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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.

Keywords: boiling, single steam bubble, capillary-porous structure, clinoid microlayer, "dry" spot, depth of cooling.

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 6 of the film distribution
under the steam bubbles growing on a porous surface, at 0 <r < R,,, considering that at » = R, it is set
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 4P, ,; fluid temperature distribution in the

film O of thickness d; 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]:

o @z(]:)_T)ho). }7:}’1. q9, q .

AT =Ts) 4y

; ; (1)
50 (7:) _Ts) 50/1

A
q,— heat flux, bled by steam bubble; g =2¢(0,7) = 2[T0 — T(O,T)]Z — heat flux at the "liquid film —

wall" on the part of the wall.
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: o : ar(A)’
The argument is the dimensionless time 7 = ——————.
(0y4)
dep(T, —T)HA
Fixed amount is liquid overheating P = ,O?E ? ,/1,3) (heat parameter).
rp

Agreed notations: r — coordinate of steam generating surface covered with porous structure;
R., — radius of "dry spot" along the coordinate r; Ty = T(x,0) — liquid temperature at ¢ = 0 (initial liquid
temperature at the wall); Ts — saturation temperature; A, A’ — thermal conductivity of the wall and the
liquid; @ — temperature conductivity coefficient; ¢, p, 0’ — wall heat capacity, the wall and the liquid

density; 7’ — heat of evaporation.

~ t
The dimensionless time can also be defined as :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(5 =0), where y=1-0.
The value q on the side of the liquid on the "wall - liquid" boundary

=2[r0.0-1)

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 thermoelasticity 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
Onx thickness (figure 1).

The problem of the evaporation of the liquid film from the solid surface, received by semibounded
(0—0) 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 &:

At oT
8 =3, ——=[ () dr, )
r'p'y Ox

at x :—(So, T:TS;)C = 0, T= T().
The temperature field in the plate (substrate), which is covered with porous structure, is described by
the one-dimensional heat equation:

oT o°T
—=a .
or ox?

— §f —

3)
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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 / 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<6,,1=0,T(0)="T,. €))

Boundary conditions:

1(0,7)-T .

5 )

x=0,7>0, /’i(a—T)x:0 =1
Oox

oT
xZSHHJTZO7 (_)x:5 =0
ax na

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 < & at t < 1,and by the areas 0 < x < J,,at 1> T,.

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 /4 (h < d,,), when

= TO’ (al)x:h =0.
ox

When 7 > 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 A=d,,. Thus, in the
case, where t < 7, plate can be considered as semibounded body, and the plate thickness d,, is not
included in the calculation dependance [2].

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

1d — 20 20 1-60 _
_—hH =, = =——=(q,
s T T ©)
~  2q(0,7 T, -T(0,7)]4 T,-T, 0 < on
rueq:L;q(O,T):[o ( T)] ;qoz[o s] ;5:1_]9 .
qo h 0, 4
The values 6 and /& depending on O are given by
o 1-6 o 20-9)

—=; —— 7)
_ 205 206
5|11+ 2P2 14 2P0
N -5 PAVTTICS

Then the differential equation takes the form:

==
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_ —[1-2p _ 3
{2p+(l—2p)y+\/2py 1+ 2pp y}d?=—p2dt, (8)

where ¥ =1-6 .
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; 0, = 3 R

we obtain a distribution of the film thickness in the range 0 <r < R,,, which is different from the work [1]:

_ 2 /2 _ 3/2

2p-np*" 2 y 2p  A@2p-))
Jap | Lo2pl ©)
_ |1 2p-1 2p y 2p 3,
x|y |[—— + arctg =—pt
y  2p 2p—1 J2p-1 4

Considering the value ¥ =1 in the resulting equation, we define time 7, of complete evaporation of

microlayer with thickness O, , at which under the bubble in the structure cell the "dry" spot is settled (# = R.,):

2 1,5
f’(p)=M+0.393&+05_&x

2p-D"" 7 4@2p-1
| 2 | 3 A 3 (19
x| [—+ P arclg ——— :_pza_z;o(_)z :—Pz;w
2p 2p—1 2p—-11| 4~ o, 4 4
Then the radius of the "dry" spots on the base of the steam bubble is given by:
5, B3 A pfn o

" iga 2ga Jpek \f(p)’

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

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'Ja2'0[1+(m—”")0’1} .
mn

Then the equation for R is converted to the form:
B \/5 A p Rd[1+(mo,c/mn)]0’1
" 2tga Jped \f'(p)  24/54,1aJa

(12)

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

Researches of values é_' ,0,0 of Z‘N,P,F,T ,ch depending on the angle o 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

a1

I r=0.01:10"m
~

T
04 cxl0’

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

Figure 3 — Temperature field distribution  through time
in the steam generating surface,
covered by porous structure

ax10™

12 ‘

08L
06
2
04f oy
e
02t

Figure 5 — Changes in the thickness of the evaporating water
film ¢ 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 5
R==2=280k k.|,
0
n 3 m.?/clq
where 71=1 ... 14; Wo= (1,1x107...0,1y ms; Wy = 75 [ height of the heat exchange
m,&0,rp
surface; & — porosity of structure; 6, — thickness of porous structure; k,, =1+ anO’l;
0.5
cr — (pch) — coefficients taking into account the excess of fluid and heat storage capacity

~ mm
of the wall; M =—>< _ option, taking into account the excess of fluid.
m

n

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 Eo to the value of R, J-

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].

— 9 —
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Dynamic angle of contact in the studies is obtained 0' =80 degrees. (see. Fig.1); angle a = 5° 30" ;

K =0,5.
The low of steam bubble growth R takes into account deformation and outline of bubbles due to
C;]AT p'
excess of fluid m,, with in relation to the flow of generated steam m,. Jakobi number Ja = -
rop

AT = temperature difference; p" — steam density; 7 = — 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 area 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. T'enbauy, H. O. /I'>xamankyJioBa
AJMaThl SHEepreTrKa jxoHe Oaitnanbic yHIUBepcuTeTi, AnMarsl, Kazakcran

KANMNJIJIAPJBIK-KEYEKTIK KYPBIUIBIMHBIH KOIHIKTEPITH/IEI'T
BIPJIIK BY KOIIPIIITTHIH CUITATTAMAJIAPBI

AnHoTtanus. KanuuisipibIK-KeyeKTiK KYpbUIBIMHBIH 06JieK JKolIikTepinae Oipiik Oy KeIipurkrep eHIipiciHiH
¢usukansIk yurici skacanrad. KeripHiikrep/iH jkeke cunarTaMallapbl MHTETPaNIbIK IaManapliaH eloyip esreuie-
nenyi (Oip-exi jopexere) MyMKiH, OYJI TETIKTep MEH XbUTy SHEPreTHKAaNbIK KYHIBIPFBUIAPBIH TYHIHAEPIHIH mIap-
112y KapbIK MaKTapbIHBIH I1aiiia 00JTysl )koHe epOyi apKachiHIa OY3bUTYBIH TYCIHAIPYTe MaHbI36l. MeTaiut Ky3/1bIpy
OeTiH (TOCEeHIITi) JKaybIll TYpaThIH, KEYeKTiK KYPBUIBIMHBIH JKOIIITiHAE ©CETiH Oy KOIipIIiKTepiHiH aCTHIHIAFHI
CYMBIKTBIH CHIHA TOPi3Ai MUKPOKAOATHIHEIH OylaHyBI Typajbl €CENTiH IIemiMi KoigaHbuFaH. EcenTiH MarplHACHI
YAOIpIiH yIecTipiily KaJbIHABIFBIHBIH JKOHE «KYpPFaK» OaK paluychl ayMarbIHBIH KaObIpraJarbl TeMIepaTypa epi-
CIHIH YJIECTIpiyiHIH YyaKbITTBIK TOYENIUIriH aHblkTay OojareiH. KaObipFa MbIC meH TOT OacnaiTelH OonaTTaH
»acajrad. JKas3sIk OCTi IIeKCi3 MIaCTHHA TYPIHAE KapacThIpbUiaabl (KapThUIad MICKTEITeH KaTThl AcHe). «Kyprak»
JIaK paJinyChlH aHBIKTay/1a Ke3iH/e 1ana KbI3AbIPY/bl, CYWBIKTBIH JKbLIIAM/IBIFbIH, CYHBIK IT€H KbI3AbIPY OCTiHIH XKbI-
1y (U3MKaNbIK KACHETTEPIH eCKepPreH/ieri KeyeKTiK KYPhUIBIMHBIH XKOUIITiHE 6CeTiH Oy KOMIpIUITiHIH YJIFal0 3aHbl
OOlibIHINA SKCIIEPUMEHT JKY31H/E aJbIHFaH alllPOKCUMAIH Maifananpuibl. KeyekTik KypbulbIMIarbl apThIK CYHBIK
KOIIPIIKTIH Y3y JUaMeTpiH KeMITETiHI KepceTireH, OyJl opTaliamaccallblk TeMIIepaTypaHbIH KeMyiMEH >KoHe
CYWBIK YIIOIpiHiH KbI3YBIHBIH TOMEH/ICYIMECH OalTaHBICTHI.

Tyiiin ce3aep: KaiiHay, Oipiyik Oy Kemipmliri, KanMJUIIPJIBIK-KEYEeKTIK KYPBUIBIM, ChIHA Tapi3/i MHUKpoOKabat,
«KYpFaK» NIaK, CAIKBIHAATY TEPEHIri.

A. A.T'enbau, H. O. I:xamaHky/10Ba
ATMaTHHCKUH YHUBEPCHUTET SHEPTeTUKH U cBs3H, Anmarsl, Kazaxcran

XAPAKTEPUCTHUKH OJJMHOYHOI'O ITAPOBOI'O ITY3bIPA
B AYEMKAX KAITWLJIAPHO-IOPUCTOM CTPYKTYPBI

Annotanusi. Pa3paborana ¢usnueckas MozeIb reHepaluy HHAUBUAYaIbHBIX (OJMHOYHBIX) ITAPOBBIX My3bIper
B OTJEJIBHBIX slUEHKaX KaMWIIIPHO-NOPUCTOH CTPYKTYypbl. MHAMBHAYyaNnbHbIE XapaKTEPUCTUKH ITy3bIPEH MOTYT Cy-
IIECTBEHHO (HA OJMH-/IBA TIOPAAKA) OTJIMYATHCS OT MHTETPATBHBIX BEIWYHH, YTO BaKHO AJISI OOBSICHEHHST BO3HUKHO-
BEHHS W Pa3BUTHS TPEIIMH YCTAIOCTH M Pa3pyLICHHs NeTaneil W y3JI0B TEIUIOIHEProyCcTaHOBOK. Mcroiap30BaHO
peleHue 3a1a4u 00 UCIapeHNH KIMHOBUIHOTO MHUKPOCIIOS KHIKOCTH I10]l HAPOBBIM ITy3bIPEM, PACTYIUM B sTYCHKE
MOPHUCTON CTPYKTYpHI, MOKPHIBAIOLIEH METAIIMIECKYI0 ITOBEPXHOCTh HarpeBa (MOUIOKKY). 3azada CBOAMIACH K
OTIPEIENICHNI0 BPEMEHHBIX 3aBUCHMOCTEH TOJIIMHBI PACHPENEICHHs IUIEHKH M PAcIpeAeIeHHH TeMIIepaTypHOTro
0JIsL B CTEHKE B 00JIACTH pajiyca «Cyxoro» nstHa. [JoBepXHOCTh NpuHUMallach Kak OECKOHEYHas! IacTHHa (ToJTy-
OrpaHHYeHHOe TBepjoe Telo). [Ipu onpeneneHun pamuyca «Cyxoro» IsATHa HCHOJIb30BAaHA aNNPOKCHMAIIMS, MOTY-
YeHHas SKCIEpUMEHTAJIbHO, AJIS 3aKOHA POCTa Iy3bIpsA B s4elKe MOPUCTOH CTPYKTYpHI C yYETOM BIHSIHUS HENO-
rpeBa, CKOPOCTH JKHJIKOCTH M TEIUIO()U3NUECKUX CBOMCTB KHUIKOCTH U MOBEPXHOCTH Harpesa. [lokazaHo, 4To n30bI-
TOK JKUAKOCTH B MOPUCTON CTPYKTYPE CHIKACT BEIMYMHY OTPBIBHOIO AMAaMETpa ITy3bIPsl, UTO CBA3aHO C yMEHBIIIE-
HUEM CPEJHEMACCOBOI TeMIEepaTyphl U MaJlCHUEM NIEperpeBa MIeHKH KUIKOCTH.

Ki1roueBble c/10Ba: KUIIEHUE, OAMHOYHBIA TAPOBOH My3bIPh, KAMMIIISIPHO-ITOPHUCTAst CTPYKTypa, KIMHOBHIHBIA
MHKPOCIIOH, «CyX0e» MATHO, IITyOrnHa 3aX0JIa)KUBaHNUSI.




Becmuux Hayuonanvrot akademuu nayk Pecnybnuku Kazaxcman

Publication Ethics and Publication Malpractice
in the journals of the National Academy of Sciences of the Republic of Kazakhstan

For information on Ethics in publishing and Ethical guidelines for journal publication
see http://www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Submission of an article to the National Academy of Sciences of the Republic of Kazakhstan implies
that the described work has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis or as an electronic preprint,
see http://www.elsevier.com/postingpolicy), that it is not under consideration for publication
elsewhere, that its publication is approved by all authors and tacitly or explicitly by the responsible
authorities where the work was carried out, and that, if accepted, it will not be published elsewhere in the
same form, in English or in any other language, including electronically without the written consent of the
copyright-holder. In particular, translations into English of papers already published in another language
are not accepted.

No other forms of scientific misconduct are allowed, such as plagiarism, falsification, fraudulent data,
incorrect interpretation of other works, incorrect citations, etc. The National Academy of Sciences of the
Republic of Kazakhstan follows the Code of Conduct of the Committee on Publication Ethics (COPE),
and follows the COPE Flowcharts for Resolving Cases of Suspected Misconduct
(http://publicationethics.org/files/u2/New_Code.pdf). To verify originality, your article may be
checked by the Cross Check originality detection service http://www.elsevier.com/editors/plagdetect.

The authors are obliged to participate in peer review process and be ready to provide corrections,
clarifications, retractions and apologies when needed. All authors of a paper should have significantly
contributed to the research.

The reviewers should provide objective judgments and should point out relevant published works
which are not yet cited. Reviewed articles should be treated confidentially. The reviewers will be chosen
in such a way that there is no conflict of interests with respect to the research, the authors and/or the
research funders.

The editors have complete responsibility and authority to reject or accept a paper, and they will only
accept a paper when reasonably certain. They will preserve anonymity of reviewers and promote
publication of corrections, clarifications, retractions and apologies when needed. The acceptance of a
paper automatically implies the copyright transfer to the National Academy of Sciences of the Republic of
Kazakhstan.

The Editorial Board of the National Academy of Sciences of the Republic of Kazakhstan will monitor
and safeguard publishing ethics.

[IpaBuna opopmieHus cTaThby A7 MyONHUKAIMK B )KypHaAIe CMOTPETh Ha caiTe:
www:nauka-nanrk.kz
ISSN 2518-1467 (Online), ISSN 1991-3494 (Print)
http://www.bulletin-science.kz/index.php/ru/

Penaxropst M. C. Axmemosa, /]. C. Anenos, T. M. Anenoues
Bepctka Ha xommbrotepe [. H. Kankabekosoil

IToamnucano B nieuats 30.10.2016.
®opmar 60x881/8. bymara odcernas. [Ieuars — puzorpad.
12,4 .. Tupax 2000. 3aka3 6.

Hayuonanvnas akademus nayk PK
050010, Armamur, ya. [llesyenxo, 28, m. 272-13-18, 272-13-19



