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Two-phase flows of the working substance in the steam-generating channels of reactors of single-circuit NPP’s
and steam generators of two- and three-circuit NPP’s represent the joint movement of liquid (feed water) and steam
in the form of a steam-water mixture. The forms of movement of two-phase flows are much more diverse, and the
laws of their movement are much more complicated than flows of single-phase media, and they are characterized by
a large number of parameters. This is due to the fact that when the flow of the steam-water mixture moves in the
steam-generating channels, mass exchange processes occur between the liquid and vapor phases of the mixture, in
which the volumes of the phases change; the interfaces between the phases of the mixture vary along the length of
the channel and often do not have a distinct character. The cross-sectional mean velocities of the liquid and vapor
phases of the flow are not equal to each other, and the difference in the velocities of the phases in the steady-state
mode of motion of the two-phase flow depends on the mass flow rate of the steam-water mixture, its pressure,
direction of flow, heating intensity, and other indicators. All this complicates experimental studies and calculations
of parameters and hydrodynamic (gas-dynamic) characteristics of two-phase flows of a steam-water mixture of a
working substance in reactors and steam generators of nuclear power plants. The article discusses mathematical
relationships for calculating the hydraulic characteristics of two-phase flows of different structures during the
movement of a steam-water mixture in the steam-generating channels of reactors and steam generators of nuclear
power plants, namely bubble, slug, rod, dispersed. The ratios are given for various designs of the channels of

reactors and steam generators.

INTRODUCTION

Two-phase flows of the working substance in the
steam-generating channels of reactors of single-circuit
NPP’s and steam generators of two- and three-circuit
NPP’s are a combined movement of liquid (feed water)
and steam in the form of a steam-water mixture [1-3].

The forms of motion of two-phase flows are much
more diverse, and the laws of their motion are much
more complex than the flows of single-phase media, and
they are characterized by a large number of parameters.

This is due to the fact that when the flow of the
steam-water mixture moves in the steam-generating
channels, mass exchange processes occur between the
liquid and vapor phases of the mixture, in which the
volumes of the phases change; the interfaces between
the phases of the mixture vary along the length of the
channel and often do not have a distinct character. The
cross-sectional mean velocities of the liquid and vapor
phases of the flow are not equal to each other, and the
difference in the velocities of the phases in the steady-
state mode of motion of the two-phase flow depends on
the mass flow rate of the steam-water mixture, its
pressure, direction of flow, heating intensity, and other
indicators. All this complicates experimental studies and
calculations of parameters and hydrodynamic (gas-
dynamic) characteristics of two-phase flows of a steam-
water mixture of a working substance in reactors and
steam generators of nuclear power plants [4-8].
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PROBLEM STATEMENT

The main ratios for determining the mass
consumption of the steam-water mixture Dy in the area
of the steam-generating channel, the consumption of its
steam and water phases Ds and Dy, the mass
(consumable) steam city x when entering the channel of
the mass of nutrient water D, is the equation for
preserving the amount of substance in the stream and
the equation of the heat balance for the area of the
calculated channel.

The equation for preserving the amount of substance
in the stream is as follows:

DO = Ds +DW :DZ . (1)
The heat balance equation for the calculated section

of the steam generating channel, schematically shown in
Figure, can be written as

De(i-i)=q(l-lpp), (2)
where i,i" — respectively, the enthalpy of the steam-
water mixture in the cross section at the outlet of the
calculated section of the channel and the enthalpy of the
feed water in the cross section of the beginning of its
boiling, J/kg; L, 1,, — respectively, the length of the
entire section of the channel and the length of the
section of the channel to the cross section of the
beginning of boiling of feed water, m; q; — average
specific heat flux in the channel section, W/m.

The enthalpy of the steam-water mixture is
determined from the equation (3)
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Scheme of the steam generating channel

The amount of heatgstransferred by the steam-water
mixture through the calculated cross section of the

steam-generating channel per unit time isgy =Dy -i;

the amount of heat q,,, transferred by the aqueous phase
of the mixture through the calculated cross section of
the steam generating channel per unit time, is
qw = D,, - i’; the amount of heat q,, transferred by the
vapor phase of the mixture through the calculated cross
section of the steam generating channel per unit time, is
Qs =D;-(i’+r), where r — latent specific heat of
vaporization, J/kg.

The ratio between the enthalpies of the two-phase
flow of the steam-water mixture and its water and steam
phases is as follows:

Dz'l.:Dw'l.,‘i‘Ds(l.,'f'r). (4)

The ratio of the mass of the vapor phase of the
steam-water mixture to the total mass of the entire two-
phase flow is called the mass (flow) vapor content:

D D
x=——== (5)
Ds+D,, Dy

Dividing equation (4) by Dy = D, and taking into
account equation (5), we obtain the ratio for calculating
the mass vapor content in the cross section of the
section of the vapor channel, which is determined by:

P = (Dg+Dy)-i" D

+—==i+rx (6)
Do Do
or
i-i'
x=—.

r

The value x in equations (6) is the relative enthalpy
of the two-phase flow, expressed through the latent
specific heat of vaporization, which characterizes the
flow rate in the cross section of the calculated section of
the channel after the start of boiling feed water.

Mass characteristics of two-phase flows (phase
masses, their ratio), as well as the amount transferred by
flows and their heat phases, are the initial data for
calculating the basic parameters and hydrodynamic
(gas-dynamic) characteristics of two-phase flows of
steam-water mixture in steam generating channels of
reactors and steam generators .

The main parameters of the two-phase flows of the
steam-water mixture belong to the reduced velocities of
the vapor phase w, and the water phase wy, as well as
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the speed of circulation of the vapor-water mixture wy.
The given velocities are the ratio of the volume flow
rate of each phase to the area of the full cross-section of
the channel. The velocity of the steam-water mixture is
the speed that water would have in a given cross-section
if it passed through it with a mass flow rate equal to the
flow rate of the steam-water mixture. These parameters
are calculated by the following ratios:

" DS‘UN ’ Dw‘l}, DZV,
Wo =_f » Wo =_f ,W0=_f )

where v" and v'— respectively, the specific volumes of
steam and water at saturation temperature i, m3/kg;

()

f — the cross-sectional area of the steam-generating

channel, m?.

From equations (7) it is seen that at a constant flow
of feed water Dy(D, = Ds) and at a constant cross-
sectional area of the channel f circulation speed wy is a

constant value, and the reduced velocities of the vapor
and water phases of the flow wg and w, vary
depending on the mass flow rate of the phases.

The mass vapor content in equation (5) can be
determined using relation (7):

Dy _ wip _ wiv/

X == T " (8)

Dg Wop Wov

where p", p' — respectively, the density of the vapor
and water phases of the flow.

From the equation of conservation of the amount of
substance in the stream (2) with a constant cross-
sectional area of the channel f = const we obtain the
ratio between the reduced phase velocities and the
circulation rate:

wop' = wop' + wop” = wyp,, = const 9)
or
Wo =W(’)+W(;§ . (10)

The volumetric flow rates of the vapor phase V; and
the water phase 1V, of the two-phase flow are
determined by the ratios:

D D
Vszp_fsfn VW=p_‘;/' (11)

Using relation (7), the volumetric flow rates of the
phases can be determined through the following
velocities:

Ve =wof; Wy =wof. (12)

If the cross-sectional areas of the steam and water
phases of the two-phase flow are known f; and f,, , it is
possible to determine the average cross-sectional actual
velocities of the steam phase wyand the water phase w,,
by the equations:

VS n f VW ! f
TR W W T WGy
where f = f; + f,,.

The average actual velocities of the vapor and water
phases are not equal to each other, and the difference in
these velocities is greater the greater the difference in
density between the phases.

Wy (13)
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The fraction of the cross-sectional area of the
channel occupied by the vapor phase of the two-phase
flow is

I
(‘p f'
The value of ¢ also allows you to determine the

average actual phase velocities by the formulas:
n

(14)

wg. _ o
s ) ’ Wy = 1—(,0. (15)
Hence,
w, w
®==Y p=1--2 (16)

Wg Wy
The mass of the steam-water mixture in the lifting
steam-generating channel height is determined by the
following equation:

pZ‘Al~f=p"~Al~fs+p"Al “fwr (A7)
where p, — the actual density of the steam-water
mixture.
To determine the true density of the steam-water
mixture after a series of transformations of formula
(17), we can obtain equation

Py =p =@ —p)- (18)

Given expressions (16) and (18), from equation (9)
we obtain the calculation formula for determining the
actual velocity of the steam-water mixture:
— wop’ — Wo

p—o(p'—p") 1_@(1—4)'

p

The fraction of the cross-sectional area of the steam-
generating channel, which is occupied by the vapor
phase of the two-phase flow of the working substance,
uniquely determines the average values of the phase
velocities, the actual velocity of the mixture and its
density. Therefore, it is often called the actual vapor
content of the vapor-water mixture (as opposed to mass
vapor contentx). This value primarily depends on the
sliding speeds of the phases, which, in turn, depend not
only on the parameters and direction of flow, but also
on the distribution of steam and water phases in the
volume of the channel. At this time, the most accurate
actual vapor content is determined only experimentally.

CONCLUSIONS

The given mathematical relations for calculation of
hydraulic characteristics of two-phase flows in channels
of reactors and NPP steam generators are suitable for

Wy (19)

creation of models of processes in steam-generating
channels of various constructive executions and can be
used in decision support systems at their designing.
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MATEMATHUYECKHE COOTHOHMIEHUS MOJEJIEN IBYX®A3HBIX IOTOKOB
B KAHAJIAX PEAKTOPOB U ITAPOI'EHEPATOPOB A2C
JJISA PACUETA UX THAPOANHAMUNYECKUX XAPAKTEPUCTHUK

A.B. E¢pumos, H.H. ITununenko, B.JI. Kasepues, T.A. I'apkywa, T.A. Ecunenko

JIByxda3Hple MOTOKK pabovero BemecTBa B MapOrCHEPHPYIONINX KaHAJaX PeakTOpOB OAHOKOHTYPHBIX ADC n
MaporeHepaTopoB ABYX- U TPEeXKOHTYpHBIX ADC TpencTaBisiOT cO0OW COBMECTHOE IBIKEHUE >KHIKOCTH
(muTaTenbHON BOJBI) W Mapa B BUIE MapoOBOASHON cmecH. POPMBI JABIKEHHS JBYX(a3HBIX MOTOKOB 3HAYMTEIBHO
pasHooOpa3Hee, a 3aKOHBI X IBIDKEHHS Topa3fo CIOKHEe, YeM IIOTOKOB OJHO(A3HBIX CPeld, U XapaKTePH3yIOTCS
OHHM OOJIBIINM KOJIMYECTBOM MTapaMeTpoB. DT0 00yCIOBICHO TE€M, YTO IPH ABMKECHUHU IIOTOKA MAPOBOSTHON CMECH B
MaporeHePUPYIONIMX KaHaax MPOMCXOAIT MAacCOOOMEHHBIE TPOIECCHl MEX Ty JKUIKOH M MmapoBoi (azamu cMmecH,
IIPU KOTOPBIX M3MEHSIOTCS 00beMbl (a3; rpaHMIbl paszena Mexay (Ga3aMu cMECH MEHSIOTCS IO JJHMHE KaHana |
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4acTO HE MMEIOT YETKO BBIPAXKEHHOrO xapakrepa. CpeqHne Mo CeYeHHI0 CKOPOCTH JKHIKOHW M MapoBoil ¢a3 moToka
HE PaBHBI MEXy CO00M, MPHUEM OTINIHE B CKOPOCTSX (pa3 MpH yCTAHOBUBILEMCS PEXXUME ABHXEHUS ABYX(ha3HOTO
MOTOKA 3aBHCUT OT MAacCOBOIO pPacxoja MapoBOISHON cMecH, €¢ [IaBJICHHs, HAIPaBJICHHS ABIKCHHS MOTOKA,
WHTEHCUBHOCTH HarpeBa M ApPYTuX IokKaszareneid. Bce 3TO 3aTpyAHsET SKCHEPHMEHTAIBHBIC HCCICAOBAHUSI U
pacdeTsl MapaMeTpoB M THAPOJMHAMHYECKHAX (Ta30JMHAMHYCCKHX) XapaKTEPUCTHUK ABYX(a3HBIX ITOTOKOB
MapoBOJSHOM cMecn pabodero BeliecTBa B peakropax M maporeHeparopax ADC. B crathe paccMOTpEHbI
MaTeMaTHYeCKHe COOTHOIICHMS JUIS pacdyeTa THAPABIMYECKHX XapaKTEPUCTUK JBYX(asHbIX IMOTOKOB pa3HON
CTPYKTYpPbI NPU JBIDKCHUU IAPOBOJASHON CMECH B HMAapOr€HEPHPYIOMINX KaHalaX PeakTOpOB U MapOoreHepaTopoB
ADC, a MMEHHO Iy3BIPbKOBOTO, CHApSJHOTO, CTEPKHEBOIrO, AMcCIepcHOro. COOTHOLICHWS IPUBEICHBI IS
Pa3IMYHOTO KOHCTPYKTUBHOI'O MCIIOJIHEHUS KAHAJIOB PEAKTOPOB U ITapOTeHEePaTOPOB.

MATEMATHWYHI CHIBBIJTHOINEHHA MOAEJEN IBO®A3ZHUX TOTOKIB
Y KAHAJIAX PEAKTOPIB I HAPOTEHEPATOPIB AEC U151 PO3PAXYHKY
IXTIAPOANHAMIYHUX XAPAKTEPUCTHUK

O.B. Egimoe, M.M. Ilununenko, B.JI. Kasepues, T.A. I'apxywa, T.0. €Ecunenko

JlBodasHi mOTOKM poOOYOI PEYOBHMHM B MNAPOTCHEPYIOUMX KaHAlaX peakTopiB ofaHOKOHTypHHX AEC i
naporeHeparopiB Bo- i TpUKOHTYpHUX AEC sBIsAI0TH cO00I0 CyMiCHHH pyX piavHH (KHBWILHOI BOAM) 1 mapu y
BUIIIAI apoBoAsHol cyMimi. @opmu pyxy nBoda3HUX MOTOKIB 3HAYHO PI3HOMAHITHIII, a 3aKOHHU iX pyXy iCTOTHO
CKJIJIHIIII, HIX MOTOKIB OJHO(A3HUX CEPENIOBHUII i XapaKTePH3YIOThCSl BOHH BEJIMKOIO KUIBKICTIO mapamerpis. Lle
00YMOBJICHO THM, LIO IPH Pyci MOTOKY NMAapOBOJSIHOI CyMillli B IAPOTCHEPYIOUNX KaHaJIaX BilOyBaOTHCS HPOLECH
MacooOMiHy MK PiZIKOIO 1 MapoBOrO (pa3aMu CyMilli, P SKIX 3MIHIOIOThCA 00'eMu (ha3; Mexki po3airy Mix (azamu
CyMIIII 3MIHIOIOTBCS IO JOBXKHHI KaHAIy 1 9acTO HE MarOTh YiTKO BHpaKeHOTo XapakTepy. CepemHi mo mepepizy
MIBUIIKOCTI PiAKoi i mapoBoi (a3 moToky He piBHI MK c000I0, IPUYOMY BIIMIHHICTH B IIBHIKOCTAX (a3 mpu
CTAJIOMY PEKHMi pyXy ABO(A3HOTO HOTOKY 3aJIeXKUTh BiJl MACOBOT BUTPATH MAPOBOASHOI CyMilli, 1i THCKY, HAIPAMY
PYXy IOTOKY, IHTCHCHBHOCTI HarpiBy i iHIIMX YWHHHKIB. Bce Ie yCcKIIagHIOE eKCIIepHIMEHTANbHI MOCTIKeHHS 1
PO3paxyHKH MapaMeTpiB 1 riApoAMHaMIYHUX (Ta30JMHAMIYHHMX) XapaKTEPUCTHUK NBO(A3HUX ITOTOKIB MapOBOSHOT
cymimi pobodoi peuoBHHM B peakTopax 1 mnaporeHeparopax AEC. VY crarTi posrisHyTi MaremMaTHyHi
CHIBBITHOILIEHHS Ul PO3PaxyHKY TiIpaBIIUYHUX XapakTepUCTUK NBOGA3HUX IOTOKIB Pi3HOI CTPYKTYpH NpH pyci
MapoBOJISTHOT CyMillll B MaporeHepylYHX KaHajiax peakTopiB i maporenepatopiB AEC, 30kpema Oynb0OaikoBoro,
CHAapsITHOTO, CTPHIKHEBOTO, AucrepcHoro. CHiBBiIHOIIEHHS HaBeleHI AJISl PI3HOTO KOHCTPYKTUBHOTO BUKOHAHHS
KaHaJIiB PEaKTOPIB 1 MaporeHepaTopis.
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