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Nucleation Site Density in Forced 
Convection Boiling 
Measurements of nucleation site density, n/A, have been obtained for forced con
vection boiling of refrigerant R113 in a horizontal 25 x 25 mm i. d. square transparent 
test section with a nichrome heating strip. It has been found that the behavior of 
the nucleation site density is significantly different from that found in pool boiling. 
The mean vapor velocity, heat flux, and system pressure appear to exert a strong 
parametric influence. It is demonstrated that although the nucleation site density is 
dependent on the critical cavity radius, rc, it is not sufficient for correlating n/A. 

Introduction 

The heat transfer associated with forced convection boiling 
is typically treated as resulting from two distinct and additive 
contributions as suggested by Rohsenow (1952): that due to 
bulk turbulence and that due to the ebullition process. Chen 
(1966) coined the term macroconvection to designate the trans
port of heat from the heating surface due to the bulk turbulent 
motion of the two-phase mixture and the term microconvection 
to designate that portion of heat transport associated with the 
incipience, growth, and departure of vapor bubbles. Chen 
(1966) subsequently proposed the following flow boiling heat 
transfer relation: 

h74=Ehi + Shb (1) 

where h2<t> is the flow boiling heat transfer coefficient, hi is the 
single-phase heat transfer coefficient due to the liquid fraction 
flowing, hb is the heat transfer coefficient appropriate for 
nucleate pool boiling, E is an amplification factor to account 
for increasing bulk turbulence with increasing vapor quality, 
and S is a suppression factor to account for the effective su
perheat seen by growing vapor bubbles during flow boiling. 
Here, Eht is the heat transfer contribution due to macrocon
vection while Shb is that due to microconvection. Numerous 
flow boiling heat transfer correlations have since been pro
posed that follow the same basic form as Eq. (1), many of 
which have been tested by Gungor and Winterton (1986). None 
of these correlations can satisfactorily correlate all of the flow 
boiling heat transfer data available in the literature. Klausner 
et al. (1992a) have demonstrated that the bubble departure 
mechanism for pool and flow boiling can be significantly dif
ferent, depending on flow conditions, thus casting doubt on 
Chen's (1966) formulation of the microconvective component 
of heat transfer. In order to model the microconvection com
ponent of heat transfer in flow boiling reliably, detailed in
formation on the incipience, growth, and departure of vapor 
bubbles is required. This work is specifically concerned with 
nucleation site density in forced convection boiling. 

Due to its governing influence on heat transfer, the nuclea
tion site density has been the focus of numerous investigations 
for pool boiling (Clark et al.,1959; Griffith and Wallis, 1960; 
Kurihara and Meyers, 1960; Gaertner and Westwater, 1960; 
Hsu, 1962; Gaertner, 1963, 1965; Nishikawaet al., 1967; Singh 
et al., 1976). The general consensus from these investigations 
is that the formation of nucleation sites is highly dependent 
on surface roughness, geometry of microscopic scratches and 
pits on the heating surface, the wettability of the fluid, the 
amount of foreign contaminants on the surface, as well as the 
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material from which the surface was fabricated. Due to the 
large number of variables that are difficult to control, none 
of these investigators were successful in developing a general 
correlation for nucleation site density. Griffith and Wallis 
(1960) suggested that for a given surface the critical cavity 
radius, r„ is the only length scale pertinent to incipience pro
vided the wall superheat is uniform. Although they recognized 
the wall superheat is nonuniform in pool boiling, they used rc 

to correlate the nucleation site density as follows: 

A 
•C, (2) 

where n/A is the nucleation site density, Cx and m are em
pirically determined constants, and when pt » pv 

2oTsa, 
- U AT ( 3 ) 

pvhfgAJSRt 

where TSM is the saturation temperature, a is the surface 
tension, hj-g is the latent heat of vaporization, and ATSM = T„ 
- Tsat is the wall superheat. 

Nucleation site density data of Griffith and Wallis (1960) 
for pool boiling of water on a copper surface are shown in 
Fig. 1 as a function of ATsM. For n/A < 4 cm"2 the nucleation 
site density increases smoothly with increasing ATsM. However, 
for n/A > 4 cm~2 no correlation exists between n/A and 
Arsat. Moore and Mesler (1961) used a fast response ther
mocouple to demonstrate that the heating surface temperature 
directly beneath a nucleation site in pool boiling experiences 
rapid fluctuations. Recently Kenning (1991) used thermo-
chromic liquid crystals to measure the spatial variation of wall 
superheat with pool boiling of water on a 0.13-mm-thick stain
less steel heater. It was demonstratedjhat the wall superheat 
was very nonuniform and l A r ^ l / A T ^ t varied from 0.25 to 
1.5 over a distance of a few mm, where an overbar implies an 
ensemble spatial average and a prime denotes a spatial variation 
from the mean. Using a conduction analysis, it was also shown 
that in the presence of ebullition, spatial nonuniformities of 
wall superheat on the surface of "thick plates" may also be 
significant depending on geometry and thermal conductivity 
of the plate. Kenning' s (1991) result suggests that a microlength 
scale, which is related to the spatial temperature field, may 
also be important in characterizing incipience of vapor bubbles. 
According to the suggestion of Eddington et al. (1977) and the 
experimental findings of Calka and Judd (1985), at low n/A 
where nucleation sites are sparsely distributed, neighboring 
nucleation sites do not interact thermally. However, at large 
n/A where nucleation sites are closely packed, thermal inter
ference among neighboring sites exists. Since it has been dem
onstrated that Arsat is highly nonuniform in the presence of 
nucleation sites, a question arises as to whether at large n/A 
the average wall superheat is sufficient for characterizing the 
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Fig. 1 Pool boiling nucleation site density data from Griffith and Wallis 
(1960) 

local wall superheat experienced by individual nucleation sites. 
The data displayed in Fig. 1 suggest that it is not. 

Few similar studies on nucleation site density in flow boiling 
have been reported. In one such investigation Eddington and 
Kenning (1978) measured the nucleation site density with sub-
cooled flow boiling of water for a narrow range of flow con
ditions. It was suggested that n/A is related to rc. The objectives 
of the present work are twofold: (1) to study the influence of 
flow and thermal conditions on the nucleation site density in 
saturated forced convection boiling, and (2) determine whether 
or not the nucleation site density in flow boiling is solely a 
function of the critical radius, rc, as has been suggested for 
pool boiling. Measurements of nucleation site density have 
been obtained for flow boiling of refrigerant Rl 13 in a 25 X 
25 mm i.d. square transparent tube. These measurements have 
been obtained for the isolated bubble regime with stratified 
flow. In general, the liquid/vapor interface was wavy and 
periodic slugs of liquid were observed passing through the test 
section. No flow regime transitions were observed. The liquid 
phase Reynolds number based on the mean velocity ranged 
from 12,000 to 27,000 and that for the vapor phase ranged 
from 24,000 to 80,000. The flow conditions are characterized 
by the mass flux, G, liquid film thickness, 8, vapor quality, 
x, mean liquid velocity uh and mean vapor velocity, uv. Ther
mal conditions are characterized by the heat flux, q„, the wall 
superheat, ATsat, and saturation conditions (saturation tem
perature, TsM, or saturation pressure, PSSit). The controllable 
inputs of the flow boiling facility are: G, x, Psat (or Tsat), and 
qw. Of the flow parameters considered, only two are inde
pendent since the mean liquid and vapor velocities were re
spectively calculated from 

and 

GxD 
"PAD-S) 

(4) 

(5) 

where D is the inside dimension of the horizontal square test 
section for which only the lower surface is covered with a 
liquid film. Therefore, when investigating the influence of one 
of the flow parameters on nucleation site density at constant 
saturation conditions, only one other flow parameter could be 
held constant, which introduced complexities in interpreting 
the data. The range of flow and thermal parameters covered 
in this work, which to a large extent were governed by the 
ability to visualize nucleation sites, are as follows: G = 125-
290 kg/m2-s, uv = 1.6-4.7 m/s, u, = 0.35-0.68 m/s, 8 = 3.5-
9.5 mm, qw = 14.0-23.0 kW/m2, ATsat = 13.0-18.0°C, and 
rsat = 55.0-75.0°C. 

Experimental Facility 
The experimental facility in which flow boiling measure

ments of nucleation site density were obtained is shown sche
matically in Fig. 2. The refrigerant R113 forced convection 
boiling facility has been designed specifically to allow for flow 
visualization. A variable speed model 221 Micropump is used 
to pump R113 through the facility. The volumetric flow rate 
of refrigerant through the facility is monitored with an Erdco 
Model 2521 vane type flow meter equipped with a 4-20 mA 
analog output. Calibration of the flow meter demonstrates 
that it is accurate to within ±0.5 percent of full scale, which 
is the repeatability claimed by the manufacturer. At the outlet 
of the flow meter, five preheaters, each of which has a max
imum heat rate of 5 kW, have been installed. Each preheater 
consists of a 25.4 mm i.d., 1,2-m-long hard copper pipe around 
which 18 gage nichrome wire has been circumferentially 
wrapped. The nichrome wire is electrically insulated from the 
copper pipe with ceramic beads. The heaters are thermally 
insulated with 25.4-mm-thick fiberglass insulation. The voltage 
inputs to the preheaters are controlled with five 240 volt a-c 
autotransformers. The heat loss from the preheaters as a func
tion of temperature difference between the insulation outer 
surface and ambient air has been predetermined from cali
bration. 

A horizontal flow boiling visual test section is located down
stream of the preheaters. A capacitance based liquid film thick
ness sensor, described in detail by Klausner et al. (1992b) has 
been installed on either side of the test section. The main body 
of the test section is comprised of a 25 X 25 mm inner di
mension square pyrex tube that is 4 mm thick and 0.457 m 
long. A 0.13-mm-thick and 22-mm-wide nichrome strip, used 
for heating, has been attached to the lower inside surface of 
the square tube with epoxy. Six equally spaced 36 gage type 
E thermocouples have been attached to the back side of the 
nichrome strip using high thermal conductivity epoxy. In order 
to avoid biased temperature readings caused by a "fin effect," 
the thermocouple leads were also attached to the back of the 
heating strip over a length of at least 7 cm before being exposed 

N o m e n c l a t u r e 

D = 

G = 
hfs = 

n/A = 

square test section inner 
dimension, m 
mass flux, kg/m2-s 
latent heat of vaporization, 
J/kg-K 
nucleation site density, 1/cm2 

critical cavity radius, m 

Tsat = saturation temperature, °C or 
K 

ATk, = wall superheat = Tw - rsat, 
° c 

u = mean velocity, m/s 

x = vapor quality 

8 = liquid film thickness, m or 
mm 

p = density, kg/m3 

a = surface tension, N/m 
Subscripts 

/ = liquid 
v = vapor 
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the wavy interface of the two-phase mixture it is not possible
to observe the nucleation sites clearly from a view normal to
the heating surface. Therefore, the nucleation sites must be
viewed through the side wall of the test section through the
liquid film. A typical image of nucleation sites is displayed in
Fig. 3. Images are displayed on a Sony analog monitor with
1000 lines per inch resolution, and may also be printed on a
Hewlett Packard Laser Jet III laser printer. Only nucleation
sites within a lA-em-wide by 2.2-cm-long area located at the
center of the strip were counted. The nucleation site density
measured from an ensemble average of 50 images was com
pared against that based on an average of ten images; identical
results were obtained. Therefore, all nucleation site density
measurements reported herein are based on an ensemble av
erage of ten images. Presumably intermittent sites are ac
counted for. The problem of hysteresis was avoided by
measuring nucleation site density only for increasing heat flux
and increasing vapor velocity.

Experimental Results
Nucleation site density measurements have been obtained

for a constant heat flux, qw = 19 kW/m2
, and saturation

temperature, TSal = 58 ·C, over a range of flow conditions in
which either the mass flux, G, liquid film thickness, 0, liquid
velocity, u" or vapor velocity, U U' was maintained constant.
The nucleation site density, nlA, is shown as a function of
wall superheat, ~Tsat' in Fig. 4. The nlA data are not well
correlated with ~Tsat. In light of Fig. 1 and Eqs. (2) and (3),
the behavior of nlA with ~Tsatis considered to be anomalous.
In order to demonstrate that the observed behavior is not
simply due to experimental error, pool boiling nucleation site
density data were obtained using the current facility by filling
the test section with liquid and heating the nichrome surface
while the circulation pump was off. Therefore the only net
flow was induced by natural convection currents. The data are
displayed in Fig. 5 as a function of both ~Tsal and qw. It is
seen that nlA increases smoothly with both ~Tsat and qw in a
similar fashion to the data shown in Fig. 1. As seen from Fig.
4, parameters other than ~Tsat alone appear to exert an influ
ence on niA.

In order to examine the influence of the flow parameters
on nlA, the nucleation site density is first plotted against vapor

Fig. 2 Schemallc diagram of flow boiling facility
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Fig. 3 Typical photograph of nucleation site density

to ambient air. The thermocouples are accurate to within
±0.5 DC and measurements are repeatable to within ±0.1 DC.
A conduction analysis showed that the temperature difference
between the upper and lower surface of the heating strip is
within 0.1 DC for the maximum heat flux investigated and is
within the repeatability of the thermocouples. A similar test
section was fabricated in which the underside of the nichrome
strip was coated with cholesteric liquid crystals. In order to
heat the strip, a 36 volt, 120 amp doc power supply has been
electrically connected across the brass blocks with 2 gage cable.

Viatran model 2416 static pressure transducers have been
installed at the inlet and outlet of the test section to measure
the saturation pressure. They have an accuracy of ± 0.5 percent
of full scale (30 psig). All bulk temperature and exterior tem
perature measurements are made with type E thermocouples.
All analog signals have been input to an Access 12 bit digital
data acquisition system, which consists of two 16-channel mul
tiplexer cards with programmable gain from 1 to 1000. The
multiplexer cards are interfaced with an 8-channel, 12-bit an
alog to digital (AID) converter, which was mounted in an AT
style personal computer.

The nucleation site density was measured optically with a
digital imaging facility. The facility consists of a Videk
Megaplus CCD camera with 1320 x 1035 pixel resolution.
The CCD camera is equipped with a Vivitar 50 mm macro
lens with high resolution and low optical distortion. The output
of the CCD camera is input to an Epix 4 megabyte frame
grabber. The framegrabber allows for either high resolution
(1320 x 1035) or low resolution (640 x 480) imaging. Due to
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velocity at a fixed heat flux, qm and fixed liquid film thickness, 
5, as shown in Fig. 6. It is seen that n/A decreases markedly 
with increasing vapor velocity, uv. At a fixed heat flux, liquid 
film thickness, and saturation conditions, the data appear to 
fall on a single curve. As the heat flux is increased the curve 
shifts toward higher nucleation site density. Therefore, when 
investigating the influence of the flow parameters on n/A the 
heat flux will be maintained constant. Upon examination of 
Eqs. (4) and (5) it is possible that the trend shown in Fig. 6 is 
due to either increasing G or ut instead of increasing uv. To 
sort out whether G, uv, or ut has a controlling influence on n/ 
A, Figs. 7 and 8 have been prepared. In Fig. 7, n/A is shown 
to increase with increasing G when ut when qw are fixed, but 
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decreases with increasing G when 8 and gw are fixed, and thus 
it appears that parameters other than G are controlling n/A. 
In Fig. 8 n/A is shown to decrease with increasing U\ for fixed 
G and qw. When 5 and qw are fixed, n/A also decreases with 
increasing «/, but the curve shape is significantly different. 
When comparing Figs. 6 and 8 it appears that n/A is better 
behaved when displayed as a function of uv. Further evidence 
of this supposition is provided in Fig. 9 where n/A is displayed 
as a function of uv for qw = 19.5 kW/m2, 7;at = 58°C, G = 
215 kg/m2-s, and u, = 0.58 and 0.49 m/s. It is seen that all 
of the data approximately fall on a single curve, thus dem
onstrating the governing influence of the mean vapor velocity 
on nucleation site density. The liquid film thickness S is also 
shown as a function of uv. Thus, the effect of liquid film 
thickness on n/A is also included in Fig. 9. Therefore, it is 
necessary to investigate the influence of & on n/A. 

In pool boiling, Nishikawa et al. (1967) demonstrated that 
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Fig. 9 Nucleation site density and liquid film thickness as a function 
of vapor velocity for constant heat flux and either constant mass flux 
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Fig. 12 Nucleation site density as a function of wall superheat 

the nucleation site density increases with declining liquid film 
thickness. Mesler (1976) postulated that the same behavior 
should follow for flow boiling and used it to explain the meas
ured increase in flow boiling heat transfer coefficient with 
declining liquid film thickness for stratified or annular flow. 
To the best of the authors' knowledge direct evidence sup
porting or refuting Mesler's claim has yet to be presented. To 
sort out the direct influence of liquid film thickness on nu
cleation site density, Fig. 9 suggests that it is necessary to 
maintain a fixed uv, qw, and Tsat. Figure 10 shows n/A as a 
function of liquid film thickness at uv = 3.58 m/s, q„ = 20.7 
kW/m2, and Tsat = 58°C. It is seen that indeed n/A increases 
with declining film thickness, which tends to support Mesler's 
claim regarding n/A as a function of film thickness, provided 
that uv, qw, and rsa,are fixed. However, over the range of film 
thickness investigated (3-6 mm) the increase in n/A is only 
marginal. Because n/A was obtained using a visualization tech

nique, it was not possible to obtain data for 5 < 3 mm. As 
5—0 the behavior of n/A is uncertain. To determine whether 
uv or 5 has a stronger influence on n/A, Fig. 9 is re-examined 
where it is seen that n/A decreases with decreasing 5, which 
is due primarily to increasing u„. Therefore, it appears that u„ 
has a governing influence on the nucleation site density. An 
explanation and significance of this finding will be discussed 
later. 

When testing the influence of thermal conditions on n/A, 
it is necessary to control uu. In Fig. 11, n/A is shown as a 
function of q„ for three different values of uv at TSBl = 57°C. 
It is seen that at a fixed uv, n/A increases smoothly with 
increasing qw. As uv increases, the curves shift toward decreas
ing n/A. The trends are consistent with those in Fig. 6. The 
n/A data from Fig. 11 are shown as a function of AT"satin Fig. 
12. The data display an anomalous behavior similar to that in 
Fig. 4. 
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To examine the dependence of n/A on the critical radius, 
it was decided that a constant heat flux would be maintained, 
and rc would be controlled by raising the system pressure. 
Doubling the system pressure has the effect of essentially dou
bling the vapor density and increasing rsat by several percent. 
The nucleation site density was measured for fixed uv and qw 

in which Tsat increased by 20 °C by raising the system pressure 
from 1.3 to 2.3 bars. From these data Figs. 13 and 14 have 
been prepared. It is seen from Fig. 13 that A rsat decreases with 
increasing Tsat. Nevertheless, n/A increases due to a decrease 
in r€. This can be seen from Fig. 14, which shows increasing 
n/A with increasing \/rc. Because the only physically sound 
explanation for the increase in n/A with increasing Tsatis due 
to a decrease in rc, these data suggest that rc is an important 
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parameter in characterizing flow boiling nucleation site den
sity. 

Discussion of Results 

Although the data in Fig. 14, as well as theoretical consid
erations, suggest that rc is an important correlating parameter 
for flow boiling nucleation site density, it is by itself insufficient 
for correlating n/A. In Fig. 15, all the nucleation site density 
measurements obtained in this study, for Tsat = 58°C, are 
displayed as a function of rc. Although the data appear to be 
collapsed, a correlation in the form of Eq. (2) would not be 
useful due to the steepness of the slope. The pool boiling 
nucleation site density data of Griffith and Wallis (1960) dis
play a similar behavior for large n/A. 

In an attempt to understand this behavior, consideration is 
first given to the pool boiling analysis of Hsu (1962) in which 
it was demonstrated that the nonuniform liquid temperature 
field seen by a vapor embryo attempting to grow is important 
when considering incipience criteria. If a linear temperature 
profile is assumed for the liquid layer, a minimum cavity radius 
required for incipience may be expressed solely as a function 
of either Ar s a tor gm provided properties are maintained con
stant. The data displayed in Fig. 4 show that Ar s a tor qw alone 
are insufficient for correlating flow boiling n/A data. Bergles 
and Rohsenow (1964) attempted a similar analysis for flow 
boiling, and the assumption of a linear temperature profile 
can also lead to the definition of a critical cavity radius that 
is solely dependent on Arsat or qm provided properties are 
maintained constant. One shortcoming in these analyses is the 
assumption of a linear temperature profile in the liquid thermal 
layer. Certainly, the strength of the heat flux as well as that 
of the bulk turbulence will have a strong influence on the shape 
of the thermal layer. Nevertheless, these analyses suggest that 
in addition to the critical cavity radius based on Eq. (3), a 
length scale related to the thermal layer thickness may also be 
important in characterizing n/A. 

In addition, it is emphasized that rc has been calculated using 
Eq. (3) taking the wall superheat to be the average value, ATsM. 
As mentioned earlier, Kenning (1991) used liquid crystal ther
mography to show that lArsa t l /Ar s a tcould be as large as 1.5 
for pool boiling. In this study the liquid crystal boiling test 
section was used in conjunction with a Panasonic video re
corder to record the flow boiling temperature field of the 
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heating surface for the following flow and thermal conditions: 
H„ = 3.0 m/s, qw = 18.1 kW/m2, and rsat = 58.3°C. It was 
found the temperature field was very nonuniform in both space 
and time and IAT'sM I /ATsat was as large as 0.5. Therefore, it 
appears that the average wall superheat is insufficient for char
acterizing the local wall superheat experienced by individual 
nucleation sites. 

The data presented thus far satisfy the objectives of this 
work: (1) Of the flow and thermal parameters investigated, 
um qw, and Tiat appear to have a governing influence on n/A. 
(2) By itself, rc is not sufficient for correlating n/A. Pool 
boiling n/A correlations based on rc are not applicable to flow 
boiling. 

The above results raise a fundamental question: What is the 
physical basis for the apparently strong influence of uv and qw 

on n/Al Unfortunately, with the experimental technique em
ployed in this investigation, a conclusive answer to this question 
is out of reach. Some insight is gained by considering that bulk 
turbulence in stratified two-phase flow is largely dependent on 
interfacial waves. The interfacial shear stress is the means by 
which wave information is communicated to the liquid film. 
Andritsos and Hanratty (1987) have provided extensive ex
perimental evidence that the mean vapor velocity is a con
trolling parameter on the interfacial shear stress. Increasing uv 

results in enhanced bulk turbulence, and therefore a variation 
in uv or qw should have a significant impact on the heating 
surface temperature field as well as the thermal layer temper
ature profile, which are both believed to control the incipience 
process. Future investigations should focus on measuring the 
probability density function of the wall superheat, pdf (Arsal) 
as well as the thermal layer temperature profile. The pdf (Arsat) 
and the thermal layer temperature profile may be useful in 
assessing the influence of spatial nonuniformities of Arsat on 
n/A and in providing insight into possible interactions of mi
cro- and macroconvection. 
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