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Abstract—Values are presented of critical heat fluxes measured during the pool boiling of water at low
pressures and under conditions of subcooled and saturated boiling. The fluxes are well correlated by the
equation

Atsu!:n

sub
o = 106+ 1015 3

Gsat

for pressures of 760--100 torr. and liquid subcoolings of up to 60°C. The results confirm that existing
correlations adequately predict critical heat fluxes for saturated boiling until the mechanism of boiling
changes because of the effect of reduced pressure on the nucleation site activity. No equivalent comparison
can be made for subcooled boiling where values have previously been reported for atmospheric pressure

only.
NOMENCLATURE sub, subcooled;

A, empirical constant ; v, vapour.

B, empirical constant;

g, gravitational acceleration, LT ~2;

k, thermal conductivity, MLT ~307!; ACADEMIC interest in low pressure pool boiling

K, empirical constant; stems from the marked changes in boiling

n, empirical constant; characteristics which accompany small reduc-

P pressure (torr.), ML 1T 2%; tions in the system pressure. On the industrial

q _ scale interest in reduced pressure boiling is

a4 heat flux, MT~?; developing rapidly, particulrzlrly in the ﬁelg of

t, temperature, . water desalination.

In a study of the acoustics of boiling reported

Greek symbols by Ponter and Haigh [1] it was found necessary

A, latent heat, I?T~2;

0, density, ML 3;

a, surface tension, MT ™ 2;
A, finite difference operator.

Subscripts
A liquid;
sat, saturated;
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experimentally to determine values of the
critical heat flux for water boiling on a tubular
stainless steel heater under reduced pressure
conditions. The purpose of the tests was to
furnish data which could be used to reduce the
possibility of the physical destruction of sub-
sequent heaters by accidental excursion into
film boiling. Existing data were found to be in-
sufficient for accurate prediction of the critical
heat fluxes.

It is convenient to review the published data
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separately viz. saturated boiling conditions and
subcooled boiling conditions.

Saturated boiling. Cichelli [2] correlated
critical heat flux data for boiling organic liquids
at elevated pressures in terms of the reduced
pressure p/p, and obtained a relationship
approximating to an inverted parabola but
having a maximum value of the critical heat flux
at one third of the critical pressure p,. Little
data on boiling water was available for inclusion
in the correlation and interpolation from the
curve for water boiling at atmospheric pressure
and below is inadvisable. Rohsenow [3] cor-
related the Cichelli data, together with the
results of Addoms [4] and Braunlich [5] by the
dimensional equation.

_ 0-6
= 121 I:Le{' cmy/s.

v

q/a
Apy

Y]

Zuber [6, 7] developed a quantitative expression
for the critical heat flux based on the instability
of the vapour/liquid interface in boiling and
confirmed the validity of the expression

g/a _ [oglp; — pu)}*[ o, ]‘*
Ay g AN g Y It h)
Ap, [ pi P+ p, @

using the existing data [2, 4, 8] and recom-
mended a value of K of 0-13.
" Subcooled boiling. Data presented in refer-
ences [9 to 16] relating to the critical heat flux
in subcooled boiling of water at atmospheric
pressure are summarised in Fig. 1. Three types
of curve are apparent: linear (1-4), S-shaped
(5 and 6) and concave upwards (7 and 8). The
experimental procedures and the range of heater
geometries used may explain in part the lack of
agreement between the data of the various
workers. It is also apparent that critical heat
fluxes for vertical heaters may be considerably
less than for horizontal heaters. Subcooled pool
boiling at pressures other than atmospheric has
not been studied in any detail.

Zuber [7] has extended the analysis of the
boiling crisis to include the effect of the heat
transferred to the liquid by convection during
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Fic. 1. Reported critical heat fluxes in subcooled pool
boiling of water showing heater material and orientation.
(1) Platinum wire ¥ Mosciki [9] 0-004 in dia.

(2) Stainless steel tube ¥ Mirschak [10].

(3) Platinum wire H Nukiyama [11] 0-008 in dia.

(4) Graphite rod H Kutateladze [12].

(5) Platinum wire H van Stralen [ 13] 0-008 in dia.

(6) Stainless steel strip H Gunther [14] 0-002 in thick.

(7) Stainless steel strip H Ellion {15] 0-004 in thick.

(8) Stainless steel tube H Tvey [16] 0064 in max. dia.

subcooled boiling. The critical heat flux in sub-
cooled boiling was expressed relative to the
critical heat flux in saturated boiling as pre-
dicted by equation (2) so that

584 —pJ |t
qsub . 1 + —*(k.C.p; )f [g(pl pu)]
qsat lpu o
4 ) 4
X [—g_(p'l;T‘g‘-)] (tsat - tsub)~ (3)

The experimental data of Kutateladze [12] for
the subcooled pool boiling of water at one and
two atmospheres pressure and ethyl alcohol at
pressures up to 10 atmospheres were shown to
be in agreement with values predicted from
equation (3).

EXPERIMENTAL

The apparatus is fully described in reference
[17] and comprised a stainless steel cylindrical
vessel containing a heater element on which the
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boiling could be observed through one of three
optical ports. Ancillary equipment installed
comprised provision for temperature control
within the vessel, an overhead condenser to
maintain both liquid level and system pressure,
an “Edwards” vacuum unit for pressure selec-
tion and a liquid recirculation unit. A schematic
diagram of the apparatus is given in Fig. 2 and
general views are seen in Fig. 3. The lid assembly,
seen in Fig. 4, supported the elliptical cooling
coils, condenser and thermocouple containment

tower.
% 7 [ Thermocouple
traversing Condenser
mechanism
containment
tower
r f
Thermocouple
traversing
mechanism and
supports
Expansion
bellows

4

Heater
support

Recirculation
L/ unit nozzle

F1G. 2. Schematic representation of low pressure boiling
facility. (Not shown: Heat exchangers; Recirculation unit;
Vacuum connection ; Potential tappings.)
Vessel dimensions: Height (base-lid) 33 in. Inside dia.
214 in. Heater length 6 in. Height (base-heater) 84 in.

The heater element was fabricated from a 6 in
length of 0-23 in dia. 18 Cr/8 Ni/1 Ti stainless
steel tube with a wall thickness of 0015 in and
was designed for easy replacement within the
vessel in the event of total failure of the test
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piece. For this reason also the heater had no
provision for determination of surface tempera-
tures although later heaters were so fitted.
Provision was made for thermal expansion of
the heater as can be seen in Fig. 5.

Electrical power for these tests was supplied
from a “Variac” controlled, three phase trans-
former supplying a maximum of 800 amp at
15V, 50 Hertz a.c. The supporting members of
the heater assembly acted as potential carriers
and were insulated from the vessel by PTFE
inserts. v

A typical experimental run is now described.
The vessel was evacuated to about 5 torr.
pressure and demineralised water was pumped

in to immersé the heater to a depth of 3 in.

Pumping the water into a low pressure environ-
ment caused vigorous degassing of the water
and further degassing took place as the water
temperature was raised by steam condensing
inside the heat exchangers. The water was
boiled at 100°C for about an hour to remove
residual dissolved gases.

Power was supplied to the heater at a gradu-
ally increasing rate until vigorous nucleate
boiling was observed. Steam heating was con-
tinued during this period to prevent a reduction
in the system pressure caused by vapour con-
densation. As the critical heat flux was exceeded
film boiling was observed, initially on the
upper surface of the heater, then spreading
round the tube to form a vapour locked patch
which became red hot and burnt out unless the
power was reduced. Power at a reduced level
was resupplied to the heater so that nucleate
boiling at a heat flux below the critical value
continued. The steam supply to the heat ex-
changers was shut off and cooling water was
supplied to the condenser to prevent a pressure
build-up. Care was taken to ensure that the
pressure within the vessel corresponded to the
vapour pressure of the water at the temperature
indicated by a mercury in glass thermometer
tmmersed in the water. The power was again
increased up to the point at which film boiling
appeared and was then switched off. Two or
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three further excursions into the film boiling
region were necessary to established the precise
values of the heating current and potential drop
at the point at which the boiling crisis appeared.
After determination of the critical heat flux for
water boiling at 100°C, the water temperature
was lowered by passing cooling water through
the heat exchangers and the procedure was
repeated for the new saturation conditions.
Saturated boiling at pressures as low as 15 torr.
was studied.

The procedure for subcooled boiling studies
was similar to the saturated boiling studies
described above but a 2 ft depth of water was
used and the pressure within the vessel was
controlled at the desired operating pressure
rather than at the saturation pressure corre-
sponding to the liquid temperature. Regulation
of the system pressure was achieved with
nitrogen, this being less soluble than both
oxygen and air.

The limit of all tests, other than those in
which the heater was accidentally destroyed,
was set by either the minimum attainable water
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temperature or by the maximum power avail-
able from the transformer. At high heat fluxes,
.cold water was circulated through the heat
exchangers to act as a heat sink for the removal
of the heat supplied thereby maintaining a steady
water temperature.

During the operational life of a heater con-
tinued excursion into the film boiling region
caused local discolouration of the heater surface.
The patches did not appear to affect the per-
formance of the heaters and no tendency for
film boiling to commence predominantly from
discoloured locations was observed. Similar
discolourations have been reported in com-
parable studies.

RESULTS

Experimental values of the critical heat flux
for the saturated pool boiling of water under
reduced pressure conditions are presented in
Fig. 6. The data comprise the results of a
systematic series of experiments as described
above and also the results obtained in a random
manner during the commissioning of the appa-
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FiG. 6. Experimental values of critical heat flux in saturated low pressure pool boiling of
water.




F1G. 3. General views of test facility. (a) Front, (b) Rear.

{ FiG. 4. Boiling vessel lid assembly.

Fi1G. 5. Heater assembly

(facing page 432)



FiG. 7. Saturaied boiling at 15 torr. pressure. {a) Hear flux, 15 W/cm2. (b) Heat flux, 15 W/cm?2. (c) Heat flux,
15 W/cm2. showing formation of smaller bubbles after departure of a large (6 in.) bubble. (d) Critical heat flux,
25 W/cm? showing onset of film boiling at three locations.
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ratus. During the commissioning runs three
heaters were destroyed and the data of Fig. 6
was therefore obtained from four different
heaters. All the data may be represented by a
single line which has a marked gradient change
in the region of 150 torr. pressure. Visual,
photographic and stroboscopic examination of
the boiling at pressures lower than 150 torr.
confirmed that at such pressures the bubble
formation process differed from the process
observed at atmospheric pressure. This change
in bubble formation characteristics can be
attributed to the reduction in the number of
potentially active nucleation sites with reducing
pressure as described in the analyses of Séméria
[18] and Hsu [19] and reported by Rallis [20
and 21]. The random nature of the low pressure
pool boiling process is demonstrated in the
photographs of Fig. 7 which were obtained
during boiling at a pressure of 15 torr.
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FiG. 8. Comparison of authors’ experimental critical heat
flux data with the Rohsenow correlation.

In Fig. 8 the data have been correlated using
the Rohsenow equation (1), and it is seen that
at very low pressures the values of the critical
heat flux predicted by the correlation are in
excess of the experimentally determined values.
This is probably due to the boiling crisis not
being the result of bubble coalescence as
assumed in the Rohsenow analysis. The data
fits the Zuber correlation equation (2), more
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closely and confirms the value of K of 0-13 pre-
dicted by Zuber although again rather more
scatter is apparent at the lower pressures in
Fig. 9.
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FiG. 9. Comparison of authors’ experimental critical heat
flux data with the Zuber correlation.

Experimental subcooled pool boiling data
are presented in Fig. 10. The results for atmos-
pheric boiling are comparable with those re-
ported by Ivey [16], (curve 8, Fig. 1) for a
similar system. Despite the observed change in
the nature of the boiling crisis at low pressure,
the rate of increase in the value of the critical
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F1G. 10. Authors’ experimental critical heat flux values for
subcooled low pressure pool boiling.



434

heat flux with subcooling is remarkably con-
stant. This observation supports the theory that
the increase is due to an increase in the con-
vective heat transfer component as assumed in
the extension of the Zuber analysis. Figure 11
compares the experimental data with values
predicted by the Zuber correlation, equation (3),
and it is evident that although at atmospheric
pressure the theoretical and experimental values
lie in close agreement, as the pressure is reduced
the experimental values become progressively
lower than predicted by the correlation. At a
pressure of 100 torr., for example, the correlation
predicts values of the ratio g,,,/¢.. that are up
to 20 per cent in excess of the experimental
values.

The experimental data were analysed by a
linear regression technique and the following
expressions for correlating the data were ob-
tained,

760 tOrT. Qeyp/gea = 1014 + 0-04438 (¢, —
550 tOrT. yyp/dsa = 1128 + 00510 {t,, — touph
400 torr. gyp/gsa = 1130 4 0-0552 (t5, — tou)
200 tOrr. gyyp/dsar = 0-8898 + 00915 (¢, — toun),
100 torT. ggyy/Gsar = 10190 + 0-11225 (t — tup)-

tsubh

Assuming a correlation of the form similar to
that of Zuber for subcooled boiling

Gsub __

9sat
a regression technique was used to show that

B=1015and n = —0474

=A+B p (tsat - tsub) (4)

when the system pressure was expressed in torr.
and the temperature in °C. Thus

Atsub

qsub 0 e (5)

= A+ 1015 5355
Gsat

In Fig. 12 the data have been correlated in
this form and it is apparent that 4 has a value of
approximately unity as expected. Calculation
of the standard deviation of the data around
lines having different assumed values of the
intercept 4, showed the minimum deviation of
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the data to be around a line with a value of 1-06.
Thus the data on critical heat fluxes in the sub-
cooled pool boiling of water on a tubular stain-
less steel heater, at pressures in the range 100 to
760 torr. and with up to 60° of subcooling, are
correlated by the expression

q“xb
Gsat

where the value of the saturated boiling critical
heat flux g/a,,, is estimated from the authors
data or from the Zuber correlation, equation (2).

= 106 + 1015 0:‘;3 (6)

CONCLUSIONS

(1) Critical heat fluxes in the saturated pool
boiling of water under reduced pressures are
correlated by the Rohsenow [3] and Zuber [6]
correlations until the sporadic mode of bubble
formation dominates the boiling process. These
correlations are based on experimental data
obtained at pressures in excess of one atmos-
phere and their applicability for the low
pressure data is evidence in support of the
validity of the models used in their derivation.

(2) Critical heat flux data for the subcooled
boiling of water at atmospheric pressure are
comparable to the data of Ivey [ 16] for a similar
heating system.

(3) No comparable data are available with
which to compare the experimental data on
critical heat fluxes in subcooled boiling at
pressures other than atmospheric and the Zuber
[6] correlation of critical heat fluxes in sub-
cooled boiling does not satisfactorily correlate
the data.

{(4) The authors’ experimental data on the
critical heat fluxes in the subcooled pool boiling
of water on a stainless steel tube at pressures in
the range 760 to 100 torr. and with liquid
subcoolings of up to 60°C are correlated by the
expression

A":sub
0 474

q“b
9sat

where the pressure f is expressed in torr. and the
liquid subcooling At in °C.

= 106 + 1-015
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FiG. 11. Comparison of experimental heat fluxes in subcooled water with values predicted from the Zuber
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FiG. 12. Authors’ correlation of experimental critical heat flux data for the low pressure sub-
cooled boiling of water.
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Résumé—On présente des valeurs des flux de chaleur critiques mesurés pendant I’ébullition en réservoir
de I'eau sous des faibles pressions et sous des conditions d’ébullition sous-refroidie et saturée. Les flux
sont bien corrélés par I'équation:

tsub
0,474
p

Gsub
qsal

pour des pressions de 760-100 torr et des sous-refroidissements du liquide allant jusqu’a 60°C. Les résultats

confirment que les corrélations existantes prédisent convenablement les flux de chaleur critiques pour

I’ébullition saturée jusqu’a ce que le mécanisme de I’ébullition change a cause de I'effet de la pression

réduite sur lactivité des sites de nucléation. Aucune comparaison équivalente ne peut étre faite pour

I’ébullition sous-refroidie pour laquelle les valeurs ont été données auparavant seulement a la pression
atmosphérique.

= 1,06 + 1,015

Zusammenfassung—Es wurden Messwerte fiir die kritischen Wirmestromdichten beim Behiltersieden
von Wasser bei kleinen Driicken bei Unterkiihlung und Sittigung angegeben. Die Wirmestrome wurden
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durch die Gleichung

Isub tsub
. = 1,06 + 1,015 047
fur Driicke von 760-100 Torr und Fliissigkeitsunterkiihlungen bis 60 Grad gut korreliert.

Die Ergebnisse bestitigen, dass Berechnungen der kritischen Warmestromdichten fiir Fliissigkeiten
bei Siittigung nach bereits bestehenden Beziehungen, solange hinreichend genau sing, bis sich der Siede-
mechanismus wegen der Wirkung des verkleinerten Druckes auf die Keimbildung dndert.

Fiir unterkiihltes Sieden, wo nur Werte fiir atmosphiirische Driicke vorliegen, kann kein entsprechender
Vergleich gemacht werden.

ABBoTAIMA—IIPUBONATCA 3HAYEHMA KPHTHYECKUX TEILUIOBHX IIOTOKOB IPH KHIIEHUM BOJHL B
GoubIoM ofbeMe MPU MAJIOM AABIEHHU U B yCJIOBHAX HEJOTPETOTO U HACHINEHHOrO KHIIEHNA.
Ten:10BHe MOTOKK XOPOLIO ONUCHBAWTCS ypaBHEHMEM

GQuenor taenor
— = 1,06 + 1,015 —,
Guacy ’ + pO 474

B AMANA30He U3MeHeHUA AaBiIeHHA 0T T60 o 100 Topp M mpu Hemorpese uakocTH A0 60°C.

PesynpTaThl NOATBEPHKAAIOT, YTO CYIECTBYOMMe YPABHEHNA YIOBIETBOPHTEILHO ONpPeeNIHIOT

KPHUTHYeCKHEe TeIIOBHE TOTOKM B YCIOBMAX HACHIUEHHOTO KUNMEHWA A0 TeX Mop, NOKA B

peaylibTaTe BIMAHMA MNOHWKEHHOTO NABJIEHWA HA AKTUBHOCTL OGDPA3OBAHMA Afep He H3-

MeHAETCA MeXaHN3M KuneHus. Hedbssa coenaTh COOTBETCTBYIOMETO CPABHEHUA NIA CIyYas

KUTEHUA HeJOrpeToil MUTKOCTH, TAK KaK IOABMBIINECH paHee NAHHLIE OTHOCATCA TOJBKO K
KHIIEHVIO IIPA aTMOCHEPHOM JaBJIEHHUM.
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