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Experimental Evaluation of Triangular Microgrooved

on a Condensing Surface

R. Barron-Jimenez*
Texas A&M University, College Station, Texas 77843-3123
and
G. P. Peterson’
Rensselaer Polytechnic Institute, Troy, New York 12180

The addition of microgrooves to a condensing surface has been proposed to reduce the film thickness to in-
crease the condensation heat transfer coefficient. Microgrooves promote the removal of condensate via the cap-
illary pressure induced by the difference in curvature of the meniscus formed in the groove. Triangular mi-
crogrooves of different apex angles (45 and 60 deg) and width (300 and 500 .cm) were machined on several copper
plates (140 X 25.4 mm), and the resulting film condensation was observed at a macroscopic scale. Experimental
results demonstrated the beneficial presence of the grooves by achieving enhancement factors up to 2.22 in the
Nusselt number. This enhancement was separated to allow determination of the individual contributions of the
gravitationalbody force and the effect of the steam stream velocity. Visual observation of the phenomenon demon-
strated that the microgrooves evaluated had an active length, but that the effect of this active length was easily
obscured by the macroscopic phenomenon that produced a thick condensate film over a majority of the length of
the plate. Conclusions from the current research indicated that the microgrooves were able to improve the heat
transfer process, even at a macroscopic length scale, because they added an additional path through which the
condensate could be removed. When conditions similar to microscale condensation were obtained, the effect of the
grooves was isolated and found to be very satisfactory.

Nomenclature
microgroove spacing, Fig. 3, m
specific heat, J/kg K
hydraulic diameter, m
microgroove’s depth, m
condensation heat transfer coefficient, W/m2K
= overall condensationheat transfer
coefficient, W/m2K
thermal conductivity, W/mK
length, m
Nusselt number based on length
overall Nusselt number based on length
number of microgrooves on the plate
" heat flux, W/m?
= steam flow Reynolds number, based on vapor tunnel
hydraulic diameter
microgroove spacing, Fig. 3, m
temperature, K
volumetric flow rate, m3/s
microgroove width, m
width, m
volumetric division factor of the cooling stream
relative temperature, K
film thickness, m
density, kg/m?
microgroove apex angle, deg
= tilting angle of test module with respect to the
horizontal, deg
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Subscripts

c = cooling

entrance = entranceregion

film = condensate film

paper = paper region

plate = plate

region = either paper or entrance region
vapor = vapor

Introduction

VER the course of the lastdecade, there has been an increasing

interest in the transport phenomena occurring at very small
length scales. Much of the interest in this area has been driven by
the electronics industry and its constant search for smaller, faster,
and more powerful integrated circuit devices. In addition, advances
in microelectromechanicd systems technology have resulted in a
wide variety of applicationsfor microscaledevices thatinclude both
energy exchange and chemical conversion systems.

Research into the fundamental phenomena of microscale heat
transfer has generated a significant amount of information in all
three principal areas of heat transfer, including conduction,convec-
tion, and radiation heat transfer. Efforts have been devoted to both
the analytical and experimental evaluation of heat transfer in mi-
crostructuresfor coolingsilicon chipsin which there is flow through
microchannels. Duncan and Peterson' summarized numerous stud-
ies of forced convection in microchannels and the heat transfer oc-
curringin differentconfigurationsof micro heatsinks and micro heat
exchangers incorporated into electronic components. One particu-
larly important aspect of microscale phenomenaon which very little
work has been done is that of condensation. Film condensation,one
of the important heat transfer phenomena occurring in many types
of heat transfer equipment, is of particular interest in compact heat
exchangers and other microscale devices.

Nusselt first analyzed film condensation controlled by the grav-
itational body force in 1916. Many investigators have expanded
Nusselt’s theory to take into account the effects of noncondensible
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gases, interfacial shear, superheating, property variations, diffusion
and nonuniform gravity forces on film condensation.

Gregorig® firstintroduced the conceptof using the surface tension
forces to drain condensatefrom the fins in a fluted tube. The surface
tension on a curved surface may induce a pressure gradient that ex-
ceeds the gravity-inducedbody force. In some cases surface tension
forces may be used to thin the condensate film at the tips of fins and
to promote the removal of condensate through the flow channels,
thereby enhancing the condensation heat transfer process. Several
important contributions*~® have been made to help to understand
the role of surface tension in this condensate removal process.

External condensation enhancement was achieved by means of
integral finned tubes, and the fin geometry has been investigated
extensively to optimize the fin performance. Additional efforts to
remove liquid from the flooded regions have promoted the appli-
cation of external disks,” longitudinal drainage strips.*~!° rotating
devices, and other methods.

The present research proposes the effective utilization of the
pumping capability of surface tension to reduce the condensate film
and, by so doing, to increase the condensation heat transfer coef-
ficient. The configuration evaluated here is a series of triangular
microgrooves machined on the surface of a flat copper plate.

In 1995, Peterson and Ma'! investigated the capillary flow in
microgrooves and found that there exists an optimum geometry
that can provide the maximum heat transport capability for a micro
heat pipe of a given shape. This work indicated that the thermal
resistance occurring at the condensing surface plays an important
role in establishing the operational limits of these devices.

It is well known that the thermal resistance occurring during film
condensation depends primarily on the thickness of the liquid con-
densate film. Decreasing this thickness will enhance the condensa-
tionheat transfercoefficientand substantiallyimprove the efficiency
of the overallheat transfer process. In many instances,it may be pos-
sible to use surface tension to reduce the film thickness. Previous
investigationshave shown that, when the tip of a groove comes into
contact with a wetting liquid, the surface tension forces cause the
liquid to flow to the bottom of the grooves, resultingin a thinning of
the condensate film at the tip of the groove. As the length scale gets
smaller, the role of the interfacial forces becomes more important,
particularly when the condensate film thicknessis less than 100 nm
(Ref. 12). At these length scales, the film condensationand conden-
sate flow in the microchannels will be governed not only by gravity
and surface tension forces, but also by the interfacial forces such as
the disjoining pressure.

Regardless of whether one is trying to utilize microgroovesto re-
duce the amount of liquid retained in grooves to improve the overall
heat transfer coefficient in the film condensationprocess or to retain
liquid in the grooves in applications such as micro heat pipes, it
is clear that a better understanding of the fundamental phenomena
that govern the condensationprocess in microgrooves could lead to
enhanced performance in a wide variety of applications.

The current investigationis focused on experimentally typifying
the performanceof microgroovesin film condensationon horizontal
and near-horizontalcopper plates. The objective is to determine the
effect of the microgroove geometry and dimensions in an effort
to optimize the condensation heat transfer coefficient, as well as to
evaluatethe bulk effect of the presence of microgrooveson the plate.

Experimental System and Methodology

To evaluate the combinedand individualroles of the gravitational,
capillary, and interfacial forces, an experimental study of conden-
sation on four microgrooved plates was conducted. As discussed
earlier, microgrooves have the ability to promote the removal of
condensate from the surface via the capillary pressure induced by
the difference in curvature of the meniscus formed in the groove.
Reducing the condensate film thickness results in an improvement
in the condensation heat transfer coefficient.

Experimental Apparatus

The experimental system was designed to determine the conden-
sation heat transfer in a series of microgrooved plates oriented hor-

—

Fig. 1 Experimental apparatus schematic: 1) boiler, 2) pump, 3) ro-
tameter, 4) super-heater, 5) vapor tunnel, 6) observation window, 7) ther-
mocouples, 8) direct-contact condenser, 9) constant-temperature bath,
10) microgrooved plate, and 11) condensate removal unit.

izontally and near horizontally. The experimental apparatus, shown
schematically in Fig. 1, consists of three major sections: 1) a test
module, 2) a steam loop, and 3) a cooling loop.

The steam that flows through the test module is generated in the
steam loop (external loop, Fig. 1). This steam loop consisted of
a closed-loop boiler test module condenser through which steam
is initially produced. This steam in the loop, which is produced
through the vaporizationof ultrapure water, flows from the boiler to
acondenser,whereis thenreturnedto the boiler. Ultrapure water was
chosen as the working fluid because of its high latent heat and high
surface tension. Future research will involve the use of methanol to
detect the role of surface tension during the process. A gear suction
pump in the loop was used to assure a steady supply of water to the
boiler and minimized flow pulsations within an accuracy of 2%.

Internal convective boiling in a horizontal tube was used to gen-
erate the steam. The 92-cm-long tube was made from Inconel® 600
a Ni/Cr/Fe alloy, and the entire tube served as the electrical heater
due to its very low electric resistivity. In addition, the reaction of
Inconel with water at high temperatures is essentially nonexistent,
thereby eliminating the production of noncondensible gases. Each
end of the Inconel tube was connected to the electrodes of an arc
welding machine that operated as a current-regulatedpower supply.
This boiling system was effectively used to generate saturated vapor
at a constant mass flow rate. The actual volumetric flow rate was
measured using a rotameter while the flow was still in liquid phase.

During the process, the saturated vapor flows through the super-
heater section, where additionalheat is added to the vapor stream to
achieve superheated conditionsup to 135°C. For the tests where the
vapor conditions were required to be at saturation, the superheater
and the electricalheaters on the ducts were used only to compensate
for heat losses, avoiding condensation as the vapor flowed through
them. The axis of the superheatertube was aligned with the longitu-
dinal axis of the vapor tunnel and had a small observation window
so that the vapor coming into the test module could be observed.
This window allowed the vapor to be visually monitored and was
used to ensure that there was no condensationof the vaporupstream
of the test section.

In the test module, a portion of the vapor was condensed and then
was removed by the condensate removal unit. The remaining va-
por exited the test module and was condensed on the direct contact
condenser. This type of condenser allowed the system to be main-
tained at the atmospheric pressure (101.35 kPa) during the entire
operation. The condenser was located away from the test module to
diminish the influence of the pressure drop resulting from conden-
sation. Condensed liquid from the condenser was returned to the
constant temperature bath reservoir to be reintegrated into the cycle
at 20°C.

The purpose of the cooling loop (inner loop in Fig. 1) was to
maintain the test article at a constant preset temperature during the
test period. The cooling bath was used to set the cooling water
temperature for each experiment and to control it within £0.02°C.
The test module of the experimental apparatus, shown in Fig. 2,
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Table 1 Dimensions of the tested triangular microgrooves

Plate
Parameter 0 3 5 6
W, mm 0 0.33 0.67 0.69
0, deg 0 60 60 45
a, mm 25.4 2.59 2.46 2.45
S, mm 0 1.47 1.13 1.11
H,, mm 0 0.21 0.48 0.60
n 0 12 12 12
Dy, mm 0 0.14 0.32 0.33

Vapor tunnel Observation window

Micro-grooves

. <}: Vapor outlet
%

Condensate/
removal

unit

Vapor inlet <_—:1 o

Cooling passages

Grooved plate
+ Thermocouple

Capillary paper

Fig. 2 Test module schematic.

consisted of a 322.58-mm? cross-sectional area, vapor tunnel con-
structed from Teflon®. The length of the tunnel entrance (127 mm)
was calculatedto assure fully developedsteam flow, when itreached
the microgrooved plate test article. Another feature of this vapor
tunnel was the observation window. A piece of Pyrex® glass was
attached to the test module on top of the copper plate to allow vi-
sual observation of the liquid behavior on the microgrooves and to
determine the condensation regime, draining fluid pattern, and va-
por flow phenomena. To prevent condensation on the observation
window, a stainless-steelfoil heater was attached to the external top
surface and a small amount of heat was added.

Because the condensate removal rate directly affects the conden-
sation rate and thereby the condensation heat transfer, an experi-
mental technique, previously developed by Ma and Peterson,'® was
employed. Based on a maximum capillary capability analysis,!' the
maximum capillary pumping head depends only upon the variation
of the meniscus radius of curvature. For this reason, the condensate
removal unit was intended to maintain a minimum and constant
meniscus radius of curvature at the exit of the grooves. The conden-
sate removal unit was composed of capillary paper to remove the
condensate completely at the exit of the grooves.

To provide plate cooling, nine circular 4.57-mm-diam passages
were drilled through the copper plate transversely to the plate. The
interconnection of these passages was done according to the plate
cooling requirements so that the temperature profile along the plate
was as flat as possible.

To reduce heat losses, the vapor path from the boiler’s outlet
to the test module’s exit was covered with a 25.4-mm-thick high-
temperature fiberglass insulation blanket (not shown in Figs. 1
and 2).

Grooved Plates

Each test article was prismatic, 12.7 mm in height, 25.4 mm
in width, and 170 mm in length made in copper. On the top sur-
face of the plates, 12 V-shaped microgrooves, 139.7 mm long, were
machined. The initial investigation was conducted using triangular
grooves with 45- and 60-deg apex angles and widths of 300 and
500 um. To ensure the accuracy of the grooves once machined,
each groove was measured using an optical profilometer. Table 1
shows the dimensional average characteristics of the grooves tested
and refers to Fig. 3.

Although the hydraulic diameter of the microgroovesis the value
normally used to describe the physical shape of the groove, through-
outthis paper the platenumber will be used to referto the specific set
of grooves discussed. This conventionis adopted to avoid confusion
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L— w =254 mm —)‘

Fig. 3 Microgrooves geometry.
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among grooves if plates with grooves having a similar hydraulic di-
ameter are used. As observedin Table 1, plate 0 does not containany
microgrooves. This smooth plate was manufactured and includedin
the test matrix to provide a referenceforidentifyingthe microgroove
effect.

Thermocouples on the copper plate were used to monitor its su-
perficial temperature and to assure that steady state was achieved. At
1.27 mm fromthe microgroovedsurfaceona 10-nodegrid, 10 T-type
thermocouples were embedded symmetrically distributed over the
entiremicrogroovedsurface. Two more thermocoupleswere located
inthe vapor tunnel, one at the entrance and the other at the exit. These
thermocouples, spatially centered in the cross section of the vapor
tunnel, monitored the temperature of the incoming/outgoing steam.
Three thermocouples were used to measure the relative tempera-
ture increment in the cooling water. No other sensors were used in
the test section, and only the temperature was monitored during the
experiments.

Experimental Procedure

When plates 0, 3, 5, and 6 and the resulting experimental data are
used, comparisons of the microgroove geometry (width and apex
angle) can be made. The inclusion of plate 0, the smooth plate, was
helpful in identifying the real benefit of the microgrooved surface.

Each plate was tested in a test matrix of 24 different test condi-
tions. The steam flowing over the test plate was coded with roman
numerals indicating vapor velocity of I) 0.85 m/s (Rep, = 724), II)
3.78 m/s (Rep, =3186), or II1) 4.32 m/s (Rep, =3646). At these
conditions (as indicated by the Reynolds number based on the va-
por tunnel hydraulic diameter), the flow was set in the laminar and
turbulent regimes.

The tilt angle 2 was changed from O to 5 and 10 deg from the
horizontalin the downhill direction, the directionin which the grav-
itational force will help the condensate fall toward the condensate
removal unit. For the tilt tests, vapor flowed at rates I and III (Iami-
nar and turbulentregimes) for each of the cooling loop set tempera-
tures. The water temperature on the cooling loop was set to 20, 40,
and 60°C. In this way the plate temperature could be substantially
changed. Notice, however, that the actual plate temperature is not
equal to the set temperature of the cooling loop due to the heating
of the plate from the condensing vapor.

For each test, careful attention was given to plate preparation
and mounting into the test module because preliminary results
showed this to be of critical importance. For each test, the plate was
cleanedto remove dust, oils, and tarnish from the surface. The clean-
ing process was of primary importance because it is the mechanism
that assures water wettability of the copper surface, so that film con-
densation can be achieved. Barron-Jimenez'* has given an accurate
description of the cleaning process, which is a modification of the
procedure suggested by Lyman.'> When the plate was clean, mean-
ing the surface had the desired distinguishable copper color, it was
mounted on the test section, connections and seals were completed,
and the orientation of the plate was checked. Running compressed
air through the test section helped to maintain the integrity of the
surface, and film wise condensation was easily obtained for several
tests until the plate had to be removed and cleaned once again.

By running both the steam and cooling loops for approximately
35 min, the experimental system stabilized and achieved steady
state, that is the plate temperature, the vapor flow rate, and the
condensate flow removal rate all reached constant values. Once
steady state had been achieved, the tests and data acquisition
were continued for 15-20 min, with data taken periodically to
provide confirmation of the test results.
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Fig. 4 Paper and entrance regions, plate bottom view.

Analysis

The measured effect of the grooves was supported by visual
observation of the condensate film thickness. Film reduction was
detected in the exit region of the microgrooves, close to the
condensate removal unit. The heat transfer in this film-reduced re-
gion was expected to be larger than that transferred in the rest of the
plate. To account for this difference in the heat transfer coefficient,
the plate was divided into two regions. The paper region and the
entrance region were arbitrarily defined according to the symmetry
of the cooling passages and thermocouple distribution.

Figure 4 presents the schematic of the region’s distribution. The
entrance region represented 79.5% of the superficial area of the mi-
crogrooved plate; eight thermocouples were located in this region.
Seven cooling passages in this region and two in the paper region
allowed the plate temperature to be held constant during the test
periods. Although different in magnitude, the surface temperature
reached at steady state presented fluctuations with a standard devi-
ation of approximately 0.85°C at any region.

Under the assumption of constant surface temperature, the con-
densationheat transfer coefficient for each region was obtained from
Newton’s law of cooling [Eq. (1)], and the heat rate transferred to
each specific region could be determined by performing an energy
balance on the cooling water of the correspondingregion:

Ve regi P C, AT, i
Jreg .reg
c,region )4 c,region
1 region)

)]

hrecion =
- lregion wplate (Tvapor

Note that the effective condensation area was considered to be the
projectedsuperficial area of the plate becausecondensationoccurred
on the top of the condensatefilm. The cooling water volumetric flow
rate for each region was experimentally related to the measured
total volumetric cooling flow by a division factor estimated to be
y =0.475%£1.5%:

Vc.paper = VVC (2a)
Vc.emrance =1- V)Vc (2b)

Dividing the microgrooved plate into two regions was helpfulin
that it allowed the different behaviors of the phenomenon in those
regionsto be quantified. However, to view the experimentas a whole,
the overall condensationheat transfer coefficient was calculated as

V.pC,AT,

lplate Wplate (Tvapor -

B:

3
Tplate ) ( )

In general, the experimentaluncertainty of the calculatedheat trans-
fer coefficients was less than 25% for either the paper or the entrance
regions and 31% for the overall plate.

Dimensionless heat transfer coefficients were necessary to allow
comparison of the results in each region, due to the relatively arbi-
trary selection of the length of these regions. Nusselt numbers for
each region, as well as the overall plate, were calculated using

Nul.region = hregion lregion / k (4a)

Nuy = hlye [k (4b)

An estimation of the film thickness could be determined by as-
suming conduction through the film as
Tvapor - Tplate

5)

region

8 = Kiim

The film thickness was calculated at 10 locations, one at each point
where the plate thermocouples were embedded. The heat flux was
then determined depending on in which region the thermocouples
were located. Although results from this approach were not exper-
imentally corroborated by any measurement, visual observation of
the condensate film helped to validate the calculated general shape
of the condensate layer.

Results and Discussion

As already mentioned, the objective of the experimental program
was to characterize and identify the effect of microgrooves on con-
densing surfaces and to determine the impact these grooves could
have on the condensation heat transfer coefficient. Experimental
measurements were made to compare the overall condensationheat
transfer coefficients on plates with different groove sizes, at vari-
ous flow conditions and tilt angles, which changed the effect of the
gravitational body force. Before the data reduction and analysis,
an uncertainty analyis was conducted and an energy balance was
performed in which the latent heat released and the sensible heat
incrementin the cooling water stream were compared. This process
indicated that the maximum heat loss was 13% at this level, which
occurred for the tilt tests (especially for plates 0 and 3) at low vapor
velocity,and, hence, these tests were identified as unreliable. Visual
observationof these tests provided further indication that condensa-
tionoccurredin a reduced portionof the plate so that the presence of
air in the tunnel could be assumed, leading to a completely different
testing situation. Therefore, these results were not consideredin the
discussion.

Condensation Heat Transfer Coefficient

With the validated experimental results, data were processed to
obtain the condensation heat transfer coefficient. Recall that the
superficial area of the copper plate was divided into two regions,
paper and entrance. For each region the condensation heat transfer
coefficient as well as the overall coefficient for the entire plate were
calculated.

Consider the horizontal tests (2 =0). Figure 5 presents the
results for the Nusselt number for each region at the different
Reynolds numbers Rep), tested. It can be observed that for lower
Rep),, the dimensionless heat transfer coefficient had similar orders
of magnitude for any plate at any region. Even for Rep;, = 3646, the
data fell within the experimental uncertainty. Thus, the effect of the
microgrooves was not detected at any region.

When the Reynolds number of the incoming vapor flow was in-
creased, an increased difference between the paper and the entrance
region dimensionless heat transfer coefficients was obtained. The
sweeping effect of the flow over the entrance region is reflected in
the Nusselt number Nu ¢pyance increment and in the decrementof the
condensate film thickness. This sweeping of the film causes liquid
to accumulate in or near the paperregion, decreasing the transfer of
heat.
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Fig. 5 Plate comparison of the Nusselt number for regions in the hor-
izontal testing.

A closer look into the special case where Rep;, =724 and a very
low Tyapor — Tpraee €Xistsin the paperregionon plates 3 and 5 revealsa
situationwhere the presenceof the microgroovesdominatedthe phe-
nomenon. Under these conditions, plates 3 and 5 illustrate enhance-
ment factors in the dimensionless heat transfer coefficient obtained
for plate 0 of up to 1.75. The paper and entrance regions were
combined to compute the overall heat transfer coefficient. The
substantially larger entrance region dominated the mixture; thus,
the resulting dimensionless overall heat transfer coefficients trends
were similar to the forms and trends observed in Fig. 5 for the
entrance region.

Figure 6 shows the corresponding overall Nusselt number based
on the entire length of the plate. These graphs are similar to the
shapes for the entrance region. However, the overall dimensionless
heat transfer coefficient is displaced by an average of 200, due to the
effect of the capillary paper and not because of the microgrooves.
This last statementis corroborated by observing the same behavior
on plate 0, where no grooves had been machined. Also worth noting
is the scattering of data in Figs. 5 and 6, which reflects the compli-
cated phenomenon occurring when the effect of the grooves is not
dominant.

Up to this point, the horizontal plate testing has been presented
and the effect of the microgrooves has been weakly observed while
checking the paper region behavior. During horizontal testing, the
gravitational body force was effectively eliminated from the experi-
ment. To include the gravity effectin the condensationphenomenon,
the plate and vapor tunnel were tilted; thus, the gravitational com-
ponent was proportional to the cosine of the tilting angle Q2. The
tilting direction was such that the gravitational body force compo-
nent would help to drain the condensate film toward the condensate
removal unit.

Figure 7 presents the Nusselt number calculated in the paper and
entrance regions of the plate for the tilt tests. When the data in
Fig. 7 are compared, it is evident that heat transfer occurs primarily
in the entranceregion. For the paper region, all of the plates behaved
in a similar manner. The similar behavior of the paper region and
the reduction in the dimensionless heat transfer coefficients are the
resultof the added effectof gravity that tended to move liquid toward
the paper region, allowing it to accumulate there. This mechanism
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Fig. 6 Plate comparison of the overall Nusselt number in the horizon-
tal testing.
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Fig. 7 Plate comparison of the Nusselt number for regions in the tilted
testing.

had a similar film thinning effect in the entrance region, as did the
increment of the Reynolds number of the vapor flow.

The effect of the microgrooves was readily observed in the en-
trance region producingthe vertical displacementof the top lines of
Figs. 7a and 7b. Even considering the experimental uncertainty, it is
apparentthat, as the tilt angle increases, the gap between the Nusselt
number for plates 5 and 6 and the Nusseltnumber obtained for Plates
0 and 3 increases. Then, for turbulent vapor flow, the increment of
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the dimensionless heat transfer coefficient can be readily observed.
Here, the calculated values differed enough so that the experimen-
tal uncertainties do not overlap, allowing the positive effect of the
microgrooves to be easily observed.

The overall dimensionlessheat transfer coefficient was calculated
andis presentedin Fig. 8. Figures 8a and 8c show the overallNusselt
number for the lower values of Re ;. Recall that results from these
tests were classified as unreliable based on the energy balance. It
is apparent, however, that the behavior among plates was similar,
reflecting that the test conditions were different from the other ex-
periments and that the microgroovesdid not constitute an important
factor.

Comparisons of the tests at Rep;, = 3646 (Figs. 8b and 8d) were
made because the enhancementfactor of the microgrooveshad been
isolated. Table 2 presents the average of the enhancement factors
for the microgrooved plates with respect to the smooth plate that
were observed for the values given in Fig. 8.

Plate 3 had a relatively small groove when compared with grooves
5 and 6. In groove 3, the cross-sectional area was 21 and 16.7%
smaller, respectively. Thus, it is clear that plates 5 and 6 had an
increased capability to remove condensate from the plate. For the
tilt tests at high Rep,,, it was clear that the bigger the microgroove
was, the better the overallimprovementin the condensationprocess.
For these test conditions, plate 6 demonstratedthe ability to increase
the overall Nusseltnumber by a factorof 2.22 times the performance
of the smoothplate. Plate 5 showed a scalablefactorof 1.77, whereas
plate 3 improved by a factor of 1.21.

To determine the enhancement factor due to the gravitational
body force, the data presented in Fig. 8 were compared individ-
ually for each plate. Comparison among the overall heat transfer

Table 2 Microgroove enhancement
factor on the overall Nusselt number,
with respect to plate 0

Plate
Q, deg 3 5 6
5 1.21 145 1.81
10 1.12 1.77 2.22
Re, =724
1200 L
N

coefficients for corresponding conditions led to the enhancement
factors summarized in Table 3.

Visual Observations

Visual observationof the phenomenon providesinsightinto what
actually happened during tests, and became an important tool that
helped to determine the correct wetting characteristics of the plate,
the satisfactory inlet steam quality, the condensate film stability,
and other experimental performance characteristics that allowed
successful completion of the experimental work. However, visual
observationis not a qualitative tool, is highly dependent on the en-
vironmental conditions, and is not qualitatively precise. However,
recording of visual observations allowed the condensation pattern
tendencies and performance of the microgrooves to be established.
For instance, in the unreliable experiments, observation of the phe-
nomenon showed a large dry area where condensationdid not occur.

All of the preceding results were supported by the film pattern
observed. The smooth plate always showed a relatively thick and
continuous condensate film over the entire plate.

Modifications to the condensate film were observed when the mi-
crogroovedplates were tested. For experiments at high steam veloc-
ity, the vapor flow swept the condensate film at the entrance region
accumulatingitin the paperregion;the responseof the Nusseltnum-
berinthoseregionsis shownin Fig. 5. This condensationpattern was
improved and made more evident by the tilt of the plate; however,
as the microgroove cross-sectional area increased, the groove was
able to remove more liquid from the flat solid surface, thus reducing

Table 3 Gravity component
enhancement factor on the overall
Nusselt number, with respect to
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2, deg
Plate Rep), 5 10
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3 3828 1.00 1.14
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Fig. 8 Plate comparison of the overall Nusselt number in tilted testing.
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the thickness of the film even more. This mechanism allowed the
microgroove to enhance both the heat transfer coefficient and the
condensate drainage.

Examination of the data obtained from plate 6 clearly shows the
improvement caused by the specific pattern characteristics. In the
film observedin the tilt tests on plate 6, the meniscus formed on the
microgroove mouth was detected. Reduction of the condensate film
(due to tilting and high steam velocity) to this level accounted for the
larger enhancement factors of the heat transfer coefficient obtained.
In this pattern, microscalecondensationwas achievedat the entrance
region of the microgrooves (whose length was comparable to the
entire plate length).

Through visual observation, a similar condensate film was not
easily observed in plate 5 but indeed occurred. By calculating the
film thicknessd, all of these observationscan be quantified. The film
thickness was computed by assuming conduction through the film
[Eq. (5)]; the calculationcan be reliable only at the thermocouplelo-
cationin the plate. The results obtained carried the same uncertainty
level as the condensation heat transfer coefficients.

In the axial direction, the plate presented a temperature profile, so
that the axial variation of the heat transfer coefficient resulted in a
standard shape for the condensate film. Figure 9 shows three typical
shapes of the calculated film over the microgrooved plates.

Shape S1 was characteristic of the low Reynolds number flow
for condensationover the horizontal plate. This shape indicated the
absorbingeffects of the paper and the drainage effect of the grooves,
whichreducedthe condensatefilm in the paperregion. Shape S2 was
also present on the horizontal tests at moderate values of Rep,; for
this case, the film was swept away by the incoming flow. Shape S3
was a magnification of shape S2 becauseit was presentin horizontal
tests for the highest values of Rep, tested and was always obtained
in the tilt tests. On shape S3, the leading edge of the film was swept
away, and liquid accumulated at the trailing edge. The calculated
condensatefilm was notthickerthan 0.2 mm for the flat portionor 1.6
mm for the thicker film of shape S3. At these orders of magnitude,
it is hard for visual observationto detect fine differences, as was the
case for the film patterns of plate 5.

Shape S1 shows an abruptfilm thicknessreductionin the paperre-
gion. This behavior was detected through visual observationduring
horizontaltests at low Rep;, on plates 3, 5, and 6. The film reduction
was observed because the condensate film reduced so much that
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Fig. 9 Three typically computed condensate films.

the groove meniscus was exposed to the steam. The approximate
distance along the groove through which this pattern was seen was
called the microgrooveactive length. The active length occurred on
the paper region and so it was measured from the groove exit. In
general, plate 3 had 6-13 mm active length. When comparing the
patterns on plates 3 and 5, it was readily observed that the active
length of larger microgrooves was as much as three times larger.

It was in this active length where the microgroove pumping
capability was able to dominate the phenomenon leading to mi-
croscale condensation conditions. Unfortunately, the active length
was smaller than the paper region and so its effect was not reflected
in the heat transfer coefficient. Moreover, due to the small number
of thermocouples in the paper region, the calculation of the film
thickness did not reflect the exact conditions observed. Note that
similar conditions for microscale condensation were achieved on a
significantly larger portion of the plate for the tilted tests, leading to
the reported improvement in the overall heat transfer coefficient.

Condensate Removal

Machining microgrooves on the surface of the plates was done to
provide a means of draining the condensate. Condensate collection
was done as an indicator of the effect of the grooves presence. For
each test, the condensate removal unit collected the condensate de-
posited on the copper surface during the testing period (while steady
state was maintained).

It was assumed that during steady state the condensate removal
rate remained constant and equal to the condensationrate. The test
section was not flooded during the time required to reach steady
state or during the actual tests, implying that no liquid water was
accumulated and all of the condensate was removed. This assumes
that the absorption capability of the capillary paper was enough to
remove as much water from the liquid film as it condensed. The
experimental uncertainty of the condensate removal was calculated
to be 0.24%, and the energy balance demonstrated that the earlier
assumption was fulfilled during testing.

However, the condensate removal rate did not constitute an in-
dicator of the microgroove’s presence as it was meant to be. The
principal reason for this failure was the design of the condensate
collection. With the described methodology, all of the condensate
was collected, and there was no difference in the means by which
the condensate was collected.

The mechanisms by which the condensate reached the capil-
lary paper were 1) the microgrooves, 2) the wall channel described
by Barron-Jimenezet al.,'® 3) the capillary paper absorbing directly
from the film that contacts it, as in the case of the smooth plate,
and 4) condensation over the capillary paper, which had a surface
in contact with the steam that represented 9% of the copper plate
surface.

Experimental differentiation of the amounts of condensate from
these differentsourcesis quite complicated;however,minor changes
in the experimental design could greatly assist in this process.

Conclusions

The principal objective of this investigation was to evaluate ex-
perimentally the performance of the microgrooves during film con-
densation over a copper surface. The purpose of the microgrooves
was to provide an effective means for removing condensate from the
surface, thus reducing the condensate film and enhancing the heat
transfer process. Experimental results indicated that the addition of
the microgrooves on the surface of the copper plate improved the
heat transfer coefficient. Although some difficulties were experi-
enced in determining the precise contribution of the microgrooves,
an improvement was detected as a result of the presence of the
microgrooves, with enhancement factors of 2.22 occurring when
compared to a flat ungrooved plate. This enhancement results be-
cause as the vapor is condensed the meniscus radius grows at one
end of the groove resulting in an increase in the capillary pressure,
then the condensateis driven to the other end of the groove, where it
isremoved. Increasingthe meniscusradiusincreasedthe thermal re-
sistanceof the film, thusreducingthe heat transferrate. To determine
the precise effect of the meniscus radius, condensationhad to occur
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inside the microgroove, but physically the experimental apparatus
was unable to detect this condensation in the grooves. Instead, a
relatively thick film was obtained, and condensation occurred on
top of the film, far from the microgroove scale domain. For this rea-
son, during the tests, the microgrooves served only as an extra path
through which the water could flow toward the condensate removal
unit, and so the more mass it could carry the better the performance,
as observed for plate 6.

The visually recorded phenomenonof the microgroovesindicated
that the grooves actively reduced the condensate film thickness and
that this action was enhanced by the inclusion of the gravity body
force because it allowed a larger portion of the plate to be drained.
For horizontal tests, the effect of the microgroove was identified by
visual observations,butquantitativedata indicated thatits effect was
obscured by the total length of the plate, which did not experience
the active effect of the microgrooves.

Insight into the condensation phenomenon by evaluation of the
interfacial forces, gravitational body force, and steam superheating
in a surface-tension-dominaed phenomenoncan be obtainedif con-
densation in the microgroove is achieved. Because of the inability
of the experimental apparatus to sustain microscale condensation, it
was difficult to separate out the individual contributions. However,
the potential benefit of microgrooves in a condensing surface was
clearly demonstrated.

Improvements to the design of the experimental apparatus will
lead to one that will allow condensation in the microgrooves to be
detected and measured. Improvements should be directed toward
reducing the scale of the apparatus, increasing instrumentation in
the paper region, and redesigning the condensate removal unit so
that it will be able to identify clearly the condensateremoved by the
microgrooves.
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