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Abstract—Filmwise condensation (FWC) is the dominant
condensation mode in industrial systems due to the high surface
energy of commonly used metals. Enhancing FWC can reduce the
size, weight, and power (SWaP) of thermal management
hardware. However, due to the extreme wetting characteristics of
low-surface-tension fluids, enhancing FWC of these fluids remains
challenging. For the first time, this study presents a scaled-up
metallic 3D-printed liquid-cooled condenser to enhance FWC of
refrigerants. Water is used as the coolant to condense the vapor of
refrigerant R134a. The water side of the condenser incorporates
cylindrical pin fins. The condenser’s innovation lies in its
refrigerant side, which includes capillary channels (wicks) with a
two-dimensional gradient pore size distribution (2D-GPSD). This
gradient wick design partially decouples wick capillary pressure,
wick permeability, and effective thermal conductivity of the wick-
condensate, thereby enhancing capillary-driven condensation.
The condenser was made of stainless steel and comprised five
refrigerant layers, each positioned between two of the six water
layers. Experiments were conducted across various inlet water
temperatures, refrigerant flow rates, and two operating
orientations: horizontal and gravity-assisted orientations. The
latter configuration aids in removing the liquid film from the wick,
thereby enhancing the FWC. Operating in the gravity-assisted
orientation increased the condensation heat flux by over 43%
compared to horizontal operation and resulted in significantly
higher condensate formation. With further optimization, the
present condenser has significant potential to reduce the SWaP of
two-phase thermal management systems.

Keywords— Thermal management system; Liquid-cooled
condenser; Filmwise condensation; Gradient wick structure;
Additive manufacturing.

I.  INTRODUCTION

The increasing power of electronic devices, combined with
their ongoing miniaturization, has led to rapidly growing heat
fluxes, resulting in numerous local hotspots that thermally limit
device operation [1,2]. To maintain performance, reliability,
and extend the lifespan of electronic devices, the development
of effective cooling technologies is urgently needed. Rising
heat fluxes have shifted focus to two-phase thermal
management systems like flow boiling, which are highly
effective due to their superior heat transfer coefficient over
single-phase methods [3]. In two-phase systems, heat is initially

removed from heat-generating devices through boiling and then
released to the environment via condensation, requiring
compact designs to meet strict volume and weight constraints
in high-heat-flux applications [4]. The majority of research on
two-phase thermal management has focused on boiling and
evaporation, whereas condensation, a crucial aspect of two-
phase systems, has received relatively less attention [S5]. While
commercial condensers can meet cooling requirements, they
are often bulky and inefficient [6]. As a result, developing
compact and efficient condensers by enhancing condensation
heat transfer is crucial to minimizing the Size, Weight, and
Power (SWaP) of thermal management systems.

Condensation typically occurs in two main forms: filmwise
condensation (FWC) and dropwise condensation (DWC) [7].
FWC is characterized by the formation of a liquid film on the
surface, which adds an additional thermal resistance [8]. In
DWC, small droplets form at specific nucleation sites and grow
through direct condensation and coalescence. Once they reach
a critical size, they begin to move across the surface, clearing
the surface for new nucleation sites to form [9]. Although DWC
is a preferred mode of condensation with a heat transfer
coefficient up to one order of magnitude higher than FWC,
promoting its use in industrial applications has remained a
challenge [10,11]. The condensation mode is mainly influenced
by the properties of the condensing surface, the thermophysical
characteristics of the condensate, and the operating conditions
[12]. It is widely accepted that hydrophobic surfaces promote
DWC, while hydrophilic surfaces facilitate FWC [13,14]. FWC
is the dominant mode of condensation in industrial applications
due to the high surface energy of commonly used metals.
Functional coatings offer a way to decrease the high surface
free energy associated with metals, thereby enhancing DWC.
However, the primary challenge for industrial applications lies
in ensuring the durability of these coatings in harsh
environments, characterized by high temperatures, heat flux,
and vapor velocity [15].

In addition, greater challenges arise when enhancing the
condensation of low-surface-tension fluids such as
hydrocarbons, alcohols, and refrigerants. These fluids are
widely used in a variety of industrial applications, such as
chemical plants, natural gas production, biomass combustion,
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food industry, building energy technology, etc. [16].
Maintaining stable DWC of low-surface-tension fluids remains
challenging [17], as advanced condenser materials have surface
energies comparable to the surface tension of these fluids,
leading to FWC [18]. As a result, effective approaches to
improving the compactness of industrial condensers should
focus on techniques that enhance FWC.

In this study, we leverage the advantages of wick structures
to develop a compact condenser that enhances FWC of
refrigerants. Wick structures enhance FWC due to (i) larger
condensation areas compared to a plain surface, and (ii) a lower
thermal resistance of condensate-wick compared to that of a
liquid film on a plain surface. Some previous research on using
wick structures to enhance FWC can be found in [19-21].
However, fabricating the proposed wick structures using
traditional techniques would be extremely challenging. Most
efforts to enhance heat transfer in heat exchangers have focused
on adding internal structures within the flow passage. However,
these efforts have primarily targeted simple structures rather
than complex ones, mainly due to the manufacturing limitations
of traditional techniques [22]. Consequently, fabricating

hydrothermally  optimized components derived from
simulations has remained a significant challenge using
conventional manufacturing techniques. However,

advancements in metal additive manufacturing (AM) have
made it possible to fabricate complex heat exchangers featuring
intricate flow designs. Unlike traditional manufacturing
methods, AM allows for the creation of thinner walls, which
helps to decrease both weight and thermal resistance. AM, also
known as 3D printing, has become a vital aspect of advanced
manufacturing technologies due to its exceptional versatility in
fabricating intricate geometries and tailored parts directly from
digital models [23]. Recent advancements in developing 3D-
printed two-phase cold plates integrated with wick structures
can be found in [24-28]. Specifically, we have recently
demonstrated the effectiveness of a novel 3D-printed wicked
condenser made of copper in enhancing the FWC of HFE-7100,
a low-surface-tension fluid [29].

For the first time, this study presents a scaled-up 3D-printed
liquid-cooled condenser to enhance FWC of low-surface-
tension fluids. Water is used as the coolant to condense the
vapor of refrigerant R134a. The novelty of the condenser lies in
its refrigerant side, which incorporates wick structures with
gradient pore size distributions in two dimensions. This
condenser has significant potential to reduce the SWaP of
thermal management hardware through the optimization of
features on both the refrigerant and coolant sides.

II. EXPERIMENT
This section presents the fabrication process of the
condenser prototype, the experimental procedure, and the data
reduction analysis.

A. 3D Printing of Condenser

The heat exchanger design in this study consists of two
sections: the condenser and the coolant side, referred to as the
refrigerant side and water side, respectively, throughout this
paper. Both sections are located opposite each other and are

separated by a thin wall. The refrigerant vapor enters the
condenser and is condensed by the cooling provided by the
circulating water on the coolant side. Fig. 1 shows the 3D-
printed single-layer condenser prior to welding the inlet and
outlet manifolds. This condenser comprises one layer of
refrigerant section and one layer of coolant section. The inlet
and outlet ports have a diameter of 6.35 mm. The condenser
was manufactured using a GE Concept Laser 3D printer with
17-4PH stainless steel. The purpose of fabricating the
condenser with a trapezoidal footprint is to reduce its weight
while maintaining high thermal performance. However, the
condenser can be manufactured in other geometries, such as a
rectangular footprint. The condenser includes separate inlet and
outlet manifolds for the refrigerant flow, as well as distinct
manifolds for the coolant. This design allows for the study of
both cocurrent flow and counter-current flow configurations,
corresponding to the same and opposite flow direction of
refrigerant and coolant, respectively. In this study, the
condenser operates in a cocurrent flow configuration. The wall
separating the coolant and refrigerant sides is 1.6 mm thick.

Fig. 1. 3D-printed single-layer condenser with one refrigerant layer and one
coolant layer, made of stainless steel.

The CAD model of the coolant side (i.e., the water side) is
illustrated in Fig. 2. The coolant side consists of cylindrical pin
fins with a diameter of 1.5 mm, a height of 4.76 mm, and a
center-to-center spacing of 3.5 mm.

Fig. 2. CAD model of the coolant side (i.e., water side).

The refrigerant side consists of two alternating converging
capillary structures (i.e., wicks), three diverging empty spaces,



and an outlet wick. Each wick is surrounded by two empty
spaces. The outlet wick is a capillary structure that connects all
individual wicks to (i) avoid discontinuity in the capillary
pressure and liquid meniscus at the outlet of the condenser, and
(i1) prevent by-pass of the refrigerant vapor.

The novelty of the presented condenser lies in the
refrigerant side, which features gradient lattice wick structures
with decreasing pore sizes from the inlet to the outlet of
condenser, as well as decreasing pore sizes from the center of
wick to the edge of the wick. This capillary structure is referred
to as a two-dimensional gradient pore size distribution (2D-
GPSD) wick. The design rationale for these wicks, along with
their merits, will be discussed in a separate section. The wick
structure has a height of 4.76 mm and a wall thickness of 300
pm. To visualize the interior of the condenser, an X-ray image
of a single-layer condenser is shown in Fig. 3. Pin fins are
visible on the water side, while gradient wicks are observed on
the refrigerant side of the condenser.

Fig. 3. X-ray image of the condenser showing 2D-GPSD wicks on the
refrigerant side, and cylindrical pin fins on the water side.

At the inlet of the condenser, the refrigerant vapor flows
through the capillary channels with large pore sizes. At each
capillary channel, the condensation occurs inside the wicks;
then, the condensate is drawn laterally to two empty spaces by
the wick capillary pressure (Pcap). That part of vapor flowing
inside the empty spaces is also condensed on the vertical walls
of the capillary channels and the horizontal plain surface. By
increasing the distance from the inlet, the amount of condensate
increases inside the condenser such that close to the outlet, the
condenser is filled with pure liquid. Then, the liquid is wicked
through the outlet wick and is pumped outside the condenser.

A stacked condenser design, which is the main design of the
present study, represents a scaled-up condenser with multiple

refrigerant and water sides, where each refrigerant side is
positioned between two water sides. In the present study, the
stacked design comprises five refrigerant layers and six water
layers, as illustrated in Fig. 4.
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Fig. 4. Stacked condenser, including five refrigerant layers and six water
layers, with the main inlet and outlet manifolds welded.

The refrigerant vapor and cold water enter their respective
main inlet manifolds and then distribute through each
refrigerant and water layer. The water and condensate from
individual water and refrigerant layers then merge together and
exit the condenser through their respective outlet manifolds.
Each refrigerant and water layer has identical dimensions,
similar to those of the single-layer condenser shown in Fig. 1.
The overall height of the stacked condenser is 71.4 mm. The
condenser was 3D printed from 17-4 PH stainless steel using
the GE Concept Laser Mlab 3D printer. An in-house methanol
bath was fabricated, and the condenser was continuously
flushed with methanol for removal of excess powder remaining
inside both refrigerant and water sides. The powder removal
process was performed several times, with each process taking
a sufficiently long time. After each process, water was pushed
into the individual refrigerant and water sides of the condenser,
and the uniformity of outflow from both sides was assessed. If
the outflow was not uniform, the powder removal process was
repeated until a high uniformity of outflow was achieved.
Following the powder removal process, the main inlet and
outlet manifolds for the water and refrigerant sides were welded
to the inlet and outlet tubes, as shown in Fig. 4.

B. Two-Dimensional Gradient Pore Size Distribution Wick

The concept to develop the 2D-GPSD wick is schematically
shown in Fig. 5. Each color represents a zone with a different
pore size from the other zones. The pore sizes decrease from
zone 1, represented in blue with the largest size, to zone 7,
represented in brown with the smallest size. For the condenser
in this study, the pore sizes decrease from 900 um in zone 1 to
300 pm in zone 7, in increments of 100 pm. The X-ray image
of the condenser shown in Fig. 3 illustrates 2D-GPSD wicks on
the refrigerant side.

The presented condenser further improves the capillary-
driven condensation beyond state-of-the-art by increasing the



capillary pressure (Pcap), wick permeability (i), and effective
thermal conductivity of the wick-condensate (kqf), as well as
delaying the flooding. The performance of a capillary-driven
condensation improves through enhanced F,p, 1, and ke .
However, in a homogenous wick (i.e., a fixed pore size), both
Peap and kg are inversely related to p, as such while small pore
sizes increase Pep and kegr, they reduce p. A low p is
associated with a higher viscous pressure drop of liquid inside
the wick (AP,;q) and an increased risk of flooding, which
degrades the condensation heat transfer. Flooding occurs when
the APy is greater than F,,. To overcome the challenges of
competing Peap, Kefr, and p, wicks with gradient pore size
distributions have been demonstrated to partially decouple Pe,p,
kg, and p [20,30].

Zone 7

Fig. 5. Concept to illustrate the two-dimensional gradient pore size
distribution (2D-GPSD) on the refrigerant side.

Additionally, the topology of the presented condenser and
its capillary channels helps reduce AP, which aids in
preventing flooding. At a given cross-section in the capillary
channel, the corresponding AP, for the lateral transport of
liquid to each empty space is described as: APk =
(u Wegs) / (ppA) [31], where Weg, is the effective length that
liquid transports laterally through the wick, p and A are wick
permeability and cross-sectional area, respectively, and m, y;,
and p are liquid mass flow rate, viscosity, and density,
respectively. Since each capillary channel is surrounded by two
empty spaces, the liquid is laterally drawn from both sides of
the wick into the empty spaces. This indicates that both We¢
and m are split in half.

C. Flow Condensation Loop

A refrigerant flow condensation loop integrated with a
water-cooled loop was fabricated for conducting flow
condensation tests. Fig. 6 illustrates a simplified schematic of
the test setup. Components of the individual loops were
connected to each other via stainless steel tubing. The
refrigerant loop was equipped with multiple heat exchangers
situated before and after the condenser, Resistance Temperature
Detectors (RTDs), T-type thermocouples, flowmeters, pressure

transducers, control flow valves, and a positive displacement
pump. The refrigerant flow rate to the condenser was adjusted
using a control valve and bypass implemented after the pump
and measured using a flowmeter located upstream of the
condenser’s inlet. The key to precise flow measurement was the
use of a Coriolis (CMFS015M) flowmeter, with a range of 10
mLPM to 5 LPM. A heater was integrated into the loop and
positioned before the condenser inlet to establish the
thermodynamic state of the flow according to the intended
specifications, such as a superheat refrigerant at the condenser
inlet. The pressure at the inlet of the refrigerant side was
measured using an absolute pressure transducer, and the
pressure drop across the refrigerant side was measured using a
differential pressure transducer (DPT). Two sight glasses, one
at the inlet and another at the outlet of the refrigerant side were
installed to visualize the inlet and outlet flows. The water-
cooled loop was equipped with thermocouples at the inlet and
outlet of the water side, a DPT to measure the pressure drop
across the water side, a flowmeter, a control valve to adjust the
flow rate, and a chiller to pump the water and set the
temperature at the inlet of water side.
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Fig. 6. Schematic of the flow condensation loop.

D. Experimental Procedure

The hermeticity of the individual refrigerant and water sides
of the condenser was checked by a helium mass spectrometer
with a measured leak rate less than 9 x 1072 Std. cc/s [32].
Then, the condenser was inserted into the condensation loop.
Prior to conducting the experiment, the entire loop was
examined to identify any leaks before charging the loop with
R134a. The liquid was circulated in the loop; then, the pump
speed and the control valve were adjusted to feed the refrigerant
side of the condenser with the desired flow rates. The chiller
temperature on the refrigerant side was maintained at 20 °C
throughout the entire experiments. By adjusting the temperature
of the chiller associated with the water side, the inlet water
temperature to the water side of the condenser was set. The
entire condenser was covered with layers of insulation to
minimize heat exchange with the ambient environment. It is
possible that the outlet of the refrigerant side still has a two-
phase flow. As a result, multiple heat exchangers, particularly
right before the pump, were implemented to ensure that the inlet
liquid to the pump is subcooled to prevent cavitation in the
pump. By adjusting the voltage of the variable transformer that
powered the heater, it was ensured that the inlet refrigerant to
the condenser was superheat, which means no inlet refrigerant
liquid entering the condenser. The superheat was determined by
measuring the inlet temperature and pressure of the refrigerant
and subtracting the corresponding saturation temperature at the
inlet pressure from the measured inlet temperature. In the
present study, all the experiments were conducted at an inlet



superheat of less than 3 °C. Tests were conducted at three
different inlet water temperatures of 5 °C, 10 °C, and 15 °C, a
fixed water flow rate of 3.0 LPM, and three different refrigerant
flow rates of 75 mLPM, 125 mLPM, and 180 mLPM, equivalent
to mass flow rates of 1.5 g/s, 2.5 g/s, and 3.5 g/s, respectively.
Since the condenser comprised five refrigerant layers and six
water layers, the flow rate inside each refrigerant layer is 1/5 of
the total refrigerant flow rate, and the flow rate inside each water
layer is 1/6 of the total water flow rate. The condenser was tested
in two orientations: (i) horizontal, and (ii) vertical, with gravity
aiding the condensate’s exit from the bottom of the condenser.
The rationale behind vertical testing is to improve the shedding
process and expose condensing surfaces to incoming vapor with
the assistance of gravity. Furthermore, LabVIEW was used to
integrate hardware and collect signals from the RTDs,
thermocouples, pressure transducers, and flowmeters in both the
pumped two-phase and water loops once the system reached a
steady-state condition. The steady-state condition was identified
when the variations in temperatures, as measured by RTDs and
T-type thermocouples remained negligible over an extended
duration of system operation.

E. Data Reduction

The results are presented in terms of the condensation heat
flux (q") , the exit vapor quality of the refrigerant (x,), and the
pressure drop across the refrigerant side. The total cooling power
provided from the water flow to the condenser (Qtot) is
calculated as follows:

Qtat = mw(hout,w - hin,w) (1)
where m,,, Aoyt and hy, ,, stand for the mass flow rate of
water, outlet specific enthalpy of water, and inlet specific
enthalpy of water, respectively. The q" is calculated as the ratio
of the Q¢ and the total projected area of the refrigerant side.
Since each refrigerant layer is located between two water layers,

condensation occurs on both sides of each refrigerant layer.
Consequently, the g" is calculated as follows:

q" = Qtot/(z X NR X Aproj,R) (2)

where Ny represents the number of refrigerant layers (five in
this study), and Ay, denotes the projected area of each side
of an individual refrigerant layer. The projected area was
determined using the CAD model of the condenser.

To calculate the x,, the specific enthalpy of the refrigerant
at the outlet (hout_R) is required, which is calculated from the
energy balance, as follows:

hout,R = hin,R - (Qtot/mR) 3)

where my is the mass flow rate of refrigerant. Then, X, is
calculated as follows:

Xe = (hout,R - hl'R|p,0ut)/(hV'R|p,out - hLR'p,out) (4)

where h,, g |p‘out and hl'Rlp,out are the specific enthalpy values

of saturated vapor and saturated liquid of the refrigerant,
respectively, at the corresponding outlet refrigerant pressure.

The pressure drop across the refrigerant side of the
condenser was measured using a DPT located between the main
inlet and outlet of the refrigerant side.

The uncertainties of the T-type thermocouples, dimensions,
flowmeters, and pressure transducers were +0.5 °C, +2.54 X
1072mm , +0.8% , and +0.08% , respectively. Using
propagation of uncertainty analysis, the uncertainty in
condensation heat flux was below 6.5%.

III. RESULTS

The condensation tests were performed with the condenser
operating in two orientations: one horizontal and the other
gravity-assisted. The rationale behind the gravity-assisted
orientation testing is to improve the shedding process and
expose the condensing surfaces to incoming vapor with the
assistance of gravity. Fig. 7 compares the g" between two
orientations of condenser at various refrigerant flow rates and
inlet water temperatures. (H) and (G) in the figure represent the
horizontal and gravity-assisted orientations, respectively.
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Fig. 7. Condensation heat flux for the stacked condenser at different
orientations, refrigerant flow rates, and inlet water temperatures.

At a given inlet water temperature and orientation, an
increase in the refrigerant flow rate results in a higher ¢", which
is attributed to the enhanced convective heat transfer occurring
within the refrigerant side. At a given orientation and refrigerant
flow rate, the q" increases with a drop in the water inlet
temperature. This is attributed to an increase in the subcooled
temperature, achieved by lowering the water inlet temperature.
A significant achievement is the substantial enhancement of
FWC when the condenser operates in the direction of gravity as
such the q" increases by more than 43% at the lowest refrigerant
flow rate (i.e., 1.5 g/s). As the refrigerant flow rate increases, the
enhancement in q" decreases, reaching over 28% at a flow rate
of 2.5 g/s and over 11.7% at 3.5 g/s.

The exit vapor quality (x,) at different refrigerant flow rates
and inlet water temperatures for both condenser orientations is
illustrated in Fig. 8. At a given refrigerant flow rate and



condenser orientation, the x, decreases as the water inlet
temperature decreases. This occurs because lower inlet water
temperatures result in increased subcooling, thereby reducing x,
(i.e., more condensate). At the lowest refrigerant flow rate (1.5
g/s), the condenser achieved full condensation at inlet water
temperatures of 5 °C and 10 °C in both horizontal and gravity-
assisted orientations. Overall, due to enhanced condensation
heat transfer in the gravity-assisted orientation, a lower x, is
expected compared to the horizontal operation. At the lowest
refrigerant mass flow rate, aside from the first two inlet water
temperatures where both orientations achieved full
condensation, the gravity-assisted resulted in over 43% more
condensation than the horizontal operation. At the middle
refrigerant flow rate (2.5 g/s), the gravity-assisted orientation
resulted in over 70%, 30%, and 16% more condensation at inlet
water temperatures of 5 °C, 10 °C, and 15 °C, respectively,
compared to the horizontal orientation. An important finding
from Fig. 8 is the presence of a threshold refrigerant flow rate
necessary for full condensation, for a given condenser design
and operating conditions, such as water flow rate and inlet water
temperature; for instance, 3.5 g/s is a large flow rate for the
present condenser. This highlights the need for optimizing
condenser features to achieve full condensation across a broader
range of flow rates, which is a focus of ongoing research within
our team.
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Fig. 8. Exit vapor quality at different orientations, refrigerant flow rates, and
inlet water temperatures.

Fig. 9 illustrates the pressure drops across the refrigerant
side of the condenser at different refrigerant flow rates and inlet
water temperatures for two different condenser orientations. At
a given orientation and refrigerant flow rate, the pressure drop
decreases as the water inlet temperature decreases. This occurs
because a lower water inlet temperature results in a lower x,
(i.e., more condensate), which in turn reduces the pressure drop.
At a given orientation and inlet water temperature, increasing
the flow rate raises the pressure drop due to the higher vapor
velocity. Additionally, when the condenser operates in the
gravity-assisted orientation, the pressure drop at a given inlet
water temperature and refrigerant flow rate is higher than in
horizontal testing. This is likely due to increased interaction
between the vapor and condensate because with gravity

assistance, more condensate is present than in horizontal
operation. As observed in Fig. 9, the pressure drops at low flow
rates could not be measured accurately because they were too
small for the current DPT used in the experiments. For future
tests, a DPT with a lower range will be used to accurately
measure the pressure drops associated with low flow rates on
the refrigerant side.
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Fig. 9. Pressure drops across the refrigerant side of the condenser at different
orientations, refrigerant flow rates, and inlet water temperatures.

In summary, the 3D-printed liquid-cooled condenser
developed in this study demonstrated promising performance,
enabling enhanced FWC of low-surface-tension fluids. Through
the optimization of features on the water side, as well as the pore
size distribution on the refrigerant side, further enhancement of
FWC will be achieved, thereby reducing the SWaP of future
thermal management hardware.

IV. CONCLUSION

For the first time, this study presents a scaled-up 3D-printed
liquid-cooled condenser to enhance FWC of low-surface-
tension fluids. The condenser comprised five refrigerant layers
and six water layers, with each refrigerant layer positioned
between two water layers. Water was used as the coolant to
condense the vapor of refrigerant R134a. The water side
featured cylindrical pin fins. The novelty of the condenser lies
in the refrigerant side, which included wick structures with 2D-
GPSD. The condenser was tested in two different orientations:
one horizontally and the other in a gravity-assisted orientation.
The results demonstrated a significant enhancement in
condensation heat flux and a substantial reduction in exit vapor
quality when the condenser operated in the gravity-assisted
orientation compared to the horizontal orientation.

V. FUTURE WORK

Future research aimed at optimizing pore size distributions
on the refrigerant side and heat transfer features on the water
side is expected to further improve the hydrothermal
performance of the proposed condenser, making it attractive for
reducing the SWaP of future thermal management hardware.
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