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Comparison of Additively
Manufactured Louvered Plate-Fin
Heat Exchangers
Additive manufacturing (AM) enables improved heat exchanger (HX) designs where perfor-
mance is based on the achievable geometry. However, consequences of the AM process that
affect HX performance such as increased surface roughness, dimensional tolerance issues,
and defects like cracks may vary among identically designed AM parts due to AM machine
settings. This paper experimentally compares the thermal and hydraulic performance of
three AM HXs built using a traditionally manufactured, stamped aluminum oil cooler
design. The AM HXs exhibited significantly higher air-side pressure drop and higher
heat transfer rate than the traditional HX in large part due to increased AM surface rough-
ness. Among AM HXs, one AM HX had notably higher heat transfer rate and air-side pres-
sure drop due to poor print quality on the thin air-side fin features. The fin thickness among
AM HXs also varied by about 15%, and there were only slight differences in surface rough-
ness. This study indicates that functional HXs built using AM vary in performance even
when the same digital model is used to print them and that AM HXs as a group can
perform considerably differently than their traditional counterparts.
[DOI: 10.1115/1.4044348]
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Introduction
Heat exchangers are components widely used for thermal energy

management in fluids. Traditional HXs are often mass-produced by
various metalworking techniques such as stamping and brazing for
cost-effectiveness. In applications like aerospace however, the tra-
deoff between cost and performance may favor performance. Addi-
tive manufacturing with metals, while currently more costly, allows
for complex, customized, and conformal HX designs with the
potential to outperform traditional HXs. Opportunities for better
performance include reduced weight [1–4] and increased heat trans-
fer rate at the expense of increased pressure drop [5]. Consequences
of the AM process include increased surface roughness, deviation
from design dimensions, and defects such as cracks. The impact
of these consequences on HX performance, regardless of changes
to design, is not well studied.
In this study, a laser-based powder bed fusion (PBF) process, also

known as selective laser melting (SLM), was used to produce three
AM HXs. This process melts metallic powder using one or more
high-powered lasers. The part is built layer-by-layer by melting a
thin layer, typically 20–40 μm, of the metallic powder according
to the solid areas of a digital model. A recoating blade then transfers
more metallic powder to the top of the surface after each layer is
completed. After the part is printed, metallic powder remaining
must be removed from internal cavities. The part may also
undergo heat treatment and subsequently be removed from the
build platform. Heat treatment, depending on the recipe, can
relieve residual stresses which arise during the AM process and
alter properties such as thermal conductivity.
The important metrics of HX performance for single-phase,

cross-flow HXs are pressure drop and heat transfer rate in the gas
and liquid streams. Pressure drop can also be expressed as the non-
dimensional f-factor to normalize differences between geometries
when comparing HXs. The overall heat transfer rate can be used

to calculate overall conductance, UA, which indicates the thermal
performance of each HX. In this study, each AM HX is based on
the same design; therefore, differences in metrics such as pressure
drop and heat transfer rate help to illustrate the combined effects
of surface roughness, deviations from intended feature dimensions,
and defects.

Literature Review
Owing to the complex flow physics, the effect of heat exchange

surfaces in a HX is often described using correlations. The perfor-
mance of a heat exchange surface is often characterized using the
nondimensional convective heat transfer coefficient, expressed as
j or the j-factor, and the nondimensional pressure drop, expressed
as f or the f-factor. A common design goal is to maximize j while
minimizing f. Often the ratio of these two quantities is considered
as an overall performance factor. The performance parameters j
and f can be measured for a range of fluid flowrates and geometric
parameters that describe the heat exchange surface. For the heat
exchange surfaces of interest in this study (louvered fins), several
researchers have provided increasingly complex correlations to
account for the various influencing parameters. The more popular
correlations are those of Achaichia and Cowell [6], Kim and
Bullard [7], Chang and Wang [8], and Wang et al. [9]. In general,
these correlations are functions of the flow Reynolds number
based on the louver pitch (ReLp), as well as the various geometry
parameters including fin pitch (Fp), fin depth (Fd), louver length
(Ll), tube pitch (Tp), and fin thickness (Ft), all typically normalized
by louver pitch (Lp). More recent correlations by Li and Wang [10],
Dong et al. [11], and Ryu and Lee [12] have incorporated larger Fp/
Lp ratios.
The flow physics of louvered fin HXs have been investigated for

simple designs. In general, the flow through louvered fins changes
with increasing Reynolds number, ReLp. For low ReLp, the flow is
not deflected by the louvers and is considered a “duct flow”
regime, with relatively poor heat transfer performance. For higher
ReLp, flow follows the louver deflection in a “louver flow” regime
[6,13]. Measurements [14,15] and simulations [16,17] within lou-
vered arrays indicate that vortex shedding from the louvers may
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contribute to heat transfer enhancement, although DeJong and
Jacobi [18] found that it has an insignificant contribution to local-
ized heat transfer and pressure drop.
More recent studies have looked at multi-parameter optimization

of louvered fin geometries to further improve performance. Hsieh
and Jang [19] investigated nine design parameters and concluded
that transverse tube pitch and fin pitch were the dominant parame-
ters affecting the j to f ratio. Ryu et al. [20] found a more effective
louver shape relative to a baseline from Kim and Bullard [7] and
modified the Suga-Aoki equation [21] for optimal louver design
to expand its ReLp range. Varying the louver angle through the
HX core can also be effective to reduce the required HX area by
up to 25% [22] or even 55% [23], although there is generally
little analysis of the manufacturability of these more complex
louver designs.
Since the majority of fin studies have considered stamped alumi-

num construction, there is currently no understanding of roughness
effects in louvered HXs. The classical understanding of laminar
flow suggests that roughness should have no impact on performance
for very low ReLp but can cause earlier transition to turbulence.
However, the roughness inherent to AM can be significant and
perhaps outside the range of classical understanding. Work in
AM microchannels indicates equivalent sand-grain roughness
heights that can be nearly 45% of the channel hydraulic diameter
[24], which requires new correlations [25]. AM surface roughness
resulted in a 63% increase in surface heat transfer on a flat
surface by Ventola et al. [26]. Kirsch et al. [27] found that rough-
ness variation from different micro-channel builds affected pressure
loss more significantly than heat transfer.
Sources of the significant surface roughness in AM parts are

attributed to several parameters in the manufacturing process. The
most common metal AM process used for the feature resolution
required of HXs is the PBF process [28–30]. Several process param-
eters have been linked to the quality and surface roughness of AM
parts, including but not limited to laser power, laser scan speed,
laser spot size, amount of overlap of laser passes (also called
hatch spacing), powder layer thickness, and part orientation [31–
34]. More recent investigations [29,35–38] have identified the spe-
cific physics of the melt pool and the laser interaction with the
powder that results in spatter (ejection of molten metal), denudation
(displacement of adjacent powder particles), and balling (surface
tension in the melt pool that forms distinct droplets), all of which
manifest as high surface roughness.
Metal AM HXs are relatively new in the literature but show some

promise. Studies by Arie et al. [1,3] examined two-fluid heat
exchangers made from Ti-6Al-4V powder. Optimization using
numerical methods showed that micro-channel geometries could
increase the gravimetric heat transfer density by 60%. A larger,
more optimized HX manufactured and tested by Arie et al.
showed even greater performance augmentation compared with tra-
ditional geometries [2]. One conclusion of this work is that further
increases in performance could be reached if the metal AM process
could produce thinner air-side and manifold features without the
consequence of feature failures. Hathaway et al. [4] modified an
existing oil cooler design used for a construction vehicle by using
lenticular tubes optimized for AM. The full-size HX features
came out successful, but possible trapped powder on the waterside
caused lower than expected experimental performance. A recent
study by Saltzman et al. [5] compared traditionally fabricated and
additively fabricated oil coolers of nominally the same geometry
and found 15% improvement in heat transfer but 200% higher
air-side pressure drop.
AM can produce more complex heat exchange features without

additional tooling cost, which may enable some of the high-
performance louver designs that have been found through numeri-
cal optimization, or even more novel designs. However, the effect
of the inherent roughness, deviations from intended designs, and
defects such as cracks and voids from AM on the overall part per-
formance is relatively unknown. This paper characterizes the
surface roughness and performance of AM plate-fin louvered

HXs with nearly exact geometries, but different surface roughness
characteristics, air-side fin thicknesses, and defects. The AM parts
are compared with a very similar traditionally fabricated part to
understand performance differences between the manufacturing
methods.

Description of Heat Exchangers
Four HXs are examined in this study. The conventionally manu-

factured HX (Fig. 1) is an aluminum, compact louvered plate-fin oil
cooler made by brazing and stamping processes. It is intended for
use in small civilian aircraft. In this study, it is denoted as the “base-
line.” The other three HXs were produced by AM with a computer-
aided design (CAD) solid model nearly identical to the baseline HX.
The three AM HXs are denoted “AM-1,” “AM-2,” and “AM-3.”

Two of the AM HXs, AM-1 and AM-2 (one shown in Fig. 1), were
produced by Penn State’s Center for Innovative Materials Process-
ing through Direct Digital Deposition (CIMP-3D). Both were built
on the same build platform using SLM in an EOSINT M280
machine. AlSi10Mg powder was used with a build layer height of
30 µm. The other AM HX, denoted AM-3, was produced by an
external vendor using selective laser melting in an SLM 280 HL
machine. AlSi10Mg powder was also used with a build layer
height of 30 µm.
After the layer-by-layer melting process was complete, the metal-

lic powder surrounding each part was removed with a brush. Some
of the powder inside each part was removed by orienting the part to
allow the powder to flow out of the liquid entry and exit ports by
gravity. To remove the remaining metal powder inside each part,
compressed air was blown into one liquid port of the HX, while a
vacuum was placed on the other liquid port. Each HX was reori-
ented repeatedly during this process until no further powder
exited the ports. The powder removal process was performed
before heat treatment to minimize any remaining metallic powder
sintering or coalescing together. AM-1 and AM-2 underwent a
2-h heat treatment for stress relief at 300 °C. AM-3 did not
undergo heat treatment.
During the process of creating the CAD solid model to print the

AM HXs, some features present on the baseline HX were altered
because of restrictions imposed by the AM process. Figure 2
shows the overall orientation of the HX chosen to accommodate
unsupported surfaces. A more detailed description of these
changes is given in Ref. [5], though care was taken to preserve
the geometry of the baseline HX as best as possible. The main con-
sideration for these AM HXs, similar to many AM parts in general,
was the orientation with respect to the build platform of internal sur-
faces which cannot be easily accessed for postprocessing. These
surfaces should remain above 45 deg with respect to the build plat-
form to ensure no additional support material is needed [39].
Thermal performance of these compact, cross-flow HXs is dom-

inated by the characteristics of the air-side, so changes to the geom-
etry of the air-side features from the baseline to the AM HXs are the
focus in this study. As shown in Fig. 3, the air-side fins are oriented
in a common direction as opposed to a corrugated fashion to
increase the angle of the downward-facing edges with respect to
the build platform. Additionally, the material was added at the
ends of each row of fins to prevent unsupported surfaces and

Fig. 1 Two of the four HXs tested. Left: traditional, baseline HX.
Right: AM HX (AM-2).
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ensure air flowed only through the core of the HX. In AM-2, small
vortex generators were added to the air-side, in contact with the tube
surface as seen in Fig. 3. Therefore, AM-2 is considered enhanced
compared with AM-1 which was built on the same plate. The vortex
generators have a maximum height of 1.25 mm, are oriented normal
to the tubes on which they extend from, and are angled by 45 deg in
the flow direction.
Figure 4 illustrates the geometry of the air-side features and

defines important parameters used to compare the HXs to existing
correlations. The top diagram shows a top-down slice view of a
row of fins in which air flows from left to right from inlet to outlet,
and the middle right diagram shows a closeup of a set of fins. The
middle left diagram shows a front view of the air-side fins in
which air flows into the page. The geometry of the fins matches
most closely to louvered fins in literature but has significant

differences. The bottom diagram shows the tubes of the HX with
water flowing into the page. A summary of these values is given in
Table 1.
The geometries of the AM HXs also differ due to unintentional

changes in feature thicknesses and manufacturing defects. The
air-side fins printed thicker than the CAD solid model and therefore
the baseline HX. AM-1 and AM-2 also have small cracks in the fins
near the air inlet and air outlet as shown in Fig. 5. AM-3 has similar
cracks and even thicker fins than AM-1 and AM-2. Table 2 shows
the thicknesses of fins in each HX.
After the completion of experimental testing, AM-3 was sec-

tioned with wire electrical discharge machining (EDM). Several
slices were made in order to evaluate the internal geometry of the
HX by visual inspection and take optical profilometer measure-
ments. Figure 6 shows the smallest resulting piece from the wire
EDM process and the internal features it reveals. While neither
AM-1 nor AM-2 were sectioned, the CAD solid model of these
HXs was sliced to leave a section containing the core features
only. This core section was printed with AM-1 and AM-2, so it is
assumed this core sample represents the internal geometry of
AM-1 and AM-2.
While the fins of AM-2 and AM-3 are similar at the inlet and

outlet as viewed from outside, the fins of AM-2 and AM-3 differ
significantly within the core of the HX. The louver features of
AM-2 appear to match the design intent, despite some small holes
found in a number of the louvers. On the contrary, the louver fea-
tures of AM-3 do not match the design intent well. AM-3 louver
features show signs of cracking, large deposits of melted powder,
increased surface roughness, and overall do not form the same
louver geometry as AM-2 or design intent. The characteristics of
the subset of AM-3 louvers shown in Fig. 7 are also present in
other AM-3 louvers visible after the EDM process.
During the AM process, whether a surface has no material below

it, known as “downskin,” or no material above it, known as
“upskin,” impacts the characteristics of the surface. The downskin
surfaces of the AM-3 fins shown in Fig. 8 contain larger deposits
of melted powder than the upskin surfaces.
The liquid-side features of AM-2 and AM-3 match the design

intent well. The tubes through which liquid flow, of which a
cross section is shown in Fig. 9, show no obstructions and no left-
over metallic powder despite the small, tightly packed features. In
addition, the manifold regions such as the one in Fig. 10 show no
obvious deviations from the design intent. AM-2 and AM-3 each
underwent a hydrostatic pressure test up to 5.5 MPa, which is
about twice that of the pressure used in the hydrostatic pressure
test performed by the manufacturer for the baseline HX [40].
Both of the AM HXs showed no signs of leaking or pressure loss.
The AM HXs also have significantly different surface roughness

characteristics than the baseline. Figure 11 shows a representation of
the air-side fin surface roughnesses based on measurements by an
optical profilometer. The resulting figures are scaled in all three
dimensions to give an accurate perspective of the surface rough-
nesses. The measurements for the baseline and AM-3 were each
obtained on two sets of fins extracted from the edge of each HX.
The measurements for AM-1 and AM-2 were extracted from fins
in the HX core sample. Additional roughness measurements after
wire EDM on air-side fins farther inside the HXs indicated that the
roughness at the edge of the HX is representative of the entire HX.
Compared with the baseline surface, the surface arithmetic mean

roughness (Sa) for the AM HXs is an order of magnitude larger. The
downskin surfaces exhibit slightly more roughness than the
upward-facing surfaces, as expected from prior studies. However,
there does not appear to be a statistically significant difference in
the surface roughness between AM-1, AM-2, and AM-3.

Description of Experiment
The test apparatus shown in Fig. 12 measured heat transfer rate

and pressure drop in the air stream and water stream of each HX.

Fig. 3 Air-side feature differences between the traditional and
AM HXs. Additional material was added to the AM HX at the
ends of fin rows. AM HX fins were angled and additional vortex
generators were added to AM-2.

Fig. 2 The computer model used to print the heat exchangers
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The HXs were placed in an insulated box to minimize heat loss to
the surroundings. Water instead of oil was used in the liquid stream
to avoid the difficulties in handling oil and to minimize fluid prop-
erty uncertainty.
Heat transfer rate measurements were performed with heated

water and ambient air. Heating elements were used to raise the
water to a nominal temperature of 65 °C at the HX inlet. The water

Fig. 4 Important geometric parameters that define the fins (top) and tube (bottom)

Fig. 5 Cracks at the inlet of the air-side fins. Left is AM-2 and
right is AM-3.

Table 1 Nominal HX dimensions in millimeters

Fin depth, Fd 92.5
Fin pitch, Fp 2.3
Fin height, Fh 6.08
Louver pitch, Lp 9.2
Louver angle, La 15
Tube depth, Td 74.8
Tube pitch, Tp 10.4

Fig. 7 Internal cross section of HXs revealing air- and liquid-
side features. Left: core sample of AM-1 and AM-2 (bottom-right
fin taken out for analysis). Right: AM-3.

Fig. 8 Upskin and downskin of AM-3 air-side fins

Table 2 Average thickness of fins in millimeters

Baseline AM-1 AM-2 AM-3
0.30 0.33 0.33 0.38

Fig. 6 A rendered CAD solid model of the AM HX. Left: full HX.
Right: one of the remaining pieces after wire EDM.
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stream inlet and outlet temperatures were measured immediately
before entering and after exiting the HX with calibrated E-type ther-
mocouples (±0.3 °C uncertainty). A pump circulated water in a loop
containing anHX and the heating reservoir, andwater mass flow rate
was measured with a paddlewheel flowmeter.
The airstream inlet and outlet temperatures were measured with

one thermocouple upstream of the HX and four thermocouples at
the exit of the HX. The airstream was supplied by a high-volume,
low-pressure blower driven with a variable frequency drive. Flow
conditioning immediately upstream of the HX created a nearly
uniform velocity profile at the inlet of the HX, as determined
in Ref. [5]. The air mass flow rate was measured with a
venturi flowmeter. During pressure drop testing, a laminar flow
element was used for low air mass flow rates. Comparisons of
measurements made by the venturi and laminar flow element at
flow rates within the range of both instruments indicated excellent
agreement.
Pressure drop in the water stream was measured by two absolute

pressure transducers in the water piping just upstream and down-
stream of the HX inlet and exit. The location of the transducers
and water piping was kept constant for all HX testing.
Pressure drop in the airstream was measured using the static ports

of two pitot probes. One was 7 cm upstream of the inlet, while the

other was 7 cm downstream of the outlet. A differential pressure
transducer was used to measure the difference in static pressure
between the two probes. Air pressure drop measurements were per-
formed while water was not flowing.
A Kline–McClintock uncertainty analysis was performed for one

HX and assumed constant for all other tests because the same mea-
surement devices and data recording process were used during each
test. At low air mass flow rates, the heat transfer uncertainty is about
10% and the pressure drop uncertainty is about 3%. The water-side
pressure drop uncertainty is about 5% at midrange water mass flow
rates.

Results
The performance of the HXs is characterized by pressure drop

and heat transfer rate in both the air and water streams. The pressure
drop results are compared between the tested HXs as well as the
existing literature. The heat transfer rates are also compared
between HXs.

Pressure Loss. Figure 13 displays the dimensional air-side pres-
sure drop of each HX at various air mass flow rates. Data for the
baseline is compared with publicly available data from the manufac-
turer. The slightly higher pressure drop of the baseline in this study
compared with the manufacturer may be caused by the difference in
HX installation. In this study, the HX was completely insulated on
the sides to ensure all air flowed through the core of the HX. This
setup matches the conditions of the AM HXs. However, in a
typical installation, the baseline HX can allow a small amount of
flow around the core.
Of the four HXs, AM-3 exhibits the highest air-side pressure drop

for a given air mass flow rate. At ṁair = 0.2 kg/s, the ΔPair of AM-3
is 206% higher relative to the baseline and 72% higher relative to
AM-1. The difference between AM-1 and AM-2 is negligible
despite the small vortex generators present on AM-2.
While the pressure drop varies significantly between HXs, there

are slight differences in fin thickness which reduce the effective
hydraulic diameter of the air-side flow path. Therefore, the friction
factor is calculated for the air-side so that the effect of different fin
thicknesses is accounted for. Figure 14 shows the nondimensional
friction factor of each HX at various Reynolds numbers based on
louver pitch. The friction factor is given by Eq. (1):

f =
Ac

As

2ΔP
ρu2

(1)

where Ac is the flow area per fin, As is the surface area per fin, ΔP is
the air pressure drop, ρ is the density of air, and u is the average air
velocity entering the HX. Ac is given by

Ac = Fh(Fp − Ft) (2)

and As is given by

As = Fl(2(Fp − Ft) + 2Fh) (3)

In Fig. 14, the friction factor of the baseline HX appears close to
the correlation of Ryu and Lee [12] in its range of validity except at
very low Reynolds numbers. AM-1 and AM-2 are slightly higher,
while AM-3 is much higher. Also, the AM HXs exhibit a leveling
off in friction factor at high air mass flow rates, while the baseline
appears to continue to decrease in friction factor. These trends are
similar to the behavior of internal flow with rough and smooth sur-
faces, respectively.
Figure 15 shows the water-side pressure drop of each HX. Note

that the pressure drop measurements include losses in the fluid man-
ifolds. The baseline reaches nearly double the pressure drop of the
AM HXs at the highest water mass flow rates. The cause of lower
water-side pressure drop in the AM HXs is unclear but possibly

Fig. 9 Internal cross section of AM-3 revealing liquid-side
features

Fig. 10 Internal view of AM-3 manifold
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due to small changes in the geometry of the manifolds of the AM
HXs. Specifically, some of the curvatures in the stamped sidewalls
of the baseline HX manifold was eliminated to avoid overhanging
surfaces in the AM parts. The pressure drop of AM-2 is slightly
lower than for AM-1, despite having the exact same manifold and
interior geometry on the water side. Assuming that this lower pres-
sure drop corresponds to a slightly lower heat transfer coefficient on
the water side, the air-side heat transfer augmentation for the
enhanced AM-2 HX may be slightly higher than indicated by the
overall heat transfer rate measurements.

Heat Transfer. Heat transfer rate measurements were taken at a
range of air mass flow rates. At each air mass flow rate, two data
points were measured: one at a high water mass flow rate of
0.2 kg/s (shown as crosses in figures) and one at a low water
mass flow rate of 0.1 kg/s (shown as triangles in figures).
Figure 16 shows the ratio of heat transfer rate to temperature

Fig. 11 Maps of surface height from an optical profilometer for the AM-1, AM-3, and baseline HXs

Fig. 12 The test apparatus used to test the HXs

Fig. 13 Air-side static pressure drop versus mass flow rate of
air entering the HX

Fig. 14 Air-side friction factor versus Reynolds number based
on louver pitch
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difference at the air and water inlets, Q̇/ΔTinlet, for various air mass
flow rates. For a given pair of air and water mass flow rates, AM-3
has the highest Q̇/ΔTinlet. At the highest air and water mass flow
rates tested for AM-3, ṁair = 0.22 kg/s and ṁwater = 0.2 kg/s,
AM-3 has a 38% increase in Q̇/ΔTinlet relative to the baseline.
AM-1 and AM-2 have 17% and 21% higher Q/ΔTinlet relative to
the baseline, respectively.
In Fig. 17, the overall conductance,UA, of each HX is shown.UA

is given by the ratio of the heat transfer rate to log-mean temperature
difference between the inlet and outlet of the HX. The UA values of
the baseline appear to increase more slowly as air mass flow rate
increases compared with the AM HXs. Similar to before, AM-3
has significantly higher heat transfer rate performance compared
with the baseline, as well as the other AM HXs. At ṁair =
0.22 kg/s and ṁwater = 0.2 kg/s, theUA of AM-3 is 77% higher rel-
ative to the baseline and 38% higher relative to AM-1 which is nom-
inally an identical geometry. These performance differences
highlight the opportunities that might be available with AM to
improve HX performance, but also raise a question about how care-
fully the manufacturing process must be controlled to enable consis-
tent heat transfer rate performance.
Figure 18 shows the effectiveness of each HX versus NTU. In all

cases, the stream with the minimum heat capacity is air. In this form,

the differences between the HXs are less obvious, although it is
clear that the NTU is higher for the AM-3 HX for a given value
of effectiveness relative to the other HXs.

Combined Performance Parameters. For the current HX
design, it is difficult to accurately extract the air-side heat transfer
coefficient due to the complex water-side geometry. However, it
is of interest to determine the increase in heat transfer rate relative
to the increase in air-side pressure drop for the various HXs in
order to determine the penalty for enhanced heat transfer rate.
Here, the HX effectiveness is used to represent a nondimensional
heat transfer rate, and the previously presented air-side friction
factor is used to represent the nondimensional pressure drop. The
ratio of these values, as shown in Fig. 19, represents the amount
of heat transfer rate per unit pressure drop in the air stream. In
this form, the high pressure drop of the AM HXs results in lower
overall performance relative to the baseline. Note that for each
HX, there is a maximum in the ɛ/f ratio around a ReLp of 8000–
10,000, which is likely where the airflow is transitioning from
laminar-like to turbulent-like behavior. The maximum in the ɛ/f
ratio occurs at successively lower values of ReLp for AM-1,
AM-2, and AM-3, as might be expected from the previous discus-
sion of the friction factor.

Fig. 16 Ratio of heat transfer rate to inlet temperature difference
versus air mass flow rate

Fig. 15 Water-side pressure drop versus mass flow rate of
water entering the HX Fig. 17 Overall conductance versus mass flow rate of air enter-

ing the HX

Fig. 18 Effectiveness versus NTU
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A commonly employed variation of this metric is ɛ/f1/3, which is
more representative of the overall performance per unit volume of
the HX. This metric, plotted in Fig. 20, shows much less variation
between HXs. Also, as the air-side Reynolds number increases, the
difference between the HXs from this metric becomes very small.

Conclusions
Experimental measurements showed significantly higher air-side

pressure drops and heat transfer rates for three heat exchangers
made by additive manufacturing based on a traditionally manufac-
tured oil cooler design. At an air mass flow rate of 0.2 kg/s, the
air-side pressure drop of AM-3 was 206% higher relative to the
baseline and 72% higher relative to AM-1. Air-side friction
factors were similarly higher for the AM HXs and indicated an
early transition to turbulent-like behavior due to increased surface
roughness. Overall conductance at an air mass flow rate of
0.22 kg/s and water mass flow rate of 0.2 kg/s was increased by
105%, 59%, and 53% relative to the baseline for AM-3, AM-2,
and AM-1, respectively. However, when considering overall perfor-
mance based on the ratio of effectiveness to the cube root of friction
factor, the AM HXs performed similarly to the baseline, especially
at high Reynolds numbers.

Increased surface roughness is believed to have contributed to
higher heat transfer rates and air-side pressure drops for AM-1,
AM-2, and AM-3 relative to the baseline. Poor print quality on
thin air-side fin feature of AM-3 caused additional increases in
heat transfer rate and air-side pressure drop compared with the base-
line, AM-1, and AM-2. These findings indicate that the perfor-
mance of additively manufactured heat exchangers may vary
despite using the same digital model to print them.
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Nomenclature
f = friction factor
u = mean inlet velocity, m/s
A = total heat transfer area, m2

U = overall heat transfer coefficient, W/m2 K
ṁair = mass flow rate of air, kg/s

ṁwater = mass flow rate of water, kg/s
Q̇ = heat transfer rate, W
Ac = flow area per fin, m2

As = surface area per fin, m2

Fd = fin depth, mm
Fh = fin height, mm
Fp = fin pitch, mm
Ft = fin thickness, mm
La = louver angle, deg
Ll = louver length, mm
Lp = louver pitch, mm
Sa = arithmetic mean surface roughness
Sz = maximum peak height surface roughness
Td = tube depth, mm
Tp = tube pitch, mm

AM = additive manufacturing
CAD = computer-aided design
CT = computed tomography

EDM = electrical discharge machining
HX = heat exchanger

NTU = number of transfer units
PBF = powder bed fusion
ReLp = Reynolds number based on louver pitch
ΔP = pressure drop, Pa

ΔTinlet = inlet temperature difference, K
ΔTlm = log-mean temperature difference, K

Greek Symbols

ɛ = effectiveness
ρ = density, kg/m3
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