in this experimental study, both flow visualisation that
contains quantitative information and analysis of dynamic
features of the flow field are explored. This is made possible by
planar PIV measurement and POD analysis.
Particle Image Velocimetry is a measurement technique well
adapted to the study of turbulent flow. Information on the spatial
structure of the velocity field can be obtained quantitatively. In
this study, time-resolved PIV has been employed. With the aid of
high speed laser and camera, temporal information can also be
extracted from the experimental data.

Figure 1. Experimental Setup

For the present investigation, particle image velocimetry has been
carried out. The tunnel is seeded with 11 micron Potter’s hollow
glass spheres, which have the density of 1.01𝑘𝑔/𝑚! . High speed
laser and camera are employed to take time-resoled planar PIV
measurement. A PCO. Dimax camera equipped with 100mm

Zeiss Macro Lens is used in the experiment. The field of view of
this experiment is 2000×800𝑝𝑖𝑥𝑒𝑙 ! , which is equivalent of
90×36𝑚𝑚!   in physical space. The magnification is estimated to
be 0.045mm/pixel. The illuminated plane essential to a PIV
experiment is produced by a Quantronix laser with the energy of
up to 60mJ per pulse. The time between two laser pulses is set to
be between 2.6 and 8ms to ensure the maximum displacement of
the particle is always around 12pixel. The sampling rate
throughout the entire experiment is set to be constant, at 60Hz.
This sampling rate is determined by the results from previous
experiment. 5000 image pairs per set have been collected for PIV
and subsequent POD analysis in the present paper.
Analysis Method

numbers. For the case shown Figure 2(a) where Re= 1000, no
sign of reattachment can be detected in the field of view. While
as Reynolds number increases to 2000 and 3000, the formation of
a separation bubble can be observed. The presence of such
phenomenon is more obvious with the aid of streamlines as
shown in Figure 2(c) and (e).
POD analysis has been applied to the planar PIV results. The
energy content of the first 15 most energetic modes has been
plotted and compared across different conditions in Figure 3. As
can be seen, each case experiences an exponential decay in
energy rate. In all cases, 80% of the kinetic energy is contained
within the first six modes.

The experimental data has been pre-processed before PIV
analysis to remove the background noise and ensure higher
accuracy in results.
Multigrid cross-correlation digital PIV (MCCDPIV) analysis is
then used to acquire instantaneous velocity field measurement of
the flow. Further details on such processing method can be found
in work done by Soria et.al. [11]
Proper orthogonal decomposition (POD) analysis can then be
applied to the resulted data in order to extract detailed features
from the flow field. Snapshot POD [12] which is better suited for
the application of experimental data is used in this study. It is a
technique able to represent a least-order snapshots ensemble.
Data analysis using POD is often conducted to extract ‘mode
shapes’ or basic functions from available data.
POD is used to determine an optimal subspace of reduced
dimension, in the sense that the error due to the projection on this
subspace is minimal. The idea behind POD analysis is to find a
function basis 𝜙 ! (𝑥) that most faithfully represents a random
vector function, 𝑢(𝑥, 𝑡) using the form:
𝑢 ! 𝑥, 𝑡 =

!
!
!
!!! 𝑎! (𝑡)𝜙 (𝑥)

(1)

With 𝜓 = [𝜙! 𝜙 ! … 𝜙 ! ], such that describes 𝑢(𝑥, 𝑡) better than
any other representation of the same dimension using any other
function basis. Each time-dependent expansion coefficient 𝑎!! , is
termed chromos (time), while the space-dependent coefficient 𝜙 !
is called topos (space) [13].
Given a set of data (snapshots) {𝑢 ! ∈ 𝐻|𝑘 = 1, … , 𝑁}, the aim is
to determine a subspace S of dimensions 𝑀 < 𝑁, such that the
error 𝐸( 𝑢 − 𝑃! 𝑢 ) is minimised, (this includes the induced
norm of the Hilbert space 𝐻 . , with inner product . , . , where
𝑃! denotes the orthogonal projection onto 𝑆 and 𝐸 . is an
average operator over k). This minimisation problem leads to an
eigenvalue problem [14].
In order to increase the accuracy of the result, a smaller domain
of 1500  𝑝𝑖𝑥𝑒𝑙  ×  600  𝑝𝑖𝑥𝑒𝑙 has been used for POD analysis.
This is because the full size image contains higher discrepancy in
energy rates which may be generated by random noise. Hence
more snapshots might be needed for the result to reach
convergence. For each case presented, POD analysis has been
applied to 5000 snapshots. Convergence of the Energy content
has been reached across all conditions. Details on the effects of
ensemble size can be found in the Breuer and Sirovich’s work
[16].
Results
The effect of change in Reynolds number and angle of attack on
the flow structure over a hemisphere cylinder is investigated.
Time-averaged streamwise and spanwise velocity contours from
the planar PIV measurement are presented in Figure 2. Flow
separation can clearly be observed across all different Reynolds

(a) Re=1000, U mean

(b) Re= 1000, V mean

(c) Re= 2000, U mean

(d) Re= 2000, V mean

(e) Re= 3000, U mean

(f) Re= 3000, V mean

Figure 2. Normalised mean velocity contour at AoA= 10.

As shown in Figure 3(a), the energy content decreases drastically
as the Reynolds number increases from 1000 to 2000, while the
change in energy level between Reynolds number 2000 and 3000
is less significant. One explanation of such behaviour can be the
presence of separation bubble for higher Reynolds number cases.
Further details on the change in dominant structures of the flow
over a hemisphere cylinder model can be studied by examining
the mode shapes. The result can be found in Figure 4. The
eigenvectors are normalised by 𝑈!"# and 𝑉!"# respectively for
each case. Only the first two POD modes for each case are
presented in this paper. Together, they make up to nearly half of
the energy content for the entire flow. A transition in dominant
structure can be observed as Reynolds number increases. In
Figure 4(a) and (e) the mode shape mainly focuses on the U
separation region while U mode-2 experience significant change
in mode shape. Figure 4(g) shows a periodic pattern which
resembles vortex shedding. The most representative transitional
pattern can be found in Figure 4(f) where part of mode shape still
resembles 4(b) while an periodic mode shape start forming near
the hemisphere cylinder model. The first two dominant modes in
the case where Re=3000, and AoA= 10 resemble vortex shedding
pattern. It is unique in the sense it cannot be observed at higher
Reynolds number cases shown in Figure 5.
The effect of change in angle of attack is then examined. There’s
only a slight drop in energy rate as the angle of attack increases.
As mentioned earlier a clear periodic pattern, which resembles
vortex shedding in Figure 4 can no longer be found as angle of
attack increases. The round shaped pattern has elongated and
deformed. For the first POD mode at AoA=20, the pattern forms
around the separation region. As angle of attack increases to 25,
the pattern is clearly in the wake. The dominant structure which

is represented by the second POD mode has changed more
significantly with the change in angle of attack as shown in
Figure 5(c), (d) and 5(g), (h).
(i) Re= 3000, U-mode 1

(k) Re= 3000, U-mode 2

(j) Re= 3000, V-mode 1

(l) Re= 3000, V-mode 2

Figure 4. Two most energetic POD mode at AoA= 10.

(a) AoA= 20, U-mode 1

(b) AoA= 20, V-mode 1

(c) AoA= 20, U-mode 2

(d) AoA= 20, V-mode 2

(e) AoA= 25, U-mode 1

(f) AoA= 25, V-mode 2

(g) AoA= 25, U-mode 2

(h) AoA= 25, V-mode 2

(a) Different Reynolds number at AoA= 10.

Figure 5. Two most energetic POD mode at Re= 2000.

Conclusions
(b) Different AoA at Re= 2000.
Figure 3. POD energy content of the first 15 most energetic modes.

(a) Re= 1000, U-mode 1

(b) Re= 1000, V-mode 1

(c) Re= 1000, U-mode 2

(d) Re= 1000, V-mode 2

Turbulent flow structures have been studied for the flow over a
hemisphere cylinder at different Reynolds number (1000, 2000
and 3000) and angle of attack (10, 20 and 25). Time-resolved
PIV measurements were performed in the symmetry plane of
such model. Flow separation can clearly be observed across all
conditions investigated. The formation of a separation bubble can
be detected at Re=2000 and 3000. POD analysis has been
performed on experimental data. There is a significant drop in
energy level of the first POD mode as the Reynolds number
increases from 1000 to 2000. A transition in dominant structure
of the flow field can clearly be observed as Reynolds number
increase. The dominant feature for the case where Re= 3000 and
AoA= 10 is the periodic pattern which resembles vortex
shedding. This phenomenon can not be observed at higher angle
of attack cases.
Acknowledgments

(e) Re= 2000, U-mode 1

(f) Re= 2000, V-mode 1

Thanks Defence Science and Technology Organisation (DSTO)
for providing the model and the financial support during the
entire project.
References

(g) Re= 2000, U-mode 2

(h) Re= 2000, V-mode 2

[1] Hsieh, T. and Wang, K. C., Three-dimensional separated
flow structure over a cylinder with a hemispherical cap, J.
Fluid Mech, Vol. 324, pp. 83-108Goosens, M., Mittlebach,
F. & Samarin, A., The LaTeX Companion, Addison-Wesley,
1994.

[2] Wang, K.C. and Hsieh, T., Separation patterns and flow
structures about a hemisphere-cylinder at high incidence,
AIAA paper, 1992, pp. 92-2712.
[3] Tobak, M. and Peake, D. J., Topology of Three-Dimensional
Separated Flows, Ann. Rev. Fluid Mech. 1982. 14: 61-85.
[4] Peak D. J. anad Tobak, M., Three dimensional flows about
simply components at angle of attack, NASA Technical
Memorandum, Vol. 84226, 1992.
[5] Mead, A. J. and Schiff, L.B., Experimental study of threedimensional separated flow surrounding a hemispherecylinder at incidence , AIAA paper, 1987, pp. 87-92.
[6] Fairlie, B. D., Flow Separation on Bodies of Revolution at
Incidence, 7th Australian Hydraulics and Fluid Mechanics
Conference, Brisbane.
[7] Perry, A.E. and Chong M.S., A description of eddying
motions and flow patterns using critical-point concepts.
[8] Hoang, N. T., Rediniotis, O. K. and Telionis, D. P., the
Dynamic Character of Hemisphere-cylinder Wake,
Experiment in Fluids 26(1999)415-423.
[9] Hoang, N. T., Rediniotis, O. K. and Telionis, D. P.,
Dymmetric and asymmetric separation patterns over a
hemisphere cylinder at low Reynolds number and hih
incidences, J. of Fluid and Struct., Vol. 11, 1997, pp. 793817.

[10] Hoang, N. T., Rediniotis, O. K. and Telionis, D. P.,
hemisphere cylinder at incidence at intermediate to high
Reynolds numbers, J. Fluid and Struct., Vol. 37, 1997, pp.
1240-1250.
[11] Soria, J., Carter, J. and Kostas, J., High resolution multigrid
cross-correlation digital PIV measurements of a turbulent
starting jet using half frame image shift file recording, Opt
Laser Thecnol, 1999, 31:3-12
[12] Sirovich, L., Turbulence and the dynamics of coherent
structures, Parts I-III, Q. Appl. Math, Vol. 45, 1987, pp. 561.
[13] Aubry, N., Guyonnet, R. and Lima, R., Spatiotemporal
analysis of complex singals: theory and applications, J. Stat.
Phys., Vol. 64, 1987, pp. 683-739.
[14] Holmes, P., Lumley, J., Berbooz, G., Turbulence, Coherent
structures, symmetry and dynamical system, Cambridge
University Press, 1996.
[15] Rediniotis, O. K., Hoang, N. T. and Telionis, D. P., 1999,
Hemisphere-Cylinder in Dynamic Pitch-Up Motions, AIAA
Journal, Vol. 37, No. 12
[16] Breuer, K. and Sirovich, L., The use of the Karbunen-Loeve
procedure fr the calculation of linear eigenfunctions, J
Comput Phys, 1991, 96(2): 277-296

