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Abstract. A problem of nucleate boiling of an aqueous solution of sucrose moving in a vertical
cylindrical channel is considered. The problem is based on the one-dimensional steady-state equa-
tions of heat and mass motion and transfer for the multiphase multicomponent flow written down in
view of phase transition on the surfaces of the channel and in volume of the solution. Kinetics of
nucleation on the pipe wall is based on semi-empirical dependences between frequency of bubbles
formation, number of nucleation sites, structure of surface and the surface overheating. Two stages
of the boiling process are considered. In subcooled liquid, bubbles formed on a wall are, at achiev-
ing critical radius, picked up by a flow and brought to the cold layers where they are collapsed emit-
ting heat into solution. Temperature of the solution increases due to action of two factors — collapse
of bubbles and liberation of the heat flow from the walls. In the overheated liquid, at presence of
plenty of growing bubbles, a condition is possible when heat coming from the wall is equal to heat
released by the bubbles in the liquid. Thermal balance is occurred in the solution, and the solution
temperature does not increase in the upstream part of the flow.

A proposed mathematical model provides basic characteristics of the solution boiling in the
channel and estimates their impact on the boiling dynamics.
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Introduction

Process of liquid boiling has been in focus of various researches for a long time,
and, as a result, a great number of works are devoted to this phenomenon, for exam-
ple [1-4].

Reason for such great attention is, in terms of theory, a variety of physical proc-
esses which impact on each other, and in terms of practice it is intensification of heat
and mass transfer which can be associated with essential heat pickup, stabilization of
temperature and accumulation of energy. Process of boiling can be divided into many
stages or physical effects, each of them represents significant interest for study.
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The stages can include: preliminary heating of a liquid to some critical local
thermal spike; nucleation and bubble growth both in the liquid volume and on the
liquid surface; bubble detachment from a surface; heat transfer and its dynamics in
the bubbles in overheated or subcooled liquids (depending on into which medium the
bubbles gets); interaction of bubbles with each other and with carrying liquids (two-
phase flows); change of flow conditions, etc. All these issues have already been dis-
cussed in numerous works and still are and will be a subject of future researches re-
lated to new ideas and new designs of the power devices.

Boiling of solutions consists of the same elementary effects, and each of the
effects i1s complicated by existence of various components in the solution and more
complex interaction between them. A lot of works [1, 2, 5-7] are devoted to the
solution boiling, however, they mainly concern researches of indirect integrated
quantities. In this article, a problem of nucleate boiling is considered which is
characterized by formation of bubbles (nucleation) on the rough wall which are first
detached and then rise upstream in the overheated liquid. As amount of such bubbles
i1s huge, a theory of two-phase flow should be laid in the heart of this problem
consideration. So, the proposed mathematical model is based on kinetics of the
bubble formation on the rough surfaces [3, 4], theory of multiphase medium [8, 9]
and specific behavior of sugar solutions characteristics of which are given in [10-12].

1. FORMULATION OF THE PROBLEM AND BASIC EQUATIONS

It is assumed that solution consists of two components: water and sucrose, and
bubbles consist only of water vapor and they are formed on the surface of a
cylindrical pipe into which the heat flow is fed.

Basic equations for heat and mass motion and exchange in view of power and
thermal interaction of phases can be taken from [8]. By averaging parameters of
flowing over the area of the cylindrical channel, and with the help of some
simplifications it is possible to receive the following system of the one-dimensional
equations:

dn du
p p —
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= 2Ry (‘7r —4dp )_ npdpS = Jp (hf - hr)g’ 7)

where ¢, is factor of a thermal capacity of a solution, ¢, is mass concentration of
sucrose in a solution, ¢, is mass concentration of water in a solution, ¢, is factor of
resistance of bubble, fis departure frequency, g is acceleration of free fallings, g,
1s mass flow on unit of a surface, H is heat of vapourization, 4, is enthalpy of a so-
lution, %, 1s the maximal height of mirroughness, n, is density of nucleation
sites, M4 18 the maximal density of nucleation sites, n, is concentration bubbles, ,
M is mass, , p is pressure, p, 1s atmospheric pressure, g is density of a heat flux,
Rr is radius of a pipe, T is temperature, u is longitudinal speed, v is crosssection
speed, x, r is system of coordinates, a is volumetric fraction; a* is factor heat-
transfer, A is factor of thermal conductivity, p is density, ¢ is factor of friction; o is
factor of a superficial tension, 7 is flow shear, Subscripts a is surface of bubble; p

1s vapour, bubble; 7 is solution; S is parameters of saturation; w is wall;. S = R%
3 3 2
(ar+ap=1) Mp=437zpprp M;”:%ﬂp;"r;" " =1/8gp,u;  h.=c,T,

S u =1/2c#p,,(ur —up)z.

In this system, first equation is an equation of preservation of bubble quantity,
the second and the third are equations of conservation of the solution and bubble
mass; (4) and (5) are equations of the solution and bubble motion, and the last is an
equation of conservation of energy for the solution. The problem is considered
with the following simplifications: bubble motion in the solution is assumed as
equilibrium, vapour temperature is equal to temperature of saturation, 1.e. 7,=7,
and pressure in a bubble is according to the Laplas equation  p,=p+2 o/r,. Ac-
cording to [10], temperature of the sugar solution boiling is equal to
I,=T,,+K,,+B, where T, is temperature of the water saturation, K and B are fac-
tors which are dependent on sucrose concentration in the solution. Besides, accord-
ing to the equilibrium model, it is also assumed that the heat flow going to the

. 2
bubbles is used only for phase change, and then J, = 4 rcr p & Z, where
%
gy = wqu/H, 4y =a,(T, -T,).
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In multicomponent solutions, heat flow and flows of components to the dis-
perse phase should be correlated. To some extent, coefficient @, plays this role in

the mass flow, but in terms of simplicity it is assumed that this coefficient is equal

to water concentration in the solution when gZ is directed to a bubble and to 1
when it 1s directed from the bubble.

The system of the equations (1-7) includes parameters on a wall of the channel
which are determined by kinetic conception of boiling on the rough surfaces [3, 4].
The conception is based on the following ratios which coordinate processes in the
two-phase flows and boiling itself on the surface:

4
a;;vv;;v =Wy, gﬂrgotrnwf ) (8)
h=2— T ©)
Pp (exp I 1)
Hp,

where y =

; &, 1s a geometrical parameter; / is a height of the
e, 7 )
roughness which participates in bubble formation at the given temperature difference.
In accordance with [7], coefficient w,, 1s assumed to be equal to mass concentration

of water in the solution. Between the roughness and density of the nucleation sites
there is a ratio which is established in the works [13, 14]:

- exp(—3.125%)’ (10

bh~

where n=n,, /n,,,is a relative density of nucleation sites; # =h/h . is a rela-

tive height of micro roughness; b and v are experimental factors.
Various methods are presented in [3, 4] for calculating frequency of the bubble
formation and radius of the bubble detachment. Let’s use the following dependences:

£ =0.56 M, (11)
2prrpotr

~ [0.096/(g(pr ~Pp ))% ’ (12)

rpotr -

(1+2uf)
where  x = 1.5 wu, <0.305
0.33  u, > 0.305

The wall temperature is determined in the following way. A total heat flow g7 can
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be divided into two flows: q}f which is used for vaporization and ¢,° which is used

for heating the liquid. It is assumed that temperature of a vapour bubble on the wall is
equal to temperature of saturation, and temperature of the liquid surrounding a bubble
on the wall is the same as temperature of the wall. In this case one more component
participates in the vaporization — it is a heat flow formed by surrounding liquid which
is equal to:

g% = ye,pra vy -1y). (13)

As all these heat flows together are used for phase transition it is possible to write
down that:

qz/ + Zcrpra;vvitv(Trw _Ts): Hpr“rw";v, (14)

where vy is a factor showing those share of the bubble surface which is in the liquid (in
terms of simplicity, it is equal to 1).

By determining the heat flow ¢,” with the heat-transfer coefficient:
%
q) =aylry -1,). (15)
the following formula can be written for the liquid overheat on the wall:

TtW _d4r + awTi:k_(H"'chs )pra;vv;v ) (16)

w. W
Ay —Cr PO Vg

Dependence given in [15] is used for the coefficient of heat-transfer on the wall:

20,,R
—“/v{ I =2.6Rel; Pl (17)

(A

a, P U
where Pris Prandtl numer, Re,, =2Ry %rPr u/ L “pPrllp .
1y 1y

Friction stress was determined by a simple dependence [16]:

o =(l-a, ey, (18)

where 7y is friction of solution with no bubbles. All necessary thermophysical

parameters of the solution were taken from works [10-12], and parameters for
calculating interphase interaction were taken from [8].

2. DISCUSSION OF RESULTS

The above mentioned equations were used in calculations for a cylindrical pipe
with a diameter 10 cm and two values of the heat flow (¢;=5-10° and 10* W/m?).
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Values of relative pressure over the solution surface were assumed as equal to p/p, =
0.6 and 0.8, and values of sucrose concentration in the solution were 0.0; 0.2; 0.4 and
0.6. Initial temperature of the solution was equal to temperature of the solution
boiling, i.e. 7,,=T, in view of depression. Curves of volume fractions of the bubbles
occurred on the surface of the pipe during boiling are shown on Fig. 1 and Fig. 2.
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Figure 1 — Change of vapor volumetric fraction in the
boiling zone at g7=5 000 W/m*
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Figure 2 - Change of vapor volumetric fraction along the boiling
zone at ¢;=10 000 Br/m” Continuous curves — p/p,=0.6; dotted - p/p,=0.8.

VAPOR VOLUMETRIC FRACTION
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Comparison between these Figures shows, as expected, that the greater is a heat
flow the more intensive is the boiling, 1.e. the faster volume fraction of bubbles
increases. One more specificity: when ¢, increases the volume fraction of bubbles
also increases, however, calculation of relative consumption of water (ratio of water
consumption to its initial charge) shows that within the clerical error they are
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approximately the same. Calculated values of the bubble speeds show that despite of
the greater volume of bubbles at great concentrations of sucrose, speed of the vapor
phase is less because of higher level of the solution viscosity.

The Figures above also demonstrate that pressure over the solution surface
essentially impact on the vaporization. A group of curves at p/p,=0.6 locates
considerably more to the left from the second group where p/p,=0.8: this is an
evidence of the fact that vaporization here is more intensive. Concerning these
Figures it is necessary to mention the following: the variants were calculated a little
bit beyond the existing regime of nucleate boiling. As it is known from [15], starting
from a,> 0.23 a flow regime begins to change, and nucleate boiling transfers to the
ebullition regime. The Figures show that nucleate boiling exists in rather narrow
limits.

For researching a boiling process, an important parameter is overheating of liquid

on the wall or, more exactly, a value of AT =7, — T, which plays an important role

for sugar solutions as even slight overheating creates an inadmissible crystal sediment
on the channel surface. The Table below presents values of these parameters
depending on pressure, heat flows and sucrose concentrations. Two values are
presented for each case: value at the beginning of and value in the end of the
calculated area. It is obvious that rate of overheating varies to a very little degree
along the height of the nucleate boiling area. At the same time, at lower pressure rate
of the overheat is a little bit greater than at higher pressure. And with increase of
sucrose concentration rate of overheat also increases.

Table 1 — Overheating liquids

AT = T,,W - T
cq p/p=0.6 p/p.=0.8
qr=5000 | g7=10 000 q7r=5 000 qr=10 000
W/m? W/m? W/m? W/m?

0.0 ] 0.874-0.881]0.956-0.961| 0.659-0.665 | 0.718-0.721
0.2 1.056-1.061]1.159-1.162| 0.803-0.807 | 0.878-0.880
0.4 ] 1.256-1.259|1.383-1.385]| 0.962-0.965| 1.056-1.058
0.6|1472-1.472]1.631-1.631] 1.132-1.134| 1.249-1.251

In the conclusion it should be noted that the proposed model is just an attempt to
unite different aspects of the nucleate boiling process. Taking into account
complexity and great variety of the process parameters, significant scatter of
experimental data and those dependences which were taken from [3, 4], as well as
current development of the theory it is possible to speak only about the qualitative
laws determined by modeling representations.
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AHoTauis. Po3rnsgHyTo 3agauy npo OyibOalikoBe KHUIIHHS BOJHOTO PO3YMHY Caxaposu, IO
PYXa€TbCsl y BEPTUKAIBLHOMY IWIIHAPUYHOMY KaHalli. 3aBJIaHHA 3aCHOBAHE Ha OJHOBHMIPHHX
CTAllIOHAPHHUX PIBHAHHAX pyXy Ta TeIIoMacooOMiHy MHOTo¢a3zHOoro 0araToOKOMIIOHEHTHOTO
CEpEe/IOBHINA, 3alMCaHUX 3 ypaxyBaHHSIM ()a30BOro mepexoay, Ha TMOBEpXHI KaHaTy Ta B 00'eMi
po3unHy . B OCHOBY KiHETHKHM MapOyTBOPEHHS Ha CTIHII MOKJaJEH! HamiBEeMITIPUYHI 3aJI€XKHOCTI,
110 3B'SI3yI0Th YaCTOTY YTBOPEHHS OYJbOAIIOK, KIJIBKICTh IIEHTPIB MAPOYTBOPEHHS 31 CTPYKTYPOIO
MOBEpXHI 1 3 11 neperpiBoM. OTpUMaHoO, 110 B HE AOTPITiHl piauHi OynpOalky, siKi yTBOPIOIOTHCS Ha
CTIHIII, TOTPAIUISIOTh B XOJOJHI IIApU Ta CXJIOMYIOTHCS, MIIBUIILYIOYH TEMIEPaTypy PO3UHUHY. Y
NEeperpiTii piguHI MOXIIUBE ICHYBAaHHS pPEXHMY TEIUIOBOro OajaHCy, KOJM BCE TEIUIO, SKe
HAJXOJIUTh BiJ CTIHKH, W€ Ha YTBOPEHHS Ta 3picT OyipOammok B 00'emi pinuHu. B mboMy BUnaaxKy
TEMIIepaTypa pO3UMHYy Maibke He 30UIbLIyeTbCS Bropy Mo HoToky. Po3pobiena maremaTndHa
MOJIENTb 1€ MOXKJIMBICTh OTPUMATH OCHOBHI XapaKTEPUCTUKH MPOIECY KUITIHHSI PO3YMHY B KaHAII 1
OLIIHUTH BILIMB TOTO YH 1HIIOTO MapamMeTpa Ha pO3BUTOK MPOIIECy.

KurouoBi ciioBa: po3unH, Oynb0anikoBe KUMIHHS, KpUTUYHUHN Pajiyc, TEII000MIH.

AHHoTanusi. PaccmoTpena 3azauya o Mmy3bIpbKOBOM KHIIEHHM BOJHOTO PacTBOpa Caxaposbl,
JBIDKYIIETOCS. B BEPTUKAJIBHOM IWJIMHAPUYECKOM KaHajle. 3ajaya OCHOBaHAa Ha OJHOMEPHBIX
CTAllMOHAPHBIX YPABHEHMSIX ABMKEHUS U TEINIOMAaccoOOMeHa MHOTO0(a3HONH MHOTOKOMIIOHEHTHON
CpeIlbl, 3aITUCAaHHBIX C y4eTOM (ha30BOTO MEpexo/ia, Ha MOBEPXHOCTH KaHala U B 00beMe pacTBOpa.
B OCHOBY KHWHCTHKHU Hap006p330BaHI/Ifl Ha CTCHKC ITOJIOKCHBI IMOJTYSMIITUPUYCCKUE 3aBUCUMOCTH,
CBSI3BIBAIOIIME YACTOTY OOpa30BaHUS Iy3bIPHKOB, KOJIWYECTBO IIEHTPOB IMAapOOOpa3OBaHUSA CO
CTPYKTYpOil TOBEPXHOCTH W C €€ ImeperpeBoM. I[lonmydeHo, 4To B HEAOTPETOM KUAKOCTH,
oOpa3yromnuecss Ha CTEHKE Iy3bIpU IOMAJA0T B XOJOAHBIE CIOW W CXJIOMBIBAIOTCS, IMOBBINIAS
TEeMIIepaTypy pacTBopa, B meperpeToi KMIKOCTH BO3MOXHO CYIIIECTBOBAHHE PEXHMa TEIJIOBOTO
OanmaHca, KOrjja BCe TEIUIO, MOCTYMaoIlee OT CTeHKH, UJIeT Ha 00pa30oBaHHE U POCT Iy3bIPHKOB B
o0BeMe KUAKOCTH. B 3TOM citydae TemrmepaTypa pacTBOpa MPAKTUYSCKU HE YBEIIMUUBACTCS BBEPX
o moToKy. Pa3paGoTaHHas maremaTthyeckas MOJENb JaeT BO3MOXKHOCTh MOJIYYUTh OCHOBHBIE
XapaKTCPUCTHKKU IHpoHecCa KHUIICHHA PACTBOPAa B KaHAJIC W OUOCHUTH BJIIMAHUC TOI'O WM HWHOI'O
napaMeTpa Ha pa3BUTHE MpoIiecca.

KiroueBble ¢j10Ba: pacTBOP, My3bIPHKOBOE KUIICHHE, KPUTHUCCKHUIA PAJHYC, TEIIIOOOMEH.

Cmamus nocmynuna 6 pedaxyuio 30.07.2014
Pexomernoosarno k neuamu 0-pom mexu. Hayk E.B. Cemenenko
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AnHoTtauus. Llens uccnenoBanuii — BeisiBICHHE HanOonee 3(Q(HEKTUBHBIX METOI0B PA3INIHBIX
TEOpPUI MPOYHOCTH Ui OMHCAHUS KOMIIO3UIIMOHHBIX MaTepuasoB. B pesynbTaTe ananusza u 0000-
[ICHUS MEXaHWYECKHX TEOPUI MPOYHOCTH M HMX OSKCIEPUMEHTAIBHOW arpoOaluu yCTaHOBIICHBI
0COOCHHOCTH U BO3MO>KHOCTH UX MPUMEHEHUS JIJIsl OMMCAHUS MPOYHOCTHBIX CBONCTB KOMITO3UIIU-
OHHBbIX MaTepuaioB. IlokazaHo, 4TO YeM LIMpe AMaNa3oH CBOWCTB MaTepUalioB, BBIOPAHHBIX JIS
UCIIBITAaHUH, TEM HAJIe)KHEE OKA3bIBAETCS MPOBEPKA, TEM OoJiee YBEpEHHBIMU OyAyT BBIBOJIBI O JTOC-
TOBEPHOCTH Y NPUMEHHMOCTH T€X WJIM MHBIX YCJIOBUH mpoyHOCTH. Ha 3Toii 0ocHOBe pa3paboTaHb
BapHaHThl aHKEPHOTO CTSHKHOTO KPEIJICHHsI, KOTOPhIE CHIDKAIOT PACCIOCHHE MOPOJ, 00eCTIeYuBaIOT
ux 00BEMHOE CXKAaThe, YTO, B KOHEUHOM HTOTe, MPEAYNPEKIAeT BOZHUKHOBEHUE CIBUTOBBIX Je-
¢dbopmanuii. Pazpabotanbl Takke cocoObl aHKEPHOTO KPETJICHHSI MACCHUBA TOPHBIX MOPOJI, B KOTOPBIX
IIPEyCMOTPEHO PEIBAPUTEIIEHOE U3MEHEHUE CBOMCTB 3aKPEIUIAEMBIX IOPO, YTO IO3BOJISET CO37a-
BaTh 00JIee MOHOJIUTHBIE M yCTOWYHMBBIE KOHCTPYKIIMU U3 KOMITO3UIIMOHHBIX MaTEPUAIOB.

KiroueBbie cj10Ba: KOMIIO3WLIMOHHBIE Marepuaibl, TEOPUM NPOYHOCTH, HAIPSHKEHHO-
nedhopMUPOBAHHOE COCTOSIHUE, TIPEIEN TPOYHOCTH, AHKEPHOE KPETIJICHHE.

B HACTOAIICC BpEMsI MHOI'MC YCIOBHA HPOYHOCTH AHU3OTPOIIHBIX MATCPHUAJIOB
MPUMCHAIOTCA IJIs1 pacdeTa IMPOYHOCTH KOMIIOBMIIMOHHBIX MATCpUAJIOB B YAaCTHBIX
ClIydadax CJIOKHOI'O HAIIPSKCHHOI'O COCTOSHUA.
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