Experimental study of a 3D-printed wick condenser
for enhanced condensation heat transfer

Jay Saple'+, Behzad Ahmadi't, Mohammad Reza Shaeri?, Sajjad Bigham'*
1Department of Mechanical and Aerospace Engineering, North Carolina State University, Raleigh, NC, 27695-7910, USA
2Advanced Cooling Technologies, Inc., Pennsylvania, USA
*+Same contribution
* corresponding author: sbigham@ncsu.edu

Existing methods for improving condensation heat transfer
face challenges with low surface tension liquids that exhibit strong
wetting properties. These liquids tend to condense as thin films,
leading to suboptimal thermal performance. This study
investigates the effectiveness of a novel 3D-printed wick condenser
in enhancing the condensation heat transfer rate of low surface
tension fluids. An experimental test facility is developed to
compare the heat dissipation performance of the 3D-printed wick
condenser with a plain surface. The wick condenser, 3D-printed
using GRCop-42 with an effective thermal conductivity of 344
W/m-K at room temperature, demonstrates remarkable heat flux
capabilities. For example, at a subcooling of 10.5°C, the new 3D-
printed wick condenser achieves a heat flux of about 61 kW/m?
with the low-surface-tension fluid HFE-7100, representing a 4-fold
improvement compared to a plain copper surface. The insights
gained from this study open up exciting possibilities for the
development of next-generation condensation surface technologies
that offer unprecedented heat transfer rates, especially for liquids
with complete wetting behavior.

Keywords: Wick condenser; Low surface tension fluids; Additive
manufacturing; Experimental evaluation; Condensation heat
transfer rate.

I.  INTRODUCTION

In recent decades, extensive research has been dedicated to
enhancing the condensation heat transfer process, a pursuit with
the potential to elevate energy efficiency and alleviate capital
costs. This improved condensation rate holds substantial
relevance across diverse industrial applications, including but
not limited to desalination [1]-[3], air conditioning and
refrigeration [4]-[6], distillation, water harvesting [7], [8],
humidity sensors [9], electronic cooling as well as power plant
thermal management [10]-[13].

Traditionally employed metallic condenser surfaces often
promote filmwise condensation, leading to relatively inefficient
heat transfer performance. This is primarily attributed to the
development of a thick liquid layer, introducing significant
thermal resistance between the cold condenser surface and the
condensing vapor. Numerous experimental and numerical
studies have been conducted to enhance condensation heat
transfer rates by exploring novel condenser surfaces that
leverage a dropwise condensation mechanism. In the dropwise
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condensation process, droplets of varying sizes are formed,
which, upon reaching a critical radius, detach from the surface.
This shedding action exposes the cold condenser surface to
vapor for further condensation, improving overall efficiency. To
achieve the dropwise condensation mode of heat transfer,
various methods, such as micro and nanoscale structures
promoting superhydrophobic surfaces, surface coating, and
slippery liquid-infused porous surfaces (SLIPS), have been
employed.

Nano-textured surfaces, including copper oxide layers [14],
copper nanowires [15], and micro-nano hierarchical structures
[16], boost condensation heat transfer by fostering dropwise
condensation through the creation of superhydrophobic surfaces
showing low contact angle hysteresis, increasing nucleation
sites, and providing a larger surface area for efficient heat
transfer. Milkjkovic et al. [14] employed a sharp, knife-like CuO
layer to improve condensation by promoting the jumping
droplets. In this process, coalescing droplets are expelled from a
superhydrophobic nanostructured surface, facilitated by the
release of excess surface energy. While this mechanism allows
for efficient heat dissipation at low sub-cooled temperatures,
issues such as flooding can arise at higher sub-cooled
temperatures, leading to a decline in performance [14][15].
Another approach demonstrated by Varanasi et al. [17] showed
that the local wettability of a surface can be manipulated by
patterning with a mix of hydrophobic and hydrophilic regions.
This results in spatial control in the heterogeneous nucleation
instead of the random nucleation behavior of superhydrophobic
surfaces, resulting in enhanced condensation heat transfer.

Coatings offer an alternative solution for achieving dropwise
condensation, mitigating challenges related to nanostructure
fabrication and concerns associated with flooding regimes.
These coatings can be applied to plain surfaces or in conjunction
with microstructures. Wang et al. [18] employed a double
lithography process to coat micropillars with a hydrophobic
fluorosilane, resulting in a hierarchical hydrophobic surface.
Experimental tests demonstrated that consistent performance
could be maintained over a significantly large sub-cooling range
of approximately 25°C. In a study by Thomas et al. [19], various
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hydrophobic coatings, including perfluoro-octyl-triethoxy-
silane and perfluoro-octanoic-acid, were compared with a
commercially available Glaco solution on micro-nano
hierarchical structures. Despite Glaco exhibiting a jumping
droplet mechanism, the silane and octanoic acid coatings
outperformed the Glaco solution. Additionally, Cha et al. [20]
indicated that a hydrophobic surface is not mandatory for
dropwise condensation; rather, a surface with low contact angle
hysteresis is crucial. Their findings showed that PEGylated
hydrophilic surfaces, despite being hydrophilic, exhibited higher
nucleation compared to fluorinated hydrophobic surfaces. This
suggests a potential avenue for future research in surfaces that
are both hydrophilic and exhibit high mobility.

A different approach inspired by the Nepenthes pitcher plant
was adopted by Wong et al. [21]. They introduced a lubricant
liquid trapped between nanostructures, creating an omniphobic
surface that allows condensed fluid to effortlessly roll off. Using
this method, Rykaczewski et al. [22] demonstrated dropwise
condensation for low-surface tension fluids. Since an air gap is
not necessary to maintain a slippery surface, this approach gives
a pressure-stable slippery surface [21]. However, Adera et al.
[23] highlighted some practical limitations to the lubricant-
based approach. As the condensed liquid droplets are released
from the surface, sometimes a small part of the droplet remains
on the surface, known as satellite droplets. Moreover, there are
very few lubricating liquids that have very low miscibility with
low surface tension fluids. Furthermore, cloaking occurs when
the spreading coefficient of the oil on the liquid is greater than
zero, leading to the encapsulation of the liquid by the lubricant.
This process inhibits droplet growth and increases thermal
resistance [24].

While the approaches mentioned above effectively enhance
the condensation heat transfer rate of high surface tension fluids,
they often fall short or underperform when applied to low
surface tension fluids such as refrigerants, fluorinated
dielectrics, and hydrocarbons due to their highly wetting
behavior. To tackle this challenge, this study proposes a novel
3D-printed wick condenser. The innovative wick condenser
comprises alternating wick structures and plain surfaces. The
newly designed wick condenser surface, 3D-printed with
copper, is tested with HFE-7100 working fluid under stationary
condensation conditions. In the subsequent sections, we first
delve into the concept of the wick condenser. Then, the
experimental setup and the 3D printing of the wick condenser
are discussed. Finally, the experimentally measured
condensation heat flux of the 3D-printed wick condenser with
that of a plain copper surface are compared.

II.  CONCEPT: WICK CONDENSER

In existing state-of-the-art enhanced condensation heat
transfer surfaces, the same surface serves both the droplet
formation/growth process and the removal of condensed liquid.
This sets up a competition between the condensing surface and
shedding paths. The proposed wick condenser introduces a wick
condensation surface to separate the condensing surface from
condensate shedding paths. Illustrated in Fig. la, the wick
condenser consists of alternating wick structures and plain
surfaces. The active condensing surfaces include the side and

top surfaces of the wick structure, as well as the plain channel
area.

In a traditional condensing surface, increasing the
condensation rate typically results in a thicker condensate layer,
introducing significant thermal resistance. In contrast, the
proposed wick condenser leverages the capillary effect to wick
the condensate from the vapor-exposed surfaces into the wick
structure, as depicted in Fig. 1b. Despite the low surface tension
of HFE-7100, the described wicking action occurs on a short
length scale below the capillary length scale. Upon condensate
wicking, the collected condensate is drained through the inner
part of the wick structure under the influence of gravity, as
shown in Fig. 1c. Consequently, the active condensing surfaces
(i.e., plain channel area and side/top wick surface) are
effectively decoupled from the liquid shedding pathway (i.e., the
inner part of the wick structure). This approach is a passive
method with no moving parts for condensate removal.
Additionally, the condenser's performance is less susceptible to
degradation over time, as no coating layer is employed [25].

III. EXPERIMENTAL SECTION

In this section, first, the fabrication procedure of the wick
condenser utilizing the additive manufacturing method is
explained. Then, the experimental test facility developed for
evaluating the performance of the wick condenser under
stationary condensation conditions is discussed in detail.
Finally, data reduction and uncertainty analysis associated with
the experimental results are presented.

A. 3D printing of wick condenser

Advanced additive manufacturing techniques enable the
realization of intricate heat transfer topologies [28]-[31]. The
proposed wick condenser was 3D-printed using the selective
laser melting (SLM) method with the EOS M290 3D printer.
The EOS M290 printer utilizes a 400 W power laser with a focus
diameter of 100 microns. To take advantage of its high thermal
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Fig. 1. (a) A 3D schematic of the wick condenser with alternative plain
channels and wick structures, (b) condensate is wicked into the inner
section of the wick structures (top-view of condenser), and (c) condensate
drains under the influence of gravity (side-view of condenser).



conductivity of about 344 W/m-K at room temperature, copper
alloy GRCop-42 (94% copper, 4% chromium, and 2% niobium)
developed by NASA was used for printing of wick condenser.

Fig. 2 shows images and a schematic view of the 3D-printed
wick condenser, providing insight into its geometrical
dimensions. The base of the 3D-printed condenser has a cross-
sectional area 0of 20.3 x 20.3 mm? with a height of 6.35 mm. The
wick structures are 3.3 mm in height and 0.65 mm in width. The
pore size and wall thickness of the wick structure are 50 and 300
um, espec el . Add onll , he wdh of he pl n ch nnel
measures 1.35 mm. The 3D-printed wick condenser is composed
of 11 wick structures and 10 plain channels. It should be noted

h  hewll hcknessof hewcks ucue(.e.,300pum)aligns
with the constraints of the available copper 3D printer, as
printing thinner copper walls poses challenges.

The 3D-printed wick condenser was submerged in Isopropyl
Alcohol (IPA) in an ultrasonic cleaner bath for powder removal.
After one hour of ultrasonic cleaning, a high-pressure
compressed air stream was employed to remove any trapped
powder inside the wick structure. This process was repeated
several times to ensure all particles were extracted from the wick
structure. The particle size distribution of the GRCop-42 powder
is shown in Fig. 3. As shown, 100% of the particles can pass

hou h poeszeof50um. Add on Il , he w ck condense s
were examined under a microscope to explore the possibility of
any trapped powder. As shown in Fig. 2b, the ultrasonic cleaning
procedure was able to remove all powders from the wick
structure.

B. Experimental test setup

Fig. 4 shows a schematic view of the test facility designed
for performance evaluation of the 3D-printed wick condenser
exposed to saturated stationary vapor. The test apparatus
consists of three main parts: the 3D-printed wick condenser, a
1D heat transfer column, and a water-cooled milli-channel heat
exchanger (HX). The condenser surface was soldered to the 1D
heat transfer column to minimize contact thermal resistance
between the condenser surface and the 1D heat transfer column.
Both the 1D heat transfer column and milli-channel HX were

Fig. 2. (a) An image of the 3D-printed wick condenser with GRCop-42,
(b) a microscopic image of the wick structure, and (c) a schematic view
of the printed wick condenser including geometrical dimensions (not
scaled).
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Fig. 3. Particle size distribution for the GRCop 42 powder employed.

made of copper to minimize thermal resistance between the 1D
column and the cooling water.

The dimensions of the 1D column include a cross-sectional
area of 15.7 x 15.7 mm? and a length of 2.5 c¢m. Utilizing a
chiller, a cooling water stream with a temperature below the
saturation temperature of the working fluid was pumped through
the milli-channel HX. The test apparatus assembly was
embedded in a PTFE insulation to minimize heat gain. Using
Fou e ’slw ofhe conduc on, heexpe men 1 condens on
heat flux was measured utilizing the temperature values of the
1D column in three places (i.e., T2, T3, and T4). The temperature
of the liquid-solid interface (Ts) was extrapolated using
thermocouples embedded in the condenser base (i.e., T1) and
experimentally measured condensation heat flux.

The test apparatus was inserted into a vacuum chamber as
shown in Fig. 4a. The vacuum chamber consists of a
thermocouple feedthrough, a viewport, a pressure transducer,
and multiple valves. Initially, the vacuum chamber was partially
filled with the working fluid. In the current study, Novec 7100
was chosen as an example working fluid with a very low surface
tension. The saturation pressure of the condensation chamber
was initially established by an external heater. Then, the
temperature of the condenser surface was reduced to a
temperature lower than the saturation temperature by passing a
cold water stream through the cooling milli-channel HX
utilizing a tube feedthrough connection. This allows the
establishment of different sub-cooled temperatures. A vacuum
pressure transducer (Setra P/N 730G) was employed to measure
pressure inside the chamber with an accuracy of £0.1% reading.
Also, temperatures at different locations were measured
utilizing various T-type thermocouples (Omega TMTSS-062U)
with an accuracy of #0.3°C. A data acquisition system
(KEYSIGTH 34972A) was utilized to record the experimental
data at a frequency of 1 Hz. It is worth mentioning that the
accuracy of the condensation test setup and test procedure was
initially examined for a plain copper surface and compared
against Nusselt's theory of vertical falling film condensation.
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Fig. 4. (a) A schematic of the stationary condensation test facility, and (b)
a schematic of the 1D heat transfer column connected to the water-cooler

heat exchanger.

C. Data reduction and uncertainty analysis

The experimentally measured heat flux (q;xp) and the
condenser surface temperature at the solid-liquid interface (T)
arec lcul edusn Fou e ’slw ofhe conduc on as follows:

qup = ks (ATlD)(AlD/Acond)/(zsz) (D

” 2
Te=T + Axlqexp/ks @

where kg, Aip, Acona » and ATy, are the copper thermal
conductivity, the cross-sectional area of the 1D heat transfer
column, the condenser surface area, and the temperature
difference across the 1D heat transfer column. The
experimental results obtained from the plain copper condensing
surface are validated against Nusselt's theory of film
condensation. The analytical Nusselt heat flux of condensation
(qyy) for a vertical plain surface can be written as follows:

P1o1=py) g hjg I (Tear=T)]""

3)
W L

qnu = 0.943

where p;, py, htg, ki, and g, are liquid density, vapor density,
heat of vaporization, thermal conductivity, and dynamic

viscosity of working fluid. Also, the heat transfer coefficient
(HTC) is calculated as follows:

Qexp (4)
ATsub—cooled

where ATsp,_cooted = (Tsaturation@p — Ts) is the sub-cooled
temperature. The uncertainty associated with the
experimentally measured heat flux, the condenser surface
temperature at the solid-liquid interface, and the HTC can be
calculated as follows:

5q;xp — (8AT1D)2 + (5Ax2)2 + (SAID)Z + (‘S‘Acond)2 (5)
ATip Ax; Aip Acond

HTC =

Gexp
8T, ST\®  (8Ax\*  (8Gexp ’ 6
— = —) + +|— ©)
Ts T; Axq Gexp
" 2
SHTC _ (5ATsub_mozea)2 N <5qexp) )
HTC ATsub—cooted q:zxp

IV. RESULTS AND DISCUSSION

Fig. 5 shows the experimentally measured average
condensation heat flux of the 3D-printed copper wick and plain
condensers plotted against sub-cooled temperatures. The
experiments were conducted using HFE Novec-7100 as a
representative low-surface tension fluid. In both the 3D-printed
wick and plain condensation surfaces, the condensation heat flux
exhibits an increase with sub-cooled temperature, attributed to
the augmented driving force for the condensation process. The
figure also includes a comparison of the experimental results
with Nusselt's theory of vertical falling film condensation.
Notably, the experimentally measured condensation heat flux
data for the plain condenser surface reasonably aligns with
Nusselt's theory of film condensation.

The results clearly indicate that the 3D-printed copper wick
condenser significantly improves the condensation heat transfer
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Fig. 5. Experimental condensation heat flux of the 3D-printed copper
wick and plain condensers versus sub-cooled temperature.
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Fig. 6. Variation of heat transfer coefficient of the 3D-printed copper

wick and plain condenser surfaces as a function of sub-cooled
temperature.

rate compared to the plain copper surface. This is attributed to
the topology of the wick condenser that decouples the
condensation surface from the shedding surface. For instance, at
a sub-cooled temperature of 10.5°C, the condensation heat flux
increases from about 15 kW/m? on the plain copper surface to
about 61 kW/m? on the 3D-printed copper wick condenser,
leading to a 306% improvement in the condensation heat flux.

Fig. 6 shows the HTC versus the sub-cooled temperature for
the 3D-printed copper wick and plain condensers and Nusselt's
theory of film condensation. The Nusselt theory of film
condensation suggests a high dependence of the HTC on sub-
cooled temperature at low sub-cooled temperatures, whereas the
dependency becomes negligible at a higher sub-cooled
temperature. The same trend can be seen in the experimental
results of both 3D-printed wick and plain condenser surfaces.
More importantly, a stark increase in the heat transfer capacity
can be observed from the plain surface to the wick condenser.
For example, the HTC increases from 1.47 kW/m?-K on the
plain condenser surface to 5.8 kW/m?K on the 3D-printed
copper wick condenser at a sub-cooled temperature of 10.5°C,
resulting in a 310% improvement.

V. CONCLUSION

In summary, this study introduces a novel 3D-printed copper
wick condenser to enhance the condensation heat transfer
process of low surface tension liquids. The 3D-printed wick
condenser consists of several alternative wick structures and
plain surfaces. The wick condenser was 3D-printed utilizing the
SLM method with copper alloy GRCop-42. The condensation
performance of the 3D-printed wick condenser was tested using
HFE Novec-7100 as a working fluid. The experimental results
indicated the 3D-printed wick condenser provides almost 4
times higher condensation heat flux compared with its plain
surface counterpart at a sub-cooled temperature of 10.5°C. The
results achieved here provide a pathway to develop new

condensation surfaces, offering superior performance compared
with conventional condensation surfaces.
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