Nucleate pool boiling of demineralized water and acetone

on smooth and roughened surfaces of aluminum alloy
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In this research work, an experimental study was performed on the effects of surface
condition and boiling liquid combinations on the heat transfer performance of the heated
surface during saturated nucleate pool boiling. To meet the aforementioned needs, a pool
boiling test apparatus was designed and constructed to achieve heat transfer
measurements from seven horizontal upward facing aluminum alloy 6061 plates. These
tested plates were: mirror finish, three mechanically treated surfaces and three
chemically treated surfaces. All surfaces are tested in pools of saturated demineralized
water and acetone for free convection and isolated bubble regimes. Tests showed that
the enhancement in the nucleate pool boiling heat transfer coefficient reached up to
600% due to the variation in the roughness of the heated surface. From pool boiling heat
transfer data, the size distribution function of stable vapor bubbles in active nucleation
sites for each one of the seven heated surfaces was deduced. Finally, the size
distribution function constants were correlated with the surface roughness parameter
(Rp).
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1. Introduction

An understanding of the factors that
influence the onset of boiling is of importance
in the design and operation of cooling systems
associated with high heat flux units. Data
from other substances have demonstrated that
nucleate boiling is generally influenced to a
greater extent by surface condition than film
boiling. Unfortunately, in many engineering
problems, the nucleate pool boiling heat
transfer cannot be determined analytically but
must be evaluated experimentally.

Jakob [1] indicated qualitatively that for
a given superheat, the rate of heat transfer is
increased by increasing the microscopic rough-
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ness. The experimental studies of Berenson [2],
Danilowa et al. [3] and Danilowa [4], among
many, provided quantitative experimental data
concerning the significance of the surface
finish effect with various fluid-surface
combinations on heat transfer. In particular,
Berenson reported a change ranged from 500
to 600% in the nucleate boiling heat transfer
coefficient due to variation in surface rough-
ness. Corty and Foust [5, 6] were among the
pioneers to investigate the role of surface
conditions in nucleate boiling. They boiled
ether and n-pentane from polished nickel and
copper surfaces. The surfaces were prepared
using emery papers to have a roughness
parameter (rms) ranged from 2.2 to 23 um.
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Steeper slopes for heat transfer coefficient
versus superheat were found. They indicated
qualitatively that for a given superheat, the
rate of heat transfer increased as the micro-
scopic roughness increased. None of the many
models for predicting rates of nucleate boiling
heat transfer has been able to incorporate this
effect since the nucleate characteristics of a
surface are relatively sensitive to the surface
micro-roughness measured by a profilometer.
The experimental results of Tanes [7] indicated
that the influence of surface roughness on the
heat transfer coefficient cannot be described by
a single roughness parameter in the form of
simple relation (h ~ (Rp)» or h ~ (Rz)Y) within
an extended range of heat flux and saturation
pressure and for surfaces with different forms
of treatment e.g. mechanical or chemical.
Moreover, the experimental and theoretical
results of Salem [8] indicated that it is possible
to describe pool boiling heat transfer data for
different surface properties by a three-para-
metric distribution function N{r) of the size of
stable bubbles in active nucleation sites of the
heated surface although only approximate
expressions for the bubble frequency f and the
bubble diameter D, were used in the
calculation of N(r). He developed an expression
to predict the relation between the heat
transfer coefficient h and the active nucleation
site density in the form:

h-h N
—nC=—.nDb2_ (1)
hnuc —hne A

Anderson et al. [9] were able to represent
their data together for boiling of five different
fluids on a glass surface into a single curve of
active site density (N/A) versus the parameter
group (20 Ts / pv hy AT). Gaertner [10]
developed an expression to predict the nuclea-
tion site density in the form:

(N/A) = [&] exp(—k/ng), (2)
A

where k is a function of the fluid properties
and surface condition. Brown [11] investigated
bubble nucleation from different surfaces with
various surface finish. One distinguishing

feature of Brown’s work was the fact that the
number of active sites per unit area (N/A)-
with radii larger than r. was correlated by the
power law:

(N/A)re =C (1/1)™ , (3)

where (N/A). is the active site density of those
cavities having radius equal to or greater than
r, C and m are constants characterizing the
boiling surface. Recently, Hsieh et al. [12]
developed nucleate pool boiling correlation for
five different rib-type roughened tube geometry
(including plain tube) with different rib angles
of 300, 450, 60° and 90° for both distilled water
and R-134a as the working media. Bubble
departure diameter, frequency of bubble emis-
sion and the active nucleate site density with
the influence of the rib angle for this type of
roughened surface were obtained. Boiling heat
flux incorporating natural convection, nucle-
ate boiling and micro-layer evaporation
mechanisms following Benjamin and
Balakrishnan [13] was predicted. Heat transfer
correlation was also developed in terms of the
degree of superheat and active nucleation site
density. The dependence for these two parame-
ters was found in favorable agreement with
that of previous study for smooth surfaces.

The objective of this paper is to enlarge the
pool boiling data base for alternative refriger-
ants by providing heat transfer data for
deminerlized water and acetone from a variety
of horizontal upward facing smooth and
roughened enhanced surfaces and, further-
more, to develop a correlation between the size
distribution function constants and the surface
roughness parameter Rp measured directly by
a profilometer.

2. Experimental set-up and procedure
2.1. Test facility and test section

The experimental apparatus used in the
present study is shown in fig. 1. It consists of
a cylindrical steel pressure vessel (evaporator)
194mm inner diameter, 220mm outer diameter
and 300mm height. It is provided with two
glass windows facing each other at a level 150
mm from the bottom for visualization. The
heated surface test plate is fixed at the bottom
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flange so that the heating surface is located
20mm lower than the center line of the glass
windows. At the entrance section to the
evaporator, the temperature of the conden-
sate is raised to the saturation temperature of
the boiling liquid (demineralized water or
acetone) inside the evaporator, by continuously
adjusting the power input to the electric heater
connected to the condensate line before entry
to the evaporator. A layer of polyurethane
SOmm thickness and 40 kg/m3 density covered
by aluminum foil thermally insulates the
evaporator.

A shell-and coil condenser is mounted
above the evaporator and inclined at 15° to the
horizontal. The shell is a cylindrical stainless
steel tube 100 mm inner diameter, 104 mm
outer diameter and 550 mm length. A polyure-
thane layer with aluminum foil thermally
insulates the shell. The coil is a copper tube
10.5 mm inner diameter, 12.7 mm outer
diameter and 6000 mm length. A thermo-static
water storage tank of 50-liter capacity is used
to supply water at the desired temperature to
the condenser. Vapor refrigerant enters the
shell naturally from the top through which it
condenses and leaves the shell from the bottom
by gravity.

Fig. 2 shows the details of the tested plates.
It consists of a heating element made from a
copper rod 36 mm diameter and 130 mm
length. A one-millimeter thickness mica sheet
electrically insulates the copper rod. A Nickel-
Chrome electric resistance 1 mm diameter, 940
mm length and 1.6 ohm/m, is then wrapped
around the copper rod. The maximum power
output of the copper rod assembly is 3.5 kW.
The copper rod assembly is then screwed with
a copper disc 36 mm inner diameter, 58 mm
outer diameter and 30 mm height. This copper
disc is used as a base for the aluminum alloy
6061 test plate specimens. One of seven test
plate specimens is assembled with the copper
disc by a stainless steel nut 68 mm inner
diameter and 86 mm outer diameter. The
stainless steel nut is screwed on a stainless
steel flange 58 mm inner diameter, 140 mm
outer diameter and 26 mm thickness. The
stainless steel flange is welded with the steel
flange Glass wool thermally insulates the
heater element to minimize the heat loss to the
surroundings. The input power to the Nickel-

Chrome electric resistance is supplied from the
power leads through a variac. The input power
is calculated from separate measurements of
the voltage between the power leads and the
current, using a digital clip-meter (KYORITSU
1250831 & = 0.1 A, £ 0.1 V accuracy).

The temperature of the heated surface
(@aluminum alloy 6061 test plate) is measured
by means of four calibrated copper-constantan
thermocouples. The hot junctions of these
thermocouples are fixed at the bottom of the
aluminum test plate through four radial drilled
holes using an instant adhesive epoxy. These
holes are machined at different lengths and at
right angles as shown in fig. 3. The average
upper surface temperature is obtained by
extrapolating the above four measured values
up to the heated surface. The liquid tempera-
ture in the evaporator is measured by two
thermocouples of the same type placed close to
the free surface of the liquid. Another two
thermocouples are used to measure the vapor
temperature and are positioned midway along
the evaporator, about 15 mm above the liquid
surface. A compensated temperature indicator
(model T/S 4000/3000 with + 0.5 °C accuracy)
receives the emf of all thermocouples through a
selector switch. A calibrated bourdon tube
pressure gauge (0-3 bar) is used to indicate the
system pressure. It is fixed at the charging line
of the evaporator. A hand valve connecting the
charging bottle of either the demineralized
water or the acetone through a test manifold.

2.2. Preparation of the test plate specimens

In the present study, the surfaces of the
test plates were so treated so as to produce a
variety of surface roughness. Seven aluminum
alloy 6061 plates having the same dimensions
were used as the heating surfaces during the
pool boiling experiments. These plates were
firstly polished to mirror finish using fine grade
emery papers (500, 600, 800, 1000, 1200 &
1500 grades) together with polishing powder.
Once the surface finish was completed, the
plates were cleaned with acetone and rinsed

with distilled water. Next, the surface of
the plates was tested for its roughness
parameter with a surface profilometer.

Secondly, the surface of the plates (hereinafter
denoted by S2, S3 and S4) were re-treated
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Fig. 2. Details of the boiling surface assembly.
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Fig. 3-b. Radial variation of the excess temperature
AT, of the boiling surface at higher and lower values of

AT and heat flux.

mechanically by using different coarse emery
papers with 280, 100 and 24 grades
respectively. On the other side, the surface of
the plates (hereinafter denoted by S5, S6 and
S7) were re-treated chemically, where the
corrosion potential for the aluminum alloy
6061 was measured in a time period of 900
seconds using saturated calomel -electrode
(SCE) as a reference electrode in 2M HCL. The
maximum potential after 900 seconds was 1.47
V. At this potential the aluminum alloy 6061
tested plates were potentio statically polarized
by electrical impedance analyzer model 6010 in
2M HCL for different times namely 350, 450
and 550 seconds, to get a variety of pit
densities at the surfaces (S5, S6 and S7). Once
the mechanical and chemical treatments were
completed, the surface of the seven tested
plates were cleaned with acetone, rinsed with
distilled water and dried by the supply of hot
dry air. Next these surfaces were tested for its
roughness parameter (Rp defined by DIN 4762
standards using a surface profilometer. Fig. 4
shows typical segments taken from
the recorder traces of the profilometer for the
surfaces of the seven tested plates. On the
other side, in order to get further information
about the structure of the tested plates,
photographs were taken with an optical
scanning microscope as shown in fig. 5.

2.3. Experimental procedure

Before each test run, the evaporator and the
first surface of the seven tested plates were
rinsed well with distilled water and dried by a
supply of hot dry air. After that, the plate
surface was assembled with the clean
evaprator. The system was then evacuated to a
pressure of about 0.03 bar. If no leaks were
detected over a 24 hour interval, the
evaporator was charged with the boiling liquid
(either demineralized water or acetone) from
the reservoir to a level 100 mm above the
heating surface.

In order to remove the air from the system,
boiling was started at a pressure of 0.7 bar
from the heating surface at the maximum heat
flux furnished by the electric heater (250
kW/m2) for 3.5 hours before the heat transfer
coefficient would become constant with time.
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Fig. 5-a. Pictures taken from the optical microscope for the
mechanically treated surface (S1, S2, S3 & S4).
Fig. 4-a. Typical segments taken from the recorded traces
of the profilometer for the mechanically treated surface
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Fig. 4-b. Typical segments taken from the recorded traces
of the profilometer for the chemically treated surface (S5,

S6 & S7).
Fig. 5-b. Pictures taken from the optical microscope for the
chemically treated surface (S5, S6 & S7).
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At this moment, the saturation temperature at
the measured pressure was compared to the
pool temperature measured by the thermocou-
ple. The vapor generated at the heated surface
was condensed at the condenser where water
was used as a cooling medium, and a constant
system pressure was maintained by matching
the rate of heat rejected at the condenser with
the rate of heat added at the heated surface.
The aforementioned procedure was repeated
for each one of the tested plates with the tested
fluids (demineralized water or acetone).

Reducing the heat flux in pre-determined
steps by means of the variac from the highest
value selected in the measurements of the pool
boiling heat transfer coefficient. Sufficient time
(about 30 minutes) was allowed to achieve
steady state conditions after the power level
was changed.

During all the tests, the saturation tem-
perature was kept near 90°C (demineralized
water) and 46°C (acetone) respectively. The
average wall temperature was used to define
the heat transfer coefficient; which equals
the average value of the four wall thermocou-
ples. The heat flux is based on the heated area
of the tested plate surface.

3. Data reduction

For each power input, the heat transfer
coefficient was calculated from the difference
between the fluid bulk saturation temperature,
and the average of the four plate wall
temperatures, and tested plate heat flux as
follows.

The heat flux g was determined from the
separate measurements of the voltage and the
current.

power input(Q) =1 Vcos p Watt. (4)

The useful power input Qu was calculated
by correcting the power input for the radial Qr
and the downward Qg heat losses. The
maximum radial and downward heat losses
were estimated, therefore,

Qu _ IVecosp — Qr — Qg

q 27 A W/mz2 | (5)

The average wall temperature was corrected
for the temperature drop within the aluminum
wall thickness between thermocouples location
and the upper boiling surface, therefore,

Qu-AX

=T - =u’2
A Kalu

G, (6)

w

where; A is the heating surface cross sectional
area, Tis the average value of the four wall

thermocouple readings, T, is the plate upper
surface temperature, Kau is the thermal
conductivity of aluminum alloy 6061 (=167
W/m°C) and Ax is the distance between the
upper surface and the location of the
thermocouple beads (= 0.005m).

From eqgs. (4-6), the heat transfer coefficient
(h) was obtained from the relation,

h=q/( T, -Tsa) (W/m2 °C). (7)

4. Results and discussion
4.1. Heat transfer coefficient and enhancement

Fig. 6 shows the data taken for the seven
tested plates with demineralized water and
acetone, represented in double logarithmic
scales of the heat transfer coefficient h as a
function of the heat flux g. The diagrams show
clearly two regions with different slopes of the
heat transfer coefficient h. In the free
convection region, the heat transfer coefficient
hnc increases moderately with the heat flux. It
was proved both theoretically as well as
experimentally by Gorenflo [14] that the slope
in this region depends on whether free
convection is laminar or turbulent. In the
nucleate pool boiling region, the increase of h
at all levels of heat flux for fully developed
nucleate pool boiling can be seen for the
various tested plates which is due to the
agitation effect produced by the bubbles
ascending from the nucleation sites on the
heated surface. It is also noticed that for a
specific heat flux with the various tested
plates, the heat transfer -coefficient for
demineralized water is higher than that for
acetone. This is because the acetone data
indicate a larger ATw in every case. This is most
likely to occur because of the high wettability
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of acetone, compared to the demineralized
water. On roughened surface; the large cavities
become flooded with liquid and higher
superheats are needed to nucleate from the
smaller cavities. Moreover, fig. 7 shows the
same relation for both demineralized water and
acetone data with the seven tested plates in
two separate diagrams. It can be seen that for
all levels of heat flux for the various plates, the
data with roughened surfaces showed
a significant improvement in heat transfer. It
should be noted that the results for the
constant system pressure may be approxi-
mately interpolated by a straight line. The
slope of this line is different according to the
surface condition-boiling liquid combination. It
is also observed that for a specific heat flux or
wall superheat, the heat transfer coefficient
increases by increasing the microscopic rough-
ness of the heated surface. The later result is
clearly shown in fig. 8 for both demineralized
water and acetone. Furthermore, in fig. 9, the
present heat transfer coefficient data for the
demineralized water and acetone with various
roughened surfaces are normalized by the
value of the smooth surface (h* = h/hsi) at
constant heat flux of 105 W/m?2 against
the surface roughness parameter Rp. It can be
seen the significant enhancement of the
normalized heat transfer coefficient h* of the
two tested fluids by increasing the microscopic
roughness of the tested plates.

Fig. 10 reports the present data of the heat
transfer coefficient as a function of the wall
superheat ATw for the various tested plates
with demineralized water and acetone. It is
observed that for a specific wall superheat, the
heat transfer coefficient h increases by
increasing the surface roughness. The results
show an enhancement up to 600 % in the
nucleate pool boiling heat transfer coefficient
due to the variation in the roughness of
the heated surface.

4.2. Size distribution function of the tested
plates

In the present work, the distribution
function of the active nucleation sites for the
seven tested plates is estimated from the heat
transfer measurements as follows:

The total heat flow rate Q leaving the
heated surface in pool boiling consists of the
heat flow rate by natural convection Qs and
the heat flow rate produced by the nucleation
boiling Qnuc, thus;

Q = an + Qnuc ,
or
q.A=an.Anc+Qnuc.AnuC=qnc (A—Anuc} + Gnuc. Anuc,

where gnc, quuc are the (natural convection and
nucleate boiling) heat fluxes and Anc , Anuc are
the pertaining areas on the heated surface.
Dividing by the total area A and the wall
surperheat A4T. of the heated surface and
rearranging yields,

nuc

h-hne = (hnuc - hnc). A

(8)

According to Han and Griffith [15], the area
of influence of a single active site is zDp?,
where; Dy is the diameter of the bubble when
leaving the heated surface. Thus we obtain for
all the N active sites;

Anuc = N.7Dp? . (9)

Using the experimental results for various
refrigerants in turbulent natural convection,
the heat transfer coefficient for hnc can be
calculated from eq. (10) ;

o , /3
he=0.15|97 C(pa) AT : (10)
n

Within the range of influence of the active
nucleation sites, the transient conduction
model introduced by Sakr [16] is applied, thus;

2 .. 0.5
hmie= =(p'C'x)00 S , (11)
where f is the bubble frequency (1/s).

According to McFadden and Grassmann [17],
the bubble frequency;
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glp—p)
D2 = 0.314 T (12)

Whereas the bubble diameter according to Fritz
(18] ;
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Here S is the contact angle which equals
35° for the refrigerants as suggested by
Stephan [19]. Now, the number N of active
nucleation sites can be calculated by eqgs. (8-
11) using the experimental values of h , ATw
and the thermophysical properties of the
boiling liquid, in addition to the equations of f
and Dp. Thus from eq. (8) ;

—h —hne = ﬂ.an

hnuc—hnec A

On the other side, the minimum cavity
radius r. of a stable vapor bubble in a
nucleation center activated at a given tempera-
ture difference AT is calculated from [8];
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2 op” Tsv V) N | N max
rc:E((p‘—p“)] ( Ah ] g M (:J B [In Tj
Tw v Tm
m (15)
The number N of active sites at a given 1- ’ ,
superheat temperature AT comprises all r st

nucleation sites emitting bubbles with radii r >
re. Thus calculating N and r. for different values
of AT and plotting N versus r., one obtains the
cumulative size distribution function N(r), for
the seven tested plates.

Fig. 11 shows the distribution functions
N(n) obtained in this way for the seven tested
plates with demineralized water and acetone. It
was found by trial and error that the
interpolation lines in the diagrams of this
figure may be expressed by exponential
functions with a power term,;

where; Nma/A is the maximum value of N/A
(at =0), rst is the maximum value of r which
corresponds to the beginning of nucleation
N/A=1 and m is an exponent.

Fig. 12 shows a comparison between the
size distribution functions N(r) for the various
tested plates with demineralized water and
acetone. It seems that, all the results indicate
that as the minimum cavity radius 7. increases,
the activated nucleation site density (N/A)
decreases. This behavior is similar for the
seven tested boiling sufaces with different

Fig. 11-a. Size distribution function for the four mechanically treated boiling surfaces.
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Fig. 11-b. Size distribution function for the three chemically treated boiling surfaces.
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amounts depending on the value of Ry of each
surface. Moreover, the small -cavity is
apparently more capable of holding a residual
of vapor and is also able to be activated by its
neighbors when boiling is initiated. Conse-
quently, the performance of a heat transfer
device in which vaporization occurs strongly
depends on the roughness of the heated wall.
Based on the thermophysical properties of the
tested fluid, acetone is more likely to form
nucleation sites than demineralized water. This
phenomenon can be explained by the fact of
the surface tension difference between the two
fluids.

Fig. 13 depicts the variation in bubble
nucleation flux rate (N/A).f as a function of
heat flux (g) for the various tested plates with
demineralized water and acetone. It is noticed
that (N/A).f value increases by the increase in
heat flux. This may be attributed to the fact
that as the heat flux increases, a significant
increase in the wall superheat is associated
which tends to activate more nucleation sites
on the heated surface at a specific roughness.
This in turn, enhances the heat transfer
process. It is also observed that for
a specific fluid and constant heat flux, the
(N/A).f value is increased by increasing the
roughness of the heated surface. Again, (N/A).f
also have a higher magnitude in acetone than
in demineralized water. Moreover, fig. 14 shows
the variation of (N/A).f with R, at constant heat
flux equals 2 x 105 W/m?2 for the various tested
plates with demineralized water and acetone.
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451 =852 483 x84
x S5 e S6 + 87

100000
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10000
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Fig. 12-a. Comparison between the size distribution
functions of the seven tested boiling surfaces using

deminaeralized water.
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Fig. 12-b. Comparison between the size distribution
functions of the seven tested boiling surfaces using

acetone.
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Fig. 13-a. Nucleate site density and frequency as a
function of heat flux for the tested boiling surfaces using
demineralized water.
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Fig. 13-b. Nucleate site density and frequency as a
function of heat flux for the tested boiling surfaces using
acetone.

In addition, the bubble nucleation flux rate
(N/A).f for the various tested heated surfaces is
normalized by the value of the smooth surface
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Fig. 14. Variation of nucleate site density and frequency
with the surface roughness parameter.
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Fig. 15. Variation of the normalized nucleate site density
and frequency with the surface roughness parameter.

N
(4f)
(N/Aff == _  at heat flux equals 2 x 105
a s

W/m?2 and is represented as function of Ry as
shown in fig. 15. This figure reveals that within
the entire investigated range of surface
roughness, ((N/A).f)" increases uniformly with
increasing the roughness of the heated surface.

Generally, it is interesting to correlate the
three-parametric size distribution function
constants (Nmax/A, rstand m) with Rp. It must
be mentioned that the constants (Nmaw/A, rst
and m) are deduced from the three parametric
distribution functions (eq. (15)) calculated from
the heat transfer measurements of the seven
tested heated surfaces with demineralized
water and acetone. Fig. 16 depicts the relation
between the exponent m and the surface
roughness parameter Rp. The results of refs. [8,
16] are presented for comparison. It seems that
the exponent m of the present results is not

Fig. 16. Variation of the exponent m with the surface
roughness parameter Rp.

affected by the roughness of the heated
surface. It can be concluded that the exponent
(m) may be considered as a constant equals
unity. On the contrary, the previous results [8,
16] show different trend from the present
results. It is believed that the reason for this
difference may be due to the different surface
treatment used in refs. [8, 16]. It must be
mentioned that the authors of refs. [8, 16] used
single mirror finish copper plate in their work,
and after that they treated it mechanically with
different grained emery papers (as in ref. [16])
or mechanically for some plates and chemically
for the others (as in ref. [8]) to get heated
surfaces with different surface finish. In
addition to the different surface treatment,
refs. [8, 16] boiled R-115 and R-11 (as in [8]) or
R-12 (as in [16]) through extended pressure
range. For this reason, their results for the
exponent m seemed to increase with the
surface roughness parameter Rp,. Obviously,
the present size and structure of the cavities
strongly affects the influx of liquid from the
pool drawn into the internal tunnel of the
cavity.

Furthermore, fig. 17 shows the relation
between the maximum bubble density Nmax/A
for the seven tested surfaces and the surface
roughness parameter Rp. Again, The previous
results of refs. [8, 16] are presented for
comparison. It is observed from the present
results that the maximum bubble density
Nmax/A increases by increasing Rp. This
behavior is noted for both the demineralized
water and acetone. This is perhaps due to the
increase of the number of intersection points
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Fig. 17. Variation of the constant Nma/A with the surface
roughness parameter Rp.

per unit area of the heated surfaces (activated
nucleation sites) as the surface roughness
increases. This is also evidenced by the surface
structure visualization showed in fig. 5. It is
also observed that for a specific value of Ry, the
Nmax/A value of acetone is higher than that of
demineralized water due to the surface tension
difference between the two fluids. It is believed
that acetone is able to activate more nucleation
sites than demineralized water. On the
contrary, the results of refs. [8, 16] showed a
tendency of the maximum bubble density
Nmax/A to decrease with R,. This may be due to
the aforementioned reasons.

Finally, fig. 18 depicts the relation between
the starting activated cavity radius rs for the
seven tested surfaces and R,. The previous
results of refs. [8, 16] are presented for
comparison. It is observed from the present
results that the starting activated cavity radius
(rs) decreases with the increase of Rp. This
behavior holds for demineralized water and
acetone. The decrease of the starting activated
cavity radius rs with R, may be related to the
nature of surface structure of the tested plates
as evidenced by the structure visualization in
fig. 5. Actually, this may be due to the fact that
as the surface roughness increases the width
of Dboth longitudinal and perpendicular
scratches also increases, so that the intersec-
tion area between two successive longitudinal
and two successive perpendicular scratches
becomes smaller which may lead to smaller
values of rst with Rp. On the other hand, the
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= Present work, Acetone, P*=0.015
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Fig. 18. Variation of the constant rs with the surface
roughness parameter Rp.

previous results of [8, 16] showed a similar
trend in spite of the different method of surface
treatment and different boiling liquids, in
addition to the wide system pressure range
that are used in their experiments.

The most interesting result is that the r«
values for demineralized water is higher than
that for acetone. This is true for the present
tested plates. This result supports the findings
presented in figs. 10 and 16 and can be
deduced from (h-q) relation, in addition to the
size distribution function N(r) for the present
tested plates, in the sense that for a specific
heat flux, the wall superheat ATw associated
with acetone is higher than that for
demineralizated water. This activates more
nucleation sites with smaller cavity radius in
case of acetone than demineralized water. This
fact may be explained by the higher values of
Nmax/ A for acetone in comparison with those of
demineralized water.

Generally, based on the present results, the
three parameters Nmax/A, rs and m can be
correlated with Ry in the form:

For demineralized water,

Nmax/A = 155782 e 0-1109Rp, (17)
rst = 0.0297 (Rp)0-0345 | (18)
For acetone,

Nrax/A = 47722 e 0-1126Rp | (19)
rst= 0.0108 (Rp)0.0044 (20)

For both fluids,
m=1. (21)
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5. Conclusions

Based on the present results, significant
facts can be drawn as follows :
1. At constant system pressure, the absolute
and normalized nucleate pool boiling heat
transfer coefficients increase by the increase of
the heat flux.
2. The absolute and normalized nucleate pool
boiling heat transfer coefficients increase by
increasing the roughness of the heated surface.
3. For a specific heat flux and constant
system pressure, the absolute nucleate pool
boiling heat transfer coefficient associated with
demineralized water is higher than that of
acetone.
4. For a specific wall superheat, the
enhancement in the nucleate pool boiling heat
transfer coefficient reaches up to 600 % due to
the variation in the roughness of the heated
surface.
S. The distribution function of the size of
stable vapor bubbles in active nucleation sites
of the heated surface may be expressed by
exponential function with a power term (eq.
(15)).
6. It is found that, the form of the size
distribution function is affected by the
roughness of the heated surface and the
thermophysical properties of the boiling liquid
(surface tension and viscosity).
7. For a specific wall superheat, acetone forms
more nucleation sites than demineralized
water.
8. For a specific surface roughness, the
bubble nucleation flux rate (N/A).f increases by
increasing the heat flux.
9. For a specific heat flux, the bubble
nucleation flux rate (N/A)f increases by
increasing the roughness of the heated surface.
10. The three-parameters for the tested heated
surfaces Nmax/A, 7st and m show a significant
dependence on the surface roughness
parameter Rp. It could be considered the
exponent m is a constant equals unity. While
Nmax/A increases by increasing the roughness
of the heated surfaces, and rst decreases by
increasing the roughness of the heated surface.
11. The parameters Nmax/A, rst and m can be
correlated with the surface roughness
parameter Rp as indicated in eqgs. (16 to 20).

Nomenclature

Cross sectional area of the heated
Surface, m2,

C Constant,

c Specific heat capacity, J/kg °C,

D Bubble diameter, m,

f Bubble frequency, 1/s,

g Acceleration of gravity, m/s?,

h Heat transfer coefficient, W/m?°C,

Ahy Specific latent heat of vaporization, J/kg,
1 Current, ampere,

K Constant,

Kaiu Thermal conductivity of aluminum alloy

6061, W/m°C,
m Exponent,
N/A  Number of active nucleation sites per
unit area, m= -
Nmax/ A Maximum value of the
N/A (maximum bubble density), m—2,
No Constant,

P Saturation pressure, bar,
Q Power, W,
Qu Downward heat loss, W,

OQr Radial heat loss, W,
Qu Upward heat supplied (actual power

input), W,

q Heat flux, W/m?2,

Ry, Surface roughness parameter defined
by DIN 4762, ym ,

R Surface roughness parameter defined ,

by Russian standard, um,
rms  Surface roughness parameter defined
by American standard, um,

r Bubble radius, um,

T Minimum radius of active nucleation
sites, um,

Tst Starting activated cavity radius, um,

T Fluid temperature , °C,

ATw  Excess temperature of the heated
surface, °C ,

%4 Voltage, volt

V.,V Specific volume of saturated liquid and

Vapor, m3/kg, and
AX Wall thickness, m.
Greek symbols:

B Contact angle, degree,

B Volume expansion coefficient, 1/°C,
n Dynamic viscosity, kg/m.s,

cos¢p power factor,

P Mass density, kg/m3,
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o} Surface tension, N/m and

A Thermal conductivity , W/m°C.

Subscripts:

b Bubble at departure from heated

surface ,

m Mean value,

s Saturation condition ,

w Wall condition,

nc At natural convection, and

nuc  With the range of influence of

nucleation site,

Superscripts:

: Saturated liquid ,

Saturated vapor,

* Function normalized by its value at the

reference state and

- Mean value .
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