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Abstract

The article is focused in three areas. In the first part there are analyzed the adhesion forces at the liquid and solid
surface interface. There are shown the measured values of surface energy for different types of surfaces. The value of
surface energy is decisive for determining the extent of the surface wettability by the liquid.The second part points to the
possible negative effects of partly wettable surfaces, showing susceptibility to cavitation. The third section describes the
practical aspects of surface wettability by the liquid. Under the new boundary conditions bases, expressing the effect of
adhesion forces, there are determined the centrifugal pump characteristics.
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1. Introduction

Beginning of the 21st century is characterized by save efforts of electricity produced by burning fossil fuels. Preferences are
given to wind and solar farms build up, whose output can be regulated only by significant additional costs.

Significant energy savings can be achieved much more elegant way, by reducing the hydraulic losses, using the latest
scientific knowledge related to nanotechnology applications.

Generally it is argued that one quarter of all produced energy is consumed for liquids pumping. Increasing the efficiency of
hydraulic systems for at least two percent would mean enormous savings in electricity. And this can be achieved by reducing the
hydraulic losses.

The biggest part of the hydraulic losses arises of the fluid flow near the surface and depends on fluid velocity gradient in the
normal direction to the surface. Velocity gradient is subject to the condition of liquid adhesion to the surface, which reflects the
fact that the flowing liquid to a stationary surface has zero speed. See the shape of the velocity profile, as shown in Fig.1).

Sticking condition is fulfilled for the majority of known compounds (metals - water, water - glass, metals - oil, most plastics -
water, etc.).

Reducing adhesion to the surface of the flowing liquid can be achieved by reducing the gradient of liquid velocity on liquid
slip on a rigid surface, thereby reducing hydraulic losses. See Fig. 1b).

The aim of this paper is to show phenomena that can occur; we can - if physical methods to reduce the adhesion strength in
the surface layer of liquid to solid liquid interface.

va =———r—r ya = va yavs Ll Ll L Ll L Ll LLL LLL LL L L A
R R
r < TI" n <
T ] |
0 X4 0 - X
n
Ll VA A LL L L L Ll LL L L L L L L LLL hedd ol k. LL L LL VA L Ll Ll L Ll LL L L L
a) Fully wettable wall b) Partially wettable wall

Fig. 1 Velocity profiles of the liquid
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2. Surface energy [2]

Liquids in contact with the insoluble solid surface rely on three inter phase energies: solid surface energy y,, interfacial energy
solid - liquid y and liquid surface energy y,; their relative values affect the resulting interface surface energy, which we deem as a
factor (ratio) of surface wettability by the liquid. The size of the surface energy can be determined by contact angle 6 of liquid
droplets on the selected species surface. See Fig 2.
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Fig. 2 Dependence of the surface wettability on the contact angle 6

On the surface energy basis or the contact angle measuring is advised the degree of liquid wettability to the surface. The
situation is illustrated in Fig 2.

Based on this methodology, were performed measurements of surface energy on the SEE System device equipped with a
camera to capture the shape of liquid droplets on a selected surface. Based on the contact angle of surface energy are evaluated for
various combinations of liquids and surfaces. TC designation indicates the different qualities of Teflon layer deposited on steel
plate. The results are tabulated below.

The results indicate that the glass surface, out of tabulated surfaces types, is one of low contact angle and high surface energy,
it means is hydrophilic to water. Glass is completely wetted with water and sticking condition applies here. By contrast, for
example, Teflon coating (Green TC 4111) is to water non wettable, which corresponds to the high contact angle and low surface
energy.

The proof is obvious from another experiment; illustrated in Fig 5. Here is visualized the water flow down a slippery slope. On
Fig.3 a) due to sticking on the surface of a glass of water run-off occurs in the intact layer, which creates a continuous film here.
Fig.3 b) shows the water flow down the slippery slope, under the same conditions as in the case of 5a). Because the green Teflon
surface has very low surface energy, the adhesion forces affect water flow only marginally. So in the movement of water the are
applied especially surface tension forces and water run-off has character of braids, which perform unsteady motion on an inclined
plane. See Fig 5b).

Specimen Contact angle (°) Surface energy
water ethylene glycol a-bromnaftalen (MJ/m?)
Black metallic (TC 3072) 107.1+44 909+29 68.1£4.9 24
Black (TC 1191) 94.1+1.3 65.3 £5% 44.8+58 34
White (aircraft plate) 78.7+3.2 49.5+5.5 19.9+£29 43
Glass 346+4.6 30.7+£3.8 26.8+5.6 50
Green (TC 4111) 109.2 +6.2 849+5.1 642+11.9 23

Contact angle and surface energy measurements before coating

Fig. 3 Water drop down on an inclined plane
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3. Boundary condition - adhesive forces effect [3]

For the Navier-Stokes equations and continuity equation solving there must be specified boundary conditions on the interface
of the surface and the liquid. In most of the previously solved problems there are expected a liquid that perfectly wetted the
surface, so it is possible to explain the liquid sticking condition to the immobile surface by zero velocity vector C, so:

c=0 (M

From Fig.1) it is clear that this condition is essential for the flow profile creating.

In the introduction we mentioned the influence of the flow profile on the hydraulic losses.

The influence of high velocity gradients at the wall have a significant effect on the size of the convective acceleration, which
affects the stability of laminar flow and are a source of turbulence. Will - when the surface is hydrophilic, means non wettable to
the fluid, it changes significantly the boundary condition (1), whereas that for hydrophilic surfaces the liquid will slip against
surface. See Fig.1b).

This will change as the hydraulic losses as the size of the convective acceleration and turbulence conditions. Similarity number,
characterizing the transition between laminar and turbulent flow, will depend on surface energy.

Boundary condition at the body-fluid interface was discussed in the Navier [3] nearly 200 years ago and he also designed its
basic shape, which expresses the slip of liquid on the surface

dc
¢ dr @

He assumed that the velocity on the surface of the body is proportional to the shear stress on the surface; where S is the slip
coefficient. If f= 0 than equation (2) will reflect the sticking condition (1). When coefficient S will have the final size than the
liquid slippage happens on the wall.

Expression (2) can be used to solve planar flow. Not, however, for the generally curved surface. For this purpose it is necessary
to derive a new condition, which must also include a further requirement for the impermeable border, which can be expressed in
the form:

c-n=0 3)

Assuming that the adhesive shear stress vector o4 lays in the plane intended by the outer normal vector n to the surface and the
velocity vector C. Based on this concept can be defined (2) in assume that the vector of adhesive shear stress on the partially
wettable surface is proportional to the speed of the liquid.

Under this assumption, the adhesive shear stress vector 6,4 is true

G6,=(0 x N) x n=—kC, as components of this relationship takes the following form @)

onn —0o,= —kc,. (%)
If we substitute the irreversible stress vector like:

o, =11 ;M. wecan achieve after substitution into (5) the following:

0y =M mnn —In,; = —k,. (6)

i i

Relation (6) defines the boundary condition for liquid slipping on the non wettable, generally curved surface, including the
impermeability boundary condition (3).

Adhesive coefficient reflects the degree of adhesion of liquid to the surface and is related to surface energy. It is not yet enough
information about whether a given type of surface is constant, independent of the speed ¢ and the surface roughness.
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4. Example of fluid slippage flow

Laminar flow in a tube with circular cross section

On Fig.1), b) is indicated basic signs, and below basic physical constants and dimensions.

Pipeline parameters
Pipeline diameter d= 0,015 M
Pipeline length / 1 M
Average speed of liquid y= 0,1 m.s”
Number of computer network

cells n= 771012 1
Liquid
Liquid density p= 998,2 |kg.m>
Dynamical viscosity n= 0,001003 | Pa.s
Kinematical viscosity v=1,00481E-06 | m*.s

Boundary condition (6) on the tube wall is by adjusting in the form:
ol _k c -
67" r=R 77

Solution of the Navier-Stokes equations and continuity equation gives the following velocity profile shape, depending on the
adhesive coefficient 4:

2 2
c= M R_ + E _ l"_ (8)
21 \2n k 2n
Flow is given by expression: 0= MER“(I + 4—”} )
8nl kR

Velocity profile shapes depending on adhesive coefficient are shown in Fig (4).
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Fig. 4 Liquid velocity profile in adhesive coefficient dependence
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From the figure is evident the significant influence of adhesive coefficient k to shape the flow profile. From here we can also
expect a significant impact on the hydraulic losses and wall features that will fundamentally affect the turbulence models.

The following figure (Fig. 5) shows a loss coefficient based on adhesive coefficient.
The opinion is clear that the essential from the loss point of view will have a surface with the adhesive coefficient smaller than
2Pas / m.
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Fig. 5 Pressure losses in adhesive coefficient dependence

5. Cavitation

The liquid slipping along the surface will have a significant impact not only on the wall functions, but will also affect the
conditions of cavitation creation and suction capacity of hydraulic machines. For this purpose, a numerical experiment was
conducted on which basis was possible to evaluate the adhesive coefficient effect for the cavitation cloud development. Situation
is shown in Fig.6, where the pressure field is specified in the special cavitation tube. The view shows obviously the expected
result of the cavitation area increase in non wettable surface, at k = 1Pas / m.

No slip

k=1

Fig. 6 Cavitation zone for no slip k=0 and partially slip surface k=1 (calculation)

We note that cavitation cloud computational modeling by software FLUENT in the cavitation tube with perfectly wettable
surface was confirmed by experiment. Cavitation cloud found in the experiment was shown in Fig.7 and compared with
calculation.
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Fig. 7 Cavitation cloud in a tube with a perfect wettable surface a) - experiment b)-calculation

More obvious is the adhesive coefficient effect on the cavitation creation visible from fig. 8.
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Fig. 8 Contours of volume fraction (Vapour)

The above mentioned analysis shows that wettability will significantly affect the properties of hydraulic components. Positive
is reduction of hydraulic losses. Adverse effects of wettability, However, can result in greater vulnerability to cavitation of
hydraulic components.

In the following section we apply the previous expectation of the centrifugal pump characteristics changing. The object of
interest will be the adhesive coefficient influence.
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6. Characteristics of a centrifugal pump with partial wettable surface

Fig.9 shows the characteristics of centrifugal pumps with low specific speed. It is assumed that the properties of the low
wettable surface have only spiral body interior. On the impeller is fulfilled a condition of full wettability. The following results

shown in Figures 9, 10, 11 were realized by computational modeling in FLUENT environment.

It is clear that the adhesive coefficient has significant influence on the pump head. The adhesive coefficient reduction may

have a negative impact on the stability of (H, Q) characteristic. See Fig. 9.
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Fig. 9 Centrifugal pump characteristic

Conversely the adhesive coefficient reduction will significantly affect the hydraulic efficiency of centrifugal pump, by

hydraulic losses lowering. See Fig.10
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Fig. 10 Hydraulic efficiency characteristics of centrifugal pump

Another phenomenon that must be taken into account in the design of centrifugal pump is the dependence of radial force on
the discharge. Fig.11 shows the radial force increasing by the adhesive coefficient reducing. This phenomenon is mainly related to

higher velocity rates of liquid close to the spiral body nose area.
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Fig. 11 Dependence of centrifugal pump radial force on discharge

In addition to the previous mathematical simulation, there was also carried out an experiment, this time for the pump with
medium specific speed.

Fig.12 shows a centrifugal pump, where the interior parts were painted with a special low wettable material. Experiment
results are shown in the next Figure 13, from which is obvious efficiency increase by 5% at the optimum operating point. Please
note that this is a coating with a relatively high surface energy, so to increase the effectiveness may also help the surface
roughness reduction.

Fig. 12 Measured centrifugal pump with nonwettable interior
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Fig. 13 Characteristics of centrifugal pump with medium specific speed

9. Conclusion

The past five years have seen a significant increase in nanotechnology applications to change the properties of surface layers.
From the standpoint of fluid mechanics is appropriate to focus those technologies on such modification of surface layer in contact
with liquid, which will repel the liquid. By this achieves the new quality of the fluid flow, which will be crucial in hydraulic losses
reducing. This could result in significant energy savings in the hydraulic machines, components and equipment operation.

Non wettability of the liquid towards the surface brings new knowledge also in the theoretical field as fundamentally affect the
idea of the turbulent flow creation and the current turbulence models based on wall functions loose the validity.

Flow in the liquid surface layer will affect the mechanism of cavitation. From this it is clear that conditions in the fluid
boundary layer significantly affects the image of fluid flow at all and will have a fundamental impact on the construction of
hydraulic components.

Adhesive coefficient effect is significant in another field of pump design computations where affects the centrifugal pump
efficiency and the dependence of radial forces on discharge.

Remark: The adhesive coefficient dependence on the surface energy wasn’t experimentally settled yet, because the proper
methodic is still unknown.
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Nomenclature

c Liquid velocity /ms™] o Contact angle /]
k Adhesive coefficient [Pas m™] R Radiuses /m/]
o Tension /Nm™] Yo, Liquid density /kg™]
p Pressure /Nm™] 1I; Irreversible stress tensor
n Viscosity [Pas]
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