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Abstract-The results of computation by a two-dimensional mathematical model of a droplet-vapour flow 
are presented. The predicted two-phase flow characteristics, such as temperature, velocity and phase 
concentration fields, specific deposition flows, and the temperature of heat emitting surfaces are compared 
with experimental data. Some specific features of two-phase flow identified in calculations are analysed. 
The degree of the conservatism of some closing coefficients is numerically investigated. The calculations 
are performed over a wide range of operational parameters : p = 0.147-l 3.7 MPa, pw = 26%3000 kg m ’ s- I. 

The predicted results are found to be in reasonable agreement with the experimentally measured data. 

1. THE NUMERICAL solution of the set of equations 
(23)-(69) presented in the first part of the paper [l] is 
considered as a computational experiment involving 
the verification of the model validity by comparing 
the measured and predicted data, comparison of cal- 
culated results with test problems, calculation of the 
parameters of specific steam generating channel oper- 
ational modes, and numerical investigation of the 
specific features of a two-phase flow in the post- 

burnout region. 
The computational experiment was conducted in 

the following sequence. The inlet flow parameters: 
pressure, mass flow rate, enthalpy, axial heat flux 
distribution are known, as well as the closing 
coefficients and functions given in the first part of the 
paper. Since the model describes two alternating flow 
modes-annular-dispersed and dispersed-then, 
having taken the reference point in the region of the 
annular-dispersed flow and specified the parameters 
in the initial cross-section, the lateral and axial charac- 
teristics of the system were calculated for the flow 
from the region of conventional heat removal 
(including the burnout cross-section) into the post- 
burnout region. 

The model permits the evolution of local and inte- 
gral flow characteristics throughout the channel to be 
followed. However, the possibilities of the com- 
putational experiment are not restricted to the cal- 

culation of characteristics realizable in each specific 
mode of vapour-generating channel operation. The 
influence of any parameter or a group of parameters 
involved in calculation within a wide range of their 
variation on the burnout heat transfer and heat trans- 
fer in the post-burnout region can be investigated 
numerically. Moreover, the computational exper- 
iment makes it possible to devise artificial situations, 
hardly created in physical rigs, when separate ex- 
change effects are attenuated or augmented in the 

system to reveal the relationship between separate 
quantities in a ‘pure’ form. 

Prior to calculations, the coefficient in the function 
of the distribution of mass sources in the diffusion 
equation, the wavenumber for the calculation of the 
coefficient taking account of droplet inertia, and the 
number of droplet groups were optimized and the 
method of dividing the ensemble of droplets into 
groups was developed. 

2. The model allows the prediction of the following 
basic characteristics of annular-dispersed and dis- 
persed flows : temperature, concentration and phase 
velocity fields ; temperature of the heat emitting wall ; 
local and integral deposition flows ; cross-section- 
averaged liquid phase concentrations ; liquid dis- 
tribution in the core and the film ; film thickness and 
velocity; mass flow rate in the film; heat transfer 
coefficients in the post-burnout region ; mean vapour 
temperature ; heat fractions in the post-burnout 

region lost by convection and by the evaporation of 
depositing droplets; decrease of the diameters of 
droplets moving in a superheated vapour. 

The coolant characteristics were calculated for ver- 
tical, electrically heated tubes with a forced flow of a 
steam-water mixture and uniform and cosine axial 
heat flux distribution, typical of metal-water steam 
generators, within the following range of parameters : 
p = 0.147-13.7 MPa, pw = 26&2000 kg m-* s-‘, 
L = 1.5-9 m, d = 8-12.7 mm, as well as for unheated 
tubes withp = 2.9-13.7 MPa, pw = 500-3000 kg mm2 
s- ‘, L = 1.5-3.66 m, d = 8-17 mm. 

The reliability of the results obtained was checked 
by comparing the predicted results with the available 
experimental data. In Figs. l-5 a comparison of some 
predicted and experimentally determined heat transfer 
characteristics of the flow is presented. 

As an example of the prediction of some prescribed 
operational conditions for a steam-generating tube, 
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FIG. 1. The wall temperature in the case of cosine axial 
heat flux distribution : p = 9.8 MPa, pw = 1500 kg m- 2 sm ‘, 
d= 10 mm, L = 1.5 m. x,, = 0.29. I. Q = 27.3 kW: 2. 
Q = 25.8 kW ; 3, Q = 24.7 kW (--calculation ; 0 experi- 

mental data [2]). 

Figs. 69 give the calculated flow parameters in the 
post-burnout zone of a single-tube model of a metal- 
water steam generator. 

3. The computational experiment has revealed some 
specific features of post-burnout heat and mass trans- 
fer. When analysing the results obtained, it was dis- 
covered that the cross-sectional distribution of the 
concentration of the flow of droplets in dispersed flow 
in a heated channel is conservative with respect to 
the operational conditions. In all the calculations the 
maximum of the concentration curve is located in 
the central part of the flow (not necessarily along 
the axial line) ; in the wall region the droplet flow 
concentration smoothly decreases to zero at the wall. 

Depending on the character of the droplet con- 
centration distribution and the vapour temperature, 

two distinct drop-vapour flow patterns can be 
observed in the post-burnout region. The first pattern 
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FIG. 2. Liquid fraction in the flow core: p = 0.147 MPa, 
d=8mm.L=2.5m. I,pw=2000kgm-*s-‘,Q=233 
kW: 2, pw = 1000 kg mm’ s . Q = 69 kW; 3, pw = 500 
kg m-’ s-‘, Q = 50 kW (--- calculation ; 0 experi- 

mental data [3]). 

FIG. 3. Droplet concentration in the flow: p = 13.7 MPa, 
pw=750kgm-*s-‘,d= 17mm,L= 3.6m. l,x=O.3;2, 

X = 0.2 (------ calculation ; 0 experimental data 141). 

(Fig. 10) is characterized by the occurrence of two 
coexisting zones in the flow : the central zone, where 
the entire dispersed phase is concentrated and the 

vapour temperature is equal to the saturation tem- 
perature (region of thermal equilibrium) ; and the wall 
zone, where there are no droplets of liquid and the 
vapour is superheated. From the practical point of 
view, this mode is most unfavourable since it is char- 
acterized by maximum moisture ejection, high wall 

temperature and low heat transfer coefficients. Gen- 
erally, the above mode of flow takes place at low 
mass velocities and high heat fluxes. The second, most 
common mode of dispersed flow, is characterized by 
superheating over the whole cross-section and by the 
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FIG. 4. Dimensionless specific drop deposition flow : p = 6.9 
MPa,xi,=0.5,d=13mm,L=2.5m.1,pw=1000kgm-2 
s-l; 2, pw = 2000 kg mm2 sv’; 3, pw = 3000 kg me2 s-’ 

(-----calculation; ___ experimental data [5]). 
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FIG. 5. Velocity profiles of vapour flow in a tube : 1, x = 0.43; 
2,x=0.5?;3,x=0.74:4,x=0.83.p=6.9MPa,pw=500 
kg m-’ SC’. d = 17 mm, L =3.6 m (--- calculation ; 

0 experimental data [6]). 

presence of liquid droplets at any point in the cross- 
section (Fig. 7). 

The reason for the occurrence of the above flow 
patterns is due to the mechanical and thermal phase 
interactions in the flow. When the vapour super- 
heating in the wall zone is significant and the droplets 
evaporating in it fail to reach the wall or when the 
vapour flow from the wall (for an annular-dispersed 
flow with film evaporation) prevents the droplets from 
depositing on the wall, one can speak of the thennat 
and mechanical screening of the deposition of drop- 
lets-it is in these conditions that the first, or separ- 
ated, mode of droplet-vapour flow is developed. 

It was also found from the analysis of predicted 
results that in a number of cases the deposition flow 
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FIG. 6. The wall temperature in the post-burnout zone in a 
metal-water steam generator model. 1, p = 15.7 MPa, 
pw = 350 kg mm2 s- ‘, Q = 5 1 kW, qn = - 0.42, d = 11 mm, 
L=5m;2,p=13.7MPa,pw=700kgm-2s-‘,Q=123 
kW, xi,= -0.48, d=lI mm, L=9 m (-- cal- 

cuiation : 0 exoerimental data 171). - L 

FiG. 7. Droplet flow con~tration, C, and vapour tem- 
perature, 0, in the post-burnout zone: p = 13.7 MPa. 
yw = 700 kg m-* s-‘, Q = 123 kW, xi, = -0.48, d - II 

mm, L = 9 m. I, q =0.5; 2, y = 0.7; 3, q = 1.0. 

FIG. 8. The transversak UC, and longitudinal, U,,, velocity 
components of the vapour flow and the film velocity: 
p = 13.7 MPa, pw = 700 kg m-* SC’, xi, = -0.48, d = I1 

mm, L = 9 m, Q = 123 kW. 1, q = 0.2; 2, q = 0.7. 
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FIG. 9. Two-phase flow characteristics in the post-burnout region : p = 13.7 MPa, pw = 700 kg m- 2 s- ‘, 
Q = 123 kW, x,, = - 0.48, d = 11 mm, L = 9 m. 1, Jdcp ; 2, i; ; 3, 0 ; 4, t, ; 5, jdep 

in the post-burnout region is a non-monotonous func- 
tion of the channel length (Fig. 11). Two maxima are 
observed : in the burnout heat transfer region and in 
the region of transition to the unheated part of the 
channel. A non-monotonous character of the droplet 
deposition curve can also be attributed to a different 
intensity of the thermal and mechanical interaction of 
droplets with the vapour flow. Immediately after the 
burnout cross-section, the vapour flow from the wall 
due to liquid evaporation on it (there is no continuous 
film) is attenuated, as well as the vapour effect on 

E 
FIG. 10. Droplet flow concentration, C, and vapour tem- 
perature, 6, in the post-burnout zone: p = 13.7 MPa, 
pw = 350 kg m-* SK’, Q = 41 kW, xi, = -0.08, d = 11 mm, 

L=5m.l,~=0.5;2,~=0.7;3,~=0.9;4,v~=l. 

the deposition of droplets, the wall layer is heated 
insufficiently and, as a consequence, an increase in the 
deposition flow is observed. The main reason for an 
increasing deposition flow in transition to the 
unheated part of the channel consists of a decreasing 
superheat in the wall region. 

A distinctive feature of the zone of transition to the 
unheated part of the channel is the detected inversion 
of the temperature curves in the vapour flow (Fig. 12) 
caused by the fact that in the unheated part of the 
channel the droplets, being deposited on the wall, 
evaporate due to superheated vapour flow past the 
wetted wall ; as a result, the temperature of the wall 
layer sharply decreases. It should be noted that the 
inversion of temperature curves in the droplet-vapour 
flow invariably takes place on the cessation of heat 
input. 

4. In addition to studying the specific features of 
two-phase flow motion, the effect of inaccurate know- 
ledge of some empirical relations used in the model 
was investigated, in particular, the effect of the dis- 
tribution of the system parameters over the initial 
cross-section, the effect of the most probable size of a 
droplet in the droplet ensemble and of the entrainment 
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FIG. 11. Dimensionless specific deposition Row in the post- 
burnout zone: 1, p = 9.8 MPa, pw = 260 kg m-’ s- ‘, 
Q=40.6 kW, .xin= -0.09, d=!i rn? L=l3 m; 2, 

P = 13.7 “,‘” p_o;;6;_4gl mmrn Ls; ;3Qm; 37.3 kW, 
m 
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FIG. 12. Vapour temperature in the post-burnout and adia- 
baticregions:p = 13.7MPa,pw = 260kgm-2s-‘,Q =37.3 
kW. x,,= -0.24, d= 11 mm, L=13 m. 1, p=O.l; 2, 

,I =0.3: 3, 9 = 0.5; 4, 9 = 0.7; 5. v = 0.8. 

flow and the effect of the technique of droplet ensem- 
ble division into groups and of the number of droplet 
groups. 

When selecting the coordinate for the reference 
point, the distribution of liquid between the core and 
the film was prescribed, as well as the function of the 
droplet flow concentration distribution over the cross- 
section. Of course, the above characteristics were pre- 
scribed quite approximately. The degree of the effect 
of this approximation was investigated by varying 
the initial coordinate. An inaccurate assignment of 
parameters over the initial cross-section was found to 
be largely compensated for by the mechanism incor- 
porated into the model by removing the reference 
point from the region or the cross-section under con- 
sideration. In general, the reference point can be selec- 
ted in any cross-section along the length of the channel 
where there is an annular dispersed flow and this 
possibility is admitted in the initial expressions, how- 
ever, it is desirable that the calculation be started in 
the zone most removed from the cross-section inves- 
tigated. 

The effect of the mean diameter in the droplet 
ensemble was investigated because of the expansion 
of the empirical formula validity range in the cal- 
culations made [ 11. The calculations have shown that 
the effect of the most probable droplet size on the 
results obtained increases with a decrease of the drop- 
let diameter. For highly dispersed systems, the depar- 
ture of the most probable droplet size from the real 
one shows up most appreciably in calculations. 

Also, the influence of the entrainment flow on the 
coordinate of the burnout heat transfer section and 
some characteristics of the post-burnout zone were 
investigated. The entrainment flow is calculated by 
the empirical relation of ref. [l] within + 20%. It is 

shown that in fixed operational conditions an artificial 
variation of the entrainment flow results in appro- 
priate changes in the deposition flow, and for small 
mass flow rates of a steam-water mixture, the entrain- 
ment and deposition flows compensate each other to 
a great extent. Then, the evaporation flow starts to 
play a considerable role in the development of thermal 
crises. The dynamics of the system is such that it leads 
to a partial levelling of the effect of transversal mass 
fluxes on the parameters at the burnout heat transfer 
section. This factor characterizes the entrainment flow 
as a conservative quantity. 

As noted above, to this type of investigation belong 
the experiments on the determination of the number 
of droplet groups and the technique for droplet 
ensemble division into groups. The calculations have 
shown that the use of the monodisperse approxi- 
mation alone may lead to the departure of such cal- 
culated quantities as the coordinate of the burnout 
heat transfer section and the relative temperature of 
the heat emitting wall from the appropriate exper- 
imental data by 30% and more. It is found that the 
number of groups giving a satisfactory agreement 
between the measured and predicted quantities is 
between five and six. A further increase in the number 
of groups gives a slight decrease of the discrepancy 
between the experimental and predicted quantities. 
The analysis has shown that the most effective tech- 
niques for the division of the droplet ensemble into 
groups is that which is based on the equality of weight 
fractions for each group. This technique allows the 
effect of each group on mass transfer processes to be 
properly taken into account. 

5. Thus, the use of all the conservation laws pre- 
sented in terms of partial two-dimensional equations 
enables a considerable body of information on annu- 
lar-dispersed and dispersed flows to be obtained. Since 
the closing of the equations was performed on the 
differential level, the closing coefficients and functions 
are generally conservative with respect to the results 
obtained. There are no freely varying numerical fac- 
tors which would have corrected the range of validity 
of the model. In all probability, a further improve- 
ment of the model should be connected with taking 
account of the unsteady-state character of the 
phenomena, development of the physical picture and 
mathematical description of the entrainment phenom- 
ena, with the transformation of the model itself to 
extend it to complex channels. 
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UN MODELE MATHEMATIQUE BIDIMENSIONNEL DES ECOULEMENTS DISPERSES 
ANNULAIRES ET DISPERSES-II 

RCsnm&On presente les resultats de calcul par un modtle mathematique bidimensionnel, de l’ecoulement 
vapeur-gouttes. On compare avec les donnees expirimentales les caractiristiques calculees de l’ecoulement 
diphasique telles que les champs de temperature, de vitesse et de concentration de phase et la temperature 
de la surface chaude emettrice. Quelques risultats spbcifiques de l’ecoulement diphasique identifies 
dans les calculs sont analyses. Le degre de conservatisme de quelques coefficients de ferrneture sont 
ttudies numeriquement. Les calculs sont effect& pour un large domaine de paramttres optrationnels : 
p = 0,147-13,7 MPa, pw = 260-3000 kg me2 s-‘. Les resultats du calcul sont trouvh &re en accord 

raisonnable avec les donnees exphimentales. 

EIN ZWEIDIMENSIONALES MATHEMATISCHES MODELL FtiR DEN 
UBERGANGSBEREICH RING-~SPRUHSTRUMWNG SOWIE FOR SPRUHSTROMUNG, 

TEIL II 

Zusammenfaasung-Ergebnisse der Berechnungen eines zweidimensionalen mathematischen Modells 
einer Dampf/Tropfenstromung werden vorgelegt. Die berechneten Charakteristiken der Zweiphasenstro- 
mung wie die Verteilungen von Temperatur, Geschwindigkeit und Phasenkonzentration, spezielle 
Niederschlagsstromungen und die Temperaturen der warmeabgebenden Oberflachen werden mit 
experimentellen Daten verglichen. Einige spezielle Gesichtspunkte der Zweiphasenstromung, die in den 
Berechnungen festgestellt wurden, werden analysiert. Der Grad des Konservatismus einiger SchlieDungs- 
Koellizienten wird numerisch untersucht. Die Berechnungen werden tiber einen weiten Bereich von 
Betriebsparametern durchgeftihrt : p = 0,147-13,7 MPa, pw = 260-3000 kg m-* s-‘. Die Ergebnisse der 

Berechnungen stimmen gut mit den experimentellen MeDdaten iiberein. 

ABYMEPHAR MATEMATMHECKAJI MOAEJIb jHiCfIEPCHO-KOJIbHEBOI-0 H 
AHCI-IEPCHOI-0 I-IOTOKOB - II 

AHUOTarR-npCACTaBneHb1 pe3yJIbTaTbI BbIYHCJIATe,IbHOrO 3KCnepHMeHTa n0 AB,'MepHOii MaTeMaTW- 

VecKoii h4onene napoKanenbHor0 noToKa. PacqeTHbre xapaKTepHcT8KH nByx+a3Horo noToKa (norm 
TeMnepaTyp, cKopocTeii B xonuenrpauw~ +a3, ynenbHbre noroxn opomenna, rehmeparypa rennoor- 
nalomeii nOBepXHOCTH)npenCTaBJleHbI B CpaBHeHHH C OIIbITHbIMH LIaHHblMA.~pOaHaIEi3HpOBaHbl HeKO- 
TOpbre OCO6eHHOCTH B ABWKeHHA AByX$a3HOrO nOTOKa, yCTaHOBJleHHble llpH IlpOBeJleHHB paC'4eTOB. 
%CJ,eHHO WCneAOBaHa CTeneHb KOHCepBaTHBHOCTH HeKOTOpbIX 3aMbIKaK)mIIX K03+&,UHeHTOB. 

PaCYeTbI npoBeneHbl B UW~OKOM nuana3oae peneMHbIx napaMeTpoB P= 0,147-15,7 MfIa, p, = 
(2s3000) xi- M-' c-l. Ha6nionaerca ynoBneTBopeTenbHoe connanemie pacqeTHb1x H 0nbITHblx 

BeJIA'SAH. 


