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Research of specific destruction energy of the porous coatings at power units
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Methods and devices of the capillary porous system were developed for the turbine equipment of power plants. The scientific
methodology of their research was established and study was carried out for the limit heat flows at metal and poor conductive porous
structures as granite coatings working under joint action of gravity and capillary forces. Mathematical model is based on the
thermoelasticity problem. Mechanism of the destruction process for analogy of heat exchange of poor conductive coatings of minor
porosity and metal base was also described. The revealed values of specific destruction energy allow extending the critical cases in
the porous system of cooling and ensuring the most suitable choice of porous coatings of minor porosity and heat conductivity.
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INTRODUCTION

The main  problem  determining the
development of the energy industry is the problem
of uneconomic production and use of energy. One
of the ways to reduce losses from external
irreversibility of thermal processes in gas turbine
plants is to reduce the temperature between the
media. The main tendency emerging at the present
stage of development of both domestic and
foreign stationary gas turbine unit (GTU) is the
increase of initial gas parameters before the
turbine — it is this tendency that determines the
steady growth of efficiency of newly designed
powerful GTUs.

Application of porous materials in the steam
turbine equipment has motivated many researches
to develop new devices. The intensity of heat
discharging systems and boosting of processes [1-
2] inside them was observed. Application of
porous materials apart from cooling systems help
to develop devices and solve problems of
explosion safety, health and durability [3-4]. It
was possible to control processes of steam
generation due to the excessive liquid in porous
and capillary structures formed by capillary and
mass forces [1-4].

At heat and power units (HPU) capillary
porous materials are used for cooling highly
boosted detonation burners [1], forming steam
coolers in steam boilers [3], oil coolers that avoid
oil and water penetration into the cooling water
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and bearing system, labyrinth sealing, and other
devices [4].

Previously, using the methods  of
photoelasticity and holography, the destruction
mechanism of the porous cooling system of the
fire-jet burners’ combustion chambers and nozzles
was investigated [1]. It is interesting to compare
the intensity of heat transfer [5-7] and the surface
limit state [8, 9, 12], as well as to evaluate
possible mechanisms for the destruction of
heating surfaces covered with capillary-porous
structures [1-4]. This is in relation to the tasks of
increasing the capacity of the thermal power
equipment of power plants [10, 11]. Such a
problem is long overdue in connection with the
modernization and extension of the life of gas
turbine power plants.

EXPERIMENTAL STUDY

The process of destruction of capillary-porous
coatings of granite, quartz and tesenite is
investigated. Coatings were applied to a heat
exchange surface (metal wall) with a gas flame
rocket burner at a temperature of 2500 + 3000 °C
and a flow velocity of 2000 m/s, using a fine
fraction (husk). It was obtained by treating rocks
with a rocket-type burner. The porosity of the
coatings was (3+30) %. Their destruction was
carried out using the torch of a thermoset burner
(Fig.1).

The burner, combustion chamber and nozzle
were protected by porous coatings (they simulate
similar devices of gas turbines). For measurement
of the heat flux, a heat receiver was used,
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consisting of a copper cylinder, which perceived

the action of a gas jet from one end, and was

cooled by water from the other.
IRE.

- Y
E

Fig.1. General view of the experimental plant in the
form of a rocket flame-jet rocket burner torch

Ceramic made of zirconium dioxide was used
as an insulator. The chromel-kopel thermocouples
were placed in a copper cylinder. The thermal
balance mismatch did not exceed + 12%, and the
maximum relative error in determining qi did not
exceed £ 7%. The coordinate device mounted on
the burner made it possible to establish a
stagnation spot (spreading) of the gas stream in
the area of the temperature sensor.

The most difficult part of the experiment was
the ability to determine of the size of the detached
particles at the time of the limiting state of the
coatings. To cope with the issue a filming method
using the SKS-1M camera was used (Fig.2 and
Fig.3).

Fig.2. Record of the husk flight of size 6 = 2,5:10°m
at destruction of the granite coating particle by the
rocket burner (q = 1,2-10° W/m?): | — capillary porous
coating; Il — trunk of burner where the supersonic high
temperature pulse detonation gas flow comes from;
111 — particle pulled from coating

Refrigerant was supplied from the pressure
tank under a slight overpressure (0,2
0,25)-10°Pa. Its consumption is reduced by 60 +
70 times, because heat removal is carried out by
vaporization. Heat flow is transmitted through the
walls of the chamber and the nozzle, the value of
which varies widely (by one to two orders of
magnitude).

Fig.3. Fragment of a high-speed shooting of the
destruction of a teshenite with a rocket flame-jet burner
with a specific heat flux equal to 1,2:10° W/m?. A shell
with a size of 2,5:10° forms for 2,2 s. A line of
destruction of "equal possibilities” is clearly visible
(arrow): 1 — capillary-porous coating; 2 — particle
(shell) detached from the coating; 3 — line of
destruction of "equal possibilities”. Cinemagram of
particle flight in time: 1, to 16: 1 =0's; 2 = 5/1500 s;
3=10/1500s; 4 = 15/1500 s; 5 = 20/1500 s;

6 = 25/1500 s

It reaches the highest value in the zone of the
critical section of the nozzle. However, the self-
adaptive ability of the system successfully copes
with this working mode and ensures uniform
distribution of the temperature field in the cooled
walls. Stagnation or formation of a vapour bubble
in narrow cooling channels, leading to burnout of
the walls, as is the case with a once-through
cooling system, is eliminated. The requirements
for sealing the connection of the combustion
chamber with the distribution head of the burner
are reduced.

SIMPLIFIED BURNER DESIGN AND
OPERATION
The capillary - porous structure is removable,
for which it is enough to unscrew it from the
distribution head together with the combustion
chamber. In a detached form, the structure can be
cleaned from mechanical and chemical deposits
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and again easily installed on the burner, i.e. To determine the critical thermal flows and

repeatedly restored with a minimum investment in stresses, the thermoelasticity problem [2] is solved

time (several minutes). A very low water flow under the secondary limiting conditions for the

rate, for example (3 + 4)-10° kg / s for a TR-14/22 one-dimensional equation of nonstationary heat

- 5M Kkerosene-oxygen burner instead of 2 kg/s, conductivity.

allows steam to be emitted into the atmosphere, Let us consider a plate with the thickness of

which greatly simplifies the system and its 2h. The constant ultimate thermal flow q is

operation. supplied to the surface z = +h, starting from the
The average particle formation time was time point t = 0. The bottom surface z = -h and the

selected as the initial parameter for frame rate and plate side edges are thermally insulated.

aperture size, which was assumed to be 1/50 + Thermal conductivity equation with limiting

1/4000 s depending on the heat load. The shooting and initial conditions can be written in the form:

speed is 250 + 500 frames/s, the shutter speed is oT _oT T-0 0

1/1250 or 1/2500, and the duration of the process Gz T T D

is up to 20 s. Granulometric composition of the

peel was determined by sieve analysis. ﬂwaa_T —q, z=+h (1)

z

MODEL OF A CAPILLARY-POROUS

COATING 20 72-n
Carrying out highly heat-stressed processes is ) oz . )
associated with the occurrence of the limiting Solution to the equation (1): If we are given the
state of a heated surface. In one case, targeted limiting values of tension and compression
destruction of the material is carried out, for stresses for the rock (porous coatings from the
example, using rocket-type fire blast burners, natural mineral medium) and the metal, we obtain
from whose nozzles supersonic high-temperature the dependence of the thermal flow required for
flows flow, and in the other, it is necessary to destruction on the time of delivery and the depth
create a cooling system of the nozzles and of penetration. In addition, equating the
combustion chambers themselves in order to temperatures on the plate surface to the rock and

avoid a heat exchange crisis and the destruction of
a steam-generating surface coated with a porous
structure.

metal melting temperature, we find the values of
the ultimate thermal flows necessary for melting
the surface layer for a different period of their
action:

-surface melting:

Tr
U= "u 24 goo (DT [_ 5 m2M2 ] 2
2 epw’ T3M mZy An=1 2z €XP| "N | cos(nm)

- creation of limiting compression stresses:

(1-V)6comp.stress

— aE
q2 - 3z2 6z (3)
St -1 2p72
M  hZ ' h 4 o (DT o MM nn(g )
2w’ 12M M 4n=1 2 €XP|TT 2CAp)m cos| 2 \ntl |

- creation of limiting tensile stresses: mechanical characteristics of rock coatings and
metals are summarized in Tab.1.

(A-V)otens.stress

— aE
93 = o (4) The wall material influences the g value by
2(cAp)w .
The functional dependences of qi, Gy, Gs ON means of the complex (pC\)w, Where p, C, A is the

density, heat capacity and thermal conductivity of
the wall respectively, but it is not appropriate to
state this unambiguously, because it is practically
impossible to withstand the same conditions for
processing purity and microstructure.

time for fixed values of the particle size for the
coating rock, or the penetration depth of
temperature disturbances for the metal, were
calculated on a PC as applied to plates made of
quartz, granite, tesenite, and metal. Thermo-
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Table 1. Thermomechanical properties of the studied material

g Q:"’% % :D: E &3 ~ L,j:% é:% g%
g £EX 5 5§ ¥ E Ik I
2 8 O = Z2 g2 ©Z2

quartz 265 156 1172 108 1788 017 7,3 392 785
granite 258 1,16 921 315 1230 022 28 205 260
tesenite 2,7 544 937 1,44 1140 0,27 497 76 159
copper (Cu+0,56F€) 89 16 390 390 1100 034 11,8 220 1570
Stainless steel IX18H9T 7,8 1,1 516 16 1300 035 21,6 700 2500

When designing the combustion chamber and
especially the nozzle, it is necessary to take into
account a certain margin on the thickness of the
heating surface. A boiling crisis will occur earlier
on thin heaters, since in the pre-crisis boiling area
the size of the “dry” spot at the base of the
bubbles will increase, the heat transfer process
will deteriorate sharply, and the wall temperature
will increase. Surfaces having a large thickness
will require more time to heat them up [3].

When solving the problem of thermoelasticity
for the limiting state of heat transfer, the
characteristic value was the thickness of detached
particles (peel) 6, and when solving the same
problem (heat equation (1)) for a metal surface
based on the law of similar phenomena, this
quantity is the penetration depth of the heat wave,
which is critical in the event of a heat transfer
crisis. Since the heat fluxes from the torch are
destructive, in this case they also lead to the
ultimate state of the enclosing elements of the
burner structure (chamber and nozzle) at the time
of crisis. Thus, the law of analogy allows us to use
the same heat equation (1) to solve the problem of
the limiting state of coatings and heat transfer
surface.

ANALYTICAL STUDY

Results from the study are shown at Fig.4 and
6. The maximum thickness of the particles
detaching under the action of compression forces
for coatings made of quartz and granite is
(0,25+0,3)-102 m.

Fig.4 gives the calculation of the specific
energy Q of the destruction of a granite coating
volume wunit. The energy Q is calculated
Depending on the thickness & of the particles
being detached. The curves have pronounced
minima.

The range of critical values of the specific heat
fluxes in the heated layer determines the limiting

and stable conduct of the cooling process at high
power plant performance.

J axio®

2
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Fig.4. Change in the specific destruction energy of
the granite coating Q depending on 6 for different t.
Q=q.1/d

The upper limit of the limiting values for
tensitic coating is not more than 0,08-10" W/m?,
for granite - up to 0,5-10" W/m?, for quartz - up to
10" W/m?, and the lower limit, at which particle
separation is still observed under the influence of
thermal stresses of compression, for quartz
coating it will be 0,25-10° W/m?, for granite five
times less (0,05-10° W/m?), and for tensitic -
respectively ten times less (0,025-10° W/m?).
Lower specific heat fluxes will cause tensile
failure of the coatings [2].

The presence of microcracks in the capillary
porous system reduces the compressive strength
of the coating in the vicinity of this crack so that
the compressive strength can only be 2 times the
tensile strength. In a continuous coating monolith,
this ratio is 10 to 20 times greater.

The coating always has a fracture.
Consequently, the ratio Gjim.comp./ Olim.tens. Will b€ N
the range from 2 to 10 + 20.

In this regard, the specific energy consumption
Q will vary within certain limits, which is well
illustrated by the curves (Figs. 4-6) (similar
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curves are obtained for a quartz coating). Then,
the previously determined limiting region g and Q
for coatings of their quartz, granite, and tesenite
will be between the values corresponding to the
ratios Gijim.comp./ Olim.tens. from 2 to 10 + 20.
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Fig.5. Change of specific destruction energy of
granite coating due to g for various &
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Fig.6. Change of specific destruction energy of
granite coating due to t for various &

Since the oxygen cooler in the burners allows
to develop specific heat fluxes in the stream at the
main working area up to 4-10° W/m? and air - up
to 0,6-10" W/m? which corresponds to specific
heat fluxes in the coating of 0,74-10" W/m? and
0,06-10° W/m? - respectively, then using the
proposed method, it is possible to follow the
mechanism of destruction of brittle coatings from
heating and to control this process.

The heated layer of rocks whilst increasing in
volume, starts affecting the neigh boring less
heated layers. Since extension at all other
directions is blocked by reaction of non-heated
layers, then rocks begin freely extend at open side
and due to its overextension is getting separated
and broken-off.

If cavities of vacancies could transfer to
dislocation, then surface under review gets plastic
properties and is not destructed under influence of
flame. All metals are like that. Some rocks also
have these properties. Trial was carried out with

the steam generating metal surfaces of heat during
the boiling crisis [1].

In terms of metals crystals are destructed under
directions up to 10 V. The destruction process
consists of stages of the fracture birth and their
development.

Under the thermal energy impact micro
fractures are born in area of stress concentrators
(inclusions, discontinuity, fractures). High internal
stresses also could happen due to the
discontinuous process of plastic deformation, after
that a fragile destruction begins. Plastic
deformation is considered as the initial cause of
destruction, though it can stop a growth of
fractures. On one side, in centre of destruction
there are ruptured links caused by heat
fluctuations. On the other hand, destruction is a
kinetic heat activating process which is based on
transfer of vacancies towards fractures, where
their growth determines destruction kinetic.

Based on the performed researches in case of
irradiation by flame of the kerosene-oxygen
burner of the porous coating at working area we
have up to 4-10" W/m? which conforms to q of
coating 0.4-10" W/m? Mechanism of the metal
destruction differs crucially from mechanism of
the rock destruction. Notwithstanding, based on
analogy of the heat flow dependencies revealed
from time of action and permeability depth of
temperature perturbation that help avoid the
boiling crisis in cooling system and ensure the
most appropriate selection of porous coatings of
minor porosity and heat conductivity. In future
research of the other porous natural materials is
required.

The danger of the appearance of limit thermal
stresses is great at the moment of start-up and
shutdown of power equipment at power plants.
These stresses arise primarily in the places of
concentrators, which are active vapour phase
centres or condensate formation centres. The
capillary-porous structure can be both of natural
origin (salt deposits, tarnishes) and artificially
created with well and poorly heat-conducting
materials in a wide range of porosity and
permeability of 3% to 90%. Structures can play a
modelling role and serve as a high-intensity and
forced cooling system. For example, teschenite
porous coatings with a 5-fold greater lineal
expansion coefficient and a 10-fold lower thermal
conductivity factor and approximately the same
melting point in comparison with energy steels
serve as a modelling material. They are the most
viscous with a porosity of up to 30%.
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CONCLUSIONS

1. Using the heat balance method, functional
dependencies have been established that describe
the process of thermal destruction of capillary-
porous coatings as a result of reaching tensile
stresses or compression of limiting values, as well
as in the case of surface melting.

2. It was found that for large heat fluxes and a
short heating time, the compression curves are
“screened” by the melting curve, and in the case
of small heat fluxes and a significant time
interval, by a tensile curve.

3. High-speed filming made it possible to
determine the size of detached particles of
capillary-porous coatings for the macroprocessing
area. For example, for tesenite, their size was
2,5+3,0 mm with a heat flux of 1,2-10° W/m?;
particle formation time — 2,2 s.

4. For quartz coating, the limits of destructive
heat fluxes were 8-10* = 7-10° W/m? and for
granite coating respectively 21.10*+ 1-10" W/m?,

5. The minimum fracture energy, for example,
for a tense coating is 0,5-10° J/m* with a heat
supply time of 0,1 + 5 s and a particle size of 1 +
4 mm.

6. The described approach can be useful for
modelling salt deposits, assessing the possible
occurrence  of  fatigue  cracks  during
commissioning, as well as in calculating capillary-
porous cooling systems for turbine equipment in
power plants.

NOMENCLATURE

0 — thickness of the structure (depth of wave
propagation, particles size), m;

J— thermal conductivity, W/(m.K);

v— Poisson ratio (lateral contraction);

7—time, s;

p — density, kg/m?;

o — stress, N/m?;

z — coordinate, m;

g — thermal load, W/m?;

Q - specific crushing energy, J/m?

T — temperature, K;

E —Young's modulus (elasticity modulus), Pa;

h — film height, thickness, m;

¢ — thermal capacity, J/(kg.K);

a — thermal diffusivity, m%/s;

2h — plate thickness, m;

Q. — heat load, W/m?;

Oiim.stress - limited tensile stress, N/m?;

Giim compr.  limited compression stress, N/m?
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