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ABSTRACT

Effects of cavity size, shapec and their population on nucleation and
boiling characteristics of a surface were studied. Dynamic effects on
nucleation from a single isolated cavity in boiling were investigated
both theoretically and experimentally. An analytical model has been
developed for the stability of the cavity considering the effect of
transient heat flux and inertial and viscous effects of the fluid. The
model shows that dynamic effects are important in determining the required
Superheat for stable boiling from a single cylindrical cavity. Parameters
such as cavity radius and depth (which are characteristic of the boiling
surface), contact angle (which depends upon the fluid surface combination),
and the dependent parameters (which are the consequence of the physical
behavior of the considered phenomenon) e. g. the initial temperature and
penetration velocity of liquid into the cavity, are found to be important
in determining the required superheat for stable boiling from the cavity.

A decrease in cavity depth, contact angle or the initial liquid temperature
reduces the stability while a decrease in liquid penetration velocity
enhances the cavity stability. For a cavity with large depth to diameter
ratio, static model successfully predicts the required superheat and as this
ratio decreases, higher superheats are required than predicted by the static
model, as has been observed experimentally for artificially made cavities.

Attempt was made to produce very deep cavities (depth/diameter ratio of
4-6) on the boiling surface through laser drilling technique. A significant
improvement in the cumulative site density and boiling heat-flux for a
given superheat was observed for methanol in the isolated bubble region
as compared to a natural surface having the same surface finish as
employed on the laser surface. The frequency of bubble departure is



observed to be a strong function of superheat (decreasing with decreasing
superheat) for the deep laser cavities; the observed frequency behavior

has been explained by a theoretical model which predicts the waiting time
(time between the last bubble departure and appearance of the next one

on the surface) and the bubble contact time for a given fluid as a function
of superheat and cavity size.

Thesis Supervisor: Professor Borivoje B. Mikic
Title: Professor of Mechanical Engineering
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I. INTRODUCTION

The effects of surface conditions in boiling have long been
recognized. In nucleate boiling, bubbles usually form at specific
discontinuities on the solid surface. Bankoff [1] presented theoretical
arguments that likely nucleation sites are pits and scratches. Clark,
Strenge and Westwater [2] photographed actual nucleation sites through a
microscope; pits and scratches and not the grain boundaries in the metal
surface were found to provide most of the nucleation sites. Courty and
Foust [3], from their study, established that the size and shape distribution
of the microroughness in heat-transfer surface and contact angle of bubbles
were important variablec determining the number of nucleation sites and
heat flux characreristics in nucleate boiling. Kurihara and Myers [4]
meassured the effects of 1iquid superheat and surface roughness on active
site density and boiling heat transfer coefficient. Their experiments
revealed that the number of active boiling centers on the plate increased
with increasing surface roughneés and calculated boiling coefficients were
proportional to the one third power of the number of bubble columns rising
from the surface.

The importance of the number of active sites in predicting the
nucleate boiling heat-flux has been well studied, both theoretically and
experimentally [5, 6, 7]. The surface conditions principally, can be
related to the boiling characteristics by (i) relating surface finish to
the cavity size distribution, (ii) relating a cavity size to conditions
required for its activation, (iii) relating the overall boiling heat flux

to conditions existing at the surface and active site population.
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The last part follows from the considerations of the mechanism of
nucleate boiling. The net boiling heat flux rate is seen to be directly
dependent upon the number of active sites existing on the surface and
frequency and size of bubble departure [7]. A successful prediction of
the number of active sites in boiling requires a precise understanding of
the nucleation phenomenon. In spite of the varied research work having
been done to understand the nucleation phenomenon in boiling, there is no
simple theory that satisfactorily accounts for all the parameters involved.
Analytical models of the criteria for incipience of boiling and prediction
of the size range of active sites have been made [8, 9, 10, 11]. None
of these theories has successfully predicted the experimental data, as
observed in investigations [11] and [12] {Figs. 1 and 2). The analysis
of the incipience criteria by Hsu [9] and Han and Griffith [10] are both
based on the assumption that there exists a semispherical vapor bubble
nucleus over a cavity and this nucleus grows when the thermal layer
adjacent to heating surface is of sufficient thickness. The incipience
criteria proposed by Howell and Siegel [11] considered evaporation at the
bubble nucleus surface within the thermal layer and condensation over the
remainder of the nucleus surface. Nucleation criteria used by Griffith
and Wallis [8], was verified in Reference [8] for uniformly superheated
systems, however, the predicted superheat was too small for saturated
pool boiling.

Bankoff [13] first considered dynamic effects in his approximate
analysis for predicting superheat required for initiation of ebullition

at low pressures. Neglecting inertia of the liquid and heat transfer for
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cavity walls, he formulated the cavity stability problem as one dimensional
capillary penetration by condensation, and obtained a limiting real

solution of the equations for the rate of penetration of the liquid into
cavity. Later Marto and Rohsenow [14] and Shai and Rohsenow [15] considered
the problem of cavity stability in boiling with liquid metals, and in their
study, they realized the significance of nucleation site depth in
determining the nucleation superheat.

The intent of this study is to undertake an analytical and experimental
investigation of the fluid and surface parameters which affect the
nucleation site stability. Once the pertinent fluid and surface parameters
are known, boiling surfaces with enhanced nucleation characteristics
could be developed by artificially controlling the surface parameters. This
will have significant application by allowing for substantial reduction
in wall superheat for a given boiling heat flux, i.e. enhancement of
boiling heat transfer coefficient. As mentioned earlier, the boiling heat
flux depends not only upon the active site density, but also the frequency
and size of bubble departure. A qualitative study of the effect of surface
parameters on bubble departure frequency has been made in the present

investigation.
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II. NUCLEATION IN BOILING

JI.1 A Review Of Existing Nucleation Criteria

The nucleation phenomenon in boiling has been the subject of numerous
research work over the past few years. Ample experimental evidence [16]
suggest that boiling nuclei are pockets of vapor or gas trapped in small
crevices in a solid surface. Initiation of boiling from a nucleation
site has been normally considered in terms of a critical radius of
nucleation site. For the static equilibrium of a spherical vapor nucleus

of radius p, the force balance gives the following relation,

20
AP =P -P == 1
e 1)

The pressure difference AP can be approximated by using Clausius-
Clapeyron equation. Assuming that the vapor inside the nucleus is
saturated, and making a perfect gas approximation, the foldowing relation

can be obtained,

ar Py~ ?Z = Hf&, = HfB PV (2)
dT Tv B Tsat Tv vfg R T2
v v
Since, Tw = Tv at equilibrium, equations (1) and (2) may be combined
to give,
2
(AT) =T - 7T = 2R, Toae O = 20T gae Vfg~ 3)
20 w sat Hfg B e Hfg o]
o]
or alternatively,
20 Toat Vig (4)

p= -
Hfg (Tw Tsat)
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Griffith and Wallis [8], observed in their study that equation (3)
predicted the superheat required for nucleation in uniformly superheated
systems. But, it predicted too low a superheat for non-uniformly heated
systems, as is the case of boiling over a heated surface when the bulk
is saturated or subcooled. Griffith and Wallis found that boiling from
a cavity of .?.xlOm3 inck diameter started at 3°F superheat in a uniformly
superheated liquid, but did not start from a heated strip inside a
saturated liquid until the superheat attained a value of 20°F.

Hsu [9] and Han and Griffith [10] attempted to provide theoretical
explanation for the experimental observations mentioned above. In their
theories, the nucleus for bubble growth is assumed to exist at the cavity
mouth and to have been formed by the residual vapor from the preceding
bubble. The hypothesis presumes that the cavity meets the geometric
requirements for the entrapment of gas or vapor and that the bulk liquid
penetrating into the cavity is sufficiently hot that the nucleus does not
condense into the cavity. Just following the bubble departure, nucleus
is surrounded by liquid at saturation temperature from the bulk (at the
time t = 0); as times goes on the temperature of the liquid rises due to
heat transfer from the surface and the nucleus begins to grow when the
liquid temperature exceeds the vapor temperature over the entire liquid-
vapor interface. The series of events is shown in Fig. 3. For the
saturated liquid boiling over a surface with constant superheat, Hsu [9]

obtained the following relation:

1/2
(r.) =8 1 ¥ (1 - EF}_?;F?at) (5)
Te/max, min  2C H. P GAT
1 fg v
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where constants C1 and C2 depend upon the contact angle of the fluid and
the slope of cavity walls at its mouth. The "limiting thermal layer

thickness", 6§ , is defined as the size of the superheated 1iquid layer.
Similarly, Han and Griffith [10] assume a hemispherical nucleus existing

over the cavity mouth and give the relation:

120 T 1/2
) =St (1 sat (6)
¢, max, min 3 (1- Hfg P SAT

Howell and Siegel [11] proposed a modified incipience criteria for
sites of such a size that their attached nuclei extend through the thermal
layer, T, > § as shown in Fig. 4a. They assumed evaporation to occur
through that portion of the nucleus surface within the thermal layer and
condensation over the remainder of the nucleus area. For a saturated
bulk, and assuming a linear temperature profile in the thermal layer,

they obtained the following equations for incipience superheat.

4o '.l‘sat
Yo" Teae T P 8T 28 7
fg v
and, 20T
AT > ﬁ—-——ﬂf_— 1fr 5 <8 (8)
fg pv c ( c) ¢

None of the forementioned criteria were able to predict successfully
the experimental data as observed in References [11] and [12]. Fig. 1
taken from Ref. [12] and Fig. 2 from Ref. [11], show the comparison
between the predicted and observed superheats for artificial cavities of
known sizes. From Fig. 1 it could be seen that predicted superheats
from equations (3), (5) and (6) differ greatly from the observed superheat

values, the prediction being much worse for organics as compared to water.
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The following reasons may be stated for the observed discrepancies between
the predictions of the forementioned theories and the observed data:

(1) The criteria mentioned thus far assumed the existence
of a vapor nucleus at the cavity mouth. In the case of actual
boiling on a surface, as the bubble departs, the liquid in the
vicinity of the cavity rushes towards the cavity mouth and
penetrates into the cavity as observed in Reference [17]. Conditions
for the incomplete displacement of vapor from the cavity by an
advancing liquid front, has been discussed by Bankoff [1].
Significant parameters affecting the entrapment of vapor within a
cavity, as shown by Bankoff [1] are liquid density, surface tension,
contact angle, and geometry (radius and depth) of cavity. Therefore,
a given cavity depending upon its geometry may not entrap enough
vapor to form a vapor nucleus at its mouth, while boiling with a
known fluid. 1In such a case, the assumption of the forementioned
nucleation criteria become invalid, and thus leading to the
discrepancy in predicted and observed superheat values.

(2) The hypothesis in the nucleation theories above presumes
that the bulk liquid is sufficiently hot so that the vapor nucleus
does not condense into the cavity, this may not be true. If the
bulk is saturated or subcooled, there is a possibility of initial
condensation of vapor trapped inside the cavity.

(3) 1In all the above criteria, liquid motion and inertial effects

after the bubble departure have been neglected which might affect the

penetration of liquid inside the cavity.
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From the discussion above, it is apparent that the liquid motion
after the previous bubble departure and resulting penetration, and
condensation of entrapped vapor inside the cavity may be important in
determining the required superheat of nucleation. The nucleation model
considering dynamic effects, presented in the next section takes into
account these factors, and the observed behavior of water and organics

in boiling has been explained with the help of this model.



- 23 =

I1.2. Dynamic Effects On Nucleation From An Isolated Cavity in Boiling

II.2-1 Entrapment Of Vapor In A Cavity At Bubble Departure

As the growing bubble departs from a cavity in boiling, the liquid
in the vicinity of the cavity moves into the cavity mouth. Due to slight
asymmetry in bubble departure, presumably caused by existing convection
currents in the nucleate pool boiling, it may be assumed that liquid
spreads over the cavity from a favored direction. Bankoff [1] has shown,
Fig. 5a, that for a wedge shaped groove vapor will not be removed
completely by an advancing liquid front if 6 > ¢. 1In the present analysis
the advancing liquid front has been assumed to be a plane surface as it
penetrates into the cavity, and trapping is completed as the front inter-
sects the opposite edge of the cavity as shown in Figs. 5b and 6a. As
noted in Ref. [17] the assumption of flat liquid front does not correspond
to the actual shape of liquid interface, which must be determined by
hydrodynamic and surface effects. Fig. 7 reproduced from Ref. [18] shows
this more complicated mechanism in detail.

The volume of trapped vapor can be calculated from geometrical
considerations. Clearly, this is a function of cavity radius RO, cavity
depth D and advancing contact angle 6 of fluid, Although, the data
for advancing contact angles of organics is relatively scarce, a few
references (8, 19, 20, 21, 22] are available for water; data for the
contact angle scattered over a wide range from 30° - 100°. In the present
work, 6 = 45° was used for water and for organics O was chosen in the
range 8° - 15°. As is apparent, organics penetrate deeper into the cavity

and thus entrap less volume of vapor than water. It should be pointed
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out that in the present analysis any evaporation or condensation at the
liquid-vapor interface has been neglected during the vapor entrapment
process and the volume of trapped vapor is determined by the contact
angle and geometrical considerations only.

It should be noticed that the liquid which penetrated into the
cavity may have a penetration velocity Vo and depending upon the
temperatures of liquid and vapor, condensation or evaporation may occur
at the liquid vapor interface causing liquid motion inside the cavity.
In the next section, initial conditions existing in the cavity at the

completion of liquid penetration have been discussed.
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II,2-2 Initial Conditions

At the completion of the entrapment process, as described in the
previous section, it is assumed the liquid vapor interface has a spherical
shape, such that the interface makes an angle 6 at cavity walls, Fig. 5¢
and 6b. It is assumed that during this transition the volume of the
entrapped vapor remains unchanged, which may not be precisely true since
the surface tension of liquid might cause a little compression of the
vapor. The present analysis assumes that this compression is small.

The position of the liquid vapor interface just after transition,
will be referred to as the initial position (z = 0) at time t = 0,
as shown in Fig. 8. 1Initial radiuc of curvature of the liquid vapor
interface, Py > is given by the expression,

R

_ o
Po = Tos 9)

0
The initial vapor pressure of the trapped vapor, Pvap is calculated

by the force-balance accross the meniseus, e.g.

Q 20
= P =
Pvap g t o (10)

where Pl represents the pressure in the liquid inside cavity and in the
vicinity of liquid-vapor interface. The initial value of PQ is taken
to be equal to Psat’ the system pressure and the trapped vapor is

assumed to be saturated at Pgap » given by equation (10).

The initial temperature of the liquid, having penetrated into the
cavity, may be subcooled, saturated or slightly superheated depending

upon the system conditions, cavity size and thickness of the superheated
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liquid layer near the vicinity of the cavity. In the present analysis,
saturated bulk conditions were considered and the initial liquid
temperacture was calculated using the following expression.
Tg =T _+A (T -T ) (11)
. sat 1 YVw

sat

where A1 is a fixed constant for a known fluid and cavity size. For
saturated bulk conditions, it is clear that Al can have values such
that 0 A1
gives an estimate for Al. It has baen shown that if the thickness of the

€ 1. An approximate model given in Appendix B,

superheated liquid layer in the vicinity of the cavity at the time of
bubble departure is small as compared to the cavity diameter, then A1
varies linearly with §. The value of Al for water was determined
empirically on the basis of the experimental fact that dynamic effects

for water are small for cavities having dimensions of the size of a

typical natural cavity. This value was used as the base value to calculate

A1 for other fluids, using the following relation,

) o 1/2
fluid fluid
A1 fluid Al water< 8 ) A1 water < o > 12)
‘ water water

In general the liquid that penetrates into the cavity may have an
initial velocity, Vo . Experiments were conducted by Anton and Véka's
[23], on two different glass-made artificial nucleation sites, recording
the liquid penetration and liquid-vapor interface evolution inside the
nucleation sites. From their observations, the initial liquid penetration

velocities for water are found to be approximately in the range of 5-20
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inch/sec for the two artificial cavities tested. In general, the
entering velocity of the fluid may be a function of the bubble
departure size, fluid properties, contact angle and mouth diameter
of the cavity. In the following analysis values of VO ranging from
zero to 40 inch/sec. will be considered.

Next, we will derive the governing equations for the motion of the

liquid-vapor interface and stability of the cavity in boiling.
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II.2~3. Analysis For The Motion Of Liquid-Vapor Interface

Depending upon the initial conditions, the initial temperature of
the liquid inside the cavity may be higher or lower than the initial
vapor temperature. If the vapor temperature is higher than the
liquid temperature, vapor will start condensing on the interface. Due to
condensation, the pressure of vapor inside the cavity will decrease and
the interface will move down into the cavity. As the liquid-vapor inter-
face recedes into the cavity, temperature of the liquid rises due to the
heat received from conduction at the cavity walls and condensation at the
meniscus. The rise in the temperature of the liquid depends upon the rate
at which latent heat of vaporization 1s supplied at the meniscus (due to
vapor condensation) and the rate at which it is conducted away by the
liquid. Rise in liquid-temperature, will decrease the rate of condensation,
causing slower rate of liquid penetration. If the cavity is deep enough,
then at some point where the liquid temperature equals the vapor
temperature, the condensation will stop. Ahead of this point, liquid
temperature will become higher than the vapor temperature due to heat
transfer from cavity walls and vaporization will occur causing cavity to
remain stable in boiling. On the other hand, if the cavity is not deep
enough, the liquid may quench the cavity completely before the bulk liquid
in the vicinity of the meniscus could attain a temperature equal to that
of the vapor, and thus causing deactivation of the cavity.

A stationary one dimensional co-ordinate system, with origin at the
initial position of the interface has been selected to represent the

position of the interface at any time t, as shown in Fig. 8. For the
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purpose of applying momentum theorem, a control volume, whose upper
boundary is fixed and lower boundary moves with the liquid-vapor
interface, has been selected as shown in Fig. 8. The system forces

acting on this control volume in z direction are sketched in Fig. 9;

these include the shear force at the cavity walls and an unbalanced
Pressure force in z direction. The pressure of vapor inside the cavity

is determined by the net effect of condensation or evaporation and
compression or expansion due to the interface motion. Convection effects
have been neglected. On account of the radial heat flux at cavity walls
and the axial heat flux due to condensation or evaporation at the liquid-
vapor interface, the actual temperature field is two dimensional. But

an order of magnitude analysis shows that for a cavity in the size

range of natural cavities existing on ordinary surfaces, the effective
thermal layer thickness for fluids like water and organics, near cavity
walls due to radial heat flux, is at least an order of magnitude smaller
than the diameter of the cavity. Therefore, the effect of heat transfer
to the liquid from cavity walls is small and hence insignificant. However,
in the present analysis it has been approximated by a uniformly distributed
heat source within the liquid. A one dimensional analysis has been
performed to calculate the heat flux in the axial direction. The amount
of condensation or evaporation and hence the pressure of vapor inside
cavity depends upon the net heat flux at the liquid-vapor interface.
Details of analysis for a cylindrical cavity have been given in Appendix A.

The analysis is based upon the following assumptions:
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1. The liquid-vapor interface retains a semispherical
shape during its motion within the cavity, and makes an angle
6 at the cavity walls,

2. Pressure at the cavity mouth is constant at the system
pressure.

3. Conductivity of the vapor is negligible.

4. The temperature of cavity walls remains constant during
the motion of the interface within the cavity.

5. Velocity field in the liquid inside cavity is parabolic
being a function of radius r and time only,

6. Momentum change of vapor during condensation or evaporation
at the interface is negligible.

7. No thermal or pressure gradients exist within the vapor
Present in the cavity. So the liquid-vapor interface temperature
is assumed to be equal to the temperature of vapor.

8. The pressure of vapor at any time being known, its temper-
ature can be approximated using Clausius - Clyapeyron equation.

9. Vapor is assumed to satisfy the ideal gal law, PV = MRT.
Application of momentum theorem to the system, leads to the following

second order non-linear equation for a cylindrical cavity (Appendix A).

2
p (M + Z_) (H - z) ..d..._z_ + 8u (M + Z) (H - Z) d—z. - E:‘.Ps) (H‘Z)
3 1c2 at - %
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Applying Clausius-Claypeyron equation gives the following governing

equation for the system:

0
(T, - T ) (H-z) + P“ (H-2) va TBat = vfg i Bv Tsat [ 1+
i sat J Hfg J Hfg
2
H, W° 0

fg g
In equation 13a and 13b, the quantity jﬁ q dt denotes the net
amount of heat transferred from vapor to liquid at the interface between
time t = 0 and t = t. This is also equal to the net latent heat released
by the condensation of vapor.
Initial conditions as described in Section II.2-2, can now be written
as:

At time t = 0

a. z=0

dz
b. it Vo
c. P° =p +28

vap s P

(¢}
d. 1° =10 = Saturated temperature of vapor at p°
interface i vap

o
€. Tliq Tsat + A1 (tw - Tsat)

Equations 13a and 13b can be solved simul taneously for z and Ti
with the above initial conditions. The input values are fluid properties
and cavity geometry. Before we discuss the numerical results, it might

be helpful to describe experimental observations and then show how the

analytical model can be used to explain the observed results.
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II. 2-4 Experimental Observations And Results

In order to study the dynamic effects in boiling two kinds of
experiments were carried out - boiling experiments and gas diffusion
experiments. In the gas diffusion system, the test surface is immersed
in a supersaturated solution of air in the test fluid. As the dissolved
gas diffuses out of the liquid it nucleates at the cavities on the test
surface. Due to slower rates of gas diffusion through the liquid, the
nucleation process is slow and hence, the dynamic effects in the gas
diffusion system can be assumed to be negligible as compared to that
in boiling.

Boiling Experiments:

The apparatus and procedure for boiling experiments have been described
in Appendix ( ¢ ). Six artificial cavities of arbitrary shape and size
were made on the surface of a copper test section by hitting the surface
with a sharp pointed object. Fluids used were water and ethanol. Heat
flux was first raised to about one half the critical heat flux value, so
that most of the surface was in active boiling. Heat flux was then reduced
slowly until the isolated bubble region reached so that each active site
could be identified easily. Heat flux was further decreased gradually and
the surface superheat was recorded for each of the artificial cavities,
when it ceased bubble production. Although, as mentioned earlier in
Section II.1, p calculated from eqn. ( 4) represents the radius of nucleation
Pegs ° where the value used for AT in eqn. ( 4 ) is the observed value

of superheat in boiling experiments. For each of the six cavities, Pags

for water and ethanol was calculated using eqn. ( 4 ).
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Gas Diffusion Experiments:

In order to isolate dynamic effects due to liquid motion, gas
diffusion experiments were carried out to measure the effective radius
of nucleation for the six artificial cavities. If the gas concentration
in the liquid near the surface is uniform, as is approximately true
when the liquid is sufficiently stirred, the system will behave similar
to a uniformly superheated system in boiling and the following expression
describes the equilibrium of a nucleus of critical size,

Pets =§2‘gm>" @4)
v g 2
where Pg depends upon the concentration of gas in the liquid.

The test surface was immersed in the supersaturated solution of air
in liquid and nucleation was observed from the cavities on the surface.
Gas concentration in the liquid decreased slowly, since the solution was
opened to atmosphere and being stirred. Pg was recorded from each
cavity when the nucleation seized from it and the corresponding Pass
was calculated from eqn. (14).

If the dynamic effects due to liquid motion in boiling are

negligible, for a particular cavity and a known fluid should be

Peff
same from both the gas diffusion and boiling experiments. Gas diffusion
experiments could not be carried out successfully with organics, presumably
due to fast-depletion rates of gas concentration in organics and experi-
mental difficulty to maintain high gas concentration in the liquid solution

at the surface. In particular, none of the sites were found active with

ethanol at peff = 0.46x10_4 inches, which corresponds to the maximum
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gas concentration that could be attained.

In addition to the data for isolated artificial cavities, gas diffusion
and boiling experiments with water were also carried out on a prepared
copper surface (4-0 finish) with decreasing gas concentration and heat-
flux respectively. The cumulative active site density N/A and the
corresponding superheat AT were recorded for various heat-flux values
in the isolated bubble region during boiling. Similarly, in the
gas diffusion experiment, N/A and corresponding Pg were recorded at
different gas concentrations from these data N/A vs. Pasf characteristics

of the surface were obtained.

Experimental Results:

Fig. 10 shows the results of boiling and gas diffusion experiments
for the six artificial cavities. All the cavities were active in gas-

4 and 2.1)(10-'4 inches.

diffusion with water at peff values between 1.2x10
In boiling with water all cavities except #2 and #3 were seen active in

the isolated bubble region. Apparently #2 and #3 require higher superheats,
which corresponds to lower peff values. But for superheat values

higher that AT corresponding to Pags = 1x10-4 inches, nucleation

took place from adjacent natural sites and the isnlateud bubble region did
not exist making it difficult to identify the individual cavities.

Higher superheats required by cavities #2 and #3 may be attributed to the

presence of dynamic effects in boiling. for cavities #1, #4, #5

peff
and #6 was observed to be about 15% - 40% smaller in boiling with water
than gas diffusion, suggesting that the dynamic effects may depend upon

the cavity shape and size which may differ from one cavity to another.
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The importance of dynamic effects is further emphasized by the results

plotted in Fig. 11, which shows N/A vs. characteristics of a

Peff
prepared copper surface (4-0 finish) as observed in gas diffusion and
boiling experiments with water, comparatively larger number of active sites
were observed in gas diffusion than boiling for the same value of peff .
With ethanol, cavities #1, #3 and #5 were not seen to be active in

the isolated bubble region in boiling. for cavities #2, #4 and #6

peff
was observed to be about 2 to 10 times smaller in boiling with ethanol than
with water. Cavity #3 which has the smallest Pafs in the gas diffusion
experiment with water was not active in boiling with either of the fluids.
Fig. 12, taken from Ref. [18] gives similar data for single natural
cavities and a comparison of the effective radius as calculated in the
boiling and gas diffusion experiments. Again it could be noted that
peff for organics is twe to six times smaller than for water in boiling.
In the next section, the analytical model described in Section II.2-3
will be used to explain the observed behavior of water and organics on
the basis of dynamic effects by modeling the cavity as a smooth walled
cylindrical cavity. In Ref, [18], natural boiling cavities were modelled
as conical cavities, and it was concluded that the observed relative
behavior of water and organics in boiling, could be explained on the
basis of a static model. It was argued in Ref. [18], that organics
having lower contact angles penetrate deeper than water, and thus nucleate
at smaller p (radius of curvature of vapor nucleus). Bank>ff [1] has
shown,Fig. 3a, that for a wedge shaped groove, vapor will not be removed
cempletely by an advancing liquid front if 6 > ¢. Hence, for organics

like methanol, ethanel, benzene etc. which have very small advancing

contact angles, the conical cavity has to be sufficiently deep for
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incomplete displacement of vapor. For example for 6 = 8°, the conical
cavity must be at least seven times as deep as its diameter for entrapment
of vapor to occur. Such cavity configurations are not typical of the
natural cavities existing on ordinary surfaces prepared by ordinary
preparation techniques, as could be seen from the photomicrographs in
Fig. 13, of some individual cavities taken on a surface

finished by Silicon Carbide Grit Paper #320. By modelling the nucleation
site as a cylindrical cavity, configurations closer to those of natural
sites could be maintained. For a cylindrical cavity, the value of p
does not depend upon the initial penetration so far as the liquid-vapor
interface does nct reach the bottom. Therefore, had the dynamic effects

been negligible, water and organics should nucieate at the same peff

value, predicted by the analytical model. As will be shown in the next

section, the model predicts that dynamic effects are in fact important.
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II.2-5 Analytical Results And Discussion

A microscopic examination of an ordinary boiling surface reveals that
the pits and cavities existing on the surface have dimensions (depth and
diameter) of the order of 10“4 inches, Fig. 13. For our analytical study
of dynamic effects, we arbitrarily select a smooth walled cylindrical
cavity of mouth radius Ro = lx10-4 inches and a depth/diameter ratio of
2.5. The effect of varying R, and depth will also be discussed separately.

ATS has been defined as the ratio of the actual value of ATw that
has been imposed on cavity walls to the static superheat (AT) o (eqn. (3))

R
that would be required for nucleation from the cavity, had the dynamic
effects been negligible. It is to be noted in Figs. 1 and 2 that
predictions of eqns. (3 ), (5), (6 ) and ( 8 ) merge together
as cavity radius decreases. Therefore for natural cavities, which have gsmall

radii of the order of 10-4 inches, the superheat predicted by these

equations will almost be equal and is referred to as (AT)ZO in the

present work, e.g., Ro

(AT)20 = sat vfg (15)

Since p 1s inversely proportional to AT, eqn. ( 4), ATS also

represents the ratio of the critical radius of nucleation, R0 and peff’ e.g.

ae R
0 _ T - (16)
AT, = (AT)ZU/RO Pesf
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The numerical solution to eqns. (13a) and (13b) has been obtained
using a fourth order Runge-Kutta integration technique, with the initial
conditions described in Section II.2-3.

Fig. 14 shows the relative behavior of water and ethanol, as
obtained from the analytical model, in boiling from a single cylindrical
cavity. Values of contact angle 6, used for water and ethanol were 45°
and 10° respectively, with initial liquid velocity chosen to be zero.

Al for {eqn. (11)) water is taken to be 0.35 and 0.23 for ethanol as

discussed in Appendix B. The ordinate in Fig. 14 represents percent

penetration (z/Hl). Initially at t = 0, z i8 zero and as the liquid

interface moves into the cavity, percent penetration increases. When

liquid penetration is 100%, the cavity is assumed to be deactivated; this

happens with ethanol, Fig. 14, when AT: = 2,5. As AT: is increased

to 3, evaporation starts and the liquid interface recedes back before the

penetration is 100%Z. Thus the model predicts that for the cavity ¢o be

stable in boiling with ethanol, a wall superheat Arw between 2.5 to 3

times of the static superheat (AT)20 is required. For water the required
N

AT: is slightly less than 1. In other words, using eqn. (16) it could

be seen that the predicted Pess for ethanol is about 2.5 to 3 times smaller

than that for water, a trend similar to that observed in the boiling

experiments, Figs. 10 and 12. In the next section, we will examine the

effects of different parameters on the superheat AIW required for the

stability of the cavity.
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Effect of Different Parameters Used in the Analytical Model:

The analytical model contains the following different parameters, 1.
The surface parameters e.g. cavity radius and depth, 2. contact angle
(which depends upon the fluid-surface combination)and, 3. Initial
temperature and penetration velocity of liquid (which are the consequence
of the physical behavior of the considered phenomenon). We shall discuss
the effects of varying these parameters on the required superheat for
stable boiling and the sensitivity of analytical results to their chosen
values.,

a. Effect of Wall Superheat:

A change in the wall superheat AIw affects the cavity stability in
two ways - firstly by altering the initial liquid temperature, eqn. (11)
and secondly by changing the rate of heat transfer to the liquid from
cavity walls. For higher superheats, the initial temperature of the
liquid is higher, hence the rate of condensation is lower due to smaller
temperature gradient in the liquid near the interface. In the extreme
case when the superheat is high enough such that the initial temperature
of liquid is higher than the vapor temperature, condensation does not
take place at all and the interface recedes back due to evaporation.
Fig. 15a shows the effect of superheat for ethanol (6=8°). As could be
seen from Fig. 15a, a superheat as high as ATS = 3.5 i8 not enough for the

cavity to remain active, the liquid penetration being 100%. When the
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superheat is increased to ATS = 4, evaporation starts and the

interface recedes back. Effect of superheat for water is shown in Fig. 14.

b. Effect Of Contact Angle Of The Fluid

Contact angle seems to be one of the most important parameters
determining cavity stability. Given a cavity size, the initial
penetration of liquid into the cavity depends upon the contact angle of
the fluid. Lower the contact angle, deeper is the initial penetration
and smaller is the distance (Hl) which the interface has to travel
before it reaches the cavity bottom. During condensation, the liquid
temperature rises due to the latent heat transferred through the liquid-
vapor interface and the heat transferred from cavity walls. 1If sufficient
amount of heat 1s transferred to the liquid so that its temperature rises
above the interface temperature corresponding to the vapor pressure,
evaporation will start and the interface will recede back towards cavity
mouth. For small contact angle, however, the amount of trapped vapor
is small and the heat trnasferred to the liquid due to complete condensation
of this small amount of vapor may not be enough to raise the liquid
temperature to a level when evaporation could start and the cavity may
thus be deactivated. The effect of contact angle has been plotted in
Fig. 16a for ethanol and in Fig. 16b for water. A wall superheat
corresponding to ATz = 2.38 was imposed on cavity walls for ethanol.

As shown in Fig. l6a, when 6 has values 10° and 13°, evaporation takes
place and interface recedes back. When 6 is reduced to 8°, cavity

is deactivated as the liquid interface reaches the cavity bottom.
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Apparently, higher wall superheat ATw will be required for the cavity
to remain active for 8 = 8°, It could be seen from Fig. 16b that the
cavity stability is not much affected when O for water is changed by
small amounts (A8 = 5°) , since for larger contact angles, Hl is not
very sensitive to small changes in the contact angle as is shown in
Table I which gives the values of Vgap and H1 for different values of
8 for a cylindrical cavity having R, = lx10—4 inches and D = 5x10—4 inches.
Al = 0.35 was used both for water and ethanol in Fig. 16.

Fig. 17 shows the effect of contact angle on the required superheat
for stable boiling for methanol. A cavity with Ro = 1x10_4 inches
and D = 7x10-4 inches was considered for calculation and for values of 6
between 4° - 14°, minimum value of ATw required for incomplete
penetration was determined from analysis. As could be seen for Fig. 17,

when 6 is large (6 2 12°) a wall superheat ATw equal to AT20 is enough

——

R

for cavity stability. As 6 is decreased, higher ATw is required, the
liquid penetration being complete when 6 is reduced to 4° and sufficiently

large superheats may be required for nucleation.
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TABLE I
VALUES OF vsap AND H, vs. 0 FOR A CYLINDRICAL CAVITY (R, = 1 x 1074
INCHES, D = 5 x 1074 INCHES):
6 v and) H. (IN)
-_— vap 1
g° 2.04 x 10712 1.07 x 107>
10° 2.8 x 10712 3.74 x 107°
13° 4.03 x 10712 8.04 x 10~°
40° 12.05 x 1012 3.58 x 107
45° 12.56 x 1012 3.78 x 1072
50° 13.1 x 1072 3.98 x 10~%
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c. Effect of Initial Liquid Temperature:

The initial liquid temperature of the liquid is determined by

eqn. (11),

o
Tliq = Teae ¥ 84 (T, - Teat’

Higher the initial liquid temperature, lower will be rate of condensation

and greater the cavity stability. Effect of varying Al

in boiling with water has been presented in Fig. 18a and Fig. 18b. Fig.

on cavity stability

18a shows that small changes in Al do not have much effect on the liquid
penetration for water. For example, when Al = 0, a superheat corresponding
to AT: = 1.5 is required for incomplete penetration, as shown in Fig. 18b.

The effect of A, is more pronounced on methanol, specially when A1 is

1
small, as shown in Fig. 19, For Al = (0, a superheat as high as AT: =5.5

is required and when A1 is increased AT: decreases. Results of calculation
for three different values of Al (Al = 0.0, 0.23, 0.35) have been presented
in Fig. 20a, b, and c.

d. Effect of Initial Liquid Velocity:

An increase in the initial liquid velocity decreases the cavity
stability because of greater penetration caused not only by enhanced
inertial effects but also due to the additional condensation caused by
internal compression which tends to increase the vapor pressure and the
corresponding interface temperature. Thus higher superheats are required
for greater initial liquid velocities, the effeet being more pronounced
for ethanol than water as demonstrated in Figs. 21 and 22. A superheat
value ATS = 4.5 is just enough for the cavity to sustain boiling with

ethancl for Vo = 10 inches/sec, Fig. 2la; for V° = 25 inch/sec a higher
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superheat, ATS = 6 must be imposed on cavity walls, Fig. 21b. The effect

of an increase in the initial velocity for water is small, as showr in

Fig. 22, since Hl is comparatively large and ample time is available for
liquid temperature to rise and evaporation to take place counteracting

the effect of increased liquid inertia, before the interface could penetrate
enough into the cavity.

e. Effect of Cavity Depth:

For a given mouth radius RO as the depth decreases, comparatively
less amount of vapor is trapped for the same contact angle of the fluid
and Hl becomes smaller. Thus the effect of a reduction in depth is
somewhat similar to a decrease in contact angle 8; both reduce the cavity
stability. As shown in Fig. 23, even water (8 = 45°) is quite sensitive to
cavity depth. The cavity having RO =1 x 10-4 inches remains no more

stable with water at ATg = 1, as depth is decreased from 4 x 10—4 inches

to 3 x lO-A inches. Tvidently, higher superheats are required for the
shallower cavities. Similar effect for methanol has been shown in

Fig. 24; it should be noted that for large depth (D > .0012), AT‘? ~] is
enough for the cavity to remain stable in boiling. The effect of cavity
depth and initial liquid velocity on the required superheat for water and
methanol has been plotted in Fig. 25 for a cavity with R0 = 0.0001 inch.
For large depths the required superheat ATS is approximately 1, both for
water and methanol. As the depth decreases ATS increases almost
exponentially. For a given Ro and 6, the penetration is complete when

depth attains a certain minimum value, as denoted by (*) in Fig. 25, and
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substantially higher superheats may be required for nucleation to occur.
An increase in velocity further increases the value of required superheat

»

as seen in Fig. 25,

The effect of varying cavity size (R0 and D) on nucleation superheat
for methanol is shown in Fig. 26. For a given cavity depth, (for example
curve 1 in Fig. 26) when Ro is small, the required superheat is predicted
by (AT)20 and as R0 is increased, the value of required ATw first decreases

R
(s}

and attains an optimum value before it starts increasing again (point A on
curve 1). At some value of Ro (for a given depth) the penetration becomes
complete (point B on curve 1) as shown by the sign (*) in Fig. 26. The
values of input parameters considered for calculation were 6 = 8°, V = o

0
and A, = 0.23.

1

Fig. 26 can be used to determine the size range of active cavities
with methanol for a given superheat. In the following, the conceptual
approach is discussed qualitatively. Let the given wall superheat be
AT1 as shown by a horizontal line in Fig. 26. The corresponding minimum
value of Ro is given by Rl, where the horizontal line ATl intersects the
curve (AT)ZO/RO(POint F in Fig. 26). All those cavities which have a

size corresponding to the region contained between the AT, line and the

1
(AT)zo/R curve will be active nucleation sites; this has been shown in

0
Fig. 27a on cavity radius vs. depth plot. Curve O'G in Fig. 27a denotes
the dimensions (R0 and D) of cavities for which total initial penetration

occurs and these will be considered as inactive sites. All cavities
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corresponding to the regilon on the right of the curve 0'G entrap sufficient
vapor to become potential nucleation sites. Point F on Fig. 27a corresponds
to the minimum radius of active cavity, Rl’ in Fig. 26. None of the
cavities having mouth radius Ro less than Rl’ as denoted by the region

above the line RlFP in Fig. 27a will be active at superheat ATl’ Moving
towards the right (increasing Ro) on ATl line in Fig. 26, larger

active cavity depth is incurred at point A (Fig. 26) where the curve 1
intersects ATl line. Increasing RO further, depth also increases - point

C in Figs. 26 and 27a., At point D in Fig. 26 line ATl passes through a
cavity size for which penetration is complete and hence point D also lies

on the curve 0'G in TFig. 27a. By similar arguments it is apparent that
point E which is to the right of point D in Fig. 26 also lies on the curve
0'G in Fig. 27a. The size range of cavities which will be active nucleation
sites at superheat ATl is shown by the shaded region to the right of the
curve FACDEG. Cavities belonging to the region FNKDCAF do entrap sufficient
amount of vapor to be potential nucleation sites as well as the wall
superheat ATl does satisfy the static criteria of nucleation i.e., AT

1

is equal to or greater than (AT)20 ; but these cavities are not deep

—

Ro

enough so that dynamic effects require a superheat larger than AT1 for
their activation. The region of inactive sites in Fig. 27a has been
resketched in Fig. 28b and represented by three different shaded regions.
Region 1 consists of those inactive cavities which do not entrap sufficient

amount of vapor to become potential nucleation sites. The shape of this

region in Ro - D plane depends upon the contact angle 6 of the fluid.
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For larger contact angle, the boundary of Region 1 shifts downward left,
since smaller depth is enough for a given Ro to entrap vapor, and vice
versa. Cavities in Region 2 are good vapor traps but have their mouth
radii smaller than Rl’ which is the minimum value of Ro that could be

activated at a superheat ATl as governed by ATZO/R criteria, eqn. (15).

o}
For higher wall superheats line RlNFP moves up as described in Fig. 27a
and Region 2 becomes smaller. Cavities in Region 3 entrap sufficient
amount of vapor and also satisfy the static criteria of nucleation, i.e.
A’l‘l > ATZO/RO ; but their depth being small, they entrap only small amounts
of vapor which results in lower stability of such a cavity and a wall

superheat greater than AT, is required for its activation. The right

1
hand side boundary FACD of region 3 represents those cavities which have
their sizes such that the superheat ATl is just enough to overcome

dynamic effects and cause nucleation. For a higher superheat (AT2 >AT1),
even smaller cavities become active and region 3 assumes a new boundary

as denoted by TJKNQ in Fig. 27a. It is evident now that, as ATw increases,
Regions 2 and 3 become smaller and when ATw becomes very large Regions 2
and 3 vanish and all cavities except those in Region 1 become active
nucleation sites. Similar arguments could be provided for the effects

of decreasing wall superheat on the sizes and shapes of Regions 2 and 3.
Region 4 which includes all the cavities excluding Regions 1, 2 and 3,

is the region of active sites, and its shape depends upon the shape

of Regions 1, 2 and 3.
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All the above regions have been presented in a three dimensional
plot of Fig. 28a. The three co-ordinates used in Fig. 28a are wall
superheat ATw , cavity mouth radius Ro and cavity depth D. The vertical
surface 01230 represents the boundary of the region containing all those
cavities which entrap sufficient amount of vapor; cavities belonging to
the region between the vertical plane RO = 0 and the surface 01230 will
be good vapor traps and potential nucleation sites. Surface 45674
represents the (AT)ZU/RO surface and all cavities in the region above
this surface satisfy the static criterion of superheat i.e. ATW > ATZO/R&
Surface 45674 intersects the surface 01230 along the curve iQNG. Thus
all cavities in the region enclosed by these two surfaces and to the right
of the curve iQNG entrap sufficient vapor and satisfy the static nucleation
criterion, however some of these cavities will not be active because of
dynamic effects. Regions of active nucleation sites at superheats ATl

and AT2 as shown in Figs. 27a and 27b, have been shown as shaded regions

in planes ATl and AT2 in Fig. 28a. The region where dynamic effects are

important is enclosed by surfaces 1QNG2i; iQNGP5i and a twisted curved

surface whose intersecting curves with planes AT, and AT2 are FACD and

1
IJK respectively. Thus the regions FACDNF and IJKQI represent those

cavities for which dynamic effects are important at superheats ATl and
AT2 respectively, as described earlier in Fig. 27a and 27b. The region

of dynamic effects becomes narrower and includes cavities of smaller size

as ATw is increased in Fig. 28a.
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The static criteria of nucleation based on "limiting thermal boundary
layer" thickness §, were mentioned in Section II.1. Eqas. (5) and (6)
describe these criteria and give the minimum and maximum cavity nucleation
radius Ro in terms of § and superheat, AT. Such criteria could qualitatively
be combined with other criteria discussed earlier in this section, to
predict the size range of active cavities at different values of superheat,
This has been demonstrated in Figs. 28b, c and d. In Fig. 28b, curve 4 P;
P2 Q26 in the ATw - Ro plane qualitatively presents one such criteria
(similar to eqn. (5) or egn. (6)). Size range of active cavities under
the influence of three different criteria - vapor entrapment, limiting
thermal layer 6 and the dynamic effects have been shown by shaded regions
in two different superheat planes ATl and AT2 (AT2 > ATl) in Figs. 28b,
¢ and d. It should be noted that the region of active sites at a given
superheat in Fig. 28b, c and d is bounded by a maximum value of Ro
(Ri, denoted by line GIGZ in Fig. 28c and R' , denoted by line G; G; in
Fig. 28d) due to the existing thermal layer 8§ , while such upper limit
does not exist in Fig. 28a, where ATZO/R was used instead. The analytical
expressions governing the location and sﬁapes of the boundary surfaces
enclosing the region of active sites have been given in Appendix G.

Using the concepts discussed above, the size range of active sites
on a given surface which has a known cavity size distribution, could be
predicted at a given superheat. In Fig. 28e, the cavity size distribution
of a given boiling surface has been described by a curved surface 12341
in tue N—RO-D space,where N is the number of cavities of a certain size Ro

and D. (The boiling surface described by the smooth curved surface 12341
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in the N - Ro - D space of Fig. 28e has been assumed to have a continuous
size distribution (mouth radius and depth) of cavities. Thus N denotes

the total number of all those cavities whose radius lies between Ro and

Ro + dRo, and depth between D and D + dD, where both dRo and dD are assumed
to be infinitesimal., 1In general, a real surface may not have a continuous
size distribution of cavities and hence, the surface 12341 may be discon-
tinuous consisting of population Ni in the discrete size range (Ro)i and
(RO + ARo)i’ and Di and (D + AD)i). The region of active sites (in terms
of Ro and D) as obtained from Figs. 28a or b could be plotted in Fig. 28e
in the Ro and D plane, as shown by the shaded region 5675 in Fig. 28e,
When this region is projected vertically up, it intersects the surface
12341 in a segment bounded by the curve 5875, which gives the population
distribution of active cavities on the given surface at the particular
superheat. As superheat is increased more cavities of smaller sizes are
added to the active site population the increase in total population
dependirg upon the shape of the surface 12431. Total active site population
is given by:

N (RO,D) dRod

N - area 5675
total dR d

o D
area 5675

D

If the given surface does not have a continuous size distribution
of cavities, then letting Ni(Ro’D) be the populaticn of cavities existing
between radius (Ro)i and (R° + ARO)i and depth Di and (D + AD)i , the

total active site population is given by:

N =X N, (R, D)
total  rea 5675 I ©
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f. Effect of R, and Depth/Diameter Ratio:

In the previous section, we discussed the effect of varying cavity
depth and concluded that for small depth to diameter ratio, the required
superheat for nucleation is higher than the static superheat, i.e. ATS > 1,
due to the dynamic effects. In this section, we consider the cavities in
the region of dynamic effects and study the effect of varying the cavity size
R° on the required superheat ratio, ATz.

As Ro increases, the value of static superheat (AT)20 as predicted

Ro
by eqn. (15) decreases. However, in the present analysis, the following
factors tend to make the cavity unstable, thus resulting in higher values
of ATS , as Ro increases for a given cavity depth:

1. 1Initial penetration of liquid into the cavity is larger, hence
Hl becomes smaller and as discussed before (the effect of
cavity depth), the stability of the cavity decreases.

2, Initial 1liquid temperature might be lower, since more liquid
from the saturated bulk may penetrate into the cavity as Ro
increases. The approximate analysis in Appendix (B), to predict
Al shows that Al varies inversely with the diameter of cavity.

Therefore, larger the diameter of cavity, smaller will be the
value of A1 and lower will be the initial liquid temperature as

predicted by eqn. (11).

3. Although the exact mechanism to predict Vo is not known, Vo

may depend upon the mouth radius of the cavity.
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The effect of varying Ro tor a given cavity depth (4x10-4inches)
can be seen in Fig. 23 and 29c. Fig. 23 shows that for Ro = 1x10-4inches,
a superheat AT: = 2.0 is required, showing that for larger Ro’ the cavity
Is less stable as stated before.

Figs. 29a, b and ¢ show the effect of varying Ro and depth such that
depth to diameter ratio of the cavity is kept constant (equal to unity).
A superheat corresponding to ATz = 1.3 18 enough for the cavity with Ro
= lxl()—4 inches, to remain active in boiling with water for zero initial
velocity (V0 = (), Fig. 29a. When Ro is increased to 1.5 xlO—a and
2.0x10—4 inches higher ratios, AT: = 1.75 and 2.0 respectively (Figs. 18b
and c) are required, suggesting that for a given depth/diameter ratio

(equal to unity) the stability of cavity is decreased for larger Ro'
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g. Relative Behavior of Organics in Boiling:

Fig. 30 shows how different organics can exhibit similar behavior
under the effect of the initial velocity Vo, assuming they have the same
contact angle. Since for small values of 6, the cavity stability is very
sensitive to 6, Al and the initial liquid velocity, all of these factors
may affect the behavior of organics considerably. Since the exact values
of 6 are not known precisely, 6 = 8° has been assumed for the three liquids -
ethanol, benzene and heptane, in Fig. 30. For a ATS = 4,5 being imposed
on cavity walls, Fig. 30 shows that for Vo = 25 in/sec., the three fluids
do not behave much differently. When Vo = 30 in/sec. is used for
benzene and heptane, the three fluids behave almost alike.

(It should be noted that the effect of presence of non-condensible
gas inside the cavity was not included in the present analysis and care
was taken during the boiling experiments to remove the non-condensible
gas by boiling the liquid for sufficient time at high heat flux before
the boiling data were taken. However, the presence of a non-condensible
gas does effect the cavity stability, as discussed in Ref. [16], and the

present model could be modified to include this effect.)
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II.3 Boiling Data With Laser Drilled Cavities And Comparison With

Analytical Results:

Results of theoretical model, as discussed in previous sections,
indicate that th: cavity size (RO and D), contact angle 6 of the fluid,
initial liquid velocity and the initial liquid temperature are
important parameters which determine the cavity stability. For deep
initial liquid penetration, as for ethanol and methanol, the required
superheat for stable boiling is a strong function of 8, Vo and Tiiq'

The relative behavior of water and organics with regard to the value
of Peff 3S obtained from the theoretical model depends upon the cavity
size. Thus for a given set of cavities having different sizes, the ratio

/(p

(p as calculated from the model may vary from

eff)water eff)organics

one cavity to another and for a cavity having dimensions of the order of
natural cavities on a boiling surface (R0 = lx.'LO—4 inches, D = 5x10“4
inches), this ratio is shown to be much larger than 1. The observed
Paff data for individual cavities in Figs. (11) and ( 12 ) for water,
ethanol and methanol is qualitatively similar to that predicted by the

model; i.e. the ratio (peff) /(peff) as observed in these

water organics

experiments is observed to be much larger (2 to 10 times) than 1.

The results of the theoretical model in the previous section
indicated that the required superheat for stable boiling decreases as the
depth increases and for large depths, the superheat approaches the value
predicted by the static model, eqn. (15). In order to investigate the

effect of cavity depth, boiling experiments were carried out on deep
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artificial cavities made with laser. The test surface was polished with
alumina powder suspension (0.3p) in liquid and a rotating polishing cloth,
so that the surface had a mirror smooth finish. Laser cavities were then
drilled on this surface using a high power laser. About 40 to 200 cavities
wera drilled on different surfaces and care was taken to distribute them
uniformly over the surface. Mouth diameter of these cavities was observed
to vary from 2xlO-4 inches to lxl()_3 inches and depth to diameter ratio
between 1 and 7. Figs. 31 and 32 show photographs of some typical laser
cavities taken before boiling with an optical microscope at x1000
magnification.

Methanol and distilled water were boiled respectively on the test
surfaces having laser cavities using the apparatus and procedure as
described in earlier boiling experiments. At large heat flux values,
approximately 50% of the critical heat flux, almost all the laser cavities
were found active; however, the active site population decreased as the
heat flux was lowered gradually in small steps. At each step, heat flux,
surface superheat and number of active sites were recorded. For some
cavities, the value of surface superheat at which the individual cavity
ceased bubble production was also recorded. Pags Vas calculated using

eqn. (4) both for water and methanol.
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The observed N/A vs. peff characteristics of a typical boiling
surface I, having laser distilled cavities have been shown in Fig. 33.
This surface had about 40 laser drilled cavities with Ro ranging from
1.5x10"4 inches to 3.5x10-4 inches and depth to diameter ration between
1.4 and 4. n/A - Pefs behavior of an ordinary 0.3p surface without laser
cavities has been included in Fig. 33 for comparison. It could be seen
that for the same active site population of methanol, higher (as high as
10 times) peff 1s observed with the laser drilled surface than the
ordinary 0.3u surface without laser cavities. In other words for the
same active site population, the laser drilled surface requires smaller
superheat for methanol than the ordinary surface. This could be
explained qualitatively on the basis of the theoretical model in the
following way. Most of the natural cavities existing on the ordinary
surface have their depth to diameter ratio of about 1 and thus are not
good vapor traps for wetting fluids like methanol. However, some of
these cavities which are able to entrap (depending upon their shape and
size) sufficient amount of vapor to nucleate are not deep enough for
dynamic effects to be negligible and require high superheat ratio,

AT: > 1. For the same reason, smaller peff is observed for such cavities

on ordinary surfaces during boiling with organics. The laser cavities
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having their mouth radius of the same order of magnitude (10-4 inches)

as the natural cavities existing on an ordinary 0.3u surface, have compara-
tively larger (1.5 to 4 times) depths. The laser cavities are, hence,
good vapor traps and more stable in boiling with methanol as compared

to the natural cavities and require much smaller superheats. It should
be mentioned here that, although the laser cavities are not strictly
cylindrical, as seen in the photomicrographs of some of the cavities

in Figs. 35a, b, c and d (taken after boiling with water), the results

of the theoretical model which is bas:d on a cylindrical cavity could be
qualitatively applied to predict the effect of different parameters.

At a given N/A, the observed increase in Poff for the laser surface

over the ordinary 0.3t surface is much smaller for water as compared

to methanol, the reason being that the natural cavities on the ordinary
surface are deep enough for water (the contact angle being large) so that
the dynamic effects are small. Hence, the presence of deeper laser
cavities on the surface has only marginal effect on the required

superheat or()eff.

Boiling data for some individual laser cavities have been plotted

) /@

in Fig. 34. The observed water eff)methanol

off ratio varies from 1.3

to 2.1 for these cavities and is much smaller than the same observed for
natural cavities, Fig. 12, where it varied from 2 to 6. This

agrees with the earlier conclusion from the theoretical model that for

large depth, the dynamic effects are small and the static theory, eqn. (15),
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predicts the required superheat. Magnified photomicrographs were taken
of these laser cavities (Fig. 35a, b, c and d) on an optical microscope
and the minimum value of Ro was measured from these photomicrograph for
each of these cavities. These values of Ro have been plotted on Fig. 34
and are found to be in good agreement with the Poff observed for water
for most of the cavities. Table II gives a listing of the observed Paff
values and dimensions of the laser cavities.

Thus on the basis of the forementioned analytical and experimental
evidence, it could be concluded that laser cavities having large depths
to diameter ratio are much more stable in boiling with methanol as
compared to natural cavities existing on an ordinary surface. Consequently,
a surface having such laser cavities exhibits enhanced nucleation
characteristics (larger populatZon of active sites) with methanol at a
given superheat than the ordinary surface. Some more of boiling data have
been presented in Figs. 36 and 37, for four different boiling surfaces
having laser cavities. Surface II and III had about 40 laser cavities
each, having Ro ranging from 2x10-4 to 7.5x10_4 inches and depth/diameter
ratio varying from 0.5 to 3, as shown in the photomicrographs (taken after
boiling with water) of two typical cavities in Fig. 38. Since the laser
cavities on surface I on the average had larger R0 than the laser cavities
on surface II, peff with water is larger for surface II than for surface I
as could be noted in Figs. 33 and 36. On the other hand, since the average

depth/diameter ratio of the laser cavities on surface II is smaller than
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than the cavitiles on surface I, dynamic effects are more significant and
smaller Pafs is observed with methanol for surface II as compared to
surface I.

Surface IV had ubout 200 laser drilled cavities aand susface V had
about 140, with R ranging from 1.5x10% to 4x10™% and a depth/diameter
ratio varying between 1 arnd 7. Surface V had qualitatively larger
population of laser cavities with higher depth to diameter ratio and hence
exhibited higher peff with methanol, as shown in Fig. 37. It should be
noted that Pufg for surface V is almost 10 times larger than that for
the ordin.cy 0.3p surface, at low active site densities, n/A (i.e. at

low heat flux values).
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I1.4 Comparison With Data From Other Sources

In Ref. [12], data for the incipience superheat were taken on
artificial cylindrical cavities of known size with water, ethanol,
benzene and n-heptane at atmospheric pressure. Fig. 1 shows these
data and a comparison with the prediction of different static theories.

As described earlier in Section II.l, none of these theories could
successfully predict the observed data.

Table III gives a qualitative comparison between the observed values
of superheat for regular bubble production and calculated from the present
analysis for a cavity having RO = 0.6x10'-4 ft. and depth/diameter ratio
equal to 2.5. O = 9° was assumed for the three fluids -~ ethanol, benzene
and n-heptane, and Vo was taken in the range 20-26 in/sec. (Bubble
nucleation was studied on different glass made artificial cavities and the
liquid vapor interface evolution inside the nucleation sites was
photographically recorded, in Ref. [17] and [29]. Initial penetration

velocity ranging approximately from 6 to 40 in/sec is observed from the

experimental data taken for water in these studies.)
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TABLE III

COMPARISON WITH DATA FROM REF. [12]:

Measured Predicted Value of Vo
Fluid (1w - 1sat)’ r (Tw = fsat), F us?gnggysgg}sulation
Ethanol 8 9 20
12 25
Benzene 14 19 22
25 26
n-Heptane 10 10 22

13 26
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Denny [24] investigated the effect of the cavity shape and size on
pool boiling heat transfer to saturated CC14, boiling on a surface in
which some artificial cavities of known dimensions were made. Table IV
lists some of his data for cylindrical cavities as quoted in Ref. [24].
AT represents the temperature at which the onset of ebullition was observed.
A comparison has been shown with the analytical results, 6 being taken
equal to 12° for carbon tetrachloride. It is interesting to note from
Table IV that cavities 2a and 7 have the same depth/diameter ratio, but
cavity 2a which is 5 times larger than cavity 7, required virtually the
same superheat. The static superheat as predicted by eqn. (15) will be
5 times smaller for cavity 2a as compared to cavity 7. In other words,
required ATS for cavity 2a is 5 times larger than for cavity 7. This

is consistent with the prediction of the present model as discussed in

Section II,2-5f,
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TABLE 1IV.

COMPARISON WITH DATA FROM REF. [24]:

Diameter

Inches

1x10~

1x10

2x10°

1x10~

2x10°

V_ used in
Depth Measured Predicted the analysis
Inches AT, F° AT, F° in/sec.
(Saturated pressure = 1 atmos.)
2%1073 34,7 18 20
45 25
%1073 34.6 38 20
45 25
4x10”" 35.4 30 25
(Saturated pressure = 1.5 atmos.)
2x1073 27.4 23 20
4x107" 27.0 20 25
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II1.5 DISCUSSION:

The conceptual approach based on the theoretical model for
cavity stability, to determine the size range of active cavities was
described earlier in Section II.2-5 (Figs. 28a, b, c. d and e). In the
following, the effect of varying wall superheat, contact angle and cavity
depth respectively on the population distribution of active cavities on
a given surface having a prescribed cavity size (Ro) distribution, has
been discussed. Fig. 58 shows the cavity size (mouth radius, Ro) dis=
tribution on a typical boiling surface. n/A represents the population
per unit area, f(Ro), of a certain size Ro and (N/A)Total represents

the total population of cavities having a size greater than Ro’ e.g.

R
/) = (M f®R)AR_ = F(R)
o}

In general, N/A denotes the net active site population between size R1

and R,,
2 R

N/A = fz £(R) dR_

!

a. Effect of varying wall superheat, ATw:

The effect of varying ATw for a given fluid (contact angle = 61)
on the size range (R.o and D) of active cavities has been shown in Fig. 59,
where the boundary of the region of active sites for five different
(progressively increasing) superheats ATl e e e s ey AT5 , 1s described
respectively by five different curves. Let us assume that all cavities

on the surface have a uniform depth Dl’ then the size range of active
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sites at a superheat ATi is determined by the intersection of the constant
depth line D = D1 and the boundary curve of the region of active sites
corresponding to ATi' For example, at AT3, all cavities between sizes

R3 and R; will be active and the corresponding n/A distribution is shown
in Fig. 59a. It is clear that at AT1 none of the sites will be active

and as the superheat is increased to ATZ’ incipience of boiling starts
when line D = D1 just touches the boundary of the active site region
(point 1 , Ro = Ri)' Increasing the superheat further, enlarges the size
range and the cumulative active site density (N/A) increases as shown

in Fig. 59b. Each of the (N/A) curves in Fig. 59b is described by:

R
N/A =f £R,) dR
Ro

where, R' is the upper limit on the active cavity size at ATi‘ These
curves terminate at the sign (%) (points F, G. H etc.), where Ro = Rmin
or the lower limit on the active cavity eize. The maximum active cavity
size is given by Ro = RA where the curve oG representing the limiting
vapor entrapment criterion, intersects line D = Dl' Thus the N/A curve
starting at R = RA’ represents an asymptote for higher superheats and
the maximum cumulative active site density corresponding to the minimum
active cavity size Ro , increases along this curve as denoted by points
G and H respectively for superheats AT4 and ATS. It should be noted that

for the case selected, the maximum cumulative site density is less than

(N/A)Total , since the cavities between size RA and Rmax are never active

because they do not satisfy the vapor entrapment criterion (Curve 0G in
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in Fig. 59a). Curve RiFGH represents the cumulative site density vs.

Rmin’ as determined by the static criteria given by eqn. (4). The N/A
vs. peff data taken on different surfaces during the boiling experiments
are equivalent to the curve RiFGH, since Pafe has been calculated using
eqn. (4) and corresponds to Rmin'

The effect of wall superheat on N/A, for a different cavity depth
D2 (D2 > Dl’ uniform for all the cavities), contact angle 61 and the
same n/A distribution, has been shown in Fig. 59c. As shown in Fig. 59a,
the new incipient point 11 occurs at superheat ATl and R = Ril (ATl<AT2,
and Ril > Ri)' Note that depth D2 was selected such that the maximum
active cavity size, determined by the limiting vapor entrapment criterion
(curve 0G) is equal to Rmax (point B), the size of largest cavity existing
on the surface. Hence, the new asymptote for N/A with increasing AT,

coincides with the curve (N/A) as shown in Fig. 59c¢ and if the super-

Total
heat is increased indefinitely, all cavities on the surface become active.
For larger depths (D > Dz), the point of incipience occurs at greater Ro
until it reaches R when N/A distribution concides with (N/A) curve
max Total

throughout the size range O < Ro < Rmax' The results of Fig. 59b and c
have been summarized in Fig. 59d, which shows an increase in N/A for
increased depth at a given superheat.

The effect of superheat on N/A for a different contact angle 62
(62 > 61), the same n/A distribution and depth Dl’ has been shown in Fig. 60.
For larger contact angle 62, curve 0G representing the limiting vapor

entrapment criterion shifts downward on Ro - D plot and encloses cavities

of larger Rb‘ Also the boundary of the region of active sites at a given
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superheat moves leftwards and encloses cavities of smalier depths.

As is clear, the incipience now occurs at smaller superheat ATO (AT0 <

AT,, Fig. 59a) and larger Ro = Riz (R12 > Ri’ Fig. 59a). Note that for

2’

contact angle 62 and depth Dl’ the maximum active cavity size as
determined by the limiting vapor entrapment criterion is greater than

Rmax’ hence the asymptote N/A for increasing ATw coincides with

(N/A) (Fig. 60b). The results of Fig. 59b and Fig. 60b have been

Total

summarized in Fig. 60c, which shows an increase in N/A for increased

contact angle at a given superheat.

b. Effect of varying cavity depth, D:

The effect of the cavity depth (assumed to be uniform for all cavities)
on N/A for a givea contact angle 6 and superheat A’I‘w has been shown in
Fig. 61. Curve E1i12345 represents the boundary of the region of active

sites at AT and R, is incipient size at depth Dl' As the cavity depth

i
U is increased the size range of active sites enlarges as determined by

the intersection of different constant depth lines Dl’ e s e e ey DS

with curve E1i2345. At a certain depth D5 the maximum active cavity size
(RS) reaches a value Rmax’ which is the size of the largest cavity existing
on the surface, the minimum size (Rl) being determined by eqn. (4) and

the value of ATw' For this value of depth (DS)’ the N/A distribution
coincides with the asymptote (N/A)Total as shown in Fig. 61b. For depths
between D, and DS’ the maximum active cavity size is less than Rma

i X

(R2, R3, R.4 etc,) and the corresponding N/A is smaller than (N/A)Total'

An increase in the cavity depth beyond D5 does not alter the population,

N/A.
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c. Effect of varying contact angle, 0:

The effect of varying 6 on N/A distribution for a constant superheat
ATl and depth D1 is shown in Fig. 62. As 6 is progressively increased
from 61 to Gs,curve 0G, representing the vapor entrapment criterion moves
downward (curves OGl’ 0G,, OG3, 0G, and OG5 respectively in Fig. 62a).
The boundary of the region of active sites correspondingly moves to the
left, since the increase in contact angle causes cavities of smaller
depths to become active. As is clear from Fig. 62a, for ) =61, none of
the cavities are active. Incipience starts at 6 = 62 and at Ro = Ri’ and
with an increase in 8, the size range of active cavities grows, with a
corresponding increase in the population N/A, as shown in Fig. 62b. For
a certain 6 = 65, the maximum active cavity size attains a value Rs = Rmax’
the size of the biggest cavity existing on the surface, and N/A distribution

coincides with the asymptote (N/A)Total‘ The minimum. active cavity size

is determined by eqn. (4) based on ATw’ as before.
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III. Effect Of Surface Conditions On The Boiling Heat-Flux

I1I1.1 Heat Flux Model

In the present work, the transient heat flux model developed by Mikic
and Rohsenow [7] has been used to predict the boiling heat flux.
Considering the transient conduction to and subsequent replacement of the
superheated liquid layer in contact with the heating surface as the
single predominant mechanism of heat transfer in nucleate boiling, Mikic
and Rohsenow derived an expression for (q/A)b in terms of liquid properties,
average bubble frequency f, bubble departure diameter Db’ active site

density N/A and wall superheat AT, as given by the following expression:

/s, =2/T Gooy, JE D m/a) ot (17)

The above relation is strictly valid for the isolated bubble region

only, when the individual areas of influence of active sites do not

overlap. The total heat flux from the boiling surface can be expressed as

A
a/A = o (a/A), + (a/A) (18)

total

where (q/A)nc , the natural convection component of heat flux, can be

estimated by the following.
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For laminar range, i.e. for 104 < Ra < 107, where, R

(q/A)nc is given by:

3 1/4

(a/w)__ = 0.54 (pe)y [L5Y AT
Ve v

2x105 < Ra < 3x10lo

and for Turbulent Range:

(/M) = 0.14 (pc), [% y at? azl 1/3
Vv

nc is given in terms of n/A as follows:
A
total
Anc N HD2
A =l-—5 P
total

where A is the total area of the heating surface.
total

Values of £ and D

b required in eqn.

following [24, 25]:

5/4
dgo /

/2 *
o [Ja]
g (py = p,)

D, =€ {

where, C, = 1.5x10~% for water and 4.65x10™%
g3 = Pp S T
pv Hfg
and
g 1/4
og,8 (py =) /
£ D, = 0.6 :
Py

a

for organics and

/2
Y g AT (Anc§

oy

(19)

(20)

(21)

(17) can be estimated by the

(22)

(23)

(24)

b
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Thus, for a given surface and fluid, if N/A vs. AT distribution,
which depends upon the surface characteristics and fluid properties, is

known, (q/A)b vs. AT can be estimated from eqn. (17).



- 73 -

III.2 Experimental Results

Boiling data with water and methanol were taken on four different
copper surfaces with varying degrees of roughness and prepared by different
preparation techniques as discussed in Appendix C. q/A vs. AT were taken
with decreasing heat flux and active site density, N/A vs. AT was
visually recorded in the isolated bubble region. Heat flux was then
lowered to a value when all nucleation sites disappeared and hnc was
estimated from the corresponding q/A vs. AT values. Using this value eof
hnc ,(q/A)nc was estimated at other AT values, (q/A)b was then calculated
using eqns. (18) and (21).

Figs. 39a, 40a, 4la and 42a show the observed cumulative site density
distribution for the four different copper surfaces. Peff? plotted
on abscissa was calculated from the observed AT values using eqn. (4).

Figs. 39b, 40b, 41b and 42b show the comparison between the observed
(q/A)b as mentioned above and the predicted (q/A)b from eqn. (17) for the
four different surfaces respectively. A close prediction can easily be noted.

The value of f and D, for water and methanol, used in eqn. (17) were taken

b

from Ref. [27] and [2S], where f and D, were measureil experimentally for

b
the two fluids. It can be noted that the extrapolation of (q/A)b vs.

AT behavior in the isolated bubble region, successfully predicts the behavior
in the higher heat flux region. As noted earlier in Ref. [18], the good
agreement in the higher heat flux is.fortuitous, since eqn. (17) is strictly
valid at the isolated bubble region only. This fortuitous agreement may

in part be due to the enhanced natural convection due to bubble generation

compensating for bubble overlap.
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The effect of surface roughness on the cumulative site density and
boiling heat flux is summarized in Figs. 43 and 44, which are replots
of Figs. 39, 40, 41 and 42. As the rms surface roughness increases,
both N/A and (q/A)b increase for a given ATw. Relative behavior of
different fluids boiling on the same surface have been discussed in
Appendix E.

Effect of Laser Cavities on Boiling Heat Flux:

Fig. 45 to Fig. 48 show (q/A)b (as defined in eqn. (18) vs. ATw
behavior as observed in boiling on four different laser drilled surfaces.
Higher boiling heat flux is observed for the same ATW, on a laser drilled
surface as compared to a simila: surface without laser cavities. The
increase in the boiling heat flux occurs, according to eqn. (17) by an
increase in the active site population at a given superheat due to the
presence of deep laser cavities. However, the boiling heat flux predicted
by eqn. (17) using the observed N/A and AT values, is found to be higher
than the observed (q/A)b defined by eqn. (18), as seen in Figs. 45 and 46.
As mentioned earlier in this section, the values of f and Db for water
and methanol, used in eqn. (17) were taken from Ref. [27] and [28], where
f and Db were measured experimentally during boiling on heated cylindrical
test elements having ordinary smooth surface. Some crude experimental
measurements were made in the present study to measure the frequency of
bubble departure from laser cavities, using a variable frequency
stroboscope. Data taken on laser surface III for water has been presented
in Fig. 49; much lower values of frequency are observed as compared to

that measured in Ref. [27] for a smooth surface. Moreover, frequency is
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found to vary with wall superheat, increasing with increasing superheat.
Tt is suspected that the observed changes in the departure frequency may
also affect the bubble departure diameter and thus f and Db values used

in eqn. (17) for the prediction of (q/A)b may be in error, causing a
discrepency in the prediction of (q/A)b for.laser surfaces as observed

in Figs. 45 and 46. 1In order to provide a complete understanding of the
effect of the presence of deep cavities on heated surfaces on boiling
behavior, one has to know not only the superheat for their activation

and with it the whole active site distribution but also the eventual
changes in bubble frequency and departure size due to the presence of such
cavities. No precise measurements on the bubble frequency and departure
size have been made in the present investigation and further experimental
work is required to explain the observed heat flux behavior of boiling
surfaces having deep cavities. A theoretical analysis, presented in
Appendix F, considers the effect of cavity size and superheat on frequency
by considering the effect on waiting time (time between the last bubble
departure and appearance of the next one on the surface) and bubble growth
time. The observed frequency behavior of laser drilled surfaces, e.g.
comparatively lower departure frequency than ordinary surfaces in the low
heat flux region and the observed increase in frequency with increasing
superheat, has been explained qualitatively by the theoretical model,
presented in Appendix F. An increase in the cavity sizeor decrease in
the surface superheat ATw, results in longer waiting time and bubble contact

time, thus causing a lower frequency, as observed for deep laser cavities.
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IV. SUMMARY AND CONCLUSIONS:

Several nucleation theories [8, 9, 10, 11] have been proposed in the
past to predict the size range of active sites in boiling. These theories
did not account for all the important parameters involved and hence, could
not successfully predict the observed nucleation behavior of some artificial
cavities of known size and shape [11, 12]. The present investigation
was undertaken to study the pertinent parameters affecting nucleation in
boiling.

A theoretical model for the stability of boiling nucleation from a
cavity, has been developed considering the liquid penetration, the effects
of transient heat flux and, the inertial and viscous effects of liquid
moving inside the cavity. Parameters such as cavity radius and depth
(which arc characteristic of the boiling surface), contact angle (which
depends upon the fluid-surface combination), and the dependent parameters
(which are the consequence of the physical behavior of the considered
pheomenon) e.g. the initial temperature and penetration velocity of liquid
into the cavity are found to be important in determining the required
superheat for stable boiling from the cavity. A decrease in cavity depth
or contact angle decreases the amount of trapped vapor and the stability
of cavity, thus increasiug the required superheat for stable boiling. A
lower initial liquid temperature enhances the condensation of vapor in the
cavity, thus causing lower stability and increasing the required superheat.

A lower initial penetration velocity of the liquid enhances cavity
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stability and decreases the superheat due to smaller inertial effects.

Gas diffusion and boiling experiments carried out with ethanol,
methanol and water on individual cavities, revealed that cavities which
have small depth to diameter ratio (of the order of 1) require much
higher (2 to 10 times) superheats than predicted by the static theory
when boiled with ethanol and methanol, but the observed superheats for
boiling with water were closely predicted by the static theory. For laser
cavities having large depth to diameter ratio (as large as 7) the static
model closely predicts the observed superheat for stable boiling both
for methanol and water. The observed experimental results have been
explained qualitatively by the analytical model. All boiling experiments
were carried out at atmospheric pressure and saturated bulk conditions.

The following three different criteria are found to be important
in determining the required superheat for stable boiling from a cavity:

1. Vapor entrapment in the cavity at bubble departure.

2. Dynamic effects caused by the inertia and viscous effects of
moving liquid and transient heat transfer effects due to the
evaporation and condensation of vapor inside the cavity.

3. Static equilibrium criterion which governs the necessary
conditions for the growth of the vapor nucleus emerging out of
the cavity mouth.

For a given surface in boiling with a known fluid and wall super-
heat, all those cavities which have their dimensions such that they entrap

sufficient amount of vapor and that AT is large enough to satisfy
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criteria 2 and 3 above, will be active. The.size range of active cavities
at different superheats as determined by the three criteria above, have
been depicted by a three dimensional region in the AT - Ro - D space.

Boiling data were taken with methanol and water on five different
surfaces having laser drilled cavities. These surfaces contained about
40 to 200 laser cavities with their mouth diameter varying from 2 x 10_4
inches to 1 x 10-3 inches and depth to diameter ratio from 1 to 7.

Since the laser cavities having large depth to diameter ratio are
more stable in boiling than the natural cavities which have small depth
to diameter ratio (of the order of 1), higher active site population and
boiling heat flux are observed at a given superheat for surfaces having
laser drilled cavities than the ordinary surfaces without such artificial
cavities. The bubble departure frequency, which plays an important role
in determining the boiling heat flux, is observed to decrease with
decreasing wall superheat for the laser cavities. The observed effect
of the cavity size and wall superheat on frequency has heen explained

qualitatively by a theoretical model, which estimates the waiting time

and the bubble contact time when the bubble breaks away from the surface.
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V. RECOMMENDATIONS:

The present analytical model explains the qualitative behavior of
water and organics as regard to their stability in boiling from a cavity;
nevertheless, the model contains several oversimplifications and the
following improvements could be considered:

1. The postulated vapor trapping mechanism requires modifi-
cations to account for condensation or evaporation effects at the
liquid vapor interface during entrapment, the effect of the liquid
motion on contact angle and other transient fluid dynamic effects
which effect the interface motion into the cavity. Evaporation at
the interface during the vapor entrapment may cause smaller liquid
penetration and similarly the condensation might result in deeper
penetration into the cavity. As described earlier in the discussion
of the effect of contact angle, the initial liquid penetration has
strong effect on cavity stability.

2. No definitive data are available in literature for the
magnitude of the initial liquid penetration velocity, Vo’ of
different fluids after the bubble departure from a cavity in
boiling, as mentioned earlier in Section II.2-5. Since V0 is
an important input parameter in the present theoretical analysis of
dynamic effects, its experimental measurement for different cavity
sizes and fluids might be helpful to enhance the utility of the

present model.



- 80 -

3. In the present analysis of cavity stability, the cavity
is assumed to become inactive when liquid-vapor interface reaches
the cavity bottom as sketched in Fig. 8. The volume of vapor
contained, in this situation, between the interface and cavity

bottom is v If the initial volume of trapped vapor which

crit’
depends upon the cavity size and 6, is less than this volume, the
cavity is not considered to be a potential nucleation site. However,
the entrapped vapor may form a small nucleus near to the bottom of

the cavity which may grow by evaporation under certain conditions

of wall superheat. Further analysis is required to predict nucleation

under such conditions.

4, In the present theory, a smooth walled cylindrical cavity

was considered. The natural cavities existing on a boiling surface

are observed to have arbitrary shapes and a microroughness on walls.

These factors must be considered to predict the behavior of a

natural boiling surface.

As mentioned earlier in the Section III.2, in order to provide a
complete understanding of the effect of the presence of deep cavities omn
heated surfaces on boiling behavior, one has to know the eventual changes
in bubble frequency and departure size due to the presence of such cavities.
Only preliminary experimental measurements were made on bubble frequency

in the present investigation, and the observed frequency behavior

(f vs. AT) was explained qualitatively by a theoretical model. Further
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experimental and theoretical work is recommended to predict the effects
of cavity size on bubble frequency and depavture size, so that the overall
heat flux behavior of the surface having deep artificial cavities could

be determined more precisely.
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APPENDIX A. Analysis For Liquid Motion Inside A Cylindrical Cavity

Considering Dynamic Effects:

General momentum theorem, when applied to a control volume of fluid,

leads to the following relation in z direction:

= _ 3 vV p, dv + ﬁ‘v‘(p’\?.d's‘) (A1)
ZFZ 5T f[fc.v. z & z 4z

C.S.

- —
where FZ represents net force and Vz , the velocity in 2z direction,

As shown in Figs. 8 and 9, in the present analysis, the positive z
direction has been chosen pointing towards the bottom of the cavity. The
average velocity of the liquid column, V has been assumed to be a function

of time only e.g.

dz
dt

V =

In terms of V, equation (A.l) could be written as follows:

ﬁ V. (g T, . d8) = -py V° TR (A.2)

CIS'

§ v . p dv=nR2p M+2) av +p V2 1rR2 (A.3)
Tt .[ J z '} o "% _— '3 o

t . dt
C

v
Substituting the above in equation (A.l) gives:

> 2
IF, = TE, oy Gr+2) dv (A.4)
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Fig. 9 shows the forces acting on the control volume in z diraction.
We will now evaluate each of these forces as follows:
Wall shear stress on liquid is given by (assuming a laminar fully

developed velocity profile),

dv
z

Tz = “(Eﬁ?‘) (A.5)

r=R
o

In order to estimate the shear stress the following velocity distri-
butions has been assumed:

2
r
Vz =2V |1 - éﬁ——) (A.6)
o
where, V is the average velocity of the liquid column as defined earlier.

Substituting Vz from equation (A.6) into (A.5) gives:

z
o

Net shear force on liquid in z direction,

= - v M 4+Z
Fsh 27rRo (m+ 2) Ro = -8mu V (M +2) (A.8)
Pressure force in z direction,
- - _20 oy 2
Fp = (Pvap 5 ) PS ﬂRo (A.9)

where Pvap is the pressure of vapor inside the cavity at time t, when the

interface is at z.



- 87 -

At time t = 0, pressure of vapor satisfies the relation:

o}

W RT
p° _ 8 ©
vap (o
\'4
vap
At t > 0,
P0 W vo T
p - vap g vap
vap, Wy T
g vap ‘o
where, vvap is the volume of vapor at time t.
Assuming T = To s
P W
P - _vap g Vvap (A.10)
vap, W°

, |
S 0 "f qdt (A.11)
g 8 h

t
where jﬁ qdt represents total amount of heat transferred from liquid
0

to vapor through the interface, this is also equal to the latent  heat
required for evaporation at the interface. A is the area correction
factor due to the curvature of the interface.

Total volume of vapor is given by:

. .0 _ .0 __Z o
vvap vvap + hv vvap H vvap (A.12)
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Substituting (A.11) and (A.12) in (A.1i0) gives:

L S
P [w b0 q d cJ
P =YL Ly 0 (A.13)
Pz W, (- 2/H)

From (A.9) and (A.13),

ATR
p° [w° ¥ 1 f q d t] 20 2
F = vap | g f 0 --PS -5 TR (A.14)
P wg (1 - Z/H)

Substituting {(A.8) and (A.14) in (A.4.), the momentum equation reduces to:

ATTR(Z) jt
0 o) —_ 20 2
[ Bl * H Yy th] - P p:lHRo+81ru o™+ 2)
W @ - z/n)
8
2 dv
B — A-ls
TR o, (M + Z) T 0 ( )
2
Rearranging equation (A.15), and noting that %%- = 2_25 , we get,
dt
ATR? t Qe 4 BUO+2) (H2) dz
H Pf’ap 1+ —> f 1 2 dt
Hfg g 0 Rb
a2 20
+0, (M +2) (8-2) ‘2‘ -~ @ += ) (H-2)=0 (A.16)
dt s P

Assuming that the interface temperature Ti is equal to the vapor
temperature, which can be estimated by Clausius-Clapeyron equation with

the perfect gas approximation as follows:
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JH

Poap "% TV i Ty = Tgar)
P2 fg sat
or,
T -1 = of Tsat (p. _-P) (A.17)
i sat J “fg vap, s !

substituting for Pvap from equation (A.13), (A.17) reduces to
z

o AnRi ¢
T - T = vfg Tsat p° [wg + Hf j; q d&
i sat J Hf vap 5 B -Ps
g W  (1-z/H)
8 (A-18)
Rearranging equation (A.18) one gets -
o
Ty = Tgae) (#-2) + Py (H-2) Vo Tsat - Vig H Pvap Tsat |1+
J H J H
fg fg
2 t
AT R
o J{ q dt] (A.19)
o
H, W 0
fg g

Equations (A.16) and (A.19) represents the governing equations that
can be solved simultaneously for z and Ti with the initial conditions

described in Sections II.2-2 and II. 2-3.
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APPENDIX B. Estimation Of The Initial Liquid Temperature:

As the bubble departs from a cavity, liquid from the vicinity of
the cavity mouth moves into the cavity. The liquid that penetrates
into the cavity may come partly from the thermal boundary layer in the
liquid adjacent to the heating surface. In the present analysis the
initial liquid temperature has been estimated by equation (11),

e.g.

o
T + AT - T )

Tliq - “sat sat

Had all the liquid, that penetrated into the cavity, come from

o
liq

can assume values between 0 and 1, depending upon the

the bulk, T would have been equal to Tsat’ thus Al being zero.

Clearly, A1
relative portions of liquid that come from the bulk and from thermal
boundary layer. Due to slight asymmetry in bubble departure, the

liquid may move into the cavity from a preferential direction. This

has been sketched in Fig. 51, where the liquid has been shown to be

moving from the right into a cylindrical cavity of .the mouth radius R. 6 -

represents the contact angle of the 1iquid and § the thermal layer thickness

at the time of penetration. It has been assumed that of all the liquid that

penetrated into the cavity, a liquid volume corresponding to a thickness
equal to § comes from the thermal layer, as shown in Fig. 51. So the
volume of liquid that comes from the thermal layer can be approximated

(for small §) by,

2
Ve OLRO S8 cot O
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or,

2
v = C. R_ § cot 8, where C, is a constant.
th 1 o

Total volume of liquid that penetrated into the cavity can be
written as:

3
Viotal o R0 cot ©

or,

v =C R3 cot 6, where C, is another constant.
total 2 o 2

Assuming that the liquid that comes from the thermal layer has an

average temperature equal to (TS + é%), the overall liquid temperature

at

can be calculated by energy balance as follows:

3 0
C Ro cot © Tliq

3
2 —(C2 Ro cot 8 - C

1

2 2
R 6 cot O)T_ . +[Fl R 6

AT ] 3 3 AT
cot 6 (TSat + E—-)]— 02 R0 cat O Tsa + C Ro § cot O ( 2)

t 1
or, 9
o C1 Ro § cot 6 AT
Tiq = Teae T 3 2
1 C., R” cot 6
2 o
I
sat 2C2 R
(e}

comparing with equation (11), we see that

Al o S/Ro

As a growing bubble departs from a cavity, a liquid microlayer at

the base of the bubble evaporates with it, and new liquid from the bulk
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takes its place. If we assume that the time elapsed between the bubble
departure and initial ldquid penetration is small, then & will be

small as has been assumed in the above analysis.
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APPENDIX C. Boiling Apparatus and Procedure

APPARATUS

An apparatus similar to that described in Ref. [18] was used. Fig. 52
shows the sketch of the apparatus, which consisted of a rectangular
brass chamber 4" x 4" x 6" in size and coated with FEP Teflon on inside
and outside. The coating provided a good corrosion resistance. Through
a 1-1/2" diameter hole in the bottom of this chamber, a cylindrical copper
specimen of 1-1/4" diameter and 4: long, was fitted with the help of a
0.04" thick nickle steel flange and four 1/8" brass bolts. Teflon and
rubber gaskets were used to provide proper sealing as well as insulation
beitween the chamber bottom and the nickle steel flange of the specimen.
The main heater used was 940 watt Hot Watt cartridge heater 5/8'" diameter,
2" long fitted into a copper cylinder 1-1/8" diameter and 3" long. The
copper cylinder was fastened to the bottom of the specimen with the help
of flanges and 3 screws. For proper thermal contact between the specimen
and the heated cylinder, 'Silver Goop' was applied between their mating
surfaces. To keep the bulk of boiling liquid saturated two 400 watts
chomalox annular shaped guard heaters were fastcned to the two vertical
sides of the chamber. To view the boiling surface, two 2" x 5" glass
windows were provided on the front and back side of the chamber. Four
30 gage Copper-Constantan thermocouples were place in 0.025" diameter
thermocouple holes located at 0.1'", 0.6", 1.1", and 1.6" from the boiling

surface and along the axis of the specimen. Two reflux condensers were
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provided at the top of the chamber to condense the vapor back into the
chamber. A safety suction hood was located just above the boiling chamber
to remove away the vapors escaping through condensers. A therometer was

used to check the saturation temperature of the bulk.

SURFACE PREPARATION AND BOILING PROCEDURE:

Before each test run the proper surface technique was employed
according to the required surface roughness of the test specimen. Wet
grinding was used with silicon carbide grit papers having different
grit sizes. For smoother surfaces (.3u) alumina powder suspension in
liquid was used with a rotating polishing cloth. Grinding was employed
to obtain rougher surfaces. Finally the surface was washed with soap
and rinsed with alcohol before it was dried in a draft of warm air.
Laser cavities were drilled by Optimation, Inc., 358 Baker Avenue,
Concord, Massachusetts.,

Each liquid was degassed for about 45 minutes before actual obser-
vations were taken. Organics were degassed by boiling in the chamber at
about 2/3 burn out heat flux. Water was first partially degassed in a
separate container on a heater for about 1/2 hour and again in the
chamber for about 30 minutes at about 1/2 burn out heat flux. Data
with-organics-were—-taken—prior-to-water, since they do not affect the —
boiling surface much as compared to distilled water which causes visual
oxidation of the surface and formation of scales. If water were boiled
first, the surface characteristics may change due to oxidation and

comparison with organics with similar characteristics of the surface
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would be difficult.

Data were taken while traversing the boiling curve from higher to
lower heat flux values. Sufficient time was allowed to reach equilibrium
during each observation.

To minimize heat losses, the test specimen and the chamber were

insulated using several layers of fiberglass insulation.
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APPENDIX D. Gas Diffusion Experiment:

In order to predict the nucleation characteristics (N/A vs. p
of a boiling surface with different liquids, an alternative technique -
gas diffusion, was attempted at. In this experiment the test surface
is imersed in a supersaturated solution of air in the liquid. As air
diffuses out of the liquid, it causes nucleation to occur at various
sites over the surface. The cumulative density of active nucleation
sites depends in general, upon the surface characteristics, liquid

properties and the concentration of gas in the liquid.

EQUILIBRIUM RADIUS OF CURVATURE

The thermodynamic equilibrium of a spherical air nucleus in a

liquid x requires the following relations to be satisfsied:

M1iq = CROF (®.1)
(uair)liq - (uair)gas (D.2)
Tliq = Tgas (@.3)
@, +P - Py= %9 (D.4)
vap eq
where peq is the equilibrium radius of the interface and Pair and
Px represent. the partial pressures of air and liquid vapor in the
vap

gas phase. Eqn. (D.1) 1leads to the result [33] that vapor states
correspond approximately to the saturation states at the system

temperature. For dilute solutions, condition (D.2) is described by
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Henry's Law

where Cair is the concentration of air in the liquid and m 1s
Henry's Law constant, which is a function of temperature only for low
partial pressures.

Equation (D.4) which results from the static equilibrium of the

spherical nucleus can be wesitten as -

20 (D.5)
air X '3

For a given system temperature and pressure and a fixed air
concentration in liquid equation (D.5) gives unique equilibrium radius
of curvature. If for a particular cavity, peff is larger than peq s

the bubble will grow due to larger internal pressure and vice versa.

EXPERIMENTAL APPARATUS AND PROCEDURE

Two kinds of gas diffusion systems were used - open system and
closed system, as described below:

1. OPEN GAS DIFFUSION SYSTEM:

Fig. 53 shows the sketch of the open gas diffusion system. The
apparatus consists of a 15 gallon glass lined high pressure tank,
4" x 8 x 12" plexiglass vessel, an electric stirrer, an oxygen probe
to measure air partial pressure in the solution and a potentiometric

recorder.
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The high pressure tank is filled with about 8 gallons of liquid
(deionized water or ethanol) and air is bubbled through the water
at 65 psig for about 12 hours. Due to the high pressure, air dissolves
in liquid and its concentration increases approximately to a value
corresponding to the saturated concentration at the tank pressure.
This air-liquid solution is then throttled onto the test surface
placed in the plexiglass vessel open to the atmospehric pressure. The
solution is supersaturated with respect to the new condition (atmospheric
pressure) and the gas diffuses out of the liquid causing growth of
active nucleation sites on the surface. In order to avoid fast depletion
of air in the liquid near to the test surface, a sufficiently high
(10") column of liquid is maintained over the test surface. The
supersaturated solution flows at a steady rate into the plexiglass
vessel near the bottom and is drained out at the upper end. The liquid
is stirred continuously in order to maintain a uniform concentration
of air in the liquid bulk. Different values of air concentration can
be maintained by adjusting the flow rate of supersaturated solution into
the vessel. The pressure in the high pressure tank is kept at a
constant level by attaching it to a high pressure air-cylinder. The
oxygen probe kept near to the surface continucusly monitors the air
concentration, which is indicated by a potentiometer recorder. Ref.

[18] gives the detailed description of the oxygen probe.
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The data were taken while decreasing the air concentration from a
higher initial value. At higher concentration Pair is larger and p
is smaller, subsequently large number of active sites appear on the
surface. The bubbles appear from all those cavities which have
ef fective radii greater than or equal to the equilibrium radius. As the
flow rate is decreased, the level of concentration is lowered and the
cumulative site density becomes smaller. At each concentration the
number of active sites is noted. Since the diffusion rate of air in
water is very slow, the bubbles grow slowly. When the concentration
reaches a steady value, the surface is wiped off with a teflon wiper
at constant time intervals of about 2 minutes and each time the
population of newly growing bubbles is counted. An average of these
readings corresponds to the active site density at the particular air

concentration. In this way N/A vs. characteristics of the surface

Peff
can be obtained.

When the above experiment was repeated with ethanol, no active
sites were seen on the same surface, presumably due to the large
depletion rates of air concentration, when the supersaturated solution

is expanded.

2., CLOSED GAS DIFFUSION SYSTEM:

One possible way of obtaining high gas concentrations is to
increase the system pressure, since solubility of gas in a liquid
increases with pressure. This was attempted in the closed system.

Fig. 54 shows the sketch of the closed gas diffusion system, which consists
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of a 4" diameter cylindrical copper vessel of 1/8'" wall thickness and 8"
height. The vessel was provided with a 100 psi pressure gage, and two
valves, one at the top and the other at the bottom. The vessel could

be sealed with the help of a brass cap and rubber gasket using six quarter
inch diameter steel bolts. The test specimen is fastened to inside wall
of the cap, with the help of 3 small screws and the test surface could

be observed through a 1/2" thick optical glass window. The vessel could be
inverted on a two way tripod welded to the cap.

The vessel was first thoroughly cleaned and then rinsed with the
liquid to be used for observations. The test surface was then prepared
and fastened to the inside of the cap, which was subsequently bolted to
the vessel using a rubber seal gasket. Top and bottom valves were
opened and liquid was entered into the vessel through the bottom valve
up to a height of about 4", so that the test surface was fully immersed
in the liquid. Both valves were then closed and the vessel inverted.
Since the specimen was about 3" long, the liquid level on inversion was
about 1" below the test surface (note the total height of vessel was 8").
This was done in order to avoid the initial wetting of the surface by the
liquid. Air was then bubbled through the top valve at a pressure of 100
psig for about 12 hrs. and at small flow rates so as to avoid violent
motions of the liquid inside the vessel.

Both valves were then closed and the vessel inverted so that the
surface was immersed in gas liquid solution. Top valve was then

opened to reduce the pressure inside the vessel. The pressure gage and
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the top valve were then removed off the vessel and an oxygen probe and
stirrer were inserted into the liquid through the two holes in the top.
Rest of the procedure is similar to as described in the open gas
diffusion system.

It was observed that with water the closed system behaves similar
to the open system as described earlier, i.e. similar N/A vs. Passf
behavior is observed for a given surface with closed and open system.
However, with ethanol, when the top valve was opened to reduce the system
pressure, violent bubbling occurred over the test surface for a very short
period time (fraction of a second) and no active site was observed on the
surface afterwards. This behavior may be attributed to the fast transients

of the gas concentration in liquid as the pressure is released.
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If the cumulative site distribution (N/A vs. peff) of a given
boiling surface with two different fluids is known, then the relative
superheats required by the two fluids at a fixed value of (q/A)b can be
estimated as fallows:

From equation (17), for the same (q/A)b fer two fluids 1 and 2,

, 1/2 3/2
N AT (kpc), D ] D
A )1 [ b, b, (E.1)
N ATy B 172 | D,
A 2 [(kpc) of Db] 1
1

A cumulative site distribution of the form NA = C AT" , where C
and m are constants,satisfies the observed behavior in Fig. 43. So we

shall assume the following relations for the two fluids:

M1
(I\VA)1 = C1 ATl
)
(I‘{/A)2 = C2 AT2 (E.2)
where, m o =m, =m since the slope of log N/A vs. log p are approximately

equal .,

From equations (E.1l) and (E.2),

1/2 3/2
+1 D
T t(kpc)z £ Db] 2 5| (E.3)
+
c, AT, 1 kac)g £ Db] l/? Dbl

1
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As given by equations (19) and (21), f and D, are functions of
fluid properties and do not vary much for ordinary surfaces over a wide

range of heat flux. Therefore, equation (E.3) can be written as

AT m+1 c

1 2
AT

= A (E.4)
2 1

where A is a constant given by,

1/2 D 3/2
A = [(kpc)z £ D, ] 2 [ bz] (E.5)
1/2 D
[(kpc)2 £ Db] b1J

1

€

—— can be found from N/A vs. p curves as follows:

Cl eff

for (N/A)l = (N/A),, equation (E.2) gives

m
C2 _ ATl
r _A—T; (E.6)
1 N/A = constant
using equation (4),
oT v m
0 m [ sat fg}
_ [ effa)\ Heo 1 (E.7)
m
\peff } [ 20 Tsat Vfg J
N/A = constant Hfg 9
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Substituting equation (E.7) in equation (E.4) and rearranging:

<0 Toae Vee \ m/m-f-l
AT L P = { H )
AT1 = A D +1 eff2 m+1 L fg 1 (E.8)
2 Pors 20 T_ . vf\J
et N/A = const. ( £

i fg ]2

Since m has values between 10-25, =531 - 1; and equation (E.8) can be

written as:

i 1 ZZO Toat vfg
1, i g Pers, \ 1]
AT — = & (E.9)
2 p 20 T v
eff sat fg
1 N . constant H
A fg 2
peffZ is to be taken from the WA vs
where the : * Pears
Peff _
1" NA = const.

characteristics, which are known for the two fluids.
Boiling data were taken with methanol and water on four different

copper surfaces of varying degree of roughness prepared by ordinary
preparation techniques like polishing and grinding etc., as described in

Section III.2 and plotted in Fig. 43 (WA vs. ) and Fig. 44 | (q/A)b

Pers
vs. AT).

A careful observation of Fig. 43 will reveal that, although the
cunulative site density distribution changes with surface roughness,

the ratio (peff) / (peff) for any known NA remains almost

water methanol
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constant or in other words log (N/A) vs. log (peff) curves for the two

fluids are approximately parallel for each cf the different surface

roughness used. Also the slcopes d log (N/A! of these curves, which are
d log (p ;)

seen to be straight lines, are quite large and vary from about 10 to

25 as the surface roughness is increased from 0.65 (M inch) rms to 58
(1 inch) rms. A similar trend can be seen for the (q/‘A)b vs. AT curves
/ (AT)

in Fig. 44, where the ratio (AT) for a fixed (q/A)b

methanol wvater

remains almost constant for the two fluids, for surfaces of different
roughnesses.

The above indicates that the relative behavior (peff vs. N/A) of the
two fluids does not depend much upon the surface preparation technique or
the value of surface roughness. In other words for any given surface
(within the range of experiments), if N/A vs. Peaff characteristics for
one fluid are known, then knowing the relative behavior of the two
fluids for any arbitrary surface the cumulative site density distribution
for the other fluid can be estimated. Once the N/A vs. Pass behavior of
the two fluids are known (q/A)b vs. AT curves can be predicted using
equation (17). 1In particular, for a given (q/A)b, the relative
superheats required by two different fluids 1 and 2, can be estimated by

equation (E.9):
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c T v
My o, [ Pets [ T fg]
AT, Pesf/ N fg 1
A~ = cont. 20 'I‘sat Ve
[—-—H—-wfi] (E.9)
fg 2
where,
1/2
(kpc), £ D p 32
] bl b,
As 2
1/2 < D, >
1

[(kpc)z f Db } )

and m is the slope of log N/A vs. log Ppg Curves for the two fluids, i.=e.

_ [d 10g /)]
[d log (P¢e)]

m

Thus, if N/A vs. p distribution is known for the fluids with any

arbitrary surface, peff2 can be known and equation (E.9) can be used
p
eff1
to estimate ATl for any given surface. Note that the above has been
AT
2

observed to be true for water and methanol, boiling on copper surfaces
of different roughnesses. If the surface material is changed, then
depending upon the relative change in wetting characteristics of the two

¢
< eff2
P >
effl ‘N/A = cont.

fluids may change, subsequently changing the ratio
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1 . Algso, since m is much larger than 1, a small change in m does

1 1

not affect the value of (A)m+1 appreciably and AP+1 = 1.

We will now generalize the above results for other organics like
freon-113, carbon-tetrachloride, acetone, benzene, carbon-disulphide,
hexane, etc. Figs. 55a, b, c and d reproduced from Ref. [18] show N/A

vs. data for water and organics boiled on different copper surfaces.

Peff
It can be seen from Figs. 55a, b and ¢ that benzene and freon-113 have
almost similar cumulative site distribution as methanol. A similar behavior
can also be noted for other organics, namely carbon disulphide, carbon
tetrachloride, hexane and acetone in Fig. 55d, based on data taken from

Ref. [4]. Thus equation (E.9) can be used to predict the relative

superheats for these organics.

COMPARISON WITH DATA

For water and methanol equation (E.9) takes the form:

1
ATwater 0 258m+l 0.308 (peff)methanol
.~ " ¥ ®_..)
methanol eff ‘'water
(O _¢¢)
From Fig. 43, ( eff)methanol = 0,18
peff water
AT water
80, . . = 0.56 , which agrees well with the boiling data in Fig. 44.
methanol
Fig. 55d shows N/A vs. Pess data from Ref. [4]. For this data
AT
(P ccl
(beff)watet = 5,5, and using equation (E.9) , Zir——ﬁ—- = 2,2
eff CCl4 water

can be calculated.
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From Fig. 56 a and b reproduced from Ref. [4), a good agreement can be
seen with the predicted relative superheats for the two fluids at the
same (q/A)b. Note that the curves in Fig. 56a and b represent total

q/A given by equation (18). Since the prediction of equation (E.9) is

valid for a constant (q/A)b R ATCCl4 = 2.2 will strictly hold true
AT
water

only for large values of q/A, when the effect of (q/A)nc is small

and q/A = (g/A)b. L o
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APPENDIX F. Effect Of Cavity Size And Superheat On The Frequency Of

Bubble Departure

During stable boiling of a liquid from a cavity on the surface, a
continuous (periodic) stream of bubbles is emitted from the cavity. Time
elapsed between two subsequent bubble departures is defined as the bubble
time period, T . When a bubble departs or collapses on a cavity, cold
liquid from the bulk rushes to the cavity mouth and penetrates into the
cavity, as explained earlier in Section II.2-1 and Fig. 6. If the cavity
is in stable boiling, evaporation will eventually start at the meniscus
which will recede towards the cavity mouth and finally come out of the
cavity as depicted in Fig. 50a. The time elapsed between the departure
of the previous bubble and the appearance of the new vapor nucleus on the
surface (Fig. 50a) is defined as the waiting time, €, in the present
analysis (note that the time for penetration to occur has been assumed
zero). Beyond this point, the bubble grows until it finally detaches
from the heated surface; the time of bubble growth is defined as the bubble
contact time, tc . Thus, it is clear that the total bubble time period T
is equal to the sum (t:w + tc).

In order to determine the frequency of bubble departure, or the
bubble time period T, both t, and tc need to be determined. In the present
discussion, an approximate theoretical model has been developed to predict

tw and tc is estimated using the expression for bubble growth rates in

Ref. [30].
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Fig. 50a shows a cavity of diameter 2Ro and depth L, which is in
stable boiling and is shown with a vapor nucleus sitting cn its mouth.
The region of influence, (Ref. [10]) of the bubble has been shown extending
up to 2Ro from the centreline of the bubble . For analytical convenience,
a length of liquid column equal to 8R0 extending from the surface into
the saturated bulk of liquid (at Tsat) has been considered to be influenced
by the transient heat transfer effects after the departure of the previous

bubble. The pressure of vapor inside the cavity is assumed to remain
20

P =P + =
constant at 20 bulk Ro and the temperature of the liquid vapor
Ro
interface at TZO/R , the saturation temperature at on . For mathematical
O —
Ro

simplicity the semispherical surface of the liquid-vapor meniscus has been
stretched into a circular plane surface a b in Fig. 50b such that the
surface area of the meniscus remains the same; thus the new radius of the
meniscus takes a value JfRO as shown in Fig. 50b. The region of influence
of the bubble is stretched out correspondingly extending to a radius

a + "/E.)Ro , where the liquid is assumed to be isolated from the heat
transfer effects of the surrounding liquid (i.e. —%%—= 0). The boundary
conditions in terms of temperature T of the liquid body have been shown

in Fig. 50b, Twall being the temperature of the cavity walls. Just after

the bubble departure, fresh liquid at Tsat rushes to the surface; this

time is taken as t = 0 and T = Tsat throughout the body of the liquid.
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The formulation of the problem to predict waiting time tw, has been
presented in the discussion below.
Let T(r, z, t) describe the temperature field at any r, z and time t;

then letting 86 = T - TSa and applying two dimensional transient energy

t

eqn. In cylindrical co-ordinates leads to eqn.:

2

-g%= a[%-g—; (r%% +-§—-32] (F. 1)
Initial Condition:
At t =0, 8 =20 at all r and z.
Boundary Conditions:
At £ >0,
1. %Q =0 at r=R_ (1 +/2 )
r 0
2. %g =0 at r=20
3. 6 = finite at r = 0
4, 6 =20 at z =20
At z = 8Ro ,
5. 6 = QZO/RG = TZO/RO = Teat for 0<r< V2 R,
6=89 = T -T_. for V2Rj < r< (1'+/2 )R
SOLUTION:
Let 6 = GS (r, z) + Gt (r, z, t) (F. 2)

be the solution of the problem defined above. Substituting into eqn. (F.1l)

and the initial and boundary conditicns, the original proolem could be
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broken into the following steady and unsteady parts:

a. Steady state solution Gs (r,z) satisfies the following:

2
109 90 978

1 ., 8
: 3w )t

; =0 (F.3)
3
r

Boundary Conditions:

a0
8
la, —= 0 atr =R, Qa+v2)

a0
s

28.—5_1-.'—=0 atr=0

3a. Os = finite at r = 0
ba, 6 =0 at z=20
8

At z = 8R_,
o

{%’emln for 0<r< V2R }
5a. o

6 =6 for YZR <1 < (1 + VDR

b. Transient solution Gt (r, z, t) satisfies the following

a6 a6 a6
R R =
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Initial Condition:
At t = 0, et = -68 at all r and z

Boundary Conditions:

At t >0,

aet
1b. -5}—=0 at r = R, 1 + v2)

aet
2b. T 0 arr =0
r

3b. et = finite atr =0
4b, Gt =0 at z =0
At z = 8R0
5. 6, =0 for 0 <r <R a + v2)

SOLUTION TO THE STEADY STATE PROBLEM es:

It can be shown (Ref. [31]) that 6s has the following general form
0: = bz + [cl 3, @) +C, Y (anr)] [c3 sinh (o z) +

C4 Cosh (anz)] (F.5)
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Applying boundary conditions 3a, eg. BS = finite at r = 0 gives 02 = 0.

Boundary condition 4a, Gs =0 at z = 0 gives C4 = (), Hence the solution

reduces to,

O
it

s bz + Cl- C3 JO (anr) sinh (anz)

or,

D
L]

< bz + C5 Jo (anr) sinh (anz) , where C5 = Cl C3

Boundary condition la gives

a6
S = — \
< or )r =R, 1+ 2 ) I [anRo 1+ 2 )] =0 (F. 6)

The above equation determines the characteristic functions an s
n=1,2, ... ... . Now the series solution to the steady problem could
be written as
0]
68 (r, z) = bz + nzl a, JO (anr) sinh (anz) (F. 7)

where a is a new constant used in place of C5 and is evaluated below:

Applying boundary conditions at z = 8 RO ,

= = i <y <
68 620 8b R+ n§0 a_ J, (anr) sinh (BanRo) , for 0 < r < V2 Ro

o] (F. 8a)

a Jg (anr) sinh (SanRo) , for V2 R <t < (1+v2 )x

(F. 8b)

0o



-115-

Now, from the properties of Fourier Bessel Series (p. 232, Ref. [31]),

an could be determined as below:

/ﬁRo (1+v2)R

j' (egg. - 8bRo) r Jo (anr)dr +‘[ ?Bw - 8bRO)r Jo (anr)dr
_ 0 Ro /iRO

a = (+/2)R
sinh (8o R ) { r J§ (o_r)dr

1 1
[E‘ ©,, - 8bRo)] [(/2 R) J; (V2 R an)] + [&" ®, - 8bRO)Jx

n i_‘ n

0

=0
_ [(1 + v2) R, M} -V2 R Iy (V2 R, an)]
a + /2)2R§ 2 2
sinh (8 @ R)) 5 {Jo (an(l + /2)RC)}I- JIM‘)} J

a_l_ Iy V2R V2R e_g% —/b‘R;—ew+97Rg
n [o]

2 2 2
1 + v2) Ro [Jo {an 1+ /Z)Ro}} sinh (BanRo)
2

(F. 9)
Summing eqns. (F. 8a) and (F. 8b) and integrating between the limits,

r=0and r = (1 + /Q)RO » yields

6w + 620/R0

16 R
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SOLUTION TO THE TRANSIENT PROBELM (Bt):

Let us assume solution of the form:

Ot = R(r) Z (2) T(t) (F. 10)

where R, Z and T are functions of r, z and t respectively. Substituting

the above in eqn. (F.4) gilves final solution of the form (Ref. [31])

as below:
~a(@ +vhe
Gt =e [Cl J0 (Bnr) + C2 YO (6nr)] [03 sin(ﬂ“z) +
C4 Cos (sz)] (F. 11)

Applying boundary condition 3b, Gt = finite at r = 0, gives C2 = 0,

Boundary condition 1b gives:

30
(__t) - =
[ 5t he=u o+ VR T 71 By OF /2)R;) = 0 (F. 12)

The above equation gives the characteristic roots Bn. Comparing
with equation (¥. 6), we see that o = Bn.
Applying boundary condition 4b to equation (F. 11) further gives C4 = 0,
and solution now reduces to, in the form of a Fourier Sereis:

2 2
- -a(ﬁn + Ym)t

et = £=0 §=O Cnm 2 Jo (anr) sin(sz) (F. 13)

Applying boundary condition 5b to equation (F.13) gives

sin (8Ro Yﬁ) = 0 , and hence,
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mmT ,m=0,1,2, .....

'Y =
m 8 Ro
since Jo (0) = 1 and Y, = 0, Gt could also be written as,
© - Ynzl t © © -a(ale + ‘Y‘i)t
Gt = % Com e sin (sz) +X I C e
m=1 n=l m=l ™
Jo (anr) sin (‘sz)] (F. 14)

Applying initial condition, Bt = --6s (r,z) at t = 0 to equation (F.14)

gives:
oo o0
bz -~ nfl a sinh (anz) Jo (anr) = mfl Com sin (ymz)
[+ ] o
+ nfl f,g]_ Cnm Jo (anr) sin (sz) (F. 15)

Multiplying both sides of eqn. (F. 15) with r and integrating from r = 0

tor = (1 + z/2)Ro gives,

-bz = §=1 Com sin (sz) (F. 16)

Multiplying both sides by sin (sz) and integrating between z = 0 and

z = 8Ro yields:

2
- bz sin (sz) dz = Com sin (sz) dz
0 0
8R
°

f -bz sin (y_z) dz

0 m
Com = 8R

o
—{) s:ln2 (sz) dz
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8R
o
b . . .
- = [éln (sz) -z Y, Cos (sz)]
! 0
m
8RO Yo
2
1 j~ sin” y dy
Y 0
b 5 [ -8 RO Y, Cos (8Ro Ym)]
8 YmRo
}__{u -1 sin <2y>]
y%n 2 \ 0
or,
b
-— [—mﬂ Cos (mﬂ)]
Y
m
Com 4 R (F. 17)

[o]

Combining equations (F. 15) and (F. 16) gives,

[o<3 X B foe) o) .
) a, sinh (anz) JO (ar) = L X Com Jo (anr) sin Csz)
n=1 n=1 m=1

Mutliplying both sides by sin Csz) and integrating between z=0 and z=8R0

leads to the following ,

8Ro
. ) -a jg sinh (anz) sin Csz) dz
nm 8R0
, 2 ,mmz
[ sin (__8}_{.) dz
0 o
or,
o - a v, Cos (8Ro Ym) sinh (8R0an) (F.18)
nm 2 2

4Ro (an + Ym )
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U INAL SOLUTION

The complete solution can be written in the following form:

0 =0 +906
s t
or
6 = bz + 51 a_ sinh (anz) J0 (anr)
L2
- Ym t
+ . Com e sin (Y 2z) (F. 19)
m
m=1
2 2
-0~ +y )t
+5 ¥ c e " M J, (@) sin (¥ _2)
n=1l m=1
where aés are the roots of equation, Jl [én a + /Q)Ré] =0, for
n = l’ 2’ 3’ . . L] . b ] © ;
mm
Ym =g > M= 1, 2, . .. oy ©
o
3, (2R a) e [egg_ - Gw}
o} o R,
n (o)

a
n 2 2 2 ; .
a+v2)° R [Jo {an (1 + v2) Ro}]sz.nh (82 R )

_b/Ym2 [—mn cos (mﬂ)]

4 R
o

Com =

a Ym cos (8R°Ym) sinh (BRoan)

2 2
4R° (ozn +Ym )

nm
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and,

ew + OZO/R
o

16R
o

The temperature field being known, heat flux can now be calculated
through the meniscus surface (z = 8 Ro’ 0<r E.VQ Ro). The heat transferred
to the meniscus causes evaporation and the net amount of vapor produced
at the meniscus up to a time t could be estimated by calculating the
total heat Q transferred to the meniscus and dividing by the latent heat

of evaporation, h When sufficient amount of vaporization has occured

fg*
to fill up the cavity with vapor, the vapor nucleus appears on the surface;
time (t = tw) taken for this to happen, depends upon the volume of the
liquid that has penetrated into the cavity and which must be replaced by

an equal volume of vapor generated at the meniscus. tw could be determined

as follows:

Heat flux to the meniscus (at z = 8Ro) from the liquid is given by:

36

5 for 0 < r < V2R
2 - = o

(q/A) _ - v
2=8R K( )z=8R
o]

Total amount of heat transferred to the meniscus upto time tw could

be found by integrating the above:
t V2R
w o
f 20
6 (t) = - K (5 21 r dr dt (F. 20)
0 O

Differentiating equation (F. 19) w. r. to z gives
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(o]

36 -
(§Z)z=8Ro b+ f 21 % cosh (8Ro o‘n) Jo(anr)

n=1
o - (Yf‘)t
+ I C_ Y cos (mm) e
om 'm
m=1
2 2
oo ) —a(an + Ym )t
+ X ) Cnm Jo (anr) Y, cos (mm) e
n=]1 m=1
(F. 21)
Substituting equation (F. 21) in (F. 20) and carrying out the
integration, one obtains:
Q(t)=2‘m<R2t b
W o w 2
w —o () e,
+ 2 ﬂKRZ I C_ Yy cos (mm) =1
o om ‘m . 2
m=1 oy
: m
t
w o .
+ .{ [- z 2k a_ Y2 R _cosh (B8R 0 ) J. (¢ v2 R )J dt
0 =1 n [o] o n 1 n o
n
tw —omey ® o -a(a§+yi)t
+f( )z I C_y (/2R) cos (m) J. (a 2R e dt
nm 'm (o} 1 n o
0 n n=1 m=1
2
or, Q (tw) = -27TK b Ro tw
2 _ 2
2TK Ro © e o Ym tw_l
+ S z Com Y, cos (mm) —
m=1
Ym

- (continued on the next page)
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2., 2
o (an+rm)t
+

21 v2 R
——= |

o

=2mK V2 R { a cosh (8Roan) Jl (OLn V2 Ro) t,
¥
el nm

Y e
- E C Y, €os (mm) Jl (an/Z xo)

_1]
2 2
a (OLn +ym)

(F. 22)
Mass of vapor generated by heat(Q(tw)
Q(t ) (F. 23)
™™ h )
fg

where hfg and other properties of vapor used ahead are evaluated for

P . i
saturated vapor at pressure 26/R Volume of this vapor,\rvap

is equal to m, vg. If the liquid penetrates into the cavity upto a
distance M from the mouth (Fig.8) the vapor nucleus will appear on the

surface when

2 2

m v = [ﬂ RO-M+3x 1w R3 ] » Which is roughly the volume of liquid
v g o 3 o

to be displaced by vapor for the vapor nucleus to appear at cavity mouth

as shown in Fig. 50a. Hence, the equation

Q () v
mv =—2%2 8 1rR3 M+g 1rR3 (F. 24)
vV g hfg o 3 o

gives tw in terms of cavity geometry and wall superheat as contained in

Q ().
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ESTIMATION OF THE BUBBLE CONTACT TIME, tc:

For a growing bubble on a heated surface at superheat ATw=Tw—TSat in

a liquid at temperature Ty and pressure p_ (Tsat = sat. temp. at p_).
Mikic, Rohsenow and Griffith [30] obtained the following expression for

the later part of bubble growth (t+ >> 1):

+ 1/2 t+ 1/2

t
+
RV = eHY2 [ 1-6 a4+ R ) (F. 25)
t t
where,
R* = é%- R R = radius of bubble at time t.
B
1/2
A_/Tr hfg Py ATw
7 p, T
K L “sat
B= 2a)t? g J 7 G
™ 2 a a hfg pv
+ A-2t
t = 5
D
2
+ A tw
%~ T2
B
T
5 = ¥ . bulk
sat

+ +
when t, >>t , equation (F. 25) reduces to

R =B V/t. (F. 26)
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The condition t: >> t+ strictly holds when ATw is small as happens

during nucleation from deep laser cavities having large depth/diameter

ratio. (For example in Table F-I given ahead, at ATw = 2,8°F for water,

tw/tc ~ 3), When ATw is large, the previous inequality does not hold

and time t predicted by equation (F. 26) for a given bubble radius R,

is an underestimation of the real bubble growth time [Ref. 30]. However,

equation (F. 26) will be used to estimate the bubble contact time and

qualitative effect of wall superheat on frequency in the analysis below,
Staniszewski [32] suggests the following empirical equation for bubble

departure radius, Ry » when breaking off the heating surface:

1/2

R. = 0.4215 © <2° » (1+5.4R) (F. 27)

d g (py-p,
where Rd is in ft., 6 in radius and R in ft/sec.. Evaluating R from

equation (F. 26) and substituting in (F. 27) leads to the following

expression for the bubble contact time tc ’

B/t = 0.4215 6 (- 1+ 5.4 F. 28
c o) G (F. 28)
20 /2
Let x = 0.4215 6 (e———————-—- be a function of the contact angle and
g (py 0, )

fluid properties only.  Substituting in (F. 28),

_ B
Bl/tc -x+5.4x7€
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or, t — X /fc - 54 x=0 (F. 29)

Taking roots of the above equation:

o

2

/(L) +21.6 x (F. 30)
B

|+

1 X
/fc T2 B

For saturated water boiling at 1 atmos. and 0 = 45°, the above equation

reduces to:

y 0.45 [0.21 + 1.96 x 10~ * (F. 31)
tc AT 0 2
{ AT

where, t, is in seconds and AT in F°,

Similarly, for methanol (6 = 10°) one could obtain:

c AT AT 2

Thus, AT being given, t, could be estimated using equations (F. 31)

e o= 138 i\r.ozs + 0.268 x 1072 (F. 32)

and (F. 32) for water and methanol respectively.

Results of some numerical calculation have been presented in Table
F-1. A cavity with R = 0.001" and depth 0.01" was selected and, t, and
tC were calculated using equations (F. 24), (F. 31) and (F. 32). The
strong effect of wall superheat ATw on frequency is apparent from these
results, which is qualitatively consistent with the observed frequency
behavior during boiling from laser cavities (F. 49), e.g. the frequency

decreases with decreasing wall superheat, and vice versa.
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TABLE F-1

EFFECT OF WALL SUPERHEAT ON FREQUENCY

= 0,001"
= 0.01"
(471) = 2,3°F , (AT) = 0.7°F
20/R°, water , methanol
ATw’ op Eoaie® S€C t.» sec. t, * t.» sec. f, 1/min
WATER
10 0.007 0.0373 0.0443 1350
5 0.02 0.066 0.086 700
2.8 0.4 0.139 0.539 112
METHANOL
10 0.006 0.00505 0.01105 5400
5 0.015 0.00855 0.02355 4250
2 0.07 0.0303 0.10 600
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Analytical Presentation of the Boundary Surfaces Enclosing

APPENDIX G.
the Region of Active Sites In ATw - RO—D Space:

As described in Section II.2-5, the following three criteria determine
the required superheat for stable boiling from a cavity:

1. Vapor entrapment criterion.

2. Dynamic effects due to liquid motion inside the cavity.
3. Static criterion which governs the growth of vapor
nucleus outside the cavity.

In the ATero-D space (Figs. 28a and 28b) these criteria are repre-
sented by three different surfaces which can be described analytically
as follows:

1. Limiting Criterion for Vapor Entrapment:
(Surface 01230 in Figs. 28a and 28b)

The idealized vapor entrapment process was described earlier in

Section II.2-1 (Fig. 6). The volume of trapped vapor for a given contact

angle 6, can be calculated as below:

2R
[ (Fig. 57a):
Case I, D 2> ——rp

For this case, volume v;ap is clearly given by,

o 2 1 2
v ﬂRoD -3 ﬂRb hl

vap

o 2 1 2 2R
or, vvap “RbD -3 ﬂRo ("o )
tan 6



-128-

R
(+] 2 [¢)
or, vvap = ﬂRo (D - tan 0 ) (G.1)
ZRO
Case II, D < Tan @ (Fig. 57b, c):

From Fig. 57c, for a triangular volume element,
2 2
Rb -y - (Rb-D tan 9)

h = tan O

where, (x, y) is any point on the circle, x2 + y2 = Ri

Hence, volume of the triangular element,

[/Rz- Z_@®R-Dt a)]2 d
1 fo) y o an ¥y
dv= 5 ¢

tan 6

Total volume of trapped vapor:

7 2
o 1 2 2
Yvap = 2 tan 8 -/ [ R, =y - (R,~D tan 6)} dy
L5 2
o _ .1 [ R® -y - (R_-D tamn 9)} dy  (G.2)
or, vvap tan O J[ ° °
0

/2 2
where, ¥, = Rb - (Ro - D tan 0)

After the entrapment of vapor the liquid-vapor interface takes a
spherical shape as shown in Fig. 6, such that the volume of trapped
vapor remains the same. The volume of vapor under the spherical

interface could be written as:
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v = mR> H
vap o 2
+ %‘( Ro )3 (2-3sin 6 + sin’ 9) G.3)

cos O
For the "limiting criterion for vapor entrapment', H,=0, so that the
liquid-vapor interface touches the cavity bottom (Fig. 6), hence

R 3
o

T, o 3
vvap = 3 QEE;-Tﬁ (2 - 3 8in 8 + sin 9) (G.4)

gives the expression for the entrapment surface 01230 in Figs. 28a and 28b,

in terms of Ro and D, where v: is given by eqn. (G.2).

ap
2. Dynamic Effects:
The curved surface enclosing the region of dynamic effects
in FPigs. 28a and b and as described earlier in Section II.2-5 is ob-
tained by solving eqns. (13a) and (13b) subject to the condition that
dz

@ - 0 when z = H1 , which physically corresponds to the condition

that evaporation starts and the liquid-vapor interface starts
receding back as soon as it reaches the cavity bottom. The above
solution gives the implicit relation between ATw ’ R° and D which

represents the boundary surface of the region of dynamic effects.

3. Static criterion:
There are two kinds of static criterion considered in

Figs. 28a and 28b, each of which is represented by a surface in the
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AT-RO-D space. Surface 45674 in Fig. 28a represents the criteria

given by eqn. (15), e.g.,

o) ) 20 Tsat vf
20 h R
r fg o
[o]

and, surface 45Q1 26Q24 in Fig. 28b describes the static criterion
of eqn. (5) in Section II-1, which considers the effect of the

'limiting thermal layer' at the surface.
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GRIFFITH & WALLTS, Eqn. (3)
=----= USU, Eqn.(5) (C,=2,C,=1.6)
—.=:=.= HAN & GRIFFITH, Eqn. (6)

OREGULAR BUBBLE PRODUCTION © 0CCASIONAL BUBBLE PRODUCTION

18
12 }
6|
ol .
1675 -3
Cavity Dia,FEET Cavity Dia,FEET
WATER (S=34x10 °FEET) ETHANOL {§=2.7x10 >FEET)

Cavity Dia,FEET Cavity Dia,FEET

n=HEPTANE(6=3.5x10_5FEET) BENZENE(6=5.Ox10—5FEET

Fig. 1: Comparison between measured and predicted incipience
temperature differences at atmospheric pressure, Ref.[12]
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0.040 GRIFFITH & WALLIS, Eqn. (3)
------ HSU Eqn.(S)(C1=C3=l.0)
————— HAN & GRIFFITH, Eqn. (6) ©-0-006 IN.
=<+ === HOWELL & SIEGEL, Eqns. (7) & (8)
O O
0.020 ©
OO0
(@)
0.010 T o © ©
0.008 {- 8 8 O
_-0R-g-—————~~~
0.006 _9"”
-~ (u’
B O
0.004 | —_——— T T T
_o—0® O
- O O
0.002 |- a
00001 8 1 ' | L I i
0 2 4 6 8 10 12
- [ ]
‘l" 'r“t )
Fig.2: Incipience temperature required for regular bubble

production from machine drilled cylindrical cavities
in boiling with water, Ref. [11].
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(a) Nucleus extending outside the thermal layer.

Tsat

(b) Nucleus contained within the thermal layer.

Fig. 4: Criteria for growth of hemispherical bubble
nucleus . [11].
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LIQUID Controcl Volume

Position of liqui
vapor interface
at time t=0.

crit

Fig. 8: Sketch showing the solution domain of dynamic effects
on nucleation from an isolated cylindrical cavity in

HUUJ

h ltSheaxr stress at walls

b }ﬂ H‘Hﬁ

Pvap - 20/p

Fig. 9: External forces acting on the control volume, selected
in Fig. 8, during motion of the interface in the positive
Z-direction.
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O GAS-DIFFUSION WITH WATER
[[] BOILING WITH WATER
/A BOILING WITH ETHANOL
- A mn o
o A O o
B 0]
= A O
B o o
1 1 ] ] I I N I | 2 ] 1
1 5 10 50
-5
peff (10 - INCHES)
Fig. 10: Results of gas diffusion and boiling experiments for single

artificial cavities.
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- 4-0 FINISH

- O GAS DIFFUSION WITH WATER

- @ BOILING WITH WATER

2 s 10
Pogg (107 INCHES)

Fig. 11: N/A vs. Pef characteristics of a prepered copper

surface,observed during gas diffusion and boiling
experiments.

40
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3.lix10 )
a.
l.
le—
3.1x10°%

Vi . X A S aa s D

Fig. 13: Photomicrographs of some natural cavities on #320 copper
surface at magnification x1000.
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25x1

4

2[35x10-

C.

‘\

3.2x10™%

3[1x10'“
do

Photomicrographs of some natural cavities on #320 copper surface
at magnification x1000.
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Fig. 27a:

Size range of active sites at a given superheat
ATl and contact angle 0,
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Fig. 27b: Regions of inactive and active sites, governed by

three different criteria, at superheat AT1 and
given contact angle.
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Fig. 28b: Size range of active sites vs. superheat, considering
thermal layer criteria.
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DEPTH, D
-

Fig. 28c: Region of active sites at supeheat ATl, considering
thermal layer criteria.
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Fig. 2ud: Reglon of active sites at superheat ATZ' (A'r2 > ATl)
considering thermal layer criteria.
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Active site population on a given surface having a
prescribed cavity size distribution.
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- " - "
a. Magnification = x1000, Ro = 3.5 x 10 4 , D= 24 x 10 4

Al -
b. Magnification = x1000, Ro = 1.5 x 10 , D=20x 10

Fig. 31: Photomicrographs of laser cavities before boiling.
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c. Magnification =x1000, Ro = 2.5 x 10 4
"

D = 24 x 10 4

d. Magnification = x1000 4" _
Upper cavity: Ro =2 x 10 , D= 24 x 10

_4" _4"
Lower cavity: Ro = 2 x 10 , D=6 x 10

4"

Fig. 32: Phctomicrographs of laser cavities before boiling.
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Fig. 33: N/A vs. Pegs characteristics of the boiling Surface I,

having laser drilled cavities.
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Fig. 34: Boiling data for the individual laser cavities with

methanol and water.




-177-

v

A.leo'“

]

8.0x1o’“

o\

Cavity {1

7.9x16%

R

Fig. 35a: Photomicrographs of laser cavities on laser Surface I
at magnification x1000.
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Fig. 35b: Photomicrographs of laser cavities on laser

cavities on laser Surface I, at magnification
x1000. '
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Cavity #5
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Cavity {6

Photomicrographs of laser cavities on laser Surface I at
magnification x1000.
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"
4x10~%

14.6"

Fig., 35d: Photomicrograph of laser cavity #7 on laser
Surface I at magnification x1000,
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Photomicrograph of laser cavity #7 on laser
Surface I at magnification x1000.
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Cumulative site density vs. effective cavity size
for Surface II, having laser drilled cavities.

Fig, 36a:
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Fig. 36b: N/A vs. Pef characteristics of the boiling Surface III,
having laser drilled cavities.
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‘Fig. 37:

Cumulative site density vs. effective cavity size for

Surfaces 1II, IV,Vhaving laser drilled cavities in boiling
with methanol.
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Cumulative site density distribution for water and methanol.
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Fig. 39b: Comparison of the predicted and measured boiling heat

flux.
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Cumulative site density distribution for water and methanol.
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Fig. 40b: Comparison of the measured and predicted boiling

heat flux.
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Cumulative site density distribution for water and methanol.
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Fig. 41b: Comparison of the predicted and measured boiling
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Fig. 42a: Cumulative site density distribution for water and metharol.
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Comparison of the predicted and measured boiling heat-flux.
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Cumulative site density curves for water and methanol.
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Fig. 45a: Boiling &urve for methanol on laser Surface I.
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Fig. 45b: Boiling €urve for water on laser Surface I.
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Fig. 46a: Boiling curve for methanol for laser Surface III.
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Fig. 46b: Boiling ¢urve for water on laser Surface III.
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Boiling Curve for Methanol on Laser Surface V.
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Fig. 49: Frequency of bubble departures vs. superheat from

laser cavities in boiling with water on laser Surface III.
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Fig. 51: Sketch of the postulated model to evaluate
the initial liquid temperature.
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Fig. 52: Sketch of the boiling apparatus.
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Fig. 54: Sketch of the closed system gas diffusion

apparatus.
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Fig. 55a: Cumulative site density distribution for water and
organics, Ref. [18].
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Fig. 56a: Boiling curves for water and CCl,, Ref. [4].
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Fig. 58: a. Cavity size(R ) distribution, and b. cumulative site density
vs. size(R ) fora typical boiling surface.
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Fig. 59: Effect of varying the wall superheat on the population of
aétive sites in boiling on a surface having a prescribed
site distribution.
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Fig. 59c: Effect of varying the wall superheat on the population
of active sites ( D= D2 ).
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Fig. 62: Effect of contact angle on the population distribution of active
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