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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.

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 set
liquid film of constant J,, 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 @ 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 _ (T _—TX:O). h= hA' .o q9, q

S=—; O= s h=——; == =—;
(7, = T) G AT, =T5) 4,

5, (M

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.
ar(A')’
(6,2)"

The argument is the dimensionless time ¢ =

— 92 ——
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4ep(T, —Ts)A
34!
Agreed notations: » — coordinate of steam generating surface covered with porous structure; R, —

radius of "dry spot" along the coordinate r; 7p = T(x,0) — liquid temperature at ¢ = 0 (initial liquid

temperature at the wall); T — saturation temperature; A, A’ — thermal conductivity of the wall and the

Fixed amount is liquid overheating P = (heat parameter).

liquid; a — temperature conductivity coefficient; ¢, p, p'— wall heat capacity, the wall and the liquid

density; ' — heat of evaporation.

~
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 7,= f(P). This dependence is calculated at
y=1(8 =0), where y=1-5 .
The value q on the side of the liquid on the "wall - liquid" boundary

¢=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 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 J,, thickness (Figure 1).

The problem of the evaporation of the liquid film from the solid surface, received by semibounded
(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 d:

! T T
5=6,-2— () . @
r'p'y Ox
atx :—50, T:TS;X =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?

3)
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Initial conditions: 0 <x <J,,, T=0, T(x,0) = Ty. (4)

Boundary conditions:

' T(Oa T) — TS
o

X =8, 1 0( ) - =0.

x=0,1>0, ﬂ,(a—T)x:0 =1 ; (5)

APg + xan

-

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

To solve this nonlinear unsteady heat conduction problem it is used the integral method to average
the heat-transfer equation on the areas () < x < & at T < t,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 J,,, and characterizes the
area 0 < x < 9,, with quantity of cooling depth % (A < d,,), when

r=1, <L), =o.
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 2=0,,. Thus, in the
case, where 7t < 1, 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
(8, — ), which is written in dimensionless form [1]

29 20 _1-0_

——h = —=—=q,
(h0) = 7 5 q (6)
- 2q(0,7 7, -T(0 T,-T, ] = oh
P [ D (,r>]ﬂ;%:[o 72 S
9, h o, 4
The values 6 and depending on 0 are given by
0=_ 1-0 : = 2(1—5)_' ;
51— 1+ 228 14+2P% "
P -5 PVTS5

— 94 ——
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Then the differential equation takes the form:

_ — [, 3
2p+(1-2p)y+2py |1+ 2ppy}d?=—p2dt, ®)

where y=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; 8, = &, 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

2py + y
Qp-D"* 2 y 2p  4@2p-1
2p 1 _2p-1 €)
— y o2
x|y 1_21? 1+ 2p arctg N P =§pzt.
y  2p 2p-1 J2p-1 4

Considering the value y =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 =
R.,):

2 1,5
py=2PtL L 0393(2P) 05— 2p)~
2p-1D 42p-1)
' (10)
1 2p 1 3 2 aTO /1 2 3 D~
X + arctg ———|=—p —- (=) ==p7,.
\/219 \/Zp—l S hpoi| e ) Tl
Then the radius of the "dry" spots on the base of the steam bubble is given by:
_ 6 _ B3 A pfn "

““iga  2iga Jpcd 1 (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'JaTO{1+(m—”)°’l} .
mn

Then the equation for R, is converted to the form:
_ \/g /1’ p Rd [1 + (mo/c /mn)]o,l
" 2uga [ pc \/f'(p) 2./54,1d'Ja

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

(12)

Researches of values 5_‘ ,0,0 of tN, P,r,t, ch depending on the angle « at fixed values of pressure,

temperature difference, thermal properties of the wall are shown in Figs. (2-5).
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| |
02 04 06 08 1

| | -

Figure 2 - Changing the thickness O of the water film through time  in the base
of the steam bubble growing in the structure cells

o4
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i) Q//\
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0z ’f/fj‘,ﬂL
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-
0 —T1 1 L [
02 04 06 08 1

~

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

IS_‘ |
a1

) r=0.01-10"m

0.8
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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 t in the neighborhood of 0 <r < R, for different substrate materials: 1- copper; 2 - stainless steel.
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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 7 (surface - stainless steel)
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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:

_ R _
R=2%=242lk k.|,
R,
- m_lq
where m=1 ... 14; Wy = (1,1><10'3...O,1) m/s; Wo :+; /- height of the heat exchange
m,eo,rp
surface; &— porosity of structure; J, — thickness of porous structure; k. =1+ nNio’l;
’ 0,5
(pch)
kCT =1+ (pcA) — coefficients taking into account the excess of fluid and heat storage capacity

~ m
of the wall; 1 = —>= _ option, taking into account the excess of fluid.

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 R, to the value of R, .
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].

Dynamic angle of contact in the studies is obtained &= 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 ol

"o

rop

excess of fluid m,, with in relation to the flow of generated steam m,. Jakobi number Ja =

AT = temperature difference; p” — steam density; M = —%_ excess of fluid.

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. TI'enday, H.O. IzkamaHKyJ10Ba
AnMatbl SHepreTuka >koHe Oaitnansic yHuBepcuTeTi, Kazakcran PecryOnukacel, AiaMaTsl

KAINMWIJIAPJBIK-KEYEKTIK KYPBIUIBIMHBIH KOIINIKTEPIH/IEI'T
BIPJIIK BY KOIIIPIIIT'THIH CUTIATTAMAJIAPBI

AnHoTtanus. KanmuisipisIK-KeyeKTiK KYpbUIBIMHBIH 06eJieK JKamIikTepinae Oipiik Oy KeIipurikrep eHIipiciHiH
¢umsukanblk  yirici skacanraH. KemipuiikrepiiH Jkeke cCHIaTTamajapbl HHTErpajiblK —IIamajapliaH  exayip
e3remelenyi (0ip-exi 1opexere) MyMKiH, OyJI TETIKTEp MEH XbUTy SHEPTeTHKAIBIK KYHABIPFBUIAPAbIH TYHIHICPiHIH
miapiiay XapblK IIaKTapbIHBIH Maiina Ooysl jKoHe epOyi apkacklHAa OY3bUTYBIH TYCIHZAIpYre MaHbI3bl. Mertan
Ky3AbIpy OeTiH (TOCeHIITi) Kayblll TYpaThlH, KEYEKTIK KYPbUIBIMHBIH >OUIriHAe eceTiH Oy KemipIuikTepiHiH
ACTBIHIAFBl CYMBIKTBIH ChIHA TOPI3i MUKPOKAOATHIHBIH OyJlaHybl Typalibl €CENTIH IIemiMi Koinanpurad. Ecentin
MarbplHachl YJOIpAIH YJIECTIpily KaJbIHIBIFBIHBIH JKOHE «KYPFaK» JaK paauychl ayMarbIHBIH KaObIpFalarbl
TEMIIepaTypa epiCiHiH YIECTIpiTyiHIH YaKbITTBIK TOYESJAUIIriH aHbIKTay 60saTeiH. KaObIpra MbIc TIeH TOT OacnaiThiH
GonatraH xacasraH. JKa3bIK OeTi MIEKCi3 IIacTHHA TYPiHJE KapacThIpblIaabl (KapThUIail MIEKTENITeH KaTThl JICHE).
«Kyprak» naK paguyChlH aHBIKTayJla Ke3iHAe Ilajla KbI3ABIPYbl, CYHBIKTBIH KBULAAMABIFBIH, CYHBIK TI€H KBI3ABIPY
OeTiHiH KbUTy (PU3MKAIBIK KacHETTEpiH €CKEepreHeri KeYeKTiK KYPBUIBIMHBIH JKOUIIriHAe ©ceTiH Oy KeIlipUIiriHig
WIFalo 3aHbl OOMBIHINA HKCIIEPUMEHT JKY31HAE aJbIHFAH allpOKCUMaIMs NaiaanaHsuiasl. KeyekTik KypbuIbIMaarsl
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apThIK CYHBIK KOMIPILIIKTIH Y3Uly AMAMETPiH KEeMITeTiHI KepCeTUIreH, OyJl opTaiiamaccaliblk TeMIlepaTypaHbIH
KEeMYIMEH JKOHE CYHbIK YIIOIPiHIH KbI3YbIHBIH TOMEH/ICYIMEH OaiIaHbICThI.

Tyiiin ce3aep: kaiinay, Oipiik Oy KeIIpIIri, KamWULIPIbIK-KEYeKTIK KYPbUIBIM, ChIHA TOPi3/i MHUKPOKa0aT,
«KYpFaK» J1aK, CAIKbIHAATY TePEHJIIri.

YIK 536.483
A.A. T'enbay, H.O. [I:xamankyJjioBa
AJNMaTHHCKHI YHHUBEPCUTET SHEPTETHKHU U CBsi3U, Anmarsl, PecniyOnuka Kazaxcran

XAPAKTEPUCTHUKHU OJJUHOYHOI' O ITIAPOBOI'O ITY3bIPS
B SUENKAX KAIMWLJISIPHO-IIOPUCTOM CTPYKTYPBI

Annotanusi. Pa3paborana ¢usnueckas MozeIb FeHepallii HHAMBUAYaJIbHBIX (OJMHOYHBIX) IIAPOBBIX My3bIpei
B OTIEJBHBIX sueiikaX KalWIIIPHO-NOPUCTOM CTPYKTYphl. MHIOUBHIyaldbHbIE XapaKTEPUCTHKH Iy3bIpeH MOTYT
CYLIECTBEHHO (Ha OAMH - JBa IIOPsAJKA) OTIIMYATHCS OT WHTETPAJBbHBIX BEUYUH, YTO BAXKHO JUIA OOBSCHEHHMS
BO3HUKHOBEHHUS M DPAa3BUTUSA TPEIIMH YCTAJOCTH M pa3pylIeHHd JAeTaneil M y3/I0B TEIUIOPHEPrOyCTaHOBOK.
Hcnonp3oBaHo penieHue 3a1add 00 UCMApeHMH KIMHOBHUIAHOTO MHUKPOCIOS YXKHIKOCTH IOJI MApOBBIM ITy3bIpEM,
pacTymuM B sueiKe MOPHUCTOIM CTPYKTYphl, MOKPBIBAIOLIEH METAJUIMYECKYIO0 MOBEPXHOCTh HarpeBa (IIOJIOXKKY).
3amaya cBOAMIACH K ONPEICTICHUIO BPEMEHHBIX 3aBUCUMOCTEH TOJIIIMHBI paclpeieleHus] INIEHKU U pacipeaeeHuH
TEMIIEPaTYPHOI'O OISl B CTEHKE B 00JIACTH pajiiyca «cyXoro» msTHa. [IoBepXHOCTh NpUHUMalach Kak OecCKOHeUHast
IUIacTUHA (TIOJyOrpaHUYEHHOE TBepAoe Teno). lIpu ompeneneHUH paanmyca «CyXoro» IIsSITHA HCIOJIb30BaHA
ANMpPOKCUMALUs, TOJyYeHHas SKCIIEPUMEHTAJIbHO, IS 3aKOHA POCTa Iy3bIps B sSUYEHKe MOPUCTON CTPYKTYpHI C
YUETOM BIIMSIHUSI HEAOTPEBa, CKOPOCTH JKHIKOCTH U TEIUIOPHU3UIECKUX CBONCTB XKHUIKOCTH U TIOBEPXHOCTH HarpeBa.
[TokazaHo, YTO M3OBITOK KUJIKOCTH B IMOPHCTON CTPYKTYypE CHHXKAET BEIWYHMHY OTPBIBHOTO JHAaMETpa Iy3bIPs, Y4TO
CBS3aHO C YMEHBILIEHHEM CPEAHEMACCOBOM TeMIIepaTyphl U MaJeHUEM IeperpeBa IIEHKHU KUAKOCTH.

KiroueBble ci10Ba: KUIIEHUE; OAUHOYHBIN apOBOH IMy3bIph; KAMIISIPHO-IIOPUCTAs CTPYKTYPa; KIMHOBUIHBIH
MHKPOCIIOif; «CyX0e» ISTHO; NTyOrHa 3aXO0JaKUBaHUS.
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