
Pergamon 

Analysis of CHF 

Int. .I. Heal b4u.s Trunsfer. Vol. 37, No 7, pp. 1073-10X0. 1994 

Copyright C 1994 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 

0017-9310(93)E0024B 
OOl7-9310/94$6.00+0.00 

location sensibility following 
heat flux and mass flux variations 

G. P. CELATA, M. CUM0 and T. SETARO 

ENEA, Rome, Italy 

(Receivedfor publication I8 Nooemher 1993) 

Abstract-An experimental investigation has been performed on critical heat flux (CHF) in subcooled 
upflow boiling with a uniformly heated vertical tube, using R12 as a coolant, to evaluate the dependence 
of the CHF location on the variation of the thermal hydraulic parameters affecting the thermal crisis, such 
as mass flux and heat flux. The test section consists of a stainless steel tube, 7.57 mm i.d., 2.1 m long, 
uniformly heated using d.c. current. The research showed a different behaviour of the CHF location 
following mass flux and heat flux variations in the low and in the high quality regions. The sensibility of 
the CHF location upon the variation of a thermal hydraulic parameter, such as mass flux or heat flux, 
decreases as the critical quality decreases, and with increasing of the mass flux. At very low critical qualities 
the CHF location shows a relative insensibility upon large variations of thermal hydraulic parameters. A 

weak influence of pressure has also been detected. 

INTRODUCTION 

MANY EXPERIMENTAL studies have been performed on 

critical heat flux (CHF) of forced convective boiling 
in uniformly heated vertical tubes fed with subcooled 
liquid, such as water or refrigerant, to clarify the 
fundamental nature of CHF in connection with 
their application in steam generators, in conventional 
steam boilers and also in nuclear reactors. In 1976 
and 1986 Soviet [l] and Canadian authors [2] collected 
CHF data of uniformly heated round tubes for ver- 
tical water upflow and deduced discrete CHF values 
for the main parameters affecting the CHF, such as 
pressure, mass flux, and quality. These data have been 
evaluated and compiled for a fixed tube inner diameter 
(i.d.) of 8 mm. Starting from the evaluation of the 
wide amount of experimental data available, the most 
widely accepted description of the CHF phenomenon 
is in subdividing the CHF data mainly in two dis- 
tinctive characters, depending on the critical quality 
achieved at the thermal crisis. At low quality with 
subcooled boiling or saturated nucleate boiling, the 
CHF has strong similarities to pool-boiling critical 
heat flux, both in mechanism (departure from nucleate 
boiling) and in behaviour. At high quality, the CHF 
is associated with convective boiling in annular flow 
and the mechanism of dryout of the liquid film is 
verified. Many correlations and models have been 
developed for low and high quality regions, as 
reviewed by Marinelli [3], Hewitt [4], Bergles [5, 61, 
Katto [7] and Whalley [8]. Recently, a new improve- 
ment in the research on CHF at very high heat fluxes 
in the low quality or in subcooled flow boiling region 
has been demanded by the need of heat removal 
from components typical of thermonuclear fusion reac- 
tors, such as divertors, plasma limiters, neutral beam 
calorimeters, and ion dump and first-wall armor, as 
reviewed by Boyd [9, lo] and Celata [l 11. However, 

less attention has been paid to the study of the depen- 
dence of CHF location on the variation of a thermal 

hydraulic parameter such as mass flux or heat flux. 
Particularly with water, once the CHF is reached, the 
burnout of the tube occurs at the end of the test section 
(under steady-state conditions and uniformly heated 
tubes) and the accuracy of the thermal hydraulic par- 
ameter values may be affected by the step of the vari- 
ation of the parameters near the thermal crisis, for 
example, if we increase step by step the heat flux 
during the experiment, the accuracy of the CHF 
depends on the amplitude of the step variation of heat 
flux we deliver to the test section. As is well known, 
the behaviour in the proximity of the CHF point in 

the low quality region shows a hysteresis effect as the 
heat flux is increased and then decreased, while this 

effect is not present in the high quality region (see 
Whalley [S]). The aim of the present work is to give 
a contribution in the understanding of the intrinsic 
uncertainty of experimental data connected to the two 
different mechanisms of thermal crisis. The report 
gives the results of an investigation performed with a 
uniformly heated vertical tube, fed with subcooled 
R12, to evaluate the influence of a parameter variation 
on the thermal crisis location with respect to the end 
of the tube. A comparison of experimental data with 
current correlations has been reported. 

EXPERIMENTAL APPARATUS 

The experimental loop, schematically represented 
in Fig. 1, consists mainly of a piston pump, an electric 
heater, a condenser and a liquid tank. The maximum 
operating pressure of the loop is 3.5 MPa, while the 
maximum specific flow rate is 1800 kg mm2 s-’ ; the 
available electrical power (d.c.) is 10 kW for the electric 
heater and 15 kW for the test section. The test section is 
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NOMENCLATURE 

G massflux[kgm~‘s-‘1 Subscripts 
Ai 
L 

P 

4” 
T 

V 

x 

z 

latent heat of vaporization [kJ kg .‘I 
length [m] 
pressure [MPa] 
heat flux [kW m -‘I 
temperature [K] 
specific volume [m’ kg- ‘1 
quality 
axial coordinate [ml. 

CHF 
ex 
in 
L 

sat 
sub 
th 
V 
W 

pertains to the critical heat flux condition 
experimental value 
initial, inlet 
pertains to the liquid phase 

pertains to saturation conditions 
subcooled 
theoretical value 
pertains to the vapour phase 
wall. 

an industrial stainless steel (AISI 316) circular duct 
uniformly heated (Joule effect) over a length of 2100 
mm, with an inner diameter of 7.57 mm and a wall 
thickness of 0.97 mm. The inner surface of the tube is 
characterized by a cavity density of about 3.5 x IO’ 
cavities m-l, with a cavity density of 2.2 x 10’ cavities 

m -’ for the size below 0.5 /Irn. The cavity density has 
been evaluated using a Digital Image Measurement 
System connected to an electronic microscope. The 
Digital Image Measurement System evaluates the 
number of cavities into the inner surface of a tube 
sample and calculates the equivalent mouth diameter 
of each cavity. A typical electron micrograph of the 
inner surface of the test section is shown in Fig. 2 : the 
cavities are the black spots and the scale is I cm = 0.5 
jirn. Test section instrumentation consists of 0.5 mm. 
K-Type insulated thermocouples distributed accord- 

ing to the scheme of Fig. 3 for the wall (two) and the 
fluid (seven) temperature measurements. Two press- 
ure transducers measure the pressure at the inlet and 
outlet of the test section. A turbine flow meter mea- 
sures the volumetric flow rate at the inlet of the test 
section. The heating power has been gaged with a watt 
meter. Instruments accuracy is listed in Table I. The 
fluid flow is upwards, with subcooled inlet conditions. 
Before introducing the RI2 in the experimental 

loop, vacuum up to 0.1 Pa has been obtained using a 
vacuum pump. After the fluid is introduced, the press- 
ure inside the loop always exceeds the atmospheric 

pressure, not allowing any air re-entrance. Data 
acquisition is accomplished by a Macintosh Computer. 

PHYSICAL PROPERTIES EVALUATION 

Regarding the analysis of the data and the com- 
parison with predictive methods, all thermodynamics 
propertics, such as density, enthalpy and saturation 
temperature, for RI2 were calculated by the Car- 
nahan-Starling-DeSantis (CSD) equation of state, as 
proposed by Morrison and McLinden [ 121. The ability 
of the CSD equation of state in predicting the pet 
behaviour of RI2 is shown in Table 2, where the RMS 
errors of the equation of state in representing the 
ASHRAE data [ 131 of saturation pressure, saturated 
liquid and vapour volume and vaporization enthalpy 
of the fluid are listed. 

EXPERIMENTAL RESULTS AND DATA 

ANALYSIS 

The ranges of variation of the parameters in the 
tests performed were from the combination of the 
following values : 

t I 

Water inlet 

+ 10kW _ 
Flow meters 

FIG. I Schematic of the experimental loop 
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FIG. 2. Electron micrograph of the inner surface of the test section : scale I cm : 0 

FIG. 3. Schematic of the test section. 

Table I. Instruments and their accuracy 

Parameter Instrument Accuracy 

Heating power Wattmeter kO.3 w 
Flow rate Turbine flow meter +0.15 dm2 h ’ 
Temperature K-Type tc insulated kO.1 K 
Pressure Sealed strain-gauge k4 kPa 

pm 

Test matrix 

Fluid RI2 (CCIZF,) 
y” [kW m ‘1 2tL70 
P W’al 1.2-2.5 
G [kg mm2 s ‘1 400- 1600 
AT,,,,,, Kl 2 

The thermal crisis is verified by the sudden increase 
of the measured wall temperature at the monitored 
location, as shown in Fig. 4. The tests were performed 
to evaluate the relationship between the variation of 
mass flux and heat flux and the variation of the ther- 
mal crisis location. The test procedure consists first in 

reaching the CHF condition at the end of the test 
section (2 = 2.1 m) for fixed mass flux, inlet sub- 
cooling and pressure, then in applying small vari- 
ations of the parameter step by step (increase of the 
heat flux or decrease of the mass flow rate). After each 
vartation the restoration of steady-state conditions is 
awaited, and the occurrence of thermal crisis at 
location I” = 1.9 m is checked. In all the tests the 
variation in the thermal crisis location is equal to 
AZ = 0.2 m. In the case of mass flux variations the 
flow rate at the inlet of the test section is decreased, 
while for the heat flux variations the heating power 
supplied to the test section is increased. The exper- 
imental results have been reported in terms of the 
absolute value of the ratio between the quota variation 
and the mass flux or the heat flux variation, AZ/AC 
and Az/Aq”, respectively. The effect of the mass flux 
variation on the crisis location, in terms of Az/AG, vs 

Table 2. RMS ofCSD equation of state referred to ASHRAE 
values of saturation pressure, saturated liquid and vapour 

volume and vaporization enthalpy for R 12 [ 121 

Refrigerant 

RI2 

RMS (%) 

PW VL VV Ai 

0.26 0.05 0.29 0.74 
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FIG. 4. Typical wall temperature profiles at the beginning and at the end of mass flux variation test. 

the mass flux at the initial condition of the test (z = 2.1 
m) has been plotted in Fig. 5, using the pressure as a 
parameter. Looking at the figure, the dependence of 
the thermal crisis location on a mass flux variation 
decreases as the initial mass flux increases. However, 
above 1000 kg me2 s-l, the influence of mass flux 
variations on thermal crisis location becomes small 
and slightly affected by the initial value of the mass 
flux. The system pressure weakly affects the depen- 
dence of crisis location on mass flux variations, tend- 
ing to increase the influence of the variation on the 
crisis location as the pressure increases. The effect of 
the heat flux variation on the thermal crisis location, 
expressed as the absolute value of the ratio AzjAg”, 
has been plotted in Fig. 6 vs the mass flux at the initial 
condition of the test (z = 2.1 m), using the pressure 
as a parameter. In the figure, the influence of the heat 
flux variation on the thermal crisis location tends to 
decrease as the mass flux increases and to increase 
with the pressure increasing. 

An interpretation of the different trend of exper- 
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FIG. 5. Effect of the mass flux variation Az/AG, vs the mass FIG. 6. Effect of the heat flux variation, ArjAq”, vs the mass 
Rux at the initial condition of the test (2 = 2.1 m), with the flux at the initial condition of the test (z = 2.1 m), with the 

pressure as a parameter. pressure as a parameter. 

imental results at lower and higher mass fluxes and 
pressures may be given examining the thermal 
hydraulic conditions and the connected mechanism of 
crisis. As is well known from previous investigations 
[14, 151, and particularly that carried out on burnout 
by Levitan and Lantsman [15], there are mainly two 
different mechanisms of thermal crisis : the departure 
from nucleate boiling (DNB) and the dryout. The first 
mechanism is associated with the nucleate boiling heat 
transfer regime and is typical of low quality and high 
heat flux conditions, being characterized by a vari- 
ation of the critical quality with the CHF. The CHF 
in the low quality region shows a hysteresis effect as 
the heat flux is increased and then decreased, with 
strong simulations to pool-boiling critical heat flux. 
This would suggest the variation of the CHF location 
due to heat flux and mass flux variations to be of 
less significance. An experimental verification of the 
presence of the hysteresis effect in the boiling curve at 
the CHF is reported in Fig. 7(a), for a typical R12 
DNB-type CHF. The dryout, as verified by Levitan 
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FIG. 7. RI2 experimental boiling curves for DNB (a) and 
dryout-type (b) CNF. 

and Lantsman [15], is associated with the convective 
boiling regime and is typical of higher qualities and 
lower heat fluxes, with a limiting value of critical qual- 
ity essentially independent of the heat flux. No hys- 
teresis effect on the CHF is present in the high quality 
region, as shown in the dryout experiment plotted in 
Fig. 7(b). In contrast with the presence of the hyster- 
esis, associated with the DNB-type mechanism of the 
CHF, the absence of the hysteresis phenomenon 
would suggest the location of the CHF to be very 
sensitive to variations of the thermal hydraulic par- 
ameters. Levitan and Lantsman [ 151 recommended 
the values of the limitingdryout quality conditions for 
low heat fluxes, with water as a coolant, and presented 
graphically their results for a 8 mm i.d. tube, as shown 
in Fig. 8. The burnout data have also been tabulated 
by the members of the USSR Academy of Sciences 
[I]. The plot in Fig. 8 clearly indicates that increasing 
the mass flux the dryout quality decreases. At a lower 
value of the critical quality, with respect to the dryout 
curve, the boiling crisis may be thought to be of the 
DNB type. Starting from the above premises and 
using the scaling laws proposed by Ahmad [16] to 
deduce the dryout curves for the refrigerants, it is 
possible to compare present experimental data with 
the derived dryout curves, as shown in Fig. 9. In the 
figure, the critical quality at the thermal crisis location 
has been plotted vs the mass flux together with the 

FIG. 8. Dryout curves for water at different pressures (USSR 
Academy of Sciences [i , 151). 

corresponding dryout curve, scaled for the fluid and 
the geometry used in the present tests. The left-hand 
side graphs show tests with a mass flux variation 
(tests l-8) and the graphs on the right show the data 
of the heat flux variation (tests 9-16). In all the graphs, 
the empty and closed symbols represent the initial and 
the final condition of each test, respectively, and the 
number near each symbol in the graphs refers to each 
single run. In the top left-hand side graph, where the 
data at the lower pressure are plotted, the first two 
tests (1 and 2) are characterized by the convective 
boiling regime with a dryout mechanism of thermal 
crisis at both the examined locations (2.1 and I .9 m). 
The variation of mass flux connected with the fixed 
variation of thermal crisis location (AZ = 0.2 m) is 
small and, thus, the sensibility to mass flux changes in 
the dryout region at high quality is large, as previously 
noticed in Fig. 5. The mass flux effect on the CHF at 
the dryout conditions in annular flow is already 
known, as reported by Hewitt and l-lall-Taylor [17]. 
The authors state that for given channel geometry and 
inlet s&cooling, the dryout heat flux increases rapidly 
as the mass flux increases at low mass velocities, and 
more slowly at high mass flux. Consequently, for a 
given CHF condition the sensibility to a mass flux 
variation of the crisis location reduces rapidly with 
increasing mass flux in the low mass flux-high quality 
region and more slowly at the high mass flux-low quality 
region. Nevertheless, there is an almost linear relation- 
ship between sensibility of thermal crisis location to 
the mass flux variation and the length of channel 
in annular low, since the sensibility increases with 
increasing of the annular flow region extension in the 
channel. 

Considering the other two tests at high mass flux (3 
and 4) plotted in the top left-hand side graph of Fig. 
9, the initial CHF condition (2.1 m) is associated with 
DNB mechanism of thermal crisis and with the inter- 
mediate-low quality region while, at the end of the 
variation, the thermal crisis at the lower location (I .9 
m) is to be associated with the dryout mechanism, 
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Fm. 9. Comparison of experimental data with the derived dryout curves. 

lying the data point on the dryout curve. This trend 
is also verified in the other tests of mass flux variation 
at higher pressure (tests 5-8) as shown in the bottom 
left-hand side graph and in most of the heat flux 
variation data, plotted in the right-hand side graphs 
of Fig. 9. Finally, two of the tests performed varying 
the heat flux (test 12 at 1.2 MPa and tests 14 and 15 
at 2.5 MPa) show a DNB mechanism of thermal crisis 
associated to both the initial and final location of 
thermal crisis. Those tests have also shown a lower 
sensibility of the CHF quota to the heat flux variation, 
as seen in Fig. 6, confirming the hypothesis that in the 
low quality region, where the nucleate boiling regime 
is present and the DNB mechanism of thermal crisis is 
dominant, the influence of a global thermal hydraulic 
parameter variation is weaker than in the high quality 
region, because of the presence of a hysteresis effect 
on the CHF. In conclusion, in the annular flow, high 
quality region, where a dryout-type mechanism of 
the thermal crisis is expected, small variations of one 
thermal hydraulic parameter greatly affect the 
location of the thermal crisis. In the low quality 
region, corresponding to churn and semi-annular 
flow, high mass flux, nucleate boiling heat transfer 
regime and DNB-type mechanism of the thermal 
crisis, there is a weak influence of a variation in the 
thermal hydraulic parameters. Finally, in the inter- 
mediate cases where the initial condition is a thermal 

crisis of DNB-type and the final condition is a dryout- 
type CHF, the sensibility of the CHF location due to 
variations of thermal hydraulic parameters decreases 
as much as the initial critical quality is low and far 
from the corresponding dryout quality. From the 
above evaluations, it follows that dryout tests have to 
be performed with the highest possible precision, since 
even a little uncertainty in the thermal hydraulic par- 
ameters (e.g. oscillations of the mass flow rate, etc.) 
as well as in the measurement system may play an 
important role in the determination of the physical 
phenomenon. Nevertheless, also in the test of DNB 
data a good precision is desirable, even if a larger 
uncertainty may be allowed. 

EXPERIMENTAL DATA PREDICTION 

A wide number of correlations and models 
developed to predict the CHF in steady-state forced 
convective boiling inside tubes are avaiiable in litera- 
ture. Among the correlations developed for water and 
Refrigerants the most widely used are the modified 
CISE correlation [18] and the Katto correlation [19]. 
Those two correlations, based on a physical analysis 
of the thermal crisis phenomena in both low and high 
quality region, have been tested on 107 data of R12 
CHF in vertical upflow steady-state conditions, part 
of a wider CHF data bank available at ENEA (for 
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FIG. 10. Comparison of the predicted CHF by modified CISE [18] and Katto [19] correlations with the 
experimental data [20]. 
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further detail see the paper by Celata et al. [20]), 
as reported in Fig. 10. In applying the two above 
correlations, the inlet conditions have been used. The 
results plotted in the figure, in terms of theoretical-to- 
experimental CHF ratio, show a good performance 
of the modified CISE correlation, within a + 10% 
error band, while a larger scattering is obtained in 
the case of the Katto correlation and a tendency to 
overpredict the experimental CHF at pressure below 
2.0 MPa. 

Concerning the ability of predicting the effect of a 

parameter variation on the thermal crisis location, the 
absolute value of the fixed quota variation (AZ = 0.2 
m) and mass flux ratio, AZ/AC vs the initial mass flux 
has been plotted in Fig. 11, using the pressure as a 
parameter. In the figure, the lines refer to the cor- 
relation predictions and the points refer to the exper- 
imental data. The modified CISE correlation (top 
graph) shows a better performance than the Katto 
correlation (bottom graph) at low mass flux-high 
quality region while the Katto correlation tends to 
become equivalent to the modified CISE correlation 
at intermediate-high mass fluxes. As far as heat flux 
variations are concerned, the performances of the two 
above correlations in predicting experimental data are 
plotted in Fig. 12, using the pressure as a parameter. 
The two correlations give similar (good) predictions 
of the CHF location sensibility. In conclusion, both 
the correlations well predict the variation of thermal 
crisis location due to the examined thermal hydraulic 
parameters variations. 

CONCLUSIONS 

The analysis of the experimental data on CHF in 
steady-state upflow forced boiling of R12 shows a 

decreasing sensibility of the thermal crisis location 
following a thermal hydraulic parameter variation 
(such as mass flux or heat flux variation) with the 
increasing of initial mass flux. An explanation of the 
trend of experimental results may be given examining 
the thermal hydraulic conditions and the connected 
mechanism of crisis at the beginning and at the end 
of the parameters variation. In the low quality region, 
where the nucleate boiling regime is present together 
with a consistent hysteresis effect, and the DNB mech- 

anism of thermal crisis is dominant, the influence of 
a thermal hydraulic parameter variation is weaker 

than in the high quality region, where the convective 

boiling and the dryout mechanism of thermal crisis 
are present without any hysteresis effects. In those 
cases where the DNB-type mechanism of the CHF is 

present at the beginning of the variation and the dry- 
out-type mechanism appears at the end of the 

variation, the influence of the thermal hydraulic par- 
ameter variation decreases as much as the inital criti- 

cal quality is low and far from the corresponding 
dryout quality. 

The comparison of the thermal crisis location vari- 

ation with mass flux and heat flux variations, obtained 
using the modified CISE and the Katto correlations, 
with the experimental data shows a good performance 

of the modified CISE for all the mass fluxes tested, 

while the Katto correlation seems to be less accurate 
at low mass fluxes, being globally able to follow the 
experimental data trend. 
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