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Introduction

Rimming flow is the coating flow of a thin liquid layer at the inside surface of a horizontally rotating
cylinder and has been observed experimentally by many researchers. Rimming flow shows various
unstable patterns as the rotating speed changes. Since this dissipative system is nonlinear and far from
the equilibrium, it is appeared obscure how such unstable patterns are formed. However, there have been
several researches dealing with the lubrication analysis or numerical computation mainly concentrating
on the flow instability or thickness profile of the free surface to perform a systematic analysis of rimming
flow[1-5]. Here, the purpose of this research is to analyze the deformation of the free surface location
and visualize the pressure and the flow field according to the variation of the several process parameters.
The numerical analysis was performed by Galerkin finite element method in 2-D cross sectional
geometry with solving the Navier-Stokes equation. As a result, we classified the homogeneous film and
bump state by observing the change of the arc length of the free surface according to the dimensionless
parameter  which is the ratio of gravity to viscosity.

Flow geometry and numerical method

The calculations are for steady, 2-D cross-sectional, continuous liquid films with specified
parameters. Fig. 1 shows the schematic geometry of rimming flow in a bump state. Fluid flow within the
domain is described by the incompressible Navier-Stokes equations for a Newtonian fluid and continuity
equation. At the cylinder surface, no slip boundary condition yields and at the gas/liquid interface of
steady state rimming flow, kinematic boundary condition that means no liquid cross the interface is
applied and the conservation conditions of momentum which are the shear and normal stress balances is
applied. According to the formulation used by Sackinger ef al.[6], the gas pressure is set arbitrarily and
the datum pressure is computed using the volume constraint for steady flows.

Goveming equations are discretized by Galerkin finite element method. Total unknowns of interest
are u, p, h and P,. Newton-Raphson method is used to reformulate the discretized nonlinear equations
into linear matrix equations which in turn are calculated by frontal solver. For the calculation of the free
surface deformation, we used spine method developed by Saito and Scriven{7], wherein mesh nodes
that are free to move lie on the generator lines called spines. After each Newton iteration, the new nodal
value of free surface location is updated to reform the mesh.
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- Experimental setup
Our experimental apparatus is similar to that used in the previous work[4] except that the radius of

circular Plexiglas cylinder is 2.5cm and the axial length is 35cm. Moreover, we introduced belt type
rotating system with off-axis between the motor and the cylinder instead of shaft connecting motor to the
one end side of the cylinder, in order to facilitate the observation of 2-D cross sectional free surface shape
in the axial direction. We used silicone oil(dimethyipolysiloxane, Shin-Etsu Chemical Co.). with various
viscosity (100 ~ 5000cSt). The surface tension of the fluid is 21dyn/cm at 25°C. This oil ensures a
perfect wetting on the Plexiglas substrate. We confirmed that there is little capillary rise at the solid-liquid
nterface between the end caps and fluid and actually we had a sufficiently clear view without any
optical difficulty. By taking a photograph with a high resolution digital camera, we measured the free
surface location along azimuthal direction by means of image processing program. The range of rotating
speed of cylinder and fluid filling fraction are 2 ~ 150rpm and 0.1 ~ 0.3, respectively, which are same to
those used in numerical computation.

Results and discussion

When gravity is ignored, the free surface shows a concentric shape and the constant film thickness is
controlled only by fluid filling fraction. And the dynamic pressure shows maximum on the free surface
and minimum on the rotating cylinder surface. The velocity field shows a similar pattern to a typical
concentric Couette flow except one thing that the radial directional velocity profile shows linearly
increasing shape in our case.

With gravity, the rimming flow patterns can be classified typically into three types as shown in Fig. 2.
Usually the rimming flow film is thicker at the rising side and thinner at the falling side when the film is
homogenous as shown in Fig. 2(a). When the rotating speed decreases the bump starts to appear as
shown in Fig. 2(b). It is observed that the bump starts to appear at the region of 1.51 < <2 as a small
convex and it moves down to the center of the cylinder bottom. If the rotating speed decreases more than
that of the bump state, the bump shape disappears and the free surface shows nearly horizontal shape at
the cylinder bottom as shown in Fig. 2(c). And we could observe the novel phenomena that the
secondary recirculation flow whose direction is reverse to the first one in bump state appears and
becomes as large as the first one as the rotating speed decreases. We called this state as the secondary
recirculation state. Moreover, at the left side of the secondary recirculation flow we could observe
another recirculation flow which is small in size and the direction of which is same to the first one.

- The changes of the free surface shape from homogenous film, bump to secondary recirculation state
as shown in Fig. 2 could also be observed by the increase of the fluid filling fraction or the decrease of
the fluid viscosity. Fig. 3(a) and Fig. 3(b) show the effects of the fluid filling fraction and the fluid
viscosity. We could observe similar homogenous films when the fluid filling fraction is low (#=0.1) or
viscosity is high (1~=5000cP) and the secondary recirculation flows when F=0.3 or £=100cP as well as
the burmp shapes for the residual parameters.

For scaling the importance of gravity and viscosity, it is usual to use the dimensionless
parameters such as Stokes number, which can be expressed as Fr/Re=Rg/Q v where Fr is Froude number.
By modifying the Stokes number with combining fluid filling fraction F, we can get the dimensionle
parameter S as, :
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By substituting the parameters F, Q and v with f, we traced the change of the arc length of the free
surface as shown in Fig, 3(c). We could observe that the arc length maintains constant when Sis small.
This region is where the rotating speed or viscosity is high enough to form the homogenous film that the
shape of free surface does not change noticeably according to the variation of the parameters. These
onset values are all in the range of 1.4 and 1.6, which correspond to that of the previous experimental
work[4] which was 1.414. But when f3 is larger than those critical values, arc length starts to decrease
abruptly, which means the formation of the bump.

It is well anticipated that the surface tension becomes dominant around the ridge of the bump due to
the large curvature. Therefore we observed that the variation of the surface tension changes the flow
states and affects on the critical S values on transitions. Fig. 4 shows the steady rimming flow regimes in
a numerically calculated phase diagram in a Ca-f3 space, showing the regions of homogeneous film and
bump states for F=0.3. Dashed line is when £ is 1.586. We observed that the critical Ca value for the
onset of transition from homogenous film to burmp decreases as f increases. If F* is varies also does the
critical Ca value but the decreasing tendency is maintained.

The comparison of our results to the recent computational works performed by Hosoi and
Tirumkudulu is plotted in Fig. 4(b) for F=0.13, =46.791pm, 1~485cP and R=Scm. There is good
agreement among all the three works except the region which is shown in the inset. And we compared
the computational result to our experimental one which is shown in Fig. 4(c) for F=0.3, Q=18mpm,
1=485¢P and R=2.5cm. 1t is shown that the results are matching well each other except the small
difference at bump region.

In conclusion, we have considered the change of the free surface shape depending on various
conditions in a partially-filled horizontal rotating cylinder by performing Galerkin finite element analysis
to solve the Navier-Stokes equation. We observed the pressure, velocity field and shear rate as the free
surface shape changes from homogeneous film, bump to secondary recirculation states. And with the
dimensionless parameter 3, we confirmed the onset condition for the transitions between three states by
observing the change of the arc length of the free surface. Our computationa!l results matched well with
those obtained experimentally and obtained by lubrication analysis of the previous works.
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Figure 2. Three types of rimming flow pattemns; (a) homogenous film at 150rpm, (b) burmp at 50rpm
and (c) secondary recirculation flow at 2 rpm.
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Figure 3. Effects of (a) the fluid filling fraction change and (b) the fluid viscosity change on the free
surface shape. (c) Free surface arc length change according to a rotating speed variation for ;=485cP.
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Figure 4. (a) Numerically calculated phase diagram showing the region of the homogenous film, bump
and secondary recirculation state for F=0.3. Comparison of our computational results to (b) the recent
computational works by Hosoi and Tirumkudulu for £=0.13, 9=46.79rpm, £=485cP and R=5cm and
(c) our experimental one.



