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POOL BOILING FROM LARGE ARRAYS OF
ARTIFICIAL NUCLEATION SITES
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Abstract — Pool boiling heat transfer from large and controlled arrays of artificial nucleation sites was
studied experimentally. Organic liquids were boiled from artificial sites of uniform size, shape and spacing,
drilled in superfinished horizontal surfaces at site densities of 8 and 16 per cm?2. The results confirm the
existence of two heat transfer regimes which are characteristic of boiling from a constant number of sites
[2). Appropriate correlations, based on a physical model, were developed for predicting the heat transfer
rate in the two regimes over a wide range of site densities and Prandtl numbers. A heat transfer mechanism
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is proposed and discussed.

NOMENCLATURE

thermal diffusivity ;

boiling heat transfer area;
bubble break-off diameter;
bubble diameter at the free liquid
surface ;

bubble emission frequency;
gravitational acceleration;
Grashof number ;

heat transfer coefficient ;
thermal conductivity;

number of nucleation sites;
number of sites per unit area;
Nusselt number;

Prandt]l number;

heat transfer rate;

heat transfer rate at the wall;
heat flux;

Reynolds number ;

flow cell size;

bulk liquid temperature;

wall temperature ;

mean wall temperature ;
saturation temperature ;

mean wall superheat, T,, ,, — T.,;;
bulk liquid superheat, T, — T, ;

* Present address: Du Pont Co., Gibbstown. N.J., U.S.A.
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g, characteristic velocity near the wall,
equation (7);

Uy, bubble terminal velocity ;

Vs bubble volume at break-off;

V., bubble volume at the free liquid
surface;

z, height of liquid above the heating
surface.

Greek symbols

o, vapor hold-up near the wall ;

0, bubble contact angle ;

A latent heat ;

iU, viscosity;

v, kinematic viscosity ;

i) density;

G, surface tension.

Subscripts

L, liquid ;

m, mean value;

tr, transition ;

v, vapor.

INTRODUCTION

THE MECHANISM of heat transfer in nucleate pool
boiling is an extremely complex one and has not
been completely clarified yet. One great diffi-
culty in determining this mechanism lies in the
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interdependence between the hydrodynamic
behavior of the two-phase system and the
various heat transfer processes that occur during
boiling. In addition, severe complications arise
from the fact that the nucleation characteristics
of commonly available heating surfaces cannot
be rigarously controlled and are therefore un-
predictable. The nucleation ability of these
surfaces determines the density and the surface
distribution of the bubble population at any
given AT, or heat flux, and thus has a marked
influence on the hydrodynamic behavior of the
boiling system near the heating surface.

The hydrodynamic effect is governed both by
the deusity of the active sites and the rate and
mode of vapor emission at these sites. The in-
vestigation of the heat transfer mechanism using
commercially available surfaces is hampered by
the fact that such heat transfer surfaces do not
allow an independent and complete control of
the active site density and the bubble emission
frequency.

The clarification of the nucleate boiling
mechanism could be greatly facilitated if the
thermal and hydrodynamic effects were to be
decoupled and studied individually. An im-
portant experimental tool towards this end is a
superfinished boiling surface containing a large
number of artificial nucleation sites, arranged
in a desired geometrical pattern. Here vapor
bubbles are formed only at the artificial sites,
while the rest of the surface lies inactive. Such
surfaces allow a complete control of the density
and distribution of the active sites. Consequently,
the effect of the rate and mode of vapor genera-
tion from a constant number of sites on boiling
heat transfer may be studied directly.

The purpose of this investigation was to study
the important variables that govern the heat
transfer process during nucleate boiling from
large and controlled arrays of evenly-spaced
active sites of uniform size. In particular the
individual and combined contributions of the
active site density and vapor emission rate to
nucleate boiling heat transfer were to be deter-
mined and evaluated.
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BACKGROUND

The effect of a sizable number of articial
nucleation sites on boiling heat transfer was
first studied by Griffith and Wallis [1]. The
boiling curve for water, boiling from a paraffin-
coated horizontal surface containing 37 evenly-
spaced artificial cavities, was established and
compared with that for a similar smooth surface
free of artificial cavities. The artificially-drilied
surface required a smaller superheat to obtain a
given heat flux than the smooth surface.

Miyauchi and Yagi [2] extensively studied
nucleate boiling of a variety of liquids from
cylindrical cavities on a horizontal surface. The
cavities were drilled in a controlled geometrical
pattern and the artificial site density ranged
from 1 to 64 per cm?. The resulting boiling
curves for constant site densities indicated the
existence of two distinct heat transfer regimes.
In the low heat flux regime, termed ‘‘natural
convection boiling region”, g/A ~ AT'**. In the
“forced convection boiling region™, operating
at relatively high heat fluxes, g/4 ~ AT¥3.
Miyauchi and Yagi suggested that the first
regime is governed by natural convection effects
while in the second regime forced convection
effects are predominant.

Miyauchi and Yagi correlated the heat trans-
fer results in the upper regime for one specific
site density by a forced-convection heat transfer
equation that does not account for the definite
effect of the artificial-site density on the heat
transfer coefficient, as shown by their own
data.

Such an effect was also observed by Marto
et al. [3] during boiling of nitrogen from 7 and
13 evenly-spaced artificial cavities. A definite
improvement of the heat transfer coefficient
with the increase of site density was reported.

Young and Hummel [4] formed irregularly
spaced artificial nucleation sites on a metallic
strip by spraying it with Teflon. Improved heat
transfer coefficients were obtained, compared to
boiling from natural surfaces.

Heat transfer data for boiling from a single
artificial nucleation site [3, 5-7] as well as from
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two or three artificial cavities [ 5] have also been
reported.

APPARATUS AND PROCEDURE

Apparatus

The boiling experiments were performed in
the equipment shown schematically in Fig. 1.
The apparatus consisted of a heat transfer
section, an electrical heating section and a
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F1G. 1. Experimental apparatus.

boiling chamber. The heat generated by the
electrical heater was transferred through a
cylindrical conductor to a flat horizontal boiling
heat transfer surface.

The heat transfer section consisted of a brass
cylinder 2 in. dia. and 2 in. high. The upper face
of the cylinder extended into a flat circular
horizontal fin {; in. thick and 4} in. o.d. The fin
was made an integral part of the cylinder by
machining the entire heat transfer section from
a single block. Good contact with the heater was
assured by embedding the lower end of the
cylinder in molten tin, contained in the recessed
upper face of the heater.

Seven 30 gage copper-constantan thermo-
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couples were inserted in the conducting section
to evaluate the necessary heat transfer data,
Three thermocouples, inserted through vertical
wells up to a distance of 0-008 in. below the
surface, measured the boiling surface tempera-
ture. The remaining thermocouples were used to
compute the total heat transferred to the liquid
through the boiling and fin areas and through
the fin alone.

The heater consisted of a circular brass block,
with ten square 27% in. fins extending from its
lower part. Nine Nichrome heating elements,
encased in mica sheets, were inserted into the
slots between the fins. The heater was supported
in the center of an asbestos box and was therm-
ally insulated with glass wool.

A 220V a.c. source line supplied power to the
heater through a variable transformer and a
voltage regulator. The heater was capable of
supplying 2KW at peak performance.

The boiling chamber was a 33 in. i.d. glass pipe
6 in, long. It was capped by a nickel-plated brass
plate, secured by 3 tension wires. The top and
bottom sides of the glass pipe were sealed by a
silicone rubber gasket and a Neoprene O-ring,
respectively. Two reflux condensers returned the
condensed vapor back to the boiling chamber.
A flow meter and inlet and outlet thermometers
were installed in the cooling water line. A cali-
brated thermometer measured the boiling liquid
temperature 4 in. above the heat transfer surface.
The chamber was insulated with layers of glass
wool and a thick pad of rock wool.

Reliable and reproducible heat transfer data
for boiling from artificial nucleation sites require
virtually complete elimination of all the natur-
ally occuring nucleation sites. Much time and
effort were involved in preparing the boiling
surface for its role as a controlled nucleation site
surface.

The entire upper surface of the heat transfer
section was first finished with progressively finer
grades of emery cloth on a buffing machine. The
surface was then polished with a 3200 mesh
diamond compound and electroplated with
bright nickel.
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Artificial nucleation sites of uniform size,
shape and spacing were drilled on the 2 in. o.d.
superfinished boiling surface, using miniature
drills 0008 in. o.d. and 0-041 in. long. The
location and spacing of the cavities were deter-
mined by drawing the desired pattern on a
millimetric graph paper and taping it on the
surface. In this manner 135 and later 266 even-
spaced cylindrical cavities, having a mouth
diameter of 0-008 + 0-0004 in. and a depth of
0039 + 0001 in. were formed. The center-to-
center spacing of the cavities was controlled
within +0010 in. The cavity distribution
patterns on the heating surface at site densities
of 8 and 16 per cm? are illustrated in Fig. 2.
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occurred only at the artificial sites. The entire fin
region, including the Neoprene O-ring, were
inactive. At high heat fluxes, however, natural
nucleation sites became active on the boiling
surface. Consequently, each series of experi-
ments was terminated when the number of
active sites exceeded 10 per cent of the total
population of artificial sites. The natural active
sites were counted either visually or through the
circular scale spots that were deposited around
these sites [8].

The heating surface was photographed ex-
tensively during boiling at various heat fluxes
with a 35 mm Pentax reflex camera, using an
electronic flash.

N/A=16/cm?
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Fig. 2. Distribution patterns of artificial cavities on the
heating surface.

Procedure

Prior to each run the heating surface was
thoroughly cleaned with benzene and acetone
and heated to remove all traces of the solvents.
The chamber was then filled with the test liquid
up to a constant height of 13 in. Care was taken
to assure that all the cavities became active. The
test liquid was degassed by boiling for several
hours. By this time the system had reached
steady state, as indicated by all the thermo-
couples.

Up to moderately high heat fluxes, boiling

The natural convection experiments were
performed after deactivating all the cavities by
cooling the test liquid. The upper g/A4 limit for
these runs was set by the initiation of the first
bubble at one of the artificial sites.

The total heat transferred to the liquid
through the 4% in. o.d. upper surface was
calculated from the readings of the appropriate
thermocouples. The measured total heat transfer
rate was checked by comparing it with the
condenser cooling water heat load. The heat
balance was usually closed within + 10 per cent.
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The heat transfer rate through the 2 in. dia
boiling surface was computed by subtracting
the heat transferred by the fin to the liquid by
natural convection from the total heat input.
The heat rate due to natural convection was
calculated by a trial-and-error procedure using
a proper fin equation and the appropriate fin
thermocouple readings.

The mean wall temperature of the boiling
surface was calculated by graphical integration
of the surface temperatures over the entire
boiling area. The mean wall superheat, T, ,, —
T,.. was used as the mean temperature driving
force in this work.

RESULTS
Boiling
Representative boiling heat transfer data for
various test liquids are presented graphically as
boiling curves in Figs. 3 and 4. Here the boiling
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heat flux is plotted against the mean temperature
driving force, AT, at any given constant site
density, N/A.

The boiling curves at constant site densities
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differ from the classical curves for nucleate
boiling from natural active nucleation sites in
several respects. First, these curves clearly
differentiate between boiling and natural con-
vection. The lowest point in each of these
curves corresponds to a boiling heat flux at
which all the artificial sites are active. Separate
and distinct from the boiling curve is a natural
convection curve which relates the heat trans-
ferred to the liquid, when the artificial sites are
inactive, to AT, In contrast to artificial sites,
the heat transfer data for natural convection,
partial and fully developed nucleate boiling
from natural sites all lie on a single curve.
Second, the boiling curves in Figs. 3 and 4
indiciate the existence of two distinct boiling
heat transfer regimes. The change of the heat
flux with AT, up to the maximum value of
20 000 Btu/h ft? is quite moderate and the aver-
age slope of the boiling curve is not markedly
different from that of the natural convection
curve. Consequently, the lower portion of the
boiling curve has been termed the “low heat
flux region”. Beyond a narrow transition region
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the boiling curve rises rather sharply and
characterizes the “‘high heat flux region”.

The existence of two different heat transfer
regions where transition from one region to the
other occurs within a narrow heat flux range
is characteristic of boiling: from a constant
number of nucleation sites only. Similar be-
havior has also been observed by Miyauchi and
Yagi [2].

Third, the boiling curves for artificial sites are
in a sense complete since they indicate the effect
of the two major variables on the heat flux,
namely AT, and the active site density. Boiling
curves for naturally occurring nucleation sites,
although in common usage and convenient, do
not display the effect of the active site number
and spacing on the heat transfer rate directly.
As these variables are by no means easy to
measure, their effect is usually reported in terms
of a polishing paper grade or an r.m.s. surface
roughness. The nucleation ability of artificial
heat transfer surfaces, on the other hand, is
known and controlled and can be represented
by a single variable—the active site density.
Thus the interrelation between g/4A, N/A and
AT, for boiling from artificial sites is fully
displayed by a boiling curve.

Figures 3 and 4 show that the boiling heat
transfer from artificial sites can be improved by
increasing either AT, or N/A, or both. At
constant site densities, where g/4 in the two
regimes is solely dependent on AT, the heat
flux increases monotonically with AT,,. The heat
transfer rate may also be improved by increasing
N/A at any given AT,. Thus, boiling from
artificial sites has the clear advantage over
boiling from natural surfaces since N/A4 can be
kept constant as g/A is varied.

The transition from the low to the high heat
flux region at any given site density occurs over
a fairly narrow range and may be approximated
by a single point. Table 1 lists the conditions at
the transition points, obtained by extrapolating
the two branches of the boiling curves of this
work and [2].

The transition heat fluxes for all -the test
liquids lie in a relatively narrow range of 10 000--
19 000 Btu/h ft2. The heat flux for any liquid does
not seem to be a function of the site density. Note
that a sixteen-fold change of the site density for
water does not change the transition heat flux
materially.

The increase of the site density has, however,
a definite effect on the temperature driving force

Table 1. Experimental and predicted heat fluxes at the transition point

Lo Site density AT (q/A)ex (q/A)rea Deviation
Liquid (cm~?) CF) (Btu/bft)  (Btu/hft?) o
n-Heptane 8 315 10000 11400 +114
n-Propanol 8 270 15500 15700 +13
Methanol 8 42-5 13500 14800 +96
Methano! 16 325 13500* 14800 +9-6
Methanol [2] 32 23-5 13000 14800 +13-8
Acetone 8 385 14000 13700 —-21
Acetone 16 34-0 14300 13700 - 42
Ethanol 16 37-0 15500 15600 +06
Ethanol [2] 32 30-5 18800 15600 —-170
Water [2] 4 20-0 19900 19800 --0-5
Water [2] 16 15-5 17600 19800 +125
Water [2] 32 12:5 19350 19800 +23
Water [2] 64 9-0 19350 19800 +23
Benzene [2] 32 30-5 17000 15000 -11-8
ccl, 2 32 325 12000 10000 158

* Estimated.
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at the transition point. As the site density
increases for any liquid AT, decreases mono-
tonically.

Natural convection

Typical natural convection data, obtained
after deactivating all the artificial cavities, are
presented in Figs. 3 and 4. The data fall within
the turbulent natural convection region and
indeed exhibit the expected g/A ~ AT* relation-
ship.

The data were correlated in Fig. 5 where the
Nusselt number is plotted against Gr x Pr. The
diameter of the heating surface was used as the
characteristic length of the system. The tempera-
ture driving force appearing in the Grashof
number was defined as the difference between
the mean surface temperature and the liquid
temperature 4 in. above the surface. The re-
sulting equation is

Nu = 0-61 (Gr x Pr)t. 1)

A wide variation of the value of the constant
of equation (1) for flat horizontal surfaces is
reported in the literature, as seen in Table 2.
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thermal boundary layer, leading to higher heat
transfer rates.

The wide range of the reported values of the
natural convection constant for smooth surfaces
may be linked with the flow pattern of the con-
vection currents near the heating surface. Both
Denny [5] and Marto et al. [3] observed
different types of convection patterns in their
experimental apparatus. It is thus conceivable
that gross convection currents generated by
different chamber geometries (thin, confined
liquid layers vs. deep, free-surface pools), heating
surface locations (submerged vs. confining} and
geometries (flat plates vs. finned discs) will affect
natural convection heat transfer.

CORRELATION OF RESULYS

Model

In order to correlate the heat transfer data in
the two regimes, consider first the flow field near
a heating surface containing a fixed number of
sites that are distributed in a given geometrical
pattern. The liquid flow is governed by the
departure of vapor bubbles from the surface and

Table 2. Reported values for natural convection constant

Constant Surface conditions Investigator
0-14 Smooth Reilly et al.[12]
016 Smooth Jakob [9]
0273 Smooth Jakob et al. [18]
031 Smooth Zuber {10]
032 Smooth Lippert and Dougal {11]
0-52 Dirilled cavities Miyauchi and Yagi [2)
0-61 Dirilled cavities This work

The value found in this work is similar to the
one reported by Miyauchi and Yagi [2]. Both
are unusually high. It should be noted, however,
that the data in these cases were obtained on
horizontal surfaces containing a large number
of inactive artificial cavities. Similar improve-
ment of the natural convection heat transfer on
surfaces containing drilled inactive cavities was
also noted by Marto ¢t al. [3]. They postulate
that the presence of cavities disturbed the

their rise through the superheated liquid.
Schlieren photographs have shown {13, 14] that
once the bubbles detach and rise, they cause an
updraught of hot liquid that follows in their
wake. This updraught is induced by viscous
shear between the rising bubbles and the
surrounding liquid. The upflow of liquid above
the nucleation site leads to the downflow to-
wards the heat transfer surface. The liquid then
flows radially towards the nucleation site where
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FiG. 6. The flow field near the heat transfer surface,

it rises again. Such a flow pattern is illustrated
in Fig. 6.

The lateral space for liquid motion induced
by a given site is limited and confined within the
boundaries that define a flow cell. Figure 7
describes a cross section of an array of flow cells
suggested by the distribution pattern of the
artificial cavities on the heating surface. The
characteristic size of each recurring cell, S,
corresponds to the shortest distance between
neighboring cavities.

Heat transfer correlation
The heat transfer data for the two heat
transfer regimes were correlated on the basis of
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the proposed model. The liquid motion near the
heat transfer surface in each of the flow cells was
approximated by a steady flow over a flat plate
having a characteristic dimension of §/2.

The data in each regime were fitted with the
equation

P
Nu = const. R¢"Pr* <9S£> . {2)
The Nusselt number is defined as
hS

where § is directly related to the active site

density by
N\
S=1-] .
&)

The dimensionless group D,/S is the ratio of
the bubble diameter at break-off and the size of
the flow cell. D, was calkculated by the classical
Fritz equation

4

G 3
D,=00210) 1. (5)
g(pL - pv)
The Reynolds number is defined as
hY
Re = 2HsPL (6)
Hy,

where u, is the characteristic mean liquid
velocity near the heat surface, given by [15] as

— . +
u, = const. AL Pe govy (N
Pr.

where o, is the vapor hold-up near the heat
transfer surface. The hold-up can be expressed as
_ NV

s "'Za;-

where ¥, is the bubble volume at break-off, f is
the bubble emission frequency, and u, is the

bubble terminal velocity. The bubble terminal
velocity is given by {16] as

u, = 1-53 [Qf.(f!;;&)] ©)

L

®)
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In the absence of experimental data for
bubble frequency and volume the hold-up was
evaluated by noting that the numerator in
equation (8) is the flow rate of vapor generated
at the heat transfer surface by the active sites, or

NV, f = f; (10)

where g, is the beat transfer rate due to phase
change at the heat transfer surface.

As the volume of the bubble after break-off
increases as it rises through the superheated
liquid the fraction of the total heat transferred
by phase change at the surface is given by

_P_b 3
=3,
where V, is the bubble volume at the free liquid
surface, which is at height z above the heating
surface.

The bubble diameter at height, D, is given,
according to Ruckenstein [17], by

k LA Ts“pz
pvita*

3y,

D¥ — D} = 0:0226

(12)

where AT, is the average superheat of the bulk
liquid. The units of the numerical constant are
h#/fit, while D, and D, are in feet.

Combining equation (7), (8), (10) and (i1)

results in
Db 3+
—D: .

u, = const ((p L
(13)

Fitting the data with equation (2) by a least-
squares procedure resulted in the following
correlating equations for the low heat flux
region

- pv) (q/A) gvy
PLOAY,
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0824
Nu = 683 x 1072 Rel'364 pp0-949 (%9_)

(14)
and the high heat flux region
D 1-408
Nu = 343 x 1073 Re?023 pp1297 (TSB)
(15

A comparison of the predicted Nusselt num-
bers with the experimental values in the two
regimes is presented in Figs. 8 and 9. Equations
(14) and (15) correlate well both the data of this
work and those of Miyauchi and Yagi [2] over
a wide range of variables, summarized in Table
3. The maximum deviation of the predicted
Nusselt number values in the low flux regime
is +25 per cent and in the high flux regime is
+ 15 per cent.

It is interesting to note that the functional
relationship between the heat flux and the major
variables in the low flux region is of the form

042
-% = const.(%) ATLE.

Zuber [10], using a natural-convection-type
correlation for boiling from natural active sites,
obtained the approximate relationship

0-33
4 const (~N-) ATV,

(16)

y\ Y] {17
It might be argued, therefore, that these equa-
tions are similar and that the data in the low
flux region are better correlated by the natural
convection approach.

The similarity between the two equations,
however, is only superficial. Equation (16) was

Table 3. Range of experimental variables

Low flux region High flux region

Heat flux, Btu/h ft2
Temperature difference, °F
Site density, cm ™2

Prandtl number

3230-19 840 10050-81 050
4:3-396 12-8-70-7
8-32 8-32

173-9-37 1-73-9-37
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obtained by using a forced-convection-type
correlation based on the reasoning that the
bubble-induced motion inside a flow cell is an
important factor in boiling from artificial sites.
Such a motion is more pronounced than natural
convection flows, induced by density differences.
A similar approach was also taken by Rucken-
stein [15] and others.

In addition, equation (16) is applicable only
when both N/4 and AT, may be varied inde-
pendently. Zuber’s equation, on the other hand,
was obtained by neglecting the natural con-
vection effect compared to the effect of vapor-
ization [10] and applies only to natural surfaces,
where new sites are constantly activated as g/4
is increased.

The ability of equations (14) and (15) to
correlate the data over a wide range of variables
substantiates their generalized character. The
equations indicate that the heat flux in the two
regimes is strongly dependent on the flow cell
size. In addition, they show that the liquid
velocity near the heat transfer surface, as given
by equation (7), is an important variable that
governs the heat transfer rate in boiling from
artificial sites.

Transition point

In using equations (14) and (15) for prediction
of heat transfer coefficients in the two regimes
an estimate of the value of the heat flux at the
transition point is required. The experimental
data in Table 1 show that the heat flux at the
transition point is independent of the site
density and is practicaily constant for a given
liquid. This suggests that its particular value
may be correlated by the physical properties of
the boiling liquids. The following empirical
correlation was thus developed

q go\*
) =0295p,4 (=) .
(A)« f (PL)

The predicted heat fluxes at the transition
point, shown in Table 1, are in good agreement
with the experimental values and the maximum
deviation does not exceed 17 per cent. The

(18)
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deviations are reasonable, as most of the
experimental transition points were determined
by graphical extrapolation and not by design.

DISCUSSION

Nucleate pool boiling from a large array of
artificial nucleation sites is characterized by the
existence of two heat transfer regimes separated
by a narrow transition region. An attempt will
be made to postulate a heat transfer mechanism
for the two regimes and analyze the experi-
mental results in the light of the proposed
mechanism.
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FiG. 7. An array of flow cells at site density of 8/cm”.

Heat transfer mechanism

The heat transfer process during boiling from
a large array of artificial sites is governed by the
two-phase flow field close to the heating surface.
Of prime importance is the vapor-induced liquid
velocity near the surface since it directly deter-
mines the heat transfer rate, as indicated by
equations (14) and (15). At a constant site
density this velocity is solely dependent on the
bubble frequency, equations (7) and (8). Con-
sequently, the increase in the heat transfer rate
can be entirely attributed to increased bubble
frequency if the bubble volume at detachment
is assumed constant.



POOL BOILING FROM LARGE ARRAYS OF ARTIFICIAL NUCLEATION SITES

i Methanol 8/cm? this work
Heptane 8/cm® this work
Acetone 8/cm?  +this work
Waoter  8/cm? Miyauchi
Methonol 168/cm?  this work
Acetone 16/cm? this work
Ethanol 16/cm? this work
Water 16/cm? Miyauchi
Methanol 32/cmé Miyauchi
Ethonol 32/cm? Miyouchi
Benzene 32/cm?Miyauchi
CCla  32/mZ Miyauchi
Water  32/cm® Miyauchi

¢ udédéPpondaBe Do

100

/

N U, pred

T 1 1T 1T 17

] 1 L.l
10 20 40

Ngyp

J O . |
60 80 100

Fi1G. 8. Comparison of predicted Nusselt numbers with
experimental values in the low heat flux region.

It is reasonable to assume that the bubble
emission frequency is a function of AT. As AT
increases both the bubble growth period and
waiting time become shorter and the frequency
increases. As high frequencies are reached,
successive bubbles leaving the site would tend
to collide and coalesce, finally forming a con-
tinuous vapor column. Numerous still photo-
graphs taken during this study show that such
columns were not present near the heating
surface and that individual bubbles formed at
the artificial sites.

The existence of two different heat transfer
regimes at constant site densities suggests that
each regime is characterized by a different mode
of bubble emission frequency. It is postulated
that in the low flux region the average bubble
frequency is a weak function of AT as the
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contribution of bubble generation to the total
heat transfer does not change appreciably with
AT,

In the high heat flux region it is assumed that
the average bubble frequency is strongly de-
pendent on AT. Thus, the marked change in the
frequency leads to a sharp increase of the heat
transfer rate compared to the moderate rate at
the low heat flux regime.

Effect of site density

The boiling heat transfer rate for artificial
sites may be changed at any given AT, by simply
varying the site density. For example, the heat
flux for methanol at AT,, of 20°F is increased by
75 per cent as the site density is changed from
8 to 32 per cm?. As both AT, and bubble fre-
quency remained fixed the improvement in the
heat transfer rate results from an enhancement
of the liquid velocity due to a decrease in the
flow cell size.

It should be noted, however, that the heat
transfer rates cannot be increased indefinitely
by using heat transfer surfaces containing
artificial sites. At high site densities the flow cell
size will become comparable to the bubble size
at break-off and neighboring bubbles would
coalesce laterally while still on the surface. The
heating surface would progressively be covered
with vapor and the heat transfer rate will
eventually reach a maximum value. In addition,
the high heat fluxes would activate natural
nucleation sites and the idealized behavior of
the heating surface will change altogether.

Boiling vs. natural convection

The contribution of bubble generation to the
total heat transfer in the low heat flux region
does not change appreciably with AT, In
contrast, the contribution of fully developed
boiling from natural sites may become appreci-
able as AT increases.

The moderate change with AT of the en-
hancement of the heat transfer over and above
the heat transferred by natural convection may
be attributed to the weak dependency of bubble
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frequency upon the temperature difference. In
the limiting case the heat transfer enhancement
will become constant as the bubble frequency
remains fixed. This is verified by the work of
Preckshot and Denny [5] where the average
frequency of bubbles emitted from a group of
one, two or three artificial sites and the appro-
priate boiling and natural convection curves
were determined. Inspection of their data over
the wide temperature range 40-77°F shows that
both the contribution of boiling and bubble
frequencies remained constant.
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Acetore  8/cm? |
Water 8/cm® Miyauchi |
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FIG. 9. Comparison of predicted Nusselt numbers with
experimental values in the high heat flux region.

The extent of the heat transfer enhancement
due to boiling at a constant AT, is determined
by the site density, or the flow cell size. As the
site density is increased from 8 to 16 and then to
32 per cm? the heat flux relative to natural
convection, for methanol at 25°F, increases
by 17, 47 and 104 per cent respectively. The
contribution becomes sizable at high site densi-
ties since the liquid velocity in such small flow
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cells is increased appreciably. Analysis of
Miyauchi and Yagi data shows the same trend.

The maximum incremental contribution of
boiling from 135 sites to natural convection was
found to be 25 per cent. Such an increase of the
heat transfer rate is unexpectedly low. It should
be borne in mind, however, that the natural
convection heat fluxes in presence of a large
array of inactive artificial cavities are larger by
factors of 2-3 than the fluxes obtained on
smooth surfaces.

The extent of heat transfer enhancement in
the high flux regime is high and comparable to
that for boiling from natural sites, as the slope of
the boiling curves in these two cases may be
similar. This effect, however, is achieved in two
different ways: by high bubble frequencies in
boiling from a fixed number of sites and through
constant activation of new sites in boiling from
natural surfaces.

T he transition region

Equation (14) indicates that the relationship
between the major parameters in the low heat
flux regime is of the general form

q L (NY
4 T (Z>

Equation (19) shows that at the transition point,
where g/A for any liquid is constant, AT,, has to
be inversely proportional to N/A, as noted from
Table 1.

The reason for the change in the mode of
bubble emission at the transition region that
affects the liquid velocity near the surface and
leads to an improved heat transfer rate at the
high flux regime is not yet clear. Miyauchi and
Yagi, while attempting to ascribe the existence
of the two regimes to natural convection and
forced convection effects, respectively, did not
give any consideration to the transition region.
Further clarification of the postulated change
in the mode of bubble emission has yet to await
the results of high speed motion photography.

{19
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CONCLUSIONS

1. A heat transfer surface containing a con-
trolled number of evenly-spaced active sites is
an important research tool for evaluating the
individual and combined contributions of two
major variables, active site density and bubble
emission frequency, to nucleate boiling heat
transfer, These variables directly affect the liquid
velocity near the heating surface which, in turn,
governs the heat transfer process.

2. Nucleate boiling at constant site densities
is characterized by two heat transfer regimes,
controlled by different vapor generation modes.

3. The individual effects of bubble frequency
and site density on boiling heat transfer in each
regime may be combined in a correlation that
predicts heat transfer coefficients over a wide
range of variables.

4. The heat flux at the transition from one
regime to the other is independent of the site
density and may be predicted with reasonable
accuracy.

5. Natural convection heat transfer on a
horizontal surface may be markedly affected by
the presence of a large number of deactivated
artificial sites.
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EBULLITION EN RESERVOIR A PARTIR DE GRANDES RANGEES DE SITES
DE NUCLEATION ARTIFICIELLE

Résumé—Le transport de chaleur dans Pébullition el réservoir 4 partir de grandes rangées contrdlées
de sites de nucléation artificielle a été étudié expérimentalement. Les liquides organiques ont été mis en
¢bullition A partir de sites artificiels e taille, de forme et d’espacement uniformes, percés dans des surfaces
horizontales de grand fini 4 des densités de sites de 8 ct de 18 par centimétre carré. Les résultats confirment
Pexistence de deux régimes de transport de chaleur qui sont caractéristiques de I'ébullition & partir d’un
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nombre constant de sites (2). Des corrélations appropeiées basées sur un modéle physique, ont été élaborées
pour prédire la densité de flux de chaleur dans les deux régimes avec une large gamme de densités de sites
et de nombres de Prandtl. Un mécanisme de transport de chaleur est proposé et discuté.

BEHALTERSIEDEN UBER AUSGEDEHNTEN FLACHEN MIT
KUNSTLICHEN SIEDEKEIMEN

Zusammenfassung— Der Wirmeiibergang beim Behiltersieden an ausgedehnten und definierten Bereichen
mit kiinstlichen Siedekeimen wurde experimentell untersucht. Verwendet wurden organische Fliissigkeiten.
Kinstliche Siedekeime von gleichmissiger Grosse, Gestalt und Rauminhalt, wurden als Bohrungen in
feinpolierten horizontalen Oberflichen mit einer Besetzungsdichte von 8 und 16 pro Quadratzentimeter
hergestellt. Die Ergebnisse bestitigen die Existenz zweier Wirmeiibergangsgebiete, welche charakteristisch
fir das Sieden bei einer konstanten Keimzahl sind (2). Geeignete Beziehungen, basierend auf einem
physikalischen Modell, wurden entwickelt fir die Bestimmung des Warmestromes in den beiden Gebicten
iiber einen weiten Bereich von Keimstellendichten und Prandtl-Zahlen. Ein Wérmeiibertragungs-
mechanismus wurde vorgeschlagen und diskutiert.

KUNIEHUE B BOJBIOM OGLEME B CUCTEMAX MCKYCCTBEHHBIX
ITEHTPOB MAPOOBPA3SOBAHUA

AHHOTANUA—I KCIEPUMEHTANLHO 1I3YYaJICA TENJI00OMEH TPH KUIeHIN B (0IbHI0OM 00BeMe
B KPYTHBEIX H PETYIHDYEMBIX CUCTEMAX HCKVCCTBEHHBIX HEeHTPOB napootpasoBauus. Kinenne
OPTAHNYECKNX IKUIKOCTEN IPONCXOTILTO 1A HCKYCCTBEHHHX HeNTpax Mapoolipa3oBaHus
OLTHAKOBOTO pasMepa, GOPMBL It ¢ OIUHAKOBEIM PACCTORHMEM MeAy HHMH. HMCKyceTBeHHELC
HEHTPBl TMapoofpasoBankaA OBl BHICBEPIeHH HA TOPHUBOHTAIBHEIX HOTHPOBAHHBIX TOBe-
PXHOCHAX IPH «[UIOTHOCTH» yuacTkoB 0T & o 16 na nsagparHulil cantumerp. PesyibraTsl
MOATBEPHAA0T CYIECTBOBAHNE ABYX PeMUMOB I€PEHOCA TeIIa, XapAKTePHBIX 5 KHAMCHMUS
IIpU MOCTOSHHOM YMCIe LEeHTPOB napoobpasopanus (2). Ha ocHopammu duzmuecson momesn
paspaboTaubl KOPPEIALMH I pacdeTa CROPOCTH TETIIOBHIX OTOKOB IPH ATHX JRYX PEKUMaX
U GOJILIIOM JUATIa30He U3MeHeHN A II0THOCTH 1t uncde Ipanaris. Ipeguosen i oficympaercs
MeXaHU3M IEepeHoca Terla.



