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CAVITY-TO-CAVITY INTERACTION IN NUCLEATE BOILING:
THE EFFECT OF HEAT CONDUCTION WITHIN THE HEATER

by

Kemal O. Pasamehmetoglu and Ralph A. Nelson

Nuclear Engineering and Technology Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

This paper presents a numerical study aimed at analyzing bubble
behavior as a function of site location. The effects of site distribution on the
nucleate boiling curve are examined. Simple local-instantaneous models that
mimic the bubble behavior on the boiling surface were implemented into a
three-dimensional finite control volume conduction code. For a given site
density, sample cases were run for uniform and nonuniform site distribution.

Our results indicate considerable deviation from linearized theories
that always assume a uniform distribution. It is shown that bubble emission
frequency is a strong function of site location. Consequently, the bubble flux
density is shown to deviate from a simple periodic behavior with increasing
nonuniformity in site distribution. This study further indicates that a uni-
form site distribution results in minimum area- and time-averaged surface
superheat and minimum temperature variations on the boiling surface. As
the distribution becomes less uniform, average surface temperature and sur-
face temperature variations along the boiling surface increase.



NOMENCLATURE

A

Superheat parameter given by Eq. (7) (m-°C)

Bubble departure diameter correlation constant (dimensionless)
Microlayer thickness correlation constant (dimensionless)
Natural convection correlation constant (dimensionless)
Specific heat (J/kg-K)

Bubble departure diameter (m)

Convective heat-transfer coefficient (W/m2-K)

Latent heat (J/kg)

Thermal conductivity (W/m-K)

Nusselt number (dimensionless)

Probability density function

Prandt] number (dimensionless)

Bubble radius (m)

Bubble radius as a result of isobaric growth (m)

Bubble radius as a result of isothermal growth (m)
Rayleigh number (dimensionless)

Bubble departure radius (m)

Cavity radius (m)

Separaticn distance between adjacent sites (m)
Temperature (°C)

Saturation temperature (°C)

Time (s)

Problem end time (s)

Axial coordinate (m)

Elevation of the isotherm passing through nucleus cap (m)
Thermal diffusivity (m2/s)

Time-step size (s)

Superheat at bubble cap (°C)

Superheat at contact (°C)

Wall superheat (°C)

Wall superheat at time bubble starts to grow (°C)
Octagonal cell diameter (m)

Axial grid spacing within the heater (m)

Axial grid spacing within the liquid layer (m)



Ap  Density difference between liquid and vapor phases (kg/m?)
é&-  Extrapolated thermal layer thickness (m)
() Gamma function
Gamma distribution scaling factor (s1)

r
A
1% Gamma distribution shape parameter (dimensionless)
p Density (kg/m3)

c Surface tension (N/m)

T Elapsed time between bubble growth at adjacent sites (s)

Tg Bubble growth time (s)

Subscripts
g Vapor
H Heater
/ Liquid

max Maximum
min Minimum
NC Natural convection



INTRODUCTION

Nucleate boiling is a highly desirable and thermally efficient mode of
thermal energy transport that yields high heat fluxes at reasonable surface
temperatures. Therefore, nucleate boiling phenomena have a wide range of
applications. Nuclear reactors, chemical plants, and electronic equipment
cooling are examples of such applications.

In the last 60 yr, nucleate boiling has been the subject of numerous
studies that have yielded both empirical correlations and theoretical models.
Unfortunately, the state of the art suggests that almost every experiment calls
for a different correlation. To date, even for the simplest boiling configura-
tion (saturated boiling on a horizontal heated plate), we do not have a single
correlation that includes all the independent variables of the boiling process.
Even the most elaborate correlations cannot be extrapolated outside their data
base, and, quite often, within their own data base, an error up to 100% is not
surprising when comparing surface heat fluxes for a given wall superheat.
For example, Gaertner's (1965) data indicate that g ~ (AT, )55, At ~10°C, a scat-
ter of 1°C corresponds to 70% error in surface heat flux. Data scatter within *
2°C is typically within the repeatability range of most experiments.

We believe a dynamic analysis of bubble nucleation, growth, and
departure phenomena is the key to understanding the nucleate boiling pro-
cess. Many previous investigations have contributed enormously in this
area. However, most of these earlier investigations concentrated on predict-
ing the behavior of a single isolated bubble and, having measured the total
number of active sites on the surface, extrapolating the results to multiple
bubbles. In addition, the single-bubble behavior typically is decoupled from
the heater by assuming isothermal surfaces and occasionally constant heat
flux surfaces.

There are very few studies in the literature where bubble-to-bubble or
cavity-to-cavity interactions are considered. These studies are aimed mostly
at studying the interaction of a pair of adjacent sites. The effect of multiple
neighboring cavities on bubble behavior and, ultimately, on the boiling curve
is not fully understood yet. The present study is aimed at further understand-
ing of one piece of the puzzle, that is, the thermal interaction between cavilies
through heat conduction within the solid. Theoretically, the nucleation sites
may interact through a number of mechanisms: (a) sonic waves generated



during the early bubble growth and departure stages, which is postulated to
promote nucleation; (b) hydrodynamic interaction because of liquid motion,
pressure changes, and convective heating during the bubble growth and
departure, which may promote or inhibit nucleation; (¢) seeding, which is
only valid for cavities in the very near vicinity of a growing bubble and which
may promote intermittent activations; and (d) thermal interaction through
heat diffusion within the heated solid, which may promote or inhibit nucle-
ation. The available literature is reviewed briefly in the next section.

LITERATURE REVIEW

Based on an analysis of high-speed motion pictures, Henley and
Hummel (1967) concluded that nucleation of a bubble at one site inhibited
nucleation at all surrounding sites for a brief period thereafter. They also
observed a strong tendency for bubble formation at the surrounding sites fol-
lowing the departure of the central bubble. Sonic interaction between the
growing bubbles was postulated to be responsible for this behavior.

Chekanov (1977) experimentally studied the interaction of two adjacent
cavities using boiling water at atmospheric pressure. Chekanov monitored
the time elapsed between the start of bubble growth from two adjacent artifi-
cial cavities on a 20-mm-thick permalloy plate. The plate was heated by two
copper electrodes that could be moved relative to each other so that the dis-
tance between the cavities could be varied. Chekanov found that the time

elapsed between the growth of the two bubbles followed a gamma distribution
in the form

LM Tle

P(r)= s ,

(1)

where A and v are the scaling and shape parameters, respectively. For a dis-
tance between cavities less than 3 departure diameters, Chekanov observed
that v is greater than 1. This was interpreted as a sign for "repulsive" interac-
tior, when the growth of a bubble at one site inhibited the growth of the bub-
ble at the adjacent site. At distances greater than 3 bubble diameters, the
interaction was postulated to be "attractive,” such that the growth of one bub-



ble enhanced the growth at the adjacent site. At distances much larger than
bubble diameter (s/ Dy ~ 10), there were no interactions (v = 1). Chekanov
postulated that the results could be explained by sonic interactions. This
appears to contradict their claim that, at short distances, there is a repulsive
interaction, whereas sonic interactions are expected to enhance the bubble
growth.

Calka and Judd (1985) boiled dichloromethane con a coated glass surface
and observed bubble growth from adjacent sites. They found that the time
elapsed between the growth of two adjacent bubbles followed a Gamma distri-
bution, where the shape parameter vs the separating distance curve was in
qualitative agreement with Chekanov's plot. However, quantitatively, Calka
and Judd observed that v was greater than 1 for separating distances less than
1 bubble diameter. Between 1 and 4 bubble diameters, v was observed to be
less than 1. Beyond 4 diameters, v was equal to 1. However, the disagree-
ment between the two studies is mostly in the interpretation of the results.
Calka and Judd postulated that v > 1 corresponds to a "attractive" interac-
tions, whereas v < 1 represents a "repulsive" interaction. The mechanism for
attractive interaction was postulated to be the seeding mechanism, where the
growing bubble in one cavity activates a surrounding cavity intermittently
through vapor seeding, based on the observations of Judd and Lavdas (1980).

More recently, Judd (1988) provided some more data using
dichloromethane boiling over a glass surface. In this experiment, the heating
surface was different than the one used by Calka and Judd (1985). Apparently,
the older surface had twice as many active cavities as the new one. A Gamma
distribution fit to the new data showed that v was greater than 1 for
separating distances less than a bubble diameter. Beyond this distance, there
‘were no interactions between the sites as v remained constant and equal to 1.

As indicated by Sultan and Judd (1983), the bubble flux density distribu-
tion over a heating surface is also an indirect indication for nucleation phe-
nomenon and possible interactions. Their study (Sultan and Judd, 1978) indi-
cated that sites are distributed in cluster forms over the heating surface, which
suggests that bubble formation may promote activation in the neighboring
sites, contrary to Chekanov's postulate. To examine this phenomenon fur-
ther, Sultan and Judd (1983) obtained data using boiling water at atmospheric
pressure, heated by a copper block 6 in. (15.24 cm) in diameter, reduced to 2 in.
(5.08 cm) at the boiling surface. Using a bubble detection probe, they obtained



the time elapsed between the bubble formation at two adjacent sites. The
reduced data are shown in Fig. 1. As shown in this figure, the elapsed time
remains constant for saturated boiling at distances greater than ~5 mm. For
distances shorter than this critical separation distance, the elapsed time
decreases with decreasing distance. This critical separation distance appears to
decrease with increasing subcooling.

Sultan and Judd (1983) recommended that this behavior could be
explained through radial heat conduction within the heater. They postulated
that the superheated liquid near the bubble base will act as an instantaneous
ring source following the bubble departure. This requires that the heater tem-
perature at this instance be lower than the liquid temperature, and all the
liquid superheat is diffused instantaneously into the heating surface. Calcu-
lating the speed of propagation of the instantaneously supplied sensible heat
in the radial direction, they estimated the following relation:

s—F?bEO.57 /17— T, , (2)

which yielded a reasonable agreement with the data. However, they were not
able to measure the bubble departure radius, Ry, and the growth period 1,
required in Eq. (2). These quantities had to be estimated from literature-based
models (Sultan, 1981), the accuracy of which is questionable when applied to
their experimental conditions. Furthermore, the instantaneous ring source
model is in contradiction with some commonly accepted criteria in boiling
heat transfer, such that (i) the liquid superheat can not exceed the wall super-
heat and (ii) following bubble departure, cold liquid from the bulk comes into
contact with superheated wall and the subsequent heating of the liquid
determines the bubble waiting time (Hsu, 1962). It is conceivable that the
time-dependent heat-transfer coefficient under a waiting and growing bubble
acts as a transient source and sink term, which alters the thermal behavior in
the vicinity. This is the essence of thermal site interaction. However, com-
pared with this scenario, the model proposed by Sultan and Judd seems
highly exaggerated. Furthermore, the model of Sultan and Judd is indepen-
dent of the adjacent bubble history, as well as of the existence of other cavities.
The square root relationship suggested by Eq. (2) is more likely to suggest a
hydrodynamic interaction than a thermal one.



In summary, these experimental data possibly include the effects of all
of the interaction mechanisms cited in the introduction. However, all the
mechanisms are not necessarily important within the same data set. For
example, the thermal interaction is not expected to be the dominant one in
the studies of Chekanov (1977), Calka and Judd (1985), and Judd (1988). These
experimental data were obtained using a very thin boiling surface (in case of
Chekanov) or glass surfaces (Calka and Judd, 1985; Judd, 1988), where the hor-
izontal heat conduction is very restricted. In these studies, sonic and hydro-
dynamic mechanisms are likely to dominate. On the other hand, thermal
‘interactions may become important in the study of Sultan and Judd (1983),
where a copper block is used as the heating surface. In fact, Sultan and Judd
claim thermal interactions are the only important mechanism. We question
this claim and suggest that other mechanisms may be equally responsible for
these data.

The present study is aimed at investigating the thermal interactions
within the heater only. Our current closure relationships do not permit us to
look into other types of interactions, such as sonic and hydrodynamic
interactions. Therefore, the present study is not aimed at analyzing any qata
set cited above. The study is expected to isolate the thermal interaction
problem and examine the consequences of such interaction on the boiling
curve. Once agaiii, we believe that a comprehensive model accounting for
other types of interactions is necessary to explain the existing data.

In the next section, we will describe our computer model specifically
developed to analyze the heater conduction effects on cavity-to-cavity interac-
tion in nucleate boiling.

MODEL DESCRIPTION

Heater Analysis of Nucleation Dynamics (HANDY) is a tiu -e-dimen-
sional, implicit-explicit, finite-volume, conduction-heat-transfer computer
program that we are developing to analyze the nucleate boiling process. The
finite control volumes are octagonal and square cylinders. Figure 2 illustrates
the mesh structure. Each octagonal cell on the heater surface (z = 0) may con-
tain a nucleation site (not necessarily active). The cell size in the horizontal
direction is typically on the order of a bubble departure diameter (~ 1 inm),
whereas the cell height can be made very small, depending on the heater




thickness. The time-step size is on the order of a fraction of a millisecond
because the phenomena of interest such as bubble waiting time and growth
time are typically several milliseconds. Under these restrictions, the axial cell
size limits the program stability. Thus, the code is made implicit-explicit in
the axial direction with a degree of ‘implicitness 0.5, which provides an
unconditional stability in the axial direction. The solution scheme is fully
explicit in the horizontal direction because the cell and the time-step sizes of
interest do not violate the stability criterion. Furthermore, this scheme
provides an easier coupling between octagonal- and square-cell temperature
fields and results in a tridiagonal matrix that yields a computationally more
efficient solution than a fully implicit case. Further details on the HANDY
code can be found in Pasamehmetoglu and Nelson (in preparation).

The boiling surface is characterized by a local (cell-averaged) and
instantaneous (averaged over the time-step size) heat-transfer coefficient that
satisfies the required boundary condition for the conduction solution. The
coupling is time-wise explicit for the surface temperature dependence of the
heat transfer coefficient. Version 1 of HANDY is only applicable to saturated
water boiling at atmospheric pressure. The bubble behavior is simulated
using literature-based models, which were reformulated (when necessary) to
yield local-instantaneous heat transfer coefficients. Symmetry conditions
supply other needed boundary conditions.

The current computer model is applicable to the discrete bubble region
of nucleate boiling curve. There are numnerous cavities on the boiling
surface, some of which are activated and generate bubbles. Underneath the
growing bubble and within its vicinity, latent heat transport and enhanced
convection are important. In the region of these bubbles, the surface is cooled
by natural convection to single-phase liquid. Likewise, the heat-transfer
mechanisms change locally as a function of time because of various stages in
bubble dynamics. For example, the mechanism during the bubble waiting
time is different then the mechanism during growth. Thus, the computer
model requires various closure relationships that will provide the heat-
transfer coefficients as a function of location and time. In the following
subsections, these closure relationships are summarized.

Natural Convection Model. The surface cells without active cavities
are assumed to be cooled by natural convection. For these cells, the well-
known heat-transfer correlation given by



"Nu=C,,. Ra"® (3)

is used (Holman, 1981) to predict the extrapolated thermal layer thickness
under natural convection conditions. The advantage of this correlation is
that when it is written in terms of the heat-transfer coefficient, hyg, it is inde-
pendent of characteristic length. The proportionality constant Cnyc currently
is set to 0.15. This is a commonly accepted magnitude for isothermal surfaces,
even though values as high as 0.6 have been reported in the literature. Thus,
knowing the value of the heat-transfer coefficient, the extrapolated thermal
layer thickness can be estimated as

k
Or ne == . (4)
. hNC

Then, the local instantaneous heat-transfer coefficient is obtained through
one-dimensional transient conduction solution within the liquid layer. The
governing equation becomes

aT, 82T/

= o — ,
o I 92 (5)

with the following initial and boundary conditions:

@t=0, T =T

/ sat

@ z=0, T =T,/(x,y1)

@z=8T.NC, T =T

In the code, the solution to this transient problem is obtained numerically
using the thermal thickness in user-defined axial cells. The solution scheme
is fully implicit; however, the transient boundary temperature, Ty (x,y,t), is
the old time-temperature from the heater solution.
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Cavity Activation Criterion. The user can define the desired number
of cavities (limited to one cavity per surface cell) and cavity radii in the octag-
onal surface cells. The criterion used for the activation of this cavities is
determined based on the theory developed by Han and Griffith (1965). Based
on a maximum extrapolated thermal layer thickness, dng, the range of cavities
that can be activated in saturated liquids may be obtained from

‘ 1)
T.NC 6A
R = 1+ [1- ,
2-2;* 3 ( J 6T.NC ATw,NCJ (6)
where
20T
A= sat ' (7)
pghw

The cavities with radii between R¢max and Rgmin will be activated. However,
study of Shoukri (1974) show that, on natural surfaces, cavities with sizes
closer to the lower range are present and will be activated.

Bubble Departure Criterion. Currently, a simple bubble departure crite-
rion is used such that a fixed departure diameter determines the departure
condition. We used the correlation of Cole and Rohsenow (1969), which is
given by

574
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where Cg = 1.5 x 10" is recommended for water. For the calculations reported
in this paper, we used Cg=1.25 x 104, which yields a bubble departure
diameter of 2 mm for saturated water at atmospheric pressure. This number
was more suitable for number density estimates needed for the present
calculations.

Bubble Waiting Time Models. According to Hsu (1962) and Han and
Griffith (1965), the bubble from an active cavity will grow if the liquid tem-
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perature at the bubble cap location reaches the required superheat. For a
hemispherical nucleus emerging from a cavity, the required superheat can be
calculated from

= A
ATb"' Rc ' (9)

According to Han and Griffith, the isotherm tangent to the bubble cap will be
located at a vertical location,

Z =

b=5 R | (10)

NI [

relative to the heating surface, a short lateral distance away from the nucleus.
After bubble departure, bulk liquid comes into contact with the heater

surface, and the thermal boundary layer starts developing. The development
of the thermal boundary layer, 87, may be obtained from the sclution of the
transient conduction equation in the liquid given by Eq. (5). However, if 2, is
less than the nodal spacing, Az, for the numerical solution of Eq. (5) (quite
often true because the cavity radii are typically on the order of um), then an
approximate approach is used as

ST(t)zﬁalt . 11)

This is the well-known solution for extrapolated thermal layer thickness in a

semi-infinite solid for a constant boundary temperature. The instantaneous
temperature at location z, is calculated through

zb
AT (z 1) = ATw(t)[1 - -—5—;—(—5} . (12)

where the quasi-steady assumption is invoked by using the instantaneous
wall temperature. If the temperature calculated in Eq. (12) exceeds 4Tp from
Eq. (9), the bubble starts growing.



During the waiting time, except during the first time-step size follow-
ing bubble departure, the convective heat-transfer coefficient is computed
from the numerical solution in the liquid field as

(57',]
0z 420
h=-— k,-—Z-.’:;V-(—t)— . (13)

if zy > Az; Otherwise, the convective heat-transfer coefficient is calculated as

k-
”=‘5"T’ - (14)

For the first time-step size following bubble departure, a quench heat-
transfer coefficient is required. The instantaneous contact temperature for
two semi-infinite solids at uniform temperature is given by

-1

k/cp,/ P

/_\TC= ATW 1+ kHC

o Py (15)
P,

In our problem, the heater has a certain temperature distribution in the axial
and lateral directions. Knowing the contact temperature, the finite control
volume equations are solved to obtain a value of h ; that w »uld yield a cell
temperature equal to the contact temperature. Similarly, a heat-transfer coef-
ficient, h», that would result in a liquid contact temperature to that given by
Eq. (15) within one time-step size is calculated. The maximum of the two
magnitudes, h 1 and hy, is chosen as the quench heat-transfer coefficient.

Bubble Growth Time Models. Isobaric and isothermal growth equa-
tions are considered for the bubble growth rite. For the isobaric growth, the
modified Rayleigh solution provided by VanStralen et al. (1975) is used. This
growth equation is given by

—
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(16)

where AT, , is the wall superheat at the time bubble starts growing and 7, is
set to 10 ms when used within this equation. For the isothermal growth, the
bubble is assumed to grow due to microlayer evaporation. Assuming conduc-
tion across the microlayer of average- thickness 8,/2, the energy equation
yields

dR,  k AT,(1)

dt = pgh S(t) (17)

where the initial microlayer thickness is formulated as (Olander and Watts,
1969)

pah
§=C. —2"__ [P R(1)

o M p/Cp,I AT, IR (18)

Note that this formulation yields R ~ t1/2, which typically characterizes the
asymptotic bubble growth. For these calculations, we set Cy = 1.6. For the
isothermal growth, we neglected the effect of relaxation microlayer suggested
by VanStralen et al. (1975). Lee and Nydahl's study (1989) indicates that the
liquid isotherms do not surround the bubble during asymptotic growth. The
isotherms fold within a thin layer near the bubble base. Thus, the contribu-
tion of relaxation microlayer would be minimal. The isothermal and isobaric

growth equations are combined using the approach suggested by VanStralen
et al. (1975) as

. A d I' F?1(t F?Q(t
(t+ At)= R(t)+ dtLF?1(t)+R2(t) At . (19)

The bubble is assumed to depart when the radius exceeds the departure radius
discussed earlier.
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The heat-transfer coefficient during bubble growth is calculated
through quasi-steady conduction across the microlayer. Underneath the
growing bubble, the average microlayer thickness is assumed to be §,/2,
whereas the average extrapolated thermal layer thickness is set to §, outside
the growing bubble. Thus the cell-averaged heat-transfer coefficient is given

by
h(t) = —k’—z-[z R+(R-A) . (20)
60Rd |

Further details and discussion of these models can be found in the
report by Pasamehmetoglu and Nelson (1991). Using the HANDY code,
which contains the above-described models, we looked at a sample problem
for nucleation dynamics. The sample problem is described in the following
section.

SAMPLE PROBLEM DESCRIPTION

As a sample problem, we looked at the boiling of saturated water at
atmospheric pressure. A 1-mm-thick copper plate was chosen as the heater
material. The heater was supplied with a constant heat flux boundary condi-
tion of 70 kW/m?2 at the lower surface. If we look at Gaertner's (1965) and Sul-
tan's (1977, 1981) boiling curves, the expected average surface temperature is
between 10 and 12°C for these conditions. We assumed a number density,
N/A = 61,695 active sites per m2, which was held constant for all cases studied.
Note that Gaertner's (1965) number density data yield about 46,000 sites/m?,
Sultan's (1977) data yield 85,000 sites/m2,and Shoukri's (1974) data yield
155,000 sites/m?2. Thus, the number used in this study is between Sultan's
and Geartner's measurements. The present study concentrates on the effects
of site location. To isolate the problem, the additional effects of cavity-size
variations were eliminated and will be considered in the future. All the cavi-
ties were assumed to be identical and to have cavity radii of 3.5 pm.

The imposed heat flux would yield a surface superheat of 38.4°C under
natural convection conditions, which corresponds to an extrapolated thermal
layer of 373.4 um. For this value of the thermal layer thickness and tlie wall
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superheat, the cavity radii range that can be activated was calculated to be
between 0.85 and 248.1 um. Thus, the chosen cavity radius of 3.5 um is closer
to the minimum magnitude of cavity radii that can be activated.

The diameter of the octagonal cells was set equal to the bubble depar-
ture diameter. The numerical parameters used for the current calculations
are given in Table 1. Using the same numerical parameters, we ran five sam-
ple cases by changing the nucleation site locations. Figure 3 illustrates all five
cases. Note that for a constant number density, Case 1 corresponds to a uni-
form site distribution, whereas Case 5 is the most nonuniform one among
the five cases considered. The results of the calculations for these cases are
given in the following section.

RESULTS

Case 1 corresponds to a uniform cavity distribution over the heating
surface for a given number density. In this case, the bubble reaches a steady-
period of 19.5 ms, as shown in Fig. 4. All the bubbles on the surface would be
in phase, which is illustrated by‘fhe bubble flux ratio shown in Fig. 5. The
bubble flux ratio is defined as the number of bubbles growing on the surface
divided by the number of active cavities. As shown in Fig. 5, for a uniform
distribution, bubble flux ratio is periodic and is either one or zero.

Case 2 corresponds to a small deviation from a uniform distribution as
a pair of adjacent cavities have a separating distance equal to 1 bubble diame-
ter. In this case, site number 1 generates bubbles with a frequency of 46.5 Hz,
whereas site number 2 generates bubbles with a frequency of 55.6 Hz, as
shown in Fig. 6. The behavior of individual bubbles is expected to be periodic.

TABLE1
NUMERICAL PARAMETERS USED IN THE CURRENT CALCULATIONS

Az (m) Ax (m) Az (m) At (s) fend (S)

1.0x 104 2.013 x 1073 3.734 x 10 5.0x 104 25
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The numerical calculations indicate a small deviatior from pecriodic behav-
ior, as the waiting time for bubble 2 occasionally decreases from 8.5 ms to 8
ms. This is possibly a consequence of the numerical integration using 0.5-ms
time-step sizes and is not caused by a system nonlinearity. However, the boil-
ing surface behavior has a higher order periodicity. One way of characterizing
the surface behavior would be again to look at bubble flux ratio. Figure 7
illustrates the bubble flux ratio for this case over a 200-ms time-frame. As
shown, the behavior is not periodic in this time frame. However, the pat-
terns will repeat themselves every 387 ms. Thus, the period for the bubble
flux ratio increases by nearly 20 times as compared with Case 1.

Case 3 represents a combination of Cases 1 and 2. In this case, all four
bubbles are out of phase, as shown in Fig. 8. However, bubbles generated
from sites 2 and 3 are out of phase but have the same period of 19.5 ms. Bub-
bles emitted from site 1 have the longest period (22 ms), whereas site 4 gener-
ates bubbles with period of 17.5 ms. Figure 9 illustrates the bubble flux ratio
for this case over a time frame of 100 ms. The bubble flux ratio patterns are
expected to repeat themselves with a period of 7.5 s, which is 385 times the
period of uniform distribution (Case 1).

Cases 4 and 5 increase the cavity distribution nonuniformity even fur-
ther. For Case 4, sites 1 and 4 are symmetric and generate bubbles with a fre-
quency of 50 Hz. Bubbles emitted by site 3 have the highest frequency (60.6
Hz), whereas bubbles generated by site 2 have the lowest frequency (40 Hz).
Finally, Case 5 has the highest degree of nonuniformity among all five cases
that we considered. Sites 2 and 3 are symmetric and have a bubble emission
frequency of 50 Hz. Sites 1 and 4 emit bubbles with frequencies of 40.8 Hz and
58.8 Hz, respectively. The bubble flux ratios for Cases 4 and 5 have a pattern
repeat period of 8.25 s and 8.33 s, respectively. Figures similar to those for
Cases 1 through 3 can be generated for these cases as well. For brevity, they
are not included in the paper. Thus, it can be concluded that the heater sur-
face characteristics, characterized by the bubble flux ratio in this study, become
more and more nonlinear as the nonuniformity in cavity distribution
increases. It would be interesting to see the effects of this behavior on the
boiling curve.

Figures 10 through 14 illustrate the area-averaged instantaneous sur-
face superheat, instantaneous maximum surface superheat, and
instantaneous minimum surface superheat for Cases 1 through 5,
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respectively. As shown, the surface-averaged wall superheat and the
maximum wall superheat increase as the site distribution becomes less
‘uniform (as we go from Case 1 to Case 5). On the other hand, increasing the
nonuniformity decreases the minimum surface superheat, thus, creating a
larger temperature scatter on the boiling surface. Time- and area-averaged
temperatures typically are used for plotting the boiling curve. We obtained
the time-averaged values by averaging the data over the last second of the 2.5-
s run, and these are reported in Table 2. Note that for Cases 3 through 4,
bubble flux repeat periods are much larger than a second; thus, time-
averaging done over a second does not really represent an appropriate
average. However, the obtained values is expected to be within £0.05°C of the
exact value.

SUMMARY AND CONCLUSIONS

In this paper, we studied the effect of the distribution of active sites on
the bubble behavior and its consequences on the boiling curve. A three-
dimensional conduction computer program is being developed for analyzing
the nonlinear effects of site-to-site interactions. The HANDY computer pro-
gram has various models that mimic bubble behavior on a boiling surface.
The current version contains literature-based simple models for these pur-
poses. These models were described briefly in this paper.

TABLE 2
TIME-AVERAGED WALL SUPERHEATS

Time and Area | Time Averaged | Time Averaged
Averaged Wa'l Maximum Minimum
Case Superheat Superheat Superheat
1 10.30 10.52 9.82
2 10.54 11.11 9.66
3 10.68 11.36 9.50
4 10.78 11.84 9.50
5 10.85 11.98 9.50
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The code is applied to a simple boiling configuration in which the sur-
face contains a number of identical cavities. The distribution of these cavities
is changed while keeping the number density the same. The distributions
from totally uniform to highly nonuniform cas.-s were considered in five
separate cases. Using symmetry boundary conditions, the total number of
active cavities was kept at maximum four. However, more cavities can be
analyzed easily using the existing code. All cases are rur. using a copper
heater, which is commonly treated in the literature as an isothermal surface.

Even with the small perturbations tried in these five cases, the results
indicated considerable deviation from linearized theories. For example, it
was shown that bubble waiting time is not only'a function of average surface
temperature and cavity size but also a strong function of the cavity location.
Within the parametric range of this study and while keeping the cavity size
and heating conditions the same, we were able to show that there is up to a
55% change in waiting time. Similarly, the periodic behavior of the bubble
flux density becomes highly complex if the site distribution deviates from
uniform. It also' was shown that the site distribution has a noticeable influ-
ence on the time- and area-averaged wall temperatures. This is the quantity
typically used in plotting the boiling curve. The average temperature shows
an increase as the site distribution becomes increasingly nonuniform.
Within the parametric range of this study, which is restricted to a maximum

of four sites, the maximum- deviation was a little larger than 0.5°C. For a boil-
| ing curve of saturated water at atmospheric pressure, this is considerable as it
typically translates to more than 30% scatter in the corresponding heat flux
estimates. Likewise, a nonuniform distribution promntes a larger span
between the minimum and maximum surface temperatures.

Note that the present model represents a small perturbation from lin-
earized models. Nevertheless, it presents strong indications that the actual
nucleate boiling phenomehon is highly nonlinear. We must note that the
results presented within the paper do not account for cavity-size variations,
which are present in real systems. These effects are observed to enhance the
nonlinear behavior and will be included in the future studies. As the next
step in our modeling efforts, we will incorporate a more dynamic bubble
growth model into HANDY. This model will include an instantaneous force
balance on the bubble and does not require an a priori knowledge of the bub-
ble departure diameter. Also, the effects of hydrodynamic interactions are
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being in~orporated into the code by considering the fluid convective veloci-
ties and pressure variations resulting from bubbles' motion. Techniques to
identify and analyze nonlinear and chaotic behavior also will be integrated
into the interpretation of the results in an effort to better understand the
behavior. | '
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Fig. 2. Mesh structure of HANDY.



CASE 1

CASE 2

CASE 3

Fig. 3. Various site distribution cases examined in this study.
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CASE §

Fig. 3. (cont)
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