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Abstract. Following general laws of heat-mass exchange in multiphase systems, common ten-
dencies of vapor bubble and crystal dynamics and growth in a solution were studied with the as-
sumptions that the solution medium consisted of two chemically neutral components - water and
sucrose —and include three phases: liquid, solid and gaseous. Conservation equations and equations
for interphase interactions are formulated with taking into account specific properties of the aque-
ous solution of sucrose. Assumptions on which a theory of multiphase heterogeneous systems is
based are presented. Dynamic behavior of the three-phase two-component medium in an axial-
symmetric channel is described with the help of one-dimensional flow model. It is shown that at
low sucrose concentration and initial overheating of the solution in the channelvapor bubbles in-
crease though sugar crystals dissolve. At higher concentrations and inessential overheating, both
bubbles and crystals can increase. Thus, it is possible to specify conditions under which crystalliza-
tion could occurred in the solution.
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Introduction

Today, understanding of the heat-massexchange processes in the multicomponent and multi-
phase systems is a question of the day because of intensive development of new and upgrading of
existing technological practicesfor preparingdifferent products by food, chemical or metallurgical
industries. In this article, some common tendencies of vapor bubble and crystal dynamics and
growth in the two-component sucrose solution are considered basing on the laws of heat-mass ex-
change in the multiphase systems.
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Formulation of the problem and basic equations

The assumption is that the mediumunder the study consists of two chemically
neutral components - water and sucrose (sucrose solution) - and includes three
phases: liquid (solution), solid (sugarcrystals) and gaseous (watervapour bubbles).
Using the Nigmatullin methodology [1], some basic equations can be written down
forthe component motion and heat-and-mass exchangewith the help of one-
dimensional model and with taking into account the fact that exchange by mass and
thermal flowsexists between liquid and solid phases and liquid and gaseous phases:
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wherexis a longitudinalcoordinate; 7;is concentration in the heterogeneous phase;
u; is speed(index j = risfor solution, j = cisfor crystal andj = pisfor bubble); p;is
density; r;—is radius of the heterogeneous phase; «is volume fractions of the liquid,

crystals and bubbles; j;is massflowsonthe border between the heterogenous

phases; p, is pressure in the solution; W,.. =u, —u.; W,, =u, —u,; 7= 4, EIS friction

stressofthesolution; ¢, 1s componentsof the solution(i = w — water, 1 = s — sucrose);
c,1s a coefficientofthe solutionthermalcapacity; ¢

wcea’

C,pq ATC Water concentration on
the crystal and bubblesurfaces; ¢, ., ¢, are sucrose concentrationon the respective

surfaces; 7,1s a solution volume temperature; 7, is temperature on the crystal surface
which is equal to temperature of crystallization; r,, - temperature on the bubble surface
which is equal to the boiling temperature; g, -diffusive flowof the i-component on
the surface of the j heterogeneous phase;q ,is a heat flow on the surface of the j
heterogeneous phase; . is effective viscosity of the solution; A - is an effective
coefficientofthe solutionheatconductivity, D,is an effective diffusion coefficientof the
solution; 7, - 1is friction stress on the pipewall;g,is aheat flow from the wall

(q;=0); R is the pipe radius. M. = p.r> M, = p.r> qT=0
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In the system of equations (1) — (12), first two equations determine conservation
of crystals and bubbles quantity in the medium; next three equations are mass conser-
vation equations forthe solid, gas and liquid phases; the equation (6) determines
volumetric fractions of this or that phase; expressions (7), (8) and (9) are the equa-
tions fordetermining the crystal, bubble and solution motion; the equations (10) and
(11) describe component diffusion in the solution; andthe last equation (12) is an
equation of the heat exchange in the solution. All parameters in this system are aver-

age by the channel area.

This system of the equations should be added by equationsfor calculating motion
of the crystal and bubble surfaces (Nigmatullin [1]) and mass conservation for the

phases and temperatures under the study (Eliseev[2]):
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Besides, in order to make this system of equations complete it is necessary to de-
termine boundary conditions on the borders of heterogeneous mediums by the follow-
ing equations:
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where 7. =54 T, —Ta 7 =52 r, - T, are inside heat flows (Eliseev,[2]), andoutside
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mass and heat flows can be written in the following way:g,, :ami(cija —c,.),
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The Nusselt numbers for the crystals (Verigin [3]) and bubbles (Nigmatullin [1])
are assumed as:
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And, at last, this system of the equations should be added by the formulas which
describe physical properties of the solution. These equations can be found inarticles
ofPopov [4], Zubchenko [5], Guliy [6]. Besides, all necessary dependences taken
from these works are presented in the Anfimova’s article [7].

Discussion of the results

In order to make the calculation, certain values were fixed for the phase and tem-
perature velocities and crystal and bubble concentrations in the initial pipe section.
One more assumption was accepted: boiling centers (nucleuses of boiling) and crys-
tallization centers (nucleuses of crystallization) are the bubbles and crystals them-
selves in the initial pipesection, and bubbles grow only in their centers (nucleuses),
and crystals grow in the their centers (nucleuses), accordingly.

Two series of the calculations were performed which differed by sucrose concen-
trations, and their results are illustrated in the following six figures. The first three
figures show curves which were obtained as a result of the calculations by the above
equations for the case when sucrose concentration in the solution makes 0.8, and
overheating of the solution is equal accordingly to 1 - 0.5°; 2 -1.0° 3-1.5° 4 -
2.0° if compare with temperature of saturation. The Fig.1 shows curves of changed
sucrose concentrations in the solution Ac,=c-c,, while the medium advances in the

pipe.
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Fig.3 demonstrates that increase of the bubble radius is intensive enough, and
even insignificant overheating of the solution essentially impacts on the radius size of
the rising bubbles.

Second series of the calculations assumes that sucrose concentration is 0.9. As
well as in the previous case, sucrose concentration in the solution grows (see Fig. 4),
however, this growth is a little bit slower: the Fig. 4 shows no qualitative changes to
Fig.1. At the same time, behaviour of sugar crystals differs: they grow (see Fig.5),
however, the liquid overheating also only slightly changes the curves.

Thus, the process of the heat-mass exchange can be qualitatively different
depending on initial sucrose concentration, and it is quite natural. However,
interesting is the fact that boiling can be accompanied by different processes. In the
first case it is accompanied by process of dissolution, in the second - by process of
crystallization.
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In the second series of calculations, crystallization should reduce sucrose
concentration in the solution but instead the concentration becomes higher. Since the
process of crystallization is rather slow the increase of the sucrose concentration is, of
course, associated with the phase transition of water: an evidence of this fact is shown
in the Fig.6: the bubbles increase in their size while advancing in the channel.Even at
such low water concentration in the solution the water mass transition to the bubbles
(phase transition) is greater all the same, than for the sucrose. These examples show
that the processes can be developed in different ways depending on component
concentration in the solution and the solution temperature. Here, difference between
the component concentration in the solution and on the surface of the heterogeneous
inclusion is of great importance, and these parameters are established and regulated
by local conjugate heat and mass flows.
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As it is mentioned above, one of the most important assumption in the formula-
tion of the problem is conformity between component phase transitions in the nuclei.
In real process, this condition may not obligatory happen. Fig.7 shows
curvesdcg,,=cye-cs (difference between sucrose concentrations on the surface of the
vapour bubble and in the solution) and Ac¢,..,=c,..-cw( difference between water con-
centrations on the crystal surface and in the solution) for the case when the solution is
overheated by 2°. This Figure shows that, at simultaneity of the boiling and crystalli-
zation processes (c;,=0.9), concentrations of another component are increased on the
bubble and crystal surfaces.

At ¢,,=0.8, the sugar crystals are surrounded by area with the lower water concen-
tration. At ¢,,=0.9, this concentration can exceed critical values and, as result, new
nuclei can be formed.Thus, the calculations show that the increased concentrations of
another component are formed on borders of the disperse phases that, probably, can
result in formation of the component nuclei. For example, a high concentration of wa-
ter can appear on the crystal surface, and in result of this water can transform into va-
por on the crystal surface.
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A similar phenomenon can be observed on the vapor-bubble surface where higher
concentration of sucrose appears. Due to this high concentration, a nucleus of a sugar
crystal can be formed around the bubble. Thus, some cross phase formations are quite
possible. It is well known that heterogeneous inclusions in the overheated liquids are
also the nucleation sites (centers of vapour formation).In the multicomponent medi-
ums, mixed crystals (Kitaygorodskiy [8]) can be formed. This process is very much
complicated and demands thorough experimental and theoretical researches.

Conclusions
Hereby, behavior of the three-phase two-component system was analyzed in this
work on the basis of theory of heterogeneous media. Impact of initial overheat of the
solution and initial concentration on the processes of sugar boiling, dissolution and
crystallization is demonstrated on the example of sucrose dissolution in water. Analy-
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sis of the obtained dependences of the component concentration has shown that cross
phase transition of the solution components is possible.
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AHoranis.Ha ocHOBI 3aragbHUX 3aKOHIB TEIJIOMAacoOOMiHy B Oararoda3HHX CHCTEMax po3-
TJITHYTiI OCHOBHI 3aKOHOMIPHOCTI TMHAMIKH 1 3pOCTaHHS MapOBUX OyJIH0AIIOK i KPUCTAJIB B PO3YH-
Hi. [IpuitHATO , WO CepeoBHIIE CKIATAETHCS 3 JBOX XIMIYHO HEHTpPAIbHMX KOMIOHEHTIB: BOJH i
IyKpO3H 1 TphOX (a3: piaKoi , TBepAoi i razonoAiOHoi . 3anmucani piBHAHHS 30epexeHHs 1 Mixkdas-
HOI B3aeMOfii 3 ypaxyBaHHSAM CIeHU(IYHUX BIACTUBOCTEH pO3YMHY. BKUTO mpuIymieHHs , Ha
AKHX 0a3yeThCst Teopis OararodasHUX reTeporeHHUX CUCTEM . Y paMKaxX OJHOBUMIPHOI MO Te-
4ii OTpUMaHi PIlICHHs I TWHAMIYHOI TOBEIIHKU TpU(Pa3HOTO, TBOXKOMIIOHEHTHOTO CEpeIOBHUIIA
B OCECHUMETpUYHOMY KaHaii. [lokazaHo , 10 Mpu HU3bKUX KOHLEHTPAIiSX IyKPO3U B KaHaJi moya-
TKOBHI TIEpETPiB PiANHM MPU3BOAUTH 10 3POCTAHHS IMAPOBUX OYJIBOAIIOK i 10 PO3UMHEHHS KpUCTa-
JiB yKpy. JJIs BUCOKMX KOHIICHTpAIil MPH HEBEIMKUX TeperpiBax MOXKIIHUBI, K 3pOCTaHHS OyJIb-
0aIloK, Tak 1 3pOCTaHHS KPUCTAIIB. TakuM YMHOM, MOXYTh OyTH 3HaiiieHI yMOBH HEOOXiTHI s
KpHUCTaJi3alii B po3uuHi.

Kurouosi ciioBa: Mixyp, KpucTan, KUMiHHs, 0ararodasHi CUCTEMHU

AnHoTanus .Ha ocHOBe 00IIMX 3aKOHOB TEINIOMAcCOOOMEHA B MHOTO(a3HbIX CUCTEMax pac-
CMOTPCHBI OCHOBHBIC 3aKOHOMCPHOCTH AWHAMHWKH W POCTAa NIAPOBLIX ITY3BIPHbKOB M KPUCTAJJIOB B
pactBope. [IpuHATO, 4TO Cpesa COCTOUT U3 ABYX XMMHMUYECKH HEHTpaIbHBIX KOMIIOHEHTOB: BOJBI U
caxapo3bl U Tpex (a3: )KUIKOHU, TBEpAOH M razo00pa3HON. 3amucaHbl ypaBHEHHS COXPaHEHHS U
MeX(}a3HOro B3aMMOAEHCTBUS € y4eTOM cnenuduyeckux cBoicTB pactBopa. [IpuHATH npeamnoso-
KEHHUs1, Ha KOTOPBIX 0a3upyeTcst Teopusi MHOTO(a3HBIX TeTEPOTeHHBIX CUCTeM. B pamkax omHOMeEp-
HOW MOJENN TeUeHHs NOJIyUYeHbl PEeLIeHUs JUIsl AMHAMUYECKOro MOBEJCHUs TpeX(a3HOM, IByXKOM-
MOHEHTHOM Cp€abl B OCCCUMMCTPHYHOM KaHAJIC. HOKa3aHO, YTO IIPU HU3KUX KOHICHTpAIUAX Caxa-
PO3bI B KaHaJle Ha4aJbHBIN MEperpeB *HUAKOCTH MPUBOAUT K POCTY MAPOBBIX Iy3bIPHKOB U K pac-
TBOPEHHUIO KPUCTAJUIOB caxapa. [isi BBICOKMX KOHIICHTpAIMi NpHu HEOOJBIINX IeperpeBax BO3-
MOJKHBI, KaK POCT My3BIPbKOB, TaK M POCT KpUCTAIIOB. TakuM 00pa3oM, MOTYT ObITh HailJieHbI ycC-
JIOBUSI HEOOXOIUMBIE JUTSI KPUCTAJUIN3AIIUH B PacTBOPE.

KiroueBble cji0Ba: my3bIpb, KPUCTAIUI, KHIICHHE, MHOTO(a3Hble CUCTEMBI

Cmamuws nocmynuna 8 pedaxyuio 25.02.1914
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AnHoTtanus. Llenpro 1aHHON pabOTHI SBISIETCS ONpeesieHne 0COOEHHOCTE M3MEHEHUS TToKa3a-
Teneﬁ prlla T OpHHKOB HpI/I BBITIOJTHCHUH pa&HI/I‘-IHBIX TCEXHOJIOT'MYCCKUX onepam/lﬁ B yCJIOBI/IHX HpI/I-
OIDKEHHBIX K IIaXTHBIM. MeTofaMu HMCCIIeIOBAaHUMN SIBIISIIOTCS METOJBI OMOMEXaHUKU, HATYPHBIC
HaOmoieHus ¢ (pukcanuel mapaMeTpoB MPHU MOMOIIY CIEIIMATU3UPOBAHHBIX CTAHIAPTHBIX TIPUOO-
poB, 00paboTKa pe3ynbTaTOB UCCIEIOBAHUIN MPOU3ZBOIUTCS C TTIOMOIIBI0 COBPEMEHHBIX MTPOTrpaMM-
HO-BBIYMCIIUTENbHEIX KOMILIEKCOB C HCIOJIB30BAaHHMEM METOJOB MaTEMaTUYCCKOM CTAaTUCTHKH. B
pe3yabTaTe YCTaHOBJICHO, YTO MPHU UCIIOIB30BAHUH MOJIOJBIM PAab0YUM pecrupaTopa BO BpeMs MO-
TPy3KH TOPHOW MacChl 00BbEM BBITIOIHEHHOW paboThl yMeHbInaeTcs: Ha 16%, a MHTEeHCUBHOCTD 3a-
TpauMBaeMOM YHEPTUU YMEHbIAeTCs Ha 27%; MPU UCIIOIH30BAaHUU OIBITHBIM paO0vYHM PECTHPATO-
pa BO BpeMsl MOTPY3KU TOPHOM Macchl 00bEM BBITIONHEHHOM paboThl yBenuuuBaetcs Ha 10%, a uH-
TEHCUBHOCTb 3aTpaunBaeMoil sHepruu ymenbinaercs Ha 11%. B cpennem monoznoii pabouuii HeceT
MEHbILIE YHEPro3aTpar Ha BBHINOJIHEHUE BceX pabouMx omepauuii, 4yeM onbITHBIN. Takke ciemyer
OTMETHTB, YTO CPEIHUE YHEPTO3aTPaThl IPH BBITIOJHEHUH OTepalnuii 0e3 pecnupaTropa MpeBbIIA0T
CpPEeIHME SHEPro3aTparhbl MPU BHIOJHEHUH ONEpaliil C pecrnupaTopoM, HUCKIOYEHUE COCTABIISIET
CITYCK T10 JICCTHUIIE M NIEPEHOC TPy3a KaK OMBITHBIM, TaK U MOJIOJBIM PaOOYHMH.

KuaroueBble cioBa: ¢usznyeckas KOHIUIMS, KBATHPUKAIUS pabouux, SHEPro3arparbl, HHTECH-
CUBHOCTH 3ana‘-II/IBa€MOI71 3Hepmn.

Jnis noBeIeHUs 3¢(HEKTUBHOCTH MpoIecca MOA3eMHOM JOOBIYN BaKHBIM (DaKTO-
POM SIBIIIETCA KAYECTBO TPYIOBBIX pecypcoB. IloBbllieHHEe KBanupukauuu u pusu-
YECKHUX KOHI[I/IHI/Iﬁ pa60qI/IX IMPUBOAUT K YBCIMUYCHHNIO KOHIOCHTPAIWH IIPOU3BOJACTBA,
MOIIHOCTHU U HAAC)KHOCTHU IMMPUMCHACMBIX CPCACTB MCXaHU3allWH, OIIBITHOI'O UCITIOJIb-
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