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H I G H L I G H T S

• Additive manufacturing successful in replicating aircraft oil cooler geometry.

• Significant surface roughness but good resolution of heat exchange features.

• Pressure drop high on additively manufactured parts due to surface roughness.

• Heat transfer enhanced by up to 15% for additively manufactured part.

A B S T R A C T

Additive manufacturing (AM) technology has significant potential to improve heat exchanger (HX) performance
through incorporation of novel geometries and materials, but there is limited understanding of AM HX func-
tionality relative to conventionally manufactured components. This study compares the performance of con-
ventionally-built plate-fin air–liquid crossflow heat exchangers (i.e., aircraft oil coolers) to additively manu-
factured heat exchangers of similar geometry. To replicate internal features, three dimensional X-ray computed
tomography scans were performed on the conventionally-built heat exchanger. A baseline AM model of the
conventional design was designed, as well as an AM model with additional enhancement features on the air side.
The two AM heat exchanger geometries were constructed using a laser-based powder bed fusion process with
AlSi10Mg aluminum-alloy powder. Visual inspection of the as-built AM HX indicated significant surface
roughness and some cracks in the fin-tube joint, but only at the edges of the heat exchanger. Overall heat transfer
was increased by about 10 percent for the baseline AM and by 14 percent for the enhanced AM heat exchanger
when compared to the conventionally built baseline heat exchanger. Measured air-side pressure drop for the AM
heat exchangers was double that of the conventionally built baseline heat exchanger. Overall, this study in-
dicates potential for improved heat transfer and demonstrated functionality of AM HX in realistic applications.

1. Introduction

Heat exchangers (HX) are used in many different applications to
transfer heat between fluid streams, often to get rid of waste heat
generated during a process. In the application considered here, aircraft
engines generate waste heat from friction in engine components (e.g.,
bearings, pistons, other moving parts), which is transferred to engine
oil. Oil temperature must be carefully controlled to avoid oil viscosity
changes that can cause insufficient lubrication. The heat transferred to
the oil is typically dissipated to the airflow around the aircraft engine
through a specific type of heat exchanger called an oil cooler.

Aircraft engine oil coolers are typically a brazed plate-fin design due
to the compact nature and ease of manufacturing. The plates and fins
can be manufactured at high volume by stamping processes, which
reduces per-part cost although tooling costs can be high. To achieve a
desired performance, the required number of plate-fin components can
be estimated and assembled into a single HX. Aircraft oil coolers have
been used in the aviation industry for many years and have been op-
timized for weight, performance, and cost. However, for specialized
military and aerospace applications, the performance of the heat ex-
changer is often the primary design goal. Complex designs can improve
performance but are often difficult and/or costly to fabricate with
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conventional manufacturing techniques. Additive manufacturing (AM)
through layer-wise fabrication (such as powder-bed fusion) may allow
complex HX designs that increase heat exchanger performance and
reduce part weight, while limiting the number of individual compo-
nents required for the final part, as well as conformal HX geometries for
space-limited applications.

The metal additive technique for this study is a laser-based powder
bed fusion process described in [1], and is depicted in Fig. 1. The part is
built layer by layer in 2D cross-sections on a metal build platform, using
a high power laser to weld a thin layer (typically 20–40 µm) of pow-
dered metal in specific locations according to the solid areas of the 3D
CAD model. After each layer is complete, more powder is transferred to
the top of the surface (for this study, by using a flexible recoating blade
to drag powder across the part) and the new powder layer is welded to
the existing solidified material using the laser. This process repeats until
the part is built up to its final height. At the end of the build, the entire
part, including the internal channels, is filled with powdered metal.
This is suctioned or blown out prior to removal of the part from the
machine. Other processes generally required are a stress-relieving heat
treatment and removal of the part from the build platform.

Because the additive process is very different than the traditional
way that heat exchangers are manufactured, little is currently under-
stood about the design tradeoffs required to build an AM HX and the
potential performance enhancement (or reduction) that may occur. The
objective in this work was to design, additively manufacture, and
evaluate a heat exchanger for light aircraft applications and compare it
to a conventionally manufactured model. The conventional HX was
scanned via a three-dimensional X-ray computed tomography (CT)
technique to develop a baseline CAD model of nearly identical geo-
metry for AM fabrication. The heat exchanger was then fabricated using
a laser-based powder bed fusion process and tested in a performance

rating rig developed specifically to characterize liquid and air stream
heat transfer and pressure drop. Heat transfer enhancement features
were then added to the baseline AM heat exchanger design to in-
vestigate the ability to fabricate complex features in AM and assess their
impact on performance. Please note that some portions of this paper
were presented at the 2017 American Institute for Aeronautics &
Astronautics SciTech conference, paper number AIAA2017-0902 [2].

2. Previous studies

Heat exchanger design is largely dictated by the process require-
ment, environment in which the heat exchanger operates, and available
manufacturing techniques. This study is focused on liquid to air cross-
flow heat exchangers used in the aviation industry. These heat ex-
changers must be as compact, lightweight, and as efficient as possible to
accommodate size and weight limitations on aircraft [3]. Aircraft heat
exchangers are used in fuel-air aftercoolers, air-conditioning radiators,
electronics cooling, engine oil coolers, and hydraulic systems [4,5].
These types of heat exchangers are generally classified as compact heat
exchangers (CHE), with well-known variants: plate (PHE), plate-fin
(PFHE), printed circuit (PCHE), and spiral heat exchangers (SHE),
which all utilize specific features to enhance heat transfer [6]. The
fabrication methods used in the manufacturing process for each type of
HX directly affect the final cost for the part [4]. A complex HX con-
sisting of a brazed assembly with numerous components with small,
intricate features will have high performance but will be expensive to
manufacture using conventional methods, especially if only a few parts
are needed.

Limitations of conventional manufacturing techniques may allow
for additive manufacturing (AM) to become a viable option for creating
compact, high-performance heat exchangers. Many different types of

Nomenclature

Ac minimum flow area into a fin passage
As convective surface area in a flow passage
AM additive manufacturing
BAM baseline additively manufactured design
BTM baseline traditionally manufactured design
CAD computer aided design
CT computed tomography
EAM enhanced additively manufactured design
ETM enhanced traditionally manufactured design
f friction factor
Fd depth of fin passage in the flow direction
Fl fin length spanning between liquid tubes
Fp fin pitch (spacing between fins)
Ft fin thickness
HX heat exchanger

ITDc initial temperature difference in degrees Celsius
Lp fin louver pitch (distance between louvers in the stream-

wise direction)
PΔ pressure drop

PBF laser based-powdered bed fusion
ReLp Reynolds number based on inlet velocity and louver pitch
Sa area-based average surface roughness
Sq area-based RMS surface roughness
Sz area-based peak-valley surface roughness
Th liquid tube internal height
uin inlet velocity
VG vortex generator (air-side)

Greek

ρ density
μ dynamic viscosity

Fig. 1. Laser-based powder bed fusion process simplified showing build volume with part and powder hopper with re-coater blade used to spread of next layer of
material (left). View through machine window of heat exchanger being fabricated (right).
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AM processes exists; each with their own benefits and weaknesses [1].
However, to use AM for an air–liquid heat exchanger, the AM process
must be able to create internal channels, thin and small features, and
use a material that is thermally conductive and durable. With these
constraints taken into account, a laser-based power-bed fusion (PBF)
process is selected for this study.

Laser-based PBF is starting to find many applications in heat transfer
and thermal management. Stimpson, et al. [7] demonstrated the use of
PBF AM techniques to fabricate heat sinks with micro-channels having
hydraulic diameters of less than 0.5 mm. Heat transfer can be further
enhanced in micro-channels when compared to straight smooth chan-
nels by making the channels wavy to disrupt the boundary layer [8], or
by adding pins [9]. Micro-channels are an effective design feature to
increase heat transfer but result in high pressure drops and low flow
rates. Furthermore, micro-channels can be significantly impacted by
surface roughness, which is a function of layer thickness, material,
powder particle size distribution, laser parameters and part orientation
among other factors [10]. Stimpson, et al. [11] determined a correla-
tion for heat transfer and pressure drop in additively manufactured
micro-channels by accounting for the significant roughness.

The majority of studies involving AM HX have considered heat
sinks, which are typically designed to dissipate excess heat through
conduction into the heat sink material and convection away from its
surface. The overall thermal resistance of a heat sink is reduced by
increasing the sink material thermal conductivity, the available surface
area for convection, or the convection heat transfer coefficient. Ventola,
et al. [12] used PBF AM to intentionally create different amounts of
surface roughness on an external heat sink fin. Surface roughness in-
creased heat transfer as much as 40% when compared to a smooth
external heat sink fin due to the disruption of the thermal boundary
layer, but no impact on pressure drop was presented. Wong, et al. [13]
used PBF AM to create novel 3-D heat sinks, and found that the in-
novative geometries were superior in both heat transfer and pressure
drop relative to a cylindrical pin-fin geometry. Dede, et al. [14] used
topology optimization to design a pin fin heat sink for impingement
cooling, and found slightly better overall performance (accounting for
heat transfer and pressure drop) for the optimized geometry relative to
conventional designs. Although this study does not consider topology
optimization for heat transfer [15–19], it appears to be a promising
means of exploiting PBF AM for heat sinks.

Other heat transfer applications have also recently demonstrated

use of AM in novel configurations. Thompson, et al. [20] and Ibrahim,
et al. [21] constructed functional oscillating heat pipes using a titanium
alloy, taking advantage of the surface roughness and porosity to assist
fluid wicking behavior in the heat pipe. Recent work by Arie, et al. [22]
demonstrated a functional polymer-based heat exchanger using a line-
welding AM technique.

There is increasing interest in understanding how AM technology
can impact heat transfer applications for thermal management.
However, most studies to date have considered heat sink geometries
that involve only one working fluid. These studies are necessary to
generate design correlations for heat transfer with AM-fabricated parts
[11], but there are other important considerations for functional heat
exchanger devices. Specifically, additive manufacturing might enable
the use of moderate to poorly-conductive materials (such as stainless
steel) or the elimination of braze joints. Furthermore, the fluid and heat
transfer boundary conditions for a cross-flow heat exchanger are com-
plex and difficult to capture except with a fully functional device.

This study presents the first-of-its-kind direct performance assess-
ment of a fully functional air-to-liquid metal heat exchanger manu-
factured via laser-based PBF, and we compare it to a conventionally
manufactured HX design of the same geometry. Although this does not
take advantage of the design freedom of AM, it provides a more direct
comparison of the benefits and drawbacks of design limitations and
expected performance variation for an AM HX.

3. Oil cooler design

The conventionally manufactured oil coolers for this study were
supplied by Airflow Systems, Inc. and are used for engine oil cooling on
performance racing aircraft. The oil cooler geometry used in this study
(see Fig. 2) is a finned tube crossflow style of construction fabricated
from aluminum, with flattened tubes in the liquid side that draw from
and dump to large plenums attached to the tubes. The liquid tubes
contain heat transfer enhancement features on the inside to promote
convective heat transfer and provide additional heat transfer surface
area. On the air side, louvered fins span between adjacent tubes to
promote air mixing with high heat transfer surface area. The fins are
connected to the liquid tubes via brazing. The total inlet area on the
airflow side is 105.1 cm2, although the airflow open area is only
85.1 cm2 due to the finite liquid tube thickness. The spacing between
tubes (fin length, Fl) is 6 mm, the fin thickness (Ft) is 0.30mm, and the
liquid tube internal height (Th) is 3.2mm.

Two conventionally manufactured oil coolers were provided; one
model (20002A) is denoted as the baseline traditionally manufactured
(BTM), and a second model (2002X) has air side enhancements and is
denoted as the enhanced traditionally manufactured (ETM). Details of
the air-side enhancements in the ETM model are not described to pro-
tect company proprietary information.

An X-ray computed tomography (CT) scan was performed on the
baseline (BTM) oil cooler to capture the internal and external features.
The CT scan had a minimum resolution of 100 µm, which was sufficient
to resolve the air side fins and liquid side turbulators. From the CT scan,
a CAD model of the baseline oil cooler was developed, taking advantage
of repeating features. On the air side, the fin density, fin thickness,
louver shape, and open flow area were replicated exactly in the CAD
model relative to the CT scan. For the liquid side, the number, shape,
and thickness of turbulators, as well as the tube height and wall
thickness, were exactly replicated. The liquid manifold volume, re-
strictions in the manifold between each plate-fin subassembly, and the
open area from the manifold into the liquid tubes were also replicated.
This HX is denoted as the baseline additively manufactured model
(BAM).

Some features of the HX had to be slightly modified to enable it to
be built in the PBF process with minimal post-processing. This is be-
cause geometries such as down-facing surfaces below a certain angle
with-respect to the substrate, build orientation of the part, internal

Air 
flow 

Liquid flow 

Core region 

Tube anifold
Fig. 2. Interior of conventionally manufactured oil cooler, with liquid and air
flow paths indicated.
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channels above a certain size, and material islands will not be produced
accurately [23]. The issue is that these features cannot be properly
supported by the loose powder metal underneath them, and internal
supports cannot be accessed for removed. While many argue that
“complexity is free” when it comes to AM [24], the reality is that even
AM cannot fabricate all of the necessary internal features, particularly
metallic components with intricate internal features [25]. Conse-
quently, the internal and external geometry of the traditional oil cooler
was slightly altered to accommodate limitations of the PBF AM process.

The major geometry changes needed to create a feasible additively
manufactured oil cooler were:

(1) Curved walls on the sides of the liquid manifold region were
straightened and angled to prevent unsupported surfaces (see
Fig. 3).

(2) Air-side and liquid-side extended features were given a constant
angle of 15° from vertical in order to compensate for the build or-
ientation (see Fig. 4) so that they would not require support when
the HX was built.

(3) The exterior edges of the manifold were squared-off for simplicity
and to reduce the number of required external supports when the
part was built (see Fig. 5).

A second oil cooler design was also created, to test the ability to 3D
print small enhancement features and assess their impact on perfor-
mance. This final design is denoted as the enhanced additively manu-
factured model (EAM). The majority of the design was exactly the same
as the baseline AM HX, but small vortex generators (VG) were added to
the air side, in the space between fins, as shown in Fig. 6. Vortex
generators were only added to the upward-facing tube surface (in the
HX build orientation) since downward-facing VG would require addi-
tional support structures. VG were added to every other row of fins,
with 5 VG per row in the stream-wise direction (spacing of 18.4 mm
between successive VG), all with the same orientation of 45° relative to
the flow direction. The VG had a design thickness of 0.36mm and a
peak height of 1.25mm. The VG were not designed to a specific per-
formance metric, but they were included to assess manufacturability.

Both the BAM and EAM oil cooler designs were oriented at 45° from
the vertical direction on a build plate and evaluated for support
structure requirements. External support structures were added to the
models to support the mounting flanges and the manifold exteriors. No
internal support structures were required due to the aforementioned
design changes when built at this orientation on the laser-based PBF.

A small sectioned piece of the baseline heat exchanger was also
designed with no outer walls so that optical analysis could be per-
formed on the air side and liquid side features. Fig. 7 shows the sec-
tioned part, which was built at the same time as the full-scale HX’s so
that it would be representative in terms of material properties, rough-
ness, and build resolution.

Fig. 3. Comparison of the baseline oil cooler (left) and CAD model used for the AM build (right), indicating changes to the manifold walls.

CT scan CAD model

6mm

Fig. 4. Close up view of the liquid side turbulators and air side louvered fins
between the baseline oil cooler (left) and the CAD model used to build the AM
HX (right).

Fig. 5. Comparison of manifold exterior shape between AM (left) and con-
ventional HX (right).

Fig. 6. View of vortex generators in the enhanced second design of the AM oil
cooler.
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4. AM fabrication and evaluation

The two AM HX designs were fabricated on an EOS M280 PBF
machine at Penn State, using recycled AlSi10Mg aluminum powder
[26], which is similar to alloys used in aluminum castings and in PBF
AM. The machine was fitted with a flexible recoating blade made of
silicone to minimize recoater forces impacting thin build features, and
EOS-recommended machine parameter settings were used. Fig. 8 shows
the two full size AM HX in the EOS machine immediately after fabri-
cation. The total build time was 160 h for this build orientation.

Before detachment from the build plate, the AM HX’s were heat
treated to relieve thermal stresses, using a thermal soak at 300 °C for 2 h
in an argon environment as recommended by EOS. This also has the
benefit of slightly improving the thermal conductivity to 173W/m-K
[26,27]. The parts were cut from the substrate using a wire EDM
(electrical discharge machining) process, and excess support structures
were also removed.

The sectioned cube and the full-size HX’s were visually inspected for
feature resolution and build issues. After the build was complete, but
before heat treatment, some cracks were noted on the air-side fins.
Fig. 9 shows a close-up of fin cracking on the small sectioned cube,
which was representative of the full-size HX. The cracking only appears
in the inlet or outlet rows of the air-side fins, and it does not propagate
into the rest of the core. About 20 percent of the fins on the inlet or
outlet face had some cracks, although none were severe enough to
completely detach the fin. These issues are likely due to a combination
of thin features, lack of constraint toward the edges of the AM HX, and
residual stresses induced during the PBF process. Additionally, some of
the air-side fins had micro-voids through the thickness of the feature
which is shown when the surface is backlit. Some recent studies have
indicated that modifications of the machine build parameters could
reduce the defects found in PBF parts [28].

Fig. 10 shows close-up views of the various HX features through a
microscope. The major design features are resolved, although they have
significant surface roughness as is typical from the PBF process. Table 1
presents measurements of fin thickness between the conventional and
AM fabricated parts, which indicates good agreement to intended de-
sign. Roughness measurements in Table 1 were obtained by an optical
profilometer at a location on the air-side fin of the small sectioned cube.
As expected, roughness levels are significantly higher for the AM HXs
relative to the traditionally manufactured HXs. The as-built surface
roughness was not removed so that the performance impact could be
assessed in this study.

Table 1 also compares the dimensions and mass of the oil coolers,
with the AM HX being about 34% heavier than the BTM model on
which they were based. The additional mass in the AM oil coolers is

most likely due to increased wall thickness in the manifold regions,
which was incorporated as a precautionary measure to reduce the
chances of pressure-induced leaks. In this initial study, the mass of the
additively manufactured oil cooler was not optimized, but it would be
important to reduce for aerospace applications.

Fig. 11 shows all four models as well as close-up views of the air-
side fins for each of the oil coolers tested in this study. All heat ex-
changers have the same liquid side features, and the AM heat ex-
changers have the same air-side features as the baseline traditionally
manufactured geometry (BTM). The enhanced traditionally manu-
factured (ETM) model has an increased number of air-side fins relative
to the other designs which is often the best option for increasing heat
transfer for a heat exchanger without large changes in design. This heat
exchanger (ETM) was tested to further validate the rig against corre-
lations, but also to compare the AM parts to the more standard ap-
proach of heat transfer augmentation using high fin density. The
baseline AM heat exchanger (BAM) is intended to replicate the baseline
traditionally manufactured geometry, with the aforementioned changes
due to limitations in the PBF process. The enhanced additive manu-
factured heat exchanger (EAM) is the same geometry as the BAM but
has small vortex generators added on the air side, attached to the liquid
tube wall. Note that the EAM did not replicate any of the features of the
ETM model, but was instead an enhancement of the BAM. The intent
was to try to get equivalent performance without the added weight of
high fin density.

From the images in Fig. 11, and confirmed by the measured values
in Table 1, surface roughness is greatly increased from the traditional to
the additive process which is a design consideration. The additive heat
exchangers are the same geometry with the exception of the vortex
generators, and were fabricated in the same build using common laser
settings and uniform powder, so the roughness on all features for both
AM HX is assumed to be equal.

5. Performance test rig

The test rig shown in Fig. 12 was designed and constructed to
measure heat transfer and pressure drop in the air stream and liquid
stream of the heat exchangers. The heat exchangers were placed in an
insulated box to minimize heat loss to the surroundings. Although the
normal liquid-side working fluid is oil, water was used in this study to
avoid complexities of heating and pumping oil, as well as to minimize
fluid property uncertainty. The water is heated up to 70 °C using four
hot water heating elements that dissipate a total power of up to 7000W.
The water pump allows for a maximum flow rate of 0.35 kg/s. Since all
of the heat transferred into the air is replaced by the liquid side heaters,

Fig. 7. Sectioned cube of the interior of the baseline AM HX.

Fig. 8. The two AM HX designs, with external supports attached to the build
plate.
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the system is able to reach a thermal equilibrium during testing, which
enables long run times for accurate performance data collection. The
liquid side inlet and outlet temperatures are measured with calibrated
E-type thermocouples (± 0.3 °C uncertainty) located in the water flow
immediately upstream and downstream of the heat exchanger. The
static pressure drop on the water side is recorded using two Dwyer
absolute pressure transducers with a range up to 103 kPa (15 psi),
which are located immediately upstream and downstream of the heat
exchanger.

The air side flow is supplied by a high-volume, low pressure blower
driven by a variable frequency drive, that can deliver up to 0.4 kg/s of
air at room temperature. A venturi flowmeter is installed in the 20 cm
(8″) line upstream of the heat exchanger to record the delivered air
mass flow rate. Flow conditioning, including straws and screens, is used
upstream of the oil cooler in order to create a more uniform velocity
profile entering the heat exchanger. Velocity profiles upstream and
downstream of the oil cooler have been recorded by pitot probe tra-
verses and are symmetric, but slightly higher near the centerline of the
pipe, shown in Fig. 13. This is expected because there is no smooth
convergence from the pipe into the oil cooler fins.

The air temperature increase across the oil cooler is measured with
three thermocouples at the inlet and four at the exit of the flow path.
Air-side pressure drop is obtained using two pitot tubes installed in the
flow path: one probe was seven centimeters upstream of the HX while
the other was two centimeters downstream of the HX. The probes were
connected to a differential pressure transducer to measure the static
pressure difference between the two probes.

For the pressure drop measurements on the air side, the total un-
certainty at low flow rates (0.13 kg/s) is calculated to be about 3%
while at the higher flow rates (0.26 kg/s) the total uncertainty is under
0.7%. The air mass flow rate total uncertainty was about 2% and 0.7%
at low and high flow rates, respectively. The uncertainty analysis was
performed for one oil cooler using a Kline-McClintock uncertainty
analysis [29] and assumed constant for all other tests since all the

probes and data recording process are constant between heat ex-
changers.

The heat transfer both from the water stream and to the air stream
was measured by using the mass flow rate, specific heat, and measured
temperature change of each corresponding fluid. For low air side flow
rates (0.1 kg/s), the uncertainty in total heat transfer rate was calcu-
lated to be 10% and 3% for the water and air, respectively. At higher air
mass flow rates (0.25 kg/s) the total heat transfer rate uncertainty was
5% and 2.25% for the water and air, respectively. The gain or loss of
energy of each fluid was calculated independently, and the energy
balance between the two fluids was within the respective uncertainty
for a given air mass flow rate. All heat transfer data shown is taken from
the air-side instrumentation due to lower measurement uncertainty.

Backlit Fin 

Voids 

Fig. 9. Examples of cracking at the outermost row of air-side fins as well as voids through fin thickness.

t b l t

Tube wall 

Air-side fins 

Liquid-side turbulators 

Fin louver 

Fin louver 

Liquid side 

Fig. 10. Close-up views of the liquid side turbulators, air side fins, and air-side vortex generators in the AM HX's.

Table 1
Size, weight, and design information for the heat exchangers.

Oil cooler BTM ETM BAM EAM

Overall size (L×W×H) [cm] 21×9.25× 11.5 20×9.25× 11.5
Mass without fittings [kg] 0.927 0.965 1.241 1.248
Average air-side fin thickness [mm] 0.30 ± 0.02 0.33 ± 0.04
Fin pitch (Fp) [mm] 2.3 < 1.7 2.3 2.3

Louver pitch (L )p [mm] 9.2

Area-based average surface roughness
(Sa) [µm]

0.316† 24.0*

Area-based RMS surface roughness
(Sq) [µm]

0.407† 30.8*

Area-based peak-valley surface
roughness (Sz) [µm]

8.31† 163.2*

Manufacturing material Aluminum AlSi10Mg
Manufacturing method Stamping, brazing AM – PBF
Number of vortex generators 0 0 0 1155

† Based on sectioned HX.
* Based on small test cube.

D. Saltzman et al. Applied Thermal Engineering 138 (2018) 254–263

259



6. Experimental performance results

The oil coolers were tested for (1) overall pressure drop and (2)
overall heat transfer in both the air and liquid streams. This section first
describes the pressure drop results and comparison to existing litera-
ture. The heat transfer results are presented next and compared be-
tween the various oil coolers tested.

6.1. Pressure drop

Fig. 14 shows the dimensional air-side pressure drop across the oil

cooler for a range of air mass flow rates. The result for the baseline
traditionally manufactured (BTM) oil cooler can be directly compared
to publically available data published by the manufacturer [30] for the
same model, and shows excellent agreement confirming the accuracy of
the performance test rig. For the enhanced traditionally manufactured
(ETM) oil cooler tested in this study (7 oil tubes, 8 air-side rows), there
is no publically available data, but there is public data [31] for a larger
oil cooler of the same air-side fin geometry, with 13 tubes (14 air-side
rows). To enable a comparison, the total mass flow rate across the
larger oil cooler was multiplied by 8/14 (the ratio of air-side rows), and
the result is shown in Fig. 14. This estimate assumes that the mass flow

BTM: Baseline,
T adi onallyManufactured

ETM: Enhanced,
Tradi onallyManufactured

EAM: Enhanced,
Addi elyManufactured

BAM: Baseline,
Addi elyManufactured

Fig. 11. Summary and naming convention of all four heat exchangers tested.

Fig. 12. Heat exchanger performance rating test rig.
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rate of air through each air-side row is equal. As expected, the ETM oil
cooler has a larger air-side pressure drop due to the higher density of
extended surfaces when compared to the BTM oil cooler. Also, the
adjusted pressure drop from the manufacturer agrees well with the
measurements.

Both of the additively manufactured oil coolers (BAM, EAM) had a
significantly higher pressure drop than the traditionally manufactured
models, on the order of two times larger for a given air mass flow rate.
This was not unexpected due to the significant surface roughness that
was observed. There was a negligible difference between the BAM and
EAM oil coolers, suggesting that the small VG features in the EAM
model were not aggressive enough to impact pressure drop. Future
work should investigate more impactful features.

The pressure drop data was also converted to friction factor based
on the form for corrugated louvered fins described by Chang, et al. [32]
and Ryu and Lee [33]:

=f A
A

p
ρu
2Δc

s in
2 (1)

where Ac is the minimum flow area:

= −A F F F( )c p t l (2)

As is the surface area (on a fin flow passage basis):

= ∗ − + ∗A F F F F(2 ( ) 2 )s p t l d (3)

and uin is the average velocity at the inlet of the fin row, determined

from the overall massflow, overall airflow area into the oil cooler, and
incoming air density. Note that the inlet and outlet losses were ne-
glected here since the static pressures were measured close to the oil
cooler. Also note that the measured fin thickness was used for the area
calculations for the AM oil coolers. In Fig. 15, the friction factor is
plotted versus Reynolds number based on the louver pitch spacing:

=Re
ρu L

μLp
in p

(4)

The BTM and ETM oil cooler friction factors agree well with the
correlations as expected, since the louver surfaces are smooth.
Furthermore, the range of ReLp tested indicates transitional behavior,
from laminar-like flow at low ReLp to a curve with a more shallow slope
at higher ReLp (beyond the range of the correlations). Relative to the
BTM, the BAM and EAMmodels exhibit high friction factors at low ReLp.
This is likely due to the significant surface roughness, and it is a similar
trend to that seen by Stimpson, et al. [7] for high roughness in addi-
tively manufactured micro-channels. Also, the additively manufactured
oil coolers tend to reach an asymptotic friction factor value at a lower
value of ReLp, suggesting early onset of turbulent-like behavior.

Fig. 16 shows the water-side pressure drop for the two baseline
designs (BTM, BAM). The other coolers were not tested due to similarity
of the liquid-side geometry, which was the same for every oil cooler.
Surprisingly, the liquid-side pressure drop of the BAM oil cooler was
about half that of the BTM model, despite the aforementioned surface

Fig. 13. Pitot probe traversed across centerline of heat exchanger in horizontal and vertical directions to understand velocity profiles at heat exchanger inlet.

Fig. 14. Air-side pressure drop versus air mass flow rate for all oil coolers
tested.

Fig. 15. Friction factor for the louvered fins on the air side of the oil coolers
tested.
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roughness in the additively manufactured HX. The causes of this are not
fully understood, but they are likely due to the simplifications in the
liquid tube manifold described earlier and less significant impact of
surface roughness on the liquid side. Note that the number and size of
turbulator features was kept constant between all oil cooler models.

6.2. Heat transfer

For each of the four oil coolers, at least three different air mass flow
rates were tested, each at three different initial temperature difference
in degrees Celsius (ITDc) between the air and water streams. It was
found that the heat rejection normalized by the ITDc collapsed to a
single value as shown in Fig. 16 by the BTM data points. This is ex-
pected since the flow regime is not changing as a function of ITDc; only
the temperature gradients are increased linearly. The different ITDc
data points for the other heat exchangers are averaged on Fig. 16 for
easier viewing. It is shown that the ETM has a greater heat rejection
than the BTM as expected due to the additional extended fin features.

For the AM heat exchangers, the EAM rejected heat slightly more effi-
ciently than the BAM (∼4%) for a given air flow rate. Furthermore,
both AM heat exchangers outperformed the BTM heat rejection by over
10% at the highest flow rates. However, the air-side pressure drop for
the AM heat exchangers was roughly double that of the traditionally
manufactured heat exchangers as shown in Fig. 14. Future work will
investigate the level of surface roughness and the potential to optimize
it for this application.

Finally, Fig. 17 indicates that both of the additively manufactured
heat exchangers provide as much heat rejection as the enhanced tra-
ditional model (ETM) despite not having the aggressive enhancement
features of the ETM. Thus, further heat transfer performance gain may
be achievable by designing aggressive heat transfer surfaces. An ad-
vantage of the AM technique is that these enhancements may be able to
be added at minimal additional fabrication cost. Alternatively, it may
be possible to design a heat exchanger that performs as well as the ETM
but is lighter than the BTM, by removing unnecessary material from the
baseline design, especially in the manifold.

7. Conclusions

This study has investigated the potential for additive manufacturing
to generate functional heat exchangers, and the implications of the AM
process on HX design and performance. A traditionally-manufactured
aircraft oil cooler was replicated using a laser-based power bed fusion
additive manufacturing process. To demonstrate the capability of novel
designs enabled via AM, an enhanced heat exchanger was also designed
and fabricated with air-side vortex generators. The traditional and AM
HX’s were tested in a newly developed rig which was validated by
comparing the performance of the traditionally manufactured baseline
to public data.

Both of the AM heat exchangers increased the heat transfer by about
10%, relative to the traditionally manufactured heat exchanger on
which the geometry was based; however, the air-side pressure drop was
roughly doubled. Vortex generators added to one of the AM heat ex-
changers had little effect on air-side pressure drop but did enhance heat
transfer slightly. Additionally, the vortex generators added very little
additional mass to the oil cooler.

The AM process did produce a HX with noticeable build defects on
the air side fins (i.e., cracked fins and voids). The liquid side features
may also exhibit build defects (less likely because the features are more

Fig. 16. Water-side pressure drop versus water mass flow rate for the baseline
traditional and additive oil coolers.

Fig. 17. Comparing heat rejection for the traditional and additively manufactured oil coolers.
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stout), but these cannot be seen until a CT scan of the heat exchanger is
performed or the heat exchanger is sectioned, which is planned for
future analysis. From the completion of this initial study, it is clear that
modifying the original heat exchanger design for production via PBF
AM is necessary but could likely yield additional performance benefits.

Further work should be done to investigate how the natural surface
roughness of the PBF process affects heat transfer and pressure drop in
compact heat exchangers. It is believed that the consequential surface
roughness is the main reason for increased heat transfer and pressure
drop rather than the geometry changes. Using the louvered fin corre-
lations by Chang et al. [32] and Ryu and Lee [33], for a 25% increase in
fin thickness at a louver pitch Reynolds number of 1000, the f-factor
would change by only 6% while j factor would change by only 2%.
These are much smaller changes than observed experimentally, which
suggest that a large part of the difference observed is due to roughness.
There may be post-processing techniques to remove the roughness [34]
but it is unclear how to avoid polishing away fine features such as fins
or vortex generators. Finally, understanding the durability of AM heat
exchangers is important when reducing the wall thicknesses to reduce
the overall part weight.
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