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Abstract - An analytic model of flow boiling crisis in annular flow (at high vapor quality) and our 
experimental results of Freon 21 are presented in the paper. The model is based on the analysis of the film 
drying process on the channel wall, thus expressing the mass balance of both the film and the core by means of 
differential equations. The solution of these equations contains the parameters determined experimentally 

since their theoretical prediction involves serious difficulties. 

NOMENCLATURE 

parameter in the mass transfer equations ; 
concentration of droplets in the flow core; 
mass flux of deposition ; 
nondimensional mass flux of deposition d 
= D/G, channel diameter; 
mass flow of entrainment ; 
nondimensional mass flux of entrainment e 
= E/G; 
mass flux of the main flow; 
nondimensional mass flux of the main flow ; 
parameter in the mass transfer equations; 
mass transfer coefficient ; 
pressure ; 
latent heat of vaporization ; 

yzcr 
nondimensional constant S = 2x ; 

CT 

Z+ 
nondimensional parameter t = x,,~ ; 

%, 

nondimensional specific volume V= 5 ; 
vG 

specific volume ; 
steam quality ; 
parameter ; 
longitudinal coordinate; 
nondimensional longitudinal coordinate ; 
heat flux; 
nondimensional heat flux. 

Greek symbols 

P> specific density; 

0, surface tension ; 

PP dynamic viscosity; 

v, kinematic viscosity. 

Subscripts 

c, droplet in the core; 
E, entrainment ; 
Q deposition ; 
F, film ; 
G, gas ; 

_I* flow core ; 
cr, boiling crisis, critical state; 

L, liquid ; 

0, beginning of the annular flow, channel 
diameter. 

INTRODUCTION 

THE BOILING crisis phenomenon occurs in different 
technical devices, e.g. in nuclear reactors, steam gen- 
erators, refrigeration evaporators etc. In the case of 
the high parameter equipment with two-phase 
vapor-liquid flow (boiling nuclear reactors, steam 
generators) the boiling crisis may involve serious 
damages due to the bum-out of the steam channels. In 
the low parameter steam generators, e.g. working on 
low boiling media, the crisis diminishes the heat 
transfer intensity and is not desirable for technical 
reasons. 

Such generators are of increasing interest at the 
moment. Besides the refrigeration technology they are 
used in utilising the waste heat of chemical processes 
and will probably be applied in the new geothermal or 
solar plants with turbines working on the low-boiling 
media. 

An order of investigations performed in the last 
fifteen years was concerned with the mechanism of the 
boiling crisis and the methods of its prediction. 
However, the satisfying solutions of this very complex 
problem have not yet been obtained. There exist 
practically no comprehensive analytic studies of the 
boiling crisis phenomenon except for some simple 
models. On the other hand one can find a substantial 
number of experimental data, mainly for water. Unfor- 
tunately, it is rather difficult to generalize them. 

The boiling crisis in the annular flow at high steam 
quality forms a particular interest of technology. A 
characteristic parameter of that case of the crisis is the 
critical vapor quality x,,. 

The general theory of that phenomenon has not yet 
been worked out besides an order of hypotheses and 
partial theoretical investigations [l-3, 5-101. 

The experimental results show a substantial scatter 
[7]. The data presented by different authors concerned 
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mainly particular cases suggested by the temporal 
needs of the industry. 

Recently a more general theoretical model of the 

boiling crisis based on the film dry-out process on the 
channel wall during annular flow has been proposed 

[3, 41. The model involves a complex computer 
procedure but gives fairly good results for water and 
other media, e.g. Freon 12. 

In this paper an analytic model of the boiling crisis 
at high vapor quality and the authors’ investigations of 

that phenomenon are presented. The model employs 

the analysis of the film dry-out process on the wall 
which allows formulation of the differential equations 

of mass balance in the film and the core. The solution 

of these equations contains the parameters which are 

determined experimentally in this paper since their 
theoretical prediction involves serious difficulties. 

THE THEORETICAL MODEL OF THE 
FLOW BOILING CRISIS 

Let us consider the two-phase annular flow of the 
mass flux G in the circular channel of the internal 
diameter d,. The liquid film covers the channel wall 

and the vapor, with suspended droplets of liquid, flows 
in the core (Fig. 1). The beginning of the annular flow 

pattern is assumed to be known and from that point 

the mass balancing starts. As a criterion of the crisis 

occurrence the film dry-out on the wall is assumed, 
however, recent investigations [lo] suggest the film 

breakdown into rivulets rather than its entire evap- 
oration. For the sake of simplicity it is assumed that 
the crisis occurs at the film flow rate equal to zero. This 

simplification was justified in [ 111. 

The mass flux of evaporation from the film surface 

due to the wall heat flux 4, is equal to q/r. This process 

is accompanied by the droplet entrainment from the 
film surface E and the droplet deposition onto the film 
surface S (see Fig. 1). In accordance with the model 

assumed, the elementary mass changes of the film and 

the core, dGF and dGE, respectively, are 

dGr 4 
= (-D+E). 

dz d, 

or in dimensionless form 

dg, - = 4(d - e t y ’ ) 
dz+ 

dg, 
~ = 4(-d + e), 
dz+ 

where 

(la) 

(lb) 

In order to solve the set of equations (la, b), the 

fluxes d and e must be known. It was assumed 

e = K.C.g, (2) 

d = C.g,. (3a) 

where K and C are the parameters not exactly defined 
at the moment. 

According to [3] the mass flux d may be expressed 

by 

k ‘ci 

d= mc’ 

when k is the mass transfer coefficient and cj stands for 
the concentration of liquid within the core and may be 

determined after [S] 

1 --x. Cj = -______.! ._ 
(1 - Xj)UL + Yj.UG’ 

(4) 

Steam quality within the flow core in equation (4) is 

defined as follows 

G, 1 - YE - QF 
Xj=G_G, l-g, - 

The general formula describing the mass transfer 
coefficient k given in [12] is 

where Ck is a function of the fluid properties and the 
two-phase flow characteristics (cc;, tic, T, pe, v,, d,. .) 
and m, n are not exactly known exponents. 

Combining equations (2), (3a, b) (4) and (6) one gets 

as a result 

d zz c; -- 
Ydl - YF - c?E) ___-- 

gEuL + (1 + .YF - SE)% 
(7) 

and 

YF(l - QF - c?E) 
e=K.C;-------- - 

gEuL + (1 + YF - SE)% 
(8) 

FIG. 1. A model of the annular flow with boiling 
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where 

(9) 

Ultimately, a set of nonlinear differential equations 
describing the dimensionless mass fluxes within the 
film and the core was obtained from equations (la, b), 

(7) and (8) 

SE(l - gF - gE) 

‘gE”L + (l + gE - SFbG 

-K 

. c; 9FU - CIF - c7E) 
!?EuL + (1 - gE - SFbG 

-4+ 
1 

(104 

gE(1 - gF - gE) 

gE”L + t1 + gE - gFbG 

l kK 

.c; gF(l - gF - gE) 1 . 9EUL + (1 - g.5 - 9Fh (1W 
Rearranging the equations (lOa, b) one gets the first- 

order nonlinear differential equation for the film mass 
flux 

dgF 
dt= 

S.(l-gF-g,)“(g,-K’gF)_l ~11~ 

gEv+ t1 - gE - gF) ’ 

where 

(12) 

(13) 

(14) 
uG 

and 

xc, - x0 N x,, 
q+ = 42,: - 42,:. (15) 

According to Hewitt [3] it was recognized that the 
annular flow pattern surely exists at the steam quality 

equal to 0.01 and if the share of the film flow is about 
0.01 of the total mass flow rate of the liquid phase. 
Numerical predictions performed by Hewitt et al 
revealed the method to be slightly sensitive to small 
deviations of the initial steam quality from the value of 
0.01. 

Equation (11) cannot be solved analytically and, 
hence, a numerical method was used. As a result the 
function of the critical steam quality x,, vs the 
nondimensional coordinate Yz,, for selected values of 
K, n and V was obtained. The results are shown in Fig. 
2. Additionally, the Appendix presents the solution of 
equation (11) for the case, when various values of film 
flow rate at the beginning of the annular flow and at 
the end, when the crisis occurs, are taken into account. 
Calculation results are shown in Fig. Al. For the sake 
ofcomparison the results of the analytic solution of the 
simplified form of equation (11) with assumption of n 
= 1 and V g 0 are presented in Fig. 2. The above 
simplifications allow direct determination of the steam 
quality in the cross section of crisis (where the film 
disappears) as a function of nondimensional coor- 
dinate of boiling Yz,,. 

0.99 eA - (0.98 - 0.01 K) 1 
& = z 

G(eA - 1) + e‘4 
eA K+_ 

3 (16) 

A eA-1 

where 

A= 
l+K 
~ Yz,,. 

2 

For large values of K equation (16) takes a simpler 
form 

1 

xcr = 1 + 2/Yz,, 
(16a) 

similar to that determined experimentally by Silvestri 

PI. 
It is seen from Fig. 2 that the analytic solution of the 

simplified form of equation (11) given by equation (16) 
is similar to the numerical solution of exact equation 

FIG. 2. The generalized function x,JYz,,/predicted numerically for n = 0.8, V= 0.5 vs the simplified analytic 
solution for n = 1, V= 0 after equation (16). 
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(11). The further analysis is continued with the sim- detected and continuously recorded by several ther- 
plified model described by equation (16). mocouples attached directly to the wall. 

The parameter Y has a dimension [mm ‘1 and, as it 
follows from the analysis performed in [ 121, is a 

function of the typical parameters influencing the 

crisis : mass flux G, channel diameter da, viscosity of the 

gas phase pLc, specific volume of the gas phase I’~; etc. 

Moreover, other important parameters. i.e. tem- 

peratures, pressures and electric power supplied to the 

test section and to the heater were also recorded. 

Analytic determination of Y for given crisis con- 
ditions is rather difficult and it seems most reasonable 

to correlate that parameter on the experimental basis. 

The same stands for the parameter K in the formula for 
the mass transfer of entrainment e. 

In order to determine both of these parameters an 

experimental apparatus was built and the experiments 

with Freon 21 performed. 

The moment of the boiling crisis appearance was 

accompanied by increasing pressure oscillations and 
falling flow rate of the fluid. When the wall tempera- 

ture was rising above a certain fixed value (from 150 to 
250°C) a special crisis detector switched off heating. 

The experiments were carried out for the pressures of 

5.5, 10.6 and 15.0 bar for three selected mass fluxes of 
1000, 1750 and 3500 kg/m’,is. 

From these experiments the dependence of the 

critical vapor quality x,, vs the boiling section length 

=cr was established. The length of the boiling section 

was determined from the heat balance with an ad- 
ditional assumption of x,, = 0.01 at the beginning of 

the annular flow pattern. Subsequently, the curves 

predicted from the analytic model [equation (16)j 

were fitted to the experimental points using the least 

squares technique. 

THE EXPERIMENTAL INVESTIGATIONS 

OF FREON 21 

The experimental investigations were aimed at the 

verification of the analytic model presented m this 

paper and, in consequence, at correlating the para- 

meters Y and K in the analytic solution (16). 

The experiments were carried out with Freon 21 on 

the test apparatus schematically shown in Fig. 3. The 

test section was a stainless steel tube 4.220 m in length 
and 0.008m in internal diameter. The boiling crisis 

appearing in the experiments as a steep rise of the wall 
temperature in the upper part of the test section was 

Therefore, as a result of optimization computations 

based on equation (16) the best values of the para- 
meters K and Y were obtained. It was established that 
the parameter K for Freon 21 varies between 16 and 26 
and may be assumed to be a constant equal to 20. Such 
an assumption slightly affects the analytic curve i 16) 
and substantially simplifies further considerations. 

r 

L-- -1 ) 
.A 77% 

Frc;. 3. Layout of the experimental apparatus for the boiling crisis investigations. 1. vertical test section, 2. by- 
pass, 3. safety-valve, 4. horizontal test section, 5. condenser, 6. condensate measurement tank, 7. equalizing 
tank, 8. cooler, 9. circulation pump, 10. vacuum pump, 11. filter, 12. by-pass cooler, 13. orifice plate, 14. heater, 
15. main tank, 16. DC generators, 17. crisis detector, P, and P,,, pressure measurements, tl and I*, wall 
temperature measurements of the test section, tg and tlO, working fluid temperature measurements, G, mass 

flow rate measurements, AU,,, Opr I voltage and current measurement of the test section, AUP. I,, voltage and 
current measurement of the heater. 
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It was mentioned before that the parameter Y is the 
following function 

Y = Y(G,p, do,. . . ). (17) 

Moreover, this parameter may be affected by the 
other properties, not expressed in equation (17), but 
influencing deposition of entrainment process, e.g. 
surface tension cr. Dimensional analysis of Y provides 
the nondimensional number Yd dependent on the two- 
phase flow criteria1 numbers. The following expression 
for Yd, is proposed: 

The constants A, b and bl and the form of the function 
f(p/p,,) were determined from the experiments with 
Freon 21 so that the following formula for Yd, was 
obtained : 

In the experiments with Freon 21 the mass flux G 
and the pressure p were variable and the channel 
diameter do was constant. 

The comparison of the critical vapor quality x,, 
predicted from equation (16) with regard to equation 
(19) against the experimental results is shown in Fig. 4, 
from which it follows that 74% of the experimental 
points lie within the error limit of & 10% and all of 
them within f25 % error. 

THE COMPARISON OF THE EXPERIMENTAL 
RESULTS FOR FREON 21 AND FREON 12 

For the sake of com~~son the predictions after the 
model described here were carried out for the experi- 
ments with Freon 12 performed by Stevens [6]. 

Freon 12 is thermodynamically similar to Freon 21. 
On the base of the computed best values of K and Y the 
critical vapor quality x,, (z,,) was predicted after 
equation (16) and the results shown in Figs. 5-7. 

The results of predictions are in a very good 
agreement with the experiments, pa~icularly at lower 
mass fluxes. 

In the experiments mentioned above the mass flux G 
and the tube diameter do varied (d, = 5.3, 8.5, 
16.1 x lot3 m) and the pressure was kept constant. 
Relevant formula for Y for Freon 12 takes the form: 

(Ydo)F_12 = 1.805, ~O-3(~~.‘7 (~~1‘60, 

(20) 

where K takes similar values as before and was also 
assumed to be equal to 20. 

The comparison of the ex~rimental results of Freon 
12 with the predictions made after equation (16) with 
regard to equation (20) shows most of the points lying 
within error limits of + 15%. 

CONCLUSIONS 

The method presented seems to allow the fairly 
accurate predictions of the flow boiling crisis para- 
meters and, at the same time, is expressed by the 
relatively simple analytic formulas. 

The correlations established for K and Y [equations 
(19), (20)] are, at the moment, specific for each 
medium. 

It is hoped that continued theoretical and experim- 
ental research will result in a more precise identifi- 
cation and determination of these parameters and, 
possibly, general relationship valid for different media 
will be produced. 

This paper is to be understood as a proposal of the 
reduction of experimental data. ft also gives an insight 
into the flow boiling crisis phenomenon basing on its 
physical model. 

Frc;. 4. Critical vapor quality x,, vs nondimensional critical boiling length Yz,, after (16) and (20) in 
comparison with the experiment for Freon 21. (d, = 0.008 m, p = 5.5,10.6, 15.0 bar). x , ., +-G = 1000 
1750, 35OOkg/ds, p= 5.5 bar; 8, 0, e--G= 1000, 1750, 3SOOkg/m*s, p= 10.6 bar; a, q , B-G 

= 1000, 1750, 3500 kg/m’s, p = 15.0 bar. 
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FK. 5. Experimental results of the boiling crisis investigations of Freon-12 [6]. p = 10.6 bar, d,, = 0.053 m; 
O---G = 710kg/m2s,n --G = 815kg/m’s,~ -G = 1380kg/m*s, x -G = 16lOkg/m’s: wg 

[6], - --.--.---- - wg (16). 
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the equation (16) takes the following general form 

[l - $r<,(l + K)] eA + [x0 + sr,(l + K) - 11 + K/Ax,@” - 1) 
x,, = - 

K/&e” - 1) + eA 
W*) 

APPENDIX 

Let the equation (11) take the following form 

d$, 11 - $F - $rYI@E - kg,) ~ = s* _-._-- 1 

gEv+ 1 -$E-SF ’ 

where 

(IL*) 

where 

A= 
Yz,:(l + K) 

2 ’ 

gr,-initial film flowrate, 
xc-initial quality, 

gr~X-film flowrate at crisis conditions, 

the other quantities being equivalent to those in equation 
(16).Theinfluenceofthequantitiesgr0,x,,$,~,,shows Fig. Al. 

UN MODELE SIMPLIFIE DE ~EBULLITION CRITIQUE 

R&m&&n prisente un modele analytique de J’ebulfition critique avec ecoulement dans un espace 
annulaire/avec titre elevd de vapeur/et des resultats experimentaux sur le Freon 21. Le modele s’appuie sur 
l’analyse du mecanisme de l’assechement du film sur la paroi du canal et sur I’expression du bilan massique du 
film et du noyau au moyen d’equations differentielles. 

La solution de ces equations contient les parametres determines experimentalement car leur estimation 
thtorique soul&e de serieuses difficultis. 
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EIN EINFACHES MODELL DER SIEDEKRISE 

Zussammenfassung -~~ Es wird iiber ein analytisches Model1 der Siedekrise bei Ringstromung nut groben 
Dampfgehalten und iiber eigene experimentelle Ergebnisse mit Freon 21 berichtet. Das Model1 basiert auf 
der Berechnung des Austrocknungsprozesses des Films an der Kanalwand, wobei die Massenbilanz fiir den 
Film und die Kernstromung mit Hilfe van Differentialgleichungen bestimmt wird. Die Losung dieser 
Gleichungen enthalt experimentell bestimmte Parameter, da deren theoretische Bestimmung mit grogen 

Schwierigkeiten verbunden ist. 

YIlPOIIIEHHAfl MOAEJIb KPI43MCA KMIIEHMIl 

AtmoTamw HpeanoXeea aua,nrrmieckas Molrenb ~pmrtca ufneHm npu 'I‘eqeHm Y&~JKOC‘ I II H Ko~b- 

ueBoM KaHajle (npa 60nbmMx napoco~epmatfwsx) H npeacTaBneHb1 3KcnepmfeHTmbHbte ,laHHble no 

KmeHmo +peom 21. Monenb. paspa60ranHan M~XO;IR ~3 ananwa npottecca BblcbrxaHHfl u;Iemw ~a 
cTeHKe KaHana, OCHOB~HL~ Era 6aaatfce noroKoB Maccbf B me!fKe li nape. npencTas_ielfHov B wf:Ie 

~kI@C$epeHUHa~bHbIX ypaEHcHHti. B pelllcHMe)TMXyPaBHeHIliiBXOaRI 3KCnepMMeHTa.lbHOO~pe;Ie.75feMbIe 

napabfeTpbi.TeoperwecKGi pameT KOTOpbIX npellcTaBnneT Cepb@?HbIe rpyilHocT&f 


