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CHARACTERISTICS OF THE SINGLE STEAM BUBBLE
IN CELLS OF CAPILLARY-POROUS STRUCTURE

Abstract. In this article a physical model for the generation of single (individual) steam bubbles in separate
cells of the capillary-porous structure was developed. Individual characteristics of bubbles can significantly (on one-
two orders) differ from integral size and that is important for an explanation of emergence and development of cracks
of a damage of details and clusters of heat power stations. The solution of a problem on evaporation of a clinoid
microlayer under the steam bubble growing in a cell of porous structure covering a metal heating surface (substrate)
was used. The task was to determine the time dependence of the film thickness distribution and the distribution of
temperature field in the wall in the area of the radius of the "dry" spot. Wall material was copper and stainless
steel. The surface was taken as infinite plate (semi-limited solid body). At determination of radius of a "dry" spot,
experimentally obtained approximation for the law of the growth of a bubble in a cell of porous structure taking into
account the influence of underheating, speed of liquid and thermal properties of liquid and a heating surface was
used. It is shown that an excess of fluid in the porous structure reduces the amount of separated diameter of the
bubble, which is associated with a decrease in average-mass temperature and overheating of the liquid film.
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Introduction. Not without interest is to obtain characteristics (parameters) of a single steam bubble
that characterize its dynamic growth in capillary-porous materials. They may differ significantly from the
integrated characteristics and boiling parameters in a large volume without the porous surface coating
[1, 2]. However, they allow to qualitatively identify the influence regime and arrangement factors in the
process of boiling liquid in the cells of the porous structure [3-12].

The problem is reduced to a certain time T dependent variables: the thickness & of the film distribution
under the steam bubbles growing on a porous surface, at 0 < r < R,,, considering that at » = R,,, it is sct
liquid film of constant dy, evaporation of which is compensated by dribbling of fresh portions of the
relatively cold liquid by means of capillary and mass forces AP, «.»; fluid temperature distribution in the
film 6 of thickness &; the depth of cooling / , to which the front of temperature perturbation in the steam
generating surface is amplified; local heat flux, bled with individual steam bubble. All these quantities will
be determined at fixed value of liquid overheating P.

Let us make a record of outlined functions in dimensionless form as in [1, 2]:
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q,— heat flux, bled by steam bubble; g =2¢q(0,7) = 2[T0 -T7(0, 2')]; — heat flux at the "liquid film —

wall" on the part of the wall.
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The argument is the dimensionless time 7 = —————.
(8,4)
dep(T, —To)H)A
Fixed amount is liquid overheating P = % (heat parameter).
rp

Agreed notations: » — coordinate of steam generating surface covered with porous structure;
R, — radius of "dry spot" along the coordinate r; 7, = 7(x,0) — liquid temperature at © = 0 (initial liquid
temperature at the wall); 7 — saturation temperature; A, A’ — thermal conductivity of the wall and the
liquid; @ — temperature conductivity coefficient; ¢, p, p'— wall heat capacity, the wall and the liquid

density; 7' — heat of evaporation.

The dimensionless time can also be defined as f :t_’ where [, - time required for complete
P

evaporation of the film at a given parameter value P, i.e /.= f(P). This dependence is calculated at
y=1(6 =0), where =1-6 .
The value g on the side of the liquid on the "wall - liquid" boundary

q=2lr0.0-1.)

In the works [13, 14] it is noted the urgency due to the influence of the boiling surface (with
subcooling) on the intensity of the focal corrosion of fuel element cladding, which may occur due to the
collapse of bubbles in the subcooled liquid.

In studied capillary-porous cooling system the liquid boiling, subcooled to the saturation temperature,
takes place inside and on the structure surface, as the massive forces create excess fluid [8.12], but in the
works [13, 14] boiling occurs on the surfaces without porous coatings.

Currently, liquid microlayer research at the base of the steam bubble is carried out in many scientific
centers of the world [15,16]. However, it is needed further study of single bubbles in the cells of a new
class of diverting systems [10-12], especially made of poor thermally conductive brittle coatings. This
makes it possible to analyze the development of fatigue cracks in the bubbles activation centers, to apply
the theory of thermoeclasticity to the limiting state of the heat exchange surface, to draw an analogy
between the processes of heat transfer in micro- and macrokinetics of origin and development of bubbles
and the processes of thermal destruction of porous coatings. In addition, as noted in the works [13-16],
many authors model the boiling process on heat transfer surfaces, that are absolutely smooth (nanoscale
surface), which is far from the actual thermal power plants.

The process model of heat transfer. Let us consider the unsteady heat transfer at microlayered
evaporation of liquid film under the steam bubble, growing cells of the capillary-porous structure, by the
heat supply from the storage volume of the steam generating surface, which is taken as infinite plate with
.., thickness (figure 1).

The problem of the evaporation of the liquid film from the solid surface, received by semibounded
(0—o0) for a variety of conditions, is presented in the works [1, 2].

We use a solution of the evaporation problem of the liquid film from the solid surface, considering
that the film thickness dyis in the cell of capillary-porous structure.

It applies a linear temperature distribution over the film thickness &:

A ¢ oT
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atx :_50, T:Ts;x :0, 1= To.
The temperature field in the plate (substrate), which is covered with porous structure, is described by
the one-dimensional heat equation:
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Figure 1 — Model of contact of steam bubbles with steam generating surface in the steam generation cells of the porous structure:
1 — skeleton of the porous structure; 2 — steam generation cell; 3 — cell of liquid power supply; 4 — steam generating surface;
5 — the temperature wave distributing front 4 in a volume of the heat generating surface made of the stainless steel
and copper (dotted line) (the depth of cooling); 6 — steam; 7 — "dry" spot; 8 — distribution front of light (steam) phase

Initial conditions:
0<x=<0m,1=0,T(x,0)=T,. @)

Boundary conditions:

7(0,7)-T;
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To solve this nonlinear unsteady heat conduction problem it is used the integral method to average
the heat-transfer equation on the areas 0 < x < /4 at Tt <rt,and by the areas 0 < x < J,,at T > 1,.

Under 7, is meant time of complete evaporation of the liquid film, in which the temperature
perturbation front, distributing in a solid body, does not reach the plate thickness d,,, and characterizes the
area 0 < x < 9,, with quantity of cooling depth A (h < §,,), when

_ T
TﬁTO, (E)Fh ZO.

When t > 1,, front of temperature perturbation in the heating surface resulting from the selection of
heat by the individual bubble, in steam generation cell, reaches the border of the plate #=4,,,. Thus, in the
case, where 7 < t,, plate can be considered as semibounded body, and the plate thickness o,, is not
included in the calculation dependance [2].

In the case of 7 < 1, problem is reduced to a system of differential equations for a semibounded body
(3., — ), which is written in dimensionless form [1]

— 2 1- ~
3 g = 7 4 (6)
~ 2q(0 7, -7, T,-T, 1 = o
F,Z[eq q( T) (O ) [0 (:T)] ;qoz[o S] ;§=l—p ]
9 h O, 4
The values 6 and /1 depending on 3 are given by
o 1-6 . Fo 2(1-5)

—; —, (7)
N 2po 205
5 1—,/1+—_ 14 2P0
4 -3 PTG

Then the differential equation takes the form:
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o — 1 - p _— 3 2
2p+(1-2p)y+42py |1+ y}dﬁ—p dt, ®)
where Yy =1- 5.

Determination of boiling parameters, results and discussion. For a capillary-porous system
operating in the pressure range (0,1 ... 200) bar having a heating surface made of copper and stainless

steel, liquid superheat value P > 0,5. Then integrating the differential equation within &, = 0; &, = S ,
we obtain a distribution of the film thickness in the range 0 <r < ch, which is different from the work [1]:

2 3/2
2py+1 2py 40393 2P) _ \/ 2p-1  (2p)
2 2p-1) 2 Yy 2p  42p- 1)
,— 2p 1 9)
{1 2p-1 2p 3,
X| Y. [—— + arctg =—pt
y  2p 2p—1 sz—l 4

Considering the value ¥y =1 in the resulting equation, we define time 7, of complete evaporation of
microlayer with thickness &, , at which under the bubble in the structure cell the "dry" spot is settled (+ = R.,.):

2 1,5
f'(p) :M+0.393L)3/2+075 —&x
2 2p-1 42p-1)

(10)
Ly |2 arctg—l = 26”-0( ) =
2p 2p-1 2p—-1 4
Then the radius of the "dry" spots on the base of the stcam bubble is given by:
8 A3 A pn -

" iga 2ga Jped f(p)

where a — the angle between the heating surface and a tapered microlayer located under the bubble with a
radius Ry,

For capillary-porous system working in the field of mass forces, we have defined the law of steam
bubble growth [3] as

-1
R, =2 54,1a’Ja70{1+(m—9’0)0’1} |
m}’l

Then the equation for R, is converted to the form:
B ﬁ A’ p R, [1 +(m,, /mn)]o’1
T 2ga Jpcl Jf'(p) 2./54,1a'Ja

(12)

where the ratio of — =K represents a coefficient of "dry" spot.
d

Researches of values 5_ ,8,0 of 7,P,I‘,T,ch depending on the angle a at fixed values of

pressure, temperature difference, thermal properties of the wall are shown in figures (2-5).

Generally speaking, in the studied capillary-porous cooling system the influence of subcooling, liquid
velocity and liquid thermal properties and the heating surface can be approximated by the averaged
expression of the form:
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Figure 2 — Changing the thickness O of the water film

through time [ in the base of the steam bubble growing
in the structure cells
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Figure 4 — Dependence of the thickness of the evaporating
water film in the steam bubble growing in cells of capillary-
porous structure, on time 7 in the neighborhood of 0 <r <R,
for different substrate materials: 1 — copper; 2 — stainless steel
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Figure 3 — Temperature field distribution & through time t

in the steam generating surface,
covered by porous structure
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Figure 5 — Changes in the thickness of the evaporating water
film J under the steam bubble growing in the porous structure
cells from the coordinates 7 in the range 0 <r <Rsp
for different time points T (surface — stainless steel)

— R
R ==L =242[k k.|,
Ry
- m, lq
where m =1 ... 14; W,=(1,1x107...0,1) m/s; W, :$,; [ - height of the heat exchange
m,g0 ,rp
surface; & - porosity of structure; J, — thickness of porous structure; k. =1+ nN10’1;
;10,5
_ 4] ) . - | .
or =1+ m — coefficients taking into account the excess of fluid and heat storage capacity

of the wall; m=

n

—= _ option, taking into account the excess of fluid.

Excess of fluid 772 in the cross-section of the porous structure makes a flow with low subcooling and

low speed W, which reduces the averaged value of the detachable bubble radius E to the value of }_?d .

This is due to a decrease in the average weight temperature, which leads to overheating falling of liquid
film surrounding the bubble, and may cause partial condensation of [7].

— Q —/—
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Dynamic angle of contact in the studies is obtained 6’ = 80 degrees. (see. Fig.1); angle a = 5° 30" ;

K=05.
The low of steam bubble growth R takes into account deformation and outline of bubbles due to
C;AT ol
excess of fluid m,,. with in relation to the flow of generated steam m,,. Jakobi number Ja = —7;
r

AT = temperature difference; p” — steam density; /77 = —excess of fluid.

n
Time 7, of complete evaporation of microlayer with thickness O, , at which under the bubble the

"dry" spot is settled (» = R.,)), is determined from the expression (10).

Conclusion. The physical and mathematical models of the dynamics of steam bubbles growing in the
porous structure cells, were studied. Characteristics of heat exchange differ substantially for individual
bubbles. It uses the solution of the problem of evaporation of the liquid film in the "dry" spots arca under
the steam bubble and it was defined the film thickness and the temperature field in the wall (copper and
stainless steel). Law of bubble growth in the structure cells was determined experimentally, taking into
account the excess of fluid and thermal storage capacity of the walls. Excess of liquid reduces the value of
the detachable diameter of bubbles. It was conducted a triple analogy of microprocesses of heat transfer of
dynamics of steam bubbles (the first analogy) and macroprocesses of heat exchange surface destruction
with the porous brittle coating (second analogy), including the value of cooling of wall and the value of
coming off particles at the thermal destruction of coatings (third analogy). The calculation results are
confirmed by experiment. We have proved that the temperature perturbation front, distributing in a solid
body, does not reach the thickness of the surface, due to the fact that the porous coating contributes to a
greater and more uniform thickness of the boundary layer and the low value of temperature fluctuations in
the wall. The obtained results can be extended to other porous structures, wherefore needs a further
experiment, for example, using metal-fibrous and powder structures.
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A, A, Tenbaq, H. O. I:xxamanky/0BA
AMaThl SHEPreTHKA YKoHE OalIaHbIC yHUBEpCUTETI, Anmarel, Kazakcran

KAIIWJIJIAPJIBIK-KEYEKTIK K¥YPBIJIBIMHBIH KOIIIKTEPIHAEI'T
BIPJIK BY KOIIPIIITTHIH CUITATTAMAJIAPBI

AnnoTtanmust. KanmummipiasK-KeyeKTIK KYPBUIBIMHBIH O6IIeK MOIIKTepiHAe Oipiik Oy KeImipurkrep eHIipiCiHIR
(pu3uKaNBIK YATiCi skacamraH. KemipurikrepaiH Keke CHHmATTaManapbl HHTCTPANIBIK MAMATAPAAH CAJYip e3remie-
neHyl (Oip-exi mopeskere) MYMKIH, OYJI TETIKTEp MEH KbUIY SHEPIeTHKAIBIK KYHIBIPFBUIAPABIH TYHIHICPIHIH HIap-
IIay KapbIK MMAKTAPbIHBIH ITak1a 00y bl koHE 6pOyl apKachkIHIA OY3bLUIYBIH TYCIHAIPYTE MAHBI3AbL. MeTamt Ky3apIpy
OcTiH (TOCEHIMITI) >KaybIll TYPATHIH, KEYEKTIK KYPBUIBIMHBIH KOLITIHAC O6CETIH Oy KOIipIIIKTCPIHiH aCTHIHAAFHI
CYHMBIKTBIH, ChIHA TOPi3Al MHUKPOKAOATHIHBIH OYIAHYBI TYPAIbl CCCHTIH MICHIiMiI KOJAAHBUFAH. ECENTIH MaFbIHACH
YI0ipaiH YIECTIpiay KaJIbIHABIFBIHBIH KOHE «KYPFAK» JAK PAJMyChl ayMarblHBIH KaOBIPFamarbl TeMIlepaTypa epi-
CIHIH YJCCTIpUIYiHIH YaKbITTBIK TOYCIIUNTIH aHbIKTay OonareiH. KaOblpra MpIC ImeH TOT OacmaTeiH OOJaTTaH
skacaFaH. JKasbIk OCTi IIEKCi3 MIACTHHA TYPiHAEC KAapacTHIPBLIAABI (KapThLIAM INEKTENTEH KAaTTHI AcHE). «Kyprak»
JIAK PaanyChIH AHBIKTAY 1A KE3IHC IMaNa KbI3ABIPYIbl, CYHBIKTHIH >KbIITAM/IBIFbIH, CYHbIK IICH KbI3ABIPY OCTIHIH XKbI-
Iy (HU3HKANBIK KAaCHETTEPIH E€CKEPIeHACTI KEYEKTIK KYPBUIBIMHBIH JKOINITiHAC OCETIH Oy KOIPIITiHIH YIIFA0 3aHbI
OOBIHINA KCIICPUMEHT >KY31HAC aTBIHFAH AIPOKCHMAL MaHnanaHeuabl. KeyekTik KyphUIBIMIAFhl ApTHIK CYHBIK
KOMIPIIIKTIH Y31y AHAMETPiH KEMITETiHI KOPCETINreH, Oy OpTalaMacCaiblk TEMIICPATyPAHBIH KEMYIMEH >KOHE
CYHBIK YIOIPiHIH KbI3Y bIHBIH TOMEH/ICY IMCH OAHIaHBICTHI.

Tyiiin ce3jep: KaiHAy, Oipiaik Oy KeIipmmri, KaMMULIPIBIK-KEYEKTIK KYPBUIBIM, CBHIHA TOPI3Ai MHKpPOKAOar,
«KYPFaK» aK, CATKBIHAATY TCPCHMITL.

A, A, Tenbaq, H. O. I:xxamaHKy/I0BA
ATMaTHHCKHHA YHHBEPCHTET 3HEPTETHKY U CBsI3M, AnmMarsl, Kazaxcran

XAPAKTEPHCTHKH OJHHOYHOI'O HAPOBOT'O IIY3bIPA
B AYEUKAX KATWIJIAPHO-TIOPUCTOU CTPYKTYPhI

Annortamust. Pazpaborana gpuznueckas MOJeIb TCHEPANH HHINBHY ATbHBIX (OAMHOYHBIX) MAPOBBIX ITy3bIPEH
B OTACNBHBIX AYCHKAX KAMALIAPHO-NOPHCTON CTPYKTYPhL. MHAMBHAyaNbHBIC XaPAKTECPUCTHKH MYy3BIPEH MOTYT Cy-
MICCTBEHHO (HA OJMH-/1BA MOPAAKA) OTIMYATHCA OT HHTETPATIbHBIX BEIIMUMH, YTO BAKHO A1 OOBSCHEHUS BO3HUKHO-
BCHUS W PA3BHTHA TPEHIMH YCTAJNOCTH M PA3pyLICHUA AETANCH W Y3JIOB TEIIOIHEPrOyCTaHOBOK. MCmoOmb30BaHO
pemeHne 3312491 00 NCIApeHUH KIMHOBHIHOTO MHUKPOCIIOS KHIKOCTH IO/ APOBEIM Iy 3bIPEM, PACTYIIUM B SMEHKE
MOPUCTOH CTPYKTYPBI, HMOKPBHIBAIOLICH METALIMYECKYIO MOBEPXHOCTh HArpeBa (IMOAJIOKKY). 3ajada CBOJIIACH K
ONPEACICHAUI0 BPEMECHHBIX 3ABHCHMOCTCH TOMIMHBI PACHPENCIACHHA IICHKH H PACTPEACIACHHH TEMICPATYPHOTO
MOJISI B CTEHKE B OOJIACTH Pagiyca «CyXoro» miartHa. [JoBepXHOCTh MPHHUMANACh KaK OECKOHEYHAS IUTACTHUHA (TT0JTy-
OTPaHHYMCHHOE TBepAoe Ten0). IIpu onpeacacHun paguyca «CyXOoro» ILATHA HCTOIB30BAHA ANMPOKCHMAINA, IOJY-
YCHHAA 3KCIICPHMEHTAIBHO, I 3AKOHA POCTA My3bIPA B A4YCHKE MOPUCTOH CTPYKTYPHI C YYETOM BIHSAHHA HEIO-
TpeBa, CKOPOCTH YKUIKOCTH U TEIUIO()HU3MUECKUX CBOWCTB JKHIKOCTH U IIOBEPXHOCTH HArpeBa. [lokazano, uro u30bI-
TOK JKHAKOCTH B IIOPHCTOH CTPYKTYPE CHIKACT BEIMYHMHY OTPBIBHOTO JHAMETPA Iy3BIPs, YTO CBA3AHO C YMCHBIIC-
HHEM CPEIHEMACCOBON TEMIIEPATy Pl M MAACHHEM NEPErpeBa MICHKH JKHIKOCTH.

KimoueBbie cii0Ba: KUIICHAUE, OAMHOYHBIA TAPOBOH Iy 3bIPh, KAMMULIPHO-TIOPHCTAS CTPYKTYPA, KIIMHOBHIHBIH
MHKPOCIIOH, «CyX0€» IATHO, TIIyOHHA 3aX0IKHBAHIS.




