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Abstract: Modeling of the low heat conductive low-porous capillary porous coatings and metal
(copper, stainless steel) surfaces (base layer) was studied. Heat and mass transfer in the porous
coatings moved with excessive liquid due to the combined action of capillary and mass forces.
The dynamics of vapor bubble was described along with their heat-dynamic properties, which
were observed by the optic research methods. Finding solution for the thermoelasticity allowed
to reveal the influence of the specific heat flow and heat tension of compression and stretching
depending on time of supply and sizes of pulled particles at the time of the system limit state as
to "porous coating - base layer". The theory was confirmed by the trial, which was observed by
camcorder SKS-1M.
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Peszrome: Hccnedosano moodenuposanue NIOXOMENIONPOBOOHBIX MALONOPUCIIBIX KANULISPHO-
NOPUCNBIX  NOKDPBIMULL U MEMALIUYecKux (Medb, Hepocageiowas Ccmaib) HOBepXHOCHell
(noodnosxcka). Tennomacconepenoc 8 KANULIAPHO - NOPUCTIBIX HOKPLIMUIX NPOMEKAIL C U3ObIMKOM
AHCUOKOCMU 3a CUEM COBMECHHO020 OeUCMEUsl KANULIAPHBIX U Maccogulx cul. Onucana ounamuka
nApoGbIX NY3bIPell U UX MepMOSUOPAGIULECKUe XAPAKMEPUCTIUKY, HAOTI00aeMble ONMU4ecKumu
Memodamu uccredoganus. Paspabomana ¢uszuueckas modens npoyecca meniomacconeperoca 8
peanvrou nopucmou cmpykmype. s maxoi mooenu peweHa 3a0aud MmepmMoynpyeocmu u
onpeoeneno npedenbHoe COCMOsIHUE CUCMEMbL XOPOUO - U NIOXOMENIONPOBOOHbIX MAMEPUATIO8
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(nopucmoe noxpvimue Ha MeMAIIUYecKoU noonodicke). Onpedenenvi mennogvie HNOMOKU,
n00B0OUMbLE K NOBEPXHOCMU, 8PEMS UX 8030€UCMBUS HA CO30AHUE PAPYMAIOWUX HANPSIICEHU,
pazmepvl  OMpLIBAIOWUXCA  4ACTIUY U 2IYOUHbI NPOHUKHOBEHUS MEMNEPAMYPHOU BONHbL 8
noonodcky. Tennogvie nNOmMoKU NOOCHUMBIBATUCH OM BPEMEHU B3Pbl6OOOPAIHO2O NOAGNCHUS
nepeozo 3apooviuia (1 0® ¢) 00 spemenu paspyuterus mamepuanos (1 0% - 10° c), m.e. om epemeHu
penaxcayuu 00 epemenu, onucvleaowezo Mmuxponpoyecc. C ygemuuenuem eaudumnvi 0 6
Hazpesaemom cioe U, CRe008amenbHo, YMEHbUEHUEeM 6pDeMeHU Hazpesa T, pacmem pofb
Hanpsxcenuss cocamus. Hecmomps Ha 8bICOKYIO CONPOMUBTAEMOCTNG COHCAMUIO, PA3PYULEHUE OM
COCUMAIOWUX MEPMOHANPSIICEHUT RPOUCX00UmM 8 OoJiee OIAZONPUSMHBIX YCA0BUAX MCHOBEHHO20 U
6 manvix 00wvémax. Teopus noomeepicOeHa IKCNEPUMEHMOM, HOIYUEHHbIM 8 pe3Vibmame
nHaonooenus kamepou CKC-1M. Paspywienue KanuiisapHO-nOPUCMbIX NOKPLIMULL NPOUCXOOUM 6
pesyibmame nomepu YCMouUUgOCmYU 8 MOHKOM Cloe, NPULEHCAWUM K CBOOOOHOU NOBEPXHOCHIU.
Iosmomy paccmampuganocs HAnpsdCeHHOe COCMOSIHUE 6epXHe20 ClO0s, MOIWUHA KOMOPO2O
3asucum om  KoOIpuyuenma menioomoaqu, CMPYKMypbl HOKpLIMUS U  NOOIOICKU
(Memannuueckol napozenepupyioujeti N08epPXHOCM,).

Knioueegvie cnosa: KanuuisIpHo-nopucnvle NOKpblmMus, ecmecmeerHnble MuHepajibHble cpedbz,
mepmoynpyecocmv, HANPANCEHUA CHCAMUSA, HANPANCEHUS pPACMIANCEHUA, MOO@JZb, 2JleMeHRmbl
IHEPcoyCmMAaHoBOK, MmeniomaccoobMmeH.

The actual task in power plants is to create the degree of cooling of high-tension parts and
assemblies. Modeling of capillary porous coatings and analogy of the processes taking place in
them allow to reveal the mechanism of heat transfer at vaporization of liquids, to establish the
zones of fatigue cracks occurrence and development in the centers of steam embryo activation, to
study natural and artificial porous coatings applied to metal fences (substrates) up to the onset of
the ultimate state of materials.

In our works [1-3] it is shown that different models given in [4-12] describe different
modes of boiling and do not contradict each other.

On the basis of experimental and theoretical studies [4-12] dynamic models of heat transfer
intensification at boiling on a porous surface are constructed. Developed surfaces contain tied
internal cavities in the form of rectangular channels and small pores connecting the channels with
the volume of liquid.

The ratio of the latent heat flow (% D rp ﬁf_j to the total heat flow could be larger (2 to 5)

times for a developed surface than for a conventional surface with a specific heat flow up to 1x10*
W/m? At high heat flows, this ratio decreased. The deviation of some data from estimated data

reached 300%. The following indications are used in the formula: D — average detachable
diameter of vapor bubbles in the porous structure; r — specific heat of evaporation; p, - vapor

density; 7 — average nucleation centers density; f — average frequency of vapor bubble generation
and silence.

Let's develop a physical model for transferring the specific heat flow g through the steam-
generating surface (wall or substrate) which is covered by a capillary-porous structure (Fig. 1).

Processes of heat and mass transfer in the porous coating take place with the liquid
overflow M= mI / mv due to the action of the potential of pressure developed by capillary and

mass forces AP g, 4 -
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Fig. 3 Physical model of the heat and mass transfer in the real porous structure of coatings under the
quuid overflow: Straight lines — fluid movement; wavy lines — steam movement: q — specific heat flow,
Wim?; Ty, Ty, Ts— temperatures of gases, wall (substrate) and saturation (°C); 8yan, 1, 8y, Swick — thicknesses
of WaII liquid, vapor, wick (m); mg (y) m, — flows of liquid and steam, (kg/s); AP g — Current dynamic
capillary and mass pressure (N/m?);d — grain size (m); w, — width of the porous material cell (m).

In the cooling system under investigation, with small heat flows, heat is transfered due to
conductive heat transmission; its value is the higher, the greater the effective thermal conductivity
of the structure moistened with the liquid and the thermal conductivity of the shell. The fluid flow
has a smooth nature; there are no vapor bubbles and related perturbation processes on the liquid
surface. The liquid intensely evaporates from the menisci with small excesses of the coolant; when
a liquid overflow increases, the evaporation begins from the surface of the flowing films.

In a certain heat flow that is smaller than the parameter M = mI /mv, a disruption in the

smooth wavy flow of the liquid film begins, and separate vapor bubbles appear. Several active
structure cells are constantly acting generation centers. The onset of liquid boiling (AT, ;) depends
on a lot of conditions and design parameters and is determined by the equation for this variation
AT,y , Which corresponds to the heat flow g, The decrease in the flow rate of the cooling liquid
My, or the increase in the heat inflow ¢ lead to a rapid growth of evaporation centers 7.

A zone of transition to the developed bubble boil is not high due to the high rate of growth
of the active vapor generation centers n. A further growth of the heat load g leads to the stable
operation of a large number of active bubble generation centers and their uniform distribution
throughout the steam-generating surface. However, certain critical conditions lead to a burnt-out
and a surface burn-over. Therefore, the analogy in the processes of deliberate destruction of brittle
materials and the burnt-out allows to model such processes and identify the mechanism thereof [1-
3].

To learn the destruction process mechanism, experiments were carried out with the use of
photoelasticity and holography methods [1]. The stress state of the models was estimated at similar
times by photographic recording of isochromic patterns and counting the band order n at different
points in the directions under study.

The solution of the problem of thermoelasticity makes it possible to determine the limit
state of the medium for a porous coating and a metal vapor-generating surface [1-2].

In case of thermal destruction of poorly heat-conducting coatings with low porosity and a a
metal wall (substrate), it is required to identify the effect of the specific heat flux (q) applied to the
surface and the time of its action t on the formation of destructive stresses (o), the granulometric
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composition of shell (size of detached particles), as well as the depth of penetration of the
temperature perturbation (3) for the metal.

If g increases in a very short time interval (1), the dynamic effects become very significant
and compression stresses (o) reach large values which are often several times higher than the
tensile strength of the material in compression. Therefore, it is necessary to take into account these
stresses in the mechanism of thermal destruction of the material. We have to find out what type of
stress o; reaches before its limit values.

Let's consider a plate with the thickness of 2h. The constant ultimate heat flux (q) is
supplied to the surface z =+h, starting from the timepoint t = 0. The bottom surface z = -h and the
plate side edges are thermally insulated.

Thermal conductivity equation with limiting and initial conditions can be written in the
form:

—=—,T=0,1<0 1
Wozr ot e @)
oT
—=q, z=+bh;
W 0oz q
8_T_ z=-h
Wz '

where «,,, 1,, — coefficients of thermal diffusivity and thermal conductivity of the wall
(substrate).
The temperature distribution along the thickness depends on thermophysical properties of
the material, its heat flux value and feeding time [2]:
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where M = ==; n — positive numbers; ¢ — heat capacity; p — wall density.

Using the known temperature distribution in the plate, we can find the thermal tension and
compression stresses arising at a certain time t at various depths from the surface g; = (h = z;) for a
given value of the heat flux (), since the plate with a variable temperature is in the plain stress

condition.
aE y4
= =——T| —; —— |aET dz,
el i el ) R

where the first term is the component of the compression stress, and the second term is the tension
stress. a — linear expansion factor; £ — Young's modulus (elasticity modulus); v — Poisson ratio
(lateral contraction);

If we are given the limit values of tension (Gjim ens.) and compression (Gim.comp.) Stresses for
coating and metal, we obtain the dependence of the heat flux (q) required for destruction, based on
the time of supply (t) and the depth of penetration (3). In addition, when we equate temperatures
on the plate surface to the melting temperature T,, of coating and metal, we find the values of
specific heat fluxes necessary to melt the surface layer for a different period of action thereof (q,),
i.e. in each case, we have functional dependences of the heat flux on the time it affects the coating
and the metal surface.
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The causes of the destruction of boiler-turbine parts depend on the prehistory of the
development of cracks in the stress raiser (relaxation zone) [4-8, 9-12]. Counting must be
conducted from the time of the explosive appearance of the nucleating center of vapor (the time
interval is 10 s to 10 s). The energy of the spontaneous appearance of a vapor bubble is a value
close to the value which is constant (invariant) with respect to time of its growth. It is spent to
maintain the nucleating center with a radius of Ry, and prevents it from collapsing (q reaches up to
10® W/m?). At this time interval, a thermodynamic equilibrium is established for the transition
from microprocesses (microparticles and clusters with sizes of (107+10®) m (nanoparticles) of
separate (single) individual bubbles to processes described by the behavior of a large number of
bubbles, using integrated characteristics (g, @, AT, AP, w), where @, AT, AP, w is average values of
heat transfer coefficients, temperature and hydro-gas dynamic pressures and flow velocity. The
presence of stress concentrators where the active vapor phase is generated, significantly reduces
the G”m,comp_/ Gilim.tens. Fatio, and this value can be equal (1+2), including for energy steels. We have
also to take into account the presence of other stress raiser, the cyclicity of loads during starting
and stopping modes of equipment operation, which lead to fatigue cracks (stresses).Consequently,
there's a high possibility that Gjim.tens. = Glim.comp-, @Nd Glim ens. reaches 10 MPa and becomes of the
same order for porous coatings.

The processes of death as well as the nucleation have also explosive nature (t = 10%+107Fs),
which leads to the emergence of cumulative phenomena, which along with the corrosive and
electrical processes destroy the stress raiser (active generation center) due to erosion processes,
bringing its size to the critical crack. In the case of instant condensation of vapor in the cavity
(hole), its volume instantaneously disappears and a powerful cumulative effect (cavitation) is
formed. In this case, shock waves penetrate into the the parts and cracks develop, where an oxygen
enters.

At the moment of "birth" of a bubble or a drop, « is up to 1x10° W/m? at a vapor
temperature (500 + 565) °C, AT reaches 500 °C, and q values acting at the bottom of the bubble
("dry" spot zone) is up to 5x10” W/m?. If we take into account that the individual vapor bubble
generates q 10 times more than its integral value [3], then the total q is 5x10® W/m?, which is
represented in g = g (t, 8) in the figures. The greater the penetration depth of the heat wave (or 6 of
the detached particle from the porous coating), the longer it will take to destroy the parts by
stresses (Figures 2-4).
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Fig. 2 Stress diagrams o; for the quartz plate (coating) thickness for various heat fluxes g; and the time
of their action t: g, = 8.8x10” W/m?; g, = 0.12x10” W/m?; g5 = 0.008x10” W/m?;
40 - yield strength
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Fig. 3 Stress diagrams for granite coating thickness for different heat fluxes g; and time t of their action:
0y = 0.142x107 W/m?; g, = 0.042x10” W/m?; gz = 0.0075x107 W/m?;
117 — yield strength: o;, = x10° H/m?, E = x10° H/m?.
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Fig.4 Stress diagrams for the teschenite plate (coating) thickness for different g;and t values:
q; = 6.6x10° W/m?; g, = 0.1x10* W/m?; 76 — yield strength

The relationship between compressive and tensile stresses is shown in Fig. 2-4. It is stress
diagrams (coating) within the plate for various time intervals from the beginning of the process
under consideration. At small values of t and order of 102 s, only compression stresses arise.
Starting from © ~ 10" s, in some region of A (h-z;), the compression stress turns into a tensile
stress, and for different time intervals it is at different depths from the plate surface.

With an increase in q in the heated layer, and consequently a decrease in the heating time ,
the role of the compression stress increases. Despite the high resistance to compression, the
destruction from compressive thermal stresses occurs under more favorable conditions of
instantaneously and in small volumes.

For heated vapor-generating surfaces, the film boiling was established and the temperature
of the surface increased sharply to a value T, as a result of the change in the boiling condition.
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Fig. 5. 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 1.2x10° W/m?. A shell with a size of 2.5x107 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 tg: 1 =0's; 2 =5/1500 s; 3 = 10/1500 s;
4 =15/1500 s; 5 = 20/1500 s; 6 = 25/1500 s.

A calculation was made of the specific energy (Q) of the destruction of a unit volume of
quartz, granite, and teshenite coatings. The energy Q was calculated, depending on the thickness 6
of the detached particles. Curves have pronounced minima.

For quartz coating, the minimum energy loss is Q=0.5x10° J/m® for t= (0.1 + 1) s, & = (0.1
+0.25)x10 m.

For granite coating: Q=2.5x10° J/m® for © = (0.1 + 5) s, & = (0.1 + 0.3)x10% m. For
0=0,1x10" W/m? and & = (0.2 + 1.5) x10? m, Q = 2.5x10° J/m®.

For teshenite coating: Q=0.5x10° J/m® for t = (0,1 + 5) ¢, & = (0,1 + 0,4)x10” m, where the
ratio of limit normal compression and tensile stresses varied from 20 to 30. The presence of
microcracks in the coating monolith reduces its compressive strength in the vicinity of this crack
so that the compressive strength can be only 2 times greater than the tensile strength.

Curves (Q = f (q)) with their minima with increasing of 5; move in the direction of the
decrease in g, and for the thermal destruction of brittle coatings, a lower energy capacity Q is
required.

Conclusion

The danger of the appearance of limit thermal stresses is great at the moment of startup and
shutdown of power equipment at power plants. These stresses arise primarily in the places of
concentrators, which are active vapor phase centers or condensate formation centers. 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 modeling 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 modeling material. They are the most
viscous with a porosity of up to 30%.
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