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Abstract-Critical heat flux and liquid film flow rate at exit end of the test tube are measured with Freon 113 
upward flow in a uniformly heated tube. The exit film flow rate at the critical heat flux condition is near to 
zero in all cases of the exit qualities higher than 50”%, however, the exit film flow rate tends to increase as the 
heat flux is increased and the exit quality decreases less than 50%. A correlation is proposed for the critical 
condition with high heat fluxes, suggesting that the liquid film separation from the heated surface by vapor 
generation takes an important part of the critical phenomenon. 

NOMENCLATURE 

droplet concentration; 

tube diameter ; 
mass velocity; 

heat of vaporization; 

heat transfer coefficient ; 
droplet deposition coefficient; 

heating length ; 
boiling length ; 
liquid film flow rate; 

pressure ; 
heat flux ; 
temperature; 

liquid velocity ; 
mean velocity of liquid film at exit end of 

heating section ; 
quality; 

liquid film thickness; 

non-dimensional film thickness; 

tube length. 

Greek symbols 

r, liquid film flow rate per unit periphery, r 

= MJzD; 

&7* vapor viscosity; 

PI, liquid viscosity, p[ = plvl; 

Pug vapor density ; 
PIT liquid density; 

Q, surface tension ; 

L. x,,, 
shear stress ; 
Lockhart-Martinelli parameters. 

Subscripts 

c, critical heat flux condition ; 
ex, exit end of heating section ; 
in, inlet end of heating section ; 
s, saturation condition ; 
W, wall surface. 

1. INTRODUCTION 

THE CRITICAL heat flux in flow boiling systems gives a 

most important design boundary in such high perfor- 

mance heat exchangers as steam generators and 

nuclear reactors. A great deal of work has been made 

on this problem, however, a complete understanding 

of the mechanisms of the critical heat flux condition is 

not yet obtained. 

For uniformly heated tubes in which a liquid is 

vaporized, the critical heat flux condition occurs first 

at the exit end of the tube. It has been noted that the 

mechanism of the critical condition varies according to 

the exit vapor quality. The mechanisms usually con- 

sidered are DNB (departure from nucleate boiling) for 

a region of low exit qualities and dryout for a region of 

high exit qualities [l]. However, there is uncertainty as 

to the boundary between the two regions, and also it 

may be possible to consider several mechanisms that 

lead to the occurrence of the clitical condition in the 

high quality annular flow region. 

By making measurements of the film flow rate of a 

climbing liquid film on a heated rod, Hewitt et al. [2] 

demonstrated that the critical condition occurred 

when the film flow rate decreased smoothly to zero. 

This concept was confirmed by the succeeding work of 

Hewitt et al. [3, 41 for the usual forced flow boiling 

systems of a subcooled liquid at the tube inlet over a 

range of heat fluxes. Whalley, Hutchinson and Hewitt 

[5] proposed a method for calculating the critical heat 
flux taking into account droplet interchange between 

the annular liquid film and the vapor core along the 

tube length. In this method, the critical condition was 

assumed to occur when the liquid film flow rate at the 

exit end fell to zero. Ueda, Tanaka and Koizumi [6] 

made measurements of R-113 high quality flow in a 

uniformly heated tube with relatively low heat fluxes, 

and showed that the location of a sharp rise in wall 

temperature coincided well with the location pre- 
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dieted the liquid film flow rate to be zero. 
However, it seems to be possible to assume another 

mechanisms of the critical condition than the liquid 
film dryout mentioned above, in the case of high heat 
fluxes where intensive nucleate boiling takes place 
under the liquid film. Todreas and Rohsenow [7] 
suggested the critical condition by nucleation-induced 
disruption of the annular liquid film, in connection 
with the upstream critical condition for non-uniform 
axial heat flux distributions. Ueda and Kim [8] 
measured the critical heat flux and the liquid film flow 
rate at the exit end of the heating section with R-l 13 
upward flow in a uniformly heated tube of 10 mm I.D. 
and 2.45 m long. The result showed that the exit film 
flow rate at the critical condition was near to zero for 

low heat fluxes, however, it revealed a trend to increase 
with increasing critical heat flux over a certain value. 
This trend has been found, although not so clear. in the 
data of AERE Harwell [9] and also in the data of 
Staniforth and Stevens [lo] obtained with R-12 
upflow. 

Ueda, Inoue and Nagatome [ 1 l] investigated the 
critical heat flux and the exit film flow rate with boiling 

liquid films falling down on outside surface of a vertical 

tube heated uniformly, and divided the characteristics 

of the critical heat flux into three types according to the 
exit film flow rate as follows: 

Type I: The sharp rise in wall temperature occurs 
due to a reduction of the exit film flow rate to an 

extremely low value. 
Type II: The boiling film is distorted and critical 
condition takes place by film disruption, i.e. 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. 

Then, the present study was undertaken to examine 
the relationship between the critical heat flux and the 
exit film flow rate for a forced flow boiling system with 
high heat fluxes. With a view to attaining an insight 

into the mechanism, the characteristics of the critical 
heat flux were discussed comparing with those ap- 
peared in boiling of falling films. Measurements were 
made with a uniformly heated tube in which R-l 13 was 
vaporized from subcooled liquid at the inlet to a 
relatively high quality at the exit. 

2. APPARATUS AND PROCEDURE 

A flow diagram of the apparatus is shown in Fig. 1. 
The test section arranged vertically is a stainless-steel 
tube of 10.0 mm I.D., 12 mm O.D., and the heating 
section is 1.50 m in length. Fluorocarbon R-l 13 liquid 
in a storage tank was supplied by a circulating pump to 
the test tube through a preheater, and flowed upwards 
in the test tube. The test tube was heated uniformly by 
passing an alternating current through it, and the axial 
temperature distribution was measured with thirty- 
two thermocouples fitted along the tube length. 

At the exit end of the test tube, a part of the liquid 
flows as an annular film on the wall surface and the 
remaining liquid is entrained in the vapor flow as 
droplets. For measuring the liquid film flow rate at the 
exit end, a method was used to extract the liquid film 
through a porous sintered tube of 10mm I.D. and 
70 mm long provided in the upper tube. For reference, 
the other method to remove the liquid film through a 
gap provided between the exit of the heated tube and 
the inlet of the upper tube, which was the same one used 
by Ueda and Kim [8], was also applied for some mass 
flow rate conditions in case of xin = -0.178. 

The exit film flow rate decreased with increasing 
power input to the heating section. The power input 
was increased in small steps keeping the inlet liquid 
subcool and the liquid flow rate at a set of values, until 
a sharp rise in wall temperature was observed at the 
exit end of the heating section. At each power level, 
measurements were made of the wall temperatures and 
the exit film flow rate. Figure 2 shows variations of 
heat transfer coefficient with quality obtained at heat 
fluxes a little higher than the critical condition at the 
exit end of the heating section. The heat transfer 

coefficient was derived by 

(I) 

where, T, is the inner surface temperature calculated 

from the measured outer surface temperature, and T, 
is the mean bulk fluid temperature which was assumed 
to be T, in the saturated region. The inlet pressure of 

the test tube was maintained at a value pin = 3.2 x lo5 
Pa through this experiment. The experimental ranges 

covered are 

Mass velocity G = 350- 1700 kg mm2 s- ’ 

Heat flux q = (0.4- 1.8) x lo5 W mm2 

Inlet quality .xin = -0.178 and -0.325. 

3. CRITICAL HEAT FLUX AND EXIT QUALITY 

The power input to the heating section was in- 
creased step by step under constant inlet conditions, 
and the critical heat flux q,-the heat flux just before 
the sharp rise in wall temperature-was measured. 
Figure 3 shows the critical heat flux plotted against the 
exit quality calculated by 

4Lqc X exe = Xin + GDh,,’ 

The solid plots in this figure are the data of Ueda and 
Kim [S] obtained with a heating section of L = 2.45 m. 

In the scope of the present experiment, the heat 
transfer in a high quality region revealed, as is shown in 
Fig. 2, the characteristics in forced convection evap- 
oration, i.e. a trend to increase the heat transfer 
coefficient with increasing quality. Therefore, the flow 
pattern in the downstream part of the tube was 
estimated to be annular type. 
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FIG. 1. Schematic diagram of experimental apparatus. 
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FIG. 2. Variation of heat transfer coefficient along tube length. 
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FIG. 3. Relation between critical heat flux and exit quality. 

Figure 4 represents a flow pattern map derived from 
the Baker chart [12] for R-113 at 2.75 x lo5 Pa, a 
mean pressure at the exit of the tube in this experiment. 
The open symbols plotted in this figure indicate the 
exit qualities at the critical condition. This figure is also 
suggesting the flow pattern near the exit end to be 
annular or annular-dispersed flow, even in case of high 
mass velocities and relatively low exit qualities. The 
solid plot shows the quality at the location where the 
heat transfer coefficient changes its characteristics 
from nucleate boiling of a near constant value to forced 
convection evaporation (Fig. 2). 

Katto [13-161 has investigated the critical heat flux 
data for force flow boiling in uniformly heated tubes, 
and proposed generalized correlations dividing the 
critical heat flux into four characteristic regimes, called 
L, H-, N- and HP-regimes. Figure 5 illustrates com- 
parison of the present data with the Katto’s cor- 
relations for the basic critical heat flux. The numerals 
attached to the data points indicate the value of LJD, 
where L, is the boiling length, i.e. the tube length from 
the location of x = 0 to the exit end of the heating 
section. Most of the present data are ranged in the 
H-regime, excepting the data for the lowest mass 
velocity which are belonging to the L-regime. The 
present result shows a little lower values, however, is in 
good agreement with the correlations in a trend. 

4. LIQUID FILM FLOW RATE AT EXIT END 
OF HEATING SECTION 

For measuring the exit film flow rate, a method with 
a porous sintered tube was used to extract the liquid. In 
this method [17], some amount of vapor were extract- 
ed with the liquid. The liquid extraction rate increased 
rapidly at first and then tended to level off with 
increasing vapor extraction rate. The level of the 

plateau in the curve was considered as the liquid film 
flow rate at there. 

The liquid film flow rate at the exit end of the heating 
section was obtained by subtracting the droplet de- 
position rate in the unheated tube of 264mm long, 
installed between the exit end and the sintered tube, 
from the measured film flow rate. The variation of the 
film flow rate along the unheated tube is expressed by 

dM, = KDKC 
dz 

R-113 
P=2.75 bar 

0 x;,= -0.178 

kA Annular 1 

.: A "'= -0.325 

m 
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FIG. 4. Flow pattern map. 
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where K is the droplet deposition coefficient and C is 
the mean droplet concentration in the vapor core. The 
value of K was evaluated from an empirical equation of 
Ueda, Tanaka and Koizumi [6]--equation (14) in the 
paperderived for K under similar experimental 
conditions of R-113 to the present test. The deposition 
rate thus calculated for the unheated length ranged 
from 0.5 to 3.0 kg h-r. A correction was also made, 
though it was a small value, of the extracted liquid 
evaporation due to a pressure drop through the 
sintered tube. 

Figure 6 shows the results of the exit film flow rate 
obtained for the inlet qualities xin = -0.178 and 
-0.325. The exit film flow rate decreased steadily as 
the heat flux was increased. A solid symbol plotted at 
the end of each curve represents the exit film flow rate 
at the critical condition. The points of symbol x in the 
figure for xin = -0.178 indicate the data at the critical 
condition measured with a gap device instead of the 
sintered tube. The present results show clearly that the 
exit film flow rate at the critical condition increases, as 
with the result of Ueda and Kim [8], with increasing 
heat flux when the heat flux is higher than about 
lo5 W m-‘. 

Figure 7 represents the relationship between the 
critical heat flux and the exit film flow rate per unit 
periphery at the critical condition 

l- eXC = M&rD. 

Figure 8 shows the exit quality at the critical condition 
plotted against the exit film flow rate Texr. The open 
symbols in these figures are the data of the present 
experiment and the solid symbols are those ob- 
tained by Ueda and Kim. Both data indicate that 

the exit film flow rate at the critical condition is near to 
zero less than about 0.05 kg m- ’ s- ’ in all cases of the 
exit qualities higher than 500/,, however, the exit film 
flow rate increases steeply as the heat flux is increased 
and the exit quality decreases less than 50%. 

5. CORRELATION OF THE CRITICAL CONDITION 

Behavior of the liquid film seems to be complicated 
at the critical condition. Then, the relation between the 
critical heat flux and the exit film flow rate was 
discussed by comparing with those appeared in boiling 
of falling liquid films [ll]. For this purpose, the 
thickness and mean velocity of the liquid film were 
estimated. The liquid film flow rate per unit periphery 
is expressed as 

(4) 

where 

Here, the assumptions are used for simplification 
that no vapor bubble is involved in the liquid film and 
that the velocity distribution in the film can be 
approximated by the Karman’s universal velocity 
profile. Then, the liquid film flow rate f can be 
expressed in terms of the non-dimensional film 
thickness. 

(5) 

Therefore, the film thickness at the exit end vi., can be 

5 1f5 5 lo+ 5 1o-3 

u ok 

G*L, 

FIG. 5. Critical heat flux (Comparison with Katto’s correlations). 
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FIG. 8. Exit film flow rate at critical heat flux condition. 

derived from the measured film flow rate I,, by 
applying the wall shear stress 7, into this equation, and 
the mean film velocity is found by 

%I = rfAPi Yiex. (6) 

The Lockhart-Martinelli correlation [18] was used 
for predicting the wall shear stress. The wall shear 
stress is expressed in terms of the frictional pressure 
drop gradient as 

where (dp/dz), is the single-phase pressure gradient for 
the vapor phase flowing alone in the tube 

dp 

0 

&GE 
dzc=DpB. 

By applying Colbum’s equation to the friction factorfc 
and substituting Cc = Gx,,, the wall shear stress can 
be rearranged to give 

7 

where Qc is a function of a parameter 

(7) 

X,, = (!$fEy9 (!g.’ (g’ (8) 

and may be expressed approximately by the following 
equation [19] 

Qc = 1 + 2.85 Xo.523 11 . (9) 

Then, an attempt was made to correlate the critical 
condition with the film thickness Y, and the mean 

velocity II,, thus derived for the measured exit film flow 
rate at the critical condition Ie,... 

For the limiting condition of liquid film disruption 
by formation of stable dry patches, the following 
parameter expressing the ratio of the dynamic force of 
film flow to the surface tension 

Prui, YJc 

seems to be connected with. Figure 9 shows the ratio of 
evaporation rate to exit film flow rate, (q,/h,,)/p,u,, 
for the data presented in Fig. 8, which is plotted against 
the above parameter in a similar manner to the 
correlation of falling films. Comparison with the char- 
acteristics of the critical heat flux in falling film boiling 
indicates that the boundary of type I is corresponding 
to an extremely low flow rate, and that the present 
result is quite different from the characteristics of type 
II, i.e. the film disruption caused by boiling film 
distortion. The present result shows a trend which 
would be obtained when the liquid film is less distorted 
around the tube periphery. This is presumably as- 
cribed to the fact that the liquid film in the forced flow 
boiling is driven by a vapor stream of high velocity and 
possesses a high momentum. The film velocity of the 
present data was about five times as high as that in the 
falling film boiling. 

When the exit quality is higher than SO%, as shown 
in Fig. 8, the exit film flow rate Iexc is less than about 
0.05 kg m- 1 s- ’ This flow rate is small enough and is 
comparable order with the errors which may result 
from the methods for measuring the critical heat flux 
and the liquid film flow rate in this experiment. 
Therefore, the critical condition in this range of the 
present experiment is thought to occur, as mentioned 



1274 TATSUHIRO UEDA and YAWSHI ISAYAMA 

10 

8 

6 

A -0.332 2.45 

FIG. 9. Correlation of critical heat flux. 

by Hewitt et al. [2-41, by a reduction of the liquid film 
flow rate at the exit end to some near zero value. 
However, the exit film flow rate at the critical con- 
dition increases steeply as the heat flux is increased and 
the exit quality decreases less than 50%. Then, the 
critical heat flux data of the exit film flow rate rexc 
greater than 0.05 kg m- ’ s- ’ were plotted, in the same 
way as the type III in falling film boiling, against the 
Weber number 

We = p,u& L&J 

where Ls is the boiling length. Since the inlet liquid was 
subcooled in the present systems, the boiling length 
was used instead of the heating length L. 

Figure 10 shows the result, indicating that the 
critical condition data in forced flow boiling with high 
heat fluxes are well correlated by the Weber number 
defined for the exit film velocity u,. The value 

(PB/PJo~08 at the exit condition of the present test is 
0.708. Then, the result can be expressed as 

q,lh,, = oJ-j42 - 
p,uk L, - o.38 c ). (10) 

P&c u 

The values of this equation are about 2.5 times as high 
as those of the equation correlating the type III in 
falling film boiling, however, the gradient of both 
equations for the Weber number is in fairly good 
agreement. In the forced flow boiling, it has been noted 
that an amount of heat is transferred by convection in 
the annular liquid film and subsequent evaporation at 
the interface, and the vapor generation by bubble 
nucleation on the heated surface is relatively limited. 
Therefore, it looks like reasonable that the heat flux 
required to reach a state of high bubble nucleation on 
the surface in the forced flow boiling is higher than that 
in the falling film boiling. Then, it seems to be that, as 
with the case of type III in falling film boiling, the main 
film separation from the heated surface by bubble 
nucleation takes an important role of the critical 

phenomenon in forced flow boiling with high heat 
fluxes. 

6. CONCLUSIONS 

As a result of the experimental investigation on the 
critical heat flux and the exit film flow rate of R-113 
forced flow boiling in a uniformly heated tube, the 
following conclusions are obtained 

(1) The liquid film flow rate at the exit end of the 
heating section decreases progressively with increasing 
heat flux. In a range of relatively low heat fluxes and 
high exit qualities, the critical condition occurs when 
the exit film flow rate decreases to some near zero 
value. 

(2) In a range of high heat fluxes, however, the exit 
film flow rate at the critical condition increases as the 
heat flux is increased and the exit quality decreases less 
than 50%. 

(3) The critical heat flux condition data in the range 
of high heat fluxes are correlated by equation (10). 
Comparing the characteristics with those of falling film 
boiling, it appears to be that the liquid film separation 
from the heated surface by vapor generation is closely 
related to the occurrence of the critical condition. 
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FLUX DE CHALEUR CRITIQUE ET DEBIT DE SORTIE DU FILM DANS UN SYSTEME EN 
EBULLITION 

Rbum6-On mesurelefluxdechaleurcritiqueetled&bitdesortiedufilmliquide$l'extrtmitCd'untubeavec 

du Frdon-113 en 6coulement ascendant dans un tube chauffb uniformlment. Led&bit de sortie du film dans la 
condition de flux critique est proche de zdro dans tous les cas oti Ia qualit est superieure B 50% en sortie, mais 
le dibit de sortie du film croit lorsque le flux est augment6 et la qualid B la sortie est infkrieure &SO%. Une 
formule est propos& pour la condition critique avec des flux thermiques tleves; elle suggkre que la skparation 
du film Iiquide de la surface chaude par la creation de vapeur prend une place importante dans le phknomkne 

critique. 

KRITISCHE WjiRMESTROMDICHTE UND AUSTRITTS-FILMMASSENSTROM BEIM STR& 
MUNGSSIEDEN 

Zusammenfassung-Die kritische Wlrmestromdichte und der Massenstrom des Fliissigkeitsfilms am 
Austritt des Versuchsrohrs wurden bei aufwgrts gerichteter Striimung von R-113 bei gleichfiirmiger 
Beheizung gemessen. Bei der kritischen WIrmestromdichte ist der Austritts-Filmmassenstrom bei Austritts- 
Dampfmassenanteilen > 50% in allen Fiillen nahe null; er nimmt jedoch zu, wenn die Wirmestromdichte 
erhiiht wird und der Austritts-Dampfmassenanteil 50% unterschreitet. Fiir die kritische Bedingung bei 
hohen WIrmestromdichten wird eine Korrelation vorgeschlagen, die auf der Annahme beruht, daB die 
Abtrennung des Fliissigkeitsfilms von der Heizfliiche durch Dampfbildung von mal3geblichem EinfluB ist. 

KPMTM’JECKBR TEnJIOBOti nOTOK I4 CKOPOCTb TEqEHIIJI nJlEHKM HA 
BbIXOHHOM YYACTKE TPYEbI nPM nJIEHOYHOM KHI-IEHMH 

A~~oraunn- M3Mepe.HbI BeJIWIIiHa KpHTu'IeCKOrO TenJIOBOr0 nOTOKa II CKOpOCTb TeSeHWII EHJtKOfi 

n~eHKuHaBbIXO~OMy~aCTKepaBHOMepHOHar~BaeMOiiTpy6bInpuBOCXO~ameM TeYeHuu&eOHa-113. 

B yCJIOBuaX KpuTu'IeCKOrO TenJIOBOrO nOTOKa CKOpOCTb TeSeHUa IIJIeHKH Ha BbIXOLle paBHaJIaCb 

npHh4epHo H~JIIO BO Bcex cnyqaflx, Korea napoconepaaHue npesbnuano SO”,;;, onHaK0 0Ha BospacTana 
no Mepe Tore, KaK npowcxoneno yeenasewe TennoBoro noToKa npw napoconepxaHHu Ha B~IXODHOM 

yracTKe Tpy6bI MeHee 509;. YCTaHOBneHa KOppenaWa BbICOKBX 3HaVeHHfi TenJIOBbIX nOTOKOB A 

yC,IOBHa BOSHBKHOBeHWI Kpu3HCa KIIIIeHuIl B IIpeAnOJIOEeHHu, YTO BamHyMJ pOJIb B 3TOM IIBJIeHHH 

urpaeT 0TTecHemie nneHxu XKHLIKOCTH 0T aarpeBaeMo% noBepxHocTao6pa3yronuibwI napohf. 


