Meridional Circulations in a Sliced Cylinder
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Abstract

Mixing is most important for developing an electric washer which transforms angular
momentum from rotating solid wall to laundry clothes inside it. For magnification of this
mixing effect, some inventions are introduced to washing machine system, i. e, washing
plate, washing rod, and even for washing cap in a model of a Korean manufacture. However,
the previous efforts show dissatisfaction up till now. In this paper, a triumph to enhance
mixing effects to increase washing performance is presented and verified by numerical
investigation. The present model to simulate a washing tub is the simple circular cylinder
with two endwall disks which is completely filled with a viscous liquid. The present
improvement is to change mounting position of a bottom disk of the model cylinder.
Therefore, the aim of this work just proposes a new idea, which is numerically inspected, to
a producer of washing machine. In detail, this invention is alternating the mounting position
of a rotating bottom disk. Actually skewed pulsator is placed in steady of a flat disk, so the
two endwall disks at top and bottom are not in parallel. The angle between an inclined
bottom disk and the horizontal plane is fixed as 5 degree and physical domain to consider
poses a sliced cylinder. Flow fields in both a right circular cylinder and the present improved
model are fully depicted by numerical integration on a body fitted nonorthogonal regular
uniform grid system. Numerical data to explain flow structure are plotted for understanding of
the effects of the inclined disk. Also enhanced mixing effects by the inclined rotating disk are
gauged by accurate numerical data used in this work.

1. Introduction

A numerical investigation has been accomplished for fluid flows in a circular cylinder which
has an inclined rotating bottom disk at constant rotational speed Q with respective to the
longitudinal axis of the cylinder. The cylinder is completely filled with a viscous fluid of
kinematic viscosity v. Fluid depth changes from |h in maximum to rh in minimum along
periphery path of the oblique disk. Impuisively rotating motion of the inclined disk generates
fluid motion in a cylinder. The bottom end wall disk is oblique with angle a against the
horizontal plane of the flow configuration. Cylinder aspect ratio, defined as a ratio of
maximum height of fluid to radius of the cylinder, is O(1). Figure 1 shows the schematic
diagram of the flow system. Inclined angle of the bottom disk @ is equal to tan *((th-rh)/R),
where 1h denotes the longest length of the cylinder, rh the shortest length and R is the
radius of the container. The resulting rotational Reynolds number is defined as Re=QRh v,
where Q denotes angular speed of the end wall disk and h the average depth of fluid
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Through this calculation, Reynolds number is equal to 2000.

The fluid flows in the container carry angular momentum generated by a rotating solid
wall The passage for the momentum transfer is in the velocity boundaries adjacent to the
end wall disks and side wall. Main focus is on the strength of the meridional circulation
according to the variation of the oblique angle, a, of the end wall disk. In fact, an attempt
was done for increased mass transfer in a cylindrical container with a rotating flat disk by
adjustments of rotational time of the disk [Larrousse, 1987]., Fluid mixing methodology, in the
previous work, using spin~up and spin-dow: process only has operating time period as an
adjustable parameter. However, in this work, fluid mixing using control of attitude of a
rotating solid wall is proposed. The main controllable parameter is oblique angle @, otherwise
Reynolds number and aspect ratic are fixed. Two angles, ¢=0 ° and 5 °, are selected for
measuring the effects of the oblique disk.
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Fig. 1 The present flow system

Numerical integration is performed for confinuity equation and momentum equations on a
generalized nonorthogonal grid system. The present grid system is three dimensional
nonorthogonal body fitted system and divides the physical domain into 42 by 42 by 42 grid
points in (x,y,z) direction, respectively. This nonorthogonal grid net is generated by solving a
Poisson equations (13.36a) and (13.36b) of recent text of Fletcher's [2] in the computational
domain (&, 7). The generation method is well explained in detail in his book. Figure 2 shows
the typical grid on a (x,y) plane at an arbitrary vertical height. Actually the shape of Fig. 2
is gradually skewed against the horizontal plane as the vertical coordinate decreases, ie., the
grid net on the top disk is a right circle otherwise the net on the bottom is extremely
inclined at 5 degree to the horizontal (x-y) plane. Dependent variables for numerical
calculations are covariant velocity components for convergence and small skewness of discrete
equations [3,4].

Fluid flows in a sliced cylinder have been studied for analysis of detached shear layer in
rotating flow system. Noticeable work was presented by numerical calculations in work of
Page's [5]. Page showed a relationship between parameters to explain flow stability
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conditions. Also an experimental research was done by Hide and Hocking [6]. The above two
results was in good agreements. However, these two previous works had a sliced cylinder
model dealt with behaviour of shear layer caused by partially rotating top disk.

It may be first triumph to handle the sliced cylinder problem with a view point of mixing
magnifier. Increased magnitude of meridional velocities is observed in case of the present cut
cylinder. The amount of intense mixing is quantitatively measured by numerical experiments.
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Fig. 2 Exemplar H-type grid net on (x,y) plane.

What we want to obtain is a geometric condition for a rotating disk for enhanced mass
transfer in a circular cylinder. For this purpose, the disk oblique angle is selected for a major
parameter. For the various angle @, magnitude of the meridional circulation is procured. As
we predicted, for moderate angle @, greater than 0, the axisymmetric behaviour is invalid and
non-axisymmetric circulations is observed on both (x,y) plane and the meridional plane, The
plots of velocity vector on each plane will be shown in the present results. Also flowing fluid
particle path will be drawn in the flow field of the container. These results will summarized
for development of rotating machinery in a company.

2. The model .

Numerical integration for both physical domains which are two kinds of containers ; one is
a right circular cylinder with a flat disk and the other with an oblique disk (hereinafter
referred to as sliced cylinder) is performed on a generalized body fitted coordinate system. In
the case of a=0 (right circular cylinder), the flow system poses axisymmetrical three
dimension and far @=5 degree, the flow configuration is completely three dimensional.
However the same grid system which has 42 by 42 by 42 points in (x,y,z) direction,
respectively is used for the both cases.

The governing equations are momenturn equations and continuity equation. The equations in



the (xyy,z) coordinate system are transformed into (&,7,§) coordinate system in a
computational domain. Equation (1) shows continuity equation and eqns. (2) denote momentum
equations, respectively.
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Velocity components (U,V,W) correspond to (&,7,§), respectively. The above equations
include source term, S¢, and transformation functions which are defined as followings.
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The present numerical scheme follows QUICK (7] algorithm and pressure is managed by
pressure substitute method developed by Hobson [8]. Detail procedure for the numerical
calculation is based on the work by Kang and Bae [9].

3. Results and discussion

The present main improvement for enhanced mixing effects is represented by an oblique
disk in steady of a flat disk in a cylinder which is simple and characteristic model of a
washing tub. Quantitative gauge for the difference between ordinary and enhanced mixing is
accomplished by just comparing a magnitude of meridional velocities in a container with a
flat bottom disk or an inclined disk.

Figure 3 shows vertical variation of the axial velocity in both cylinders with a flat disk and
an inclined disk at 5 degree against the horizontal plane. Along a radial position at r=R/4, the
vertical variations of the axial velocities depict in Fig. 3(a) and Fig. 3(b) for the line of R/2.
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Each velocity profile is measured at node points along with the axial direction. As predicted,
axial velocities in the sliced cylinder is no longer axisymmetric and changes its magnitude
over the whole fluid region.
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Fig. 3 Axial variation of W for an ordinary and a sliced cylinder along the prefixed radial
positions ; {a) r=R/4, (b) r=R/2.

Typical plots of meridional circulations in (x~z) plane are displayed in Figure 4. For
validation of the present numerical work, stream lines contours are shown in Fig. 4(a) which
is in good agreements with the results of Escudier’'s [10). Vortex breakdown shaped a bubble
is observed in Fig. 4(a). However, in case of a sliced cylinder, the meridional contowrs is
asymmetric and the center of main cells is shifted from the rotational axis. These phenomena
explains that there are radial flows across the central axis of the cylinder. Maybe these flows
are what washer manufactures want to find.
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Fig. 4 Meridional flows for a right circular cylinder (a) and a present model (b).
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4. Conclusions

A novel idea for pronounced mixing of a container with a rotating bottom disk is proposed
and numerically verified in this investigation. The suggestion is to make the bottom disk
incline against the top disk of the cylindrical container. This model can practically be applied
to a washer with a rotating pulsator. It is obviously confirmed that there are stronger
meridional flows in the cut-cylinder than those in the right circular cylinder. The center point
of the circulation axially moves according to vertical position of container. Also the magnitude
of meridional velocities is increase relative tc the case of ordinary container with a flat disk.
These pronounced enhancements for mixing of internal flows is just accomplished by
introducing an oblique disk to the previous circular tub. The present results means that it is
easily possible to vitalize angular momentur: transfer in a container by tilting a rotating
bottom disk. Consequently, the present results supply new method for home appliance
companies. The angle pulling a rotating disk toc one side is fixed as 5 degree in this work.
However, a continuous investigation will be done for various angles to give optimal value for
washing process.
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