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Abstract—An experimental study of boiling at high heat fluxes in low-velocity subcooled forced convection
boiling is presented, demonstrating the effects of subcooling and buoyancy orientation on the critical heat
flux (CHF) and the bubble residence time. At the low velocity of 0.04 m s™' used, the flow forces acting
on the vapor are insignificant compared with buoyancy and the CHF behaves as in pool boiling, depending
primarily on the orientation of the heater surface with respect to gravity. This dependence is related to the
bubble residence time, which is found to be inversely proportional to the CHF for all heater orientations
at a given operating condition. This relationship, that the product of the CHF and the corresponding
bubble residence time is a constant, suggests that the mechanism for dryout is independent of the heater
surface orientation, despite changes in the vapor departure velocity and the CHF with the orientation
angle. Furthermore, increases in the bulk liquid subcooling substantially reduce the net rate of vapor
generation such that the bubble residence times at the CHF are independent of subcooling. The work
concludes by proposing the energy per unit area leaving the heater surface during the bubble residence
time as the CHF mechanism, which is more generalized than the mechanism assumed in the macrolayer
dryout models. © 1997 Elsevier Science Ltd.

INTRODUCTION

The adequacy of existing pool boiling critical heat
flux (CHF) models has been found to be somewhat
limited, particularly with regard to their ability to
correlate certain secondary variables applied in the
laboratory. The two most prominent models are the
macrolayer dryout models [I, 2} and the hyd-
rodynamic instability models [3, 4]. The former sug-
gests a two-step mechanism for the CHF, in which a
thin liquid layer is vaporized during the transient
growth and departure time of an overlying vapor
mass. Models of this type appear to have sup-
plemented the earlier hydrodynamic instability
models, which assume a mechanism in which the
vapor escape passages suddenly collapse, due to a
capillary instability between the vapor and liquid
phases. Both types of models share common dimen-
sional groups and, not coincidentally, also predict the
same value for the CHF in saturated pool boiling,
since certain empirical factors in the macrolayer dry-
out model are evaluated using the CHF prediction of
Zuber [3] as a reference value. These models have been
successful in predicting the CHF for many different
fluids, owing to a certain extent to their physically

accurate characterization of the actual boiling
phenomenon at CHF. Furthermore, the macrolayer
dryout models, including the more recent vapor stem
models [5], have provided a useful structure within
which many semi-empirical relations can be incor-
porated. Despite this, such models remain physically
inconsistent with some commonly observed phenom-
ena, which inhibit more universal applications where
factors such as heater surface character and orien-
tation relative to gravity, for example, may be sig-
nificant. Additionally, the hydrodynamic models,
while successful at identifying dimensional groups ger-
mane to the CHF in pool boiling, are based upon a
premise of an interfacial instability which has never
been observed in practice. The purpose of the current
work here is to identify certain strengths and weak-
nesses of existing models of the CHF in pool boiling,
and to provide measurements and high-speed photo-
graphs to ascertain their validity in describing various
aspects of boiling at high heat fluxes.

The foundations of current CHF models lie mostly
in earlier experimental works. Kirby and Westwater [6]
and Katto and Yokoya [7] identified the pre-eminence
of large bubbles at high heat fluxes by means of high
speed photographs of pool boiling. Accordingly,
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NOMENCLATURE

a upper threshold on the indicator x measured axial distance from the
function leading edge of the heater surface

A area [m?] {m]

b lower threshold on the indicator y measured normal distance from the
function heater surface [m].

¢ virtual mass coefficient

Cpl specific heat of the liquid phase Greek symbols
kKIkg 'K a mean void fraction [%]

E” product of CHF and bubble residence d bubble boundary layer thickness [m]
time [kJ m~?] ¢ latent heat fraction, equation (5)

f mean bubble frequency [s '] ¢’ latent heat fraction corrected for

g gravitational acceleration [m s~ subcooling, equation (6)

™ latent heat of evaporation [kJ kg~'] 0 orientation angle as designated in Fig.

Ja Jakob number (= picy AT/ pulise)

L heater length [m]

q. CHF [kW m™7]

Geo g, corrected for subcooling [equation
(1] kW m™7]

qs surface heat flux kW m~3

q, CHF in saturated pool boiling
predicted by Zuber’s model [equation
(2)] [kW m~7]

Re Reynolds number based on hydraulic
diameter

T bulk temperature measured at the inlet
to the test section

AT, bulk liquid subcooling [K]

U velocity [ms™!]

v’ volumetric rate of vapor generation
[m*s™']

3 [degrees]
p density [kg m~7]
o surface tension [kg s—7]
T, T,.s bubble residence time [s].

Subscripts
c CHF
BBL bubble boundary layer
v vapor
1 liquid
local local temporal average
xyt  spatio-temporal average
] surface
0 horizontal, facing-upward orientation.
Superscripts
* at departure.

Haramura and Katto [1] and, more recently, Kumada
and Sakashita [8] formulated macrolayer dryout mod-
els considering only the growth and motion of large
bubbles. The macrolayer dryout models also identify
the primary importance of thin film evaporation,
observed earlier, for example, in the photographs of
Kirby and Westwater [6] taken from beneath the boil-
ing surface at heat flux levels approaching the CHF.
The assumption of a macrolayer, however, implies the
existence of a more-or-less uniform liquid layer on the
surface, which appears physically untenable except
possibly as a first approximation. The vapor stem
model described by Liaw and Dhir [5] improves the
accuracy of such a model, but remains constrained by
some of the inaccurate assumptions associated with
the macrolayer, as will be elaborated upon below. The
origin and physical basis of the macrolayer and vapor
stem models lie primarily in the photographic study
of pool boiling by Gaertner [9]. A reconsideration of
this work, however, suggests some leeway for alter-
native interpretations, exclusive of the conjectural
concepts of vapor stems and macrolayers first intro-
duced there. The experiments in the, present work are
intended to assess the viability of these concepts,

whose physics have been incorporated in the vapor
stem and macrolayer models, and will also present
some evidence by which to judge the validity of the
hydrodynamic instability models. The ultimate goal
is to provide additional insight, by means of which a
more physically accurate model of the CHF can be
constructed with more universal applicability than
earlier models.

The present work addresses many of the key areas
of the existing CHF models for pool boiling, including
bubble dynamics, the mechanisms for evaporation
and the effect of subcooling. These are examined,
experimentally, by varying the bulk liquid subcooling
and orientation of the heater surface relative to grav-
ity, which alters the rate of vapor removal as well as
the CHF. At the same time, a common mechanism
for evaporation and dryout is observed for all orien-
tations and subcoolings. Using a copper heater surface
to measure the CHF and hot wire anemometry to
measure the void fraction distribution and bubble fre-
quency, a mechanism for the CHF is inferred that
is, in many respects, similar to those expounded in
previous works. A quantity of energy per unit area is
proposed as a more generalized description of the
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Fig. 1. Schematic of the forced convection boiling loop.

macrolayer thickness, which implies no uniform thin
liquid film structure, but otherwise remains consistent
with the basic assumptions of the macrolayer dryout
model. Finally, high-speed photographs of boiling at
high heat flux levels are presented, which give a visual
picture of the characteristics of the vapor bubbles as
well as the thin film regions on the heater surface.

" EXPERIMENTAL APPARATUS

A brief description of the experimental apparatus
is given below. Further details may be found in an
earlier work [10].

Forced convection boiling loop

The boiling experiments were conducted in a forced
convection loop, shown schematically in Fig. 1, with
R113, degassed and purified through special filtering
and distillation procedures. The system provides for
the control of the bulk liquid temperature and sub-
cooling at the test section inlet and the orientation of
the heater surface with respect to gravity. The flow
velocity in the test section is maintained constant here
at 0.04 m s~', giving conditions very close to those in
pool boiling. The entire loop can be rotated about its
center of gravity, as shown, and fixed at any orien-
tation between 0 and 360°. The salient features of the
loop are summarized below.

The flow rate through the test section can be set
within + 2% of the desired level, while the pressure in
the loop is maintained within about +0.17 kPa of
its set point by means of a pneumatically-controlled
stainless steel bellows. At the same time, the tem-
perature of the fluid at the inlet to the test section is
controlled to within about +0.12 K about the opera-
ting temperature of 322 K, using two heat exchangers
following the pump exit. The pressure set point is

adjusted to provide the desired level of subcooling in
the test section for the prescribed liquid temperature,
giving a total uncertainty in the subcooling of
+0.2K.

The test section is shown in detail in Fig. 2 and
consists of a rectangular duct, 105 mm wide by 12.7
mm high by 356 mm long. On the sides, and opposite
the test surface, are optical-grade quartz windows
which allow for transverse as well as overhead views
of the heater surface during operation. The heater
consists of a copper block heated by three cartridge
heaters in its base. The heater surface is 19.1 mm long
by 38.1 mm wide and is flat so as to maintain a con-
stant orientation between the buoyancy force and the
heater surface. The heater was first operated in air
prior to installation in the flow loop to calibrate the
heat loss to the surroundings as a function of the base
temperature of the heater. The mean surface heat flux,
at the CHF and otherwise, was determined by dividing
the difference of the power input to the heater and the
estimated peripheral heat losses by the heater surface
area.

The heater surface used for the photographic study
consisted of a thin, semi-transparent gold film sput-
tered on a quartz substrate. Using a Kodak Ektapro
high-speed camera and diffuse backlighting, photo-
graphs of boiling looking through the heater sur-
face from below were acquired at a rate of 500 frames
per s.

A hot wire probe was chosen among other instru-
mentation devices for measuring the void fraction and
bubble frequency, as it is a reasonably straightforward
and economical means of obtaining such measure-
ments with ample bandwidth and signal-to-noise
characteristics. The hot wire probe consisted of a plati-
num sensing wire, 0.025 mm in diameter by 1.3 mm
in length, across which a constant current was applied



4010

M. J. BRUSSTAR et al.

Overhead Viewing Transverse

Thefmocouple

Pressure
Transducer
Connection

Windows (5)

Viewing
Windows (6)

High-Heat
Flux Heater

Fig. 2. Tllustration of the test section.

such that small changes in the wire resistance would
produce an appreciable difference in voltage to dis-
tinguish the presence of liquid vapor at the probe tip.
A specially-designed displacement mechanism pro-
vided a means of accurately moving the probe in two
orthogonal directions, one normal to the heater sur-
face and the other in the direction of flow. The probe
displacements were measured by two dial indicators,
each with a range of 25.4 mm, marked in increments
of 0.025 mm (0.001 in).

EXPERIMENTAL PROCEDURES

The experiments were conducted by first setting the
orientation, flow velocity, pressure and temperature
in the test section to the desired values and allowing
sufficient time for the system to reach steady operating
conditions. Once quasi-steady nucleate boiling had
been initiated on the heater surface, the voltage was
raised incrementally, allowing the surface to reach a
quasi-steady temperature at each step. When a sudden
rise in the surface temperature was observed following
an incremental increase in the heater power, the tran-
sition to film boiling was assumed to have occurred
and the last recorded steady-state operating condition
was used to calculate the CHF. The uncertainty in the
CHF so measured was estimated to be £+15kW m™2,
and all measurements were reproducible within this
uncertainty. This uncertainty also applies to the hori-
zontal, downward-facing orientation, although the
temperature excursions accompanying the extra-
ordinarily low levels of heat flux at dryout for this
orientation were rather modest and, consequently,
difficult to discern.

The various orientations used are defined with
respect to the horizontal upward position in Fig. 3,
with the fluid flow directions over the heater surface
as indicated by the arrows. Orientations intermediate
to those shown are defined by counterclockwise
rotation, thus the vertical upflow corresponds to

8 = 90°, the horizontal facing downward to 8 = 180°
and the vertical downflow to 6 = 270°.

Hot wire data reduction and uncertainty estimate

The signal processing steps used to calculate the
bubble frequency and void fraction from the raw hot
wire signals are shown in the flowchart in Fig. 4. The
raw signal is first sent through a 1000 Hz analog
prefilter, then sampled at 400 Hz for approximately
30 s, which was suitably fast to capture all of the
relevant dynamic features of each individual event and
long enough to ensure ergodicity. The mean, or peak
bubble frequency is determined by a spectral analysis
of the data record followed by a weighted average,
using the power spectral density as the weighting func-
tion. The peak bubble frequency measured as such
was significantly lower than the measured bandwidth
of the hot wire sensor, estimated to be a minimum of
60 Hz. The local void fraction, meanwhile, is deter-
mined by first differentiating the data with respect to
time to identify the high rates of change in the signal
associated with the intercepting of the vapor-liquid
interface. Next, the upper and lower trigger levels are
set on the derivative signal, from which an indicator
function signal is then generated, with a ‘1’ assigned
to the presence of vapor and a ‘0’ assigned to the
presence of liquid. The local void fraction is then

lg Te=9o°
@ . Nag
-——’
6=180"
e=270°l

Fig. 3. Heater surface orientation designations.
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Fig. 4. Flowchart of the hot wire anemometer signal pro-
cessing sequence.

estimated from a time average of the indicator func-
tion. The estimated uncertainty in the peak frequency
ranged from about 0.2 Hz for heater orientations
with a slight angle of inclination relative to § = 180°
to almost +2.0 Hz for the vertical orientation. The
uncertainty in thé void fraction was estimatéd at
+0.04, but was generally higher than that for void
fractions of less than about 0.2. The estimated uncer-
tainties in the bubble residence times, calculated from
the ratio of the void fraction to the bubble frequency,
therefore, ranged from about + 11% for orientations
close to 180°, to +20% for an orientation of 90°.

The mean void fraction is calculated by integrating
over the void fraction distribution measured at three
different axial locations along the heater surface
(x=5.1, 11.5 and 17.8 mm) and at five different
heights above the surface (y = 0.2, 0.4, 0.8, 1.6, 2.4
and 3.9 mm). The position of the probe was measured
in relation to a reference point directly on the heater
surface (within +0.025 mm), beginning at the leading
edge.

The peak bubble frequency is generally more indica-
tive of the behavior of the larger bubbles, since the
larger bubbles normally occupy a substantial volume
and have diameters far exceeding the length of the
sensing wire, increasing the probability for a ‘direct
hit’ on the probe. The smaller bubbles, on the other
hand, tend not to produce a defined peak in the spec-
trum, since they intercept the probe in a more random
fashion compared to the larger bubbles, as they may
originate from many different sites distributed over
the heater surface. So, while the smaller bubbles may
be observed as greater in number compared with the
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larger ones, the peak frequency is more descriptive
of the behavior of the larger bubbles on the heater
surface.

EXPERIMENTAL RESULTS

CHF measurements

Figure 5 shows the effect of orientation on the CHF
for various subcooling levels with an imposed flow
velocity of 0.04 m s~'. At this low flow velocity, the
flow forces acting on the vapor are negligible com-
pared with the buoyancy force and, consequently, the
CHF values are non-dimensionalized with respect to
the correlation by Ivey and Morris {11] for subcooled
pool boiling :

1/4
oo = q,(l +0.102<&) Ja) o)

4

where g, is the CHF predicted for pool boiling over
an infinite horizontal flat plate by Zuber [3] as

L go(p1—pv)
q.: = _thf - (2)
87N a

Equation (2) is derived assuming a hydrodynamic
instability between the vapor and liquid phases,
brought about when the kinetic energy of the depart-
ing vapor overcomes the stabilizing effect of surface
tension at some critical vapor flux corresponding to
the CHF. While this expression derived as such gives
good agreement with experimental data, it can be
alternatively viewed as representing a limit in the rate
of latent heat removal allowed by the motion of
bubbles liberated from the heat surface through the
action of buoyancy. An earlier model of the effects of
buoyancy orientation in pool boiling [10] based
on the latter criterion is given as follows:

qCO’ 0‘7 < 9 < 90o
e = { oo} sin B]Y%,  90° < 6 < 270° ?3)
9cos 270° < g < 360°

where 0 represents the orientation of the heater surface
with respect to the buoyancy vector. Equation (3)
assumes a buoyancy-driven transport process, thus
giving a value of zero for the CHF in the horizontal
downward-facing orientation, where the vapor is stag-
nant. As the angle of inclination increases, the CHF
rises accordingly. This is perhaps to be expected in
light of the experimental study by Katto and Yokoya
[7] of pool boiling with water, in which it was dem-
onstrated that the CHF could be significantly lowered
by artificiaily constraining a bubble on the heater sur-
face to increase its residence time. Hence, the CHF
for downward-facing surfaces depends strongly upon
orientation angle, as in equation (3) and is nearly zero
for 8 = 180°, even in the presence of a small imposed
flow velocity. For the upward-facing orientations
(0° < 8 < 90°; 270° < 6 < 360°), the vapor is able to
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Fig. S. Measured CHF as a function of heater surface orientation, compared with the CHF model of
equation (3) ; test conditions: Upy, = 0.04 ms~'; Re = 2700; T, = 322 K.

freely depart the surface and little variation in the
CHF is exhibited. Therefore, while some effect of the
flow inertia is expected for the horizontal facing down
orientation (6 = 180°), the model gives a fair first-
order description of the dependence of the CHF on
orientation at very low flow velocities.

Satisfactory agreement with equation (3) is
obtained in Fig. 5 without the inclusion of a heater
length factor, since the heater length for the present
experiments is roughly equivalent to the most unstable
Taylor wavelength and can, therefore, be considered
to be of ‘unit length’ at high heat flux. Also note-
worthy is the good correlation of the CHF data by

equation (1) with subcooling for all orientations, sug-
gesting that the basic mechanism through which sub-
cooling raises the CHF is independent of the heater
orientation. '

Subcooling effects on the vapor generation rate

Figure 6 shows the volumetric rate of vapor gen-
eration as a function of heater orientation for various
levels of subcooling, estimated from measurements of
the bubble frequency, void fraction and average bub-
ble boundary layer thickness through the following
expression :

35
30 4 ] . A
] o R
@ 25 ¢ A 2 °
(1]
g204
b+ .
2154 Subcooling: .
-> 10 L o] 56 K
sll.l1K
T |az22K
0 .y ' + } } .
75 90 105 120 135 150 165 180
0, degrees

Fig. 6. Volumetric rate of vapor generation as a function of the heater surface orientation for various levels
of subcooling; test conditions: Uy = 0.04 m s™!; Re = 5400; T,, = 322 K ; test section height = 25.4
mm. -
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1 L 8 - -
v = ;wf f dy dy dx = fw(@y0paL). 4)

0 Jo

Despite the sometimes considerable differences in the
CHF brought about by the action of subcooling, the
rate of vapor production for each heater orientation
remains virtually unchanged. This implies directly that
the fraction of the surface heat transfer resulting in
evaporation, defined as:

’

) .
(chs/pvhfg)

must vary inversely with the subcooling correction
factor given for the CHF in equation (1), i.e.:

¢ = ‘Ul/v;nax =

¢ = ¢<1 + 0.102(&>”4Ja) —const.  (6)

P/

¢’ is calculated from Fig. 6 to be about 0.30, varying
by about +20% with the heater orientation. ¢’ tends
to be slightly greater for orientations approaching the
horizontal down position, where the enhancement in
evaporation is likely brought about through the
associated increase in the thin film area beneath the
flattened, sliding bubbles, as previously observed by
Tsung-Chang and Bankoff [12]. However, it is not
expected that neglecting such a variation in ¢’ would
produce a substantial effect on the bubble growth
period, as the equations for bubble growth by Har-
amura and Katto [1] would indicate.

Typical void fraction distributions measured for
0 = 150° with subcoolings of 5.6 and 11.1 K are shown
in Fig. 7. The peak in the void fraction is found to lie
at some distance from the heater surface, above the
relatively liquid-rich region near the heater surface,
which is consistent with the earlier findings by Liaw
and Dhir [5] and Iida and Kobayasi [13]. It may also
be noted that the void fraction profiles for the three
axial locations shown appear to converge to a com-
mon value at the heater surface. The void fractions at
the heater surface, as extrapolated from the individual
void fraction profiles, are given in Fig. 8 for various
heater orientations. Generally, the void fractions at
the wall lie near values on the order of 0.5, which is
close to the predicted maximum packing fraction for
a collection of hard spheres, but lower than the values
of between 0.68 and 0.80 measured by Liaw and Dhir
[5] in pool boiling of water with various contact
angles. The values of a,,, are extrapolated from
locations as close as 0.2 mm to the heater surface,
which is generally much smaller than the observed
bubble sizes and, therefore, is likely to be adequate
enough to characterize the steep change in void frac-
tion.

Two possible mechanisms are responsible for the
effects of increasing subcooling on the vapor gen-
eration rate exhibited in Fig. 6: (1) the increase in
energy required to heat the bulk liquid reaching the
surface to the saturated state lowers the rate of vapor
generation ; or (2) a major fraction of the vapor pro-

%
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duced on the surface is condensed into the bulk liquid.
While either mechanism would produce the same
effect on v’, only the former would yield the effect on
the void fraction close to the heater surface shown in
Fig. 8. It may, therefore, be inferred that the effect of
increasing subcooling is to reduce the rate of evap-
oration on the heater surface, thereby reinforcing the
correlation given by equation (1), which is based on
this principle.

Bubble residence time

The mean bubble residence time is estimated from
the hot wire measurements by multiplying the mean
void fraction by the average time between successive
bubbles, given by :

axyt

=2 0

The measured bubble residence times then are nor-
malized relative to the value predicted by Haramura
and Katto [1] for an infinite horizontal flat plate at
CHF, given by:

ae (2 T
4n) [ 9(pi—p.)

The value of ¢ in equation (8) for an upward facing
surface is 11/16, but is approximated here as 0.5, cor-
responding to the virtual mass of a sphere moving
through an infinite medium. A plot of the reciprocal
of the normalized residence time at CHF calculated
from equation (7) using measurements of &,, and f
is given in Fig. 9 as a function of orientation. The
corresponding measured CHF values are also
included, given in dimensionless form relative to the
subcooled pool boiling CHF given by equation (1)
above. The good correlation between these dem-
onstrates a direct relationship between the CHF and
the reciprocal of the bubble residence time, or, equi-
valently :

qc . T*
doo 3 = const. ©)

at all heater orientations for a given flow velocity and
subcooling. This product suggests a mechanism for
the CHF which is independent of the orientation with
respect to gravity, but associated with the energy per
unit area leaving the surface during the bubble resi-
dence time. Although the equations and measure-
ments of the bubble residence times given above imply
the motion of only a single bubble, the CHF may be
considered to be brought about by the global average
of the local behavior and the coincidence between the
experimental data and equation (9) noted in Fig. 9
stems from the fact that it represents the statistically
most probable condition on the heater surface at the
CHF. .

Combining equations (1) and (8), the normalizing
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Fig. 7. Sample void fraction profiles over the metal heater surface for two different levels of subcooling :
6 =150°; Uy = 0.04 m s~'; Re = 5400; T,, = 322 K. (a) Void fraction profile at 5.6 K subcooling, ¢,
= 150 kW m~2; (b) void fraction profile at 11.1 K subcooling, g = 175 kW m~2,

factor for the energy leaving the heater surface at the
CHEF per unit area is given as:

3y 1/5 4 Y 3/5
E:;sqcr:=qc( ") [M] (10)

4n glpr—py)

where v can be evaluated from experimental data in
Fig. 6. The energy per unit area leaving the heater
surface during the bubble residence time at some heat
flux level below the CHF, meanwhile, can be denoted
as

" .
Es = s " Tres-

(1n

The measured values of E; normalized with respect to
equation (11) are given in Fig. 10 as a function of
the surface heat flux normalized with respect to the
measured CHF, for heat flux levels ranging from
about 50-95% of CHF. The measurements are com-
pared with a model for bubble growth at high heat
fluxes given by Haramura and Katto [1], assumed
here to apply to heat flux levels below the CHF, given
by:
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(12)

The trends in the relationship between E and g,/q.
shown for the various heater orientations and sub-
coolings in Fig. 10 show reasonable qualitative agree-
ment with equation (12), indicating that the physics
of the bubble growth and motion described by the
model are essentially incorporated for this range of
heat flux. The quantitative discrepancies between the
measured and predicted values, however, may dem-
onstrate that the equations derived considering only

25.4 mm,

an isolated bubble do not apply exactly to a group of
bubbles growing in proximity to one other on the
heater surface. The increase in E. as the orientation
angle approaches the horizontal down position, seen
most prominently for 8 = 165°, presumably is associ-
ated with the flattening of the bubbles, which would
increase the latent heat transport fraction in equation
(5), increasing somewhat the total energy transport
needed to trigger the CHF.

Visual observations using high-speed photography
A typical bubble lifetime at high heat flux is shown
in Fig. 11 at 12 ms intervals during its growth and
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Fig. 10. Relationship between the product of the surface heat flux and the bubble residence time as a
function of the surface heat flux, shown in nondimensional form for various heater surface orientations
ranging from 90 to 165° and bulk liquid subcoolings ranging from 5.5 to 22.2 K; Uy = 0.04 m s™';

Re = 5400; T;, = 322 K ; test section height = 25.4 mm.

i

(b) t = 6 msec

(e) t = 24 msec (f) t =30 msec
Fig. 11. A typical large bubble shown at 6 ms intervals during its growth and departure cycle (side view of
a metal heater surface): § = 90°; ¢ = 300 KW m™2; Upy = 0.08ms™'; AT, = }1.1K; T, =322 K.
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departure cycle. The photographs show the side view
of a relatively large bubble growing on the metal
heater surface in the vertical upflow orientation
(6 = 90°) at 11.1 K subcooling. The first frame ident-
ifies the bubble in its earlier stages of growth, where
it appears to originate from the coalescence of a cluster
of smaller bubbles. As time progresses, the bubble
grows and accelerates along the heater surface due
to buoyancy. From high-speed photographs viewed
normal to the heater surface (not shown in the figure),
using the heater length as a reference, the larger bubble
sizes are estimated to be an average of between 6 and
8 mm in diameter. The photographs give no evidence
of vapor stems at the base of the growing bubbles, nor
of a Kelvin—-Helmholtz instability between the liquid
and vapor. Nevertheless, these larger bubbles would
appear to take on a significant role in the mechanisms
of dryout by virtue of the heater surface area they
occupy.

o K
N
|
o 8

Poc o

d) 30 ms

éc (e)
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Figure 12 shows boiling at 10 ms intervals during a
single growth and departure cycle on the gold film
heater at heat flux levels approaching the CHF, viewed
through the heater surface from below, for 0 = 135°
and AT,,, = 11.1 K. While the thermal properties of
the quartz substrate are such that the CHF occurs at
a lower level than for the copper block heater, the
heat flux nonetheless exceeds the first hydrodynamic
transition level of Moissis and Berenson [14], marking
the change from individual bubbles to the coalesced
vapor mushrooms described by Gaertner [9]. No
vapor stems are observed beneath the bubbles here
and the dryout (indicated by the nearly white areas
beneath the bubbles) appears to be a localized
phenomenon occurring in patches on the surface, as
was previously seen in the photographs of Kirby and
Westwater [6]. While the vapor stem model is pur-
ported to be valid for downward-facing surfaces as
well as upward-facing ones, the photographs in Figs

O msec (f) t=50 msec

Fig. 12. Sequéntial photographs of boiling of R-113 on a gold film heater viewed from below during a

complete growth and departure cycle: § = 135%; ¢”

=136 kWm™2; Upye =004 ms™'; AT, = 11.1 K;

T, = 322 K.
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11 and 12 provide no evidence to support the existence
of such vapor stems, nor of any uniform liquid macro-
layer.

DISCUSSION

The experimental data here show the macrolayer
and vapor stem models to be accurate in many
respects, but inconsistent mainly in their description
of the evaporation process. The data presented in
Figs. 9 and 10 suggests the validity of the kinematic
expressions for the growth and motion of vapor bub-
bles used by Haramura and Katto [1]. At the same
time, the structure dictated by the macrolayer and
vapor stem models appears physically inaccurate,
though they have been used to accurately characterize
many important experimentally-observed phenom-
ena, such as dry spot formation and the CHF. The
vaporization energy per unit area in the macrolayer,
given by the product of the CHF and bubble residence
time, seems to be constant for all heater orientations,
as noted in Fig. 9. This quantity, denoted by E”, by
itself implies no definite structure for the evaporating
regions on the heater surface and in this sense is a
weaker modeling tool than the macrolayer concept.
Yet, the photographic evidence given here, par-

ticularly in Fig. 12, suggests the macrolayer -to be

physically inaccurate, leaving E” as a more general
concept that can be sustained by experimental
evidence.

The data of E” for increasing heat flux levels in Fig.
10 points to the validity of using a balance of virtual
mass acceleration and buoyancy forces to approxi-
mate the motion of a growing bubble. While Kumada
and Sakashita [8] observed the presence of many
different bubble sizes at high levels of heat flux, the
success of this first-order model further suggests the
primary importance of the motion of the large bubbles
in determining the CHF. The significance of the larger
bubbles arises from their role in the formation of dry
spots on the heater surface, which Ishigai and Kuno
[15] showed appear periodically on the heater surface
with increasing size and frequency at increasingly high
levels of heat flux. Figure 10 also serves to demonstrate
another important point, that £’ reaches a maximum
value at the CHF that its nearly constant for all heater
orientations.

The energy per unit area E” can be viewed as being
analogous to the macrolayer, since the assumption of
a uniform and constant macrolayer thickness for the
various orientations, though physically unrealistic,
nonetheless implies the same concept. The existence
of a macrolayer isolated from the bulk liquid region
by a vapor barrier, on the other hand, dictates that all
of the energy leaves the heater surface by evaporation.
While such a hypothesis has a precedent in many early
studies of latent heat transport [16], the measurements
of the vapor generation rate for R113 given in Fig. 6
indicate that only about one quarter of the total heat
flux accounts for the growth rate of the large bubbles.

M. J. BRUSSTAR et al.

Indeed, were all of the energy leaving the heater sur-
face to go into the formation of the large bubbles, the
equations for bubble growth used by Haramura and
Katto [1] in the macrolayer dryout model would pre-
dict bubble departure diameters of nearly 80 mm for
water and 13 mm for R113. Both experimental
measurements of bubble sizes for water [17] and high
speed photographs of departing bubbles, such as those
given in Fig. 11 for R113 and by Gaertner [9] for
water, show this to be a gross over-prediction. Instead,
evaporation appears to be confined to localized
regions on the heater surface beneath growing
bubbles, as in the photographs in Fig. 12 of boiling
viewed from below, with no evaporation over the
greater portion of the heater surface. Together with
the measured volumetric vapor generation rates in
Fig. 6, this evidence suggests that heat transfer modes
other than latent heat transport, normally considered
to be negligible, contribute significantly to the process.
The net effect of subcooling in increasing the CHF,
demonstrated in Fig. 5, is consistent with the Ivey and
Morris [11] correlation for pool boiling. The reduction
in the volumetric rate of vapor generation with
increasing subcooling demonstrated in Fig. 6 is some-
what different from that which has been assumed in
earlier models, particularly those which describe the
CHF in terms of a hydrodynamic instability. In such
models, the Kelvin—Helmholtz instability between the
liquid and vapor occurs at some critical vapor
velocity. The velocity of the vapor leaving the surface,
considering strictly latent heat transport from the
heater surface is then given from continuity as:

_ 44
Y pvhngv

(13)

where A, is the area occupied by vapor stems and 4,
is the total heater surface area. In subcooled pool
boiling, where the CHF may be increased substan-
tially, such an assumption requires either that the net
vapor velocity be decreased by condensation into the
bulk liquid [18], or that the vapor stem diameter
increase substantially with subcooling. However,
neither premise can be substantiated by experimental
observations and correlations based on condensation
into the bulk liquid generally compare unsatisfactorily
with experimental data. Therefore, assuming a hydro-
dynamic instability mechanism for subcooled pool
boiling necessitates that the equivalent of the latent
heat fraction parameter of equation (6) be introduced
for consistency.

In summary, the experimental results of this work
suggest that existing CHF models for pool boiling
accurately describe the growth and motion of bubbles
at high levels of heat flux, but that the physical descrip-
tion of the evaporation on the heater surface could be
improved. The energy per unit area leaving the heater
during the bubble residence time, E”, represents an
alternative to the macrolayer and to the assumption
that all heat is transferred from the surface by evap-
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oration. A new model for subcooled, low-velocity
forced convection boiling is presented in the second
part of this work, which successfully correlates the
results obtained in the present experimental study.

CONCLUSIONS

From the experimental results for low-velocity
forced convectior boiling presented here, it is con-
cluded that:

(1) An inverse relation exists between the bubble
residence time and the CHF, suggesting that the pro-
duct of the CHF and the bubble residence time, rep-
resenting the energy per unit area leaving the heater
surface during the bubble residence time, is inde-
pendent of changes in the orientation of gravity.

(2) The growth and motion of large bubbles at
heat flux levels approaching the CHF are modeled
reasonably well by a balance of buoyancy and virtual
mass forces acting on a spherical bubble growing with
a constant volumetric generation rate.

(3) Subcooling increases the CHF while also low-
ering the rate of vapor generation on the heater
surface. The increase in the CHF with subcooling
correlates with Ivey and Morris [11] expression for
pool boiling, while measurements with R113 show
that evaporation accounts for only about one third of
the total heat flux at CHF, even for the saturated case.

(4) Evaporation and dryout appear to occur in
highly localized regions on the heater surface beneath
growing bubbles.

The first conclusion above suggests a mechanism
for the CHF common to all heater orientations and is
basically equivalent to the dryout mechanism assumed
in the macrolayer dryout models. While the second
conclusion suggests the validity of the bubble dynam-
ics assumed in the macrolayer dryout models, the third
and fourth suggest substantial areas for improvement
in the description of the evaporative regions on the
heater surface, currently represented by vapor stems
and an isolated liquid macrolayer. A semi-empirical
model for the evaporation process is proposed in the
companion work, which is consistent with these exper-
imental conclusions.
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