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Abstract: The article deals with the cavitation phenomenon affected by full and partial wetting of the wall. For
the numerical computation of flow in the Laval nozzle the Schnerr-Sauer cavitation model was tested and was
used for cavitation research of flow within the nozzle considering partial surface wetting. The coefficient of
wetting for various materials was determined using experimental, theoretical and numerical methods of fluid
flow due to partial surface wetting.
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1 Introduction

Wettability (hydrophilicity) is the ability of liquid to wet a substance to form a continuous
fluid layer on the surface. Generally the surfaces are considered as wettable (“no slip”
condition), when the relative velocity of the fluid is zero. The velocity profile and pressure
drop at the fluid flow through a pipeline can be influenced by physical properties of the liquid
or the pipe coating.

Conversely partial wetting (not wetting to the limiting case) is a property in which the
liquid poorly wets the surface of the second phase. The level of liquid wetting depends on the
level of the surface tension reduction. Large surface tension impedes the wetting process. The
relative velocity of the flowing liquid at the wall is not zero.

To create a new surface, it is necessary to spend a certain amount of work - surface energy.
Thus the greater the surface energy of the solid material, the more the material becomes
hydrophilic (solid surfaces wetted by water). Conversely, hydrophobic (poorly wetted
surfaces with water), i.e. not wettable or partially wettable materials represent materials with
low surface energy. Suitable surface treatment of hydraulic elements prevents the occurrence
of cavitation. Cavitation during the liquid flow is a current issue in the context of increasing
the operating parameters of hydraulic systems. Cavitation in hydraulic elements is undesirable
since it causes deterioration of the surface material in hydraulic elements and is accompanied
by noise and vibration. [1], [2], [3]
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The article deals with the cavitation phenomenon and the affect of full and partial wetting
of the walls using experimental and mathematical methods followed by their evaluation.

2 Theory of partial wettability and cavitation
2.1  Partial Surface Wetting and determination of adhesive coefficient

Fluid flow is given by two of the following equations, which express the basic physical
laws [4], [18]. The continuity equation expresses the law of mass conservation and the
Navier-Stokes equations express the law of momentum conservation. Their solution is
supplemented with boundary and initial conditions.

In references [10], [16] special boundary conditions were defined, e.i. boundary condition
for a generally curved surface in contact with a liquid (1) assuming that: If the liquid is
slipping on the surface by velocity c, the adhesive shear stress vector & lays in a plane
defined by an outer normal vector n to the surface, velocity vector ¢ [10] and wall shear
stress vector &, (see Fig. 1.):

&, =(6xn)xn=—kc (1)

where k is the adhesive coefficient [Pa-s-m™*]. On the basis of this conception, it is possible
to assume that the vector of shear stress on a partially wettable surface is proportional to the
liquid velocity.

Fig. 1 Shear stress on a general curved surface [10]

According to [17], a mathematical model of the adhesive force is derived based on the
droplet motion on an inclined plane.

Fig. 2 Droplet motion on an inclined plane

Fig. 2 shows the droplet motion along an inclined plane, where the translational motion of
the droplet along axis X;, with a speed C, at each point of the motion is considered. The

equation for the adhesive force is derived from Navier-Stokes equations. The initial
conditions are given as follows:
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Fort=0:x=0 and x =¢

This defines the droplet motion on an inclined plane, where the equation in time t=0 is in

the form:
_Sk
Xlz(cl_fje mt-i-L (2)

The assumption of Kk # f(cl) prevents the calculation of the adhesive coefficient k from the

measured values, that are known from the measurement on the ultra-hydrophobic materials
[16]. The adhesive coefficient k was detected numerically from an exponential function of
measured velocities that correspond with equation (2). The form of the solved equation is:

y=A.e"+C (3)

The unknown coefficients A, B and C from the equation (2) are determined by the
method of least squares that enables the calculation of the unknowns: k, ¢, f .

2.2 Mathematical model of cavitation

Multiphase model for modelling cavitation with individually modelled phases of water and
vapor must be used. There exist several cavitation models which differ in their approach to
the solution of cavitation and in input parameters. All the cavitation models are based on the
linearized Rayleigh-Plesset equation (4) [2], [5], [19], [20]:

£ dt 2 dt R dt pR

where pg(t) is the pressure in the bubble, ps(t) is the pressure around the bubble, o is the
density of the liquid, w is the kinematic viscosity of the liquid, R is the radius of the bubble,
S is the bubble surface.

For numerical modelling ANSY'S Fluent software was used. Cavitation models available in
this software are the Singhal, Schnerr-Sauer and Zwart-Gerber-Belamri models. The models
Schnerr-Sauer and Zwart-Gerber-Belamri are more stable and have faster convergence of the
solution. Therefore, the user's manual of the ANSYS Fluent 13.0 software [6], [7]
recommends their use. The Schnerr-Sauer, Zwart-Gerber-Belamri and Singhal cavitation
models were tested for the problem of cavitation in the Laval nozzle and its results were
compared with experiment [8]. The Schnerr-Sauer cavitation model was chosen due to better
numerical properties.

This model is compatible with the Eulerian multiphase mixture model. The parameters for
setting this model are

e vapour pressure 2368,7 Pa,
e number of bubbles 10%0,

The value of the saturated vapour pressure depends on temperature. The pressure of
saturated vapour 2368,7 Pa corresponds to a temperature of 20°C. [9]

3 Experimental evaluation of adhesive coefficient and cavitation

The samples used for the measurement were coated metal sheets (samples designation:
TC1191, TC3072 and TC4111). The measured liquid was water at ambient temperature
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t=22°C. [17] A Nikon D300s camera set to capture maximum video resolution of 1280 x
720 pixels was used for recording the droplet motion on an inclined plane. The plate tilting
and accurate angle setting of o was performed utilizing a tilt table with electric motor. The
measured values have been processed by the use of commercial software Office Excel and the
adhesion coefficient, the function f along with the initial speed of the cy was determined using
Matlab software. Fig. 3 shows the measuring device and its scheme, the camera was placed on
an adjustable tripod.

Fig. 3 Scheme of the measuring device: 1 - table, 2 — inclining mechanism with
electromotor, 3 — measured material, 4 - camera Nikon D300s, 5 - droplet.

The adhesive coefficient values k for all three measured materials are shown in the
following Table 1.

Table 1. The adhesive coefficient values k

Material K [Pa-sm™]
TC1191 (black) 1,6011
TC3072 (metallic) 1,3368
TC4111 (green) 1,3264

Generally the hydrophobicity effect can be used in different industrial areas, for example in
water aeration or rime elimination. Surface hydrophobicity has a great influence on friction
losses in the fluid flow in both pipeline systems and complex shapes of hydraulic elements.
Currently, different hydrophobic surfaces using plasma jets have been prepared and new
variable plasma technologies are developed.

The physical experiment of cavitation was accomplished in a laboratory at VSB-TUO to
study the development and behavior of cavitation in flowing water within a hydraulic circuit
utilizing the Laval nozzle with circular cross section, see Fig. 4.
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Fig. 4. Hydraulic circuit with Laval nozzle of circular cross section: 1 - polypropylene
cylindrical tank, 2 - centrifugal pump of the CR type with a YASKAWA converter, 3 - Flonet
induction flowmeter, 4 — pressure sensor at inlet, 5 -Laval nozzle made from transparent
material Tecanat and pressure sensors and a Hydac HMG3000 device, 6 — pressure sensor at
outlet, 7 - NASSA type pipe

The geometry of the most important central part is described in Fig. 5, where in the
narrowing nozzle the cavitation was observed. The narrowest place of the nozzle was selected
as the origin of the coordinates system and the x-coordinate value as 0 m.
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Fig. 5. The geometry of the central part and position of three sampling places behind
the narrowing of the Laval nozzle [mm]
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The inlet and outlet static pressure and inlet flow rate were measured. During the
experiment a constant water mass flow rate was used (3 kg-s—1). The atmospheric pressure in
the laboratory was 97393,68 Pa. The static pressures on the inlet psin and outlet psout were
measured by a relative pressure sensor with a range of (-1 to 9) bar and their constant absolut
values were psin = 165052 Pa, psout = 105536 Pa.

In specific sampling places 1, 2 and 3, which means x1 = 0,01 m, x2 = 0,025 m and
x3=0,04 m behind the narrowing place (see Fig.5) of the nozzle in the cavitation area, the
measurement of the static pressure was performed by a relative pressure sensor and a Hydac
HMG3000 device. In order to increase the accuracy of the measurements a pressure sensor
with a range of (-1 to 1) bar was used for all sampling points. It was observed that the
cavitation area in the divergent part of the nozzle was unstable. Cavitation area during the
experiment changed size and shape and it was possible to observe a periodic oscillation of the
field. Therefore the measurement was made for three different sampling periods of the
measuring device: 0,5 ms for a recording time of 60 s and 5ms and 10 ms for a recording
time of 120 s. Table 2 presents the time average values of the absolute static pressure at three
sampling points.

Table 2. Average values of absolute static pressure at three sampling points [Pa]

f t Sampling point m
ms S 0,01 0,025 0,04
05 60 2587,05 11638,61 58147,07
5 120 3049,81 11608,06 58230,83
10 120 3034,06 11654,48 58166,60

The cavitation field, its size and shape is presented in Fig. 6. The approximate length of the
cavitation area was measured at about 35 mm. It is possible to estimate length only by
observing with the eye, but it can be wrongly interpreted at places where vapour and gentle
vapour pulls appear.

«.mnmmmuumHmHmuuuHIllHHluuA‘MHNHNNMUummmmmmu

Fig. 6. The cavitation area behind the narrowing of the nozzle

4 Cavitation Area — the Results of Numerical Computation in Ansys Fluent Software

The investigation of the flow in the nozzle was conducted by the Schnerr-Sauer cavitation
model.
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The flowing medium in the nozzle was a mixture of water and vapour. A diagram of the
computational area comes from the geometry of the Laval nozzle used in the physical
experiment, see Fig. 7.

MASS FLOW INLET WALL FLUID

. —— |

~ AXIS PRESSURE OUTLET

Fig. 7. Boundary conditions of the computational nozzle geometry

Due to the simple nozzle geometry, the problem was modelled as an axi-symmetric
transient case and completed within ANSYS Fluent 13.0. The flow in the Laval nozzle can be
considered turbulent with a Reynolds number Re = 75000, so the two-equation turbulent
model k-¢ RNG. ,,Enhanced Wall Treatment“ is defined for modelling of the flow near the
wall to include the viscous layer in relation to the gradient of the mesh in the direction of the
wall. The case was solved as a two phase viscous Mixture model (water and vapour).

At the entrance into the Laval nozzle the flow rate condition ,,Mass Flow Inlet” of water
3 kg's was set. The output condition from the nozzle was defined as the pressure condition
for the mixture ,,Pressure Outlet* with an outlet pressure of 105536 Pa. Other boundaries were
defined as a wall ,,Wall”, see Fig. 7.

The graph in Fig. 8 presents the mean numerical static pressure on the wall of the nozzle
and the values of the measured static pressure from the physical experiment at particular
sampling points.

We can see that the model describes the static pressure progress differently at the
narrowest place of the nozzle, where the value of vapour pressure is 2368,7 Pa and then
increases rapidly. The input pressure is about 162000 Pa and the output pressure is 105536 Pa.
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Fig. 8. Mean static pressure on the wall of the nozzle and the values of measured static
pressure in all sampling places

As follows from Fig. 8, the values of static pressure from the Schnerr-Sauer cavitation
model are similar to the values measured in the physical experiment at all sampling points.

In the contours of velocity (Fig. 9) we can observe that at the input to the narrowest place
of the nozzle, the velocity of flowing liquid is highest and decreases lengthwise toward the
nozzle. The mean static pressure corresponds to Bernoulli equation; in the narrowest place the
pressure is the lowest and with the diffusion of the nozzle it increases. The liquid inversely
flows here and begins to swirl, which is characterized by a negative velocity value.

Volume 67, No. 1, (2017) ©2017 SjF STU Bratislava 61



1.79e+01
1.69e+01
1.50e+01
1.50e+01
1.40e+01
1.31e+01
1.21e+01
1.11e+01
T.02e+0T
9.22e+00
8.26e+00

6.34e+00
5.38e+00
4.42e+00
3.46e+00
2.50e+00
1.54e+00
5.76e-01
-3.84e-01
-1.35e+00

Fig. 9. Contours of the mean axial velocity [m-s™]

In the narrowest place of the nozzle, where the pressure decreases with the vapour pressure
value, cavitation is observed. The contours of mean vapour volume fraction and length of the
cavitation area can be observed in Fig. 10.
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Fig. 10. Mean vapour volume fraction contours and size of the cavitation length

From a comparison of the averaged pressure values and the size of the cavitation field with
the experimental results, it follows that the mathematical model of cavitation is convenient.

5 Cavitation Area for Partial Surface Wetting

The same cavitation model was used for water flow with cavitation in the Laval nozzle
with partial surface wetting. The boundary condition of partial wetting was defined by a user
defined function UDF (see equation (1)) with predefined adhesive coefficient k. It is evident
that for a less adhesive coefficient the surface is less wettable and the liquid slips over it.

The influence of partial surface wetting on laminar liquid flow in the tube with a circular
cross section was investigated; see Literature [11], [12], [13], [14], [15]. The numerical results
were compared with theory and it was confirmed that a laminar velocity profile has an exactly
given parabolic shape. The shape of the turbulent velocity profile in the nozzle can’t be
determined, so we must give up these assumptions. The velocity on the wall must be in the
following interval of values: from zero value (no slip condition) to the mean value of the flow
velocity which corresponds to a zero value of wall shear stress. For this area the inlet and
outlet boundary conditions were the same as in previous research.
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The pressure drop and length of cavitation area was changed with respect to various
adhesive coefficients. By decreasing the value of the adhesive coefficient k, the value of the
pressure drop and the length of the cavitation area decrease as well, see Fig. 11, 12, 13.
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£ 58000 3
£ 56000 0 =
S 54000 3
2 52000 6 2
£ 50000 9 3
48000 -12
k=2 =15 noslip  experiment

Pa-s'm™! Pasm1 Pasm
Different surface wetting

Fig. 11. Pressure drop and deviation in the nozzle for different wettable surfaces [Pa]

In Fig. 12 the cavitation area observable by eye is long for the boundary between dark and
bright colours of columns in the graph. Observing the bright colour of the columns, there is an
area of so-called “pulls of vapour” which has a minimal value of volume fraction of the
vapour. The vapour volume is not much more in partial wetting than that by full wetting. It is
only spread to the length by the flow of the liquid, and after that the length of the cavitation
area increases.
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Fig. 12. Cavitation length for different wettable surfaces
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Fig. 13. Cavitation area for different wettable walls of the nozzle — a partially wettable
wall with k = 2, 5, and 15 Pa-s'm ™2, a fully wettable wall with ,,no slip* condition

In the narrowest place of the nozzle the values of the mean axial velocity near the wall in
the cavitation region are showed in the graph in Fig. 14. With decreasing value of adhesive
coefficient k the velocity of the liquid increases. This corresponds with the partially surface
wetting theory. It is apparent that the negative velocity in the narrowest place of the nozzle is
caused by secondary vortices.
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Fig. 14. Mean axial velocity in the first cell by the wall in the narrowest place of the
nozzle at different surface wetting

The graph in Fig. 15. describes wall shear stress in the narrowest place of the nozzle. The
difference in values for fully wettable and partially wettable walls is evident in the narrowest
place of the nozzle. The values of wall shear stress on the wettable surface are highest and
with a decrease in wall wetting (i. e. the adhesive coefficient) they are decreasing.
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Fig. 15. Wall shear stress in the narrowest place of the nozzle
at different surface wettings

6 Conclusion

The topic of this article focused on cavitation emerging in the Laval nozzle at specific
wettable wall conditions.

The adhesive coefficient k was determined by nonlinear regression, based on a derived
mathematical model. The contact angle was determined using the SEE System software.
Direct measurement of the adhesive coefficient k and the value calculated by using the least
squares method should describe more realistically the quality of the material and the flowing
liquid (in this case, water) from the wetting point of view. The most hydrophobic surface was
measured on the TC4111 material where the value of the adhesive coefficient was k = 1,326,
while the most wettable material, TC1191, was k = 1,6011.

In case of the fluid flow through the Laval nozzle, cavitation area was observed. The
values of the static pressure for predefined mass flow rate, at specific sampling points were
measured. The results from this experiment were compared with the results from the
numerical computations of cavitation.

Additional research in the theory of partial wetting surfaces was used for numerical
modelling of flow through the nozzle. The wetting boundary condition on the wall was
introduced in the computational program by UDF function with various adhesive coefficients.
The influence of a partial wettable wall on the size and behaviour of the cavitation area in the
Laval nozzle was researched. It was confirmed that the cavitation length and volume fraction
of the vapour increases with decreasing value of the adhesive coefficient. The axial velocity
on the partially wettable wall is not zero. The graphs of mean axial velocity illustrate that with
decreasing value of adhesive coefficient k liquid velocity increases. The values of wall shear
stress on a wettable surface are highest and with a decreased wetting of the wall (i. e. adhesive
coefficient) these values are decreasing.

It is obvious that there is consistency between partial wall wetting and the theoretical
assumptions and for their physical verification a future experiment will be prepared.
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It is evident, that the partially wet wall has a positive influence on pressure drop. Due to
numerical investigation, the same can be said for cavitation flow, but the shape of cavitation
area is deformed. Future research will develop in the domain of partially wettable materials
and their use in hydraulic systems.
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