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Cost-Effective Techniques for Enhancing Heat Transfer

Rate in Steam Condensation
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Two different cost-effective techniques were used to enhance the condensation heat transfer rate of steam
over a horizontal copper (99.9% Cu, 0.1% P) tube surface period. The first technique was using self-assembled
monolayers (SAMs), and the second technique was using small amounts of heat transfer additives. Results of
the experimental investigations done using these two techniques are presented. The use of SAMs of n-octadecyl
mercaptan promotes dropwise condensation, which facilitates the deposition of desirable films that are only as
thick as the length of composite molecules. When compared to complete filmwise condensation, the SAM coating
increased the condensation heat transfer rate by a factor of 3 for copper surfaces in a horizontal tube configuration.
Using effective additives, the condensation heat transfer coefficient can be enhanced as much as 1.4 times as
compared to operating without additives. The steam condensation, which occurred in our experiments using
effective additives, was mostly dropwise. When heat transfer additives function effectively, the condensate droplets
become more dispersed than those produced without additives. We attempt to explain this flow behavior based
upon the Marangoni effect (in terms of thermodynamic equilibrium) in connection with obtained dynamic surface-

tension data.

Nomenclature
A; = inside area of the test tube, m?
A, = outside area of the test tube, m?
cp = specific heat, J/kg - K
d; = inside diameter of tube, m
d, = outside diameter of tube, m
he = condensation heat transfer coefficient, W/m? - K
hy, = inside heat transfer coefficient, W/m? - K
K = thermal conductivity, W/m - K
l = length of the tube, m
My, = coolant mass flow rate, kg/s
Nu = Nusselt number, /,[/K
Pr = Prandtl number, ¢, /K
O = heat transfer rate, W
q = heat flux, W/m?
Re = Reynolds number, VI/y
T; = inlet water temperature, K
T, = outlet water temperature, K
T, = vapor temperature, K
t = drop frequency, Hz
AT = surface subcooling temperature, K
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AT mrp = log mean temperature difference, K

U = overall heat transfer coefficient, W/m? - K
\%4 = coolant velocity, m/s

Y = kinematic viscosity, m?/s

I = viscosity, N - s/m?

o = surface tension of the liquid, dyne/cm

1. Introduction

IRTUALLY every heat exchanger is a potential candidate for

enhanced heat transfer. Benefits of enhancement include the
possibilities of size reduction for the particular heat exchanger, re-
duced driving potential or required temperature difference for de-
sired output, or reduced required pumping power for desired out-
put. Dropwise condensation (DWC) exhibits a significantly higher
heat transfer coefficient!? than filmwise condensation (FWC) when
properly promoted. However, long-term DWC conditions are usu-
ally difficult to maintain. Over the years many researchers have used
different techniques to enhance heat transfer in steam condensation;
some of them are discussed below.

Erb and Thelen? used coatings of inorganic compounds such as
metal sulfides and found out that a sample of sulfided silver on
mild steel showed excellent DWC. Extensive studies on conden-
sation were made by researchers*> using noble metal—plated sur-
faces and showed that noble metal—plated surfaces have consistently
shown excellent dropwise characteristics. However, the hydropho-
bic characteristics of these noble metals as DWC promoters have
been controversial in the literature®” and also the cost incurred in
manufacturing such surfaces has limited their applications. Organic
materials®® such as hydrocarbons and polyvinylidene chloride coat-
ings have also received considerable attention for their hydrophobic
capability to promote DWC. Many researchers'?~!? have used differ-
ent types of technologies to employ polymer coatings for promoting
DWC and reported that heat transfer enhancements were up to 30
times higher than those from film condensation. Das et al.'* used an
organic monolayer coating and they concluded that self-assembled
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monolayer (SAM) coatings increased the condensation heat transfer
coefficient by a factor of 4. However, the durability of the coated
surfaces has not been determined. In general, organic coatings are
difficult to maintain and require strong long-term adhesion forces
between the coating and the metal substrate. Some researchers!4~!7
have used heat transfer additives to enhance the condensation heat
transfer rate based on the concept of surface tension and Marangoni
flow.

The main objective of the current research is to evaluate differ-
ent cost-effective techniques for enhancing the heat transfer rate in
steam condensation, which would eventually reduce the manufac-
turing cost of condensers. Self-assembled monolayers (SAM) were
formed on condenser tubes to study their condensation character-
istics. In general, a SAM system with a long-chain hydrophobic
group is nano resistant, meaning that such a system forms a protec-
tive hydrophobic layer with negligible heat transfer resistance. The
substrate surface was oxidized initially before the SAM coating was
applied. The oxidized substrate surface enables stronger bonding be-
tween the SAM and the substrate surface. These monolayers appear
to offer a strong potential for long-term DWC promotion along with
their low manufacturing costs. Though the concept of promoting
DWC using SAMs looks promising, the durability of these surfaces
needs to be determined for any industrial applications. It also helped
us to evaluate different kinds of heat transfer additives for enhancing
the heat transfer rate, as the additives act to decrease the surface ten-
sion of the working fluid, thus decreasing the liquid film thickness
on the condensing surface and also enhancing condensate mixing
and ultimately increasing the heat transfer rate.

II. Experimental Apparatus

To promote and study dropwise condensation, an apparatus was
built that allowed a cool surface to be put into a saturated steam
environment. The experimental apparatus system'® as shown in
Fig. 1 is made of a boiler, a chiller, a vacuum pump, a moisture
trapper, and the condensing chamber. The condenser design was a
closed system made of carbon steel with dimensions of 40.64 cm
(length) x 25.4 cm (width) x 25.4 cm (height). The condensing
chamber is designed to be flexible in order to accommodate testing
of various tube geometries. The test section also contains a viewing
port made of Plexiglas (15.24 cm x 10.16 cm) on both sides, which
has magnetic wipers as well, to wipe off any water that condenses
on the viewing port in order to view clearly the condensation pro-
cess and to take images of the process. The condensing chamber is
tested for any leaks in order to minimize the detrimental effect of
noncondensables on the condensation process.!®?° The condensing
chamber is properly insulated in order to avoid any energy losses
to the surroundings. A vacuum pump is used to create a vacuum
inside the condenser chamber. Steam is generated from a boiler
that has a total heating capacity of 2.36 kW using a proportional
integral derivative (PID) controller (OMEGA CN 350). The steam
generated from the boiler flows vertically downward across the hor-
izontal condenser tube through which the cold water flows, which
allows condensate to form on the outside of the condensing surface.
The outside diameter of the condenser tube is 19.05 mm with a wall

Steam inlet

l Test section

Moisture|trapper A

Boiler [Steq

m return

Vacuum pump | |

Fig. 1 Apparatus schematic.

thickness of 2.057 mm and a length of 406.4 mm. Resistance tem-
perature detectors (RTDs) are used to measure the temperature at
the entrance of the cool water into the test section as well as at the
exit. There are also thermocouples and a pressure gauge placed at
various places in the test section. The thermocouples and the RTDs
are connected to a data acquisition system (FLUKE Hydra Series
II), where the temperatures are monitored and stored. The tests are
repeated for each tube under the same vacuum pressure conditions
(33.86 kPa) in order to determine repeatability.

The uncertainties in the reduced data and calculated quantities
were also determined. The temperatures of the inlet and outlet cool-
ing water and the steam were measured with carefully calibrated
four-wire high-precision RTDs having an accuracy of £0.1°C. Cal-
ibrated copper—constantan T-type thermocouples were used to mea-
sure the temperature of the steam inside the condensing chamber.
The flow rate of the coolant was measured using a flow sensor
(SIGNET 515/2356 rotor-X flow sensor) which is connected to a
SIGNET battery-operated flow meter to read the data. The accu-
racy of the flow rate measured was £2% of the full range (6 m/s).
The uncertainties in the independent variables were measured, esti-
mated, and calculated using Coleman and Steele’s procedure.?! An
uncertainty of 2% was found in the values of overall heat transfer
coefficient, 2% for heat transfer rate and 4% in the condensation
heat transfer coefficient.

III. Experimental Procedure, Results, and Discussion

Heat Transfer Analysis

The coolant velocity in the tube was varied from 1.4 to 3.2 m/s,
corresponding to Reynolds numbers ranging from 19.5 x 103 to
45.1 x 10%. The rate of heat transfer the condensation tube Q,, was
determined from the following equation:

Qw = mwcp(To - Tt) (1)

Energy balances obtained from Eq. (1) for Q,, and the total heating
capacity of the boiler agreed to within 15%, with some of the energy
generated from the boiler being lost to the surrounding environment.
Q. is used to calculate the overall heat transfer coefficient,

Qu

U=—=2_
A()ATLMTD

(@3]

T, —T,
ATimrp = T (3)
(T — T) /(Ts — T,)]

The convective heat transfer coefficient (4,,) for cooling water in-
side the tube was determined by the following correlation, reported
earlier for relatively short tubes:!?

Nu = 0.062Re"” Pr®> )

The mean condensation heat transfer coefficient, /., on the outside
of the tube was determined by subtracting the inside and wall thermal
resistances from the overall thermal resistance, or

hc:1/{i_ Ao _Ao[m(do/d»“ S
U Ah,y, 2r.l.K

The surface subcooling temperature AT, with an uncertainty of
about 4% in the calculated value, was hence obtained by dividing
the mean heat transfer rate, g, by the average condensation heat
transfer coefficient,

q = Qu/Ao.

AT = q/h, (6)

Self Assembled Monolayer Coating

The ability to tailor the surface properties of the metal substrate
using SAMs provides a new capability for controlling the behavior of
working fluids on a heat transfer surface and can lead to significantly
improved heat transfer rates. We used a finely polished copper alloy
(99.9% Cu, 0.1% P) tube with an outside diameter of 19.05 mm, a
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Fig. 2 Contact-angle measurement of water droplet on copper alloy surface with n-octadecyl mercaptan coating.
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Fig. 3 Surface tension (o) as a function of frequency of drops (¢2).
Note that additive # 1 and additive # 2 are hexyl alcohol and 2-methyl-
1-pentanol, respectively.

wall thickness of 2.057 mm, and a length of 406.4 mm. An oxide
layer was formed on the surface of the copper for stronger bonding
of the SAM coating to the condensing surface by immersing the cop-
per tube in a 30% hydrogen peroxide solution for 8 h, while stirring
using a stir bar. The tube was then removed from the hydrogen per-
oxide solution and immersed in a 2.5 mM solution of n-octadecyl
mercaptan in ethanol for 15 h. A thin film of the organic com-
pound formed on the surface of the copper, which was then washed
with ethanol (99.9%) and dried. The organic film was produced by
self-assembly of molecules attached to the metal oxide surface by
covalent bonds and had better bonding to the substrate surface due
to its higher electrostatic attraction in the covalent bonding. To de-
termine the hydrophobic nature of the SAM-coated surface, contact
angles were measured using a CAM-100 type contact-angle mea-
surement apparatus with an accuracy of £0.5 deg. Figure 2 shows
the contact-angle data of a water droplet on a copper alloy surface
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Fig. 4 Condensation heat transfer coefficient versus vapor-to-tube
wall temperature difference operated at vacuum pressure. SAM-coated
tube is based on n-octadecyl mercaptan—coated surface; heat transfer
additive was 2-ethyl-1-hexanol.

having an n-octadecyl mercaptan coating measured at room tem-
perature. From Fig. 2 it can been seen that the mean contact angle
measured for the water droplet is 148.46 deg, as shown on the right-
hand side of the Fig. 2. The mean contact angle is calculated by
taking the average of the left and right contact angles measured,
which are also shown in the Fig. 2.

Surface Tension Analysis

To better quantify the effectiveness of each additive, its effect
on the surface tension of water was measured and compared to
the surface tension of water alone. The drop volume method??~2*
was applied in making the surface tension measurements and was
based upon a force balance on drops. Figure 3 shows the depen-
dence of surface tension on the frequency of the drops. For the
case when no additive was present the droplet would begin to neck
and would not separate until a relatively large amount of necking
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c)

Fig. 5 Photographs of condensation on a) a plain copper tube (film-
wise), b) a tube with heat transfer additives, and c¢) a SAM-coated tube.

had taken place. For the case when additives are present, a rela-
tively little necking was seen at the tip of the drop creator. Signifi-
cantly smaller drops would appear at the tip of the drop creator and
would quickly fall into the collector flask. Out of the two additives
tested, 2-methyl-1-pentanol had the lower surface tension, mean-
ing that the value of (Owaer-Caddiive) for additive 2 is greater than
that of additive 1, creating a larger driving potential for Marangoni
flow.

Condensation Heat Transfer Coefficient

Every experimental run was operated at a constant pressure
(33.86 kPa) for more than 2 h after reaching steady state. All tests
were repeated at least once on a different day. As a check, the exper-
imentally determined heat flux and condensation heat transfer coef-
ficient, measured with this apparatus for pure FWC on a bare tube,
compared well with the well-known Nusselt correlation.! Figure 4
shows the variation of the condensation heat transfer coefficient
as a function of surface subcooling operated at vacuum pressure
(33.86 kPa). From Fig. 4 it can be seen that the condensation heat
transfer rate was enhanced by a factor of 1.4 with the heat-transfer
additives added and a factor of 3 when the condensing surface was
coated with SAM, as compared to the values for film condensation
on a bare copper—brass tube. It can be seen that the driving potential
(or required temperature difference) for both experiments, using ad-
ditives or SAM coatings, was significantly reduced as compared to
that for FWC for the applied input power. The improvement during
DWC results primarily from the presence of numerous microscopic
droplets on the hydrophobic surfaces that do not exist during FWC.
Active sweeping of larger droplets from above helps to continue the
nucleation of small droplets on the surface, after a larger droplet
sweeps off the surface. The DWC cycle then repeats itself. This
sweeping effect controls the sizes of droplets on the lower part of
the tube, as they are prevented from growing too large by their coa-
lescence into the sweeping drop. Figure 5 shows a still frame from
the video recordings of tests for a plain copper tube, a tube with heat
transfer additives, and a SAM-coated tube.

IV. Summary

The techniques used showed a remarkable enhancement of the
condensation heat transfer rate and are very cost-effective as com-
pared to other techniques used. Self-assembled monolayer coated
tubes showed a drastic enhancement in condensation heat transfer
of up to three times over FWC. Excellent DWC was obtained on
the SAM-coated surface. SAMs have negligible heat transfer resis-
tance. The durability of the SAM coating is strongly dependent upon
the bonding between the coating and the condensing surface. As of
now, after 600 h of operation, the SAM-coated surfaces still exhibite
good dropwise characteristics, and further durability tests are being
carried out. An enhancement in condensation heat transfer of up to
1.4 times was achieved by adding only 1% of 2-methyl-1-pentanol.
Because of the Marangoni effect, the true condensation heat transfer
enhancement was caused by local variation in the surface tension.
This means that it is primarily related to the dependence of the
additive concentrations upon surface tension. In the presence of ef-
fective additives, the steam condensation process observed in our
experiment produced mostly dropwise condensation.
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