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Abstract-An experimental study of critical heat flux (CHF) has been made for a saturated forced convective 
system at atmospheric pressure: a liquid is supplied through a small round jet ofwateror R113, setup upwards 
belowa heateddisk.Theexperiments have beencarriedout for avelocity ofu = 0.33 to 13,7m/sand adiameter 
ratio of D/d = 9.6 to 57.1. The CHF, which takes place in the present experimental range, is divided into two 
different characteristic regimes (L- and V-regimes) depending on thejet velocity, the diameter ratio and the jet 
diameter. The CHF in the L-regime, namely at the rather small velocity and the large diameter ratio, which was 
guessed to appear but was not proved experimentally, is not only obtained in the present experiment, but also 

predicted by a generalized correlation with a good accuracy. 

1. INTRODUCTION 

MANY STUDIES of critical heat flux (CHF) have been 
made for a saturated forced convection boiling on an 
open heated disk being fed with a liquid by means of a 
smali round jet [l-9]. 

Monde [lo] recently proposes a successful 
correlation (1) of CHF data in the V-regime for 
saturated liquid jet impinging on the heated disks. 
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However, in the special case that the diameter ratio of 
the heated disk to the jet diameter, D/d, becomes very 
large and in addition the jet velocity becomes very 
small, another type of the CHF seems to take place 
[3,4,7]. As the result,equation (1) would not predict the 
CHF data for such a situation, although few CHF data 
in the L-regime have been measured until now. 

The present study, therefore, involves an experiment 
employing water and R 113 at atmospheric pressure, for 
the wide range of DJd = 9.6 to 57.1 and u = 0.33 to 
13.7 m/s to measure the CHF data in the L-regime and 
check the applicable limit of equation (1) and pro- 
poses a generalized correlation predicting the CHF in 
the Lregime. 

2. EXPERIMENTAL APPARATUS AND 
MEASURING METHOD OF CHF 

A main part of the experimental apparatus is shown 
schematically in Fig. 1. Liquid is supplied from a tank 
(4) through a pump (14) and then to an overflow tank 
(15)onlyinthecaseofthelow-speedjetrangingfrom0.3 
to 4 mjs. It then proceeds to a nozzle (8) and heated by 
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FIG. 1. Whole system of experimental apparatus. 

an auxifiary heater (6) as well as a temperature 
regulator (9) up to the temperature which is always 
kept below 3K as compared with the saturation 
temperature. 

The essential part of the experimental apparatus, 
shown in Fig. 2, consists of a boiling vessel (l), a copper 
block (4), and a circular nozzle (6). The boiling vessel is 
designed to keep the interior saturation temperature at 
atmospheric pressure. The nozzle is placed in front of 
theheatedsurfaceat thedistanceof3mm by controlling 
the height adjustment screw (11). The end surface of the 
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NOMENCLATURE 

D diameter of a heated disk T sa, saturation temperature 
d diameter of an impinging jet T, temperature of heated surface 

9 gravitational acceleration u velocity of a liquid jet at nozzle exit. 

*r, latent heat of evaporation 
k constant Greek symbols 

4 heat flux Pi density of liquid 

4,0 critical heat flux for saturated boiling PY density of vapor 
AT,,, superheated temperature of heated G surface tension. 

surface (= T, - T,,,) 

SATURATED LIQUID G, 
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FIG. 2. Main part of excremental apparatus 

cylindrical part of the copper block, which is heated by 
electric plate heaters mounted in grooves of the copper 
block and located downwards at the center position in 
the boiling vessel, provides a circular heated surface. 
The electric heaters are capable of providing the 
maximum heat flux of 5 MW/m2 across the heated 
surface. 

Experiments using water and R 113 as the test liquid 
were made for five different jet diameters (A = 0.7, 1.1, 
2.0, 3.35 and 4.13 mm) and two different heated disks 
(D = 40 and 60 mm) and the jet velocity at the nozzle 
exit ranging from u = 0.33 to 13.7 m/s. For the 0.7 mm 
diameter nozzle, no experiment for D = 60 mm is made 
because the liquid film formed on the heated disk after 
the impingement of the liquid jet does not cover the 
entire heated disk at jet velocities below 3 m/s. 

The temperature of the heated surface, T,, as well as 
the heat flux across the heated surface, q, is determined 
by means of the three chrome]-alumel thermocouples of 
0.1 mm diameter set up at regular intervals along the 
axis of the cylindrical part of the copper block. The 

actual thermal conductivity of the copper block 
employed, which must be known to calculate the heat 
flux, has been carefully determined in the preliminary 
experiment in the same way as that of Monde and Katto 
[Z]. The velocity of the liquid jet can be accurately 
determined by measuring the pressure difference 
between a pressure gauge (10) and the inside of the 
boiling vessel (I) in Fig. 2 if the discharge coefficient of 
the nozzle has been determined in a preliminary 
experiment. 

The critical heat flux is determined by the following 
means : we increase the input to the heater in the copper 
block in increments that are less than 3% of each 
preceding heat flux and finally reach the point at which 
the heated surface temperature runs away. At that 
point, the CWF is determined within an error of 3%. 

3. EXPERIMENTAL DATA 

3.1. Boiling heat transfer 
Figure 3 shows the typical data for fully-developed 

nucleate boiling obtained in the present experiment. 
The solid line in Fig. 3 is the result of the nucleate 
boiling curve obtained by Monde and Katto [2] for a 
saturated convective boiling with an impinging jet of 
R113 of velocity u = 1 to 25 m/s. In addition, 
approximately speaking, this curve is in tolerant accord 
with a monotonic extension of the nucleate boiling 
curve obtained in the region of high heat flux of 
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FIG. 3. Saturated nucleate boiling data. 
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ordinary pool boiling. A iight solid line in Fig. 3 
represents the nucleate boiling curve obtained 
experimentally by Ruth and Holman [l l] for R113 on 
the boiling system with a jet impinging upwards on the 

heated surface. 
Apart from the scattering of the data inherent in 

nucleate boiling, Fig. 3 shows that the measured data 
are divided into two groups by the jet velocity and the 
diameter ratio. The data given by the marks 0, 0 and 
n in Fig. 3 are in a good accord with the Ruth and 
Holman boiling curve but shift a bit to the high 
superheated temperature region as compared with the 
Monde and Katto curve. The reason for this deviation 
may be that the temperature of the heated surface tends 
to be estimated a bit lower than the actual temperature 
due to the employment of the end surface of the conical 
copper block as the heated surface. Roughly speaking, 
the nucleate boiling state, as shown by marks such as 0, 
[7 and n in Fig. 3, can reach a fully-developed state so 
that it is no longer affected by forced convection. On the 
other hand, the data given by the marks l and A 
considerably deviate from both the boiling curves. This 
tendency becomes marked with any increase in D/d. 

3.2. Critical heatjlux 
Figure 4 shows the CHF data, for example of R113, 

plotted against thejet velocity u. The solid lines in Fig. 4 

are the prediction of equations (1) and (2). The CHF 
data are proportional to the velocity at low velocity, 
while about cube root of the velocity at high velocity. It 
is worth while noting that the CHF data proportional 
to the velocity correspond to the data of the region 
represented by the marks l and A in Fig. 3. We call the 
CHF proportional to the velocity, the CHF in the L- 
regime, while the CHF nearly to the cube root of the jet 
velocity, the CHF in the V-regime. 

3.3. Visual observation of behavior of liquid 
Figure 5 shows behavior of fluid on the heated 

surface corresponding to the data given by the solid 
marks in Fig. 3, namely in the L-regime. 

As shown in Fig. 5, the heat seems to be transferred by 
the evaporation from the very thin liquid surface which 
covers the environs of the heated surface at high heat 
fluxes. On the other hand, the heated surface near the 
center is still covered with a thick liquid film where the 

FIG. 4. Critical heat flux data. 
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FIG. 5. Aspect of saturated boiling for R113 on downward- 
facing heated surface (D = 60 mm, d = 1.11 mm and u = 

1.23 m/s). 

falling droplets as well as a few splashed droplets occur 
because of the violent nucleate boiling. It might be 
helpful to take account of the thickness of this thin 
liquid film. For the sake of simplicity, we choose the 
typical situation from the boiling curve in Fig. 3, that is, 
the heat flux of q = 0.1 MW/m’ at the superheated 
temperature of20 K. In order to transport this heat flux 
only by heat conduction through the liquid film of R 113 
and then by evaporation on its surface, its thickness 
must be below 6 = 0.018 mm. According to the Katto 
and Haramura model [ 12,131, for the CHF mechanism 
in the V-regime (see Fig. 6 (upper section), [lo]), the 
critical thickness of this liquid film, which plays an 
essential role in their model for the CHF mechanism, 
becomes 6 = 0.146 mm at the same condition. On 
comparison of both thicknesses, the characteristic of 
CHF in the L-regime may be different from the CHF 
mechanism in the V-regime. A flow model illustrated in 
Fig. 6 is assumed for the L-regime, where the boiling on 
the heated surface is suppressed by the thin liquid film 
[14] and CHF is caused by the dryout of the liquid film. 
It is very difficult to understand the mechanism of 
feeding the liquid into such a thin liquid film. It should 
benoted, however, that it exists on the heated surface on 
the basis of visual observation. 

4. CORRELATION OF CRITICAL HEAT FLUX 

4.1. Critical heatjux in the V-regime 

Figure 7 shows, for example, qc,,/pVHfpu of R113 
measured for D/d > 36 plotted against 2a/p,u’(D - d) 
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FIG. 6. A flow model near critical heat flux. 

based upon equation (I), because equation (1) has been 
proved to be applicable to the CHF for D/d < 36 [lo]. 
The CHF in the L-regime is given by the matks 0 and 
a in Fig. 7. 

Figure 7 shows that equation (1) predicts the CHF in 
the V-regime with good accuracy but does not apply the 
CHF with the increase in 20/p&D-d). In the case of 
D/d = 54.1, for example, equation (1) cannot predict the 
qca data for 2cr/p,u*(D-d) > 5 x lo-‘. 

4.2. Critical hearjux in the t-regime 
On the basis of visual observation of the behavior of 

the fluid and the boiling curve, the CHF in the L-regime 
seems to be related to the liquid supply via a heat 
baIance as follows : 

(2) 

where k is a fraction ofIiquid consumed by evaporating 
on the heated surface to the liquid fed by the impinging 
jet. 

As for the fraction of k, Monde [3], Katto and 
Kunihiro [4] and Katto and Shimizu [S] reported that 
in the special case of D/d being very large, this kind of 
CHF should appear but was not established by their 
experiment, so that k = 1 was assumed for simplicity. 
On the other hand, this vhenomenon was observed by 
Monde [IS] who.carr&d out a study of CHF in a 
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FIG. 8. Effect of (d/D)” on CHF data 

saturated, forced convection boiling with impinging 
droplets, as well as by Kopchikov et at. [163, who 
conducted an experiment of mist cooling employing 
droplets supplied through a vertical spray nozzle. 
Though both boiling systems were different from the 
present system, Monde obtained k = 0.8, while 
Kopchikov obtained k = 1.0. 

Figure8showsq,,/p,H,,uplottedagainst(d/D)*.The 
k values on each line are calculated from the 
experimental data using equation (2). As shown in Fig. 
8, one notes that the k values for the salne nozzle 
diameter are nearly equal, and then become large with 
any decrease in the nozzle diameter. Figure 9 shows the 
relationship between l/k and d. It is found from Fig. 9 
that l/k is given as a function of d. The k value seems to 
be related to the falling droplets from the liquid film (c$ 
see Fig. 5). The k value may be associated with the two 

nondimensional parameters (p,/p,, d/d-), 
which govern the Taylor instability of a liquid film. It 
should be noted that the nozzle diameter, d, may be 
indirectly connected as the physical property relating 
to the thickness of the liquid film. The function of k can 

iaD= d=2.l 
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FIG. 9. l/k versus d. 
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FIG. 10. Nondimensional correlation of CHF. 

be given using the two nondimensional parameters as : 

The constant C and the powers m and n can be 
determined by means of the least squares method to 
combine the two groups of the CHF data (water and 
RI 13) in Fig. 9 into a single group to give C = 3.89 
x 10-2 , m = 0.674 and n = 1.24. Equation (3) becomes 
as follows : 

1 
k = 3.89 x lo-~(pl/p”,~~~‘~,,J~~24. (4) 

Figure 10 shows the CHF data as compared with that 
predicted by substituting equation(4)into equation (2). 

The k value is apt to change for the upward facing 
heated surface. So, it should be hoped to check the k 
value by making the experiment for the direction of the 
heated surface other than downwards. 

5. BOUNDARY BETWEEN t- AND V-REGIME 

The boundary between L-and V-regime, where qcO is 
continuous, may be determined by eliminating qc,, from 

equations (1) and (2) as, 

(d/D)2(1 +D/d)“.364 = 8.60 x 1O-3 

x (P~/P,)O.~‘“(~/~~)‘.~~ 

x (2u/p&I - d))O.343. (5) 

As the CHF in the L-regime generally takes place at 
D/d > 10, (1 + D/rIf”,364 in equation (5) can be equal to 
(~/d)O.364 so that equation (5) becomes as follows : 

Djd = 18.4(~~p”)“.‘p4 

x (2rr/p,~~(D-d))-~.~~~. (6) 

For simplicity, we deal with the case of d = 1 mm 
because the possibility for appearanceofthe CHF in the 
L-regime becomes high with the decrease in d. Figure 11 
shows, for example, the boundary line For R113 is the 
prediction of equation (6) for d = 1 mm, while a dot- 
dash line is predicted ford = 1 mm by equation (5). The 
marks 0 and 0 in Fig. 11 represent the CHF data for 
R 113 in the V- and L-regimes, respectiveiy. 

6. CONCLUSIONS 

(1) The CHF in the L-regime appears only when the 
jet velocity is very small and in addition the diameter 
ratio, D/d, is very large. 

(2) The CHF is predicted by equation (2) with good 
accuracy, which is introduced by equalling the liquid 
supply to that consumed by evaporation on the heated 
surface. 

(3) The boundary between L- and V-regimes is given 
by equation (6). 
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FLUX CRITIQUE DANS L’EBULLITION EN CONVECTION FORCEE SATUREE SUR UN 
DISQUE CHAUFFE ET UN JET INCIDENT-CHF EN REGIME L 

RbsumB-Une Ctude exptrimentale du flux thermique critique (CHF) est d&rite pour un systime sature et 

convection for&e B pression atmosphkrique : un liquide d’eau ou de R 113 sortant en un jet mince et circulaire, 
frappe un disque chauffi. Lesexptriences sont conduites pour une vitesse u = 0,33 a 13,7 m s- ’ et un rapport de 
diametre D/d = 9,6 & 57,l. Le CHF qui apparait dans ces conditions est divisi en deux rttgimes caracttristiques 
diff&rents(let V)dependantsdelavitessedujet,durapportdesdiamttresetdudiametredujet.LeCHFdansle 
rkgime L, pour une vitesse faible et un grand rapport de diametres qui avait &t& imagini jusqu’ici mais jamais 
prouvi exptrimentalement, est non seulement obtenu mais aussi p&is& par une formule g&&ale, avec une 

bonne pr6cision. 

KRITISCHE WARMESTROMDICHTE BEIM SIEDEN IN GESATTIGTEN SYSTEMEN BE1 
ERZWUNGENER KONVEKTION AN EINER BEHEIZTEN SCHEIBE MIT EINEM 

AUFTREFFENDEN STRAHL-CHF IM L-REGIME 

Zusammenfassung-Es wurde eine experimentelle Untersuchung der kritischen Warmestromdichte (CHF) 
bei erzwungener Konvektion in gesittigten Systemen unter Atmosphgrendruck durchgefiihrt. Fliissigkeit 
wird durch einen kleinen, runden Strahl aus Wasser oder R 113 zugefiihrt, der von unten auf eine beheizte 
Scheibe auftrifft. Die Experimente wurden durchgefiihrt fiir eine Geschwindigkeit u = 0,33 bis 13,7 m s-’ und 
ein Durchmesserverhaltnis von D/d = 9,6 bis 57,l. Die kritische Wirmestromdichte, welche in dem 
vorliegenden experimentellen Bereich auftritt, wird in zwei verschiedene charakteristische Regime (L- und V- 
Regime) eingeteilt, welche von der Strahlgeschwindigkeit, dem Durchmesserverhlltnis und dem 
Strahldurchmesser abhingen. Die kritische WBrmestromdichte im L-Regime isl nicht nur im vorliegenden 
Experiment gefunden worden, sondern such durch eine allgemeine Korrelation mit guter Genauigkeit 

vorausgesagt worden. 

KPMTMYECKMfi TEIIJIOBOti nOTOK llPM KMIlEHMM B CJIYYAE BbIHY’IKAEHHOti 
KOHBEKUMM B YC,IOBMRX HACbIqEHMIl HA HAl-PETOM AMCKE C 

YAAPflIOuEl?Cx 0 HErO CTPYEtipKTn B L-PEXCKMME 

AHHoTaunn-3KclleprcMerlranbHo MJyqeH KpHT&iqecK&iti Ten.loaoi? noToK (KTn) a cnyqae asmymneti- 
HOA KOHB~KUHM arm cacTeMb1 a ycnoessx Hacbmtem4s npll ~TMOC@~HOM nas.neHHu, nps 3~0~ 

XWnKOCTb “OfiaaaJ,aCb B BMne He6OJbmOii KpyrJIOi-4 C-rpyH BOnbl WJ,H XnaL,areHTa RI 13 K HarpelOMy 

JWcKy. 3KCnepHMeHTM npOBOLWII,Cb I”,$! CKOpOCD, U OT 0.33 n0 13,7 M/C H OTHOUleHHH JmaMeTpOB 

D/d OT 9,6 no 57.1. Ann cymecraymomero EI MccnenyeMoM aMana3oHe KTll aMeH)T MecTo baa 

pd3”WHbIX KdpdKTepHblX peXG,Ma (L- H V-peXS,Mbl), 3aBMCRmHX 07 CKOpOCTM, OTHOLUeHMI( nrtaMeTpOB 

M nMaMer!Jd CTpyI1. KTn a L-peWMe (nps nOBO.TbHO MaJIOti CKOpOCrM II 60JIbLUOM O~HOmeHMM 

JWaMeTpOB), llOIlBJ,eHMe KOTOpOrO npeAnOJIara,TOCb, HO He 6bIJO AOKaSaHO 3KCnepHMeHTaSbHO. 6bI.J 

He TOJIbKO nO,YyYeH a HaC70IImeM 3KCnepHMeHTe, HO M npeJlCKa3aH C nOMOmb&O 0606meHHbIX 

ypaBHeHWti C XOpOmei? TOqHOCTbIO. 


