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Abstract 
The flow induced by a rotating object in a vessel can be seen in fluid machinery 
such as centrifugal pumps and water turbines. This research focuses on the 
flow induced by rotating objects, especially the flow around the disk rotor in 
the vessel, and visualization experiments are being conducted. The following 
results were obtained by comparing the respective flow fields at different 
Reynolds numbers in a 3D visualization using Q-value. At r = 117 mm, when 
the vortex was well developed, two vortices were observed at both Reynolds 
numbers, although their visibility varied depending on the turbulence of the 
vortex. On the other hand, at r = 127 mm, two to four vortices were observed 
between Re = 3000 and 20,000. As the radius increases, the gap distance nec-
essarily decreases. Therefore, the velocity gradient becomes larger. As the ve-
locity gradient increases, turbulence is more likely to occur, and therefore, a 
variety of vortex structures may appear as in the case of r = 127 mm. It was 
found that the number of vortices may differ from region to region, as in the 
results for r = 127 and Re = 6000. 
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1. Introduction 

Flows around a rotating body and swirling flows around a stationary body give 
simple but important phenomena including Kármán flow, Bödewadt flow and 
Taylor vortex flow, and they have engaged historical interests in theoretical, ex-
perimental and numerical studies. The cylindrical rotor-stator cavity flow is the 
flow between a rotating disk and a stationary disk enclosed by an outer casing, 
and it presents one of the three-dimensional cross flow models [1] [2]. The rota-
tion of the disk makes an Ekman layer on the rotating disk and a Bödewadt layer 
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on the stationary disk. With an increase of the rotation rate of the disk, various 
flow patterns appear [3], and the development of the flow has been investigated 
by experimental [4] and theoretical [5] approaches. In case of a narrow interdisk 
gap [6], the first instability of circular waves appears in the boundary layers on the 
rotating and the stationary disks, and the secondary instability of the spiral rolls 
emerges via Hopf bifurcation. Then, the solitary waves and the flows including 
turbulent spots appear. When the interdisk gap is wide, the boundary layers are 
separated and the basic flow has a core region. In this flow, transitions appear 
through circular rolls, spiral rolls and wavy turbulence [7]-[9]. Two types of in-
stabilities appear: type I instability based on the inflection of the velocity profile, 
which initializes spiral rolls at higher rotation rate, and type II instability con-
cerned with the Coriolis force and viscous force, which promotes circular waves 
and spiral rolls at lower rotation rate [10]. When the interdisk gap is very wide 
and it is comparable with the radii of the rotating and stationary disks, the axial 
flow becomes dominant and the vortex breakdown phenomena may emerge [11]. 

The flow induced by a rotating object in a vessel can be seen in fluid machinery 
such as centrifugal pumps and water turbines. The impeller plate and the upper 
and lower walls of the vessel can be approximated as a rotating disk and a fixed 
disk, and this is a field that has been studied by many researchers. This research 
focuses on the flow induced by rotating objects, especially the flow around the 
disk rotor in the vessel, and visualization experiments are being conducted. 3D 
calculations are performed, and the goal is to analyze the flow when it is suffi-
ciently developed, and to visualize and compare the flow at two different radii. 
 

 
Figure 1. Analysis target. 

2. Analysis Target  

The flow field analyzed in this experiment is that of a rotating disk driven by a 
shaft in a stationary cylindrical vessel. Figure 1 shows a schematic diagram of the 
analysis target. The cylindrical vessel containing the test fluid consists of two fixed 
disks (top and bottom) and a cylindrical frame with an inner diameter of 142.0 
mm and a thickness of 40.0 mm sandwiched between them. The dimensions of 
the rotating disks installed inside the vessel are 117 mm and 127 mm in radius 
and 30.0 mm in thickness. These radius values were chosen to match the experi-
mental studies currently in progress, and we have experimentally confirmed that 
the flow regime changes with the radius. The disks are mounted on a rotating shaft 
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with a shaft diameter of 20.0 mm. In the flow pattern between the rotating and 
fixed disks, the flow between the two disks, the disk fastening is 20.0 mm in diam-
eter, the same as the axis of rotation, to make the space in the vessel symmetrical 
across the rotating disk. 

The three analytical conditions in this experiment are the number of lattices, 
the Reynolds number, and the time step width. The number of lattices is 265 in 
the radial direction, 338 in the circumferential direction, and 81 in the axial direc-
tion of the cylindrical vessel, for a total of 7,255,170 lattices, and the Reynolds 
number is from 3000 to 20,000 in increments of 1000. The time increment range 
shall be 0.001 seconds. 

3. Calculation and Visualization Methods  
3.1. Governing Equation  

The governing equations are the unsteady incompressible Navier-Stokes equation 
with cylindrical coordinates (r, θ, z) (Equation (1)) and the equation of continuity 
(Equation (2)). 

 ( ) 2 1
Re

u u u p u
 t

∂
+ ⋅∇ = −∇ + ∇

∂
 (1) 

 0u∇⋅ =  (2) 

Here, u is a velocity vector with the components of (u, v, w), t is a dimensionless 
time based on a representative time, and p is the pressure. The discretization of 
the governing equations is based on the MAC method. For time integration, Eu-
ler’s explicit method is used. For space integration, the QUICK method is used for 
the convection terms, and the secondary central difference method is used for 
other terms. As an initial condition, the velocity is set to 0 in all regions. As bound-
ary conditions, the no-slip condition at each cylinder wall is applied for the veloc-
ity, and the Neumann condition based on the equation of motion is applied for 
the pressure. Staggered grids are used as calculation grids and are assumed to have 
regular intervals in each direction. The number of the grid points in the radial 
direction is 41, and one in the axial direction is determined linearly according to 
the height of the cylinders. It was confirmed that the flow state does not change 
qualitatively even if the number of grids is doubled. The time step was also deter-
mined by verifying the Courant number and the diffusion number. The working 
fluid is assumed to be a glycerin aqueous solution. 

3.2. Q-Criterion  

To visualize the vortex structure in a flow, we use the Q-criterion to visualize the 
vortex. It is a way to define the vortex using the coincidence of the vortex region 
in the flow and the region where the second invariant of the velocity gradient ten-
sor of the flow field is Q > 0. The velocity gradient tensor ijD  can be written 
using the target component ijS  and the non-target component ijΩ  as follows. 

 ( )       , 1, 2,3j
ij ij ij

i

u
D S i j

x
∂

= = +Ω =
∂

 (3) 
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The target component is called the strain rate tensor, and the non-target com-
ponent is called the vorticity tensor. Each can be written as follows. 

 ( )1
2ij ij jiS D D= +  (4) 

 ( )1
2ij ij jiD DΩ = −  (5) 

The second invariant of the velocity gradient tensor, called the Q-criterion, can 
be written using ijS  and ijΩ  as follows. 

 ( )1
2 ij ij ij ijQ S S= Ω Ω −  (6) 

Expanding the above equation in the cylindrical coordinate system (r, t, z) 
yields the following. 

2 2 21 1
2

u v u wQ
r r r zθ

 ∂ ∂ ∂      = − + + +      ∂ ∂ ∂       
 

 1v u w u w v
r r r z r zθ θ
∂ ∂ ∂ ∂ ∂ ∂ − − − ∂ ∂ ∂ ∂ ∂ ∂ 

 (7) 

From this equation, for Q > 0, we can define a region where the rotational mo-
tion is greater than the flow strain, which describes the vortex region. 

4. Results 

The results of Q-values at 100 s for Reynolds numbers 6000 and 9000 at 117 mm 
radius, and for Reynolds numbers 6000 and 9000 at 127 mm radius are shown. 

4.1. Vortex Structures 

There are four main representative vortex structures that appear in the top view. 
They are shown on Figure 2. The left figure is Ring-like vortex. The figure on the 
right is Bead-like vortex consisting of a series of spherical or elliptical vortices in 
the shape of beads.  

 

 
Figure 2. Vortex structures in top view.  
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Figure 3. Measurement section used in top view.  

4.2. Measurement Section Used in Top View  

The top view shows a cross-section of 2 mm from the top inside the vessel as 
shown in Figure 3. Previous studies have shown that this cross-section is the most 
likely to exhibit flow characteristics. 

4.3. Visualization at r = 117 (mm), Re = 6000, t = 100 (s) 

Figure 4 shows a visualization of the Q-value at 117 mm radius, Reynolds number 
6000, and 100 s. For the top view, two layers of Ring-like vortices are formed. For 
the side view, two upper and lower target vortices are formed. 
 

 
Figure 4. Visualization at r = 117 (mm), Re = 6000, t = 100 (s). 

4.4. Visualization at r = 117 (mm), Re = 9000, t = 100 (s) 

Figure 5 shows a visualization of the Q-value at 117 mm radius, 9000 Reynolds 
number, and 100 seconds. In the top view, long, stretched-looking Bead-like vor-
tex can be observed, with elliptical vortices scattered irregularly on the outside. In 
the side view, the symmetry is broken, but a coherent vortex shape can be seen. 

 

 
Figure 5. Visualization at r = 117 (mm), Re = 9000, t = 100 (s). 
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4.5. Visualization at r = 127 (mm), Re = 6000, t = 100 (s) 

Figure 6 shows a visualization of the Q-value at 127 mm radius, Reynolds number 
6000, and 100 seconds. A special vortex structure was observed under these con-
ditions. In the top view, one stable Ring-like vortex was observed. In the side view, 
different numbers of vortices were observed in different areas. Four vortices were 
observed in reference section (a) and the surrounding area. The top two vortices 
are rounded and the bottom two are elliptical. The red region is biased toward the 
outside of the vessel. Three vortices were identified in and around the cross sec-
tion (b) at 120˚ from the reference cross section (a). The top and middle vortices 
are identical to (a). In the section (c) at 264˚ from (a) and its vicinity, three vortices 
and one vortex that seems to have failed to form were observed. The lowest vortex 
has a collapsed shape. The top two vortices are almost the same shape as (a) and (b). 
 

 
Figure 6. Visualization at r = 127 (mm), Re = 6000, t = 100 (s). 

4.6. Visualization at r = 127 (mm), Re = 9000, t = 100 (s) 

Figure 7 shows a visualization of the Q-value at 127 mm radius, 9000 Reynolds 
number, and 100 seconds. In the top view, Bead-like vortex with a series of tail-
like vortices was observed on the outside, and a vortex transitioning from Ring-
like vortex to Bead-like vortex was observed on the inside. In the side view, a col-
lapsed vortex with a top and bottom target was observed. 
 

 
Figure 7. Visualization at r = 127 (mm), Re = 9000, t = 100 (s). 
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5. Conclusion  

The following results were obtained by comparing the respective flow fields at 
different Reynolds numbers in a 3D visualization using Q-value. At r = 117 mm, 
when the vortex was well developed, two vortices were observed at both Reynolds 
numbers, although their visibility varied depending on the turbulence of the vor-
tex. On the other hand, at r = 127 mm, two to four vortices were observed between 
Re = 3000 and 20,000. As the radius increases, the gap distance necessarily de-
creases. Therefore, the velocity gradient becomes larger. As the velocity gradient 
increases, turbulence is more likely to occur, and therefore, a variety of vortex 
structures may appear as in the case of r = 127 mm. It was found that the number 
of vortices may differ from region to region, as in the results for r = 127 and Re = 
6000. The numerical results obtained in this study are qualitatively consistent with 
the results of our ongoing experimental study, which we plan to publish in a future 
paper. 
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