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Abstract-Measurements of critical heat flux and rate of droplet entrainment due to bubble bursting are 
made with boiling liquid films flowing downwards on the outside surface of a uniformly heated vertical tube. 
The critical condition occurs first at the exit end of the heating section. The critical heat flux shows three types 
of characteristics by increasing the liquid film flow rate at the exit end of the heating section. The data are 
expressed in terms of the film flow rate and the film Weber number at the exit end. The relationship between 

the droplet entrainment rate and the evaporation rate of the film is also discussed. 

NOMENCLATURE 

diameter of heating section ; 
entrained droplet flow rate; 
acceleration of gravity; 
heat transfer coefficient ; 
heat of vaporization ; 
length of heating section; 
boiling length ; 
liquid film flow rate ; 
droplet entrainment rate; 
heat flux ; 
film Reynolds number, Re = 4r/p(, ; 
liquid velocity ; 
mean velocity of liquid film ; 
distance from wall surface; 
film thickness; 
film thickness at a mean flow rate. 

Greek symbols 

l-9 liquid film flow rate per unit periphery; 

PI9 liquid viscosity, pr = pI vr ; 

Pep vapor density; 

PI9 liquid density; 
0, surface tension; 

rlv, wall shear stress ; 
A 4’9 contact angle, superficial contact angle. 

Subscripts 

c, critical heat flux condition ; 
ex, exit end of heating section; 
in, inlet end of heating section. 

1. INTRODUCTION 

BOILING heat transfer to ‘liquid films and film break- 
down associated with increasing heat flux have been 
studied [l, 21 in connection with thin film evaporators 
and cooling systems of high temperature surfaces, and 
also studied [3, 43 with a view to obtaining an 
understanding of the critical heat flux phenomenon 
which is especially important in high performance flow 
boiling systems. In a system of a liquid film flowing on 

a heated surface, the film flow rate decreases as the film 
flows down along the surface by evaporation and 
droplet entrainment due to bubble bursting through 
the film. When the heat flux is increased under such 
conditions, the liquid film flow rate at the exit end of 
the heating section decreases progressively, and a 
point-the so-called critical heat flux condition-is 
reached where a sharp rise in surface temperature 
begins near the exit end of the heating section. 

In this study, measurements were made of the 
critical heat flux and the droplet entrainment rate with 
falling liquid films flowing downwards on the outside 
surface of a uniformly heated vertical tube. The test 
liquids used in this study were water, fluorocarbon 
R-l 13 and R-l 1 at near atmospheric pressure. When the 
film flow rate at the exit end of the heating section was 
reduced to some value near zero, the sharp rise in wall 
temperature took place due to formation of stable dry 
patches in the thin film at the exit end. Fujita and Ueda 
[4] investigated this case with saturated water films. 
However, in case of high film flow rates and high heat 
fluxes, a sharp rise in wall temperature even occurred 
when a considerable amount of liquid existed at the 
exit end of the heating section. Therefore, the relation 
between the critical heat flux and the exit film flow rate 
was examined. 

It has been noted that droplets are formed when 
vapor bubbles burst on the vapor-liquid interface [S, 
61, however, experimental data are limited on the 
droplet entrainment from boiling liquid films. The 
droplet entrainment rate seems to be related closely to 
the boiling situation on the heated surface. In this 
paper, the relation between the droplet entrainment 
rate and the evaporation rate is discussed based on the 
data obtained. 

2. APPARATUS AND PROCEDURE 

A schematic diagram of the apparatus is shown in 
Fig. 1. The test section was composed of an intake 
region made of copper rod, a heating section and a 
copper tube. The tube was silver-soldered to the lower 
end of the heating section, and arranged vertically in a 
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FIG. 1. Schematic diagram of experimental apparatus. 

glass tube of 96mm I.D. The length of the intake 
region was 400 mm. The heating section, a stainless- 
steel tube of 8.0 mm O.D. and 180 mm long, was heated 
uniformly by passing an alternating current through it. 

The liquid heated near the saturation temperature, 
the degree of subcooling being about 4”C, passed 
through a porous sintered tube and flowed, as a film, 
down the outside surface of the intake region and the 
heating section. Most of the droplets dispersed from 
the film deposited on the outer glass tube and flowed 
down along the surface. The liquid film flowed down 
the exit end of the heating section was separated from 
the droplets with a separating cup of 22 mm I.D. near 
the exit end of the heating section. The vapor generated 
from the heating section was led downwards in the 
glass tube and exhausted to a condenser. 

To measure the wall temperature of the heating 
section, three thermocouples were fitted to the inner 
surface at distances of 30, 130 and 170 mm from the 
upper end of the heating section. The outer surface 
temperature was evaluated taking into account the 
temperature drop through the tube wall. The sharp rise 
in wall temperature was detected by the thermocouple 
located at 170 mm (10 mm above the exit end of the 
heating section). 

The liquid film flow rate at the exit end of the heating 
section decreased with increasing power input to the 
heating section. Under the condition of the inlet flow 
rate kept at a given value, the power input was 
increased step-by-step at small increments until the 
sharp rise in wall temperature took place. At each 
power level, measurements were made of the wall 
temperature and the film flow rate at the exit end. The 

critical heat flux was determined as a heat flux just 
before the sharp rise in wall temperature. As for the R- 
113 films, measurements were also performed by 
reducing the inlet liquid flow rate under a constant 
heat flux. Experimental ranges of the inlet film Rey- 
nolds number Re, and the heat flux q were as follows: 
Rein = 1400 - 13400andq - 1.1 x 106Wm-‘for 
water; Re,, = 500 - 15 1OOandq - 0.8 x lo5 W mm2 
for fluorocarbon R-l 13, and Rein = 1100 - 14 400 and 
q - 1.1 x 105W mm2 for R-11. 

3. BOILING HEAT TRANSFER 

Heat transfer to the film flow in the developed 
nucleate boiling region was measured at a location 
130 mm downstream from the upper inlet end of the 
heating section. Figure 2 shows the results obtained at 
atmospheric pressure, where the heat transfer coef- 
ficient h is plotted against the heat flux q. The value h is 
in proportion to four-fifths the power of q and 
insensitive to the film flow rate. 

Nishikawa and Fujita [7-91 proposed correlations 
of the nucleate boiling heat transfer for pool boiling 
systems. The dotted lines for water in Fig. 2, which 
were derived from the correlation for a high heat flux 
range, represent the relations for the characteristics 
length of the heating surface R being 0.04, 0.02 and 
0.01 m, respectively. The dotted lines for R-l 13 and R- 
11 show the experimental results obtained by Ni- 
shikawa, Fujita and Hidaka [lo] for pool boiling of a 
high heat flux range with a horizontal upward heating 
surface of R = 0.02 m. The nucleate boiling heat 
transfer coefficient for falling films is then regarded as 
to be similar to that for pool boiling. 

4. CRITICAL HEAT FLUX IN FALLING LIQUID 
FILMS 

4.1. Experimental results 
Figure 3 shows the critical heat flux plotted against 

the liquid film flow rate at the inlet of the heating 
section 

The critical heat flux increases with increasing inlet 
film flow rate : steeply for a range of low flow rates and 
gently for high flow rates. The dotted lines indicate, for 
reference, the values 

required for complete evaporation of the liquid film. 
The sharp rise in wall temperature took place always 

at the exit end of the heating section. it will be, 
therefore, needed to consider the relation between the 
critical heat flux and the exit film flow rate 

r,, = M,,,lnD. 

Figure 4 shows the relationships. As is seen in this 
figure, characteristics of the critical heat flux can be 
divided into three types in order of increasing the exit 
film flow rate. 
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RG. 2. Heat transfer coefficient in nucleate boiling region. 

The critical condition of the type I was mainly 
observed in the experiment made by Fujita and Ueda 
[4] with long heating sections. There, the exit film flow 
rate decreased with increasing heat flux, in a state of 
relatively uniform film around the tube periphery, to a 
very low value in a range of r,, = 0.01-0.02 kg m- 1 s- l, 
and then the critical condition took place by forming a 
large permanent dry patch at the exit end of the 
heating section. Therefore, it can be considered that 
thecritical condition of type I occurs when the exit film 
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FIG. 3. Critical heat flux and inlet film flow rate. 

flow becomes less than the minimum wetting rate, i.e. 
the minimum liquid flow rate required to wet the 
surface after formation of a dry patch. In the situation 
of the ~nimum wetting rate, the dynamic force of the 
thin film balances with the surface tension at the upper 
end of the dry patch, as shown in Fig. 5. In practice, the 
dynamic force is fluctuating with time by wave motion 
on the film. Then, the force balance for the dry patch 
being permanent will be given by 

where I$ is the contact angle. Therefore, once the film of 
flow rate less than the minimum wetting rate is 
disrupted, the liquid can no longer re-wet the surface 
and the wall temperature can rise sharply regardless of 
the heat flux level. 

The critical phenomena of types II and III were 
observed in the present experiment. In the region of 
type II where the critical heat flux increases with 
increasing the exit film flow rate, the liquid film 
involving vapor bubbles was distorted around the tube 
periphery as the heat flux increased [Fig. 6(a)], and a 
large stable dry patch giving rise to the sharp rise in 
wall temperature was formed in a thinned film area. In 
the region of type III, on the other hand, there was a 
considerable amount of liquid flowing at the exit end. 
The film flowed down covering the tube periphery 
almost entirely. When the heat flux was increased near 
the critical value, the main part of the film on the exit 
end of the heating section appeared to be separated 
from the heating surface. In this condition, the heating 
surface, observed occasionaIly through disrupted por- 
tions of the main film, was covered with a thin liquid 
film with nucleate boiling, as is seen in Fig. 6(b-2). This 
state of the thin film was maintained until the heat flux 
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FIG. 4. Relation between critical heat flux and exit film flow rate. 

was raised to the critical value, however, when the heat 
flux increased over the critical value, the sharp rise in 
wall temperature occurred accompanied with local 
boiling up of the thin film. 

The thin film left on the surface has fairly high 
cooling capacity, but its capacity decreases with 
decreasing its flow rate by evaporation. Therefore, it is 
difficult to specify the liquid film flow state at the 
critical heat flux condition of type III. However, it may 
be possible to consider that an essential phenomenon 
in the process to reach the critical condition of type III 
is the main film separation, although the film separ- 
ation starts at a heat flux lower than the critical value. 

4.2. Discussion and correlation 
For discussing the liquid film flow rate at critical 

condition, it is useful to introduce the mean velocity 
and thickness of the liquid film. The film flow rate per 
unit periphery 

r = P&Yi (2) 

FIG. 5. Steady dry patch. 

is expressed as 

r=p,j;udY=p,j;uidY+ (3) 

where 

7, i( > 
0.5 

0 
0.5 

u+=u - 
PI 

, y+=;z . 

If it is assumed that no vapor bubble is involved in 
the film and the velocity distribution in the film can be 
approximated by the universal velocity profile, the 
following well-known results are obtained 

r/P, = (YlV12 y:<5 

l-/p, = 12.5 - 8.05 y: + 5~: In y: 5 sy: < 30 (4) 

l-/p, = - 64 + 3~: + 2.5~’ In Y: y+ 2 30. > 

Therefore, the non-dimensional film thickness 

(5) 

is found from the measured film flow rate. For the 
falling liquid films, the wall shear stress is given by 

7, = WY, (6) 

Then, the thickness and mean velocity of the liquid film 
can be obtained by the following equations 

y, = (hYi+Y 4 1 li3 
9 ’ 

u, = r 
PlYi’ 

(7) 

An attempt was made to correlate the critical heat 
flux to the film thickness Y,~ and the mean film velocity 
u, thus derived for the measured exit film flow rate at 
the critical condition TeXC. 

4.2.1. Region of type I. As mentioned before, the 
boundary of the region I seems to be connected with 
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FIG. 6. Liquid film flow in regions II and III. 

the minimum wetting rate for falling films. Norman 
and McIntyre [ll] measured the minimum wetting 
rate and found to be about T = 0.01 kg m-i s-i for 
isothermal water films. However, it is noted that this 
rate is affected by many factors [ 12,131. Therefore, it is 
difficult to predict the upper limit of the region I 
definitely, but the limiting value is estimated from Fig. 
4 to be about 0.02 kg m- ’ s- ’ for water films. This 
condition of roXc = 0.02 kg m- ’ s- ’ for saturated 
water films can be expressed by applying the mean 
velocity and film thickness as follows: 

pr&yiJa = 0.06. (8) 

This equation may be used tentatively as a boundary 
of the region I. This boundary is corresponding to put 

the superficial contact angle 4’ = 15” in the following 
expression 

p,ui,y,/2 = a( 1 - cos 4’). 

4.2.2. Region of type ZZ. In this region, the dynamic 
force of the film averaged around the tube periphery is 
in the relation of 

~&,yid2 > a(1 - cos 4’). 

However, when the evaporation rate of the film, q/h,, 
= psue, was increased, the boiling film distortion and 
local thinning of the film were observed. The sharp rise 
in wall temperature took place usually by forming a 
large dry patch in a thinned film area. The boiling film 
distortion appeared to be caused by non-uniformity of 
nucleation sites on the heated surface. 
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Based on the observation, a ratio of the evaporation of averaged film to the surface tension, p,u&y,,/a, is 
rate at the critical condition, q,lh,, = (~~a&, to the exit high. Figure 7 shows the correlation between the two 
flow rate, plum, was considered. Since the critical ratios mentioned above. Then, the critical condition 
condition of type II occurs by film disruption due to data in the region II was expressed as 
appearance of a large stable dry patch in a distorted 
film, a high evaporation rate will be required to reach 4dhfrr _ ~ - 6.00x lo- 
the critical condition when a ratio of the dynamic force PI%, 
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The dotted lines in Fig. 7 are those for the data in the 
region III. A point showing the highest heat flux in the 
region I was obtained accidentally with a less distorted 
film. It is interesting to note the point is on an 
extension of the dotted line for water films. 

4.2.3. Region of type III. Kutateladze and Leontiv 
[14] considered a stream of density p0 and velocity U0 
flowing on a permeable flat plate with fluid injection, 
and gave the critical injection rate for boundary layer 
separation from the plate as follows : 

(PinUin)c = 2fpOu0 (10) 

where, pin and U,, are the density and velocity of the 
injected fluid, and f is the friction factor for the main 
stream without fluid injection. On the basis of this 
concept, Tong [15] presented a semi-empirical cor- 
relation for the critical heat flux condition in the 
following form 

qch _ 
x - f(x) Re;0,6 (11) 

where U, is the main stream velocity, f (x) is a function 
of the bulk quality and Re, is the liquid Reynolds 
number. 

Equation (11) is the one proposed for the critical 
condition in subcooled and low-quality regions, and is 
not for that of film flow boiling. However, such a 
method to express the ratio of the evaporation rate to 
the liquid flow rate in terms of some flow parameters as 
equation (11) seems to be useful to correlate the critical 
heat flux in film flow boiling with main film separation. 
Katto and Ishii [16] measured the critical heat flux 
with a saturated liquid jet flowing over high heat flux 
surfaces of L = 0.01 N 0.02 m, and showed the critical 
condition data were well correlated, irrespective of 
the liquid jet thickness, by the following equation 

(12) 

where u, denotes the velocity of the liquid jet. 
Taking into account the results mentioned above, 

the present data in the region III were plotted on the 
coordinates shown in Fig. S(a). The abscissa represents 
the Weber number of the exit film flow defined for the 
heating length 

We = p,u& Lfa. 

The critical heat flux is supposed to depend mostly on 
the local flow parameters at the exit end of the heating 
section, In the correlation of Fig. 8(a), the exit film 
velocity u, is used, however, this value is the one de- 
rived by neglecting the vapor bubbles in the film. The 
liquid film in the region of type III involves many 
bubbles in it. The bubble density or void fraction in the 
film will have an important effect on the critical 
condition and also on the film separation. Visual 
studies of the film flow showed a clear trend of the 
bubble density to increase along the heating length. 
This trend is suggesting that the heating length has an 

effect not only on the exit film flow state but on the 
critical heat flux. By this reasoning, the Weber number 
defined for the heating length is introduced to correlate 
the critical condition of the type III. 

As is seen in Fig. 8(a), the critical condition data in 
the region III can be expressed as 

%Jhf, _ (13) o.0135 L!$“” (!G\-“‘33. 

P&lC \Pll \ 0 I 

This equation is similar to equation (12) of Katto 
and Ishii, however, somewhat different in its definition. 
The liquid velocity u, in equation (12) denotes the 
value at the inlet of the heating section. For comparing 
with equation (12) the present data of type III were 
also plotted on the coordinates of (qJh/g)/prUin and 
p,uln2L/u, as shown in Fig. 8(b). Here, urn represents the 
mean film velocity derived by equations (4)-(7) for the 
inlet film flow rate Iin. The present data agree well with 
equation (12) in spite of a great difference in heating 
length used in the tests. This fact along with the visual 
observation of the film flow state suggests, as well as 
the case of Katto and Ishii, that the critical condition of 
the type III is closely connected with the main film 
separation resulting from high vapor generation on the 
heated surface. 

The boundary of the regions II and III can be 
expressed as the intersection of equations (9) and (13) 
as follows : 

(P$” (W+)-“3:’ (yLiO Lo.-) =4.44x 10-4. 

(14) 

5. DROPLET ENTRAINMENT RATE 

The droplet flow rate dispersed by boiling was 
calculated from the following equation by applying the 
film flow rates Iin and IeX measured at the inlet and 
exit of the heating section and the heat flux q 

D,, = nD(T, - I-,,) - nDLA/h,, (15) 

and the droplet entrainment rate per unit surface area 
was derived by 

mEB = DEB/(ICDLs) (16) 

where L, is the tube length from the location where the 
bulk temperature of the film reaches the saturation 
value to the exit end of the heating section. Since the 
temperature of the liquid supplied to the test section 
was a little lower than the saturation temperature, 
there was a subcooled region in the heating length. The 
length of the subcooled region was short and we could 
approximate as L x L, in case of high heat fluxes near 
the critical condition, however, the length was not so 
short in case of low heat fluxes. Then, the boiling length 
L, was used for determining the droplet entrainment 
rate. For measuring the exit film flow rate, three 
different separating cups of 18,22 and 26 mm I.D. were 
tested. The difference among these measured values 
was generally small, then, the data obtained with a cup 
of 22 mm I.D. were used for this calculation. 
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FIG. 9. Droplet entrainment rate. 

Figure 9 shows data of the droplet entrainment rate 
thus derived. The droplet entrainment rate is in 
proportion to the 2.5 power of heat flux, and shows a 
trend to increase with increasing liquid film flow rate 

Tin. The data of Petrovichev et al. [17] are plotted in 
this figure for reference, which were obtained for water 
films with a stainless-steel heating section of 9 mm 

O.D. and 50 mm long. 
The data shown in Fig. 9 are separated widely 

according to properties of the liquid film. Comparison 
of these three curves suggests that the droplet rate is 
affected by the superficial vapor velocity ug as well as 
the evaporation rate, pgus = q/h,,. Then, an attempt 
was made to correlate the ratio of the droplet rate to 
the evaporation rate, m,,/(q/hf,), to the vapor Weber 
number 

(171 \- I 

u UPC3 

where yi, denotes the film thickness obtained by 
equations (4)-(7) for the mean film flow rate, I-,,, = (I-, 
+ I-J/2. Figure 10 shows the results in which the data 
are correlated by the following. equation 

where C is a constant, C = 4.77 x 10’ for water, C = 
6.63 x 10’ for R-113 and C = 1.33 x 10’ for R-11. 
The reason is not clear why the value C is dependent 

on the liquid, however, as in case of nucleate boiling 
heat transfer [18], it seems to be related to such factors 

as the nucleation site density described by the 
liquid-surface combination. 

6. CONCLUSIONS 

From the experimental data and discussion on the 
critical heat flux and the droplet entrainment rate in 
boiling of falling liquid films, the following conclusions 
are obtained : 

(1) The critical heat flux condition occurred at the 
exit end of the heating section can be divided into three 
types according to the exit film flow rate. 

Type I: The critical condition is caused by a 
reduction of the exit film flow rate to an extremely low 
value near zero, irrespective of the heat flux added. 

Type II : The boiling film is distorted and the critical 
condition takes place by forming a stable dry patch in a 
thinned film area near the exit end. 

Type III: The critical condition seems to be as- 
sociated with main film separation resulting from high 
vapor generation on the heated surface. 

(2) For correlating the critical condition data, 
equations (9) and (13) are derived experimentally for 
the regions of type II and type III, respectively. 

(3) Droplet entrainment rate in liquid film boiling 
depends strongly on the evaporation rate and shows a 
trend to increase with increasing film thickness. The 
data are correlated in a form of equation (18). 
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FLUX DE CHALEUR CRITIQUE ET TAUX D’ENTRAINEMENT DES GOUTTELETTES DANS 
DES FILMS LIQUIDES EN EBULLITION 

RCume-Des mesures de flux de chaleur critiques et de taux d’entrainement de gouttelettes dik a 
I’iclatement de bulles sont effectuees sur des films liquides en ebullition qui descendent le long de la surface 
externe d’un tube vertical uniformement chaulfe. La condition critique s’obtient en premier a I’extremitt de 
sortie de la section de chauffage. Ce flux de chaleur critique correspond a trois types de caracteristiques de 
facon a augmenter le debit du film liquide a l’extremite de sortie, et les donnees sont exprimies en fonction du 
debit du film et du nombre de Weber du film a la section de sortie. On discute aussi la formule entre le taux 

d’entrainement de gouttelettes et le taux d’evaporation du film. 

KRITISCHE WARMESTROMDICHTE UND TROPFENBELADUNG BEIM SIEDEN VON RIE- 
SELFILMEN 

Zussammenfaswng-An siedenden Rieselfilmen auf der AuBenseite gleichfbrmig beheizter vertikaler Rohre 
wurden Messungen der kritischen Wlrmestromdichte und der Tropfenbeladung durch das Aufplatzen von 
Blasen durchgefiihrt. Die kritische Bedingung tritt zuerst am Ende der Heizstrecke auf. Die kritische 
Wlrmestromdichte zeigt bei VergroRerung des Filmmassenstroms am Ende der Heizstrecke drei charakter- 
istische Erscheinungsformen; die Versuchswerte werden mittels des Filmmassenstroms und der Film-Weber- 
Zahl am Austritt dargestellt. Weiter wird die Beziehung zwischen der Tropfenbeladung und der 

Verdampfungsgeschwindigkeit des Films behandelt. 

KPUTHVECKHH TEIIJIOBOH IIOTOK M CKOPOCTb YHOCA KAIlEJIb HPM 
KMIIEHMM CTEKAIOIIIHX HJIEHOK )KKMAKOCTH 

AHHOTaIWfI ~ npOBeneHb1 A3MepCHWI BeJIHWHbl KpHTHHeCKOrO TeIIJIOBOrO IIOTOKa A CKOpOCTLi yHOCa 

Ka”e,Ib “pII pa3pbIBe IIyJbIpbKOB B CJIy’Iae KBIIeHHa IIJIeHOK WILIKOCTH, CTeKaIOmHX BHHJ “0 BHeIIIHeii 
IIOBepXHOCTH paBHOMepH0 HarpeBaeMOti BepTHKanbHOii Tpy6bI. RpHTHHeCKOe yCJIOBHe B03HHKaeT 
aHaHane Ha BbIxone w3 HarpeeaeMoro yracTKa. RpHTHYeCKHfi Tennonofi nOTOK xaparrepasyerca 
TPCMP OTJIH’IHTe~bHbIMB OCO6eHHOCTaMH, KOTOpbIe Ha6nIonaIoTca rI0 Mepe yBeJIIi’IeHHa CKOpOCTH 
Te’IeHHa XWIKOfI IIJIeHKH Ha BbIXOLIe 83 HarpeBaeMOrO yYaCTKa. DOJIyHeHHbIe pe3yJIbTaTbI BbIpaxeHbI 
Hepe3 CKopoCTb TeHeHHIl IIJIeHKA A WCJIO Be6epa nna rIneHKW Ha BbxXOAe 83 yHaCTKa. 06CyWIaeTCH 

COOTHOIIIeHHe Mexrfy CKOpOCTbIO yHoca Kanenb II CKOpOCTbIO HcnapeHwn nneHKH. 


