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Abstract
The influence of the partial surface wetting on the flow field between the two coaxial
cylinders, the inner of which rotates, has been investigated numerically. Wall boundary condition was
modified to account for partial wettability based on the equation proposed by Pochylý for the general
curved surface [1-10]. FLUENT software was applied to model the stationary viscous fluid flow in a
narrow gap. Different boundary conditions were applied on the rotating wall of the inner cylinder.
The results obtained by numerical modelling were compared with theoretical assumptions.
Abstrakt
Vliv částečně smáčivého povrchu na proudové pole v mezeře mezi dvěma souosými válci,
z nichž vnitřní rotuje, byl zkoumán s využitím numerického modelování. Modifikace okrajové
podmínky vychází z rovnice, kterou pro částečně smáčivý obecně zakřivený povrch definoval
Pochylý [1-10]. V software FLUENT bylo simulováno stacionární proudění nestlačitelné viskózní
tekutiny v úzké mezeře, kdy na stěnu vnitřního válce byla aplikována okrajová podmínka zahrnující
vliv částečné smáčivosti. Výsledky z numerické simulace byly následně porovnány s teoretickými
vztahy.

1

INTRODUCTION

Wall boundary conditions are applied to bound fluid and solid regions. Numerical modelling
of internal flows assumes most often no- slip boundary condition on walls. Particles close to a surface
do not move along with a flow when adhesion is stronger than cohesion. This assumption fits well for
most of solid surfaces as was verified by many physical experiments in the past. However, 200 years
ago Navier pointed out that the liquid can in some cases slip on the wall and he stated the proportion
between the velocity on the surface and the shear stress by the formulae:
cx   

dcx
.
dy

(1)

where y is the coordinate normal to the wall and  is called the slip length.
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For an ideal gas, the slip length is often approximated as   1,15 l , where l is the mean free
path. Some highly hydrophobic surfaces have also been observed to have a nonzero but nanoscale
slip length [11].
Development of new materials and technologies has attracted attention to non wettable or
partially wettable surfaces. Partial wettability contributes to pressure drop reduction in the fluid flow
and thus can improve the efficiency of devices with special surface treatment. Numerical modelling
can be applied as a tool to investigate the influence of partial wettability of walls in different
technical applications.

2
2.1

COMPARISON OF THEORETICAL ASSUMPTIONS AND CFD RESULTS
Theoretical approach

Definition of boundary condition for the generally curved surface, which is partially
wettable, applies following assumptions: if the fluid is slipping on the surface with velocity c,
adhesive shear stress vector σA lays in the plane defined by the outer normal vector n to the surface
and the velocity vector c (Fig 1). The adhesive shear stress vector σA tangentional to the surface can
be defined as follows:
 A  (  n)  n  k  c
(2)
where:
k is adhesive coefficient [Pa·s·m-1].

Fig. 1 Shear stress on general curved surface.
Let us consider the stationary flow of the viscous fluid in a narrow gap between the two
coaxial cylinders. The diameter of the inner and outer cylinder are R1 and R2 and the rotational speed
of the inner cylinder is 1 (Fig. 2). At first we assume the full wettability of both surfaces (no-slip
condition).
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Fig. 2 Coaxial cylinders.
We will introduce the cylindrical coordinate system r, , z. Navier – Stokes equations for
incompressible flow can be transformed to cylindrical coordinates assuming the stationary flow in
concentric circles:
 2c
r 2

1 c c
   2  0.
r r r

(3)

This Euler type equation yields the solution [12]:
A
c
A
c   B  r,
  2  B.
r
r
r
Boundary condition for the inner cylinder is:

(4)

c R u

(5)

1

For the outer cylinder we can define:
cR 0

(6)

2

Substituting these boundary conditions to the equation (3), we can derive the integration
constants A, B and obtain the relation for velocity c:
c

u  R1
R22  R12

 R2

  2  r .
 r


(7)

Now we consider partial wettability of the inner cylinder. Wall boundary condition given by
(8) allows accounting for partial wettability while wall boundary condition of the outer cylinder will
remain same as in previous case (6):
 c
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(8)

Based on these boundary conditions and after definition of integration constants, velocity c is
given by:
u  R12

c

R1  ( R12  R22 )  2 
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 r  R2 .

r 
 R22 

k
(9)
If we assume viscous force r, acting on the unit area 1·r·dof the cylinder surface given by
the radius r, we can express the total moment MK of viscous forces by:
Mk  

4    u   R12  R22
R1  ( R22  R12 )  2 


k

(10)

.
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2.2

Comparison of theoretical assumptions with CFD results

Numerical simulation was applied to investigate the influence of different wettability of the
inner rotating cylinder on the flow field. Computational domain was defined in agreement with
Fig. 2. Detailed information on the dimensions and physical properties of the liquid (water) are given
in Tab.1. Computational grid consisted of 16000 quad cells with 32 cells in radial direction, which
was enough to evaluate the velocity profile in the gap.
Tab. 1 Dimensions of the computational domain and physical constants of water.
Physical constants
Water
Density
998.2
kg·m-3
=
Dynamic viscosity
0.001003
Pa·s
=
Kinematic viscosity
1.00481E-06
m2·s-1
=
Dimensions of the computational domain
Outer radius
R1 =
25
mm
Inner radius
R2 =
15
mm
Gap width
s=
10
mm
To avoid generation of Taylor vortices, Taylor number was applied to define the rotational
speed of the inner cylinder. Its critical value, above which the Taylor vortices develop, is defined as
Ta = 41.3. Maximum rotational speed is limited by:
Ta 

ω  R1  s
s

 41,3
ν
R1

(11)
This yields max = 0.339 s-1 and nmax = 3.24 min-1.
Stationary laminar flow was modelled using the no-slip boundary conditions on both
cylinders. Rotational speed was set to n = 2 min-1. Comparison of velocity profile derived from (7)
and obtained with numerical modelling is illustrated in Fig. 3.
Velocity profiles are identical, velocity on the inner cylinder corresponds to circumferential
velocity. No-slip boundary condition for viscous fluids states that at a solid boundary the fluid has
zero velocity relative to the boundary. The wall of inner cylinder is fully wettable and the liquid does
not slip on it.
If we assume the inner cylinder as partially wettable, we expect that the fluid can „slip“ on the
surface. Thus the fluid velocity on the wall will be lower than that of the cylinder and will depend on
the value of adhesion coefficient k according to (9).
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Fig. 3 Comparison of velocity profiles at n = 2 rpm, inner cylinder is fully wettable.
In FLUENT software, the no-slip boundary condition is enforced at walls by default. If
required, a tangential velocity component can be specified in terms of the translational or rotational
motion of the wall boundary, or a “slip” wall can be modelled by specifying shear. To define
adhesion coefficient k, user defined function (UDF) was used to account for (8). The condition was
transferred from cylindrical to cartesian coordinate system.
Fig. 4 shows the comparison of velocity profile derived from (9) and the profile obtained
from numerical modelling with the application of the UDF in FLUENT. Velocity profiles are
identical, which verifies the proper definition of UDF.
User defined function enables to change the value of adhesion coefficient k and so to
simulate various wettability conditions on the wall. Different values of adhesion coefficient k ranging
from 0,05 to 2 were applied. Modification of velocity profile based on the value of k was
investigated, as illustrated in Fig. 5.
The behaviour of the flow field in a gap between the two cylinders, the inner of which
rotates, corresponds to assumptions of fluid slip on the surface of the inner cylinder. The lower is the
value of adhesion coefficient k, the lower is also the circumferential velocity and the fluid is slipping
on the surface. At the same time the moment of the viscous forces will be decreasing.
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Fig. 4 Comparison of velocity profiles for n = 2 rpm, inner cylinder is partially wettable.

Fig. 5 Velocity profiles for various adhesion coefficients k at n = 2 rpm on inner cylinder.
Moment is developed by adhesion forces and its size can be determined by equation (10). By
this equation we can determine the moment for unit length, which corresponds to the definition in
FLUENT for our 2D geometry in Fig.2. Fig. 6 compares a size of the moment determined by
equation (10) with the moment computed in FLUENT for various adhesion coefficients k on the inner
cylinder wall.
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Fig. 6 Moment is compared on inner cylinder at n = 2 rpm, inner cylinder is partially wettable.

3

CONCLUSION

Numerical modelling of the viscous fluid flow between the two coaxial cylinders, the inner of
which rotates, has been carried out. The main objective was to modify wall boundary conditions and
to introduce the partial wall wettability into the model using the user defined function in FLUENT.
Results from numerical solution are in very good agreement with results obtained from empirical
formulas. It can be concluded that this approach could be applied on more complex flows in 3D
geometries. The knowledge obtained from this simple 2D problem can enable prediction of partial
wettability effects in various engineering applications. This can be useful e.g. for prediction of fluid
flow for parameters in hydraulic components with partially wettable surface.
Theory for laminar flow in tube with circular cross-section is well known. We can numerically
solve this flow for no-slip boundary condition and for boundary condition with various adhesion
coefficients k. Then we can compare velocity profiles and pressure drop along the tube for different
boundary conditions. There is another way how to define boundary condition for partially wettable
surfaces. In FLUENT software we can specify directly the value of shear stress on the wall. Then we
can compare both boundary conditions, it means for specified shear as constant or UDF function with
adhesion coefficient k.
At present we are not able to assign the precise value of adhesion coefficient k to surfaces
created by various materials. Assignment of adhesion coefficient k was not under investigation in this
paper. The main objective was to investigate the influence of k and thus the partial wettability on the
flow field. In software Fluent the definition of k in wall boundary condition enables to account for
different partially wettable surfaces by changing the value of constant k in UDF function.
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