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Visualizing and disrupting liquid
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This paper investigates the effects of hemispherical mounds on filmwise
condensation heat transfer in micro-channels. Also investigated were the
impacts that spatial orientation of the three-sided condensation surface
(i.e., gravitational effects) on steam condensation, where the cooled surfaces
were either the lower surface (i.e., gravity pulls liquid towards the condensing
surfaces) or upper surface (i.e., gravity pulls liquid away from the condensing
surfaces). Two test coupons were used with 1.9-mm hydraulic diameters and
either a plain copper surface or a copper surface modified with 2-mm diameter
hemispherical mounds. Heat transfer coefficients, film visualization, and
pressure drop measurements were recorded for both coupons in both
orientations at mass fluxes of 50kg/m?s and 125kg/m?s. For all test
conditions, the mounds were found to increase condensation heat transfer
coefficients by at minimum 13% and at maximum 79%. When the test section
was inverted (i.e., condensing surface on the top of flowing steam), minimal
differences were found in mound performance, while the plain coupon reduces
heat transfer coefficients by as much as 14%. Flow visualization suggests that the
mounds enhanced heat transfer due to the disruption of the film as well as by
reducing the thermal resistance of the film. Pressure drops followed parabolic
behavior with quality, being higher in the mound coupon than the plain coupon.
No significant pressure drop differences in the inverted orientation were
observed.

KEYWORDS

microgravity, gravity, filmwise, heat transfer, mini-channel, two-phase flow

1 Introduction

Closed-loop thermal management systems utilize their working fluid to remove heat
from a source, such as electronics or motors, and reject that heat into a heat sink, such as a
radiator (Ho and Leong, 2021). In space, it is particularly important to be able to move the
thermal energy since cooling of the entire system is only possible by thermal radiation
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(Mudawar, 2017). By using a two-phase fluid in the closed-loop,
the latent heat of the working fluid can be used advantageously by
either evaporating or condensing it, allowing for significant heat
transfer without significant temperature gradients in the fluid.
the
(i.e., condensate) acts to insulate the cooling surface from the
working fluid (Sun and Wang, 2016; Niu et al., 2017; Alizadeh-
Birjandi et al., 2019). While condensation can be dropwise or

For condensation  processes, condensed  liquid

filmwise, filmwise condensation is prevalent in internal flows as it
does not require any special coatings or conditions to occur (Ma
et al., 2014; Chen and Derby, 2016; Alizadeh-Birjandi et al.,
2019). Since the film in filmwise condensation prevents direct
heat transfer between the cooling surface and the vapor, heat
transfer coefficients tend to be an order of magnitude lower
compared to dropwise condensation (Rose, 2002; Orejon et al.,
2017; El Fil et al., 2020). As such, when the film is thinner, for
example, occurring when the quality is high, heat transfer
heat
increase with increasing mass flow rate where convection

coefficients increase. Similarly, transfer coefficients
becomes more significant relative to conductive heat transfer
through the film.

In mini-channels, where the hydraulic diameter is between
200 um and 3 mm and shear forces become dominate, the film
wets the entire surface, thins, and forms an annulus of
condensate through which the vapor flows (Soliman et al,
1968; Soliman, 1982; Kandlikar and Grande, 2003). Kim and
Mudawar (2013) developed a correlation for determining the
particular flow regime (i.e., slug or wavy annular) determined
by the fluid properties, flow rate, and quality (Kim and
Mudawar, 2013). While the thinner film and flow regimes
improve heat transfer rates, the decreased diameter increases
the pressure drop across the condenser (Kim and Mudawar,
2012). This increased pressure drop requires additional work
from the closed-loop compressor or pump, which can negate
the positive impact on heat transfer. Therefore, enhancements
that increase the heat transfer coefficient without substantially
increasing the pressure drop in condensers are of particular
interest (Mudawar, 2017).

One approach for enhancing condensation in micro-
channels is to coat the surface in hydrophobic substance such
as Teflon, which transitions the filmwise condensation into
dropwise condensation, resulting in enhancements up to
10 times, yet coatings are not always durable (Miljkovic and
Wang, 2013; Chen and Derby, 2016; Chen et al., 2017; Antao
et al., 2020; Hoque et al., 2022). However, durable hydrophobic
coatings remain an active research area, thus condensation
processes in industry are filmwise condensation instead of
dropwise condensation (Ahlers et al, 2019; Chang et al,
2020). Another means of condensation heat transfer is to
roughen hydrophilic surfaces to decrease the wettability and
increase the roughness Reynolds number, in order to increase
the heat transfer coefficient (Dipprey and Sabersky, 1963; Nicol
and Medwell, 1966; Nguyen and Ahn, 2021).
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Other approaches to enhancing filmwise condensation
include physically modifying the condensing surface with
structures designed to increase condensing surface area,
penetrate the film, or disrupt the film by the addition of fins,
twisted tape, or corrugation inside of the condensing channel
(Cavallini et al., 2003; Dalkilic and Wongwises, 2009; El Kadi
et al., 2021). Ho et al. (2019) used conical pin fins in a circular
tube and compared them to dome shaped fins evaluated by Wang
et al. (2018). Using R134a in 8.7-mm channels, (Ho et al., 2019)
determined that helically arranged conical fins could enhance the
heat transfer coefficient by up to 2.44 times more than pressure
drop was increased (Ho et al, 2019). This increase in heat
transfer coefficient enhancement relative to increased pressure
was not found to be true of the dome fins used by Wang et al.
(2018) also using R134a in 8.7-mm channels (Wang et al., 2018;
Ho etal., 2019). Aroonrat and Wongwises (2019) used a 8.1-mm
circular channel with R134a where dimples on the exterior of the
tube were used to create hollow pin fins with depths of 0.5, 0.75,
and 1 mm with diameters of 1, 1.5, and 2 mm, respectively, in the
channel. While they were able to increase the heat transfer
coefficient by up to 83%, the pressure drop was increased by
up to 892% compared to a non-modified channel (Aroonrat and
Wongwises, 2019).

Although steam flow condensation has applications in air-
cooled condensers and solar energy production, there are limited
flow condensation data for condensation of steam in mini-
channels (Dirker et al., 2019; El Kadi et al., 2021). Research
conducted using fins and other structures to enhance heat
transfer properties of steam have largely focused on vertical
gravity-driven condensation processes. Winter and McCarthy
(2020) used a series of open, parallel amphiphilic channels to
promote droplet nucleation in the bottom of the channel while
the top of the channel is hydrophobic, cause the droplets to de-
wet and be removed from the surface to increase the
condensation rate (Winter and McCarthy, 2020; Winter et al.,
2021). Modak et al. (2019) performed a numerical analysis and
experimentally verified the impacts a monolayer of spherical
particles on a vertical condensing plate and found that,
depending on the particle size, they will act as either a fin, a
wick, or as surface roughness with reductions in thermal
resistance occurring for particle diameters between 1 and
50 um and above 700 um (Modak et al., 2019). Ho and Leong
(2020) studied a vertical plate packed with conical fins to increase
the gravity-driven condensation heat transfer coefficient 146%
over a plain surface (Ho and Leong, 2020).

While these enhancement methods can be easily used within
Earth’s gravity, for microgravity applications, such as satellites or
spacecraft, the impacts that gravity has on the condensation
process need to be understood. Since performing experiments in
micro-gravity settings is time and resource intensive, changing
the orientation of test sections so that any gravitational impacts
will work with or against the condensation process allows
researchers to predict how the process would change in a
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Open-loop experimental apparatus for steam condensation heat transfer and simultaneous flow visualization.

micro-gravity setting (Mudawar, 2017). As the diameter of a
channel decreases, the relative strength of surface tension and
shear forces increase relative to gravitational forces (Wen et al.,
2018). For low mass velocity flows in particular though,
gravitational forces can still distort the shape of the annulus,
preventing radial symmetry in horizontal circular channels
(Mudawar, 2017). For channels that have neither radial
symmetry nor condensation on all surfaces, such as the
channels investigated in this paper, there is little information
available regarding the effects of channel orientation on the
condensation properties of the channel.

The objectives of this study are to investigate the impacts
of hemispherical structures in rectangular mini-channels on
liquid film thickness and its impacts on heat transfer during
flow condensation. Observations were made by measuring the
heat transfer, pressure drop, and visualizing the condensate
film. Additionally, this study examines the effects of gravity
on the horizontal two-phase flows by changing the
orientation of the test section such that condensation
would either occur on the lower or upper surface of the
channel.

2 Materials and methods
2.1 Experimental apparatus

Experiments were conducted using an open-loop steam

apparatus, shown in Figure 1, designed to measure
condensation heat transfer coefficients, pressure drops and
allow for visualization of the condensation process. Steam is
regulated to 250 kPa for all test conditions and passes through a
separator to remove any water and a filter system to remove any
contaminates which may be in the steam supply. Due to

uncertainty regarding the initial steam quality, the steam is
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superheated by 20-30°C. The superheated steam then passes
through a pre-condenser to control the quality of the steam
entering the test section. The cooling water is supplied by a
constant-temperature bath (Neslab RTE-221), its mass flow rate
measured via a Coriolis flow meter (CMFS015M, Micro
Motion), and its temperature is measured by two T-type
thermocouples.

The steam temperature was measured before and after the
pre-condenser using T-type thermocouples (Omega; T-Q-SS-
116-G-3) and as well as after passing through the test section. A
differential pressure transducer (Omega; PX409) was used to
measure the pressure drop in the test section. Five T-type
thermocouples (Omega; TJC36-CPSS-062U-2) installed in the
cooling block were used to calculate the heat flux leaving the
steam and entering cooling water supplied by a second constant-
temperature bath. A sixth T-type thermocouple in the test
coupon was used to determine the wall temperature in the
channel. To test the effects of gravity on flow condensation,
the same apparatus was used where the test section was inverted
such that the cooling surface was above the steam flow as seen in
Figure 2. In both orientations, visualization of the film was
conducted using Leica Z16 APO macroscope and a FASTEC
IL3 high-speed camera. Temperature and pressure data were
collected using LabVIEW and a cDAQ-9174 with NI TB-9214
and NI 9207 modules.

Two test coupons, shown in Figure 3, were constructed out of
oxygen-free copper and with a channel whose hydraulic diameter
was 1.9mm. The first coupon had a channel with a flat
rectangular cross section and no additional structures added.
The second test section had copper hemispheres added via the
following process. The physical and chemical contaminations on
the copper coupon surface were removed by using acetone, and
then dried under ambient conditions. The 2-mm copper balls
were then placed in the hemi-spherical, pre-machined grooves in
the channel of the coupon. A stainless-steel mold with the same
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Test section, including coupons and heat flux block, where (above) the test section is in the standard orientation with the cooled surfaces were
the lower surfaces (i.e., gravity pulls liquid towards the condensing surfaces) or (below) the test section was inverted such that the cooled surfaces
were the upper surfaces (i.e., gravity pulls liquid away from the condensing surfaces).

Plain Mound

FIGURE 3

Coupons with 1.9-mm hydraulic diameters; (left) plain
coupon with no additional structures and (right) coupon with 2-
mm-diameter mound structures.

hemi-spherical groove pattern was placed over the copper balls
with a light pressure to secure the copper balls in place. Note that
the stainless-steel mold was coated with carbon powder to
prevent from sintering the copper balls and the mold. The
copper coupon with the copper balls and the stainless-steel
mold was then placed in a tube furnace (OTF-1200X) for
sintering. The temperature of the furnace during the sintering
process was controlled with respect to time as shown in Figure 4;
the peak temperature used in this study was 1,000°C. To avoid
possible mechanical damage due to sudden heating and cooling,
the furnace heated and cooled at 3-5°C/min with constant
temperature periods of 10-20 min between each temperature
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FIGURE 4
The sintering temperature as a function of time with the peak
temperature shown.

increase or decrease. At the end of the sintering process, the
stainless-steel mold was mechanically removed, leaving only the
sintered copper balls on the coupon. For the mound coupon, the
hydraulic diameter was calculated by using the length averaged
cross-sectional area and perimeter.
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2.2 Data Reduction

. ar
leock = _kAhlockdi (1)
Y block
h= leock (2)
Asurf (Tsteum - Twull)

Heat transfer coefficients, h, were calculated using Fourier’s
Law to determine the heat transfer rate through the copper block,
Qblock> then determining h using the convection heat transfer
equation.where the temperature gradient in the cooling block,
dT/dy, was calculated using the least squares method; Ay, is the
surface area where condensation occurs; Ay is the cross-
sectional area of the cooling block; and k is the thermal
conductivity of the oxygen-free copper. For the mound
coupon, the planform area was used. Fluid temperature,
Tsteam> Was determined using pressure of the two-phase steam
in the coupon, averaged using the pressure transducers before
and after the test section. The wall temperature, T,,,;, was found
using a thermocouple in the coupon 1.5 mm below the bottom of

the micro-channel.

2.3 Uncertainties

All measurement devices were calibrated. The T-type
thermocouples were calibrated in a water bath at 5°C
increments from 5°C to 60°C, as well as in boiling water and
in an ice bath, and compared against a reference thermometer,
resulting in a thermocouple uncertainty of +0.2°C. For the
temperature gradient from the test section, the uncertainty
was calculated using the following equation (Kedzierski and
Worthington, 1993).

/ID 1
war = w% + (q hole) - —
o 6k VZ;’:I (yi=7)

where Dy, is the diameter of the thermocouple hole, g” is the

(©)

heat flux, y is the position of each hole along the direction of the
thermal gradient, y is the average thermocouple position, and w
represents the uncertainty. With the high thermal conductivity of
the oxygen-free copper, and the relatively small size of the
thermocouple holes compared to the distance between them,
the gradient uncertainty was less than +10°C/m for all cases and
was the largest contributor of uncertainty for the heat transfer
through the cooling block, and by extension, for the heat transfer
coefficient. Pressure transducers were calibrated using a
deadweight tester, which allowed for a 0.25% full scale error
which corresponded to an uncertainty of + 1.7 kPa. Since the
pressure and temperature of a two-phase fluid are not
independent, the pressures from the inlet and outlet of the
test section were averaged and used to determine the
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temperature of the steam, Tyeqn, in the test section with an
uncertainty of + 0.5°C. Subsequently, the uncertainties for heat
transfer coefficients were calculated,

o U Vo (2w V(P V(Y
"o OQpe OAgurf Ao T groam ™" aTsurfw,Wj

(4)

where the uncertainties were dependent on uncertainties in the
block heat transfer rate, Quou, surface area, Ag,, > two-phase
saturation temperature of the condensing steam, T'tqm, and
surface temperature, T, s.

3 Results and discussion
3.1 Single-phase validation

To validate heat transfer measurements, steam was cooled to
subcooled water at 250 kPa and 50°C to 70°C for a single-phase
validation using the plain coupon. This validation used two
metrics, the first was to compare the amount of energy which
was exiting the water, Quater» to that which was passing through
the cooling block, Qblock> from Eq. 1,

Qwater = }’hCP (Tin - Tout) (5)

where 71 is the mass flowrate of the fully condensed water, cp is
the specific heat at constant pressure, and T;, and T, are the
temperature entering and exiting the test section respectively.

The second validation compared measured Nusselt numbers
to the correlation made by Muzychka and Yovanovich (2004) for
non-circular ducts, which provides an upper and lower bound for
the single-phase Nusselt number (Muzychka and Yovanovich,
2004),

(A ()
z* z* 870%¢y

=
&
-
\_/mE
| S

©
2 P
1 A44N\?
J(Re)= [(sm(l co(i- 192(n%)tanh(2—”€))> + () ]
%
F(Pr) = 0.564 ®)

(1+ (1-909Pr1/6)9/2)2/9

where the values of ¢;, ¢,, ¢3, ¢4, and f(Pr) are determined by the
boundary conditions, ¢ is the aspect ratio of the channel, and y is
the shape parameter which is 1/10 for the upper bound and -3/
10 for the lower bound. Additionally, f(Pr), f(Re), and Nu are the
functions for the Prandtl number, Reynolds number, and Nusselt
number, respectively. The energy transfer from the subcooled
water to the cooling block was within 20% for all experimental
points. Additionally, all Nusselt numbers were within or within

frontiersin.org


https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2022.953051

Riley et al.

Plain Standard

10+

Nus

10.3389/fther.2022.953051

35 40 0

30

20 25
Qbiock [W]

FIGURE 5

50 100 150

Re

250

Single phase validation, including (left) energy balance and (right) measured Nusselt numbers compared to predictions by the single-phase

Muzychka and Yovanovich (2004) correlation.

G =50 kg/m2s

150,04

G =125 kg/m3s

B Plain Standard
A Solid Mound Standard (Planform)
Plain Inverted

125,000 Solid Mound Inverted (Planform)

100,000

75,000

h Wim?K]
h Wim?K]

50,000

25,000

02 03 04 05

Xts

06 07 08 09 1

FIGURE 6

150,000

W Plain Standard
A Solid Mound Standard (Planform)
) Plain Inverted A
125,000 Solid Mound Inverted (Planform)
100,000 1
[ ]
L ]
75,000 i}
: "
18 Fopé
50,000 & 8
= il
I a X
25,000
| I P S T T R ST S R T S T
0 01 02 03 04 05 06 07 08 09 1
Xts

Flow condensation heat transfer coefficients, for (left) a mass flux of 50 kg/m?s and (right) a mass flux of 125 kg/m?s.

the error of the predicted value range, as shown in Figure 5. The
energy balance and Nusselt number analysis confirmed that the
apparatus operated as predicted and that two-phase heat transfer
measurements are accurate.

3.2 Flow condensation heat transfer
coefficients

Data collected from the plain coupon, in the standard
orientation (i.e., condensation on lower surface), served as a
baseline to compare against for any enhancement. For a mass flux
of 50kg/m® and qualities from 020 to 0.87, the flow
condensation heat transfer coefficients range from 22,200 W/
m’K to 53,000 W/m?K. At the mass flux of 125kg/m’s and
qualities from 0.33 to 0.97, the flow condensation heat

Frontiers in Thermal Engineering 06

transfer coefficients ranged from 40,800 W/m?K to 95,200 W/
m?K. For both mass fluxes, the heat transfer coefficients nearly
linearly increased with quality; similarly, the heat transfer
coefficients are higher with the increased mass flux. To
the other test
orientations, a third-degree polynomial was curve fit to these

compare coupon and inverted section
measured heat transfer coefficients so that an enhancement
factor could be calculated for any quality. The R’ values for
these were 0.9908-0.9986 for the 50 kg/m’s and 125 kg/m’s data
sets, respectively. Heat transfer coefficients for all experiments
are shown in Figure 6 and condensation heat transfer
enhancements in Figure 7. The two-phase heat transfer
coefficients for the plain coupon in the standard configuration
(i.e., experiencing lower surface condensation) were compared to
the values predicted by the Kim and Mudawar (2013) correlation

for condensing in mini/micro channels (Kim and Mudawar,
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Heat transfer coefficient enhancement for the plain coupon in the inverted orientation and the mound coupon in the standard and inverted
orientations compared to the plain coupon in the standard orientation (left) for a mass flux of 50 kg/m?s and (right) a mass flux of 125 kg/m?s.
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Flow condensation heat transfer coefficients predicted by the

Kim and Mudawar (2013) model for the plain coupon in standard
orientation.

2013) in order to compare to other experimental values obtained
in similar channels. The Mean Absolute Percentage Error
(MAPE) for a mass flux of 50 kg/m’s was 38% and for a mass
flux of 125 kg/mzs was 16%, as shown in Figure 8,

1

MAPE = EZ

n hpred - hexp

o )

i=1

where hy,.q is the heat transfer coefficient predicted by the
correlation, and fh,,, is the observed heat transfer coefficient
from the experimental apparatus. Since the flow regimes (Section
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3.3) influence the predicted heat transfer coefficients, it should be
noted that for the mass flux of 50 kg/m’s, the flow regimes
predicted by the Kim and Mudawar (2013) correlation were
all either in the transitional or slug regimes, while for a mass flux
of 125 kg/m?s, the predicted flow regimes were either wavy-
annular or transitional.

For the mound coupon, condensation heat transfer
coefficients were calculated using its planform area, though
the actual surface area of the mound coupon is 13.8% larger
than that of the plain coupon. With a mass flux of 50 kg/m’°K and
qualities from 0.21 to 0.81, the heat transfer coefficients ranged
from 33,100 W/m’K to 56,200 W/m?K. This corresponds to a
linearly decreasing enhancement of 47% at a quality of 0.21%, to
a 13% enhancement at a quality of 0.81. At a mass flux of 125 kg/
m?s, the heat transfer coefficients range from 44,300 W/m’K to
132,000 W/m’K at qualities of 0.20-0.81, respectively. The
enhancement has a generally parabolic shape as a function of
quality where the greatest enhancement occurring at the low and
high quality points. At a quality of 0.20, the heat transfer
coefficient is enhanced 48%, and at a quality of 0.81, it is
enhanced by 79%. The lowest enhancement occurs at a
quality of 0.5 and corresponds to an enhancement of 20%.
This parabolic enhancement trend is best explained by the
relative size of the mounds to the film as well as the
disruption of film flow which occurred due to them, as
discussed in Section 3.3. These heat transfer enhancements are
similar to those found in by Aroonrat and Wongwises (2019),
using R134a, with hollow pin fins with a maximum increase of
83% and  Wongwises, 2019), although this
enhancement than the 244% enhancement
measured by (Ho et al, 2019) using R134a with conical fins

(Aroonrat
is smaller
lining the interior of the channel (Ho et al., 2019). Ho and Leong
(2020) investigated condensing steam on vertical plates with an
array of conical films, which resulted in an increase of 146%;
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FIGURE 9

Condensed film in standard plain and mound coupons, (A)

plain coupon with a mass flux of 50 kg/m?s, (B) plain coupon with a
mass flux of 125 kg/m?s, (C) mound coupon with a mass flux of
50 kg/m?s, (D) mound coupon with a mass flux of 125 kg/

m?s; quality is 0.6 for all cases.

however, this differs from the present study as Ho and Leong
(2020) studied gravity-driven film condensation (Ho and Leong,
2020).

Flow condensation data for the inverted test sections, where
condensation occurred on the upper surface, had similar results
to that of the standard test sections. For the plain inverted test
section, at a mass flux of 50 kg/m’s, heat transfer coefficients
ranged from 23,700 W/m’K to 47,000 W/m°K at qualities from
0.20 to 0.87, which corresponded to an increase of 6.8% and a
decrease of 10% in heat transfer coefficients, respectively. At a
mass flux of 125 kg/m’s, the plain inverted test section had heat
transfer coefficients from 37,300 W/m?K to 62,000 W/m?K at
qualities from 0.34 to 0.79. In this case there was no heat transfer
enhancement, with a decrease in performance of 9.5% at a quality
of 0.34 to a decrease of 14% at a quality of 0.79. The minimum
decrease in heat transfer coefficient was 2.2% and occurred at a
quality of 0.51. For the inverted plain test section, all decreases in
heat transfer coefficient were less than 10%.

For the inverted mound test sections at a mass flux of 50 kg/
m?’s, heat transfer coefficients ranged from 37,300 W/m’K to
74,800 W/m’K at qualities of 0.23-0.90 respectively with
corresponding enhancements of 56%-40% with a low of 37%
occurring at a quality of 0.56. With a mass flux of 125 kg/m’s, the
heat transfer coefficients went from 42,300 W/m’K to
110,000 W/m’K at qualities from 0.21 to 0.80. As with the
standard orientation, the enhancement was parabolic with an
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FIGURE 10

Mound disruption of film at (Left) t = 0 ms, (Middle) t = 2.0 ms,

and (Right), t = 4.0 ms at a mass flux of 50 kg/m?s and a quality
of 0.2.
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FIGURE 11

Predicted maximum liquid film thickness using the
Butterworth (1975) void fraction model.

enhancement of 38% at quality of 0.21 and 51% at a quality of
0.80. The lowest enhancement was 27% and occurred at a quality
of 0.61.

3.3 Flow visualization and condensate film
disruption

By using a high-speed camera, the flow condensation was
observed at 500 frames per second. In the plain coupon,
condensate film flow was generally smooth for both mass
fluxes observed. At the lower mass flux and low qualities, the
film had almost no disturbances apart from the occasional
“wave” across the entire micro-channel. As the quality or flow
rate increased, the shear forces from the vapor phase caused
consisted small waves to form at the interface between the two
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phases. For the mound test section, the mounds themselves
served to disrupt the flow by preventing the film from flowing
in a straight line down the test section. Figure 9 shows the
condensed film in both channels at a quality of 0.6 for both mass
flow rates. Film disruptions, particularly at the downstream side
of the mounds, were common and condensate was also observed
to flow over the mounds as shown in Figure 10.

To show the significance of the mounds, a maximum film
depth was calculated using the Butterworth correlation to
estimate the amount of condensed water available for the film
(Butterworth, 1975). Figure 11 shows the maximum depth that
the film could reach (i.e., estimated film thickness),

dfilm = (1 - “)dchannel (10)
- (a
* = T+ 028x07m
1 —
N (12)
X

pl nug

where dg,, is the maximum possible film depth, dgauner is the
depth of the channel, a is the volumetric fraction of vapor in the
channel, X,, is the Martinelli parameter for viscous-viscous
flows, x is the steam quality, p and y are the density and
viscosity of the liquid, /, and vapor, g, phases.

In the plain coupon, the thermal resistance is inversely
related to the film depth; however, relative to that film depth,
the mounds’ 1-mm radius proves a significant obstacle to the
flow. For low qualities where the film is thickest, x < 0.4, these
disruptions in the film reduce the film thermal resistance by
forcing the flow to either pass over or around the mounds,
increasing velocity, and decreasing the relative thickness of film.
For higher qualities, x > 0.6, the film is thin enough for the
mounds to have direct contact with the vapor, allowing them to
act like fins, thereby increasing the condensing surface area and
increasing the planform heat transfer coefficient in addition to
the film disruptions. For all qualities both the film disruptions
and fin effects occur; however, they are most dominate for low
and high quality respectively which is why for midrange qualities,
0.4 < x < 0.6 the lowest enhancement occurs. Based on the liquid
film disruptions observed, it stands to reason that there is some
optimal grouping of mounds. If the mounds are too far apart, the
opportunity for condensation enhancement via film disruption
and fin area is missed. However, if the fins are grouped too
closely, such as in a hexagonal close pack, the film may thicken
due a smaller effective channel width and the film could also
stagnant at the bottom of the channel where the mounds meet,
preventing convective heat transfer from locally dominating over
conductive heat transfer.

For both coupons, the inversion of the test section had little
visual effect on the film, which continued to flow in contact with
the cooling surface despite that being the upper side of the flow
channel. Heat transfer performance was not significantly
impacted by gravity and thus, two nondimensional numbers
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were evaluated. The Eotvos number, Eo, which represents the
ratio of gravitational to surface tension forces, was calculated
(Kim and Mudawar, 2012),
Eo = gD’hM (13)
o
where g is the gravity constant, Dj, is the hydraulic diameter, and
o is the surface tension.

The Eotvos number was 0.64-0.60 for the plain and mound
coupons, respectively. E6tvos numbers less than one support that
gravitation forces are not dominant in these coupons. The modified
Weber number, We*, which represents the ratio of inertial to surface

tension forces, was employed to determine the expected flow regime
for each data point (Kim and Mudawar, 2012),

) 2.45Re%
We" = ~ o (14)
Sug'3 (1 + 1.09X90%)
Re. = M (15)
J “
oD
Suy = Pﬂﬂz " (16)
g
0.1
1—x\09 0.5
tt = ﬂ (—x) p_g (17)
Aug x P

where Re, is the Reynolds number of the gas phase, Su, is the
Suratman number of the gas phase, G is the mass flux of steam,
and X}, is the Lockhart-Martinelli parameter. These results can be
seen in Figure 12 and shows the flow regimes expected by either
slug flow, transitional (between slug and annular), or wavy-
annular flow; few data are in the slug flow regime. This
supports the observed behavior for the film to adhere to the
copper surface regardless of orientation as for these flow regimes
the film wet the entire channel surface.

3.4 Pressure drops

Pressure drops were parabolic for both coupons and
orientations and were increased with quality and mass flow
rate. The pressure drops in the mound coupon were also
higher; however, changing the orientation of the test section
had minimal impacts, as shown in Figure 13. For the plain
coupon with a mass flux of 50 kg/m’s, the pressure drops
ranged from 1.8 to 8.8 kPa for qualities from 0.20 to 0.87. At
a mass flux of 125 kg/m?’s, the pressure drops ranged from 15 to
92 kPa for qualities from 0.33 to 0.97. When the test section was
inverted, at the mass flux of 50 kg/m’s pressure drops went from
1.8 to 9.9 kPa for qualities from 0.20 to 0.87 and from 16 to
67 kPa for qualities from 0.34 to 0.79. The standard mound
coupon at 50 kg/m?s had pressure drops from 1.2 to 9.2 kPa for
qualities from 0.21 to 0.81. At a mass flux of 125 kg/m’s pressure
drops ranged from 10 to 110 kPa for qualities from 0.20 to 0.81.
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Flow regimes predicted by Kim and Mudawar (2012) for the experimental conditions; most data are in the transition or wavy-annular regimes.
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FIGURE 13

Pressure drops for plain and mound coupons in both orientations (left) for a mass flux of 50 kg/m?s and (right) a mass flux of 125 kg/m?s.

For the inverted mound coupon at 50 kg/m’s pressure drops
ranged from 3.1 to 18 kPa for qualities from 0.23 to 0.90 and at a
mass flux of 125 kg/m’s the pressure drops were from 11 to
120 kPa for qualities from 0.21 to 0.80. The increase in pressure
drop was significantly lower than that observed by Aroonrat and
Wongwise (2019), using R134a, where the presence of hollow pin
fins increased the pressure drop by as 251%, 578%, and 892%
depending on the pin fin size of 0.5, 0.75, and 1.0 mm,
respectively, with a mass flux of 300 kg/m®s (Aroonrat and
Wongwises, 2019). The much lower pressure drop observed in
the mound coupon in this study is likely due to the lower
frequency and positioning of mounds not constricting the
flow through channel as much as pin fins, as well as the lower
mass fluxes of 50 kg/m’s and 125 kg/m’s.

Frontiers in Thermal Engineering

10

4 Conclusion

Filmwise condensation experiments were conducted on two
1.9-mm-hydraulic-diameter copper coupons. One coupon was a
plain rectangular channel while the other was modified with a
staggered line of 2-mm-diameter copper hemispheres. Heat
transfer measurements, film visualization, and pressure drop
data were recorded for steam condensation for two mass
fluxes, 50 kg/m’s and 125 kg/m’s, and qualities from 0.20 to
0.97. From this, the following conclusions may be drawn:

o The addition of copper hemispheres increased the heat

transfer coefficient by as much as 79%, and which exceeded

the area enhancement ratio of 14%.
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« The presence of the mounds disrupted the condensate film,
preventing the film from flowing as a smooth laminar
sheet.

The height of the mounds was significant compared to the

maximum film depth for all tested cases and provided and
the effect of the
condensate film.

lowered thermal resistance

Changing the orientation of the test section had little effect
in the mound coupon and no more than a 14% reduction in
heat transfer coefficient in the plain coupon.

Pressure drops were higher in the mound coupon but
were not significantly affected by the change in
orientation.

o Future work should include a focus on the placement and
frequency of mounds in the channel to enhance filmwise
flow condensation heat transfer.
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