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ABSTRACT
ENHANCED NUCLEATE BOILING
By

(%

Javed Arshad

The heat transfer mechanism responsible for the order of magnitude
increase in the boiling heat transfer coefficient for enhanced boiling
surfaces compared to plain smooth surfaces has been investigated experi-
mentally. A video tape recorder and a motor-driven still camera were used
to observe the evaporation process in grooves of three cross-sectional
geometries with a cover plate over the grooves containing microdrilled holes.
Inception of boiling, formation of a thin liquid evaporation layer and dry-
out were observed in the groove. It was concluded that thin film eva-
poration is tﬁe principal heat transfer mechanism in nucleate boiling on
enhanced surfaces as_suggested by several previous investigators. Dry-
out of the groove explained the test surface's reversion to the smooth

surface pool boiling curve at intermediate heat fluxes.
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1.0 INTRODUCTION

Heat transfer enhancement has received much attention recently,
in part due to rising energy costs. The heat transfer enhancement tech-
niques are employed to economize on eguipment cost and size, handling
large and concentrated heat fluxes and improving the performance of the
heat exchange equipment. Special enhanced boiling surfaces, now largely
in use for building heat exchange equipment, incorporate a special sur-
face microgeometry which promotes high performance nucleate boiling with
heat transfer coefficients an order of magnitude greater than those of a
conventional smooth surface.

On a typical pool boiling curve when entering the boiling region
from natural convection there is a large increase in the heat transfer
coefficient. Two mechanisms are basically responsible for this increase:
latent heat transport in the form of bubbles leaving the nucleating sur-
face and agitation caused by growing, and departing bubbles enhancing nat-
ural convection over the inactive area.

Enhanced boiling surfaces are a 5 to 10 fold improvement (in terms
of heat transfer coefficients) over conventional smooth surfaces for mode-
rate heat fluxes up to about 200 kw/m2. A number of different techniques
have been employed to prepare these special surfaces. In the early inves-
tigations surfaces roughened with different grades of emery parer were
tested. These surfaces showed a temporary improvement before reverting

to smooth surface behavior. The later investigations ccncentrated more on



artificially formed nucleation sites whose performance did not deteriorate
with time. These surfaces with a high population density of stable nuclea-
tion sites are commercially available under different trademarks. A high
performance of these special surfaces has been thought to be due a) to a
lower superheat required for initiation of boiling because of large radii
of the vapor nuclei trapped in the cavities of special geometry b) to a
high density of such boiling sites and c¢) to thin film evaporation within
the structured porous matrix.

Although a number of researchers have manufactured and tested a
variety of enhanced surfaces, only a very few have done a detailed study
of the heat transfer mechanism responsible for the order of magnitude in-
crease in the boiling heat transfer coefficient for enhanced surfaces.
Such a study is vital before we can model the boiling process to look
for an analytical expression for predicting the heat transfer coefficient.

In the present study two special surfaces were designed and manu-
factured. These surfaces had grooves machined into them (one surface
with triangular cross-sectional grooves and the other with rectangular)
and a cover plate containing microdrilled holes placed over the grooved
surface. Nucleate pool boiling curves were obtained to ascertain the
performance of these two surfaces compared to a plain smooth surface.

In a separate set up for a visual study, a videotape recorder and a
motor-driven still camera were used to observe the evaporation process
in grooves of three different cross-sectional geometries (triancular,
rectangular and circular).

Chapter 2 deals with the state-of-the-art review of enhanced boil-
ing. Chapter 3 describes the experimental desirn and procedures for the
present study followed by a discussion of the results in Chapter A4,

Chapter 5 presents the conclusions of the study.



2.0 STATE-OF-THE-ART REVIEW

2.1 Preliminary work

Previous investigators have tested heat transfer surfaces incor-
porating a wide variety of enhancement techniques. An excellent and
recent review by Webb [1] describes the historical development and test-
ing of these surfaces for a wide range of liquids.

Early investigators [2,3] tested several liguids on surfaces roughened
with different grades of emery paper. However, only a temporary improvement
was shown before the surface behavior reverted back to that of a conven-
tional smooth surface. Khurihari and Myer's [3] results (see Figure 1)
showed that the heat transfer coefficient was proportional to the surface
roughness. They noted that boiling site density (the number of boiling
sites per unit area) increased with increasing roughness. The later in-
vestigators concentrated more on artificially formed nucleation sites
whose performance would not deteriorate with time. The artificially formed
sites also allowed incipience to occur at a lower degree of wall superheat,
AT, which is the temperature difference between the heated wall and the

bulk liquid temperature.

2.2 Nucleation criteria and cavity geometry
Bankoff [4] examined the mechanism of bubble nucleation in detail
and arrived at the conclusion that boiling bubbles originate from pre-

existing vapor rockets in cavities on the surface. Vestwater [5] exa-
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5
mined the boiling surface under a microscope and confirmed Bankoff's
conclusion.

Griffith and Wallis [6] made a detailed study of boiling from ar-
tifically formed sites. They correlated their observations with the
following nucleation criteria.

The Gibb's equation for a static, mechanical equilibrium across

a curved interface which is a segment of a sphere can be written as
_ _ 20
P -P =AP=— (2-1)

When the bubble is also in a state of thermal equilibrium the tempera-
ture of the vapor inside the bubble must be identical to that of the
surrounding liguid. Now the vapor is at its saturation temperature
corresponding to PV. Since Pv > Pn’ the liquid surrounding the bubble
must be superheated. The excess temperature in the liquid can be re-
lated to the pressure difference AP through the Clapyron equation.

The Clapeyron equation 1s given as

h
AP _ fg
AT~ T__V (2-2)
sat fg
Eliminating AP from egs. (2-1) and (2-2) we get
20 T .V
_ _ sat fg _

(Tw - Tsat) = AT = —?75;;——4- (2-3)

If the cavity mouth radius r, also called the critical radius, is

substituted into eq. (2-3), the temperature difference (AT) becomes the

nucleation surerheat. This is the minimum wall sunerheat needed to start

the bubble growing from a cavity with a mouth radius of r.



Griffith and Wallis [6] compared the experimental values of AT
(nucleation superheat) for different artificial cavities with those cal-
culated from eq. (2-3). The results showed that the nucleation criteria
embodied in eqg. (2-3) are correct. In one of their tests on artificial
cavities they noted that the measured wall superheat was 20°F (11°C)
as opposed to 3°F (1.7°C) as calculated from eq. (2-3). To explain
this they argued that the mean surface temperature is not equal to
the temperature felt by an active cavity i.e., the surface is much
cooler in the vicinity of an active cavity than elsewhere. They con-
cluded that the cavity mouth radius determines the wall superheat
needed to initiate boiling and its shape determines its stability once
boiling has begun. Figure 2(a) shows a reentrant cavity proposed by
Griffith and Wallis. It is called "reentrant" because of its special
internal shape. Figure 2(b) shows a plot of the reciprocal of radius
vs. volume. When the radius of curvature becomes negative, then accord-
ing to eg. (2-3), the liquid must be subcooled in order to flood the
cavity. Therefore, such a cavity should be a very good vapor trap to
serve as a nucleation site for the initiation of boiling.

Marto and Rohsenow [7] conducted their tests on a 75mm diameter
block with twelve reentrant cavities. Figure 3(b) shows a cross-sec-
tional view of their artificial cavities which produced much better en-
hancement in terms of heat transfer coefficient compared to some other en-
hancement techniques they tested (see their results Figure 3(a)).

Hummel [8] tested a stainless steel surface sprayed with scattered
spots of teflon (a non wetting material) for the boiling of water. A
nonwetting coating establishes a larger liquid-vapor interfacial curva-

ture which in turn would reguire a lesser degree of superheat for its



|
\~4_ —— -
(1) § Liquid
Y r—+ () - VoPo,
(&)
1
©

b (a)

i
)

Figure 2. (a) States of the liquid-vapor interface
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existence. Hummel's results (see Figure 4) show a dramatic enhance-

ment where h increases an order of magnitude for a given AT.

2.3 Mechanisms of heat transfer in nucleate boiling

There are several hypothesis about the mechanism of heat transfer
in boiling. First, a growing bubble is thought to be surrounded by a
superheated thermal boundary layer. Heat is absorbed by the bubble from
this boundary layer on its periphery and the heat is transported away as
the bubble departs from the heated surface.

Another mechanism is known as thermal boundary layer stripping.
Adjacent to the heated surface a thermal boundary laver exists in the
fluid. Heat is thought to be transported by cyclic stripping of the
thermal boundary layer by departing bubbles. Also, as the bubbles leave
the surface, they allow the cold liquid to contact the surface. The
cold liquid readily conducts heat away from the hot surface. Such a
mechanism appears to be more dominant in subcooled boiling as shown by
Rohsenow and Clark [9]. The above ideas are also shared by a number
of other researchers [10,11].

Yet another hypothesis is that the liguid at the base of a bubble
is rapidly vaporized, as advocated by Edwards [12] and Moore and lMesler

[13]. They visualize that evaporation takes place continuously from

Nl

thin liquid film at the base of the bubble. The temperature of such a
film would be expected to drop significantly after the mass transfer has
begun due to the associated very high heat transfer coefficient for thin

film evaporation (similar to film condensation).
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Moore and Mesler [13] measured the surface temperature during nu-
cleate boiling with a special thermocouple so designed as to measure the
surface temperature of a small area and to have an extremely rapid re-
sponse time. The thermocouple voltage was read on a potentiometer and
the temperature fluctuations were viewed on an oscilloscope. The sur-
face temperature was found to drop occasionally by 20 to 30°F (11 to 17°C)
in about 2 milliseconds and then return to its previous level during
the boiling of water. Thls indicated a rapid extraction of heat dur-
ing a short time interval. Figure 5 shows a typical photograph of
the oscilloscope face showing the surface temperature behavior.

Moore and Mesler calculated the heat transfer rate during one tem-
perature drop and then multiplied it with the freaquency of the tempera-
ture drop and showed that it accounted for about 70-90% of the average
heat flux for many calculations. They also argued that the very high
heat transfer coefficient (between 165-267 kW/m2°C) obtained during the
temperature excursion would not be expected if convection was an important
factor. They proposed that the only hypothesis that appears to be consis-
tent with their observations is the process of vaporization at the base
of the bubble. They visualize the details of what happens as follows.

As a bubble grows on the surface it exposes the heating surface wet with
a microlayer of liquid to the interior of the bubble. This microlayer
rapidly vaporizes, removing heat rapidly from the surface until it is
completely vaporized. This simple sequence of events is the only way
that they were able to explain the rapid removal of heat occurring dur-
ing the short period of time when they observed the surface temperature
dropping rapidly. Figure 6 shows two extreme possibilities of bubble

growth and the formation of a microlayer. They suggested it might be
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possible to achieve better correlations if consideration was given to

microlayer vaporization.

2.4 Commercial enhanced surfaces

Based on the past experience with special surfaces and the funda-
mental studies mentioned in the previous sections, a number of techni-
ques have been ermployed to manufacture a variety of commerical enhanced
surfaces.

A category of "porous surfaces" incorporates microholes (pores) con-
nected to a matrix of interconnected reentrant cavities under the surface.
These surfaces have proved to be a major breakthrough. Figure 7a shows
a cross-section of the HIGH-FLUX¥* surface which consists of a porous me-
tallic matrix bonded to a metallic subtrate. The Gottzmann et. al. [14]
results for pool boiling tests on a HIGH-FLUX surface are shown in Figure
Tb. At a given heat flux the heat transfer coefficient is seen to in-
crease by a factor of 20 due to the smaller AT required by the enhanced
surface to sustain the heat flux. The average pore size within a cer-
tain range has been reported to be the most significant dimension. Most
of these pores are of reentrant shape according to Bergles and Chyu [15].
The pores within a matrix are interconnected such that vapor formed in
one pore can activate adjacent pores.

Cold metal working is also one of the techniques being employed to
form a high density of intercomnected reentrant cavities in the form of
grooves or tunnels below the surface. These surfaces have cpenings all

along the top of the grooves connecting them with the bulk liquid. Fig-

¥Trademark Union Carbide
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ure 8 shows some of the commercially available boiling surfaces of this
type. Figure 8a depicts a reentrant grooved surface formed by bending
fin tips to form narrow cavity openings. Figure 8b'shows the THERMO-
EXCEL~E (trade mark) surface consisting of reentrant grooves with holes
at the top of enclosed grooves. Figure 8¢ shows the GEWA-T surface con-
sisting of narrow finned tubing with the fins flattened down. Figure 8d
is the ECR-U40 surface made by cross knurling through helical fins and
then compressing the surface to form reentrant cavities.

Yilmaz and Westwater [16] conducted single tube pool boiling tests
on some of these commercial enhanced surfaces. Their results are shown
in Figure 9. The ECR-40 and the HIGH FLUX surfaces gave the best results.
These tubes also exhibited a critical heat flux (CHF) about 40% greater

than that of a conventional smooth tube.

2.5 Analytical work

While a variety of enhanced surfaces have been manufactured and
tested and are in fact commercially available, very little work has been
done to mathematically model the enhancement mechanism to look for some
heat transfer correlation for these surfaces.

Nakayama et. al. [17] have proposed an analytical model of the dyna-
mic cycle of bubble formation. They conducted experiments on structured
surfaces composed of intercomnected internal cavities in the form of tun-
nels and small pores connecting the bulk pool of liquid and the tunnels.
Figure 10 shows the geometry of the structured surface they used in their
experiments. Structural dimensions are given in Table 1 for three dif-
ferent surfaces used for boiling water. The surface material was oxygen

free copper. The most widely varied among the geometrical dimensions
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Figure 10. Geometry of the surface structure [17].

Table 1. Structural dimension of the tested surfaces
[171.

fluig [Surface

No. do Ao Ae He We | A /A
W-1] 0.20 J0.6010.6010.62]0.35 2.
water W-2 0.1410.72/0.50 | 0.50 | 0.20 3.40
W-J3 0.08]0.72710.5010.60] 0.15% 3.70]
R(11Y-170.1070.70 0.5510.40] 0.25 3.
R-11 R(11)-2] 0.06 | 0.7010.55] 0.40 0.25 3.
R(11)-370.0310.7010.5510.40 0.251 3.
LN-1 0.2010.72T0. 301 0.30 1 0.18 3.
liquid | LN=-2 0.1210.7270.3010.50 | 0.13 | 3.
ntrogen{ LN-3J3 0.0910.7210.30[0.56 | 0.1¢% 4.
(LN) LN-4 0.06 ] 0.72710.401 0.52} 0.18 4.05
LN-5 0.03]0.7210.40] 0.56] 0.18 4.09

3,
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was the pore diameter d0 which was considered crucial for the ejection
of vapor bubbles from the tunnel. Boiling curves are shown in Figure 11.
Dependence of bolling performance on pore diameter dO is notable.

To determine the latent heat contribution to the overall heat trans-
fer rate, they measured boiling site density NA/A, the bubble departure
frequency f, , and the diameter of departing bubbles db for R-11. The

latent heat flux qr, was then computed from
= 3 -
ap = (Np/AE he o (n 47/6) (2-4)

where Py is vapor density and hfg latent heat of vaporization.

The ratio of ar, to the total heat flux q is shown against g in
Figure 12. The latent heat contribution for the structured surface is
seen to be dominating at low heat fluxes. This is thought to imply that
a significant role is played by the vaporization process in the tunnels.

Nakayama et. al. [17] have also conducted visual experiments to ob-
serve the vaporization process in the tunnels. The apparatus shown in
Figure 13 consists of a base block, two glass plates (30mm x 30mm, lmm
thick) forming a pool space above the base block, and a thin metal 1id
haveing a row of through holes (pores). A tunnel space is formed between
the 1id and the base block. Heat was supplied through the direct heating
of the base block or by passing a d.c. current through the 1id. The eva-
poration phenomenon in the continuous tunnel was observed from the side.
Based on their observations and experimental results they modeled a se-
quence of events of the bubble growth and departure cycle at the pores in

an effort to develop an analytical solution to find Q-
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Basically they have made use of conservation equations of mass and
momentum in terms of meniscus height at the active and inactive pores.
These equations were derived by referring to [18]. They derive expres-—
sions for the mass of liquid evaporated in the tunnels, the time for
completing a cycle, and the fraction of total number of pores active B.
Then, the latent heat transport flux is given as

nass of liquia

q, = (evaporated in )h,. /(Time)(Area) (2-5)
L tunnels fg/

They also gave an empirical correlation for Aoy 2 the heat flux from

the outer surface of structured surface.

1/y \—x/y
Qey = (8T/C)  (Ny/A) (2-6)

where X,y and Cq are constants which could vary from one fluid to another

and NA = BN, where N is the total number of pores. Now

Q=q +q,, (2-7)

In the process of arriving at Eq. (2-7) five empirical constants have
been introduced to correlated their experimental results (see Figure 14).
A procedure of predictive corputations for geometrically uniform surface
structures (such as their own) is outlined. They noted that more experi-
ments on similar surfaces were necessary to test the validity of their
analytical model.

The Gottzmann et. al. [14] model is strongly based on the assumption

that effectively all vaporization occurs within the porous matrix or tun-
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nels, see Figure 7a. They also make use of Gibb's eguation and the well

known Clapyron relation;

p=<2 -
AF - (2-1)
h
AP _ fo -
AT T T__V (2-2)
sat fg
where AT = Tw - TS; letting %%-= m, the slope of the vapor pressure curve

and substituting (2-2) in (2-1) gives

AT = =— (2-8)

Neglecting the termperature drop across the metallic matrix, the

total wall superheat ATB will be the sum of ATS, eq. (2-8), and the tem-

perature drop ATLF across the thin liquid film covering the metallic walls.

Therefore
ATy = AT  + 8T 4 (2-9)
and
AT, = 29 4 sar® (2-10)
B m K

L

where a geometric factor 8 i1s introduced. The conduction of heat through
the liquid from the hot solid surface to the liquid-vapor interface is

called thin film evaporation (It is similar to film condensation).
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The optimum radius is found by differentiating eg. (2-10) giving

ok

— (__2+1/3 _
Topt. (qu) (2-11)
Substituting back into eg. (2-10) gives

k£m2 ATé
15. 33 = - (2-12)

27 Bo

Gottzmann tested this equation for several surfaces with optimum
pore sizes. Results are shown in Figure 15. The data is seen to be

rather scattered but good gqualitative agreement is found.
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3.0 EXPERIMENTAL DESIGN AND PROCEDURES

3.1 Pool boiling

An experimental program was designed to study the enhancement mech-
anism in porous structured surfaces in continuation of the Nakayama et.
al. [17] work. However the exact geometry of the structured surface was
known in the present study as opposed by the previous work by Nakayama
where the geometry was only approximately rectangular as shown in Figure
16. To study the effect of a change in groove geometry on enhancement,
boiling curves for two different groove cross-sections (triangular and
rectangular) were obtained.

The two special enhanced boiling test surfaces made of brass were
designed, manufactured and tested in the laboratory. The test section
(25.4mm dia) contained circular machined grooves: one surface with a
triangular cross-section and the other with rectangular, coded surface
No. 1 and No. 2 respectively for convenience. A thin copper 1id (thick-
ness 5um) was soldered onto the surface which covered the machined
grooves forming tunnels. The 1lid contained microdrilled holes (pores) all
along the centerline of the grooves, thus connecting the tunnels with the
bulk pool of water. Dimensions were carefully selected to have a uniform
distribution of pores over the entire test section.

Figure 17 shows detailed drawings of the test surfaces and Table 2
gives the dimensions of the surface structures. The outer section of the

test surface was made very thin (0.%4m) to minimize the conduction heat

27



28

tunnel pore

/ I

1mm

Figure 16. Magnified view of the surface [17].
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Figure 17 (continued) (c) and (d) Groove cross-sections.
Table 2. Structural dimensions of the
test surfaces
Surface .
No. 9o Ao )\ O, W
1 0.18 0.60 0.60 0.50 0.25
2 0.25 0.60 1.20 0.50 0.25
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loss in the radial direction. A high temperature resistant and low ther-
mal conductivity adhesive was used to stick a circular ring at the bottom
of the thin section of the test surface. The ring is in turn screwed to

a cylindrical shell. Figure 18 shows the pool boiling setup.

A specially designed nichrome filament heater is tightly screwed to
the bottom of the test surface and is used to heat the test section. The
assembly is then sealed off with a flanged U-tube. The heater supply and
thermocouple wires run through the U-tube and out to the instrumentation
panel. The whole assembly is then immersed in a large beaker containing
double distilled water, maintained at saturation temperature through di-
rect heating from a hot plate. Another smooth (ordinary machined) brass
surface was also manufactured and tested to compare the enhancement ef-
fect of the special surfaces.

An adjustable D.C. power supply, monitored by a digital multimeter
(DI'M) was used for the test section heater.

Figure 19 shows the power supply circuit. Copper-constantan thermo-
couples and a digital thermometer were used to measure temperatures.
Three thermocouples under the test section were used to record the tem-
perature at distances of 2, 4 énd 6érm fram the top of the surface.
Another thermocouple was used to record the bulk liquid temperature.

The beaker ana the test section were cleaned with acetone before each
test. The water level in the beaker was maintained about 10cm above the
test section by periodic replenishment during the test while the pool of
water was maintained at saturation temperature by a hot plate. The maxi-
mum subcooling noted was 0.3°C. The test section heater power supply was

increased slowly in steps and then adecreased following the same steps.
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