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ABSTRACT
The structure of a rotating flow is studied by Reynolds-averaged Navier-Stokes (RANS) numerical simulation. The
fluid is contained in a cylindrical tank with fixed vertical sidewall. The flow is driven by the rotation of the bottom
plate. The free surface shape is calculated by the level set method, and this study is restricted to the case where the
free surface is plane. During simulations, the fluid taken into account is water. The Reynolds number and the aspect

ratio of the flow are the varying parameters. The values of The Reynolds humber used in the simulations are 104,

10° , and 10° , for the aspect ratio, they are 0.66, 1 and 1.33. Velocity fields variations are represented along three
different radial line segments. One at the bottom of the cylinder, one at the half of the initial fluid height, and the
last at the free surface. The velocity magnitude increases with time and when Reynolds number grows. Radial and
azimuthal velocity components decrease with growing aspect ratio, and vertical velocity keeps the same scale. For
every value of the parameters, the motion direction is described as followed: at the rotating bottom, the fluid goes
from the center to the sidewall, near which it is upward. At the free surface and at half of its height, the fluid is
tending to move toward the center. And at a certain distance from the fixed sidewall, the fluid motion is downward.
This flow structure is consistent with the structure found in experimental studies reported in [5] and [6].

Keyword: - rotating flow, Reynolds-averaged Navier-Stokes (RANS), free surface, level set method.

1. INTRODUCTION

Rotating flows are subject of research because of their applications in geophysical fluids and in engineering domain.
In particular, flow over rotating disks have been highly investigated in the past two decades. The most popular
configuration used consist of a cylindrical tank with rotating bottom and fixed sidewall, filled with a liquid. This
particular interest comes from the fact that its free surface is the seat of a phenomenon called the rotating polygons
in the literature [1,2,3,4,5,6,7,8]. This phenomenon appears by the loss of axial symmetry and the formation of
polygonal patterns on the free surface [5,6]. When the rotation rate of the bottom is high enough, the free surface
shows polygonal patterns [6]. Polygons with up to 8 corners have been observed in [9] as shown in fig -1.

The structure of this type of flow was described in [5] and [6] as having an azimuthal flow in the same direction as

the rotating bottom, outward at the rotating bottom, inward at the free surface and upward near the fixed cylinder
wall. The goal of this work is to determine if the structure of the flow with a numerical model shows the same

11220 www.ijariie.com 958



Vol-6 Issue-1 2020 IJARIIE-ISSN(O)-2395-4396

characteristics than in these experimental cases. The numerical model adopted is the Reynolds-averaged Navier-
Stokes equations (RANS) implemented with the finite element method.

In this paper, section 2 is devoted to the governing equations. The RANS equations are used for simulating the fluid
flow, and the level set method for calculating the free surface shape. The results are in section 3, where the motion
of the fluid in the radial, azimuthal and vertical directions are presented. Then conclusion is in section 4.

Fig -1: Polygons on free surface from 8 to 3 corners (source [9D)

2. GOVERNING EQUATIONS

The cylindrical container in which the fluid is in motion is sketched fig -2. In this work, the fluid used in simulations
is water. Velocity and pressure prevailing within the flow are obtained by solving the Navier-Stokes equations, and
the free surface shape is determined by the level set method.

Immaobile sidewall

Rotating bottom

Fig -2: Cylindrical tank

2.1 Turbulence Modelling
Newtonian fluids flow is governed by the Navier-Stokes equations:

%Jr(aﬁ)u’—vAM— =— (1.1)

Solving the Navier-Stokes equations for turbulent flows is highly expensive in terms of time and memory. To avoid
these constraints, the Reynolds Averaged Navier-Stokes (RANS) equations are solved instead of the the Navier-
Stokes equations. RANS equations are obtained by decomposing velocity and pressure in mean and fluctuating part:

u=0+u', p=p+p’ (1.2)
where U, is the i component of the velocity.

Substituting equation (1.2) in equation (1.1) leads to the appearance of the Reynolds-stress term 7; = U, 'u i " which

contains six new unknowns. There are several methods to obtain those new unknowns, leading to different models.
The one used in this work is the called K-o model. As mentioned in [10], the system of partial differential equations
of the K-w model is:

on, _ou _ o 0T Oy
o ok ox | oxox, o
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where Einstein summation convention is applied when indices is repeated, K = Eui U, " is the turbulent kinetic

« * . : . £ .
energy, %,, 7», ¥ , 0,,C and o, are nondimensional constants, | is the turbulence length scale, a):E is

the reciprocal turbulent time scale and & is the turbulent dissipation rate.

2.2 Interface tracking

The free surface shape is calculated with the level set method. This method was first introduced by Osher and
Sethian [11] and consist to introduce a level set function whose null value corresponds to the interface. Let €2, be

the domain containing the water, €, be the one containing the air and I'; is their common boundary (the free
surface). The level set function is defined as:
o(X,y,2,t) >0 for M(X,y,2) € Q)

o(X,y,2,t) <0 for M(Xx,y,2) €Q,

o(X,y,2,t) =0 for M(X,y,2) eI,
The motion of the free surface is given by the convection of the level set function @ :

op . =
—+0-Vp=0 1.9
o Q@ (1.9

where U is the velocity of the water.

3. FLOW STRUCTURE

The flow structure has been investigated for varying Reynolds number Re = RZQ/ v and aspect ratio I’ = H/R,
where R is the radius of the cylindrical tank , € is the angular frequency of the rotating disk, v is the kinematic
viscosity of water and H is the initial free surface height and. I" is varied by fixing the value of R and varying H

. The range of Reynolds number used during simulations are 10*, 10° and 10° , and 0.66, 1 and 1.33 for the aspect
ratio.
The velocity components are the cylindrical ones: radial, azimuthal and vertical components. The variation of each

of these components are shown as a function of the radial coordinate I at three (3) different heights (at z =0, at
Z= H/2 and at Z=H ). The variation of the velocity components according to time are also plotted. This work

is restricted to the case where the flow has a flat free surface so the time duration along which the velocity is
represented varies with the Reynolds number and the aspect ratio.
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3.1 Flow in radial direction

The charts Chart - 1 to Chart - 9 shows that the radial velocity is positive at z =0 (left charts), and negative at the
free surface and at the half of free surface height (respectively right charts and middle charts). The motion of the

fluid is then centrifugal at the bottom of the tank and centripetal at z = H/2 and at Z =H . The magnitude of u,
grows with the Reynolds number at the three different heights. When T"=0.66 and at z=0 for example, the
radial component is around 107 m.s™* for Re =10 (Chart - 1 left), around 10 m.s™* for Re =10° (Chart -
2 left), and around 10 m.s™ for Re =10° (Chart - 3 left). U, decreases when I increases at the free surface:
the maximum magnitude is 2.6x10™* m.s™ when T"=0.66 (Chart - 1 right), it decreases at 1.6x107™* m.s™
when ' =1 (Chart - 4 right), and at 1.5x107° m.s™* when T"=1.33 (Chart - 7 right). The variation along the
radial distance is as followed: U, is first growing with the radial coordinate, then near the sidewall, it is decreasing.
The radial component of the velocity is also increasing with time.
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Chart - 2: Radial velocity when T"'=0.66 and Re =10°. Left: at z =0, middle: at z = 0.05, right: at
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Chart - 3: Radial velocity when T'=0.66 and Re =10°. Left: at z=0, middle: at z =0.05, right: at
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Chart - 4: Radial velocity when T'=1 and Re =10". Left: at z =0, middle: at z =0.075, right: at z =0.15.
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Chart - 5: Radial velocity when I' =1 and Re =10°. Left: at z =0, middle: at z =0.075, right: at z =0.15.
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Chart - 6: Radial velocity when I'=1 and Re =10°. Left: at z =0, middle: at z =0.075, right: at z =0.15.
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Chart - 7: Radial velocity when T'=1.33 and Re =10*. Left: at z =0, middle: at z=0.1, right: at z=0.2.
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Chart - 8: Radial velocity when T'=1.33 and Re =10°. Left: at z =0, middle: at z=0.1, right: at z=0.2.
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Chart - 9: Radial velocnywhen I'=1.33 and Re =10°. Left: at z =0, middle: at z=0. 1 rlght at z=0.2.

3.2 Flow in azimuthal direction

In this section, the characteristics of the azimuthal component of the velocity are presented. Its magnitude remains
the same through time at the bottom of the container (Chart - 10 to Chart - 18 left), but increases with time at

Z= H/2 and at Z=H (Chart - 10 to Chart - 18 middle and right). The azimuthal velocity U, is decreasing
with altitude, and consequently with the aspect ratio. On Chart - 10 for example, values of U, are around
10°ms™ at z=0 (left chart), it decreases around 10° m.s™ at z = H/2 (middle chart), and around
10 m.s™* at the free surface (right chart). By comparing the values of the azimuthal velocity between the cases
with same value of aspect ratio but with different Reynolds number, we can see that U, is increasing with
increasing Reynolds number. Concerning its sign, it is generally positive. U, is negative in some case (Chart - 16

middle), but those negative value are close to zero and are due to the decreasing of the magnitude of U, with height.
So, the fluid is turning in the same direction from bottom to free surface.
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Chart - 10: Azimuthal velocity when T'=0.66 and Re =10*. Left: at z =0, middle: at z = 0.05, right: at
z=0.1.
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Chart - 11: Azimuthal velocity when T"=0.66 and Re =10°. Left: at z =0, middle: at z = 0.05, right: at
z=0.1.
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Chart - 12: Azimuthal velocity when I' =0.66 and Re =10°. Left: at z =0, middle: at z =0.05, right: at
z=0.1.
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Chart - 13: Azimuthal velocity when I' =1 and Re =10*. Left: at z =0, middle: at z = 0.075, right: at
z=0.15.
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Chart - 14: Azimuthal velocity when I’ =1 and Re =10°. Left: at z =0, middle: at z =0.075, right: at
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Chart - 15: Azimuthal velocity when I’ =1 and Re =10°. Left: at z =0, middle: at z =0.075, right; at
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Chart - 17: Azimuthal velocity when T'=1.33 and Re =10°. Left: at z =0, middle: at z =0.1, right: at
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Chart - 18: Azimuthal velocity when T"=1.33 and Re =10°. Left:
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3.3 Flow in vertical direction

The vertical component of the velocity is growing with time excepted at the bottom where its magnitude remains in
the same scale through time (Chart - 19 to Chart - 27 left). U, is also increasing with increasing Reynolds number,
but it has the same scale when I" is varying. The vertical velocity is weak at Z=0 and Z=H (Chart - 19 to
Chart - 27 left and right) compared to its value at z=H/2 (Chart - 19 to Chart - 27 middle). At z=H/2 and
Z=H, u, is negative near the center of the container and positive near the sidewall (Chart - 19 to Chart - 27
middle and right). The flow is then moving upward near the sidewall and downward in the center.
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Chart - 19: Vertical velocity when I" = 0.66 and Re =10*. Left: at z=0, middle: at z =0.05, right: at
z=0.1.
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Chart - 20: Vertical velocity when ' =0.66 and Re =10°. Left: at z=0, middle: at z =0.05, right: at
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Chart - 21: Vertical velocity when I = 0.66 and Re =10°. Left: at z =0, middle: at z =0.05, right; at
z=0.1.
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Chart - 24: Vertical velocity when I' =1 and Re =10°. Left: at z=0, middle: at z =0.075, right: at

z=0.15.
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Chart - 25: Vertical velocity when I'=1.33 and Re =10". Left: at z =0, middle: at z =0.1, right: at
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Chart - 26: Vertical velocity when T'=1.33 and Re =10°. Left: at z =0, middle: at z =0.1, right: at
z=0.2.
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Chart - 27: Vertical velocity when I' =1.33 and Re =10°. Left: at z =0, middle: at z =0.1, right: at
z=0.2.

4. CONCLUSIONS

This work concerns the investigation of the structure of a fluid flow over a rotating disk with free surface. Flow
direction, velocity magnitude variation through time and through space have been studied by varying two

parameters: the Reynolds number Re and the aspect ratio " of the cylinder. The values of Re used are 10*, 10°

and 10°, and 0.66, 1 and 1.33 for the aspect ratio.

Velocity magnitude increases with time and with increasing Re. The variation towards varying I" depends on the
velocity component. Radial and azimuthal components decrease when I" grows, while the vertical component keeps
the same scale. As regards the fluid motion, the flow is centrifugal at the rotating disk, then the fluid is upward near

the fixed sidewall, centripetal at Z=H/2 and z=H, and finally downward at the center of the tank. The
direction of rotation is the same as the bottom plate.

The same characteristics as in experimental cases are found concerning the direction of the motion. Future studies
will be devoted to the investigation of other characteristics of the flow and the polygonal patterns at the free surface.
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