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Abstract Three-dimensional (3D) flow structures around a wall-mounted short cylinder of an aspect ratio 1 were 
instantaneously measured by a high-resolution Tomographic particle image velocimetry (TPIV) in a water 
tunnel. Here both of the diameter D and height H of the cylinder is 70 mm. Tomographic PIV measurement was 
performed at Reynolds number of 8,570 according to the diameter of the cylinder by using four high-resolution 
double-exposure CCD cameras. Based on the measured instantaneous 3D velocity distribution, 3D velocity 
fields, the vorticity, the Q criterion, the rear separation region and the characteristic of arch type vortex and tip 
vortices are firstly discussed. This paper found a 3D W-type arch vortex behind the short cylinder, which is 
originated by the interaction between upwash and downwash flows. The head shape of arch vortex structure does 
not only depend on the aspect ratio of the cylinder, but also is associated with the cylinder diameter. 
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1  Introduction 

A strongly three-dimensional (3D) complex flow structure is originated by a finite circular cylinder, 
and the aspect ratio of the cylinder, i.e., the ratio of the height and diameter, has significant effect on 
the wake structure. It is different from the structure of an infinite circular cylinder [1], [2], owning 
to the effect of the cylinder free end and the connection between cylinder and ground plane [3]-[6]. 
The engineering field has many important applications, such as reducing drag and noise induced by 
designing the heat exchangers, structural vibrations, automobile, offshore structures and so on. The 
investigation of the complex flow structures of the finite circular cylinder can be found a lot. The 
Kármán vortex shedding from both sides of the cylinder, the horseshoe vortex and base vortex near 
the ground plane [3], [7] and a pair of streamwise counter-rotating tip vortices generating from the 
free end [8]-[10] can be observed. Lee [11] also informed that the structures of Kármán vortex cell 
are reduced related to the aspect ratio when the aspect ratio decreases. The tip-vortices [12]-[14] 
and a horseshoe vortex [15], [16] exist around a low-aspect-ratio cylinder, while alternating vortex 
shedding, i.e., Kárman street, cannot be found. In the case of a lower aspect ratio, “arch-type 
vortex” structure appears behind the cylinder [11] since the vortex from the free-end surface is 
influenced by the vortices shedding from the sides before reattaching to the ground. Sumner [17] 
and Porteous et al. [18] report details about the wake structures of finite-height cylinder. Recently, 
Rinoshika et al. [19]-[21] used the two-dimensional PIV measurement to clarify the wake 
structures, and proposed inclined holes and a horizontal hole to control the flow around the low-
aspect-ratio cylinder. Until now, most of the researches on the 3D wake structures behind a finite-
height cylinder are performed based on the two-dimensional PIV measurement. Based on the two-
dimensional PIV measurement, Pattenden et al. [4] analysed the mean flow fields behind a finite 
cylinder of an aspect ratio 1 and gave an arch vortex structure. Beside of horseshoe vortex and tip 
vortices, a large-scale stump arch vortex behind the cylinder is observed. Recently, Zhu et al. [22] 
firstly applied Tomographic PIV of six cameras (2058 x 2456 pixels2) to measure the 3D flow 
structures around a short wall-mounted cylinder (diameter=20mm) having an aspect ratio of 2. They 
first found that the arch vortex exhibits 3D M-shape behind the cylinder. It indicates that the shape 
of arch vortex may depend on the aspect ratio of the short cylinder, which is a very interesting and 
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challenging problem and thus becomes a target of this study. 
In order to clarify the 3D wake flow structures of low-aspect-ratio cylinders, the three-dimensional 
velocity fields, originated a short circular cylinder of a diameter D = 70 mm (aspect ratio of 1), are 
firstly measured by Tomographic PIV of high-resolution cameras in a water tunnel. The measured 
3D velocity distribution, the vorticity, the Q criterion, the rear separation region and the 
characteristic of arch type vortex and tip vortices are analysed.  
 

2 Experimental apparatus and Tomographic PIV Setup 

Our experiment was performed in a circular open water tunnel. The test section has a size of 3000 
mm (length) x 600 mm (width) x 700 m (height). As shown in Fig.1, a short circular cylinder with a 
height of H =70mm and a diameter of D = 70 mm (the aspect ratio of H/D = 1) was placed on the 
central axis of the bottom wall 1200 mm downstream of the test section entrance. The streamwise, 
spanwise and longitudinal directions were respectively indicated by the x, y, and z axes. The centre 
of the cylinder bottom surface is defined as the origin of the coordinate system. A free stream 
velocity was fixed at U = 0.162 m/s, corresponding to Reynolds number Re ( ν/UD≡ ) of 8,570. 
The experimental apparatus for the tomographic PIV measurements are shown in Fig.2. The PIV 
tracer particles of a mean diameter 10 µm were adopted. Illumination was provided by a dual-head 
Nd:YAG laser (500 mJ/pulse, 532 nm wavelength) with a pulse separation time of 3 ms, which 
yields average displacements of approximately 0.48 mm (8 pixels) in the free-stream region. The 
optical lenses and the mirror were designed to generate an 80 mm thick light sheet illuminating the 
tracer particles around the cylinder. The light sheet was perpendicular to the test section bottom. 
Four high-resolution (6600 x 4400 pixels2, 12bit) double-exposure CCD cameras (IMPERX SM-
CCDB29M2) were applied to record the measurement domain simultaneously, and the viewing 
angles were approximately 470 between cameras. The laser and cameras were controlled by a 
synchronizer and the sampling frequency was set at 0.25 Hz. 
The measurement volume was in the coordinate range [-115; 130], [-70; 70], [0; 100] (mm) with a 
digital imaging resolution of 0.075 mm per pixel, so that its corresponding physical domain had a 
size of 245 x 140 x 100 mm3. Tomographic PIV was applied in the present investigation for its 
ability to display the distribution of average and instantaneous three-dimensional velocity. The 3D 
vector calculation was performed through a multi-pass correlation analysis with a deforming 
interrogation window. In the final pass, the interrogation volume was 32 x 32 x 32 voxel with 50% 
overlap, resulting in to a spatial resolution of 2.4 mm and a vector pitch of 2.4 mm. 
 

                    
Fig.1 A surface mounted finite length cylinder model            Fig.2 Tomographic PIV setup 
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3  Results and discussion 

Figure 3 shows the 3D isosurface of u/U=0 and the time-mean contour of the streamwise velocity behind the 
short cylinder. The isosurface of u/U=0, which is averaged over 300 snapshots, exhibits the 3D rear 
recirculation zone. Near the plane of y/D=0, a lower surface is clearly identified, which corresponds to Zhu 
et al. [22]. Such concavity region is formed due to the downwash flow from the free end surface. The 
recirculation zone gradually contracts along the main flow direction, and comes to an end at the downstream 
location of about x/D= 1.6 owing to the interaction of the vortex shedding from the cylinder sidewall and 
free end.  
 

    
 Fig.3 The mean isosurface of 𝑢𝑢�/𝑈𝑈=0 with                                    Fig.4 The 3D mean streamlines 
the streamlines and contour of the streamwise velocity 
 
Figure 4 shows the 3D mean streamlines of rear recirculation zone near the short cylinder. A 3D large-scale 
vortex is evidently exhibited, and the centre line of the large-scale vortex is bent in the form of half circle. 
The vortex diameter at the centre plane of y/D=0 is the largest and shrinks close to the ground plane due to 
the interaction between the vortex shedding from the cylinder sidewall and ground plane. 
 It is a well-known that the tip vortex pair originating from the free end is a kind of important vortices in the 
wake of the finite-length cylinder. Figure 5 displays the 3D isosurface of  mean streamwise x-vorticity of 
𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 = ±0.7 behind the short cylinder, which is plotted as red and blue indicating positive and negative 
vortex, respectively. A streamwise vortex pair occurring from the free end surface is evidently extracted from 
TPIV. The streamwise vortex pair exhibits a dipole type and extends downstream to the ground plane due to 
the effect of the downwash flow.  
 

       
Fig.5 The isosurface of streamwise vorticity                 Fig.6 The mean isosurface of Q/(U/D)2=7 colored by  

 𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 = ±0.7                                                             the streamwise vorticity 𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 
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It is a well-known fact that the arch vortex exists in the low-aspect-ratio cylinder wake [4]. Zhu et al. [22] 
had experimentally confirmed the existence of the 3D arch vortex in the cylinder wake with an aspect ratio 
of 2 by TPIV. In this study, we also use the Q criterion to extract the arch vortex structure and its main 
features in the cylinder wake with an aspect ratio of 1.  
The Q criterion is calculated by 

𝑄𝑄 = (‖Ω‖2 − ‖𝑆𝑆‖2)/2                                                                         (1) 
Where Ω and S represent the tensor of the angular velocity and the tensor of strain rate, respectively. ‖‖ 
shows the Euclidean norm. The Q criterion may be used to identify the vortical structures by the excess 
rotation relative to the strain rate, which is normalized by (U/D)2 in this study. 
Figure 6 shows the 3D isosurface distribution of Q/(U/D)2=7 colored by the streamwise vorticity 𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 in 
the time-averaged flow field. The arch vortex structure clearly exhibits a W-type head instead of a reversed 
U [4] or an M shape [22] standing on the ground plane behind the short cylinder. Two concave parts near the 
two sides of the horizontal part are evidently observed in W-type arch structure, which is caused by the 
downward flow from the free end and tip vortex. The center convex of the horizontal part on the W-type arch 
structure is induced owning to the strong upwash effect of the large flow separation behind the cylinder as 
indicated in Fig.6. Being different from M-sharp [22], the larger distance between two tip vortices results in 
the weaker effect of tip vortices on center part of the head even though they have strong vorticity at the two 
sides of the arch head, which is described later.  
 
 

 
(a) x/D=0.7             (b) x/D=1.0                                         (c) x/D=1.4 

 
                   (d) x/D=1.8                                       (e) x/D=2.2                                     (f) x/D=2.7 
Fig.7 The mean velocity vectors with the contour of the mean streamwise vorticity 𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 in the (y, z)-plane 
 
The time-averaged velocity vectors with the contour of the streamwise vorticity 𝜔𝜔�𝑥𝑥𝐷𝐷/𝑈𝑈 in the (y, z)-plane at 
x/D=0.7, 1.0, 1.4, 1.8, 2.2 and 2.7 are plotted in Fig.7, which visualizes the distribution of 3D velocity and 
vorticity fields (Fig.4) in the rear view planes. At the location of x/D=0.7, a pair of tip vortices can be clearly 
observed. The upwash and downwash flows can be seen between two tip vortices near the top surface the 
cylinder, which is an important reason forming the W-type head of arch structure. As going downstream at 
x/D=1.0, the strong downwash is found near the free end surface and two tip vortices are deformed. It is 
inferred that the W-type head of arch vortex is destroyed at this location. At the downstream locations of 
x/D=1.4 and 1.8, two tip vortices become dispersed and go down due to the effects of the downwash flow 
and other vortices. Meanwhile their vorticity intensity decreases evidently and becomes weak. At the further 
downstream of x/D=2.2 and 2.7, two tip vortices further decrease and approach to the ground plane. 
 

𝝎�𝒙𝑫 𝑼⁄
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4  Conclusions 

To clarify the 3D flow structures behind a wall-mounted short cylinder, the Tomographic PIV measurements 
are carried out in this study. The main results are shown as follows. 
(1) A 3D W-type arch vortex is first found behind short cylinder. The “head” of the horizontal part is 

induced by the upwash flow of the large flow separation, and the “shoulders” of the horizontal part are 
caused by the downward flow and tip vortices. 

(2) The horizontal shape of arch vortex structure does not only depend on the aspect ratio of cylinder, but 
also is related to the cylinder diameter. 
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