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ABSTRACT

An experimental study was performed on burnout
heat flux at low flow rates for low pressure steam-
water upward flow in an annulus. The data indicated
that a premature burnout occurred due to flow regime
transition from churn-turbulent to annular flow. It
is shown that the burnout observed in the experiment
is essentially a flooding-limited burnout and the
.burnout heat flux can be well reproduced by a non-
dimensional correlation derived from the previously
obtained criterion for flew regime transition. It
is also shown that the conventional correlations for
burnout heat flux at low mass velocities agree well
with the data on circulation and entrainment-limited
burnout.

1. INTRODUCTION

Natural convection boiling burnout can become
very important in relation to the safety of various
types of liquid cooled nuclear reactors under a
number of different accident conditions such as lpss-
of-heat sink, loss-of-flow and loss-of-piping integr-
ity accidents. In spite of the importance of the
cooling due to natural convection boiling and its
upper limitation imposed by the occurrences of the
burnout, the main emphases of reactor safety analys-
es both for water and liquid-metal cooled reactors
have been directed to more drastic accident condit-
ions where the natural convection boiling is of
little importance. However, it can be recognized
that milder accidents wnich lead to the decay heat
removal by near natural convection boiling have much
higher probability than those severe accidents exten-
sively studied recently. Furthermore, the breakdown
of the natural convection boiling can lead to a very
significant consequence as exemplified by the Three-
Mile-Isiand accident under the small LOCA (loss-of-
coolant accident) condition.

In view of these, an experimental study has been
carried out to provide insight into the phenomena
which occur during natural convection boiling burn-
out and to recommend a practical correlation to
estimate burnout heat fluxes at such low flow rates
as natural convection. As the first step, burnout
heat fluxes for water in an annulus near atmospheric
pressure have been studied. Burnout at stagnant flow
condition was also included in this study as a limit-
ing case of burnout phenomena [1]. Experiments have
been performed using the Freon Test Loop with an

annular test section at Argonne National Laboratory
[2]. From the experimental data and tne review of
previous works, non-dimensional correlations are
discussed.

2. EXPERIMENT

2.1. Test Loop

The test loop was initially set up for Freon-11
blowdown tests [2] and modified for use in this
Study as shown in Fig.1. It consisted of e test
section, an upper and a lower prenum, a hot and a
cold leg, a downcomer, a bypass loop, a circulating
pump, flow control valves and a turbine flow meter.
The test loop was thermally insulated by Fiberglas
material.

The annular test section consisted of an 86cm-
long (heated length; 59.C3cm), 2.045cm-0D, directly
heated, Type 304 stainless steel tube and a 0.9m-
long, 2.5959cm-ID transparent Pyrex pipe. Twenty-
two 0.762mm-0D, chromel-alumel thermocouples were
spot-welded onto the inside wall of the stainless
steel tube as shown in Fig.2. The detail of the
test section was already described in References[2,3].

2.2. Experimental Procedure

The power to the test section was supplied by
a 20-V, 1500-A, dc power supply. To protect the
test section from physical burnout, nine temperature
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Figure 1 Schematic showing of the test r ig .
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Figure 2 Thermocouple locations. The numbers denote
the distance from 2=0 measured in inch.

controllers were set to trip the power at a heated-
wall temperature of 200°C. The details of the
controllers also appear in the literature [2]. The
power to the test section was estimated by measuring
the voltage drop across the test section and that
across an on-line shunt rated at 50mV/2000A.

The loop was filled with ion-exoianged water to
a level several centimeters above the hot leg which
was observed in the glass tube attached to the down-
comer. To avoid overpressure in the loop, the vent
valve on top of the downcomer was left open during
the experiments. Thus all the measurements were
carried out under atmospheric pressure.

The water flow rate into the test section was
controlled by the valves installed in the cold leg.
Test condition covered natural convection, forced
convection and zero net flow with the inlet valves
fully closed. The water flow rate was measured by a
turbine flowmeter (Cox Instrument, Model LF-6-00).
The flowmeter was calibrated within 42.

The temperature were recorded by a digital re-
corder. As drypatches were more frequently observed
on the surface near the upper end of the heated wall,
the temperature at the location of TC22 in Fig.2 was
recorded also by a Honeywell strip chart. A large
abrupt increase in the temperature trace was recog-
nized as evidence of dryout and caused the actuation
of the power trip circuit.

3. EXPERIMENTAL RESULTS

3.1. Flow Regimes

No significant difference in flow regimes
between natural convection and forced convection was
noticed in the test section. Observed flow regimes
are shown in Fig.3 compared with the flow regime map
predicted by the authors [4]. Bubbly flow was
scarcely observed at low heat flux and large inlet
subcooling. Slug flow which appeared in the figure
was characterized by the periodic slug bubble form-
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Figure 3 Test conditions plotted in a flow regime
map.

ation, though the shape of the bubble was disturbed
by boiling. In thp churn-turbulent flow, slug-like
bubbles were entirely deformed and less periodic and
liquid bridging was typically observed. Drypatches
appeared on the surface of tha heated wall in this
flow regime, though they were quenched away mainly
by liquid bridges. The temperature rise due to dry-
patch formation was found in the strip chart as
shown in Fig.4.

As the steam quality increased, the liquid
bridging became lass frequent. Falling liquid film
as well as climbing film was observed at low mass
velocities. These liquid films, however, did not
seem thick enough to quench drypatches, thus leading
to dryout of the heated wall. The heated-wall temp-
erature during the dryout is shown in Fig.4. Many
investigators pointed out that burnout at high steam
quality is caused by film dryout in annular flow [£].
The same mechanism of burnout was observed also in
this Study, however it occurred just after the tran-
sition from churn-turbulent to annular flow at very
low inlet mass velocity and low pressure. This is
exhibited also in Fig.3.

3.2. Burnout Heat Flux

The critical power to the test section is plot-
ted against mass velocity in Fig.5. The figure
indicates that the burnout heat flux for a given
test section is well correlated by mass velocity.
Though the effect of inlet subcooli-ng is not shown
clearly in the figure, it was observed that the
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Figure 4 Typical heated-wall temperature and flow
rate traces resulted in a burnout.



burnout heat flux tended to increase as the inlet
subcooling increased. There is no remarkable dif-
ference in the critical power results between natur-
al convection and forced convection. It is also
suggested that there will be a threshold heat flux
for burnout to occur. The visual observation in
this study confirmed that the occurrence of burnout
at zero net flow is cltfsely related to the flooding
phenomenon at the upper end of the test section [1,
6-8]. The critical power to the test section can be
estimated using the Wall is correlation for flooding
as follows [8,9],

Q - C2h fgA/pvgApD/[l+(pv/Pl)
1/4]2 (1)

where Q is the total input power, A is the flow
area, 0 is the hydraulic diameter and h, is the
latent heat of vaporization. The numerical value of
C is 0.725 for sharp edged entrances and 0.88 to 1.0
for rounded entrances. From Eq.(l), the cr i t ical
power to the test section is estimated to be 1.0 to
1.9kW which agrees well with the results shown in
Fig.5.

As was mentioned in the previous section, the
burnout at low mass velocities occurred due to
churn-to-annular flow transition. The criterion
for the transition has been developed previously
[4,10] based on the assumption that the transition
occurs due to the flow reversal within the liquid
film at the churn flow bubble section. Therefore,

jv/pv/gA.PD = a - 0.11 (2)

l-0.813[

where j and j are the volumetric flux of the gas and
the two-phase-mixture, respectively, and the void
fraction o is given based on the dr i f t velocity for
churn-turbulent flow as

o =
Cnjo j +

(4)

Here CQ is the distribution parameter [10] and can
be given by

1.2 - for a pipe. (5)
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Figure 5 Critical power to the test section as a
function of mass velocity.

The conservation of heat in the test section
is expressed by

Q = (hfgPvJv • ah.GJA . (6)

where ah- is the inlet enthalpy subcooling of the
fluid , and G is the mass velocity.

Now-nre use following non-dimensional groups,

(7)

(8)

(9)

(10)

and Ah is the total heat transfer area. The non-
dimensional group, Eq.{7) is originally derived by
Zuber [11] and Kutateladze [12] from the consider-
ation of the hydraulic instability. In this study,
Ah^/h, was large enough compared to p /&p, and
for 16* pressure steam-water flow, p /p.. can be neg-
lected. Using these eqjations and assumptions given
above,.we arrive at the following equation for burn-
out heat flux in terms of non-dimensional groups,

(11)q* =

Comparison of q* predicted by Eq.(il) with the exper-
imental data will be found in Fig.6 which shows a
reasonable agreement between them.

4. DISCUSSION AND GENERALIZED CORRELATION

4.1. Burnout Mechanism

Barnard et al. [13] investigated dryout at low
flow rate for an upward flow of Freon-113 in a ver-
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Figure 6 Comparison of predicted non-dimensional
heat flux with the experimental data.



tical tube. They classified the Surnout mechanisms
Into five types. When the flow passages are substan-
tially filled with liquid, burnout will occur due to
the vapor production by boiling which prevents
liquid from reaching the surface. This is called a
pool-boiling type burnout. Flooding-limited burnout
occurs at zero net flow through the flow passage
when the vapor flow prevents a sufficient downward
flow of liquid. When the flow rate through the flow
passage is not zero but very low, all the liquid
entering into the passage from the bottom will be
evaporated and the vapor flow will prevent liquid
flowing down from the top. This type of burnout is
called a circulation-and-flooding-limited burnout.
As the flow rate from the bottom increases, the
vapor flow becomes sufficiently high to prevent any
liquid flowing down the flow passage from the top.
In this case, the dryout occurs when the vapor qual-
ity approaches to 100%. This is called a circulat-
ion-limited burnout. For higher flow rates, substan-
tial amount of the liquid will be entrained by the
vapor flow, which causes dryout at vapor qualities
less than 1002. This is the so called entrapment
limited burnout. The last two types have been ref-
efed to as a basic mechanism of burnout in annular-
two-phase flow [5].

However, the observation in this study indica-
ted the possibility of burnout caused by the flow
regime transition from churn-turbulent to annular
flow as was discussed in the previous section. This
type of burnout occurred over the same range of mass
velocity as the circulation-limited burnout.
Which type of burnout will take place cannot be pre-
dicted generally at present. It is interesting to
note that film dryout on the heated wall did cause
the burnout but liquid film still remained on the
unheated wall during this type of burnout. There-
fore, it is suggested that this type of burnout may
occur only to annular channels with unheated walls.

4.2. Generalized Correlation

Pool-boiling type burnout. Zuber [11] and
Kutateladze [12J proposed essentially the same cor-
relation for pool-boiling burnout as follows,

where

q - •%Pv(°9
2Wp5)1/4(^)n

(12)

where q is the burnout heat flux, K and n are
constants* This equation was derived from the consi-
deration of the stability of vapor-liquid interface
[11]. According to Kutateladze,

K - 0.14 and n = 0.

Equation (12) can be rewritten by using the non-dim-
ensional groups, Eqs.(7)-(10), thus,

q* • 0.14. (13)

Flooding-limited burnout. The heat flux at
burnout caused by flooding can be calculated by
Eq.(l),' which is expressed in a non-dimensional
form as follows,

q* • Ch , (14)

2
(15)

A reasonable agreement between Eq.(14) and the exp-
erimental data for various conditions [1,6,7,13]
is shown in Fig.7. As Block and Wallis [8] pointed
out, the burnout heat flux tends to a constant for
small L/D which means that the burnout is limited
by wall heat flux. Then it may be deduced that
pool boiling type burnout will occur in very short
tubes. The transition from pool boiling to flood-
ing-limited burnout can be calculated from Eq.{13)
and (14), therefore

C2c = 0.14 (16)

Thus the non-dimensional burnout heat flux q* for
these two regimes can be given as a function of
as illustrated in Fig.7.
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Figure 7 Non-dimensional burnout heat flux q*
x. for flooding-limited burnout.

versus

In the previous section, Eq.(ll) was derived
as a burnout heat flux caused by churn-to-annular
flow transition. The criterion for the transition
is based on the assumption that liquid film flow
changes the direction from downward to upward at
transition. Then, when G*=0 in Eq.(ll), it should
give the flooding condition. Actually, when G*=O,
Eq.(ll) becomes

(17)

Comparing Eqs.(14),{15) and (17), we obtain C2=0.97,
for water under atmospheric pressure, which agrees
well with that of C given by Wallis.

Circulation-limited bur-nout. This type of
burnout is characterized by 100% evaporation of the
liquid entering from the bottom and no liquid flow
from the top. Therefore, the burnout heat flux is
given by.



Figure 8 Freon-113 burnout heat flux data [13]
compared with several correlations.

(19)

Entrainment-limited burnout. There have been
some attempts to calculate the burnout heat flux in
this regime using an annular flow model [5]. Whalley
et al. [14] obtained an encouraging result from their
analysis. However, no generalized correlation has
been presented in a closed form. An'example of
entrainment-limited burnout was given by Barnard et
al. for Freon-113 [13]. They explained their experi-
mental results successfully using annular flow model
of Whalley et al. [14] with a simple empirical equ-
ation for entrainment fraction.

The relationship between burnout heat flux and
mass velocity for Freon-113 is shown in non-dimen-
sional form in Fig.8. Some non-dimensional cor-
relations also appear in the figure.

The Katto correlation was developed from a wide
variety of experimental data for forced convection
burnout in round tubes using dimensional analysis
[15]. According to Katto, the burnout in L-regime
is mainly due to the dryout of the liquid film on
the heated surface when the fraction of liquid en-
trained in the gas core is small. This may be also
understood from the fact that the curve for the L-
regime is close to that of the circulation limited
burnout in Fig.8. It can be seen also from the
figure that the H-regime corresponds to the.entrain-
ment- limited burnout.

The broken lines in Fig.8 exhibit the churn-
to-annular flow transition boundaries predicted by
Eq.(ll). The equation was derived assuming that
Ahj/h, is large enough compared to p /AD. The test
condition of Barnard et al. [13] satisfies this so
that Eq.(ll) may be used as a first approximation.
However, the figure shows that the measured burnout
heat fluxes are far above the churn-to-annular
transition boundary. The bold line in Fig.8 cor-
responds to the onset of entrainment based on the
criterion developed by Ishii et al. [17]. As shown
in the figure, the onset of entrainment is very
close to the churn-to-annular flow transition for
this case.

4.3. Discussion

The experimental data obtained from this study

are compared with the generalized correlations des-
cribed above in Fig.9. Some other correlations
for water also will be found in the figure [18-22].
The Macbeth correlation [18,19] and the Lowdermilk
correlation [20] were originally developed for sub-
cooled upward water flow in a round tube. However,
they were applied to water flow in an annulus repl-
acing hydraulic equivalent diameter by heated equi-
valent diameter which appears in the equations.
Their correlation consists of two equations, one is
for the low velocity regime and the other for the
high velocity regime just as the L-regime and the
H-regime respectively of the Katto correlation for
annuli [22]. Barnett [21] correlated experimental
.data for internally heated annuli assuming a Macbeth
type of correlation, however the applicable range is
limited to rather high mass velocities.

From Fig.9 we can see that the data are wel?
correlated by Eq.(ll) which was derived from tne
criterion for churn-to-annular flow transition. On
the other hand, the other conventional correlations
predict heat fluxes much higher than experimental
data, though the correlations agree well with each
other. As pointed out in the previous section,
these correlations may be used for entrainment-limited
burnout. However, Fig.9 indicates the existence of
a different mechanism of dryout. Further studies
are needed to establish the criterion to determine
which mechanism should work under a given condition.

It is interesting to note at present tnat no
entrainment occurred in this case according to tne
criterion of Ishii [17] as shown by the bold line
in Fig.9, while the onset of entrainment followed
just after the churn-to-annular flow transition in
the case shown in Fig.8. Observations in previous
works revealed that the entrainment and the
deposition of liquid droplets could be a controlling
factor for film dryout [5]. In other words, we can-
not expect droplet quenching in this case.

Another factor that we should consider is the
effect of system pressure on the flow regime transi-
tion. For example, the Barnett data for water at 69
bars in an annulus with approximately the same
hydraulic diameter as the present study can be well
reproduced by his correlation [21], which is very
close to the Katto correlation [22] as shown in
Fig.10. It is interesting to note that for this
case the occurrence of a slug-annular flow transit-
ion, instead of a churn-annular flow transition, is
predicted by the criteria [4]. Therefore, it may
be pointed out that the burnout mechanism that was
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Figure 9 Comparison of burnout correlations at low
pressure and low mass velocities.
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Figure 10 Comparison of burnout correlations at
high pressure (69bar) and low mass
velocities.

observed in the present study will be a character-
istic phenomenon for a low pressure system in an
annul us with an unheated wall.

•5. CONCLUSIONS

An experiment has been performed at low flow
rates of steam-water upward flow in an annul us and
the data were compared with various correlations.
The following conclusions can be derived from the
discussions:
a. Burnout heat flux at zero net flow can be pre- ,
dieted by the flooding correlation, which gives
lower burnout heat fluxes for large L/D than those
predicted by the pool-boiling burnout correlation.
b. Visual observation revealed that burnout at low
mass velocities occurred due to liquid film dryout
at the flow regime transition from churn-turbulent
to annular flow.
c. A non-dimensional correlation for the burnout-
heat flux due to the flow regime transition can be
derived from the criterion of Ishii [10],
d. On the other hand, the conventional correlations
for low mass velocities well reproduce the data on
circulation- and entrainment-limited burnout.
e. Further studies are needed to establish the
criterion to determine which regime of burnout
should occur at low mass velocities.

REFERENCES

1. Griffith, P., Schumann, W.A. and Neustal, A.D.,
Flooding and Burnout in Closed-end Vertical
Tubes, Two-phase Fluid Flow Symposium, Paper
no.5, Institution of Mechanical Engineers,
London, 1962.

2. Leung, J.C.H., Occurrence of Critical Heat Flux
during Blowdown with Flow Reversal, ANL-77-4,
1977.

3= Mishima, K. and Ishii, H., Experimental Study
on Natural Convection Boiling Burnout in an
Annul us, Annu. Rep. Res. Reactor Inst., Kyoto
Univ.. vol.14, 1981.

4. Ishii, M. and Mishima, K., Study of Two-fluid
Model and Interfacial Area, NUREG/CR-1873,

ANL-80-111. 1980.
5. Hewitt, G.F., Mechanisms of Burnout, in Two-

phase Flow and Heat Transfer, ed. D.Butterworth
and G.F. Hewitt, pp.279-294, Oxford University
Press, Oxford, 1977.

6. Frea, K.J., Two-phase Heat Transfer and Flood-
ing in Counter Current Flow, Proc. 4th. Int.
Heat Transfer Conf., Paris, Paper no.B5.10,

Wo".
7. Kusuda, H. and Imura, H., Stability of a Liquid

Film in a Counter-current Annular Two-phase
Flow, Bulletin of the JSME, vol.17, no.114,
pp.1613-1618, 1974.

8. Block, J.A. and Wallis, 6.B., Heat Transfer
and Fluid Flows Limited by Flooding, AIChE
Symposium Series, no.174, vol.74, pp.73-82,
1978.

9. Wallis, G.B., Flooding Velocities for Air and
Water in Vertical Tubes, UKAEA Report, AEEW-
R123, 1971.

10. Ishii, M., One-dimensional Drift-flux Model
and Constitutive Equations for Relative Motion
between Phases in Various Two-phase Flow
Regimes, ANL-77-47, 1977.

11. Zuber, N., Hydrodynamic Aspects of Boiling
Heat Transfer, AECU-4439, 1959.

12. Kutateladze, S.S., Heat Transfer in Condens-
ation and Boiling, AEC-tr-3770, 1959.

13. Barnard, D.A., Dell, F.R. and Stinchcombe, R.
A., Drycut at Low Mass Velocities for an Upward
Boiling Flow of Refrigerant-!13 in a Vertical
Tube, HTFS Research Symposium, AERE-R7726,
1973.

14. Whalley, P.B., Hutchinson, P. and Hewitt, G.F.,
The Calculation of Critical Heat Flux in Forc-
ed Convection Boiling, Proc. 5th. Int. Heat
Transfer Oonf., Tokyo, Paper no.B6.11, 1974.

15. Katto, Y., A Generalized Correlation of Crit-
ical Heat Flux for the Forced Convection Boil-
ing in Vertical Uniformly Heated Round Tube,
Int. J. Heat Mass Transfer, vol.21, pp.1527-
1542, 1978.

16. Kutateladze, S.S., Critical Thermal Flow for
the Flow of a Wetting Liquid Containing an
Underheated Core, Enerqetica, no.2, pp.229,
1959. '—

17. Ishii, M. and Grolmes, M.A., Inception Criteria
for Droplet Entrainment in Two-phase Concurrent
Film Flow, AIChE J., vol.21, pp.308, 1975.

18. Macbeths R.V., Burnout Analysis. Part 4: Appli-
cation of Local Conditions Hypothesis to World
Data for Uniformly Heated Round Tubes and Rect-
angular Channels, AEEW-R267, 1963.

19. Macbeth, R.V., The Burnout Phenomenon in Forced-
convection Boiling, Advances in Chemical
Engineering, vol.7, 1968.

20. Lowdermilk, W.H., Lanzo, C D . and "Siege!, B.L.,
Investigation of Boiling Burnout and Flow
Stability for Water Flowing in Tubes, NACA-TN-
4382, 1958.

21. Barnett, P.G., A Correlation of Burnout Data
for Uniformly Heated Annuli and Its Use for
Predicting Burnout in Uniformly Heated Rod
Bundles, AEEW-R463, 1966.

22. Katto, Y., Generalized Correlations of Critical
Heat Flux for the Forced Convection Boiling in
Vertical Uniformly Heated Annuli, Int. J. Heat
Mass Transfer, vol.22, pp.575-584,~T979T



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


