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Abstract-In order to study critical heat flux (CHF) at low mass velocities, flow stagnation and flow reversal 
conditions, an experiment has been performed with waterflowingin a round tubeat atmospheric pressure. The 
main emphasis was given to the effects of buoyancy (i.e. upflow and downflow), upstream compressibility and 
inlet valve throttling. The reslts indicated that the CHF due to flow instabilities could be remarkably lower 
than the stable-flow CHF. It is also pointed out that the lower boundary ofunstable-flow CHF corresponds to 

the annular-flow boundary or the flooding CHF. 

1. INTRODUCTION 

NUMEROUS and extensive works have been performed 
on burnout phenomena in round tubes in the last 
quarter of a century. A number of comprehensive 
reviews on the subject also have been published [l-8]. 
Since the critical heat flux (CHF) problem has been 
investigated particularly in the development of nuclear 
reactors in which the main concerns have been the 
maximum power extractable from the reactor, much 
effort has been devoted to the development of the design 
correlations for CHF predictions at such high-flow- 
rate/high-pressure conditions as expected in light water 

reactors. 
On the other hand, it is only recently that emphasis 

has been given to CHF at very low mass velocities, flow 
stagnation and flow reversal conditions, of interest for 
steam generators with natural convection and for 
nuclear reactors in accident conditions, such as a loss- 
of-coolant accident (LOCA) [S, 63. There exist several 
CHFcorrelations [g-12] which are applicable for CHF 
at low flow rates. Barnard et al. [13] investigated 
CHF for Freon-113 flowing in tubes near atmos- 
pheric pressure and at mass velocities from zero to 
320kgm-‘s-l. They observed that CHF at zero inlet 
mass velocity occurred due to flooding or pool-boil- 
ing CHF. For low mass velocities, CHF occurred 
due to complete evaporation or entrainment-limited 
mechanism. 

It is noted that the above mentioned results for 
upflow were obtained under stable-flow conditions. 
However, it is generally known that boiling channels 
are subject to various flow instabilities, which may be 
the cause of premature burnout [14-211. Lowdermilk 

et al. [14] showed that the flow became unstable and 
consequently the CHF decreased with larger upstream 
compressibility and less inlet throttling. Maulbetsch 
and Griffith [lS] studied both flow excursion and 
pressure-drop oscillations. It was shown that the 
upstream compressibility worked as an energy storage 
mechanism in pressure-drop oscillations and those 
flow instabilities could be effectively controlled by 
providingalargeinlet throttlingjust prior to the heated 
section. 

There is only a little literature on CHF for downflow 
[22-241. Blumenkrantz and Gambill [22] observed 
downflow CHF several-fold lower than upflow CHF at 
very low mass velocities of water. Downflow CHF 
obtained by Cumo et al. [23] for Freon-12 was about 
11% lower than upflow CHF with the conditions 
otherwise the same. 

Although a large number of investigations have been 
performed on CHF for water flowing in round tubes, 
the LOCA characteristics of low velocity, flow 
stagnation, and flow reversal, are not well understood 
and reference steady-state critical-heat-flux data for 
low velocities and pressures are needed, as stated by 
Bergles [S]. In view of these, experiments have been 
performed with water flowing in a round tube at low- 
flow-rate and low-pressure conditions to study the 
effects on CHF, of buoyancy (i.e. upflow and 
downflow), upstream compressibility (upper and lower 
plena) and inlet valve throttling. Critical heat flux at 
complete bottom blockage also has been measured. 
Furthermore, CHF vs mass-velocity curves are 
compared with observed flow-stability boundaries at 
given inlet water temperatures. 
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NOMENCLATURE 

A flow area 8Ap 

AH heated area ( > YE int 
slope of the internal pressure-drop 
vs mass velocity curve 

Co distribution parameter 
D tube diameter HAP 

? 

liquid phase friction factor 
slope of the external pressure-drop 

c’?G 

G” 
two-phase friction factor 

(----i ext vs mass velocity curve 

mass velocity 
G* non-dimensional mass velocity defined 

4 heat flux 

by equation (7) 
4c critical heat flux 

G, criticai mass velocity to cause bubble 
%F critical heat flux due to flooding 

stagnation 
4* non-dimensional heat flux defined by 

gravity 
equation (6) 

3 enthalpy 
& liquid Reynolds number 

h 
T” inlet water temperature 

& 
latent heat of vaporization 
inlet subcooling (enthalpy) 

x, exit quality. 

K, exit resistance coefficient 

Ki inlet resistance coefficient 
L length 

Greek symbols 
c? void fraction 

L NB length of the non-boiling region 

bi heated length a, void fraction at the exit of the heated 

length of unheated region 
section 

L” NH average void fraction in the heated 
P pressure 

AP pressure drop 
section 

Ap, pressure loss due to acceleration Pk density of k phase (k = g or 1) 

A& pressure loss at the exit Pli density of the liquid at the inlet 

Apex, external pressure drop (supply pressure AP difference of the density between two 

drop) 
phases 

4 pressure drop due to gravity 

4% internal pressure drop (system-demand 
pressure drop) 

A~wrnp pump head 

APTPF frictional pressure loss of two-phase flow 

I*a viscosity of k phase (k = g or I) 

AP difference of the viscosity between the 
two phases 

/I length scale of the Taylor wave defined 
by equation (8) 

d surface tension. 

2. EXPERIMENT 

2.1. Test section 

The test sectionismade upofa6-mmID, l-mm thick 
stainless-steel tube as shown in Fig. 1. A copper 
electrode is silver-soldered to each end of the test 
section. The length of the heated section is 344 mm. The 
test section is mounted in the loop with suitable fittings 
and Teflon bushing as electrical insulator. Ten 
chromel-alumel the~ocoup~es are spot-welded onto 
the outside wall of the stainless steel tube. The 
thermocouple locations are shown in Fig. 1. These 
thermocouples are connected to burnout detectors. 
The stainless steel tube is heated electrically by a D.C. 
power supply and water flows inside. The whole test 
section is thermally insulated with asbestos ribbon. 

2.2, Test toop 
The test loop consists of a test section, a downcomer 

(water tank), a bypass, a circulating pump, flow control 
valves, three turbine flowmeters and a pipeline 
connecting these components as shown in Fig. 2. An 
upper and a lower plenum and a surge tank are 

mounted when necessary. The Ioop is filled with ion- 
exchanged water, which was degassed by boiling prior 
to the experiment. Water is circulated by a centrifugal 
pump whose characteristic is known. The flow 
orientation in the test section can be set either upward 
ordownwardusingfourstopvalves(V2,V3,V4andV5) 
in the loop. 

Three geometrical arrangements for the test section 
were employed. in the first series of experiments, the test 
section was mounted in the loop simply using standard 
tube fittings and joints in order that there remained as 
small a compressible volume as possible. A valve (V6) 
was installed at the bottom of the test section which 
served for inlet throttling in an upflow. Since no valve 
was at the top, the one just behind the flowmeter (Vl) 
was used for inlet throttling in a downflow. 

The second series of experiments was conducted with 
a plenum at the top and the bottom of the test section. 
The volume of the plenum is 1077 cm3. It should be 
noted that some amount of non-condensable gas 
probably remains in the upper plenum during 
experiment. 
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FIG. 1. Test section with round tube heater. 

In the third series, a surge tank was connected to the 
loop upstream of the test section. The volume of the 
surge tank was about 300 cm3, but the volume ofair in it 
was changeable. 

2.3. Instrumentation 
The flow rate to the test section was measured with 

two turbine flowmeters installed parallel to each other 
in the loop. The electrical outputs from these turbine 
flowmeters were recorded on a strip chart which 
enabled us to read the average flow rate as well as to 
observe the fluctuations. 

The water temperatures were measured at the inlet 
and outlet of the test section, downstream of the 
flowmeters and in the downcomer with chromel- 
alumel thermocouples. The heated-wall temperatures 
weremeasured with lOchromel-alumel thermocouples 
spot-welded onto the heater as mentioned before. All 
these temperatures were also recorded on a strip chart 
or with a digital printer. 

The pressure in the loop was measured with a 
Bourdon-tube type gauge installed in the upstream of 
the test section. 

2.4. Test procedure 
Prior to the experiment, the water in the loop was 

circulated and boiled for about half an hour for 
degassing, since the existence of non-condensable gas 
reduces the CHF considerably. Then the valves were set 
to obtain the desired flow orientation. 

The flow rate was regulated in two ways, namely, 
either by inlet-valve throttling with all the bypass 
closed or by throttling the valve downstream of the 
flowmeters with the inlet valve and the bypass valve 
open. The former case corresponds to a ‘stiff’ system 
though not completely stiff, whereas the latter case 
corresponds to a ‘soft’ system. 

Critical heat flux was measured at given flow rates 
and inlet water temperatures. The inlet water 
temperature was kept constant by using the cooling 
pipe in the downcomer and the heat input to the test 
section. The exit pressure was always kept near 
atmospheric by keeping the relief valve open on the top 
of the downcomer during the experiment. At each given 
flow rate, the power to the test section was gradually 
increased by small steps until a burnout occurred. 

The determination of the occurrence of burnout is 

STEAM DISCHARGE 

COOLING COIL 

UPPER PLENUM 

@- 
r- 
1 SU%iE TANK’ 1 

BYPASS 

LOWER PLENUM 

@ TURBINE FLOW METER 

@ PRESSURE GAUGE 

@ THERMOCOUPLE 

FIG. 2. Schematic showing of the test loop employed in the round tube experiment. 
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TEST SECTION WITHOUT PLENl JM : LARGE INLET THROTTLING 
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FIG 3. Overall behavior of CHF as a function ofmass velocity for the test section without plenum under stiff 
condition. 

based on the actuation of any one of the burnout 

detectors, which actuate a relay to switch off the power 

to the test section as soon as the wall temperatures rise 
beyond a preset value due to the occurrence of 
burnout. The preset levels of the detectors were so 
changed in each run as to trip thecircuit properly due to 
the burnout. Since the wall temperatures were recorded 
on a strip chart, the occurrence of burnout was 
observed also from the abrupt increase in the 
temperature traces. 

The heat flux was calculated from the voltage drops 
across the test section and the calibrated on-line shunt 
of the power supply assuming a uniform heat flux. The 
critical heat flux is defined by the heat flux just before 
the occurrence of rapid temperature excursion. 

As will be described later various flow instabilities 
were encountered. In such cases as the instability 
directly resulted in burnout, the flow rate correspond- 
ing to the CHF was determined by the readings just 
before the occurrence of the instability. However, there 

were other cases in which the flow rate decreased to 
another meta-stable point and held at that level for a 
while before burnout resulted. In those cases, the CHF 
data were plotted in two ways, i.e. CHF vs the initial 
flow rate and CHF vs the flow rate just prior to the 
burnout. 

3. RESULTS AND DISCUSSIONS 

3.1. OveralE behavior of CHF 
The overall behavior of CHF as a function of mass 

velocity is shown in Fig. 3 for the test section without 
plenum under ‘stir conditions, i.e. with large inlet 
throttling. Here, the positive and the negative mass 
velocities denote upflow and downflow, respectively, 
while zero inlet mass velocity means the complete 
blockage of the test channel at the bottom. 

It can be seen from the figure that the curves are 
almost symmetrical about the line with zero mass 
velocity, which indicates that the effect of buoyancy is 

r-- ---------r 7 

I 31 
I in z 60°C 

0 ST I FF SYSTEM 

. SOFT SYSTEM J 

DOWN FLOW UPFLOW 
I 

0 loo0 

G , kg /m% 

FIG. 4. Effects of inlet throttling on the overall behavior of CHF. 
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Tin : 30% 

I 4 
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FIG. S(a). Typical traces at stable-flow burnout. 

small for a stiff system. In both upflow and downflow, 
CHF increases linearly as the mass velocity increases at 
very low mass velocities. There is a minimum in CHF 
(ranging from 0.06 to 0.08 MW m- ‘) at zero inlet mass 
velocity. It has been pointed out that CHF at zero inlet 
mass velocity occurs due to flooding [25]. 

The effect of inlet water temperature is small in this 
range of parameters. However, at high mass velocities 
(namely, larger than 200 kg m-* s-i), the gradient of 
the curves decreases remarkably and the effect of inlet 
water temperature becomes obvious. At the highest 
mass velocities, there are some indications that the 
gradient of the curves increases again with increasing 
mass velocity. 

It has been recognized that in a ‘soft’ system, flow 
instabilities may cause CHF to decrease substantially. 
Figure 4 exemplifies the premature burnout due to flow 
instabilities when the system is operated with less inlet 
restriction. The reduction in CHF is larger at lower 
mass velocities. However, at the lowest mass velocities, 
two curves appear to merge. This may be attributed 
mainly to the larger pressure drop across the turbine 
flowmeter compared to the pressure drop in the heated 
section for very low flow measurement. The figure also 
shows that the curve for the soft system is not 
symmetrical but the CHF is lower for downflow, which 
indicates that the effect of buoyancy becomes 
important at very low flow rates. 

The flow instabilities prior to burnout were observed 
in flow rate traces. A typical flow rate traceofstableflow 
which resulted in a burnout is shown in Fig. 5(a). A flow 
rate trace of unstable burnout is presented in Fig. 5(b). 
Theamplitudeofthefluctuationin theflowrateismuch 
larger in the latter case in which the burnout occurred 
due to unstable flow. The amplitude of the flow rate 
traceincreases with increasing power to the test section. 
Figure 6 shows the variation of root-mean-square 
(r.m.s.)amplitude ofthe output from the flowmeter with 
increasing heat flux at given mass velocities. The effect 

of inlet throttling is also shown there. The r.m.s. 
amplitude of the flow rate increases sharply just before 
the occurrence of burnout and the sharp increase in the 
amplitude occurs at lower heat flux in a soft system. 

When the flow rate and the heat flux is relatively high, 
a small increase in heat flux in some cases causes a 
sudden large decrease in flow rate. The decrease in flow 

POWER. 

FLOW RATE 

WALL TEMP. 

BURNOUT 

q c : 1.44 MWlm’ 
1 

, ONSET OF I- 

477 kg/m’s 

I UPFLOW I 

TIME - 

FIG. S(b). Example of the traces for burnout associated with 
flow instabilities (density wave oscillations). 
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FIG. 6. Effect of inlet throttling on the rms. amplitude of the flow meter output as a function of heat flux. 

rate occurs in a non-recurrent manner leading to a 
burnout as shown in Fig. 7. This is interpreted as an 
example of burnout due to flow excursion. 

The effect of buoyancy on the CHF appears to be 
remarkable in the test section with upper and lower 

WALL TEMP. 

FLOW EXCURSION - 

FLOW RATE 

1 min. 
T,, : 00% 

8 I UPFLOW 

I 
TIME - 

- 

- 

FIG. 7. Example of traces for burnout due to flow excursion. 

plena, as illustrated in Fig. 8. In this case, the bypass was 
closed and the valve Vl in Fig. 2 was used for inlet 
throttling both in upflow and downflow. In upflow, the 
curves for CHF vs mass velocity are almost unchanged 
from those for stiff condition. However, the curves for 
downflow appears to be entirely different. Figure 8 
shows that the critical heat flux remains low up to the 
mass velocity of about 200 kg mm2 s- ';beyond which 
the gradient of the curves increases. At high mass 
velocities, however, the gradient of the curves decreases 
again. From the visual observation in the experiment 
conducted with rectangular channels [25], CHF at very 
low downflow is attributed to the bubble stagnation in 
the heated section. The critical mass velocity to 
stagnate bubbles is estimated from the bubble drift 
velocity in the churn flow regime [26]. The resulting 
equation becomes 

G, = -,/%:cgAp)“4/Co> (1) 

where the negative sign represents downllow and the 
distribution parameter CO for a round tube is given by 

C261 

co = 1.2~0.2Jp$p,. (2) 

Using equation (1) the critical mass velocity to 
stagnate bubbles in the present system becomes 
-179 kg mm2 s-i, which roughly agrees with the 
mass velocity at which the curves change their gradient 
as shown in Fig. 8. 

When the inlet throttling (Vl) is small in upflow, the 
CHF results are the same as those for the soft system 
without plena. Hence, the effect of plenum is not evident 
in upflow, whereas it appears to be significant in 
downflow. The CHF dropped to as much as one-fifth of 
that for the stiff system without plena in downflow. This 
may be explained by the destabilizing effect of 
buoyancy and the upstream compressibility. In fact, 
there possibly remained a certain amount of gas in the 
upper plenum which served as an upstream 
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FIG. 8. Overall behavior of CHF as a function ofmass velocity for the test section with upper and lower plena in 
comparison with that for stiff system. 

compressibility in the downflow experiment. Theabove 
results indicate that the CHF decreases substantially 

due to unstable flow and the effect of buoyancy 
destabilizes the flow markedly, leading to further 
decrease in CI-IF. 

It is known that an upstream compressibility works 
as an energy storage mechanism to excite pressure- 
drop oscillations [18]. In order to observe this 
phenomenon in upflow, a compressible volume (about 
140 cm3 of air in the surge tank) was connected to the 
loop immediately upstream of the test section and the 
CHF measured. In some cases, sustained flow 

FLOW RATE 

POWER 

ONSET OF 

) INSTABILITY BURNOUT 

I 1926 kg/t& 

UPFLOW 
x 

WITH UPSTREAM 

COMPRESSIBILITY 

TIME - 

FIG. 9. Complex flow instability in upflow affected by the 
upstream compressibility. 

oscillations with large amplitudes arose with a small 
increase in the heat input, and the flow rate dropped to 
another level gradually as the heat input was increased, 
keeping the inlet throttling constant. An example is 
illustrated in Fig. 9. This phenomenon is different from 
that shown in Fig. 7 in which a burnout initiated 
directly after the occurrence of flow excursion. The 
period of the sustained flow oscillations is estimated to 
be a few seconds and the exit quality is not very high but 
positive. This type offlow instability as well as the other 
types which were observed in the present experiment 
will be discussed later. 

The results of CHF in the test section with the 
compressible volume are shown in Fig. 10. The open 
triangles in the figure are the data plotted in terms of the 
initial mass velocity and the solid triangles in terms of 
the mass velocity just before the burnout when the 
above mentioned flow instabilities are encountered. It 

ooL 
1000 2m 

G , kg /m% 

FIG. 10. Effect of compressible volume on CHF for upflow. 
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ALL ALL ALL 
VAPOR 

FIG. 11. Stable and unstable pressure-drop characteristics. 

is clearly shown that the upstream compressibility 
causes a burnout at much lower heat flux than the stable 
CHF in view of initial mass velocity, however, the data 
approaches the stable CHF in terms of the mass 
velocity just before the burnout. 

3.2. Relation between the CHF andjlow instabilities 
ObseruedJIow instabilities. The CHF observed in the 

present experiment appears to be considerably affected 
by various flow instabilities. In that case, the temporary 
reduction of the flow rate due to instability causes total 
liquid starvation which may lead to a premature 
burnout as a consequence. 

Two types of flow instabilities were recognized. One 
is the flow excursion in which a small increase in heat 
flux at constant valve-throttling causes a sudden non- 

recurrent reduction of the inlet flow rate and, as a 
consequence, a burnout. Typical traces illustrating 
burnout due to a flow excursion have been shown in 

DPint 

Fig. 7. The others are oscillatory instabilities. The most 
common among them are the density-wave oscillation 
and the pressure-drop oscillation [27-291. These 
oscillatory instabilities do not always cause burnout, 
but the amplitude is so large that it may cause 
vibrations of the components in the system. 

The flow excursion was first analyzed by Ledinegg 

[30] and so is called the Ledinegg instability. The 
criterion for the instability was given by 

(gin, < (i%>.,, 
This means that the flow excursion occurs when the 
slope of the internal pressure-drop vs flow-rate curve 
becomes smaller (more negative) than the external 
pressure-drop vs flow-rate curve (or pump charac- 
teristic). This is illustrated in Fig. 11. 

In order to identify the flow excursion, the pressure 

drops are calculated for a case shown in Fig. 7, in which 

APext 

BYPASS CLOSED 

4 

G , kg/m25 

FIG. 12. Example of the pressure-drop vs flow-rate curves for the case shown in Fig. 7 which resulted in a 
burnout due to flow excursion. 
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FIG. 13. Example of the pressure-drop vs flow-rate curves for 
the case shown in Fig. 5(b) in which the density-wave 

oscillations were encountered. 

case the bypass valves were closed and the flow rate was 
adjusted with the inlet valve. The method for the 
calculation is given in the Appendix. The result of the 
calculation is given in Fig. 12. Here the external 
pressure drop is taken as the pressure drop across the 
pump and the internal pressure drop as that from the 
outlet to the inlet of the pump through the test loop. 
Since the pump used in the experiment is capable of 
large flow rate, the external pressure-drop vs flow-rate 
curve becomes flat in the range of flow rate concerned. 
The curves for the internal pressure drop have a 
negative slope region, thus a flow excursion is predicted 
to occur at the heat flux of 1.5 MW mm2 and the mass 
velocity of 1750 kg rn-’ s-l, which are in good 
agreement with the measured CHF and mass velocity, 
1.47 MW rnM2 and 1749 kg mm2 s-l, respectively. 

Another example is for the density-wave oscillation. 
Typical traces for this instability are presented in Fig. 

4(MW/m2)= 

5(b), and the predicted internal pressure-drop curves 
are shown in Fig. 13. The internal pressure-drop curves 
have a positive slope in this case because of large inlet 

throttling, thus no flow excursion is expected. The 
burnout point marked with cross-in-circle is at the mass 
velocity 477 kg m -‘s-l on the curve for the CHF 1.44 
MW rne2, whereas the predicted operating point at 
that heat flux is at the mass velocity 440 kg m-2 s-i. 
The stability boundary of the density wave oscillation 
can be obtained from the simple criterion of Ishii and 
Zuber [32], as given by 

where the two-phase friction factory, can be calculated 

from the following equation : 

where Ap,,, is given by equation (A12). 
Equations (4) and (5) predict for the case given in Fig. 

13 that the density wave oscillations occur when the exit 

quality is larger than 0.025 at heat flux 1.44 MW mm2. 
Since the exit quality at burnout is 0.194, the density 
wave oscillations are likely to occur in the case shown in 
Fig. 13. 

Somewhat more complex flow oscillations, as shown 
in Fig. 9, were observed in the test section with the 
upstream compressibility and with the bypass fully 
open. According to the analysis on the pressure-drop 
oscillations by Maulbetsch and Griffith [18], the 
internal pressure drop is calculated as the pressure drop 
in the portion downstream of the compressible volume. 
The external pressure drop is calculated as the pump 
head minus the pressure drop from the outlet of the 
pump to the compressible volume. The resultant 

1 

L------l 
OO 

I / 

laxl 2ooo xxx) 4c 
G , kg/m25 

FIG. 14. Example of the pressure-drop vs flow-rate curves for the case shown in Fig. 9. 
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FIG. 15. Periodic flow oscillationsobserved indownflow at low 
mass velocities in the test section with an upper plenum. 

pressure-drop vs flow-rate curves are as shown in Fig. 
14. Maulbetsch and Griffith [ 181 pointed out that when 
the compressible volume was significantly large, the 
instability always occurred at the minimum in the 
pressure-drop vs flow-rate curve, leading to a burnout 
as a consequence. Therefore, it is expected in this case 
that the flow instability occurs at the point marked with 
solid circle in Fig. 14, at which point the mass velocity is 
1990kgm-2s-‘andtheheatflux1.38MWm-2.These 

values are reasonably close to the measured heat flux, 
1.23MWm-2andthemassvelocity 1928kgm-2s-1at 
the onset of instability. The stability boundary for the 

density wave oscillations predicted by equation (4) is 
also shown with the bold line in Fig. 14. It is indicated 
that the operating point enters the region where the 
density-wave oscillations are likely to occur, after the 
onset of flow instability. It appears that the stored 
energy in the compressible volume worked to restore 
the flow rate. Therefore, the predominant mode of 
instability may be the pressure-drop oscillations 
followed by the density wave oscillations. 

In the downflow experiment conducted with the 
upper plenum, periodic, low frequency oscillations 
were encountered, as depicted in Fig. 1.5. The period of 
the oscillations varied from several seconds to a few 
minutes which decreased with increasing mass velocity. 
In this case, the upper plenum may have served as an 
energy storage mechanism for the sustained oscillation. 
Predicted pressure-drop vs flow-rate curves are given in 
Fig. 16. The external pressure drop was calculated as 
the pump head minus the pressure loss from the outlet 
of the pump to the inlet of the upper plenum. The 
operating point marked with solid circle which is close 
to the condition observed at the occurrence of burnout 
is in the negative slope region on the pressure-drop vs 
flow-rate curve. Therefore, this may be a pressure-drop 
oscillation, though it is considerably affected by the 
buoyancy acting on the bubbles particularly at low 
mass velocities. 

Relation between the CHF and the stability 
boundaries. In this section, observed stability boun- 
daries are compared to the CHF data in order to 
provide a better understanding of burnout mechan- 
isms. In Fig. 17, the stability boundaries both for upflow 
and downllow under stiff conditions are plotted in 
terms of non-dimensional heat flux vs mass velocity 
defined as follows : 

0.015 I I 

DOWNFLOW 

I LIPext @.hi/hfg z 0.1 I 

BYPASS CLOSED 

g 0.010 1 i 

Xe- 1 0 

"0 100 200 4cO 
G , kg /m2 s 

FIG. 16. Pressure-drop vs flow-rate curves for the case shown in Fig. 15. 
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FIG. 17. Stability boundaries for upflow and downflow under stiff condition. 

where 

G* = G/J&&ii, (7) 

The bold lines in Fig. 17 represent the stability 
boundaries. The density wave oscillations are observed 
in the region denoted by DW while the flow excursion 
occurs only on the line marked with E, because the 
onset of flow excursion directly results in burnout. The 
straight line denoted by x, = 0 represents the location 
where the exit equilibrium quality becomes zero while 
the one denoted by x, = 1 represents the location 
where the exit equilibrium quality becomes unity. Thus, 
the bulk flow is subcooled in the region below the line 
with x, = 0 and all the liquid is evaporated in the region 
above the line with x, = 1 in view of thermal 
equilibrium. The measured CHF data are plotted with 
circles and triangles. The Katto correlation [ 1 l] is also 

shown in Fig. 17 as a reference for stable-flow high- 
quality CHF in round tubes. 

The results shown in Fig. 17 can be summarized as 
follows : 

(1) At low mass velocities, the flow is stable or the 
onset of flow instability is not obvious. Typical traces 
under such conditions have been shown in Fig. 5(a). The 
CHF in upflow is well correlated by the stable-flow 
high-quality CHF correlation, while the CHF in 
downflow is as much as 30% lower than that in upflow. 
This may be attributed to the buoyancy effect acting on 
the bubbles. 

(2) At higher mass velocities, however, the density- 
wave oscillations with large amplitudes, as given in Fig. 
6, are encountered and the CHF decreases considerably 
from the stable-flow CHF. The traces for this case have 
been shown in Fig. 5(b). 

(3) As themass velocity further increases, the density- 

IO’ 

q* 

IO2 I 
0 CHF DATA 

E : FLOW EXCURSION -I 

DW : DENSITY _ WAVE 
OSCILLATION 

FIG. 18. Stability boundaries for upflow under soft condition. 
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q* 

lci2 E : FLOW EXCURSION 

DW : DENSITY- WAVE 
OSCILLATION 

FIG. 19. Stability boundaries for downflow under soft condition. 

wave oscillations are followed by the flow excursion 
which directly leads to burnout. 

(4) At the highest mass velocities where the exit 
quality is near zero or slightly negative, the flow 
excursion occurs with no obvious preceding density- 
wave oscillations. It should be noted that this condition 
for the exit quality approximately agrees with the 
minimum in the internal pressure drop vs flow-rate 
curve. 

A similar stability map is obtained for upflow in the 
soft system and in the test section with the upstream 
compressibility. An example is shown in Fig. 18 for 
upflow in the soft system. It can be seen from the 
comparison between Figs. 17 and 18 that the 
boundaries are moved toward lower heat flux and mass 
velocity in the soft system, and that the more unstable 
the flow is, the lower the CHF. 

The stability boundaries for downflow in the soft 
system are shown in Fig. 19, which is very similar to that 

for corresponding upflow case, although the downflow 
appears to be less stable than the upflow. 

When the upper plenum serves as a large upstream 
compressibility in downflow, a different stability map is 
obtained, as illustrated in Fig. 20. The pressure-drop 
oscillations, sometimes mixed with the density-wave 
oscillations, are observed prior to the burnout. The 
stability boundary is close to the line for zero exit 
quality. The CHF is also close to the same line at higher 
mass velocities, which agrees with the observation by 
Maulbetsch and Griffith [18]. The CHF at lower mass 
velocities in this case is remarkably reduced due to 
unstable flow and rather close to the flooding CHF or 
to the annular-flow boundary which can be 
approximated by the following equation [33] : 

q* = qrF + ” F G*, 

u fg 
(9) 

where q$ is the non-dimensional flooding CHF. In the 

DOWNFLOW WITH PLE 

A CHF DATA 

q* 

CHURN-ANNUL 

PD : PRESSURE-DROP 
OSCILLATION 

FIG. 20. Stability boundaries for downflow with an upper plenum. 
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present case q$ is determined from the measured CHF 
at zero inlet mass velocity. 

4. CONCLUSIONS 

The results obtained from the present study are 
summarized as follows : 

(1) The stable-flow CHF at low mass velocities can be 
well correlated by the conventional high-quality 
correlations, such as the Katto correlation [ll]. In 
downflow, however, the CHF is as much as 30% lower 
than the upflow CHF at very low mass velocities due to 

the effect of buoyancy. 
(2) The CHF at intermediate exit qualities appears to 

be significantly affected by the density-wave oscil- 
lations. The flow becomes more unstable by providing 
upstream compressibility, less inlet throttling and 
bypass, which cause a substantial reduction of CHF. 

(3) Due to the buoyancy effect the downflow is less 
stable than the upflow. Particularly when the test 
section has an upper plenum, the latter works as an 
effective upstream compressibility to induce the 
pressure-drop oscillations. The CHF in this case is kept 
almost constant at very low heat flux until the mass 
velocity exceeds the critical value to stagnate rising 
bubbles or the value corresponding to zero exit quality. 

(4) At higher mass velocities, the lines for the above 
mentioned unstable CHF intersect the zero-exit- 
quality line around which the minimum in the internal 
pressure-drop vs flow-rate curve occurs. Beyond this 
mass velocity, the CHF increases along the line for zero 
exit quality, irrespective of the flow orientation. In this 
regime, CHF occurs mainly due to flow excursion. 

(5) There appears to be a minimum CHF as a 
function of mass velocity, which occurs due to flooding. 
It turned out that all the data which suffered flow 
instabilities fall in the region which was bounded by the 
stable-flow CHF lines, the flooding CHF line or the 
annular-flow boundary, and the line corresponding to 
the minimum in the internal pressure-drop vs flow-rate 
curve. 

From these results, it may be concluded that the CHF 
at low flow rate and low pressure conditions is largely 
affected by various flow instabilities. At lower heat flux, 
the basic mechanism of burnout will be the dryout or 
breakdown of the liquid film on the heated surface, 
which is caused by the deficiency of the liquid in the 
heated section and may be controlled by such 
hydrodynamical phenomena as Aooding or flow 
reversal, entrainment and deposition ofliquid droplets. 
Such flow instabilities as the density-wave oscillations, 
the pressure-drop oscillations and the flow excursion 
can reduce the effective film flow rate, thus leading to 
premature burnout. 

When both the mass velocity and the heat flux are 
high, and the exit quality is near zero, the flow excursion 
appears to be the dominant phenomenon to cause 
burnout. The flow excursion leads to total liquid 
starvation and causes dryout over a wide area of the 

heated surface. When the heat flux is sufficiently high, 
say, higher than the pool-boiling CHF, a temporary 
reduction of flow rate due to flow instability would 
initiate vapor-blanketing which can not be quenched 
by the subsequent increase of the flow rate. In that case, 
a DNB-type burnout will result. 
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APPENDIX 

Resistance coejicient of’the inlet valve 
As the pressure drops across the test section and the inlet 

valve were not measured, they were estimated by using the 
known pump characteristic and measured single-phase flow 
rate after shutting down the power to the test section due to 
burnout. This is proper because the valve opening is not 
changed before and after the burnout. 

Since the resistance coefficient of the flowmeters were 
known, the resistance coefficient of the inlet valve can be 
calculated assuming the following form 

where 

A&G) = APT,,> (Al) 

A&G) = A~,urn,(G)> (AZ) 

Api,, = Kit +S,c+(L”+L,)+& 
PI ~DP, 

(A3) 
PI 

Here the first term on the RHS represents the inlet pressure 
loss which includes the resistances at the flowmeter and the 
inlet valve as well as the pressure loss in the inlet pipe. The 
second term is the frictional pressure loss in the heated and 
upper unheated sections, and the third term the exit pressure 
loss. 

The exit resistance coefficient K, is chosen as 0.5 and the 
inlet resistance coefficient K: determined from the exoeriment. 
The single phase friction fadtorf; is obtained from 1 

f, = 0.3164 Re;‘.“, 

where 

Re, = CD/p,. 

(A4) 

(A5) 

Two-phase pressure drop 
Two-phase pressure drop is given by 

AP,., = Ki$ + e + ApTPP+Aps+Ape+ApA 

The exit pressure loss Ap. can be calculated by [8] 

where the exit quality is 

4La Ah; 
&A-L 

h,,DG hr, 

The gravity term ApB is approximated by 

APT = - APg&L, - Lw,) - APgu.L,, 

(A6) 

(A7) 

(A8) 

(A9) 

where a” is the average void fraction in the boiling region and 
a, the void fraction at the exit of the heated section. The void 
fraction at the exit of the heated section can be calculated by 

1 
ci, = 

1+ 
I-%P,’ 

x, PI 

(AW 

It is assumed that the average void fraction a,, is calculated 
using the average quality in the heated section and from the 
homogeneous flow model, hence, 

1 

a”=nG. 
1 f-c-- 

P PI 

(All) 

The above simplification turned out to produce no 
significant errors in the final results for the present case. 
Another simplification is to assume that the acceleration term 
ApA can be neglected because it is cancelled out due to 
condensation in the downstream of the loop, as stated by Ishii 
et al. [31]. Approximate equation for the two-phase friction 
terms was also given by Ishii et al. [31] based on the 
homogeneous-flow model and is expressed as 

APW = &$ 
1, 

(1 +~+L,)(1+~$)-“‘” 

(1 +$.)L. 
+(l +$q” (A1Z) I 
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ASSECHEMENT ET INSTABILITES D’ECOULEMENT POUR L’EAU BOUILLANTE 
DANS UN TUBE CIRCULAIRE, A PRESSION ATMOSPHERIQUE 

R&sum&Pour etudier le flux thermique critique (CHF) aux faibles debits masses, les conditions d’arrgt 
d’ecoulement et de renversement, une experience est conduite avec de I’eau en bcoulement dans un tube 
circulaire a pression atmosphtrique. L’attention principale est portte sur les effets de gravite (tcoulement 
ascendant ou descendant), la compressibilitb et le laminage a l’entrbe. Les resultats indiquent que le CHF dti 
aux instabilites peut itre fortement inferieur a celui de l’bcoulement stable. On montre aussi que la hmite 

inferieure du CHF d’ecoulement instable correspond a la limite du CHF dans l’tcoulement annulaire. 

BURNOUT UND STRGMUNGSINSTABlLITjlTEN BEIM SIEDEN VON STRGMENDEM 
WASSER IN EINEM ROHR UNTER ATMOSPHARENDRUCK 

Zusammenfassuog-Im Rahmen der Untersuchung der kritischen Warmestromdichte (CHF) bei kleinen 
StrGmungsgeschwindigkeiten, bei Striimungsstagnation und Str6mungsumkehrbedingungen wurden 
Experimente mit striimendem Wasser in einem Rohr unter Atmosphlrendruck durchgefiihrt. Hauptsiichlich 
betrachtet wurden Auftriebseffekte(d. h. Aufwlrts- und Abwartsstriimung), Kompressibilitlt und Drosselung 
durch ein EinlaBventil. Die Ergebnisse zeigen, daI3 die kritische Wiirmestromdichte-verursacht durch 
Str6mungsinstabilitlten-betrachtlich geringer sein kann als bei stabiler Striimung. AuDerdem ist die untere 
Grenze der kritischen Wlrmestromdichte bei instabiler Striimung gleich der bei Ringstr6mung oder beim 

Oberfluten. 

HEYCTOHHMBOCTM KMfIEHMIl M TEYEHMR BOJ(bI, ABkDKYIIIEHCR B KPYIJIOH 
TPYGE I-IPM ATMOC@EPHOM AABJIEHMM 

AHHOT~UIISI-_AJIFI mysemis KPUTW~CKOFO ‘rennorsoro noToKa (KTII) npe HW~KHX MaccoBbrx CKOPOCTIX 

I( npe ycnoea~x roph4o~enna re9emis H n3Merieuna nanpasnensa reqemin 6btn npoaenen 3xcnepeMenr 
C BOnOii, JlanXymehCs 6 KpyrJlOii rpy6e npn aTMOC@epHOM RaBJleHliLi. &HOBHOe BHWMaHHe y%IeJleHO 

L,eiiCTBWO nOilbCMHOfi CAnbl(T.e. BOCxOLUUeM,' A HBCXOiWWeMy IlOTOKaM), j”ieTy CXWMaeMOCTH BBepX 

"0 TeSeHWH) H ,'CJ,OBASlM Ha Bxolle. PC3yAbTaTbI IIOKa3aJlH, 'IT0 R3-3a He,'CTOiiWBOCTefi TeSCHWR KTIl 
r4oXer 6bITb 3na~nrenbtio mime, qeh4 npe ~cTO+~HBOM TeqeHmi. Taxxre noxa3an0, sro 6onee HA3Kas 

rpatinua KTH npe neycroAreaohr reqerinn ua6ntonaercn a KonbueeoM Kakiane. 


