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ABSTRACT 

An experimental study has been performed on the critical heat flux 
(CHF) for stable low flow of water in vertical round tubes under 
low pressure. Experiments have been performed with a test section 
of diameter 0.0lm (heated length= 0.9 and 0.6m) under atmospheric 
pressure. Test results are discussed in the aspects of parametric 
effects of the following parameters: mass flux, flow direction, 
inlet subcooling, inlet throttling, heated length-to-diameter ratio 
and natural circulation. The test data are compared with those of 
the authors' previous experiments with different test sections and 
existing correlations. 

1.0 INTRODUCTION 

The critical heat flux (CHF) condition constitutes an upper 
boundary of the efficient boiling heat transfer regime, and 
economic operation of heat transfer equipments can be achieved by 
designing them to operate near but not'exceeding it. The CHF has 
been extensively investigated over the past three decades mainly 
with development of water-cooled nuclear reactors. Now many 
aspects of the phenomenon are well understood and several reliable 
correlations are available for most conditions. A number of 
excellent survey of the CHF are available in books ( 1-3) and 
papers(4-6]. 

However there are two major problems; one is insufficient 
understanding of the physical phenomena which results in too many 
empirical correlations, the other is the unbalance of study, i.e., 
concentration of works on the high pressure and high flow 
conditions related to commercial water cooled nuclear reactors. 
The former is expected to be solved through more experimental 
investigation and development of generalized correlations(Katto, 
1985) or theoretical prediction methodologies. Considerable 
efforts should be also given to mitigate the latter problem. 

The importance of CHF at low pressure and low velocity (LPLV) 
conditions is increasing in relation to the commercial nuclear 
reactors in accident conditions, the passive safety reactors, 
small-scale district heating reactors, etc. This leads to 
considerable studies for this specific area during the past 



decade[7-15]. Korea Advanced Institute of Science and Technology 
{KAIST) is performing the LPLV CHF study in both experimental and 
theoretical aspects. Experiments with two round tube test sections 
(D = 6 mm and 8. 8 mm) and some analytical work are already 
reported [ 16]. This work continues the previous work to improve 
overall understanding of the CHF phenomenon. 

2.0 BACKGROUND 

The CHF characteristics would be quite different at low pressure 
compared with high pressure conditions due to different water 
properties. Especially vapor-to-liquid specific volume ratio at 
0.1 MPa is about 1600, which is 260 times that at 15 MPa. This is 
the primary reason that flow becomes less stable at low pressure. 
The large specific volume ratio also results in large bubbles and 
therefore different boiling characteristics in channels of 
relatively small diameter. Significant changes in surface tension 
and viscosity would also affect the behavior of the liquid-vapor 
interface. In addition to these pressure effects, low velocity 
makes the buoyancy effect significant. So the LPLV CHF is a 
complex phenomenon and systematic interpretation is difficult. 

This characteristic of the LPLV CHF was recognized early and 
experimental work and correlation development have been performed 
since late 1950s. However it is only recently that this ph~nomenon 
is extensively studied. Correlation by Griffith et al. {modified 
Zuber correlation) [17] is the most famous one frequently used in 
nuclear reactor safety codes. 

Considerable works have been reported for the present subject 
during the past decade. The most important and comprehensive works 
are those by Mishima et al. [7-10). They performed a series of 
experiments for three different channel geometries: an internally 
heated annulus, two rectangular channels, and a round tube. 
Additional CHF experiments for LPLV conditions have been performed 
by other workers including Rogers et al. [ 11 J for water flow in 
annuli, Sudo et al.[12, 13] for rectangular channels, El-Genk et 
al.[14) for annuli, Weber et al.[15) for a short round tube, and 
recently Chang et al.[16). Important findings can be summarized as 
follows: 

(a) The CHF at zero net flow occurs due to counter-current flow 
limitation (CCFL) (flooding or flow reversal), which is represented 
by the following correlation from the Wallis' flooding correlation 
(Wallis, 1969) : 

A C2 htgyPggllpD 

Ah [l+(p/pt)l/4]2 
(1) 

It generally gives much lower CHF value than the pool-boiling CHF. 
The flooding could be the cause of CHF even in the non-zero flow 
condition as long as countercurrent flow is established in the 
boiling channel. Chang et al. (1991) derived the following implicit 



form of flooding-limited CHF for non-zero flow condition. 

(A/ A ) C2 h ( p gt,. pD) 112 
q = h fg g 

cF 1 + (pg/pf) 1/4 [1- (A/ Ah) (hfgG/ qcF) ] 1/2 
(2) 

However the constant C varies significantly according to the test 
section geometry including dimension. 

{b) The CHF at LPLV conditions is lower than that predicted by 
conventional low-velocity CHF correlations. The CHF as a function 
of mass flux shows different behavior between the round tube and 
the other channel geometries with unheated wall. The CHF is 
generally higher in round tubes. 

( c) At intermediate mass velocities the CHF is significantly 
affected by flow instabilities under low pressure. Downward flow is 
more susceptible to the instability and therefore has lower CHF 
value than upward flow. Downflow CHF is affected by the inlet 
subcooling, inlet throttling, and upstream compressibility more 
than the upflow CHF. 

(d) Flooding, churn-to-annular flow transition, dryout of liquid 
film surrounding the vapor plug in slug flow, and dryout of liquid 
film from annular flow are considered as the possiple CHF 
mechanisms under LPLV conditions. 

Frequently the CHF at LPLV conditions is analyzed using the 
following dimensionless parameters: 

where 

.l = ,)o/g3p 

3.0 EXPERIMENTAL APPARATUS AND PROCEDURE 

3.1 Experimental Loop 

(3) 

(4) 

(S) 

(6) 

The experimental loop, which is almost the same as that used in the 
previous experiments[16], is schematically shown in Fig. 1. Please 
refer to Chang et al. [16] for more detailed information on the loop 
and test procedure. 



3.2 Test Section 

The test section was made up of 10 mm-i.d. and 2 mm-thick Type-304 
stainless steel tube with variable heated length of 0.9 m and o.6 
mas shown in Fig. 2. A copper electrode is welded to each end of 
the test sec~ion to deliver the electric power from a 32V, 2000A DC 
power supplier. To observe tube wall temperature variation, 14 
Chromel-Alumel {Type K) thermocouples are spot-welded onto the 
outside of the stainless steel tube. The test section tube and 
copper electrode is electrically insulated from the other parts of 
the loop by teflon bushings. 

3.3 Instrumentation and Data Processing 

The test section wall temperatures were detected by Type-K 
thermocouples, and processed, stored and displayed by a data 
acquisition system consisting of a HP3852A Data Acquisition/Control 
Unit, a HP Series 300 Workstation and a Kei.thley System 740 
scanning thermometer. The water {or steam) temperature at the 
inlet and outlet of the test section was detected by Type-T 
thermocouples and displayed with an Omega Model 2176A digital 
indicator. 

Test section pressure was measured by a bourdon-type pressure gauge 
and confirmed by estimation based on hydrostatic head below the 
overhead tank water level. The pressure at test section outlet was 
estimated to be 110 kPa. The flow rate into the test section was 
measured by a rotameter assembly covering a range from 0.01 to 2.5 
liter/min. 

The critical heat flux condition was defined as the condition where 
maximum wall temperature exceeded 300· °C with a trend of rapid 
increase(Fig. 3). Practically use of different set point did not 
give significant difference in resulted CHF values. The heat flux 
was calculated from the power input to the test section and known 
heated area assuming uniform heat flux. The test section power was 
determined from the current and resistance considering the effect 
of temperature variation. 

The uncertainties of the final CHF data were estimated by 
incorporating the contribution of each independent variable 
affecting the parameter. The estimated uncertainties are as 
follows: 

- test section outlet pressure: + 1 kPa 
- inlet subcooling: ± 5 kJ/kg 
- mass flux: ± 5 % 
- heat flux: ± 4 % 

4.0 RESULTS AND DISCUSSION 

Total of 232 CHF data were obtained with varying flow direction, 
inlet conditions (mass flux, subcooling and throttling) including 
natural circulation conditions. Downward flow test without inlet 



throttling was limited to the very low flow region because stable 
flow could not be established at higher flow. 

4.1 Overall Behavior of CHF 

The overall behavior of CHF as a function of mass flux is shown in 
Fig. 4 for the stable flow condition where flow excursion is 
avoided and flow oscillation is not large. Here the positive and 
negative mass flux denote upflow and downflow, respectively. Zero 
mass velocity means complete bottom blockage or zero net flow at 
test section inlet. Figure 5 shows the variation of thermodynamic 
quality at tube exit, based on the inlet flow condition and heat 
input, under CHF condition. 

Overall behavior was very similar to that previously observed by 
the authors(16] and can be summarized as follows: 

(a) The CHF monotously increased with mass flux from a minimum 
value at zero inlet mass flux. 

(b) The critical quality generally decreased and merged to a line 
as mass flux is increased. There was a transition point in the 
trend of critical quality near G = 10 kg/m2s, which corresponds to 
the transition of CHF mechanism from flooding to liquid film 
dryout. 

( c) The stable 
regardless of 
throttling. 

CHF was almost 
flow direction, 

the same for given mass flux 
inlet subcooling and inlet 

(d) The CHF was a decreasing function of Lii/D for given D. 

(e) The location of CHF occurrence moved from the bottom to the top 
(exit) of the test section, as the upward flow rate was increased 
from zero. The CHF always occurred at the tube exit for flow rate 
greater than a threshold value. 

4.2 Parametric Effects on the CHF Data 

Now let us briefly examine the parametric effects found in our 
experimental data. Note that discussion is limited to the stable 
flow condition. 

Effect of mass flux. The CHF monotonously increased as mass flux 
is increased from zero regardless of the flow direction, inlet 
subcooling, and inlet throttling for stable flow condition. The 
trend was almost linear in the lower flow region except near-zero 
flow, but the rate of increase decreased in the higher flow region. 
The behavior of CHF at very low flow is discussed later. 

Effect of flow direction. When large inlet throttling was 
provided, the downflow CHF was generally lower than the upflow CHF 
with a difference less than 10% (see Fig. 6). In case of no inlet 



throttling, downward flow was much more susceptible to the 
instabilities and premature CHF due to flow excursion could occur. 

Effect of inlet subcooling. The effect of inlet subcooling was 
negiligible in our experimental range (Fig. 7) . It has been 
suggested as a useful measure in defining the low flow region under 
low pressure(Chang et al., 1991). 

Effect of inlet throttling. Throttling just before the inlet of a 
boiling channel under low_pressure increases the stability of flow, 
and therefore generally increases the CHF. Its effect on the CHF 
was negligible in the very low flow region, i.e., the 
flooding-limited CHF region. It was relatively small in upward 
flow but significant for downflow condition so that even a stable 
flow condition could not be established without inlet throttling. 
Effect of heated length-to-diameter ratio. In case of the same 
inlet condition, the CHF in the shorter tube was 40 - 50% higher 
than that in the longer tube. This observation indicates that CHF 
is propotional to Lti-a ( a = O. 8 to 1. O) for the same diameter tube. 

Natural circulation effect. The CHF appeared to be considerably 
small in natural circulation condition compared with forced 
circulation. This does not agree to the findings by Mishima and 
Ishii[?] for an annulus. 

4.3 Further Discussions 

The behavior of CHF at very low upward flow is illustrated by Figs. 
9 and 10. The trend of CHF and critical quality indicate that 
there is a threshold mass flux at which the CHF mechanism changes. 
This threshold corresponds to the maximum mass flux for flooding 
CHF previously derived by the authors(Chang et al., 1991) as shown 
in Fig. 10. This is clearly confirmed by the location of CHF 
occurrence. However it should be noted here that the value of c 
(0.77 and 0.65 for the longer and shorter tubes, respectively) in 
Eqs. (1) and (2) was found to be considerably lower than that 
observed by Mishima and Nishihara(B] (C = 1.66) and Chang et 
al.[16] (C = 1.27 for TS-1 and 0.98 for TS-2). 

The present CHF data are compared with the previous results by 
authors (TS-1: D = 6mm, Lta = 0.72m, t = 1mm; TS-2: D = 8.8JnJn, Laa= 
o. 72m, t = O. 6mm) in Fig. 11. This shows that the CHF is a 
decreasing function of length-to-diameter ratio. Figure 12 shows 
the CHF as a function of the local thermodynamic quality to check 
the potential of local condition type correlation for the LPLV 
region. Excluding the data for very low CHF (which is related to 
flooding-limited CHF), the CHF data for each heated length lies on 
a single curve approaching the point (Xe =1.0, CHF = 0). The CHF 
is considerred to be affected by length-to-diameter ratio as well 
as diameter. The CHF in TS-2 seems to be somewhat particular 
compared with others, probably due to very small tube thickness. 
As a conclusion, a quality-based correlation seems to be feasible 
if the effect of heat length is incorporated and the 



flooding-limited CHF for near zero flow condition is properly 
treated. 

Figure 13 compares the present experimental data with predictions 
by several existing correlations. Chang et al. correlation 
predicts well the data of the longer test section but not well for 
the shorter test section. This implies the need for improvement of 
the correlation, especially for the effect of length-to-diameter 
ratio. Most other correlations considerably overpredicts the CHF. 

5.0 CONCLUSION 

Important findings of this work are summarized as follows: 

(a) Most findings by previous workers (especially by Mishima et al. 
and Chang et al.) on the LPLV CHF were confirmed in the present 
experiments. 

(b) The CHF appeared to be lower in natural circulation condition 
compared with forced circulation condition, contrary to the finding 
of Mishima and Ishii (1982) for an annulus. This effect should be 
further studied. 

(c) The constant C in Wallis flooding correlation was found to be 
much lower in the present test section. The effect ,of tube 
diameter on c should be clarified through more experiments. 

(d) The quality-based CHF correlation for the LPLV CHF seems to be 
promising if the effect of length-to-diameter ratio and 
contribution of flooding are properly incorporated. 

NOMENCLATURE 

flow area of a channel 
heated surface area 
constant in Wallis correlation for flooding 
diameter 
dimensionless diameter 
mass Flux 
dimensionless mass flux 
gravitational acceleration 
latent heat of vaporization 
channel heated length 
pressure 
critical heat flux 
flooding-limited CHF 
dimensionless heat flux; 
critical quality 

Greek Symbols 
1 Taylor wave length 
r density 
Dr density difference between liquid and vapor 

m2 
m2 

m 

kg/m2s 

m/s2 

kJ/kg 
m 
kPa 
kW/m2 

kW/m2 

m 
kg/m3 

kg/m3 



phases 
s surface tension N/rn 

Subscripts 
f saturated liquid 
g saturated vapor 
fg difference between saturated liquid and vapor phases 
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