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GENERATION OF STEAM ON SOLID SURFACE
IN SEPARATE CELL OF POROUS STRUCTURE

Abstract. A model is developed of the dynamics of vapor bubbles produced on a solid surface in porous
structures and a steam-generating wall (substrate). The model is based on the high-speed cinematography SCS-1M.
The removal of high heat fluxes is ensured by the combined effect of capillary and mass forces. An analytical model
is developed on the basis of the theory of thermoelasticity, when the heat flow is fed to the base of a vapor bubble
having a "dry" spot and a microlayer of a truncated cone liquid.

The limiting state of a poorly heat-conducting porous coating and a metal substrate is determined. The heat
fluxes were calculated from the time of spontancous appearance of the steam germ (10-8) up to the time of material
destruction (102 + 103 s), i.c. the time interval from the process of relaxation to the macroprocess (destruction) is
described. The dimensions of the detachable particles at the moment of destruction of the porous coating, determined
in the model, agree well with the experiment at the optical stand.

Keywords: model of the dynamics of steam bubbles, capillary-porous coatings, intervals of heat flows, heat
equation with boundary and initial conditions.

The thermohydraulic characteristics of the liquid boiling process in capillary-porous structures were
studied using high-speed cinematography from the onset of explosive nucleation of the vapor phase [1]
until its destruction. This allowed us to develop models and the mechanism of heat transfer and to obtain
simple calculated dependencies for different boiling regimes [2] up to the crisis state [3]. The heat
exchange was controlled by the combined effect of capillary and mass forces [4-7] and served as the basis
for the creation of various heat exchange devices [5,8,9].

The visualization of the thermal effect was also carried out with the help of holography, which made
it possible to study the limiting state of good and poorly heat-conducting materials in the form of porous
structures and a steam generating surface [3.8,10-13]. Control of heat exchange in porous structures was
carried out by influencing the internal boiling characteristics [14] and integral volumes [2-4].

The growth of a vapor bubble of radius R in a separate cell of the structure was considered(Figure 1).
We assume that the heat flux q, which determines the growth of the vapor bubble, comes from the heating
surface ¢; with allowance for the "dry" spot through the microlayer of the liquid under the vapor bubble,
similar to the D.A theory. And part of the heat 2 is supplied from the superheated liquid surrounding the
growing bubble, since the amount of superheating of the liquid in the porous structure can reach large
values, which increases the store of enthalpy of the adjacent layers of the liquid.

The cooling liquid is transported by the combined action of capillary and mass forces APg + cap. The
"dry" spot at the base of the bubble is described by the radius r, which at the moment of bubble
detachment is proportional to Rsp = kR, where the microlayer of the liquid under the bubble forms an
angle o with sides &', and3,.
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A steam bubble is represented as a volume of a spherical segment, from which a truncated cone
formed by a microlayer should be subtracted. The thickness of the micro-layer d, that feeds the vapor
bubble due to its evaporation during the growth of the bubble will be constant, since the capillary and
gravitational forces allow the fresh portions of the cooling liquid to leak to the base of the bubble. In the
steam bubble growth model, there is a direct transition from the developed bubble boiling to the possible
onset of the crisis, when the balance of forces is violated and the thickness of the microlayer tends to zero
(0o — 0), which is very important for studying the limiting state of the system.
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Figure 1 - The model of contact of steam bubbles with the steam generating surface in the cells of steam generation of the porous
structure: 1 - the skeleton of the porous structure; 2 - cell for generating steam; 3 - a cell of a supply with a liquid; 4 - steam
generating surface; 5 - front of the propagation of the temperature wave in the volume of the heat generating surface (stainless
steel and copper (dashed line)); 6 - steam; 7 - "dry" spot; 8 - front of light (vapor) phase propagation.

The interfacial surface 8 and the steam generating wall 4 form a dynamic angle 0 average during the
time of growth of the steam bubble. Since the problem is solved for not very low pressures, the dynamic
processes taking place in the initial stage of the development of the vapor bubble are not considered. Then
the forces of viscosity and surface tension will also be commensurable with inertial forces and may not be
taken into account.

The volume of the spherical segment is calculated by the formula:

2R!-p!
3

Weo=m(2R — h)? (R - ) = ZR3(1 + c0s0)?(2 — cosh),

h' =R ( 1-cosH).

dw,e / dt:
dw,

cez __

dR
TR?(1 + c0s8)?(2 — cosf) —
dt dr

The thickness of the microlayer under the vapor bubble is a truncated cone, bounded from the side of
the bubble by a "dry" spot 7, will be:
d,=kRtga, 5, =RsinOtgd,
k — coefficient of proportionality.

For the bubble model according to Fig. 1, we consider the solution of the thermoelasticity problem
for determining the limiting state of the medium by the example of a brittle coating from a rock and a
metal vapor generating surface of a substrate.
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For the thermal destruction of a porous coating, we estimate the influence of the specific heat flux q
applied to the surface and the time of its influence on the creation of destructive stresses, the
granulometric composition of the husk 6 (tearing particles upon destruction), and for the metal, the depth
of penetration of the temperature disturbance with the destruction of the surface 5 at Figure 1. In some
works the decisive role in the destruction is attributed to the thermal tension of the tension, since the value
of the ultimate strength of porous coatings consisting of a furnace x of the rocks for compression is 10 or
more times higher than the tensile strength, and in metal - several times. It is possible that tensile stresses
cause only cracking of the coating and do not determine its peeling, 1. E. they are not decisive for thermal
destruction, and the main destructive stresses are shear [3].

In [3, 10, 12], an estimate is made of the magnitude of the compression stress. As the temperature of
the porous coating rises in a very short period of time, t dynamic effects become very significant,
compressive stresses reach large values, often several times higher than the compressive strength of the
material. Therefore, it is necessary to take it into account in the mechanism of thermal destruction of
coatings. It is necessary to find out what kind of voltage reaches before its limit values for the heat fluxes
q supplied. The destruction mechanism for cyclonic drills changes fundamentally, when the fracture
temperature T, is about 800°C, which is much lower than the melting temperature Ty, This can be
achieved by changing the acrodynamic structure of the flow, in which the coefficients of heat transfer are
increased by tens of times [13].

A free plate (of arbitrary shape in plan) of thickness 2h was considered on all sides. To the surface z
=+ h, starting from the time t = 0, a constant specific heat flux q = const was applied. The lower surface z
= -h and the side edges of the plate were considered to be thermally insulated [15].

Knowing the temperature distribution in the plate, we find the thermal stresses of tension and
compression arising at a certain time t at different depths from the surface & = (h = zi) for a given value of
the heat flux q = const. The plate with a variable temperature is in the plane tension state.

Setting the limiting values of the compressive stress o, and stretching o, s for each given coating
and metal, we obtain the functional dependence of the heat flux q;, which is necessary for the destruction
from the time of delivery and the depth of penctration. In addition, equating the temperatures on the
surface of the plate to the melting point of the coating and the metal, we find the values of the specific
heat fluxes necessary for melting the surface layer for a different time interval of their action. Thus, in
cach case, we obtain the functional dependences of the heat flux g; on the time of its influence on the
medium [15].

For a plate made of quartz, granite, teschenite and metal, the functional dependences qi, q», gswere
calculated on a PC. In the figure (2-5) the following symbols are used: v- is the coefficient of transverse
compression; a- is the coefficient of linear expansion; E - is the modulus of ¢lasticity.

The results of the calculations for the granite coating are shown in the graph (Figure 2-5). In the case
of a quartz coating, the heat fluxes were calculated for very wide time intervals (10° — 107) s. The lower
limit of this interval (10™) s is the relaxation time.

For time intervals of the order of (10® — 107) the relations for q; and q, representing hyperbolic
curves in the (q, t) coordinates lose their physical meaning, since in this problem the heat equation was
taken as the basis. To take into account the microprocesses, it is necessary to add to it a term of the type

82 . . . .
K a_tz . Since thermal destruction is a macro process, we take it to take place over time (5x107 -10%). The

change in heat fluxes q; , q», ; versus time on plates made of granite coating is shown in Fig. 2.

Under the condition that the coatings are destroyed only by compression, a series of curves is
obtained, each of which corresponds to a certain thickness of the opening particle. For each value of the
heat flux and some interval, we obtain particles with thicknesses 6, 6, ...,6;. The maximum thickness of
the particles that break away under the action of compression forces for coatings of quartz and granite is
(0.25-0.3)x107m.
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Figure 2 - Dependence of the heat fluxes causing compressive stresses of the porous coating of granite as a function of the time
of action for different thicknesses of the detached particles: I - stretching stresses sufficient to destroy (I', I'* - copper and
stainless steel, h = 0.1x10™w); II - fusion of the surface (IT', II"* - copper and stainless steel, h h = 0.1x107m)
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Figure 3 - Dependence of q = f (t), presented in Figure 2. in the rangeq = (0,25...0,75)x10’B1/m*

Sections of compression curves that determine the separation of particles with thicknesses 6>0.3x10°
*m for large heat fluxes and small t are screened by the melting curve II, and in the case of small heat
fluxes and significant time intervals, the expansion curve. Moreover, the melting curve of the coating
from quartz is much higher than that of granite, which explains its stable brittle fracture.
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Figure 4 - Stress diagrams for the thickness of the granite plate for different heat flows and the time of their
action:q;=0.142x10"B1/M%, q,=0.042x10"B1/M?, q3=0.075x10"B1/™m>

The relationship between compressive stresses and tensile stresses (see Figure 4) represents stress
plots within the plate for different time intervals from the beginning of the process under consideration. At
small t, on the order of 10™s, only compressive stresses arise. Beginning with t ~ 10" s, in some region A
(h - zi), the compression stress turns into a tensile stress, and for different time intervals they are at
different depths from the plate surface. In the region of the transition of the compressive stress to the
tensile stress, the greatest shear stresses of the coating layers will apparently be observed. In time, the
shear stresses reach their ultimate values later than the destructive compressive stresses and, obviously,
before the maximum tensile stresses.

Destruction from compression can occur both at a certain depth (0.3x107 »?), and in a small surface
layer & in a very short time t.

The time of detachment of the particles of the coarse coating determined by the high-speed
cinematography, the camera SCS-1M [3], 1s (0.11 ... 0.47) s and agrees well with the data given (t;, = ot
0.1s) see Fig. In figure 5, the calculation of the specific energy Q of the unit volume destruction of the
granite coating is given. Depending on the thickness & of the particles being separated, the energy Q is
calculated. The curves have pronounced minima.
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Figure 5 - Change in the specific energy of destruction of the granite coating as a function of § for various t.
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Conclusion. A model for the generation of vapor bubbles on a solid surface with a porous coating is
developed, based on film-photogrammetric observations of the internal characteristics of the boiling of the
liquid. High forcing of heat transfer is provided by combined action of capillary and mass forces. The
steam bubble is represented as a volume of a spherical segment with a microlayer of liquid and a "dry"
spot in its base. For such a model, the problem of thermoelasticity is solved and the limiting state of a
system of well - and poorly heat-conducting materials (a porous coating on a metal substrate) is
determined. The heat fluxes applied to the surface are determined, the time of their action on the creation
of destructive stresses, the dimensions of the detached particles and the depth of penetration of the
temperature wave into the substrate. The heat fluxes were calculated from the time of the explosive
appearance of the first embryo (10-8 s) up to the time of destruction of the materials(102 + 103 s), i.e.
from the relaxation time to the time describing the microprocess. The interrelation in the process of
destruction is established only by the compression stress, melting or tensile stress. The sizes of the
detachable particles are confirmed by the high-speed shooting, each thickness 61 of the detached particle
under the action of compression forces corresponds to its limiting values of heat fluxes, which are within
the limits of the reduced integrals.
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BOKTBIH KO3FAJBICBIHJIATBI BIPJIITT MAHBI3/IbI KYPBIJIBIMBIHBIH KEKE KE3IHAE

Annotamus. KeyekTi KOHCTPYKIHATIAPIAFBI KATTHI OCTKE KOHC Oy IIBIFAPATHIH KAOBIPFAIa OHIIPLITCH Oy IbIH
KOMIPIIiK-TEPl JTUHAMHMKACBIHBIH Mozemi >kacanasl. Mogemp SCS-1M kuHO-()OTOCEMKE >KBUITAMABIFBI YKOFAPbI
KaMmepachlHa HerizaenreH. JKOraphl SKbIIy AFbIHAAPBIH OKOK KAIMMULIPIBIK >KOHE >Kammai KYIITEpAiH apanac
dcepiMEH KaMTaMmachl3 eTiiei. TepMOaIac-TUKTIH TEOPHICH HETI3IHIC JKbITy aFbIHBI «KYPFaK» HYKTECi 0ap sKoHE
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OV BIN-COFBUTFAH KOHYCTBHIK CYHBIKTBIK MHKPOTOJNBI Oap Oy/JbIH KOIPIIri HETi3iHE >KCTKI3IICTIH AHATHTHUKAIBIK
MOJCIb acamaapl. Hamap >KbLTy OTKI3eTiH KEYEKTi KAObIHHBIH >KOHE METAJAbIH CYOCTPATHIHBIH INCKTIK KYiil
anbIkTanasl. JKeuty arbiHAaps! Oy mBFBIHGEH (10-8) e3xiriHeH maiina O0JFaH YaKbITBIHAH MATCPHANIBIH OY3bLIY
vakeIThiHa feiiie (102 + 103 cek) ecenmrenrcH. Pemakcarus mpoIECiHEH MAaKOMPOIECCKE (PKOWBLIY) ACHIH YaKbIT
apasbIFbl CHIIATTAIFAH. Y ITIC aHBIKTAIFAH KEYEKTI KATAMaHBI KO0 COTIH/IE aJbIHOAIBI OOIIIICKTEP/IiH eIIeMaepi
OTITHKAIBIK CTCHATE IKCIICPUMCHTIICH JKAKChI KETiCITIeIi.

Tipek ce3aep: MOAETb NWHAMHUKACHIH Oy KOIIPHIKTEP, KANMWIIIPHO-KEYEKTI KAOBIHIBIL, APATBIKTAPhI YKBLIY
aFBIHAPHI, KBUTY OTKI3TIIITIK TEHACY1 OacTar mekapanac xXaHe 0acTamkpl MapTTapsl.
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T'EHEPAIIHS ITAPA HA TBEPAOM IHOBEPXHOCTH
B OTAEJBHOU AYEUKE NOPUCTOU CTPYKTYPHBI

Annoramus. Co3gaHa MOJCTh THHAMHKH MAPOBBIX MY3BIPSH, POKTAIOMIMXCH HA TBCPAOH NMOBCPXHOCTH B
TMOPHUCTBIX CTPYKTYPaX W IAPOTCHEPHPYIOINCH CTEHKE (MOUIOkKe). Moaernb OCHOBaHA HA KHHO-(DOTOCBEMKE
ckopoctrHo# kKamepoit CKC-1M. OTBOI BBICOKHX TCIIOBBIX MOTOKOB OOCCIICUMBACTCSA COBMCCTHBIMH JCHCTBHEM
KaIlMUBIPHBIX M MAaccoBBIX cril. COCTaBJIEHA AHANMMTHUYCCKASI MOJCIHh HA OCHOBE TCOPHH TEPMOYIPYTOCTH, KOTJA
TCIUIOBOH ITOTOK NOABOAUTCA K OCHOBAHUI) ITAPOBOIO ITy3BIPA, HMCHOIICTO «CYyXOC» IATHO H MI/IKPOCJ'IOfI JKHOKOCTH
B BHJC YCCUYECHHOTO KOHyca. OnpeaencHo npeieIbHOE COCTOSHIE III0X0TEINIONPOBOIHOTO MTOPHCTOTO TMOKPBITHS H
METAUTMYCCKOW IMOANOXKKH. TEIIoOBble MOTOKH PACCUHMTHIBAIUCH OT BPEMEHH CIIOHTAHHOTO IOSIBICHUS IAPOBOTO
sapoapsmia (10%) mo Bpemernm paspymenns marepuana (102 + 10° ¢), T.e. OMHCAH HHTEPBAT BPEMEHH OT MPOLIECCA
penakcamuu 10 Makmpouecca (pa3pylueHus). Pa3Mepbl OTPBIBAIOIIUXCS YACTHI] B MOMEHT Pa3pyLICHUSI IOPUCTOTO
TIOKPBITHS, OTPEICIICHHBIC B MOJICIIH, JAIOT XOPOIIEE COBIAZCHUE C 3KCIICPHMEHTOM HA ONITHYECKOM CTEH/IE.

KioueBnie cioBa: MOJETb AWHAMHMKH NAPOBBIX ITy3BIPEH, KAMMJULIPHO-TIOPUCTHIC TOKPBHITHS, HHTCPBAJBI
TCIJIOBBIX MOTOKOB, YPABHCHUA TCIIOMPOBOAHOCTH C TPAHW'IHBIMH U HAYTAJIBHBIMH Y CTIOBHAMMU.
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