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Enhancement of Film Condensation Using Porous Fins

A. Shekarriz* and O. A. Plumbt
Washington State University, Pullman, Washington

The effect of porous fins on film condensation on a horizontal tube was examined experimentally. It was dem-
onstrated that the porous fins are effective in thinning the liquid film via a surface tension driven flow and hence
enhancing the condensation rate. The experiments were limited to condensation of saturated vapor with surface
subcooling up te 14°C. The results obtained using 95% porosity fins and R-11 revealed that, at the optimum fin
spacing, the condensation rate can be increased by as much as two times that for a plain tube. It was observed
that the liquid film behaves differently for different fin spacings. At small fin spacing (3.2-6.4 mm), a thin, ap-
parently stable film was present. The film was nearly uniform and all of the condensate drained through the
porous fins. At larger fin spacing (>9.5 mm) dripping from the tube itself as well as drainage through the
porous fins occurred. The maximum condensation rate occurred at a fin spacing of 9.5 mm (3% in.).

Nomenclature
A  =surface area, m?
h  =tubeside heat transfer coefficient, W/m2 -K

h;, =latent heat of vaporization, J/kg
k  =thermal conductivity, W/m-K

K  =permeability, m?

m =condensate mass flow rate, kg/s
Nu =Nusselt number

T =temperature, °C

é =film thickness, m

u  =dynamic viscosity, kg/m-s
o =surface tension, N/m

8  =porosity

Subscripts

cw =cooling water

D =based on diameter

f =film

i =inside/inlet

) =liquid

o =outlet

w =wall

Superscript.

-~ =aqverage or bulk quantity

Introduction

HE common use of the Rankine cycle for both refrig-

eration and power applications has resulted in considera-
ble research on film condensation since the original the-
ory was developed by Nusselt in 1916. Early research focused
on physical understanding of the condensation process while
more recently efforts have been directed toward enhancement.
The desire to develop enhanced surfaces is motivated by the
need for lightweight and compact equipment. Applications in-
clude condensers for space applications, where it may be
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desirable to design a unit which will operate effectively in both
gravity and low gravity environments, condensers for compact
refrigeration cycles, and condensers for use in the vapor space
in immersion cooled integrated circuits. In addition, recent ad-
vances in the development of superconducting materials may
lead to transportation/aerospace applications requiring on-
board cryogenic refrigerators. In these types of applications
both compactness and lightweight are essential.

During film condensation the dominant resistance to heat
transfer is most often the condensate film. Hence, many en-
hancement techniques have focused on the expeditious re-
moval or thinning of the liquid film. During the past decade, a
considerable amount of work has been conducted in this area.
The most successful techniques may be classified into two
groups depending upon the physical phenomena involved in
removing or thinning the condensate film: 1) those involving
surface tension forces, and 2) those involving skin friction
forces. Recent reviews of the current literature can be found in
Marto! and Fujii? for enhancement caused by surface tension
and in Kutateladze and Gogonin® for enhancement via inter-
facial shear. In addition, the works of Marto et al.,* Rifert et
al.,’ Yau et al.,® Honda et al.,” Carnavos,® and Fujii et al.? on
surface tension effects, and Honda et al.,'? Cavallini et al.,!
and Rose!? on interfacial shear effects on the filmwise conden-
sation heat transfer should be noted although this list is by no
means intended to be comprehensive.

In order to form a basis for judging the results to be dis-
cussed in this paper, a brief discussion of the results obtained
by other investigators for various enhancement techniques is
in order. The experimental investigation of Marto et al.,* on
wire-wrapped tubes, reveals enhancement of up to 1.8 times
for condensation of steam flowing at 1.0 m/s, compared to
plain tube condensation. This is rather significant, since the
manufacturing cost for producing such heat transfer surfaces
is substantially lower than integral fin tubes. This enhance-
ment technique is analogous to that discussed in this paper in
that a surface tension driven flow toward the wire results in a
thinner film and hence enhanced condensation over a portion
of the tube.

Honda et al.,!? in their experiment with high velocity R-113
vapor flowing at 8.4 m/s over a plain tube, obtained enhance-
ment of up to 2.9 times that for a stagnant vapor condensa-
tion. Previous to that, Kutateladze and Gogonin? reported en-
hancements of up to 4 times for R-12 vapor flowing at 5.0
m/s. Although these values are considerably higher than a
stagnant vapor condensation on a single tube, application to
tube bundles is limited because of liquid inundation on the
lower tubes of the condenser. To provide an additional point
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of reference, the studies by Marto! indicate enhancement in
the neighborhood of three to four times for steam condensing
on integral fin tubes.

An alternative technique for removal of condensate film
from the surface, which falls in the first class of enhancement
techniques described earlier is the use of capillary porous fins
in much the same way as solid fins. This method was first pro-
posed by Plumb,!* and further investigated by Shekarriz and
Plumb.!* Using a simple one-dimensional model, it was shown
that the presence of porous fins on the condensing surface has
the potential to significantly increase the condensation rate.
Capillary transport in the direction normal to the surface,
within the fin, coupled with continuity of the liquid phase, im-
poses a transverse pressure gradient on the film, which under
specific conditions may cause a significant reduction in the
liquid film thickness.

The objective of this paper is to present the results of a
series of experiments performed to demonstrate the potential
for enhancement of condensation using porous fins. For these
experiments, fins were constructed from porous copper and
positioned on a cylindrical horizontal condenser tube. The dis-
tance between adjacent fins was varied and the optimum fin
spacing was determined for a single fin thickness. The results
are compared to plain tube condensation with no imposed
vapor velocity.

Experimental Apparatus and Procedure

The test apparatus is schematically illustrated in Fig. 1. The
primary components of the experimental setup may be class-
fied into four main systems: 1) Evacuation/pressurization
system—to eliminate noncondensible gases and isolate the test
section from the environment. 2) Cooling system—to supply
and maintain a constant temperature cooling liquid to the test
section. 3) Boiling system—to provide vapor for the condenser
surface. 4) A system to measure the desired temperature and
the condensation rate.

The evacuation/pressurization system included an octago-
nal aluminum base with eight inlet/outlet ports, a 6.3 mm (1%
in.) thick glass bell jar, two longitudinal straps to securely
hold the glass jar to the aluminum base, and a vacuum pump.
O-rings were used at the contact surfaces between the ports
and the base. All access to the chamber took place via the in-
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let/outlet ports. Openings were sealed either by using the
proper tube or pipe fitting or by application of a nitrite-based
adhesive. The glass bell jar, measuring 305 mm (12 in.) X 457
mm (18 in.) high and containing nearly 80% of the chamber
volume, allowed for full observation of the condensing sur-
face during the experiment.

The cooling system was composed of a 450 W constant tem-
perature bath with a thermoregulator, a 1/12 hp centrifugal
pump, and a rotometer to measure coolant flow rate. Copper
tubing was used to connect the preceding components in series
with the condenser. The condenser was made of two concen-
tric copper tubes. The outer tube measured 31.8 mm (1.25 in.)
0.D.x4.8 mm (3/16 in.) thick and the inner tube was 13.7
mm (0.54in.) O.D. x 1.6 mm (1/16 in.) in thickness. Details of
the construction are shown in Fig. 2. The condenser length
was 203 mm (8 in.) out of which 103 mm (4 in.) was used as ac-
tive surface, and the remaining 100 mm was covered by 12.7
mm (1/2 in.) thick nylon insulation. The inner tube was wrap-
ped with 1.2 mm diam copper wire to enhance the tubeside
heat transfer coefficient through both the generation of swirl
and turbulence. The concentric tube design coupled with the
enhancement was adopted to ensure a more uniform wall tem-
perature in the axial direction. Finally, all of the connecting
tubes and cooling lines were insulated with fiberglass insula-
tion tape.

The temperature difference between the outlet and inlet
cooling liquid was measured using a differential thermocou-
ple, and a potentiometer accurate to +1 pvolt, which trans-
lates to +£0.025°C. This temperature difference was less than
1.5°C for all the tests that are reported. The primary objective
of this measurement was to ensure that axial temperature dif-
ferences along the condenser tube were minimal. Surface tem-
perature was measured directly through four copper-
constantan thermocouples (wire diam 0.005 in.), imbedded on
the surface inside 1.6 mm (1/16 in.) deep holes. These holes
were drilled to be slightly larger in diameter than the thermo-
couple beads (~ 1 mm). The holes were then filled with nitrite-
based adhesive to keep the thermocouple wires in place and
the condensate away from the thermocouple beads. Nitrite-
based adhesive was used because of its compatibility with the
R-11 environment. The axial location of four surface thermo-
couples is indicated in Fig. 2. The four thermocouples were
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Fig. 1 Schematic diagram of the experimental apparatus.
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Fig. 3 Details of the porous fins.

placed at 0, 90, 180, and 270 deg from the top of the tube. The
fins were mounted so that these thermocouples were always lo-
cated between two adjacent fins. In addition, thermocouples
were placed under the nylon insulation at each end of the ac-
tive portion of the condenser tube—again to check for axial
temperature variations. The average of all temperature read-
ings was taken as the reference surface temperature for the test
section. The output of these thermocouples, along with the
output from the inlet and outlet cooling liquid temperature,
and vapor temiperature were supplied to a 10-channel digital
thermometer.

The experiment was 1n1t1ated with an evacuation injection
procedure. The system was evacuated to ~3 Torr (~0.1 in.
Hg) absolute pressure. Refrigerant-11 liquid was then injected
into the system until the pressure was nearly 500 Torr (~ 20 in.
Hg) absolute. The injection process was stopped, and the
system was evacuated for the second time. The system was
then injected with nearly 1600 ml of the refrigerant. At a
pressure of 1 atm, nearly 25% by weight of the working fluid
was in the form of vapor, and the rest formed a liquid pool at
the bottom of the chamber completely covering the immersion
heater. The advantage of evacuating and injecting the system
with R-11 twice, as may be apparent, was the considerable re-
duction in the noncondensible gas content. This mass of non-
condensibles was calculated assuming ideal gas behavior, to be
less than ~ 0.01%, which is sufficiently small to ensure a neg-
ligible effect on condensation rate. This was confirmed by
measuring the vapor pressure and temperature before the con-
densation process was started and noting that both quantities

correspond to the same thermodynamic state. Condensation
was then initiated by allowing the cooling fluid to circulate
through the condenser. Simultaneously, boiling was initiated
in the liquid pool by supplying power to the 2 kW immersion
heater. The condensate was collected in a nylon cup. The cup
had a graduated view glass and its outlet was controlled using
a solenoid valve. Condensate flow rate was measured by meas-
uring the time required to fill the 100 ml cup. The uncertainty
in this measurement is estimated to be +4 ml.

The porous fins were installed on the condenser tube as
shown in Fig. 3. Porous fins 50X 50 mm and 3.2 mm thick
were cut from copper foametal (manufactured by Foametal,
Inc., Willoughby, Ohio). The fin thickness was that which was
available from the manufacturer and the width and length
selected arbitrarily. Hence, neither dimension can be expected
to be optimal. Eccentric holes 31.8 mm in diameter were cut
from the fins so that they could be slid onto the condenser
tube. The permeability of this material was measured to be
~5%107% m? in a constant head permeameter. The fins were
positioned at the desired spacing and clamped to the tube as
shown in Fig. 3. Data were obtained for fin spacings of 3.2,
6.4, 9.5, 12.7, and 30.2 mm. The data was highly repeatable,
and the accuracy of the results was estimated to be within
+4% for the mass flow rate of condensate and +4% for the
surface subcooling.

Surface Temperature Calculation

Since accurate measurement or estimation of surface tem-
perature is critical to the accuracy of the results, an additional
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experiment was performed to check the accuracy of the tem-
perature readings from thermocouples embedded in the tube
surface. A trial experiment was performed, in which conden-
sation on a plain tube was studied. The surface temperature
was measured directly by using the embedded thermocouples.
This reference temperature was used to evaluate the tube-side
heat transfer coefficient by using the following relationship,

h_i:mhfg/Ai(Tw_ Tcw) (1)

where 7 is the measured condensation rate in kg/s, hy, is the
latent heat of vaporization in J/kg, A, is the internal surface
area of the tube in m?, and finally, 7, and T, are the wall
temperature and coolant bulk temperature in °C. For the
range of heat fluxes studied the temperature difference across
the wall was calculated to be on the order of 0.10°C. The
properties were evaluated using the following reference tem-

e)
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peratures: T,=T, +0.3(Ty,, —~T,) for the condensate and
T =(T,, + Tv,)/2 for the internal flow. In order to ensure
that the above measured quantities were acceptable, the results
were compared with Nusselt’s film condensation theory, and it
was found that the experiment yielded 20% higher results than
the theory. This is consistent with the outcome of the experi-
ments performed by other investigators.

The measured internal heat transfer coefficient was 2-2.5
times that predicted for an internal turbulent flow in a smooth
annulus. The bulk of the data was taken at Reynolds numbers
around 3000, since it was desirable to operate the experiment
at the upper limit of available pumping capacity to keep the
coolant as nearly isothermal as possible. To evaluate the sur-
face temperature at a particular condensation heat flux, the
properties of coolant were determined at the bulk coolant tem-
perature, and the internal convective heat transfer coefficient
was determined from the experimental results discussed previ-
ously. The rearranged form of Eq. (1) was then used to calcu-
late the surface temperature. This method was used to deter-
mine the surface temperature for the experiments on finned
tubes. Direct measurement of the surface temperature corrob-
orated the accuracy of this measurement to within +4%.

In the plain tube experiment, the circumferential surface
temperature variation as reported by Kutateladze and Gog-

Fig. 4 Photographs of the condensation with various fin spacings: a)
3.2 mm (¥ in.) spacing, b) 6.4 mm (V4 in.) spacing, ¢) 9.5 mm (3 in.)
spacing, d) 12.7 mm ()2 in.) fin spacing, and e) plain tube.
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onin® was observed. However, no substantial variation in the
temperature around the circumference of the tube was
measured for experiments involving small fin spacing (<9.5
mm). A slight axial temperature variation was measured,
although this amount was substantially lower than axial sur-
face temperature variations reported by other investigators®
due to the relatively thick wall of the condenser and the turbu-
lent internal counter flow.

Discussion of Experimental Results and Observations

Experiments were conducted with fin spacings ranging from
3.2 mm (Y% in.) to 30.2 mm (1-3/16 in.) at which point only
three fins were present on the surface. The photographs in Fig.
4 for four fin spacings (3.2, 6.4, 9.5, and 12.7 mm) as well as
the plain tube are useful in providing insight to the interpreta-
tion of the results. At smaller fin spacings (<9.5 mm) as
shown in Fig. 4a-c the liquid drainage occurred entirely
through the fins for all experimental conditions except for
those at low surface subcooling (< 7 K). For these cases no lig-
uid drops associated with the Taylor instability studies by Dhir
and Taghavi-Tafreshil®> were observed at the bottom of the
tube, and the thickness of the film appeared to be uniform
both axially and circumferentially. Evidence of the Kelvin
Helmbholtz instability in the form of surface waves on the lig-
uid film was not observed. This is consistent with what one
would expect. The thinning of the film caused by the presence
of the porous fins would be expected to stabilize the film.

For condensation of R-11 on a 31.8 mm (1% in.) diam tube,
the dominant wavelength as reported by Dhir and Tag-
havi-Tafreshi'> becomes approximately 9.5 mm (3 in.). This
is consistent with our observations for condensation on a plain
tube (Fig. 4e). At a fin spacing of 9.5 mm (34 in.), drops ap-
peared at low surface subcooling only. It is speculated that this
was because the liquid film was too thin for the porous fins to
become effective. Since the porous fins were slipped onto the
tube and hence the fin-to-tube contact was imperfect, the ef-
fectiveness of the fin becomes questionable in the case of a
very thin film. As the fin spacing was increased beyond 9.5
mm, surface waves became noticeable and the Taylor instabil-
ities became evident as can be seen in Fig. 4d. The ratio of the
amount of liquid draining from the fins to that draining from
the tube surface decreased as the fin spacing was increased.

In addition to the observed effects of the fins on the film
stability as discussed above, there are two additional factors
related to the fin properties which deserve attention. First, the
role of the fins in transferring heat to the condenser surface is
worthy of mention. The effective thermal conductivity of the
fins as a first order approximation may be estimated as!6

ke =ks(1—¢)+ ko )

where subscripts s and ¢ correspond to solid and liquid phases,
respectively, assuming the matrix is fully saturated by the lig-
uid phase. Since ¢ was measured to be approximately 95%
and k,< <k, from Eq. (4) it may be seen that k. is approxi-
mately 5% of k. If the effect of contact resistance at the sur-
face of the condenser is considered, the porous fin would ex-
hibit an efficiency considerably smaller than that of a solid
fin. As a consequence of this poor thermal communication,
we conclude that the fins play a very minor role if any in
transferring heat to the condenser surface. Thus, it can be
assumed that the portion of the test section covered by a
porous fin was essentially adiabatic, and made no significant
contribution to the condensation rate. The fins in essence
served as insulators reducing the effective surface area.
Second, the role of the fins in imbibing and draining liquid
is the key to their effectiveness. The natural tendency would be
towards choosing a porous material with a high capillary
pressure so that it would be effective in imbibing liquid from
the film. Unfortunately, high capillary pressure corresponds
to low permeability and a diminished drainage capability,
leading to a saturated fin. For this reason, the optimum fin
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properties must lie in the region where drainage and imbibi-
tion capacities are properly balanced. Since we have yet to
measure the capillary pressure of the porous fins and have
conducted experiments with only a single fin material, it is at
this point not possible for us to speculate on the optimum fin
properties.

Quantitative results are shown in Figs. 5 and 6. Figure 5 ex-
hibits the direct experimental values of condensate mass flow
rate as a function of temperature difference. We note that the
total condensation rate, for a given surface subcooling, in-
creases up to a value depicted by the curve given for 9.5 mm
(3/8 in.) fin spacing, and then decreases to a value governed
by plain tube condensation as the fin spacing approaches in-
finity. The maximum enhancement compared to the plain tube
is approximately 1.8 times for the 9.5 mm (3/8 in.) fin spacing
at a constant temperature difference of 10°C. For fin spacings
less than 9.5 mm the degree of enhancement is lower. This
does not mean that the fins are not effective but is a result of
the insulating effect of the fins as discussed above.

In Fig. 6, the results for the degree of enhancement are pre-
sented as a function of fin spacing at a constant temperature
difference of 10°C. In this case the Nusselt number is based on
only the surface area on which the condensation takes place,
that is, the exposed tube surface. It should be noted that the
Nusselt number is inversely related to the film thickness.
Thus, the vertical axis in Fig. 6 represents either a ratio of
Nusselt numbers or a ratio of average film thicknesses. This
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figure emphasizes the effectiveness of the fins in thinning the
liquid film, It clearly demonstrates that, even for small spa-
cings where enhancement was not large, the film thinning con-
tinues to increase. The fact that the degree of enhancement
continues to increase as surface subcooling is increased, as
shown in Fig. 5, and as the fin spacing is decreased, as shown
in Fig. 6, leads us to conclude that the fins are not saturated
and have additional capacity to drain liquid. This is consistent
with the calculations of the maximum liquid carrying capacity
of the fins. Their performance is then limited by their capacity
to imbibe liquid. Data could not be obtained at higher sub-
cooling (higher AT) for two reasons. First, we were faced with
a limited refrigeration capacity to provide cooling water to the
condenser, and second, the safe operating pressure of the bell
jar was limited to a maximum of approximately two atmos-
pheres. Future experiments will be conducted using fins hav-
ing smaller permeability (smaller pore size) and, hence, higher
capillary pressure. It should be noted also that the capacity to
imbibe fluid depends directly upon surface tension, and the
ability to drain liquid is proportional to K/u. If we examine
the ratio of o/ for water as compared to R-11 we would ex-
pect the degree of enhancement for water to be in excess of
twice that achieved with R-11.

Conclusions

Experimental results for film condensation with and with-
out porous fins were reported in this paper. It was demon-
strated that the fins contribute significantly toward thinning
the liquid film, resulting in a 3.5 time reduction in film thick-
ness for 3.2 mm (1/8 in.) fin spacing. Unfortunately, the fins
have a very low thermal conductivity leading to an insulating
effect, which reduces the effective surface area for condensa-
tion. These two opposing factors result in an optimum fin
spacing of 9.5 mm (3/8 in.) at which the condensation rate is
increased by ~ 1.8 times that for a plain tube. This value is, of
course, dependent upon both fluid and fin properties, thus,
would be expected to be different if either were changed. The
measured degree of enhancement falls far below the maximum
predicted by Shekkariz and Plumb!4 since these predictions
represent the upper limits based on the ability of the fin to
drain fluid with no resistance to imbibition from the liquid
film to the base of the porous fin. These preliminary experi-
ments demonstrate that this approach to enhancing condensa-
tion has considerable potential in situations where compact
and lightweight condensers are required
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