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Abstract: Not all the properties of structured surfaces can be predicted just through using stationary solutions. Hydrophilic and 

hydrophobic qualities distinctly manifest themselves when surface contacts with mobile liquid; besides, shape of surface projections could 

variously influence flow velocity in different directions forming turbulences behind projections (even cavitation zones if flow is very fast). 

The following properties of liquids are particularly important for these processes: dynamic and kinematic viscosity, density, flow velocity 

and characteristic flow size, which represents itself contact surface relation to cross-sectional area. Relationships between these parameters 

characterize flowability of the particular substance and can be expressed as Reynolds number. Solutions of kinetic equations could be 

helpful to develop understanding on particular fluid's flowability in the close vicinity of the surface. 

Examples discussed in this paper can be used not only in nano- and microstructures related research but also for high school and 

university students training in physics and natural sciences. Comprehension development about flow rate diferences in various distances 

from tube walls should be considered as one of problems for successful acquiring of hydrodynamics topics. Even use of transparent tubes is 

not helpful enough for appropriate demonstration of tinted liquid speed distribution in flow's cross-sectional area – laminar flow when 

Reynolds number value is low and turbulent flow when it is high. 
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1. Introduction 

Research on properties and development of nanostructured 

materials (i.e. objects with length-scale in the order of nanometers; 

1 nm = 10-9 m) has been considered as one of the priorities of 

modern science. Due to their unique properties a lot of materials 

with a micro- and nanostructured surface are high in demand. Thus, 

details with hydrophilic qualities are desired in mechanical 

equipments to design a pair of viscous friction; hydrophilic 

properties of materials are also necessary to attract human body 

liquids for lubrication of mobile parts of bio-implants (1). 

Conversely, hydrophobic properties are important for pipelines 

internal surface design or treatment of external surface of flowing 

bodies – ensuring thus their faster movement in a viscous 

environment or energy resources saving. 

Considerable difficulties have been faced when researching 

flows along structured surfaces. Besides, taking into account that a) 

flow rate in tube fluctuates at great extent, b) velocity measurement 

process itself has a mechanical impact on flow, and c) ultrasonic 

flow meter for gases can determine only the average speed – exact 

measurement of convex flows (like sinuous pipings, junctions of 

various shapes and cross-sections, etc.) is still challenging for 

engineers. 

Development of new mathematical models with related 

software tools can ease up work of researchers at great extent. 

Computer implementations are time-saving and also can economize 

materials and exploitation of expensive experimental equipment; 

besides, they can be used as a demonstrative tool to improve 

comprehension of different flow topic related issues and, 

accordingly, to facilitate relevant problem-solvings for e.g. irregular 

tubes. 

2. Applications of kinetic solutions 

2.1. Applications of kinetic solutions to describe qualities of 

nanostructured surfaces 

Not all the properties of structured surfaces can be predicted 

just through using stationary solutions. Hydrophilic and 

hydrophobic qualities distinctly manifest themselves when surface 

contacts with mobile liquid; besides, shape of surface projections 

could variously influence flow velocity in different directions 

forming turbulences behind projections (even cavitation zones if 

flow is very fast). The following properties of liquids are 

particularly important for these processes: dynamic and kinematic 

viscosity, density, flow velocity and characteristic flow size, which 

represents itself contact surface relation to cross-sectional area. 

Relationships between these parameters can be expressed through 

flowability (called Reynolds number) which is calculated on the 

following formula: 

Re ,
vl vl

 
 

                                      (1) 

where: ρ - density, (kg/m3), v - flow velocity, (m/s), µ - dynamic 

viscosity, (Pa∙s), l - characteristic size, (m), υ - kinematic viscosity 

(m2/s). 

 

Fig. 1. Drop stretched on one-direction structured surface 

 

Fig. 2. Surface treatment performed along narrow zones. 

Magnification 60x 

If an object has been flown around by liquid or gas, then 

object's length or width usually has been chosen as a characteristic 

size l. If liquid moves along the tube, then tube's diameter has been 

used for l calculations (if tube's cross-sectional shape is not round, 

then equivalent diametr will be used instead). In Reynolds number's 

(Re) expression numerator ρ·v·l characterizes inertia power and 

denominator µ – friction power. Flow is laminar when Re value is 

low; it is turbulent when this value is high. Mean Re values are 

related to transitional conditions. Re value for flow to shift from 
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laminar to turbulent state depends upon flow conditions, tube's 

convexities and must be determined experimentally. 

Kinetic (vector) equation solutions could be helpful to develop 

understanding about particular liquid's flowability close to the 

surface. In case if surface structure is anisotropic (i.e. having 

different properties in different directions) flowability will be 

different (with all other factors being equal) (see Fig. 1 and 2). 

2.2. Kinetic solutions for hydrodynamics education 

Examples discussed in this paper can be used not only in nano- 

and microstructures related research but also for high school and 

university students training in physics and natural sciences. 

Comprehension development about flow rate diferences in various 

distances from tube walls (see Fig. 3) should be considered as one 

of problems for successful acquiring of hydrodynamics topics. Even 

use of transparent tubes is not helpful enough for appropriate 

demonstration of tinted liquid speed distribution in flow's cross-

sectional area – laminar flow when Reynolds number value is low 

and turbulent flow when it is high (see Fig. 4). 

Bernoulli's equation for ideal fluid's stationary flow: 

 

2

,
2

p w
g z const


   

   (2) 

where: g = 9,81 m/s2 - free-fall acceleration, z - height, m, p - 

pressure, Pa, ρ - density, kg/m3, w - flow velocity, m/s. 

Each member of Bernoulli's equation represents a kind of 

specific energy, namely: 

 

gz - standing energy, 

p/  - pressure energy, 

w2/2 – flow's kinetic energy. 

 
Fig. 3. Laminar flow in the tube (a – pressure, w – flow rate) 

As we can see, summary value appeared to be constant for all 3 

types of energy. 

Actually, Bernoulli's equation represents itself energy equation 

for incompressible liquid flow. 

Real liquid dynamics has been described by Navier-Stokes 

equation: 

  ,

0
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           (3) 

where: v – flow velocity vector field, p – pressure, µ - dynamic 

viscosity, f - external force vector field. 

 
Fig. 4. Liquid flow along structured surface (low and high 

Reynolds numbers) 

2.3. Periodic nanostructures on SiO2 surface 

By mathematical modelling of the substance silicon dioxide 

SiO2 treatment with pulsed laser, we can obtain the following 

surface structure (2), (3): 

 

Fig. 5. Nanostructure's dynamics on silicon dioxide surface 

Data obtained from this modelling (see Fig. 5) – matrix of 

results at t = 6 s will be used in further discussion to portrey 

structure of surface crossed by liquid flow. 

Acquired diagram perfectly correlates with experimental results 

(relevant SEM image see Fig. 6): 

 
Fig. 6. Periodic wave-like structures on material surface. 

Source: Nanomaterials laboratory at Liepaja University. 

Magnification 3000x 

2.4. Flow modelling with Lattice Boltzmann method 

Hydrodynamics traditionally use Navier-Stokes equation based 

computing methods for its problemsolvings. Nevertheless, an 

alternative approach has been developed and successfully applied 

during last 10-20 years – namely, Lattice Boltzmann method (LBM) 

with discrete Boltzmann equation to be solved to simulate the flow 

of a viscous Newtonian fluid. 

Recently LBM is highly developed and its methodological 

possibilities are comparable with that of conventional Navier-

Stokes equation. LBM based softwares for hydrodynamic 

calculations – both commercial (PowerFLOW, XFlow) and free 

(Palabos) – have been designed.  

This method possess a lot of advantages which reveal 

themselves when simulating multiphase and multicomponent flow 

as well as when modelling flow around porous surfaces. Besides, 

LBM is a direct method which, accordingly, could be easily 

parallelized – it is an important advantage in relation to recent 

development of computing technologies which are based on graphic 

procesors and computer networks. 

Lattice Boltzmann method application techniques (like 

microscopic and macroscopic flow parameters recalculation, 

bounce-back formation, boundary and initial conditions) are well 

known and have been reviewed in literature (5-10). Because of 

volume limits recent paper will not discuss these techniques. 

3. Numerical experiments 

3.1. Poiseuille's flow in the tube 

This is one of the simplest examples on programming and 

numerical experimenting with LBM method. The giving area has 

two walls – upper and lower where rebound takes place, border 

condition: flow velocity close to border is zero. The operation of 

this condition has been demonstratively revealed in Fig. 7 – there is 

an equal pressure (and equal flow rate, accordingly) on y axis at the 

entrance of the tube, however velocity gradients originate soon. 

 

 

a 

w 

a 

ws 
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Fig. 7. Poiseuille's flow in the tube 

 

Even more demonstratively it has been revealed in Fig. 8 where 

flow releases in the tube „from the corner” – in this case influent 

mass initial velocity's vertical component voy = 0.05 has been 

added. 

 

 
Fig. 8. Flow in the tube, influx from the corner 

 

Software parameters are easily alterable – researcher/ educator 

can change tube's dimensions, Reynolds number values, initial 

conditions – entrance velocity components vx and vy. 

3.2. Flow around the cylinder 

Another example (see Fig. 9-11) often discussed in 

hydrodynamics classes: initially laminar flow runs around a round 

cylinder (Stokes ball in cross-section) placed in the tube. 

Interestingly: this cylinder is slightly shifted away from tube's axis 

in order to put asymmetry in solutions. 

 

 
Fig. 9. Flow in the tube around the cylinder – 1 

 

 
 

 
Fig. 10 – 11. Flow in the tube around the cylinder – 2, 3 

3.3. Flow in the tube with a narrowing 

An important flow research related example is represented by 

hydrodynamics task about tube's quick widening or narrowing – this 

topic offers possibilities for research on flow direction changes, on 

turbulence processes in the vicinity of physical restrictions, etc.  

Alterable parameters of flow are influx velocity, direction (x, y 

axis), Reynolds number values, etc. 

 
Fig. 12. Flow in the tube with a symmetric narrowing 

 
Fig. 13. Flow in the tube with an asymmetric narrowing 

3.4. Flow with a barrier 

One more example on flow around an asymmetric barrier (see 

Fig. 14). One can pay attention here on flow velocity vector 

distribution before and after the barrier (see the red square in Fig. 

14), taking into consideration that colour portrays flow velocity – 

not direction. It looks like flow turbulence with cavitation 

possibilities originates after the barrier. 

Images like the discussed one can be helpful for nanostructures 

research as they offer possibilities to forecast resistance created by 

the barrier and to evaluate effective dimensions of the tube. 

 
Fig. 14. Flow in the tube with a barrier 

3.5. Flow with asymmetric barriers 

Similar examples, except barriers being located asymmetrically 

on both sides of the tube. 

 
Fig. 15. Flow in the tube with asymmetrically located barriers – 1 

 
Fig. 16. Flow in the tube with asymmetrically located barriers – 2 

3.6. Flow in a curved tube 

This example demonstrates why it is not advised to use tubes 

with a sharp angle of 90 degrees in plumbing and similar 

applications. Because of the rebound from the opposite wall 

effective flow diameter comprises only 20 % of the initial value (in 

the straight part of the tube). 
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Fig. 17. Flow in the tube with 90° turning angle 

3.7. Flow along the periodically structured tube surface 

Using techniques discussed in previous sections an appropriate 

software has been developed to perform research on flow around 

spatial structures – both periodic and aperiodic ones.  

Flow examples reviewed in this section (see Fig. 18 – 25) have 

been designed using surface structure matrix (analyzed in section 

2.3.) at different scales. 

 
Fig. 18. Flow when Re equals 30 

 
Fig. 19. Flow when Re equals 50 

Flow should be considered as laminar in the first two examples 

(see Fig. 18 and 19); there is a relatively big distance between 

projections and central part of the flow. This central part (dark red 

colour) is even, speed gradient – equable.   

 
Fig. 20. Flow when Re equals 150 

 
Fig. 21. Flow when Re equals 450 

When increasing Reynolds number value (see Fig. 20 and 21) 

one can observe chaotic speed distribution along the same structures 

on the lower wall of the tube. 

 
Fig. 22. Flow when Re equals 330 

 
Fig. 23. Flow when Re equals 130 

 
Fig. 24. Flow when Re equals 50 

 
Fig. 25. Flow when Re equals 130. Influx from the left side, 

upper corner 

Next examples (see Fig. 22 – 25) use barrier matrix in a 

modified scale, with different Reynolds number values. These are 

just some examples selected from the list of about 40 experiments 

which demonstrate capacities of the software developed: 1) support 

different shapes of tubes and barriers; 2) support various parameters 

(including speed and direction) of liquid. 
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