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Abstract—A new model has been developed where the coupled transient two-dimensional conduction

equation is solved for the heater and the liquid macrolayer, while allowing for the time-wise thinning of

the macrolayer. The major conclusions are: (1) dominant evaporation occurs at the liquid—vapor—solid

contact point (triple point) and is required to match boiling curve behavior quantitatively ; (2) evaporation

at the stem interface and bubble-macrolayer interface is negligible (except near critical heat flux) ; and (3)
the results are sensitive to closure relationships, especially to the active site-density correlation.

INTRODUCTION

NuCLEATE boiling has long been recognized as a highly
efficient heat-transfer mechanism favored in many
industrial applications. Despite its widespread use and
numerous studies dealing with various aspects of the
process, understanding the mechanisms that influence
nucleate boiling and their interactions remains one of
the most challenging problems of heat transfer. Until
recently, there have been very few detailed mechanistic
models aimed at nucleate boiling modeling.

The present paper has two objectives. The first,
which will be done in this introductory section, is to
briefly bring into perspective recent modeling work of
the high heat-flux, saturated-pool, nucleate boiling
process. The second objective is to use numerical
simulation to address issues that we feel are fun-
damental to this boiling region. This second objective
will be undertaken in the remainder of the paper.

The high-flux, nucleate boiling region, or the vapor
mushroom region, was defined in the pioneering study
of Gaertner [1]. Various investigators postulated that
this region is characterized by the formation of a
liquid layer {macrolayer) underneath a growing mush-
room-shaped bubble (see Fig. 1). Vaporization of the
macrolayer feeds the mushroom as it grows and
departs from the surface.

Considerable evidence in the literature confirms the
existence of the macrolayer under a growing
mushroom. In addition to the visual observations (see
Gaertner [1]), Iida and Kobayasi [2] and Bhat er al.
[3] confirmed the existence of a liquid-rich layer near
the heated surface through measurements of void frac-
tion as a function of position above the heated surface
using a conductance probe. For the heat fluxes of
interest, the average experimentally measured macro-
layer thickness ranges from 50 to 500 um. Line-aver-
aged void fraction measurements made using gamma
densitometers {4] confirm macrolayer existence but do

not detect the liquid layer in all cases because the
minimum distance of the beam from the wall was 300
um. Indirect evidence of the existence of the macro-
layer is also provided by Yu and Mesler [5], who
measured surface temperature fluctuations at high
heat fluxes.

What might be called ‘the ultimate application of
the macrolayer concept’ has been the use of its exist-
ence to explain the occurrence of the critical heat flux
(CHF). Katto and his co-workers [6-8] have con-
tributed considerably in defining and analyzing this
boiling mechanism leading to the ‘multi-step’” CHF
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FiG. 1. Schematic of the top and side views of a vapor
mushroom over a heated surface.
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A, heater area covered by stems [m?]
A, total heater area [m?]
C specific heat [J kg™' °C™']

g gravitational acceleration [m s 7]

h, convective heat-transfer coeflicient
[Wm *°C""]

h. evaporation heat-transfer coefficient
Wm~?°C™']

b latent heat of vaporization [J kg™ ']

H heater thickness [m]

k thermal conductivity [Wm~ ' "C~']

triple-point evaporation rate

kgm™ ' *C's7]

N number of active sites (dimensionless)
4 equivalent heat flux [W m~?)

o boundary heat flux [W m~?]

0, internal heat-generation rate [W m™’]
r radial coordinate {m]

Ry, heater radius per stem [m]

R, stem radius {m]

t time [s]

T temperature [*C]

T. contact temperature [“C}

NOMENCLATURE

To boundary temperature [“C]}

T.. saturation temperature [*C}
Tre  triple-point temperature [°C]
T, wall temperature [°C]
z axial coordinate [m].

Greek symbols
o macrolayer thickness [m]
dp initial macrolayer thickness [m]

Ar radial nodal spacing [m]

Az,  axial nodal spacing in the macrolayer [m]

Az, axial nodal spacing between the last two
top nodes in the macrolayer {m]

Aé  amount of macrolayer evaporated [m]

p density [kg m™]

g surface tension [N m™'}

Tq bubble departure time [s].
Subscripts

f liquid

g vapor

h heater.

model [8]. Experimental and analytical transient CHF
studies [9, 10] also demonstrate the importance of this
concept.

Thus, although the existence of the macrolayer is
accepted, how it evaporates to supply the mushroom
bubble and some of its basic characteristics are still
under serious debate. The literature contains several
detailed phenomenological models aimed at analyzing
the boiling curve behavior of this boiling regime. We
provided an extensive literature review on the subject
elsewhere [11]. Generally, these models may be classi-
fied in terms of their emphasis on the dominant
phenomena. The more significant aspect of several of
the various models may be classified as follows.

Transient one-dimensional (1D) models

Studies aimed at detailed 1D modeling of the
macrolayer evaporation phenomenon are provided by
authors [3, 12-14] who concluded that the conduction
across the macrolayer and evaporation from the top
interface of the macrolayer was the dominant mech-
anism. This conclusion was strongly questioned by
Chyu [15]. However, Chyu’s [15] conclusion was not
backed by detailed analysis and was based mostly on
qualitative arguments. In a sense, Chyu’s [15] model
may be considered to be 1D also, as it is mainly
concerned with 1D conduction across the microlayer
under the vapor stem. This microlayer concept might
be thought of as being similar to that associated with
discrete bubbles. However, the implications of such
localized evaporation on the wall temperature and

the resulting nonuniformities were not quantified by
Chyu [15].

The study of Pan er al. [16] may also be classified
under 1D models. However, the authors assumed that
the nucleate-boiling near the vapor stem was the
dominant evaporation mechanism, as opposed to the
conclusions of refs. [3, 12-14].

In the study of Jairajpuri and Saini [14], the con-
stant wall superheat assumption of previous 1D
models was replaced by a constant wall heat-flux
assumption, allowing for time-wise variations in wall
superheat and macrolayer thickness to occur.
However, while the authors showed the correct heat
fluxes that were obtained, time-averaged wall tem-
perature results were not shown.

The major shortcomings of the 11> models are that
a priori assumptions have to be made on the dominant
evaporation mechanisms and on the elimination of
wall superheat spatial variations in the tangential
direction. While the validity of the uniform wall tem-
perature assumption might be argued for isothermal
heater materials such as copper, the majority of com-
mon engineering materials are not isothermal. The
temporal constant wall temperature assumption fre-
quently employed also contradicts the temperature
fluctuations observed by Yu and Mesler [5].

Steady-state, two-dimensional (2D) models

The studies of Dhir and Liaw [17] and Pan and Lin
[18] investigate some 2D aspects of the problem. In
both studies, the thermal behavior of the macrolayer
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is treated as steady-state and macrolayer thinning is
ignored. The study of Dhir and Liaw [17] does not
recognize the existence of the macrolayer. Their analy-
sis implies that the thermal boundary layer is much
smaller than the liquid layer thickness ; consequently,
the macrolayer thickness is irrelevant to the analysis.
Within their own database, Dhir and Liaw [17]
achieved reasonable success in modeling their high-
flux boiling and CHF data. Further details of this
model and its comparison to ‘macrolayer models’ are
provided elsewhere [11]. Pan and Lin [18] attempted
to include flow effects within the macrolayer in the
analysis. They postulated that both Marangoni flow
and interfacial shear-induced flow resulting from
vapor flows out of the stem result in an enhancement
of the effective liquid thermal conductivity.

As with 1D models, the major shortcoming of these
studies is the uniform and constant surface-tem-
perature assumption.

Issues. We believe the major issues arising from
previous studies are as follows :

(a) The modeling efforts are predominantly either
transient 1D or steady-state two-dimensional (2D).
Steady-state models imply that liquid resupply does
not disturb the thermal boundary layer profile within
the macrolayer. Transient models imply that the ther-
mal profile is disturbed by the liquid resupply, and we
consider its re-establishment to be important. Fre-
quently hidden within the transient models is the ques-
tion of the initial temperature of the resupplied liquid.

(b) Macrolayer thinning is generally not con-
sidered.

(c) A constant and uniform temperature heater,
surface-boundary condition was used in most of the
previous studies.

(d) Contact angle effects have been studied in few
of the models. While we believe Dhir and Liaw’s [17]
model does have several significant limitations, their
investigation of this effect is a meaningful under-
taking.

The present study is aimed at a more detailed analy-
sis of the macrolayer evaporation mechanism using a
transient 2D model to include both the macrolayer
and the heater. The model used in the current study
is described in the following section. Results obtained
using the model and conclusions are then presented.

MODEL DESCRIPTION

In this study, we modeled the problem as a transient
2D conduction-dominated problem considering both
the macrolayer and the heater. Thinning of the liquid
macrolayer is included. Such an approach allows us
to address the following points: (1) the uniform and
constant wall-temperature solution may be relaxed;
(2) the influence of both heater materials and their
thickness can be studied ; (3) the effect of the heating
method may be investigated; and (4) parametric
studies with the transient 2D model may provide clues
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to the 3D behavior of the problem. The present paper
mainly emphasizes the first point. The second point is
also discussed briefly within the paper.

Figure 2 shows the physical model. The most sig-
nificant feature of this vapor stem macrolayer model
is the introduction of a liquid—vapor-solid, contact-
point evaporation phenomena, also called the mic-
rolayer evaporation hypothesis, in the macrolayer
evaporation model. (The liquid-vapor-solid contact-
point/circle will be called the triple point.) This visu-
alization of the microlayer at high heat fluxes differs
from earlier propositions [15]. Chyu’s [15] microlayer
hypothesis shows a continuous layer of liquid film
underneath the vapor stem. Rather, we believe that
such continuous existence is unlikely and that the
microlayer has a dry spot at the center of the stem as
experimentally observed by Kirby and Westwater [19]
and Van Ouwerkerk [20]. For a moderately wetting
fluid such as water, evaporation from the microlayer
(whose location may well be dynamic during a
bubble’s lifetime) is a highly efficient mechanism, and
the liquid macrolayer may evaporate through micro-
layer consumption.

The scale of the microlayer region is expected to be
much smaller than the scale of the macrolayer; our
analysis (to be shown later) indicates that the stem’s
liquid—vapor interface, by itseif, does not provide an
efficient evaporation mechanism. This leads us to con-
jecture that the triple-point phenomena representing
the microlayer evaporation must occur rather close to
the heater surface.

Modeling the details of the microlayer at high heat
fluxes would require a true characterization of the
curved liquid-vapor interface near the triple-point.
For now, we note that the microlayer evaporation
effect is represented in the model in a lumped sense.
A triple-point mass evaporation coefficient, m, p (kg
s~' m~' K7'), represents the mass of liquid evap-
orated per unit time per unit perimeter of the vapor
stem per degree wall superheat of the triple point. We
expect the microlayer shape and scale to be influenced
by several factors, such as the contact angle between
the fluid and the heater surface. For example, with a
highly wetting fluid, the scale of the microlayer may
be thinner than for a moderately wetting fluid. The
evaporation rate at the triple point will depend upon
the scale and shape of the microlayer. To cover a wide
range of contact angles and surface characteristics
(representing different fluid-heater surface com-
binations and conditions), a correlation of the triple-
point, mass-evaporation coefficient with respect to the
contact angle would be required. In the current work,
the only data considered is for the saturated water—
copper surface combination. If the current model is
used to make predictions for other sets of data with
different fluids, the triple-point evaporation coefficient
would have to be revised.

Governing equations
The present 2D model consists of the solution of
the transient conduction equation within a region
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F1G. 2. Schematic of a 2D single stem model.

including both the heater and the macrolayer. For
the heater, the 2D conduction equation in cylindrical
coordinates is

oT T 10T &°T
/)hC},E:/c,,(ar2 o 822>+LP><Q0 (1)

where LP represents the problem type and is equal to
1 for internal heat generation and 0 for constant heat
flux or temperature boundary condition at the bottom
of the heater. Neglecting convective effects, the
governing equation within the liquid macrolayer,

becomes
0T 1¢T @*T
=k<a++“> @

Boundary conditions
The boundary conditions for the heater at z =0
and for all #’s are

orT
—ky, Pl or T=T, for LP=0,

oT
P Cr @

D

and — =0 for

LP=1.

’?\)

The boundary conditions at » = 0 and R, for all z,
come from the symmetry condition given by
0T/0r = 0atr =0, and r = R, for all z between 0 and
H. The validity of these boundary conditions can be
inferred from the final transient solution.

Underneath the vapor stem (r < R,and z = H), the
boundary condition becomes

eT
—kh 6; = hc(T_ T-:m)

where A, is the convective heat-transfer coefficient to

vapor. For the studies reported in this paper, A, is set
to zero.

Finally, at the heater upper surface where the liquid
macrolayer and the heater are in contact
(R, < r £ Ry), the boundary conditions are as fol-
lows :

(T)::lr = (T):,,,'

oT ¢T
and kh<c > =kt~<;> .
c=H < Jr=HT

Within this formulation, the triple-point becomes a
discontinuity point. The evaporation of the micro-
layer, which penetrates under the vapor stem, is rep-
resented by including an evaporation coefficient, 4.
The penetration length of this liquid is unknown;
however, we assumed that its evaporation takes place
within a small surface area centered around z = H
and r = R, so that

oT
A il
h<az>:—H<r-R

At the macrolayer—vapor-mass and macrolayer—
stem interfaces, the vapor temperature is assumed to
be the saturation temperature. A static force balance
around the circumference of the stems indicates that,
for the stem diameter values reported in the literature,
the effect of surface tension is negligble, and the vapor
pressure inside the stem may be approximated by the
liquid pressure. Thus, no vapor superheat is required
from pressure considerations. However, vapor super-
heat may result from heat transfer to vapor and inter-
facial resistance. Such effects are initially neglected in
the present study, resuiting in the following macro-
layer interface boundary condition ;

= he[(T)::H“r:R - Tsat]'
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T=T, at z=H+6 and R, <r<R,

and T=T, at r=R, and H<:z< H+4.
These boundary conditions allow the maximum evap-
oration possible from the macrolayer—vapor inter-
faces.

As discussed before, the macrolayer boundary con-
dition at r = R, can be found from symmetry, as
0T/0t =0 at r = R, and H < z < H+ 4. This implies
that a 1D solution would apply when r > R, until the
next stem is approached.

Initial conditions

For each point on the steady-state boiling curve, a
transient solution involving the growth and departure
of vapor mushrooms and heater—macrolayer thermal
response is desired.

To start the calculation (the first bubble period),
a temperature distribution corresponding to the 1D
steady-state solution is assumed for the heater tem-
perature profile. For subsequent bubbles, the internal
heater temperature distribution at the beginning of a
bubble’s life is the same as the temperature dis-
tribution at the departure of the previous bubble.
After a certain number of bubble lifetimes (periods),
the effect of the initial guess for the heater temperature
distribution vanishes, and the heater solution becomes
stationary with respect to each bubble lifetime.

The photographs of Katto and Yokoya [7] show
that the delay time for mushroom bubble formation
is much smaller than the bubble hovering period for
high heat-flux boiling. On this basis, we assume no
delay time is associated with the establishment of
the liquid macrolayer. Thus, at the time of bubble
departure and birth of the new bubble, we assume
that fresh saturated liquid wets the surface. The initial
condition for the macrolayer becomes T = T,, and
is used at the beginning of every bubble’s life. This
assumption allows the maximum effect of liquid
resupply and also agrees with the results of Yu and
Mesler [5]. As noted in the introduction, the steady-
state solutions provide the other extreme where the
incoming liquid does not disturb the established ther-
mal boundary layer.

After bubble departure and contact with fresh
liquid, the resulting macrolayer-heater interfacial
temperature is calculated through the instantaneous
contact temperature relationship for two semi-infinite
solids and is given by

Tw - Tsat

(k; Ce pr) .
(k0 Copn)

T,

c

- Tsal =

3

Yu and Mesler [5] showed that the instantaneous
contact temperature of the heated wall with saturated
liquid is able to successfully explain the sudden tem-
perature drop after bubble departure.
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Macrolayer and triple-point evaporation

Except at very high heat fluxes just before CHF,
little is known about whether vapor-stem growth or
vertical macrolayer thinning results from the evap-
oration. The direction of dominant interfacial motion
will most likely be determined by which macrolayer
interface dominates evaporation. As noted in the
Introduction, the dominant evaporative effect is still
hotly debated. Because of this lack of knowledge and
that it is easier to model in this first attempt, we
assume only the macrolayer thickness changes as a
function of time because of evaporation. Thus, the
vapor stem diameter R, for each point on the boiling
curve is assumed constant during bubble growth. As
long as we limit ourselves to high heat fluxes that
do not approach total evaporation of the macrolayer
evaporation, this assumption should not significantly
affect the results.

With this assumption in mind, macrolayer thinning
is formulated as

do R (0T
nprhe(RP — R2)— = | 27k, — rdr
dt R, \CZ)i=b+s

H+d aT
Toma[(7) ]
H ar r=R,

R+AR;2
- {ZRJ hJT(H, R, ) — Ty ]r dr}. @

R—AR 2

The first, second, and third terms on the right-hand
side (RHS) represent the evaporation along the
macrolayer—vapor mass interface, macrolayer—stem
interface, and the triple-point, respectively. After each
bubble departure, the initial macrolayer thickness
becomes d,. For any constant k., the solution
becomes node size-dependent (depending on Ar). To
circumvent this problem, we defined a triple-point,
evaporation-rate parameter as m,rp = hAr/hg,. This
evaporation rate is defined per unit stem perimeter
and per unit triple-point superheat. It is the adjustable
parameter in the calculations. Thus, the third term
on the RHS of equation (4) can be rewritten as
Merphig 20 RA(Trp — T

Physically, m. rp models the evaporation of the mic-
rolayer, shown in Fig. 2. It lumps together a number
of unknown interactions and phenomena including
contact angle and enhanced thermal conductivity
effects near the triple point. The use of this model is
valid as long as the size of the microlayer penetration
under the stem is much smaller than Ar.

Closure relationships used in the model

The model requires various closure relationships to
calculate the vapor mass hovering period 7, and the
geometric parameters, i.¢. the initial macrolayer thick-
ness dy, the stem radius R,, and the heater radius per
stem R;. The hovering period is estimated from the
idealized bubble solution of Katto and Yokoya {7],
given by
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0 = <i>1/5[4(pf+pg)]”(Awq>"’5 )
a 4n g(pf_pg) pghl‘g )

In equation (5), the surface heat flux g is set to the
time- and area-averaged, steady-state heat flux ¢.. For
simplicity, this study assumes a constant volumetric
growth rate based on our earlier study [21], which
showed that the transient effects are minimum in cal-
culating the hovering period. However, this approach
is only valid for the largest wake-free bubbles defined
by Katto and Yokoya [7]. This later assumption could
be relaxed in the future to consider multiple bubble
periods.

The initial macrolayer thickness J, is estimated
using the Helmholtz instability model [8] that yields

_m (it \(AY (pehie Y
b0 = 20( P, ><A> ( q ) )

For the area ratio, we used the empirical equation
that we developed based upon the thickness data of
Bhat et al. [3], which is given by ref. [22]

A

L =6.206x 10 4g"4. (7)
A,
The knowledge of A4,/A,, is also needed to estimate
the steam and heater radii. However, to calculate these
quantities, we further need the site density infor-
mation. There are a number of studies where the site
density is measured as a function of surface heat flux.
However, in almost all those studies, the measurement
was only possible at low heat fluxes producing the
discrete bubble region. The resulting empirical
expressions must be extrapolated to higher heat fluxes
with one such expression by Gaertner [1], given by

N 2:3
g = 117.1<A> (8)

where ¢ is in W m~” and N/A,, is in sites m~ 2. This
relationship is used in the present model. Knowing
A,/A, and N/A,, we can estimate the stem radius and
the corresponding heater radius for an average stem.

Model solution

We nondimensionalize the combined fluid and
heater equation set and solve them using the standard
explicit finite-difference scheme that employs relax-
ation for rapid convergence. Further discussion on
this subject can be found in our report [11].
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RESULTS

Initially, we concentrated on the results of boiling
over a thick copper block heated by cartridge heaters.
Detailed results from various parametric studies are
reported elsewhere [11, 23].

Boiling on a thick copper block

Initially, we compared the model with the small
diameter, water-on-copper boiling data of Katto and
Yokoya [7]. The advantage of this data set is that it
was obtained using a small enough boiling surface
that only one mushroom bubble was present on the
surface at a time. On the other hand, with the excep-
tion of the hovering period, none of the quantities
required for closure, such as the initial macrolayer
thickness, number density, and surface void fraction
was measured in these tests. To simulate their thick
copper block, we used a uniform heat-flux boundary
condition at the bottom of a 10 mm thick heater. A
10 mm thick block was found to satisfactorily rep-
resent an infinitely thick copper block. Table 1 pro-
vides the necessary closure parameters derived from
the relationships described in the previous section.

The triple-point, mass-evaporation coefficient m, 1p
for various fluid—heater surface combinations is cur-
rently unknown. We determined this coefficient in an
indirect fashion by tuning the computer simulation
program to match a single experimental data point of
the 1.075 MW m~? heat flux and 16.5°C wall super-
heat for the average vapor stem. The choice of this
data point was arbitrary. This tuning yielded
m.1p=6(10"°) kgm 's ' "C~' Subsequently, the
same constant was used at all heat-fluxes on the boil-
ing curve. Note that for steady-state conduction to
provide this magnitude of evaporation, a thin mic-
rolayer underneath the stem with an average thickness
of less than 2 um is required.

Figure 3 shows the individual evaporation con-
tributions of the macrolayer top surface, stem inter-
face, triple-point and resulting instantaneous thinning
rate of the macrolayer at the converged hovering per-
iod at a heat flux of 1.075 MW m~ 2. The percentage
of macrolayer evaporated is about 25% of complete
evaporation. The top surface, stem interface, and
triple-point evaporation contributions (relative to
total evaporation) are 12, 1 and 87%, respectively.
This clearly indicates that the triple-point evapora-
tion effect is the dominant latent heat-transport mech-
anism. This small evaporative effect from the stem

Table |. Geometric parameters for current results

gMWm~?) Jd,(m) R (mm) R,(mm) AJA, (%) 14(ms)
0.674 0.197 0.114 0.825 [.91 46.1
0.814 0.140 0.101 0.734 .89 479
1.075 0.098 0.085 0.595 2.04 50.6
1.406 0.0655 0.072 0.485 2.20 53.4
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and macrolayer—bubble interfaces is obtained even
assuming the maximum possible heat transfer from
the macrolayer to the vapor. The boundary conditions
for these interfaces are equivalent to assuming an
infinite heat-transfer coefficient. The results of the
relative evaporation contributions for all heat fluxes
studied are shown in Table 2. Triple-point evaporation
ranges from a minimum of about 82% to a maximum
of 95% over the heat-flux ranges considered.

To further assess the relative influence of the triple-
point (microlayer) evaporation, we conducted the fol-
lowing test. At the same heat-flux (1.075 MW m~?)
where the triple-point evaporation coefficient was
tuned, the triple-point mass-evaporation coefficient
was set to zero. The period and surface-averaged wall
superheat was found to be about 97°C. This is about
six times higher than the observed experimental wall
superheat (16.5°C). Transient thermal transport into
the macrolayer itself and axial conduction into the
stem are totally inefficient in providing the needed
cooling. This result indicates that the heater surface
must be cooled by the triple-point evaporation mech-
anism.

To investigate the effect of the surface void ratio on
the transient model, we performed the same calcu-
lation, m, tp = 0, with a void ratio of 10%, using the
same macrolayer thickness. The period- and surface-

Cumulative Triple-Point Evaporation —
Cumulative Top-Surface Evaporation —

T T T T T 10

Instantaneous Thickness

0.8

Total Evaporation

I i | i 1™

05 0.6

t/1g

2

averaged heater surface superheat was 96.2°C.
Increasing the void fraction by a factor of five pro-
duces no significant change in the predicted surface
superheat. This establishes that, for complete macro-
layer resupply and surface void fractions similar to
those reported in the literature, stem interface and
macrolayer top-surface evaporation and transient
storage within the macrolayer cannot cool the surface
to the observed superheat.

Another way of obtaining comparably lower sur-
face superheats would be to artificially enhance the
thermal conductivity of the liquid within the macro-
layer, as recommended by Pan and Lin [18]. Keeping
all the closure parameters the same as before, setting
merp =0, and using the recommended &k =2.5 W
m~' °C~"' (molecular thermal conductivity for satu-
rated water at amospheric pressure is ~0.7 W m~'
°C~"), we obtain a surface superheat of 29.9°C for
1.075 MW m~2 This value is still higher than the
experimental superheat. To match the experimental
data, a larger value for the effective thermal con-
ductivity must be used. However, we think such
enhancement is only valid near the vapor stem result-
ing from high vapor velocities in the stem and Maran-
goni effects that induce a localized flow within the
macrolayer. This effect is already lumped into our
triple-point evaporation coefficient. Pan et al. [16]

Table 2. Macrolayer evaporation for copper

q. Total Ad Triple point  Top surface Stem
(MW m~?) (mm) (%) (%) (%)
0.674 0.0124 95.4 3.9 0.7
0.814 0.0165 91.7 7.4 0.9
1.075 0.0245 87.5 12.1 04
1.406 0.0350 81.8 17.7 0.5
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proposed that the surface tension-driven Marangoni
flow may be responsible for such enhanced thermal
conductivity. The necessary liquid velocities to sup-
port this claim must be quite large and cannot be
easily justified within the transient phenomenon of
interest. We think that further studies are necessary
to investigate this claim.

Using a constant value for the triple-point evap-
oration coefficient, the resulting boiling curve is shown
in Fig. 4 along with the data of Katto and Yokoya [7].
As shown, the prediction is reasonable. A surprising
result obtained from the model was a curve-back effect
where the average surface temperature does not
increase at a high enough rate (at the rate the exper-
imental values increase) with increasing heat flux.
Actually, the surface temperature decreases when the
heat flux is increased from 1.075 to 1.406 MW m >,
While it is possible to improve on the shape of this
curve by adjusting m, 1p at each point on the boiling
curve, we believe that the triple-point mass-evap-
oration mechanism is a function of liquid/solid con-
tact angle only and can be left as a constant.

Physically, curve-back might be caused by the fact
that, during the hovering period, the liquid layer
becomes thin enough that surface evaporation
becomes important, resuiting in accelerated macro-
layer thinning. The nonlinear effect of accelerated
thinning might then result in a curve-back effect when
a single stem size is considered. On a real heater sur-
face with boiling, where many stems having various
macrolayer thickness are available, curve-back might
not be experimentally observed. To further examine
this possibility, we artificially increased the initial
macrolayer thickness, shown in Table 1, by an order
of magnitude (we set d, = 0.655 mm) and re-ran the
case for ¢, = 1.406 MW m™’. The resulting average
surface superheat is 18.05°C (experimental value is
~ 18°C). Thus, some nonlinear acceleration of thin-
ning is being observed even for the ~18% evap-
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oration shown in Table 2, and a sensitivity to the
initial macrolayer thickness exists at these high test
fluxes.

Another potential influence arising from the closure
relationships is from the stem spacing, i.e. number
density and/or surface void fraction with increasing
heat flux. We investigated the sensitivity of the curve-
back phenomenon to the number density correlation
used. While keeping all other parameters the same,
we adjusted the number density until we matched the
experimental superheat for ¢, = 1.406 MW m 2 The
resulting number density is 1.0001 x 10® m~*, which
is 24% smaller than the magnitude predicted by equa-
tion (9). If we recast this number density change into
the form of equation (9), while keeping the constant
117.1 the same, we obtain an exponent of 0.68 instead
of 0.66. This variation is certainly within the accuracy
range of the correlation, especially considering that it
has to be extrapolated to higher heat fluxes beyond
its original database.

These results indicate that there are still a number
of unknowns in high heat-flux nucleate boiling of
saturated liquids, and the modeling requires further
refinement. We expect the deviation between the
model results and the data to be the result of the
following weaknesses or inaccuracies in the model:

(1) We know neither the exact number density nor
the surface void fraction for the data of Katto and
Yokoya [7]. These quantities are expected to be depen-
dent on the contact angle and surface preparation
techniques. Unfortunately, the results show strong
sensitivity to these closure relationships. Further, the
empirical correlations used for these quantities come
from relatively large boiling surfaces. For the small
boiling surface data of Katto and Yokoya [7], these
quantities may be affected by the edge effects and the
liquid supply from the vapor mushroom periphery. A
similar statement could be made concerning the initial
macrolayer thickness.
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(2) The triple-point modeling quantified by the
evaporation rate is a highly linearized function of
the triple-point temperature and the stem radius. If,
indeed, this evaporation is related to liquid pen-
etration under the stem (microlayer) and the enhanced
conduction due to high vapor velocity in the stem that
stirs the liquid near the stem periphery, the relation-
ship is expected to be more nonlinear. Thus, better
phenomenological modeling of the triple-point is
needed to improve the model.

Effect of heater material and heater thickness

During the course of the present study, we have
also investigated the effects {11} of heater material and
heater thickness using the current model. Using
materials with a smaller thermal conductivity, the
boiling curve shifts to the right (lower heat-transfer
coefficients), in agreement with most of the available
literature. This behavior is associated with the fact
that the heat-transfer process is dominated by triple-
point evaporation, and the lower thermal conductivity
materials have less capability to transport the thermal
heat within the solid radially from under the macro-
layer toward the triple-point. For the thick copper
heater, the radial temperature variations are observed
to be relatively small. Typically, the maximum differ-
ence is less than 3°C for the heat fluxes and average-
stem configurations investigated in this paper. For
a nickel heater of the same thickness (10 mm), the
maximum radial temperature variation is in excess
of 10°C, which results in an increase in the surface-
averaged wall superheat for the same heat flux.

For very thin materials with low thermal con-
ductivity (1 um thick nickel), the maximum radial
variation becomes in excess of 100°C. For such high
values of local superheats, additional sites must be
activated. However, within the current calculations
this activation is prevented through the use of equa-
tion (8), which specifies the number of active sites.
Physically, the activation of additional sites depends
on both the distribution of potential sites on the sur-
face and the superheat present at each potential site.
And although we cannot currently determine the final
superheat for this situation, the model is at least trying
to tell us that more active nucleation sites are required.
This result indicates that the final wall superheat solu-
tion would be controlled by the coupled interaction
of the multidimensional wall superheat solution
within the heater and heater—surface effects, including
cavity distribution, site activation, and triple-point
characteristics including contact angle.

SUMMARY AND CONCLUSIONS

In this study, we analyzed the high heat-flux,
nucleate boiling phenomenon. We developed a new
model, which is based also on the macrolayer
approach. The novelty of this model is in its capability
of looking at the problem from a transient 2D point
of view.
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We coupled and solved the conduction equation
within the heater and liquid macrolayer. During the
bubble growth, the macrolayer becomes thinner due
to evaporation and is modeled as uniform in the radial
direction. The model requires a number of closure
relationships. These relationships for the initial
macrolayer thickness, number density, and wall void
fraction are obtained from empirical models or data
that are available in the literature. There is no single
study where all of these parameters have been mea-
sured within a given experimental setup. Thus, we
had to mix and match. All empirical information was
obtained from experimental studies where saturated
water at amospheric pressure was boiled on a copper
heater. However, the surface preparation techniques
are likely to be different for these experiments.

Thus, not only is the final model restricted to boiling
of saturated water at atmospheric pressure over a
copper heater, it is also further restricted, within this
definition, by the unknown accuracy in extrapolating
the closure relationships from one experiment to
another. Nevertheless, we believe the present study
provided some valuable information. While the quan-
titative implications of these observations must be
used with care, the qualitative implications are quite
informative and can be itemized as follows:

{1} While experimental evidence indicates the exist-
ence of a thin macrolayer under a growing bubble,
transient conduction within this layer cannot be solely
responsible for the high heat-transfer rates observed
in nucleate boiling. Evaporation at the macrolayer’s
upper and stem interfaces are not significant, contrary
to the findings of a number of previous investigators.
Inherent within this result is the effect of liquid resup-
ply of the macrolayer at bubble departure and what
happens to the thermal boundary layer at the time of
resupply. Yu and Mesler [5] indicate an answer to this
question, but we believe the question is so important
that confirmatory work is required.

(2) Most of the evaporation has to occur under the
stem or near the stem periphery to match the boiling
curve data. Quantitatively, this observation is in
agreement with the existence of a microlayer under a
stem [15]. If this mechanism dominates, one would
expect the radius must either grow or liquid must flow
to replenish the microlayer.

(3) We have a highly linearized empirical model
for triple-point evaporation. Currently, we associate
the high evaporation rate at this point with (1) the
formation of a microlayer, and (2) enhanced thermal
evaporation near the vapor stem as a result of the
high vapor velocities in the stem and the potential for
Marangoni flow in this immediate microlayer region.
Also, the scale may well be small enough that molec-
ular forces come into effect. Further research is
required for phenomenological modeling of this quan-
tity.

(4) Using the current closure relationships, we
observe a curve-back effect (AT, decreases with
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increasing heat flux) at heat fluxes near CHF. One
cause of this behavior is the use of a single ‘average’
stem and the nonlinear thinning effect. Local macro-
layer thickness is probably a function of location on
the boiling surface and not uniform due to the liquid
resupply mechanism after bubble departure. Also,
consideration of multiple stems with different radii
minimize this effect [24]. The other cause of curve-
back is a strong sensitivity to the closure relationships,
in particular the active-site number density.

(5) The question of surface preparation effects and
contact angle effects on the closure relationships,
which was not addressed in this study, are important.
The contact angle is effectively included within the
definition of the triple-point evaporation coeflicient.

(6) For thick high thermal conductivity heaters
such as copper, the temperature gradient in the radial
direction is small, in the order of 3°C. Materials hav-
ing a lower conductivity show increasing averaged
wall temperatures, on the order of 10°C radial
variation. Thin nonisothermal materials and thinner
isothermal materials show further increases in the
superheat under the macrolayer away from the triple
point. These superheats are so high that additional
nucleation sites must be activated.
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