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Abstract: - This study presents a theoretical framework for coaxial nanofluid jets and film flows, as well as
analogous flows of liquid metal melts. These systems are of considerable interest in heat transfer and other
scientific and industrial applications. The modeling begins with the phenomenon of film formation resulting
from hydraulic shock in coaxial counter-current jets. When two opposing jets collide, the abrupt deceleration of
fluid velocity to nearly zero produces a thin, radially spreading film. This process is analogous to jet
impingement on a solid plate, but conventional Navier—Stokes equations cannot adequately describe it, since
they do not account for the sudden jet deceleration followed by film redistribution. Several nanofluids are
considered, and the parameters of the resulting film flows are computed. These results provide valuable insights
into film cooling and other applications involving liquid metals and nanofluid film flows.
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1 Introduction
The phenomena of jet and film flows, as well as the 2 Creation of the Film Flows due to

development of thin films due to hydraulic shock on the Hyd raulic Shock of the Jets
solid plates, have been extensively studied in prior
works, for example, in analyses of parametrically 21 Film Flows in the Frame of the Navier-

controlled jet decay into droplets for industrial and
technological applications such as metallurgy,
tokamak systems, and the production of unique
amorphous materials [1].

Film formation is a particularly intriguing
process: a vertical jet striking a fixed horizontal
plate (or disk) transforms into a thin horizontal film
flow when the jet velocity is sufficiently high [1]. In
the case of the hydraulic impact of a vertical jet on a
horizontal disk, conservation laws of mass and
momentum must be applied, with film thickness and
flow velocity strongly influenced by the speed of
sound in the liquid. A similar phenomenon occurs
when two coaxial counter-current jets collide. In this -
work, we present mathematical modeling and //
computer simulations of these flows for nanofluids
and liquid metals.

Stokes Equations

Considering film flow formation within the
framework of the continuity hypothesis and the
Navier—Stokes equations [2], [3] leads to a
description of a smooth jet-to-film transition.
However, this theoretical picture does not
correspond to the experimentally observed process,
as illustrated in Figurel. In reality, the
transformation involves an abrupt hydraulic shock:
the jet velocity drops sharply to nearly zero at the
impact point, followed by the sudden formation of a
thin film.

Fig. 1: Axis of the counter-current jet flows

transforming to radial film flow
Source: created by the author
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This discrepancy highlights the limitations of
conventional continuum modeling. While the
Navier—Stokes  framework  predicts  gradual
redistribution of flow, experiments show that film
formation is inherently discontinuous, requiring
additional modeling approaches to capture the
dynamics of hydraulic impact and subsequent film
spreading. The breaking point is in the center. The
breaking point is in the center of the braking plane.
This discrepancy arises because hydraulic shock is
not captured by Navier—Stokes formulation. Thus,
this is just a thin sheet flow.

Confined impinging jets (ClJs) are reactors used
in processes that require fast mixing. In such
equipment, two fluids are injected from opposite
sides of a chamber, impinging on each other and
forming flow structures that enable effective mixing
and reaction. The turbulence analysis shows that the
energy is injected from smaller scales, having
approximately the injector's width, that feed larger-
scale structures up to larger vortices that occupy the
entire mixing chamber width.

This energy distribution has an inverse energy
cascade, i.e., it is an inversion of the traditional
description of homogeneous 3D turbulence. The
typical flow scales of 2D ClJs are clearly shown to
be linked to the 2D turbulence energy spectrum and
to integral scales of turbulence. Moreover, the
turbulence mechanisms in 3D ClJs at transitional
flow regimes are shown to be similar to those in 2D
Clls.

The flow pattern when two opposing jets collide
is characterized by the formation of a stagnation
point or stagnation plane, where the flow velocity
drops to zero, and the static pressure reaches a
maximum. Basic elements of the flow pattern are:

e Impact zone: a region is formed in the center
between the nozzles where the jets impinge on
each other. If the jets are identical in power, this
zone is located exactly in the middle.

e Radial spreading: After the collision, the liquid
or gas deviates from the initial axis and spreads
radially to the sides, forming a so-called
"scattered" or "merged" jet.

e Vortex structures: Intense vortices arise at the
boundaries of the jets and in the zone of their
interaction. In turbulent regimes, this leads to
rapid and efficient mixing of the components.

The flow pattern depends significantly on both the

distance between the nozzles and the Reynolds
number.
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e At low Reynolds numbers and certain nozzle
spacings, the pattern remains symmetrical and
stable.

e As the jet velocity increases, the stagnation
point begins to oscillate along the axis or
perform “rolling” movements, which enhance
turbulence.

e When the jets have unequal impulses (one jet
more powerful than the other), the stagnation
point shifts closer to the weaker source.

A study of the influence of viscosity on the
characteristics of the thin “sheet” formed by the
collision of two jets was presented in [3]. This work
highlights how viscosity alters film thickness,
stability, and the onset of instabilities in the sheet
flow. The flow and temperature distributions for a
column of materially buoyant fluid, referred to as a
Cartesian compositional plume, rising in a less
buoyant fluid contained between two parallel
vertical planes were identified, and the material,
heat, and buoyancy fluxes associated with them
were discussed in [4]. The stability of the system to
linear perturbations was investigated and found to
depend on six dimensionless numbers.

|
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Fig. 2: Bending wave oscillations: vibrating disk
Source: [1]

Volume 21, 2026



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2025.20.10

But the situation shown in Figure 1 describes
thin sheet flows and not real 2D thin film flows,
which spread with supersonic velocities and reveal
some elastic properties as a whole. The crucial
difference between the thin sheet flow as in Figure 1
and real 2D thin film flows from our experiments in
Figure 2 is in the condition of the hydraulic shock of
the jet on a solid plate or on the meeting point of the
two identical counter-current jets in Figure 3.

As seen from Figure 2, liquid film flow has some
elastic properties. It reacts to the vibrating disk as a
whole, similar to an elastic surface. Schematically, it
is explained in Figure 3.

Fig. 3: Vibration control of bending oscillations
Source: [1]

When the jet nozzles are located close together,
or when thin jets retain their shape due to capillary
forces, the increased pressure at the center of
collision, whether between opposing jets or between
a jet and a solid surface, is directed strictly along the
line of radial spreading of the thin film (diaphragm),
as shown in Figure 2, Figure 3 and Figure 4.

A similar phenomenon can be observed in
everyday life: when a jet of water from a kitchen tap
strikes a spoon, the thin film spreads radially
without any transitional smooth region, unlike the
gradual jet-to-film transition illustrated in Figure 1.

2.2 Hydraulic Shock of the Jet with Plate
The unique two-dimensional thin film flows can be
formed due to the shock of a jet with a solid plate
and by the coaxial counter-current jets, as shown in
Figure 3, Figure 4 and Figure 5.

The creation of a thin film flow is a distinctive
phenomenon involving the transformation of a
three-dimensional jet into a two-dimensional film.
For example, when a vertical jet (or one inclined at
an angle) impinges on a fixed horizontal disk at
sufficiently high velocity, it spreads into a thin

E-ISSN: 2224-347X

115

lvan Kazachkov

horizontal film [1], [5], [6]. This phenomenon is
often referred to as a veil or liquid sheet.

Fig. 4: Galium film flow from impinging jét flow
on a disk in a weakly controlled nitric atmosphere
Source: [1]

The crucial stage in this transformation is the
abrupt deceleration of a portion of the jet fluid from
high velocity to zero upon impact with the disk.
This occurs over a short impact time (At), during
which the decelerated mass initiates the formation
of the two-dimensional thin-film flow:

M=pcAtS, (D)

Here, p denotes the liquid density, ¢ the sound
velocity in the fluid (corresponding to the
propagation speed of small density perturbations),
and S the jet cross-sectional area [1].
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Fig. 5: Film flow from the hydraulic shock of
coaxial counter-current jets: 1- nozzle, 2- vertical jet
(symmetrical, the same from below), 3- film flow

due to the shock of counter-current jets
Source: [1]
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The product of this mass and the jet velocity
defines the momentum of the decelerated portion of
the jet, generated by its impact on the disk.

The first major distinction from conventional
hydrodynamics lies in this phenomenon: a portion
of the jet fluid is abruptly slowed from its initial
velocity to zero at the speed of sound within a short
impact time At. This abruptly decelerated jet mass
determines the hydraulic shock exerted on the plate.

If the transformation of a jet into a film flow is
considered without accounting for hydraulic shock,
significant contradictions arise between theoretical
predictions and  experimental  observations,
particularly in terms of velocity and film thickness,
except in the case of smooth, slow jets.

For the hydraulic impact of a vertical jet on a
horizontal disk, it is essential to apply the
conservation laws of mass and momentum. Despite
the short impact time (At), the action exerted on the
disk is much greater than that of a smooth flow,
since the speed of sound in most liquids exceeds the
jet velocity.

P.-S-At=p-c-At-S-uy, P=p-c-u,, (2)

where S = 7Z'r02 is the jet impact area, I'o- radius of a
jet, Ugo - its velocity before impact with a disk.

As it is seen from (2), the action of the jet on the
disk is much higher than that of a normal smooth
flow, when it is equal to the kinetic energy of the jet

P=05p- ugo. For example, for a jet of water with

a speed of 1 m/s, the pressure in the impact is about
1.5-10° N/m?, which is 3000 times higher than the
pressure of the same jet flow created on the plate
(500 N/m?) without shock (smooth flow).

The limiting jet velocity required for film flow
formation remains an open question and has not yet
been investigated in detail. At a minimum, this
velocity must exceed the frictional losses on the
disk, though the precise threshold is unknown.

The radius of the resulting film flow depends on
the jet momentum prior to impact, reduced by
frictional losses along the disk surface and by
viscous dissipation within the film. These factors
determine how far the thin liquid sheet can spread
radially before breaking down or losing coherence.

Similar phenomena occur in other contexts and
must be analyzed in a comparable manner. For
instance, storm waves striking a coastal barrage rise
much higher than waves observed in open water. By
analogy, the velocity of the film flow created after
jet impact on a disk can be calculated using
momentum conservation. The governing relation for
the film flow is therefore expressed as:
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wherefrom, with account of the equation (3) yields

U, = «/Zcz'uo0 ,a= O.5r0,/0.5u00 /c. 4)

Thus, with an increase in the jet velocity, the film
flow thickness grows.

p-c'u00=0.5p~u02,

Here, the mass conservation equation is used:
p2mroalo= prro’Uoo,
a is the film thickness.

)

As seen from (3), the velocity of the film flow
can be much higher than that of the impacting jet. In
addition, the film thickness is much less than the
jet’s thickness by Ug<<c. It was computed from (4)
in the above conditions for the water jet of 1 sm
radius, 1 m/s velocity, c=1500 m/s, as follows:

U, ~54.8m/s, a~9.12- 10° Iy, where from yields

a~0.046 mm for re=5 mm (jet creates film flow
less than 0.1 mm thickness and a speed of 54.8
m/s!).

The viscous dissipation of flow energy was
neglected in calculations. Therefore, these values
are a little overestimated but still exciting. The ratio
of various forces significantly depends on the film
thickness, physical properties of liquid or metal
melt, type, and intensity of the external influences
that define a variety of flow modes.

An important role is played by the capillary,
viscous, electromagnetic forces, etc. [1]. The
radially spreading film flow has the same velocity as
the plane one created by a plane jet [1], but its
thickness is twice as less. Moreover, a film flow is
spreading radially; therefore, its thickness ¢ is
decreasing with the increase of the radial coordinate,
which grows according to the mass conservation
equation:

p2rroaUo=p2zreu, eu=auolo/r, (6)
where r is a radial coordinate (distance from the
film circular flow origin), & is the current film
thickness at the distance r, and u is its velocity at a
distance r from the origin. The momentum equation
yields

prtoaUy’=prreu®, e=auoro/(ru), (7)
where from follows that a film flow velocity is the
same as previously got [1] for the plane film flow
(u=Uo), while the thickness is varying starting from
the origin r=ro following the correlation e=aro/r,
thus, substantially, in contrast to the plane film flow.
Due to this, the radial film flow is shorter than the
plane film flow, as far as it moves with nearly
constant velocity, permanently thinning.
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Analysis of the mathematical model (3)-(7)
shows that the limit value for the velocity of a jet is
Uy, =c¢ When the model remains valid, as far as

afterward, the supersonic jet will create the shock
wave itself (the shock-wave jet flow). The equation
(4) results in the following parameters: a=0.35ro.
For supersonic jet flow, there are conical shock
waves on the head of a jet similar to the ones
observed by us in the experimental study by high
vibration acceleration (vibration Euler number
Eug =g,r,/u; was about 100 [1] shown in Figure 6,

where g, = AQ- the acceleration due to vibration

developed by the vibrator, A Q- the amplitude and
frequency of the vibrations.

' i 7'= A cos of

Fig. 6: The regime of shock-wave film flow as
observed in experiments with water film flow Source:

[1]

2.3 Creation of Film Flows due to Hydraulic

Shock of Coaxial Counter-Current Jets
Taking into account all of the above and following
the scheme illustrated in Figure5, the film flow
generated by the hydraulic shock of two coaxial
counter-current jets can be derived in a similar
manner.

In this case, the initial velocities of the jets are
combined, along with their respective mass flows, at
the point of impact. Consequently, instead of the
single-jet velocity Uo, the effective velocity for
coaxial counter-current jets becomes 2Uo. Therefore,
according to equation (5), the resulting film flow
thickness is determined by this doubled velocity and
the associated mass flow conditions:

a=r,0.5u, /¢,

twice as big as in (4). The others are the same.

(8)

2.4 Application of the New Phenomena of
Controlled Film Flow

We can conclude that nanofluids have a weak

increase in density but a substantial increase in the

speed of sound and heat conductivity, as well as
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heat transfer, can have a critical influence on both
the flow and heat transfer characteristics of the film
flows.

The speed of sound in molten metals is
significantly higher than in liquids (kilometers per
second) but lower than in the solid state due to
reduced density. It depends on temperature but
typically ranges from 3000 to 5000 m/s,
significantly exceeding water (~1500 m/s).

Nanofluids (nanoparticles in a liquid) exhibit
unique properties where the speed of sound can
differ from the base liquid due to surface effects and
nanoparticle interactions, often increasing with
concentration, although the data are very specific to
each type of nanofluid. For example, at room
temperature (about 20°C), the speed of sound in
water is about 1450 m/s; in molten metals (e.g.,
lead, tin), it can be in the range of 1200-2000 m/s,
depending on the temperature of the melt and the
specific metal.

With regard to the speed of sound in nanofluids,
there are dispersions of nanoparticles (metal, oxide,
carbon, etc.) in a base liquid. Moreover, the speed of
sound depends on the properties of the nanoparticles
(size, shape, material) and the carrier liquid.
Nanoparticles increase the overall density of the
nanofluid, which can increase the speed of sound.

Interaction at the nanoparticle-liquid interface
and the elastic properties of the nanoparticles
strongly affect sound. Heating can reduce the speed
of sound, and the addition of nanoparticles often
increases the speed of sound compared to a pure
carrier fluid (e.g., water), e.g., nanofluids, water. For
example, Nanofluids based on AlOs in water can
have a sound speed 5-10% higher than pure water.

In the nanofluids based on carbon nanotubes, the
speed of sound can be significantly increased
depending on the concentration and orientation of
the nanotubes. In general, nanofluids offer unique
opportunities for controlling the speed of sound and
heat transfer characteristics.

3 Calculation of the Parameters

3.1 Parameters of Liquid Metal Film Flows
According to (3) and (4), the speed of sound
determines the thickness and velocity of the film
flow formed because of the hydraulic shock of the
vertical jet with the surface of the disk. Therefore,
now we make estimates for the different liquids and
melts, especially for the nanofluids.

The speed of sound is a constant of a given
substance in gases, liquids, and isotropic solids. It is
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determined by elasticity and density by the formula:
c=+E/p, where E is the Young's modulus of

elasticity. The speed of sound is minimal in gases
(under normal conditions in the air, ¢ = 330- 340
m/s, depending on temperature T: the higher T, the
higher the speed). Value c is maximal in solids
(c=6000 m/s in steels), intermediate in liquids
(c=1500 m/s in water). M=u/c is the Mach number.
Flow is supersonic when M>1.

The speed of sound is independent of frequency
in an ideal gas but weakly depends on frequency in
all real physical processes. This is a function of the
square root of temperature, which does not depend
on pressure and density in a given gas.

Let's take the following average values for the
speed of sound in aluminum (Al), gallium (Ga),
copper (Cu), tin (Sn), lead (Pb), zinc (Zn) [7], which
were used in our experimental studies and in the
production of granules [1]: 4700, 2800, 3460, 2400,
1800, 2800 (m/s). Then from the formulas, (3)-(5),
the following approximate expressions for
calculating the film velocity and its thickness are
written as:

U, =« uoo,a/r0=0.5;/a[u00, alry=y\Uy, (9)

For the jet film flows and coaxial counter-current
jet film flows, respectively. Here @,y (y =1/a) The

constants of the material are presented in Table 1.

It is evident that water and mercury are close to
these indicators, while the other metal melts are
very different, especially aluminum, which has a
speed of sound almost twice as high as water: with
the same parameters of the jet, the aluminum film
will be twice as fast and thinner than the
corresponding film of water. For a radial film,
according to (5), the constant y is twice less than
that presented in Table 1.

Table 1. The values of the speed of sound and
parameters ¢,y for melts and water

Liquid c,m/s o, Jm/s 7 Afs/m
Aluminum 4700 97.0 0.010
Iron (Fe) 4200 91.7 0.011
Cu 3460 83.2 0.012
Ga, Zn 2800 74.8 0.013
Sn 2400 69.3 0.014
Pb 1800 60.0 0.017
Water 1500 54.8 0.018
Hg 1450 53.9 0.019

Source: created by the author

Velocity and thickness of the film flows created
by the impact of the counter-current jets, depending
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on the jets’ velocity, are given in Table 2, where the
values higher than the corresponding speed of sound
are in bold.

Table 2. Velocity U, (m/s) and (a/r,)-10" for

counter-current jet-film flows depending on velocity

Uoo, 1072 0.1 1.0 | 10 | 10> | 103
m/s
Al 9.7 30.7 | 97 | 307|970 | 3070
1.0 32 10 32 | 100 | 320
Cu 832 | 263|832 263 | 832 | 2630
1.2 3.8 12 38 | 120 | 380
Ga, 748 | 23.7 | 74.8 | 237 | 748 | 2370
Zn 1.3 4.1 13 41 | 130 | 410
Pb 6.0 19.0 | 60 | 190 | 600 | 1900
1.7 5.4 17 54 | 170 | 540
H,O 5.48 17.3 | 54.8 | 173 | 548 | 1730
1.8 5.7 18 57 | 180 | 570

Source: created by the author

The corresponding thickness of the film flow
created by the impact of the jet on a disk is twice
less than the impact of the jet on a disk is half, with
the same velocity.

The velocity of the film flow, determined by the
velocity of the coaxial counter- current jets that
form it, can be directly inferred from the preceding
analysis. Importantly, in certain regimes, the
resulting film flow velocity may exceed the speed of
sound in the given medium, highlighting the critical
role of acoustic properties in the dynamics of
hydraulic shock and film formation.

Thus, for the melt of aluminum at Ue=0.001 m/s,
the film velocity is Uy=3.07 m/s; then, at U=1000
m/s, respectively, Up)=3070 m/s, the impressive film
velocity, and it's subsonic for the aluminum. In this
case, a/b=0.32 and 320 respectively, which means

that a film thickness of 1.6 microns (a=1.6-10"°m)

for a jet of 10 mm thick (D=5 mm) at ug = 0.001
m/s, and a=1.6 mm - at Uy=1000 my/s. In the latter
case, this does not seem like a film, but a simple
split of the flow according to the equations of
smooth fluid flow, although a small compression of
the jet on the disk is still observed.

It is evident that micron-scale film thicknesses
can only be achieved when jets of approximately
I mm radius are applied. For such jets, the
corresponding film thickness values are:

e £=0.08 um at up=0.001 m/s,
e £=0.25 um at up=0.01 m/s,
e &=0.8 um at up=0.1 m/s,

e &=2.5 um at Up=1 m/s.
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In the latter case, according to equation (5), the
film thickness at a distance of 2.5 jet radii is
e=l um, while at 25 jet radii it decreases to
€=0.1 yum. Such thin, high-pressure jets are
employed in specialized applications, for example,
in surgery as so-called “water scalpels,” where
ultra-fine water jets replace conventional metal
scalpels.

Nanofluids show measurable changes in the
speed of sound compared to pure base fluids,
depending on nanoparticle type, concentration, and
temperature. For example, Al,O; — water Nano
fluids typically range around 1500-1600 m/s, while
Ag—ethylene glycol nanofluids can exceed
1700 m/s, significantly higher than their base fluids:

1. Water-based nanofluids. In water, the speed of
sound increases anomalously with temperature up to
a peak (around 74°C), after which it begins to fall.
The addition of nanoparticles shifts these values:
ALO; (Aluminum Oxide) — Water: The speed of
sound is approximately 1490-1580 m/s (depending
on concentration and temperature, 298-343 °K).

As the particle concentration increases (up to 5
vol%), the speed generally increases. Ag (Silver) —
Water: Experimental data show values in the range
of 1495-1550 m/s at temperatures around 25-70°C.
ZnO (Zinc Oxide) — Water: A slight decrease in the
speed of sound is observed with increasing particle
concentration due to increased particle interactions
and increased density.

2. Ethylene Glycol-based Nanofluids. Basic
ethylene glycol has a speed of sound of around 1650
m/s at room temperature. CuO (Copper Oxide) —
Ethylene Glycol: The speed of sound varies
smoothly in the range of 1600—1700 m/s. Increasing
temperature leads to a weakening of intermolecular
forces, which reduces the speed of sound. Al>O; or
Ag — Ethylene glycol: The speed of sound in these
nanofluids is usually lower than in their aqueous
counterparts and is 1580—-1660 m/s.

3. Magnetic nanofluids (FesOs). The speed of
sound in magnetic nanofluids (e.g., magnetite in oil
or water) strongly depends on the external magnetic
field: Without a field, thespeed is about 1400—-1500
m/s. In a magnetic field, the speed of sound
increases significantly (up to tens of m/s) along the
field lines due to the formation of chain structures
from nanoparticles.

Main influencing factors:

e Concentration: In most systems (e.g., AlLOs-
water), the speed of sound increases with the
volume fraction of particles.

e Temperature: Increasing the temperature usually
reduces the speed of sound in organic bases, but
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in aqueous systems it initially increases to a
maximum.

e Particle size: Smaller particles provide better
stability, which affects the uniformity of
acoustic wave propagation.

3.2 Parameters of Ethylene Glycol (EG) -
Nickel (Ni) Nano Film Flows

Different heat exchange fluids are used in heat

management systems, and ethylene glycol (EG) is

one of them, which is frequently used as a coolant

due to its lower freezing point.

EG is considered better than water as well as
other fluids due to its better heat transfer properties
[8]. In this paper, the Ni-EG nanofluids were
studied, and different physical parameters were
measured for various concentrations at three
different temperatures of 298.15 K, 303.15 K, and
308.15 K.

The experimentally measured values of density
(p), speed of sound (U), and viscosity (1) were
presented [8]. Density is a weak function of both the
temperature in the above range and the
concentration of the nanoparticles, with a total
variation of less than 1%. Viscosity varies more
strongly depending on temperature (e.g., approx.
from 20.84 to 15.69 kNs/m2) than on the weight
concentration of the nanoparticles in the range from
0 to 0.25%.

The speed of sound grows with nanoparticles
concentration nearly linearly till 0.20% and then
slightly falls by 0.25%, the same for all
temperatures. With the temperature of nanofluid, the
speed of sound is falling down a little more than
growing depending on the concentration of
nanoparticles. The speed of sound in nanofluid
decreases slightly more than it increases, depending
on the concentration of nanoparticles.

The influence of both temperature in the
specified narrow range, as well as concentration of
the nanoparticles on the film flow thickness and
velocity is negligible. Thus, Ni-EG nanofluid film
flow is nearly the same in terms of film thickness
and velocity of the film flow. Nevertheless, the heat
conductivity and heat transfer coefficients can
substantially depend on the nanoparticle
concentration.

3.3 Parameters of EG — Oxides Nano Films

The speed of sound in nanofluids, which represent
different engineered colloidal suspensions of
nanoparticles in the base liquids, highlights how
even small volume fractions of nanoparticles
significantly alter acoustic propagation. Moreover, it

Volume 21, 2026



WSEAS TRANSACTIONS on FLUID MECHANICS
DOI: 10.37394/232013.2025.20.10

generally increases with the nanoparticle
concentration and decreases with rising temperature
[9], [10], [11]. For example, Alumina (AlO3) in
water has the speed of sound in the range of about
1500- 1550 m/s; Copper (Cu) in water — 1510- 1530
m/s, depending on particle size and surfactant;
Silver (Ag) in Ethylene Glycol- 1660- 1700 m/s
(increases with Ag concentration).

Magnetic Fluids (MF) in the oil/water have about
1100-1450 m/s and can be tuned by the external
magnetic fields. Remarkably, seawater in the
temperature range from 0 to 30 oC shows great
variation in sound speed, ranging from 1448 to
1546.

The particles of TiO; in distilled water show the
change of sound speed in the concentration range of
0~40%: it decreases as the concentration increases
until 30 wt.%, and then it increases after 30 wt.%
[11]. Interesting to note that heat transfer
characteristics are substantially enhanced by
nanoparticles [9], as shown in Table 3.

Table 3. Properties of oxides and their nanofluids

Thermal | Density | Viscosity Therm
Particles | conduc g/em® | (cP) with conduct
tivity 5.0 enhanc. of
W/mK vol.% nanofluids
30°C 5.0 vol.%
MgO 48.4 2.9 17.4 40.6
TiO> 8.4 4.1 31.2 27.2
Zn0O 13.0 5.6 129.2 26.8
ALOs 36.0 3.6 28.2 28.2
SiO» 10.4 2.6 31.5 25.3

Source: created by the author

Table 3 shows very different interesting features
of different nanofluids based on oxides. The thermal
conductivity of the nanofluid with MgO particles is
the highest. Close to it is only the nanofluid with
Al>Os3 particles, whose density is slightly bigger but
viscosity is substantially higher. A nanofluid with
ZnO has dramatically high viscosity; therefore, its
film flow is much shorter than the other ones.

The higher viscosity of zinc oxide (ZnO)-based
nanofluids compared to other types under the same
conditions is due to the specific physicochemical
properties of the particles and their interaction with
the base fluid. Tendency to aggregation has the
following impact: ZnO nanoparticles have high
surface energy and a specific isoelectric point
(around pH 9.5). In neutral media (such as water),
the surface charge is often insufficient to overcome
Van der Waals forces, leading to the rapid formation
of large clusters and aggregates. These structures
increase the "effective" volume fraction of the solid
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phase, which significantly increases the flow
resistance.

Particle morphology also influences a lot: ZnO
often forms non-spherical structures - Nano rods,
"flowers," or rectangular shapes. Such particles have
a larger aspect ratio (length-to-width ratio) than
spherical ones, which creates greater hydrodynamic
resistance when moving in a liquid.

Moreover, we have underlined the strong
interfacial interaction: due to the high polarity of the
ZnO surface, a dense adsorption layer of base liquid
molecules (the so-called "Nano layer") forms
around the particles. This actually increases the
radius of the particle, making it "bulkier" for flow,
which leads to an increase in the viscosity of the
suspension.

Finally, the effect of ionic strength and pH: Zinc
oxide is very sensitive to the chemical composition
of the medium. The presence of even a small
amount of salts (electrolytes) can cause "ionic
bridging", where ions (e.g., Ca®") connect the
particles together, further enhancing the structuring
of the liquid and its viscosity.

3.4 Using the Oxides Nano Films

Obviously, the jet impingement of the nanofluid
with thin film flow can be considered as a method
for increasing cooling, application of uniform thin
films on hard surfaces, Cold Thermal Energy
Storage, Geothermal Heat Recovery, and in many
other applications. The sound speed is so-called
effective, which is significantly lower than that of
pure DMF, even though the SWCNT bundles have a
much higher sound speed than the DMF [12].

It was estimated that the change in sound speed
was due to local heating of the DMF. For the
nanofluid gold-water, it is reported [13] that the
speed of sound at 10% vol. % 10% 900 m/s and at
15% - about 700 m/s.

Nearly all nanofluids create very close film flow
parameters, both by thickness and velocity, because
the different speeds of sound for them influence a
little being under the square root in the correlations
(3). Only the nanofluids TiO,-water and Magnetic
Fluids in the oil/water remarkably differ.

Interesting to note also that seawater in the
temperature range from 0 to 30 °C has a great
difference in the speed of sound from 1448 to 1546.
This means that film thickness and velocity of the
film flow differ by about 3.3% when temperature
changes from 0 to 30 °C, which is comparably
small, but the other parameters (viscosity, heat
conductivity, and heat transfer) change more
strongly, so that application of the nanofluids is very
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attractive in many cases [8], [9], [10], [11], [14],
[15].

Magnetic Fluids allow controlling the film flow
parameters, as well as the other parameters, making
them attractive for a number of specific
applications.

The parameter a in the formula (3), coefficient
for the film flow velocity, varies for all fluids in the
range 52-58, while for the liquid metals, it can be up
to 97 (Table 1, Al melt). The film flows are
supersonic due to their thin layer (two-dimensional
flow!) and elastic properties, as seen from a number
of experimental studies, e.g., shown in Figure 2 and
Figure 3 [1].

Such high-speed thin-film flows are unique for
many applications. This is different from the
turbulent regime for the impingement of the thick
jets by comparably low velocities when the flow
after a solid plate is smooth and described by the
Navier-Stokes equations [16], [17].

Nano fluid is a fluid containing suspended
nanometer-sized particles, known as
"nanoparticles", with a size of 1 to 100 nm,
dispersed in a base fluid, are presently very well
known in diverse applications like intensive heat
transfer and others. It is very important to ensure
that the size of the nanoparticles is less than 100 nm
to achieve greater stability of the working fluid.

Typically, 5 types of nanoparticles are used to
produce nanofluids, namely:

e metals such as gold (Au), silver (Ag), nickel

(Ni) and copper (Cu);
e metal carbides such as silicon carbide (SiC);
e metal oxides such as zirconium oxide (ZrO,),
iron (II) oxide (Fe3O4), iron (III) oxide
(Fe203), aluminum oxide (ALQO3), silicon
dioxide (SiO2), copper oxide (CuO), zinc
oxide (ZnO) and dioxide;

e carbon materials such as carbon nanotubes,

graphene and diamond;

e or metal nitrides such as aluminum nitride

(AIN) and boron nitride (BN) [14], [15].

4 Discussion and Conclusions

Analysis of film flow formation is presented for two

fundamental cases:

1. Hydraulic shock from jet impingement on a
solid disk, where a wvertical jet abruptly
decelerates upon impact and transforms into a
thin radial film.

2. Impact of coaxial counter-current identical jets,
where two jets of equal velocity and radius
collide head-on, producing a film flow through
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the combined momentum and mass flux.

In both scenarios, the governing mechanism is the
conservation of mass and momentum under
conditions of hydraulic shock. The first case
highlights the transformation of a three-dimensional
jet into a two-dimensional film due to abrupt
deceleration, while the second demonstrates how the
effective velocity doubles (2ug) when identical
counter-current jets meet, leading to a distinct film
thickness distribution as described in Figure 4.

Different metal melts and nanofluids were
analyzed. In most studies, the spreading of films at
relatively high velocities, whether across solid
surfaces or in free space, is examined starting from
the presence of the film flow itself, without
addressing its formation as the result of hydraulic
shock from a vertical or inclined jet striking a
horizontal or inclined solid surface. Yet even a
simple kitchen experiment, such as placing a spoon
under a running water jet, reveals the striking
phenomenon: a high-speed film flow that appears as
a two-dimensional thin layer with elastic free-
surface properties, sensitive to disturbances.

Several problems of heat and mass transfer in jet
and film flows were considered, demonstrating that
the creation of such film flows cannot be explained
within the framework of conventional Navier—
Stokes equations. Instead, their formation requires
accounting for hydraulic shock and the abrupt
transformation of jet momentum into thin film
dynamics.

The thin film flow is generated by the hydraulic
shock of a jet impinging on a solid plate. The
parameters obtained in this case differ substantially
from those predicted by classical hydrodynamic
theory, because the shock decelerates a portion of
the liquid from the impinging jet at the speed of
sound. Consequently, the speed of sound becomes
the governing factor in determining both the
thickness of the resulting film and its spreading
velocity. This highlights the fundamental distinction
between conventional smooth jet-to-film transitions
and shock-induced film formation, where acoustic
properties of the medium play a decisive role.

The parameters of jet and film flows were
obtained and computed for several metal melts and a
range of nanofluids. It was shown that, despite the
diverse physical properties of different nanofluids,
the resulting film thickness and velocity are nearly
identical. These similarities in flow behavior
contrast with the differences in thermal conductivity
and heat transfer characteristics, which remain
strongly dependent on the specific fluid
composition.
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The radial film flow exhibits an almost constant
velocity while its thickness decreases with distance
from the impact point. This thinning explains the
eventual disintegration of the film at larger radii. A
unique feature of such flows is the supersonic
regime, in which the film velocity exceeds the speed
of sound in the medium. In this case, the film reacts
to perturbations as a coherent whole, revealing
elastic-like properties of its free surface.
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