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A B S T R A C T   

Polymer heat exchangers are attractive thermal management solutions due to their low-cost, lightweight, anti
fouling, and anti-corrosion characteristics. They, however, demonstrate poor thermal characteristics mainly due 
to the low thermal conductivities of typical polymers. Additive manufacturing of high thermal conductivity 
polymer heat exchangers utilizing complex heat transfer topologies could potentially address the issue. In this 
study, thermal performances of 3D-printed polymer heat exchangers with intricate internal geometries including 
a lung-inspired design at low-to-high thermal conductivities are experimentally and numerically examined. It 
was found the effective thermal conductivity of a 3D-printed polymer heat exchanger is close to the through- 
plane thermal conductivity. It was also identified that through-plane leakage in thin 3D-printed polymer walls 
is a major challenge associated with 3D-printed polymer heat exchangers. The issue was remedied by in-situ 
infusion of an epoxy layer during the 3D-printing and a post-curing process. Experiments conducted at 
various thermo-hydraulic conditions showed that the high thermal conductivity lung-inspired polymer heat 
exchanger offers high thermal duties at reduced pressure drop penalties and exceptionally high effectiveness of 
70–80% that is comparable to that of metal-based heat exchangers. At an air Reynolds number of 1200, the 
volume-based power density of the high thermal conductivity lung-inspired design is 522 kW/m3, which is a 
101% improvement compared with a typical plate-and-frame design. This study concludes that the thermal 
performance of a polymer heat exchanger strongly depends on both material (i.e., thermal conductivity) and 
architecture (i.e., an optimum design with a minimal thermal resistance between hot and cold sides). Insights 
gained from this study could offer new pathways for designing innovative 3D-printed polymer heat exchanger 
technologies with unprecedented heat transfer rates at reduced pressure drop penalties for lightweight, anti
fouling, and/or anti-corrosion applications.   

1. Introduction 

Polymer heat exchangers (PHXs) are considered a promising alter
native to metal heat exchangers for several critical applications, 
including but not limited to electric vehicles, desalination plants, 
seawater treatment facilities, chemical units, air conditioning systems, 
dehydration systems, and air-cooled power plants [1–5] [27] [28]. The 
low weight of PHXs is attractive for battery and electronic thermal 
management of electric vehicles. The low surface energy and antifouling 
characteristics of PHXs are beneficial to heat exchangers employed in 
water treatment and desalination plants, particularly at high salinity 
levels [29]. The anti-corrosion properties of PHXs are appealing for 
acidic and chlorinated environments in chemical processing [6]. More 
recently, 3D-printed polymer heat exchangers were employed to 

improve the cooling of windings in electric machines [7] and thermal 
management of high power density Li-ion batteries for electric vehicles 
[8]. Additionally, polymers have low melting and processing tempera
tures, thereby leading to more cost-effective heat exchanger solutions. 

Despite the above advantages, PHXs suffer from a low thermal con
ductivity range compared with metal HXs [9]. Typical polymers offer 
thermal conductivities on the order of 0.1 W/m-K, which is two to three 
orders of magnitude lower than that of common metallic heat exchanger 
materials, including stainless steel and aluminum. The low thermal 
conductivity of PHXs could be addressed by restructuring the polymer 
chains toward an ideal crystallinity fiber [10] or employing polymer 
composite materials, including metal-filled polymers and carbon nano
tube (CNT) composites [11–16]. A study conducted by Glade et al. [17] 
showed that thermal conductivity of composites could increase up to 13 

* Corresponding author. 
E-mail address: sbigham@mtu.edu (S. Bigham).  

Contents lists available at ScienceDirect 

Applied Thermal Engineering 

journal homepage: www.elsevier.com/locate/apthermeng 

https://doi.org/10.1016/j.applthermaleng.2021.117993 
Received 9 April 2021; Received in revised form 17 November 2021; Accepted 20 December 2021   

mailto:sbigham@mtu.edu
www.sciencedirect.com/science/journal/13594311
https://www.elsevier.com/locate/apthermeng
https://doi.org/10.1016/j.applthermaleng.2021.117993
https://doi.org/10.1016/j.applthermaleng.2021.117993
https://doi.org/10.1016/j.applthermaleng.2021.117993
http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2021.117993&domain=pdf


Applied Thermal Engineering 204 (2022) 117993

2

~ 20 W/m-K, which is approximately two orders of magnitude higher 
than that of typical polymers and comparable with stainless steel. 
Cevallos et al. [18] developed a Nylon 12 polymer composite webbed- 
tube heat exchanger for a gas–liquid heat exchanger. The effective 
thermal conductivity of the polymer composite estimated inversely by 
determining the discrepancy between empirical and numerical data was 
found to equal approximately 1.8 W/m-K. The observed thermal per
formance was about 1.65 times higher than that of a heat exchanger 
employing unenhanced polymer walls. A metal-polymer composite HX 
with V-shape micro-grooves explored by Sun et al. [19] showed a 
thermal dissipation performance similar to that of a commercially 
available aluminum HX. A PHX designed by Trojanowski et al. [20] for 
condensing boiler applications showed that a thermally conductive PHX 
with a thermal conductivity of 2.5 W/m-K is adequate to achieve an 
effectiveness similar to a stainless steel heat exchanger. However, the 
above polymer HXs are primarily based upon conventional 
manufacturing approaches and thus bound by their inherent limitations. 

The thermal performance and compactness of polymer HXs can be 
substantially improved if advanced heat transfer topologies are 
employed. Particularly, as noted by Jabbour et al. [21], the low con
ductivity of polymeric materials could be compensated by optimization 
of geometric HX parameters to reach performances similar to those of a 
compact metallic HX. These geometries, however, are often complex and 
cannot be easily realized by conventional manufacturing techniques. 
Additive manufacturing enables to fabricate complex heat transfer fea
tures for next-generation polymer HXs. This is particularly relevant for 
polymer HXs due to their low processing temperatures and thus cost- 
effective manufacturing. Felber et al. [22] examined the performance 
of an air-cooled 3D-printed Acrylonitrile Butadiene Styrene (ABS) 
polymer heat exchanger fabricated using the Fused Deposition Modeling 
(FDM) method. Their results showed that the thermal duty of a polymer 
HX increases with thermal conductivity in a nonlinear manner. They 
concluded that efforts to enhance the printability of small polymer 
features and thin walls should be conducted alongside improving poly
mer thermal conductivity. Arie et al. [23] explored a PHX made of 150 
μm-thick high-density polyethylene thin sheets using layer-by-layer line 
welding with a laser through an additive manufacturing process. They 
concluded that the wall thermal resistance, which typically is a limiting 
factor for PHXs, accounted for only 3% of the total thermal resistance for 
this very thin wall HX. In another study, Arie et al. [24] examined an 
additively manufactured cross-flow composite metal-polymer HX 
fabricated using Fused Filament Fabrication (FFF). Here, high conduc
tivity metal fiber fins were employed to directly connect the hot and cold 
sides, thus minimizing the wall resistance. Their results showed up to 
220% and 125% improvement in heat flow rate over mass and volume, 
respectively, compared to state-of-the-art plate fins HX configurations. 
However, these 3D-printed PHXs still employ a low conductivity poly
mer material and relatively simple heat transfer geometries. 

In this study, it is demonstrated that the thermal performance of 
PHXs can be substantially improved if a high thermal conductivity (i.e., 
hi-k) polymer is 3D-printed in the form of a lung-inspired topology. The 
thermal performance of the hi-k lung-inspired PHX is compared against 
three plate-and-frame PHXs designs with low to high thermal conduc
tivities. In the following, first, details of the 3D-printed PHXs and the 
experimental test loop facility are discussed. Then, the simulation pro
cedure is explained. Finally, measured and simulated thermal perfor
mance values are discussed at different thermo-hydraulic conditions. 

2. Polymer heat exchanger design and 3D-printing 

In this study, three plate-and-frame and one lung-inspired PHXs were 
3D-printed and experimentally evaluated. The HXs were made of Poly
lactic acid (i.e., PLA), metal-filled PLA with 33% copper powder content 
(i.e., M− PLA), and a hi-k nylon-based polymer (TC Poly Inc.). The hi-k 
nylon-based polymer has a nominal in-plane thermal conductivity of 4 
W/m-K and a through-plane thermal conductivity of 1 W/m-K. It should 

be noted that the thermal conductivity of the base PLA and nylon 
polymers are 0.13 and 0.25 W/m-K, respectively. The PHXs were 3D- 
printed using the Fused Deposition Modeling (FDM) technique. The 
FDM, also known as Fused Filament Fabrication (FFF), is a widely used 
additive manufacturing (AM) technique due to its low-cost and high 
printing speed. In this technique, the desired object is 3D-printed by 
deposition of a melted filament extruded through a hot nozzle layer by 
layer. Additionally, the maximum processing temperature of the three 
examined polymer filaments was less than 290 ◦C, thereby allowing less 
energy-intensive and thus cost-effective manufacturing of next- 
generation HXs with complex and enhanced heat transfer topologies 
compared with metal-based fabrication methods, including metal 3D- 
printing. 

The plate-and-frame PHXs were designed in a counter-flow 
arrangement, as shown in Fig. 1a-d. The core heat exchanger design 
includes two layers with an overall dimension of 10 × 5 × 0.5 cm3. Each 
layer consists of 25 channels with a length of 68 mm and a cross-section 
area of 1 × 1 mm2. Early versions of the 3D-printed PLA, M− PLA, and hi- 
k nylon-based PHXs showed a through-plane leakage in which small air 
bubbles periodically appeared in the liquid flow stream. The leakage 
issue was remedied by in-situ infusion of an epoxy layer during the 3D- 
printing process, as shown in Fig. 1b. The 3D-printed PHXs were then 
post-cured to enable a leakage-free HX design. 

The hi-k nylon-based lung-inspired PHX was fabricated to evaluate 
the thermal performance of a complex polymer topology that is only 
achievable through the 3D-printing method. The main idea behind the 
proposed HX topology is to provide an intimate contact area between 
hot and cold flow streams with reduced thermal resistance. This goal 
could be potentially realized when the hot and cold flow streams are 
volumetrically co-distributed through each other, thereby maximizing 
the surface-area-to-volume ratio. Such an HX design resembles the 
bronchi architecture of a human lung, exhibiting an improved flow 
distribution for an efficient heat transfer process. In practice, several 
manufacturing limitations should be considered to realize such an HX 
design through the FDM technique. First, the representative cell serving 
as the base structure is simplified to feature a trifurcating network of 
channels (cf. Fig. 1f) demonstrating three converging inlet and diverging 
outlet pathways each of which at a different 3D spatial orientation. The 
trifurcating network of channels allows volumetric co-distribution of the 
hot and cold flow streams and is simple enough to be 3D-printed through 
the FDM technique. Second, the solid 3D-printed walls separating the 
hot and cold flow streams should establish a zero through-plane leakage 
upon treatment. After 3D-printing and assessing several wall thicknesses 
of the trifurcating network, a 1-mm wall thickness was found suitable. 
And, third, the FDM method typically requires internal supports for the 
3D-printing of complex objects with large overhangs. However, the 
proposed HX design does not allow easy removal of the 3D-printed in
ternal supports due to its unique intertwined flow networks. Therefore, 
several lung-inspired HX designs with different cell-scale dimensions 
and angles were 3D-printed and optimized for structural integrity in the 
absence of any internal support during the 3D-printing process. As a 
result, a cell-scale HX design utilizing dimensions and angles shown in 
Fig. 1f was found suitable for the FDM technique. It should be noted that 
a 3D-printing method with higher quality than the FDM approach and/ 
or a more careful parametric optimization of the HX geometry could 
increase the surface-area-to-volume ratio of the lung-inspired HX 
design, thereby potentially improving the overall HX performance. 

Fig. 1e shows images of the hi-k lung-inspired 3D-printed PHX, 
including a schematic of a representative cell serving as the base 
structure. As shown, each base structure has three converging inlet 
pathways and three diverging outlets each of which at a different 3D 
spatial orientation. Fig. 1e also shows a 3D cross-sectional view of the 
lung-inspired 3D-printed PHX. As shown, the design employs two 
intertwined bicontinuous fluid networks for efficient heat transfer be
tween hot and cold sides at a reduced pressure drop penalty. The first 
network (i.e., the red color) volumetrically divides an incoming air 
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stream into multiple connected curved channels that are spread out 
within the second water-cooled network for a reduced thermal resis
tance between hot air and cold water sides. Additionally, the first 
network continuously splits and then mixes the hot air stream for an 
enhanced air-side heat transfer process. The second network (i.e., the 
blue color) distributes the cooling water within and through the first 
network. Therefore, it is envisioned the lung-inspired PHX design out
performs its plate-and-frame counterparts due to (i) its excellent volu
metric flow distribution with a minimal thermal resistance between hot 
air and cold water sides at reduced pressure drop penalties and (ii) 
continuous mixing within the air side with an enhanced air-side heat 
transfer coefficient. The overall dimensions of the lung-inspired PHX are 
4.3 × 4.1 × 3.2 cm3. Additionally, the air side consists of 52 inlet/outlet 
ports with a 2 mm inlet diameter. The thickness of the wall separating 
air and water streams is similar to that of the plate-and-frame PHXs (i.e., 
1 mm). 

3. Test loop facility and uncertainty analysis 

3.1. Experimental test setup 

Fig. 2 shows a schematic and an actual image of the heat exchanger 
test loop facility to evaluate thermo-hydraulic characteristics of the 3D- 
printed PHXs. The test facility was equipped with a liquid micro-pump 
(Model: Hydra Cell P300) and an air compressor both controlled by 
variable frequency drives (VFDs) to circulate the working fluids. As 
discussed in the abstract and introduction sections, the polymer heat 
exchangers examined in this study are meant for antifouling and anti- 
corrosive applications. One such example is heat exchangers employed 

for water treatment and desalination plants, particularly at high salinity 
levels. Here, the low surface energy of a polymer heat exchanger pro
vides an antifouling advantage. Another example is heat exchangers 
employed in chemical processing involving acidic solutions and/or 
corrosive gases. Moreover, polymer heat exchangers offer a lightweight 
heat recovery solution for aerospace applications and evade radar 
detection for military applications. However, this study examined the 
polymer heat exchangers with air and water as the working fluids 
mainly due to their availability and compatibility with other experi
mental equipment, including pumps and mass flow meters. A desiccant- 
based humidity/oil separator was utilized to ensure that clean air was 
delivered to the test section. A submerged oil-to-air heater was used to 
heat the air stream to the desired temperature condition. The hot air 
leaving the heater was passed through the 3D-printed PHXs and thus 
cooled by the cold water stream flowing on the other side of the test heat 
exchangers. 

As shown in Fig. 2, four T-type thermocouples (TCs) (Model: Reo
Temp F-M12T1SU4) with an accuracy of ± 0.2 ◦C were employed to 
measure the temperature difference across the HX test article. The 
pressure drop associated with the air flow through the 3D-printed PHXs 
was recorded by a differential pressure transducer (Model: Omega 
PX409-2.5DWU5V) with an accuracy of ± 1%. A data acquisition system 
(Model: Agilent 34972A LXI DAQ) was used to record temperature and 
pressure variations. The mass flow rate was measured with a Coriolis 
mass flow meter (Model: Bronkhorst Mini-CORI-FLOW-M13). 

Table 1 lists the nominal operating conditions of the air and water 
flow streams. The inlet temperatures of the air and water streams were 
fixed at 45 ◦C and 23 ◦C, respectively. Performance of the PHXs was 
evaluated at an air mass flow rate range of 0.33 to 5.2 g/s for the plate- 

Fig. 1. 3D-printed PHXs: (a) the plate-and-frame PLA HX, (b) a cross-sectional view of the PLA HX, (c) the plate-and-frame M− PLA HX, (d) the plate-and-frame hi-k 
nylon-based PHX, and (e) the lung-inspired hi-k nylon-based PHX. 

Fig. 2. (a) A schematic, and (b) an image of the air-to-water HX test loop facility. Comp., VFD, HX, T/TC, and ΔP stand for compressor, variable frequency drive, heat 
exchanger, thermocouple, and differential pressure transducer, respectively. 
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and-frame PHXs and 1.42 to 2.2 g/s for the lung-inspired PHX. The mass 
flow rate of the cold water stream was remained constant at 0.21 and 
0.91 g/s for the plate-and-frame and lung-inspired PHXs, respectively. It 
should be noted that thermal performances of the two PHX types were 
not examined at the same mass flow rate since the physical dimensions 
of the plate-and-frame (i.e., 10 × 5 × 0.5 cm3) and lung-inspired (i.e., 
4.3 × 4.1 × 3.2 cm3) PHXs were not similar. Instead, the air/water mass 
flow rate was chosen in such a way that a similar Reynolds number range 
was ensured for the two PHX types. The hydraulic diameters of each 
PHX type were considered as the characteristic lengths in the Reynolds 
number calculations. The hydraulic diameter of the lung-inspired PHX 
was calculated based upon the minimum cross-sectional flow area 
available (i.e., the hexagon surface area available for the air flow stream 
in Fig. 1e). 

3.2. Data reduction 

The net thermal duty (Q̇) exchanged by the PHXs is defined as the 
change in the sensible energies of the air and water streams as follows: 

Q̇ = ṁaircp,air
(
Tair,in − Tair,out

)
= ṁwatercp,water

(
Twater,out − Twater,in

)
(1) 

where ṁ and cp are mass flow rate and specific heat, respectively. The 
effectiveness of the PHXs is then defined as the ratio of net thermal duty 
to the maximum possible heat transfer rate (Q̇max) as follows: 

ε =
Q̇ave

Q̇max
(2) 

where 

Q̇max = (ṁcp)min

(
Thot,in − Tcold,in

)
(3) 

The maximum possible heat transfer rate between the hot and cold 
flow channels represents a hypothetical situation in which one fluid 
experiences the maximum possible temperature difference (i.e., 
Thot,in − Tcold,in) in a counter-flow heat exchanger of infinite length. The 
maximum possible temperature difference is perceived by the fluid with 
the minimum heat capacity rate (i.e., ṁcp). 

The logarithmic mean temperature difference (LMTD) of the PHXs is 
also defined as follows: 

ΔTlm = (ΔT1 − ΔT2)/ln(ΔT1/ΔT2) (4) 

where 

ΔT1 =
(
Tair,in − Twater,out

)
(5)  

ΔT2 = (Tair,out − Twater,in) (6) 

Additionally, the UA value of the PHXs can be obtained as follows: 

UA = Q̇/ΔTlm (7) 

where U is the overall heat transfer coefficient and A is the heat 
transfer area. 

3.3. Uncertainty analysis 

The uncertainty associated with a function F which is a function of 

X1, X2, …, Xn with uncertainties of δX1, δX2, … δXn is calculated as 
follows [25]: 

δF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i

(
∂F
∂Xi

)
2δ2

Xi

√

(8) 

Therefore, the uncertainty associated with the HX thermal duty (Q̇) 
can be calculated as: 

δQ̇
Q̇

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⎛

⎝δṁair

ṁair

⎞

⎠2 +

(
δ(ΔTair)

ΔTair

)
2

√
√
√
√
√ (9) 

where ΔT is the temperature difference between the inlet and outlet 
ports. The uncertainty associated with the temperature difference can be 
calculated as: 

δ(ΔT) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δT2
in + δT2

out

√

(10) 

Using a similar approach, the uncertainties associated with effec
tiveness, LMTD, and UA can be estimated as follows: 

δε
ε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⎛

⎜
⎝

δQ̇ave

Q̇ave

⎞

⎟
⎠2 +

⎛

⎜
⎝

δQ̇max

Q̇max

⎞

⎟
⎠2

√
√
√
√
√
√ (11)  

δ(LMTD) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⎛

⎜
⎝

1 − 1
R − ln(R)

(ln(R) )2 .δ(ΔT2)

⎞

⎟
⎠2 +

(
R − 1 − ln(R)

(ln(R) )2 .δ(ΔT1)

)

2

√
√
√
√
√
√

(12)  

δ(UA)
UA

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⎛

⎜
⎝

δQ̇ave

Q̇ave

⎞

⎟
⎠2 +

(
δLMTD
LMTD

)
2

√
√
√
√
√
√ (13) 

where R is ΔT2/ΔT1. Also, δ(ΔT1), and δ(ΔT2) can be calculated as 
follows: 

δ(ΔT1) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
δTair,out

)
2 +

(
δTwater,in

)
2

√

(14)  

δ(ΔT2) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
δTair,in

)
2 +

(
δTwater,out

)
2

√

(15) 

Additionally, Table 2. shows the range and uncertainty of the main 
parameters. 

4. Numerical simulation 

Three-dimensional (3D) computational flow dynamic (CFD) simu
lations were conducted to further analyze experimental results. Fluid 
flow was considered to be steady-state, laminar, and incompressible. 
The continuity, momentum, and energy equations can be written as: 

∂ui

∂xi
= 0 (16)  

uj
∂ui

∂xj
= −

1
ρ

∂P
∂xi

+ ϑ
∂ui

∂xj∂xj
(17) 

Table 1 
Nominal operating conditions.   

Plate-and-frame Lung-inspired 

Air inlet temperature (◦C) 45 45 
Water inlet temperature (◦C) 23 23 
Air Reynolds number 934 ~ 1467 951 ~ 1477 
Air mass flow rate (g/s) 0.33 ~ 0.52 1.42 ~ 2.2 
Characteristic length (mm) 1 2 
Water mass flow rate (g/s) 0.21 0.91  

Table 2 
Range and uncertainty of main parameters.  

Variable Range Accuracy 

Pressure 3 ~ 10 kPa 1% 
Temperature 23 ~ 45 ◦C 0.2 ◦C 
Water mass flow rate – 0.5% 
Air mass flow rate 35 ~ 55 SCFH 1 SCFH  
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uj
∂T
∂xj

= − α ∂T
∂xj∂xj

(18) 

where u is the velocity, ρ is the density, P is the pressure, ϑ is kine
matic viscosity, T is the temperature, and α is thermal diffusivity. 

The CFD model was developed in the ANSYS Fluent software. First, 
the HX geometry was designed in the SpaceClaim module of the ANSYS 
Workbench. In the next step, the HX geometry was meshed in the 
Meshing module of the ANSYS Workbench. A boundary layer mesh with 
five layers at a growth ratio of 1.1 was used to capture the near-wall 
effects. Following a mesh independent study, a tetrahedral computa
tional mesh type with an element size of 0.3 mm resulting in 4,509,867 
computational cells was chosen. A schematic of the computational 
domain and a cross-sectional view of a representative generated mesh is 
shown in Fig. 3. The CFD simulations were conducted under a steady- 
state condition and a laminar flow regime. The inlet and outlet bound
ary conditions were set as mass flow inlet and outflow conditions, 
respectively. Additionally, no-slip and isolated boundary conditions are 
considered for internal walls and external surfaces of the HXs, 
respectively. 

The CFD model was validated against the experimental results of the 
present study for the plate-and-frame PLA HX. The validated model was 
then employed to estimate the thermal conductivities of the metal-filled 
PLA and hi-k nylon-based PHXs. This was necessary as the effective 
thermal conductivity of the metal-filled PLA and hi-k polymer HXs 
might have been affected by the 3D-printing process. Table 3 lists 
thermo-physical properties of working fluids and different polymer fil
aments employed in the CFD modeling. 

5. Results and discussion 

5.1. Effective thermal conductivity of the 3D-printed polymer HXs 

The effective thermal conductivity of the metal-filled and hi-k nylon- 
based polymer HXs could be affected by the 3D-printing process due to 
the re-arrangement of conductive additives during the material extru
sion process. Therefore, several simulations at different thermal con
ductivities ranging from 0.1 to 300 W/m-K were conducted to examine 
the effect of thermal conductivity on the performance of the 3D-printed 
plate-and-frame PHXs. The simulations were performed at a nominal air 
mass flow rate of 0.42 g/s. The results were first validated at a thermal 
conductivity of 0.13 W/m-K for the PLA HX. Then, the simulation results 
were employed to estimate the effective thermal conductivities of the 
M− PLA and hi-k nylon-based PHXs. 

Fig. 4 shows the effect of thermal conductivity on the thermal duty of 
the plate-and-frame HX design. At a fixed wall thickness of 1 mm, the 
thermal performance of the plate-and-frame HX increases as the thermal 
conductivity increases from 0.1 to 20 W/m-K. This is expected as a 

material with a higher thermal conductivity allows a higher heat 
transfer rate between the cold and hot flow streams. Additionally, it is 
evident that the HX thermal duty is a strong function of the wall 
thickness (i.e., through-plane thermal resistance) at a low thermal 
conductivity range (e.g., 0.1 to 1 W/m-K). The thermal duty of the HX, 
however, decreases as the thermal conductivity increases from 20 to 
300 W/m-K at the HX wall thickness of 1 mm. This is attributed to the 
axial (i.e., in-plane) heat conduction of the solid separating walls [26], 
which increases with thermal conductivity. The axial heat conduction is 
particularly important for 3D-printed HXs as the thickness of the sepa
rating walls is typically comparable to the hydraulic diameter. It should 
be noted that the through-plane wall thermal resistance weakens at high 
thermal conductivities. 

To better illustrate the effect of solid thermal conductivity and axial 
heat conduction on the overall thermal performance of an HX module, 
three additional conceptual simulations at an extremely low thermal 
conductivity of 0.001 W/m-K, a thermal conductivity of 1 W/m-K, and 
an extremely high thermal conductivity of 1000 W/m-K were conducted 
(cf. Fig. 5). A similar counter flow plate-and-frame heat exchanger 
design shown in Fig. 3 with air as the working fluid for both hot and cold 
flow channels was considered. The length, width, and height of each hot 
or cold flow channel were 20, 1, and 1 mm, respectively. The inlet air 
velocity of each hot/cold channel was set at 1 m/s. The air inlet tem
peratures of the hot and cold flow channels were fixed at 100 and 20 ◦C, 
respectively. As shown in Fig. 5, when the solid thermal conductivity is 
extremely low (i.e., 0.001 W/m-K), the solid separating wall mainly acts 
as a thermal insulator with a small air temperature change of 2.5 ◦C for 
the hot and cold flow channels. Under this condition, the isothermal 
contours of the solid separating wall are parallel to the flow direction 
with minimum-to-zero axial heat conduction. Increasing the solid 

Hot inlet 

Cold outlet 

Hot outlet 

Cold inlet 

1cm 

Fig. 3. A schematic of the computational domain. The inset image shows a 
cross-sectional view of a representative generated mesh. The red, blue, and grey 
colors represent the air, water, and solid domains, respectively. 

Table 3 
Thermo-physical properties employed in the CFD simulations.   

Air Water PLA 
HX 

M− PLA 
HX 

hi-k 
nylon 
PHX 

Density (kg/m3) 1.225 998.2 1240 1400 1450 
Thermal 

conductivity (W/ 
m-K) 

0.0242 0.6 0.13 0.17 0.95 

Specific heat (J/kg- 
K) 

1006 4182 1800 2100 1100 

Viscosity (kg/m-s) 1.789 ×
10-5 

0.001003 – – –  

Fig. 4. Effect of thermal conductivity and HX wall thickness on thermal duty of 
the plate-and-frame HX design. 
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thermal conductivity to 1 W/m-K boosts the heat transfer rate between 
the hot and cold flow channels, thereby leading to an air temperature 
change of 48.5 ◦C for the hot and cold sides. When the solid thermal 
conductivity increases to 1000 W/m-K, the axial heat conduction max
imizes. This results in a uniform temperature distribution for the solid 
separating wall that is equal to the average air inlet temperatures of the 
hot and cold sides (i.e., 60 ◦C). Consequently, the air temperatures of the 
hot and cold flow channels only change by 39.8 ◦C. In other words, 
under the simulated flow conditions and the physical HX dimensions 
considered, the heat transfer rate associated with an HX module with a 
solid thermal conductivity of 1000 W/m-K is lower than the thermal 
duty of an HX with a solid thermal conductivity of 1 W/m-K. This 
conclusion is consistent with that of Fig. 4. 

Additionally, Fig. 4 shows that the simulation results well predict the 
experimentally measured thermal duty for the PLA polymer HX (i.e., 
PLA-HX) with a deviation of less than 3%. The PLA-HX shows a thermal 
duty of 3.7 W and an effectiveness of 40% at the nominal conditions. The 
thermal duties experimentally measured for the M− PLA and hi-k nylon- 
based PHXs are 4.2 and 6.5 W, respectively. A comparison between the 
experimental and simulation results suggests effective thermal conduc
tivities of the M− PLA and hi-k nylon-based PHXs are 0.17 and 0.95 W/ 
m-K, respectively. Therefore, the effective thermal conductivity of the 
hi-k nylon-based PHX is close to the through-plane thermal conductivity 
of the filament. 

Furthermore, the high effective thermal conductivity of the hi-k 
nylon-based 3D-printed PHX enables high thermal duties (cf. Fig. 4) 
and exceptionally high effectiveness of 70–80% (as discussed later in 
Fig. 8) that are both comparable to those of metal-based HXs, including 

stainless steel and aluminum materials. More importantly, the hi-k 
polymer is remarkably lighter than most metals (e.g., a density of 
1450 kg/m3 for the hi-k polymer versus a density of 7500 kg/m3 for 
stainless steel), thereby offering a substantially lighter heat exchanging 
solution, particularly for antifouling and anti-corrosion applications. 

5.2. Performance evaluation of plate-and-frame 3D-printed PHXs 

Fig. 6 shows temperature contours of the PLA, M− PLA, and hi-k 
nylon-based 3D-printed PHXs in two horizontal cross-sectional mid- 
planes passing through the air (i.e., Fig. 6a, b, and c) and water (i.e., 
Fig. 6d, e, and f) flow streams. The inlet temperatures of the air and 
water flow streams are 45 ◦C and 23 ◦C, respectively. As shown, the 
manifold design allows an acceptable uniform flow and temperature 
distribution across different flow channels. The exit air temperatures of 
the PLA, M− PLA, and hi-k nylon-based PHXs are 36.1, 35.1, and 29.6 ◦C, 
respectively. This result clearly indicates a high thermal duty for the hi-k 
PHX design. Additionally, the high specific heat of water justifies the 
small temperature difference associated with the inlet and outlet of the 
water flow stream (i.e., 4.3 ◦C for PLA-HX and 7.4 ◦C for hi-k PHX). 

Fig. 7a shows the thermal duty of the PLA, M− PLA, and hi-k nylon- 
based 3D-printed polymer HXs as a function of the air Reynolds (Re) 
number. To compare the thermal performances of the three plate-and- 
frame PHX designs at different thermal conductivities, the inlet air 
temperature, inlet water temperature, and inlet water mass flow rate 
were fixed at 45 ◦C, 23 ◦C, and 0.21 g/s, respectively (cf. Table 1). As 
evident, the simulation results well predict the experimental data at 
various air mass flow rates with a maximum deviation of less than 5%. 
At a fixed effective thermal conductivity, the thermal duty increases 
with the air Reynolds number. This is attributed to the air-side heat 
transfer coefficient, which increases at higher air mass flow rates. For 
instance, when the air-side Re number increases from 934 to 1467, the 
experimentally measured thermal duties of the PLA, M− PLA, and hi-k 
PHXs augment from 3.59, 3.95, and 5.77 W to 3.94, 4.38, and 7.23 W, 
respectively. It should be noted that the effect of the air mass flow rate 
on the thermal duty is magnified at higher effective thermal conduc
tivities. At a low thermal conductivity (i.e., PLA and M− PLA polymers), 
the thermal duty of a 3D-printed PHX is mainly dominated by the 
conductive thermal resistance of the separating walls. At high thermal 
conductivities (i.e., hi-k nylon-based polymer), on the other hand, the 
thermal duty of a 3D-printed PHX is mostly governed by the convective 
resistance of the air flow stream as the conductive resistance of the 
separating walls weakens. Additionally, at a fixed Re number, the 
thermal duty of a 3D-printed PHX increases with the effective thermal 

solid wall 
100°C                          hot  97.5°C 

22.5°C                        cold side                           20°C 

solid wall 

solid wall 

100°C                          hot side                          51.5°C

100°C                         hot side                          60.2°C 

59.8°C                       cold side                         20°C 

68.5°C                        cold side                        20°C 

(a) k = 0.001 W/m-K 

(b) k = 1 W/m-K 

(c) k = 1000 W/m-K 

20          40          60          80          100 
T [°C] 

Fig. 5. Effect of axial heat conduction on the performance of a micro HX.  

T[°C] 
23         28.5         34         39.5         45 

T[°C] 
23         28.5         34         39.5         45 

T[°C] 
23         28.5         34         39.5         45 

T[°C] 
23 28.5 34 39.5 45

T[°C] 
23         28.5         34         39.5         45 

T[°C] 
23         28.5         34         39.5         45 

(a)                          (b)                             (c) 

(d)                         (e)      (f) 

Fig. 6. Temperature contours of (a) PLA, (b) M− PLA, (c) hi-k, (d) PLA, (e) M− PLA, and (f) hi-k nylon-based PHXs in two horizontal cross-sectional mid-planes 
passing through the air (a, b, and c) and water (d, e, and f) flow streams. 
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conductivity. For example, at a Re number of 1200, thermal duty in
creases from 3.7 for the PLA-HX to 6.5 for the hi-k PHX. 

Fig. 7b shows the experimentally measured UA values as a function 
of the air Re number for the three 3D-printed PHXs. At a fixed air Re 
number, a high thermal duty of the hi-k PHX leads to a small LMTD and 
thus a high UA value compared with the PLA and M-PLA PHXs. While 
the UA values of the PLA and M-PLA HXs are constant in the air mass 
flow rate explored, the UA value of the hi-k PHX slightly increases with 
the air mass flow rate. This clearly indicates that the thermal perfor
mance of the PLA and M-PLA HXs is mainly limited by the wall thermal 
resistance (i.e., no UA improvement by increasing the air mass flow 
rate). In contrast, the thermal performance of the hi-k PHX is no longer 
limited by the wall thermal resistance as its UA increases with the air 
mass flow rate. 

Fig. 8 shows the experimentally measured effectiveness of the three 
3D-printed plate-and-frame PHXs as a function of air Re number. The 
data shows that the HX effectiveness is inversely related to the air mass 
flow rate. The heat capacity rate (i.e., ṁcp) of the air stream is lower than 
that of the water stream. Therefore, the minimum heat capacity rate and 
thus the maximum possible heat transfer rate increase with the air mass 
flow rate. Although the thermal duty increases with the air mass flow 
rate, the effect of maximum possible heat transfer rate on HX 

effectiveness is more pronounced, thereby decreasing the HX effective
ness at higher air flow rates. In other words, a lower fraction of the 
maximum possible heat transfer rate is exchanged at higher air mass 
flow rates. Additionally, at a fixed air Re number, the effectiveness of a 
3D-printed PHX significantly increases with the thermal conductivity. 
Particularly, the hi-k nylon-based 3D-printed PHX demonstrates a high 
HX effectiveness range that is comparable with metal HXs. For instance, 
at a Re number of 1200, the hi-k 3D-printed PHX shows a high HX 
effectiveness of 70%, while the 3D-printed PLA HX only exhibits an HX 
effectiveness of 40%. 

Fig. 9 shows the volume-based (VBPD) and mass-based power den
sities (MBPD) of the PHXs as a function of air Re number. The VBPD and 
MBPD are defined as the ratios of HX thermal duty to volume and mass 
of a PHX, respectively. As evident, the hi-k PHX offers higher VBPD and 
MBPD values compared with those of the PLA and M− PLA plate-and- 
frame PHX designs. In other words, a hi-k nylon-based PHX is lighter 
and more compact compared to its counterpart PLA and M− PLA PHX 
designs. For instance, at an air Re number of 1200, the VBPD and MBPD 
of the hi-k nylon-based PHX are 260 kW/m3, and 147 W/kg, which are 
56.3% and 75.8% improvement compared with the M− PLA HX design, 
respectively. 

5.3. Performance evaluation of a lung-inspired hi-k nylon-based 3D- 
printed PHX 

To fully leverage the design freedom offered by the 3D-printing 
process, a lung-inspired PHX was fabricated and experimentally exam
ined. Fig. 10 shows the VBPD and pressure drop penalty of the hi-k 
nylon-based lung-inspired and plate-and-frame 3D-printed PHXs as a 
function of air Re number. As evident, the hi-k lung-inspired PHX offers 
a higher VBPD at a lower pressure drop penalty than that of the hi-k 
plate-and-frame PHX over a wide range of air Re numbers. This high
lights the design advantages of the bronchi arrangement of the lung- 
inspired PHX, which allows higher thermal duties at lower pressure 
drop penalties. 

As shown in Fig. 10a, the VBPD of the hi-k lung-inspired PHX is 
substantially higher than that of the hi-k plate-and-frame PHX. For 
instance, at an air Re number of 1200, the VBPD of the hi-k lung-inspired 
PHX is 522 kW/m3, which is 100.8% higher than that of the hi-k plate- 
and-frame PHX demonstrating a VBPD of 260 kW/m3. This is attributed 
to an improved flow distribution and thus an efficient heat transfer 
process offered by the lung-inspired HX design. Fig. 10b shows the air- 
side normalized pressure drop penalty of the hi-k lung-inspired PHX is 
significantly lower than that of the hi-k plate-and-frame PHX. For 

Fig. 7. Variations of (a) thermal duty, and (b) UA value versus air Re number for the PLA, M− PLA, and hi-k nylon-based 3D-printed PHXs.  

Fig. 8. Variations of the experimentally measured effectiveness versus air Re 
number for the PLA, M− PLA, and hi-k nylon-based 3D-printed PHXs. 
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example, at an air Re number of 1200, the air-side normalized pressure 
drop of the hi-k lung-inspired PHX is 0.21 kPa/W, which is 68% lower 
than that of the hi-k plate-and-frame PHX. Additionally, as expected, the 
air-side normalized pressure drop penalty increases with the air mass 
flow rates due to augmented frictional pressure losses. It should be noted 
that a normalized pressure drop penalty, defined as the air-side pressure 
drop divided by the HX thermal duty, was employed since the overall 
physical dimensions of the lung-inspired (i.e., 4.3 × 4.1 × 3.2 cm3) and 
plate-and-frame (i.e., 10 × 5 × 0.5 cm3) HXs were not the same. Addi
tionally, Fig. S1 of the “supplementary materials” shows thermal duties 
and air-side pressure drop penalties of the hi-k lung-inspired and plate- 
and-frame PHXs as a function of air mass flow rate at a similar overall 
HX volume (4.3 × 4.1 × 3.2 cm3 for the lung-inspired PHX, and 12.5 × 5 
× 0.9 cm3 for the plate-and-frame PHX). Furthermore, it is worth noting 
that, at a water mass flow rate of 0.91 g/s, the water-side pressure drop 
penalties of the lung-inspired and plate-and-frame PHXs are 9 and 51 Pa, 
respectively. 

Fig. 11 shows variations of the effectiveness of the hi-k nylon-based 
lung-inspired and plate-and-frame 3D-printed PHXs as a function of air 
Re number. As shown, the effectiveness of the hi-k lung-inspired PHX is 
higher than the hi-k plate-and-frame PHX. Particularly, the difference in 
the effectiveness becomes more significant at high air Re numbers. This 

Fig. 9. Variations of (a) VBPD, and (b) MBPD as a function of air Re number for the PLA, M− PLA, and hi-k nylon-based 3D-printed PHXs.  

Fig. 10. Variations of the (a) VBPD, and (b) pressure drop penalty of the hi-k nylon-based lung-inspired and plate-and-frame 3D-printed PHXs as a function of air 
Re number. 

Fig. 11. Variations of the effectiveness of the hi-k nylon-based lung-inspired 
and plate-and-frame 3D-printed PHXs as a function of air Re number. 
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is because the lung-inspired design allows a volumetric distribution of 
one fluid network within and through the other network at high air mass 
flow rates. 

Fig. 12 shows a comparison between VBPD and air-side normalized 
pressure drop values of the four 3D-printed PHXs examined. As evident, 
the hi-k nylon-based lung-inspired PHX demonstrates the highest values 
of the VBPD at the lowest normalized pressure drop penalty range. In 
contrast, the plate-and-frame PLA HX offers the lowest VBPD values at 
the highest normalized pressure drop penalty range. It is also clear that 
the thermo-hydraulic performance of the M− PLA HX is not meaning
fully higher than the PLA polymer HX design. For a fixed HX topology (e. 
g., the plate-and-frame design), the hi-k PHX outperforms the low-k PLA 
PHX design. For a fixed thermal conductivity (e.g., hi-k polymer), the 
lung-inspired HX has a superior performance compared with its plate- 
and-frame counterpart. In other words, the performance of a polymer 
HX strongly depends on both material (i.e., thermal conductivity) and 
architecture (i.e., an optimum design with a minimal thermal resistance 
between hot and cold sides that might be only achievable through the 
3D-printing process). 

6. Conclusion 

In summary, several 3D-printed polymer heat exchangers employing 
complex topologies and low-to-high thermal conductivities were 
experimentally examined. The through-plane leakage in thin 3D-printed 
polymer walls was found to be a major challenge associated with 3D- 
printed polymer heat exchangers. The leakage issue was overcome by 
in-situ infusion of an epoxy layer during the 3D-printing and a post- 
curing process. It was further observed that the effective thermal con
ductivity of the high thermal conductivity polymers is affected by the 
3D-printing process due to the re-arrangement of conductive additives 
during the material extrusion process. A comparison between the 
experimental and simulation results suggested that the effective thermal 
conductivities of the metal-filled PLA and high thermal conductivity 
nylon-based 3D-printed polymer heat exchangers are 0.17 and 0.95 W/ 
m-K, respectively. In other words, the effective thermal conductivity of a 
3D-printed polymer heat exchanger is close to the through-plane ther
mal conductivity. 

The effectiveness of the examined 3D-printed polymer heat ex
changers made of low thermal conductivity polymers (i.e., PLA and 
metal-filled PLA) was found to vary between 35% and 55% at an air Re 
number range of 934 to 1467. However, the effectiveness of the 3D- 
printed polymer heat exchangers made of a high thermal conductivity 
polymer was determined to be considerably high in the range of 65% to 
80%, which is comparable with that of a metal heat exchanger made of 
stainless steel and aluminum materials. Particularly, a high thermal 
conductivity nylon-based lung-inspired polymer heat exchanger design 
showed highly promising thermal performance values at reduced 
normalized pressure drop penalties and exceptionally high effectiveness 
of 70–80% that is comparable to that of metal-based heat exchangers. At 
an air Reynolds number of 1200, the volume-based power density of the 
high thermal conductivity lung-inspired polymer heat exchanger was 
522 kW/m3, which is a 101% improvement compared with a PLA plate- 
and-frame design. The results presented here suggest that the high 
thermal conductivity 3D-printed polymer heat exchangers employing 
complex internal heat transfer features could be considered as a highly 
promising alternative solution for lightweight applications and/or 
fouling/corrosive environments. 
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