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Abstract. Studies of heat transfer in cooling systems with natural material coatings have been carried out.
The phenomenon of flame spin detonation was observed at an oxidizer excess ratio below unity, with the spraying
process being intensified up to sixfold. The coatings demonstrated high reliability compared to other accelerated
systems. The maximum specific heat fluxes on the coating range from 2 to 20x10° W/m? with oscillation
frequencies reaching 200 Hz. The overheating range of the coating was (20-75) K. The granulometric
composition of the materials was obtained, and the hydrodynamic operating modes of the burners were selected.
A model was developed for the interaction of a supersonic detonation gas jet of the thermal tool acting normally
to the coating. The experimentally determined heat transfer coefficients were found to be 5—6 times higher than
those predicted by laminar theory, and several times lower than those predicted by turbulent heat transfer laws.
The particle flight time, powder diameter, as well as the ultimate compressive and tensile stresses of the coating
were determined. The main practical application of the research is thermal protection through cooling with
natural coatings (quartzites, granites, teschenites, marbles, tuffs) for highly forced and high-intensity structures in
the fields of energy, metallurgy, and mechanical engineering. The primary industrial implementation of the
research is the use of a thermal tool for spraying, processing of rocks, drilling, and cutting of reinforced concrete
structures during modernization and reconstruction of enterprises.
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1. Introduction

In recent decades, the problem of protection against high temperatures has become increasingly
important, especially in the context of the development of aviation, space technology, energy and other
industries where exposure to extreme temperatures is inevitable. In the context of these technological
processes, it is necessary to use materials that not only effectively protect against overheating, but also have
high resilience, durability and environmental friendliness. The main difference of the performed work is the
focus on natural mineral coatings such as quartzites [1], granites [2-3], tuffs [4] and marbles [5] in the
context of creating porous cooling systems [6]. The authors consider not only well-known technologies, but
also propose innovative solutions based on the application of supersonic detonation jets for sputtering.

One of the main equipment in both power and heat engineering is turbine units — steam [7] or gas
turbines [8]. Today, the task of improving the efficiency of combined energy production [9], as well as
cooling the turbine combustion chamber using various coolants to increase the coefficient of performance
(CoP) of machines and cycles [10—11], remains relevant. The works [12-14] consider heat transfer in
homogeneous and inhomogeneous coatings, in special wicks to increase the extraction ¢. Many authors
describe studies of the influence of porous coating parameters such as thickness [15-17], porosity and size of
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particles from which the structure is made [18], geometry of the structure [19] on boiling processes. There
are studies on the influence of external conditions on the boiling intensity, system pressure [20] and surface
orientation [21-22], including studies of special coatings of different designs. However, all the listed papers
[1-5, 10-22] do not consider the action of capillary and mass forces (AP, APg:cp), and there is no connection
between the bubble dynamics and the boiling curve in a porous medium. Combined cooling systems
including powder spraying and capillary-porous structures with fluid boiling, including the use of jet
methods of coolant supply with boiling on the cooling (heating) surface, that is, taking into account the speed
and underheating of the flow, are not considered.

We introduce cooling elements for various thermal power units (choice of geometry and material of
apparatuses, supply and type of energy). The application area of the new system is presented [23], which
requires further research of new cooling systems with coatings made of natural materials.

2. Experimental study of the process of application of coatings by spraying

Burners for spraying natural materials have supersonic spin detonation jets [24]. Further development
of powder spraying processes is required to create cooling of combustion chambers and increase the
efficiency of the elements. Special design of supersonic nozzles with shortened diffuser part is used to carry
out detonation mode of thermal tool operation. The cooling system of burners is very effective and allows
increasing the resource of combustion chambers (from 100-150 to 500-600 hours).

2.1. Coating spraying tool (see Fig. 1) allows for fire spraying by supersonic detonation high-
temperature jet. The powder was mineral particles (granite). The coatings were applied to the metal surface
at temperatures up to 2500-3500 °C and flow velocity up to 2500 m/s.

Fig.1. Unit for 1 an automated line. The combustion chamber is cooled by coatings 2 (granite); 3 — housing.

2.2. Conditions for conducting the experiment. A burner power supply circuit was assembled
for conducting an experiment with a thermal tool (see Fig. 2): 1 — collector; 2 — pressure gauge; 3 — collector
shut-off valve; 4 — oxygen intake shut-off valve; 5 — ramp reducer; 6 — oxygen cylinder; 7 — air cylinder; 8 —
manifold pressure regulator; 9 — three-way valve; 10 — shut-off valve, 11 — water sump; 12 — water hose; 13
— air cylinder; 14 — kerosene cylinder; 15 — shut-off valve; 16 — kerosene sump; 17 — kerosene hose; 18 —
plug; 19 — thermal tool; 20 — oxygen hose; 21, 25 — shut-off valves and command reducers; 22, 26 — check
valves, 23, 27 — filters; 24 — reactive hose.

i | p— _.1_:...

Fig.2. Displacing power supply circuit of thermal tool.
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The heat flows g of the burner jet was measured by a sensor made of a copper cylinder, to which the
heat flow of the burner jet is connected from one end, and from the other — the end of the cylinder is cooled
by a heat pipe. Side surface of the cylinder is thermally insulated with ceramics based on zirconium dioxide.
Two chromel-alumel thermocouples are placed in the cylinder. The cylinder was attached to a stationary
cooled barrier (coating) having an area larger than the jet braking spot area and cooled by a heat pipe. To
determine the specific heat flows g on the jet axis and in the braking spot (on the coating) along the radius 7,
the flow rate G, pressure P and temperature 7 of the cooler were measured in order to consolidate the heat
balance. Flow rate, fuel and cooler pressure, and in-chamber pressure were also measured [23].

2.3. Samples of natural materials

The sample materials are made of natural mineral media, shown in Fig. 3. Stresses and deformations in
the samples were studied, and three copper spirals were used as an energy source. The specific heat fluxes
were (0.25+4.2) x10° W/m’.

Natural Tyvpe . Drilling depth, .
torial of material Hole size, m m Material features
Granite
Sample N21 6x 1072 12x 1073 Crystalline rock formed from
magma inside the earth's
crust. It has characteristic
large crystals and has lugh
Granite o 10- 12 % 10-2 strength a.nd resistance to
Sample Ne2 wear.
Tuff - -
Sampllle Ne3 6x107° 12x 1073 Porous rock formed from
sediments that contain small
fragments of rocks and
minerals. Light and porous.
Tuff -3 -3
Sample Ne4 6x 10 12 x 10
I y Metamorphic rock formed
-PJ } from limestone under the
' B : 1 1
Marble 6% 10-3 12 % 103 influence of high pressure and
Sample N25 temperature. It has
/ characteristic patterns and

textures.
Fig.3. Natural materials
3. Results of the experiment in application of coatings by spraying
Fig. 4 shows the structure of the jet flowing from a rocket-type burner (thermal tool). The phenomenon

of spin detonation of a supersonic high-temperature multiphase jet has been recorded. The jet is designed for
spraying a coating on a metal substrate with the strongest mineral media (powders of granite).

Fig.4. Jet outflow from the nozzle of a thermal tool (see Fig. 1) for spraying:
1 — strong flame swelling due to spin detonation of a supersonic high-temperature jet.
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The flame is of an original shape, strongly inflated. The excess oxidant ratio is o < 1, the oxidant is
additionally applied to the barrier and intensifies the particle spraying process by 2-6 times. The particles in
powder form come from the hopper, ejected by a jet. The phenomenon of spin detonation of a supersonic
high-temperature jet is presented in Fig. 5. The structure of the flooded jet is recorded.

Fig.5. Spin detonation phenomenon of a supersonic high-temperature jet: 1 — spin detonation

Fig. 6 shows granite particles obtained by array processing with a thermal tool: Gy, = 15 m’/h, Gyer=
10 kg/h, Poyy= 1.4 + 1.5 MPa, dy = 4x10° m, a, = 0.8, T, = 2780 K, W, = 2410 m/s. For spraying the
powder onto a metal substrate (stainless steel), the particles were selected by size: 0.1x107 m (2.9%);

0.25x10° m (3.8%); 0.5x10” m (7.1%) for spraying them in the form of powder on a heat exchange metal
surface.

Fig.6. Granulometric composition of the «husk» obtained by processing Kurdai granite
with a kerosene-oxygen burner.

3.1. Method of fuel combustion

Afterburning of fuel (kerosene, gasoline) is performed on a barrier (coating). Oxidizer excess
coefficient a < 1, burner nozzle - shortened, combustion process - detonation. The afterburning process can
be intensified up to two to six times. Maximum specific fluxes on the barrier: from (2 to 20)x10° W/m? (see
Fig. 7). Application mode - without powder melting.

| A (Oxygen)

Oxygen

g ———%=

| Air (Oxygen)

Fig.7. Detonation after-burning of fuel (kerosene) on the coating surface
made of natural material (granite) and a stainless-steel substrate.



Eurasian Physical Technical Journal, 2025, 22, 3(53) Energy 59

The afterburning scheme was constructed by observing the process using optical methods (holography
[23], laser LG-38 [6], and high-speed filming SKS-1M [24]). For the gas pressure in the burner combustion
chamber of 0.5 MPa (on the coating the gas pressure will be approximately the same), the frequency of
pressure fluctuation in the chamber is = (500+600) Hz, and on the coating (obstacle) is reduced to 200 Hz.

Control of the length of the burner jet flowing out of the nozzle. The dimensionless jet length Z = =

™
(see Table 1). For the maximum value of the heat transfer coefficient from the jet to the coating for one of
the modes we take o, = 1000 W/(m*xK).

Table 1. Dependence of %/4 on Z.

“/a1 0.8 1 0.7 0.4 0.3
Z 0 10+30 40 50 60

For P.. = 1 MPa, z = (0+0.16) m, T = (3500+850) °C, Ty, = 3000 °C — braking temperature (on the
coating), t; = 300 °C — temperature at the end of the free jet, r,, = 3x10° m, r; = 10% 107 m (jet radius).

Adjustment of the jet angle to the coating. In Table 2, the following is accepted: ogq0 = 1000
W/(m?*xK); Ts = 3500 °C; t; = 300 °C; P, = 1 MPa.
Table 2. Dependence of /g, , on Z.
“/agoo 1 1.1 1 0.8 0.5 0.35 0.3 0.25
B, deg. 90 80—75 60 50 30 20 10 0

Characteristics of thermal tools and parameters of sprayed powders of mineral media. Dependences of
thermal loads for natural mineral media are presented in Fig. 8 and Fig. 9 for granite. Temporal dependences
of ultimate thermal loads and thermomechanical stresses depending on particle size distribution were
investigated by us in [24].
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Fig.8. Limit ranges of thermal loads for granite coating

For the range of flight time of granite powder particles 7 = (5+9)x107 s, the thicknesses of coatings
were in the interval - 6 = (0.2+0.5)x10” m, powder diameter - d = (20-100)x10°® m. The ultimate tensile
stresses, MPa, respectively for granite coatings were - 21. Fig. 9 shows the dependence g = f'(J, ), presented
in Fig. 8, in the range ¢ = (0.25...0.75)x10" W/m®.

The dependences in Fig. 8, 9 have experimental confirmation [23]. The heat fluxes ¢ of the burner jet
were measured by a copper cylinder sensor, the process time 7 and the size of the detached particle J were
measured by a high-speed movie camera SKS-1M [24]. The value of heat flows ¢ can be reduced by one
order when switching to another type of burner: benzo (kerosene) - air burners. Such burners are used for
application of coating by spraying mineral medium with a lower strength value than that of granite, for
example, teschenite, porphyrite or marble. The limiting ranges of thermal loads are presented in Section 4.
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Fig.9. Limit ranges of thermal loads for granite coating g = f'(9, 7).
3.2. Regulation of the power and type of burners.

For kerosene-oxygen burners of a thermal tool, we have the following characteristics: oxygen
consumption Gy, for pressure Pyyy,= 1.2+1.5 MPa, m’/h — 15+18; kerosene consumption G, for pressure
Pyer = 1.3+1.5 MPa, kg/h — 10+12; nozzle critical diameter is dp;, 10° m — 4+5; combustion chamber

diameter is d, ., 10° m — 14. Gas-dynamic parameters of jets at the outlet of the nozzle are summarized in
Table 3.

Table 3. Gas-dynamic parameters of jets at the outlet of the nozzle.

a P.. =1.5MPa
Ty K W, m/s
0.7 2670 2420
0.8 2780 2410
0.9 2830 2400
1 2810 2320

Fig. 10 shows the technique and technology of thermal tool operation with d,; = (4+5)x10” m, d. . =
14x10” m to granite impact surface. The flame structure, jet spreading radius (braking spot), the distance
from the nozzle edge (outlet part) of the burner to the coating are visible. Removal of cooling water from the
impact surface in the form of jets is carried out for technological reasons of applying a protective coating.

e
o

=N
_

Fig. 10. Position of the torch to the granite processing surface, 1 - structure of the torch.

The protective shield is designed to protect the worker-operator of the thermal tool. Specific heat flows
q on the coating surface were (5+12) MW/m” for r = 0 and [ = (4+12)x10™ m; (2+5) MW/m® for r = 4x107
mand [ = (4+12)x10” m.




Eurasian Physical Technical Journal, 2025, 22, 3(53) Energy 61

Distribution of ¢ (r): ¢ () = ¢max X €xp (-1000 x %), W/m”. For a more powerful burner with d,,; =
6x10° m, dg.. = 18%x107 m: G,y for Ppy, = 1.8 MPa, m’/h — 30+55; Gyey for Pyer = (1.8-2) MPa, kg/h —
14+18, we have ¢ (r = 0) = (6+13) MW/m".

4. Comparison of the results with existing data on the theme

Let us make a comparative evaluation of the coatings studied in this work (see Fig. 11) with other
cooling systems. The studied thermal characteristics of coatings made of natural material are related to high-
intensity cooling systems. The comparison shows the advantages of boiling in bulk, thin films and in heat

pipes.
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Fig. 11. Comparative evaluation of thermal load dependence on surface superheating

Fig. 11 shows the dependence of the thermal load on the wall superheat relative to the water vapor
temperature (areas 1 - 4) (P = 0.1 MPa) [6], the designations in Fig. 11 are summarized in Table 4. As can be
seen from Fig. 11, high ¢g.. are achieved in the case of the jet coolant supply, since in the jet braking zone
there is high turbulence (intense pulsations), very thin boundary layer, negative pressure gradient dP/dx and
active vapor film collapse.

Table 4. Comparative evaluation.

No. o References to the authors' comparative
Denomination s
Area scientific papers
1 Scope of work of thin-film evaporators [11].
2 Scope of work of heat pipes with mesh wicks [10],[12], [13], [14].
3 High-volume boiling on uncoated surfaces [12], [13], [14], [15], [16], [17], [18], [19].
4 Researched mesh capillary-porous cooling system [6].
5 Shaded area - application of intensifiers in a porous system [24].
Thermal load limit areas for natural mineral medium with
6 . . [23].
no surface melting for quartz coatings
Thermal load limit areas for natural mineral medium with . .
7 . . . See Fig. 8 and Fig. 9.
no surface melting for granite coatings
Thermal load limit areas for natural mineral medium with
8 . . . [26].
no surface melting for teschenite coatings

The thermal protection of CPCs (capillary porous coatings) is improved due to structural temperature
gradients. Synthesis of powders of mineral media produced in the foci of elliptical cylinders, or due to
impact processes and structural detonation, gives undeniable advantages in the creation of coatings with
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gradient nanostructure. Such materials have high mechanical properties, combining the synergistic
advantages of strength and plasticity, strain hardening, increased resistance to cracking, fracture and fatigue.
Structural thermal gradients create thermal stress and strain gradients.

5. A model of interaction of an axisymmetric supersonic detonation jet of gases of a
thermal instrument according to standards with the surface of a capillary-porous coating

Let us consider the interaction of the supersonic jet of the thermal tool (see Fig. 5 and Fig. 7) with the
obstacle in the braking zone (the vicinity of the critical point) (see Fig. 10). The jet is located orthogonally
(perpendicularly) to the coating surface. Let us write down for «standard conditions» the heat transfer
equation [25] in the laminar boundary layer in the longitudinal flow of the plate:

Nu, = K{+/Re, VPr, (1)
where Re,, = W, % , Weo = W,. Local heat transfer during longitudinal flow around the plate in a

turbulent boundary layer [26]:
Nu, = K, - Re28 - pr043, )
where Ty, = const; 10° < Re,, < 107. In the formula (1) K, = 0.323; in the formula (2) K, = 0.0296.
The thermo-physical properties of gas are assumed at an average temperature between T, and T;; more
often in models, the temperature of the undisturbed flow T, or Ty is selected as the determining
temperature;

Pr = % — Prandtl number; Nu, — Nusselt number;
X

Nu, = a, T
Let us rewrite the number Nu, and the criterion Re, in a form which is more convenient for analysis.
The Reynolds Criterion:
Re, = 20X

Hx
The Nusselt number:

_ a0 -x
Nux - A (Tase=Tst)’

Then we calculate the temperature Tag,:

TaSt = Trooa K’ (3)
where TT,, is the recovery temperature equal to:

: W& e
Troo - TOO + r ZCPoo’ K) (4)

T}, — the thermodynamic temperature of an undisturbed flow (this is the temperature that a thermometer

moving with the flow at the same speed with it would show). For Pr = 1:
2
Tocw = T + 7 chV;ow K, (5)
Tag — the temperature of the coating itself or the adiabatic temperature of the wall (the temperature of
an ideally insulated, non-radiating solid surface, streamlined by a gas flow with internal heat sources or with
the release of heat due to energy dissipation). When Pr < 1, Tag < Tpeo-
Recovery factor:

_Tag—Tg

T Toeo-Tl (6)
For laminar layers:
r =+Pr. (7
The thermodynamic temperature is Ty, equal to:

ad

Braking temperature:
Tow = Top - [1 T Mgo], K. 9)
The recovery temperature is equal to:
Tyoo = Too - [147- 252 M2 | K. (10)

Cp
here K = —.
where pr



Eurasian Physical Technical Journal, 2025, 22, 3(53) Energy 63

5.1. Calculation of specific heat flows q;

The heat flow of the gas streamlined by the high-speed flow is defined as:

qst = @ (Tagy — Tse), W/m’. (11)

If # 1, then

Tast = Treo, (12)
and g = @ * (Treo — Tsp), W/m’.

If =1, then

Tase = Ty, (13)

and qgr = @ * (Tyoo — Tsr), W/m’.
For a detonation supersonic flame, we conducted experiments using a micro-nozzle for measuring total
and static pressures and a heat flow sensor for measuring q(x), a,, M, and poW, in a spraying jet. Mach
W, . P,
numbers M = 7“] = 2.3. The degree of non-calculation of outflow n, = P—e = (0.8. The number Re, was
b

calculated based on the parameters of the gas at the nozzle edge (index «a»):
Re, = Wa'd“, where Re = 1x10% [ = di= 3.

a a

When a supersonic jet of the thermal tool interacts with an obstacle in the deceleration zone (near the
critical point), a combined effect takes place: high turbulence intensity, negative pressure gradient, and wave
structures that generate turbulence (pulsations), causing flow separation from the wall. Such a jet belongs to
the impact type and affects the mechanism of heat transfer at the stagnation point of the coating. It increases
turbulence (pulsations), and in the case of a boiling cooling system, destroys vapor conglomerates.

In the vicinity of the critical point (on the coating), a laminar flow regime is assumed, since the
Reynolds number Re, is not high and a negative pressure gradient is present. However, the Nusselt number
Nu, is found to be 5-6 times higher than that predicted by laminar theory (formula (1)). This may indicate a
detonation effect of turbulent pulsations penetrating the laminar boundary layer from the outer flow. At Re,
> 4x10°, the points lie below the curve corresponding to the turbulent boundary layer (10° <Re, < 107) for
subsonic flows.

Thus, for the «standard conditions» of heat exchange, K; = 0.323 and K, = 0.0296. In case of a
detonation supersonic wave, we have for Re, < 4x10°, K| = (5+6)xK; and for 10° > Re, > 4x10°, K, =
0.95%K;.

6. Conclusions

1. Effective coating deposition from various natural materials is achieved through the use of a
detonation burner. The main coating parameters have been determined.

2. The cooling system demonstrated high efficiency up to the critical state of the combustion chamber
metals and nozzles.

3. A model was developed for the interaction of an axisymmetric supersonic detonation gas jet of the
thermal tool acting normally to the coating. The experimentally obtained heat transfer coefficients were
found to be 5-6 times higher than those predicted by laminar theory and several times lower than those
predicted by turbulent heat transfer laws.

4. The developed surfaces in the form of coatings and mesh structures provide a positive effect due to
the advantages of combined manufacturing technologies, enabling an increase in dissipated thermal loads.

5. A comparative evaluation of the coatings demonstrated their advantages over traditional cooling
systems.
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