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Experimental Characterization of Additively
Manufactured Metallic Heat Exchangers
Mehdi Mortazavi , Seyed A. Niknam , Mahbod Heidari , and Riccardo C. Clemente

Abstract— In this study, three manifold-microchannel heat
exchangers were additively manufactured by direct metal laser
sintering. The heat exchangers were manufactured from stainless
steel (SS17-4) with an overall dimension of 64.2 × 46.0 ×
27.1 mm. The thermal and hydrodynamic performance of the
heat exchangers was experimentally evaluated at different air
and water flow rates. The microchannel fins had a thickness
of 0.48 mm which featured the smallest length scale used in
these heat exchangers. While the overall dimensions of the
heat exchangers were identical, their interior designs were
slightly different. Heat exchanger A was based on the original
manifold-microchannel heat exchanger design concept while heat
exchangers B and C had pin fins on their air manifolds.
Heat exchangers B and C were different in their microchannel
orientations as the microchannels in heat exchanger C were along
the streamwise direction of the air inlet manifolds. Despite the
interior design modifications between the three heat exchangers,
results suggested comparable thermal and hydrodynamic perfor-
mances. For a water inlet temperature of 60 ◦C, a normalized
rate of heat transfer as high as around 4.76 W/cm3 was achieved
for an air-side Reynolds number of around 4000. The air-side
convection heat transfer coefficient was obtained as high as
around 800 W/m2K. The range of air-side pressure drop was
between around 2000 and 4000 Pa, depending on the airflow
rate. Heat exchanger A demonstrated the lowest pressure drop
and heat exchangers B and C, which incorporated pin fins on
their air manifold, caused higher air-side pressure drops.

Index Terms— Additive manufacturing (AM), direct metal
laser sintering, heat exchanger, manifold-microchannel heat
exchanger.

I. INTRODUCTION

THERMOELECTRIC power plants require cooling sys-
tems in order to be able to operate in a cycle. Existing

data report that 99% of such power plants operate based on
water-cooling systems [1]. Aside from the devastating impact
the water cooling systems have on marine life, freshwater is
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becoming more and more scarce, and therefore, expensive.
This adds to the operation cost of power plants. Moreover,
it becomes a limiting factor to consider power plants in areas
with no access to a freshwater body. An alternative cooling
method for power plants is dry cooling in which the working
fluid is cooled down by air. However, dry cooling facilities are
much larger, mainly due to the lower dry-bulb temperature of
air compared to its wet-bulb temperature. In the USA, only 1%
of power plants are operating based on dry cooling systems [1].
The dry cooling concept can be more appealing to the industry
if its heat transfer performance improves without a dramatic
increase in its pumping power.

The issue of dry cooling may be addressed by designing
heat exchangers with higher heat transfer capacities and lower
pressure drop characteristics. However, conventional manufac-
turing techniques have limited capabilities in manufacturing
such complex heat exchanger designs. As a result, a more
capable manufacturing technique should be adopted. Additive
manufacturing is an appropriate alternative as it has enabled
the fabrication of parts that are either impossible or chal-
lenging to fabricate by conventional techniques. In additive
manufacturing, parts are fabricated progressively by adding
the material layer by layer.

Recent advances in additive manufacturing have made
it possible to utilize this technology in a wide range of
applications such as health care, marine, construction, and
energy [2]–[7]. Additive manufacturing also has been used
to manufacture heat exchangers and heat sinks [2], [8]–[27].
Fig. 1 shows the number of journal articles published on
this topic with the keywords “heat exchanger” and “additive
manufacturing” in their abstracts. It is clear that the body
of literature on this topic is more diverse than the data
presented in this figure but this figure still demonstrates an
increasing interest in the topic of additively manufactured heat
exchangers over the last few years.

Some of the examples in which additive manufacturing has
been utilized to transfer heat include polymer heat exchangers
[2], [8], [11], [12], [18], metallic heat exchangers [13]–[17],
[20], [22]–[25], heat sinks [9], [10], [19], [21], [28], [29],
pin fins [30]–[33], film cooling holes [34]–[36], heat pipes
[37], [38], and vapor chambers [39]. In addition, there are
studies devoted to hydrodynamic and heat transfer perfor-
mance of additively manufactured coupons containing flow
channels which report findings relevant to the application of
heat exchangers and heat sinks [40]–[47]. Hymas et al. [12]
additively manufactured a polymer composite heat exchanger
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Fig. 1. Number of published journal articles with “additive manufacturing”
and “heat exchanger” keywords in their abstracts.

which utilized cross-media fiber concept. In this concept, two
fluid streams which pass inside low-conductivity channels
were exchanging heat through high-conductive fins. A coef-
ficient of performance (COP) and a rate of heat transfer
of 100 and 150 W were reported by authors, respectively.
Tiwari et al. [8] designed a novel heat exchanger which was a
combination of the manifold-microchannel and the shell and
tube heat exchanger concept. They additively manufactured
the manifold from a polymer and tested the heat exchanger
for single phase flow at low to moderate heat flux conditions.
A shell-side heat transfer coefficient which was an order of
magnitude higher than typical shell and tube and plate-type
heat exchangers was reported by authors. Arie et al. [11]
additively manufactured a low-cost and low-weight polymer
heat exchanger from thin polymer sheets by using layer-
by-layer line welding with a laser. The flow channels were
150-μm thick and were 15.5- and 29-cm long. They success-
fully tested the heat exchanger which demonstrated an overall
heat transfer coefficient as high as around 120 W/m2K when
the airflow rate was 3–24 L/s and the water flow rate was
12.5 mL/s. Additive manufacturing allowed them to reduce
the thermal resistance of the polymer wall to 3% of the total
thermal resistance. In another study, Arie et al. [18] additively
manufactured a polymer composite heat exchanger based
on the fused filament fabrication technique. They reported
a gravimetric heat transfer density and a volumetric heat
transfer density as high as 220% and 125%, respectively,
when compared to comparable state-of-the-art plate fins heat
exchanger configuration. Arie et al. [13] additively manufac-
tured a manifold-microchannel heat exchanger from titanium
alloy (Ti64) with an overall dimension of 15 × 15 × 3.2 cm.
They reported an improved air-side heat transfer coefficient
up to 80%, 120%, and 190% as compared to conventional
surfaces of wavy fin, louvered fin, and plain plate fin, respec-
tively. Saltzman et al. [14] additively manufactured two metal-
lic heat exchangers by using laser-based powder bed fusion
process and from AlSi10Mg for aircraft oil cooler. While
the thermal performance of the additively manufactured heat
exchangers was reported to be superior compared to the con-
ventionally manufactured heat exchanger, they reported higher
pressure drops in the additively manufactured heat exchangers,
mainly due to the excess surface roughness features. Gerstler
and Erno [20] additively manufactured heat exchangers from

aluminum, Ti64, cobalt chrome, and Inconel 718 and com-
pared their performance with a heat exchanger which was
manufactured based on conventional methods. Their results
from additively manufactured heat exchangers showed similar
heat transfer capabilities compared to the conventional heat
exchanger while having 66% lower weight and 50% lower
volume from the same materials. Arie et al. [15] additively
manufactured three different metallic heat exchangers from
SS17-4, Ti64, and AlSi10Mg for the application of dry cooling
and reported a gravimetric heat transfer density improvement
of 27% with an air-side COP of 172. Zhang et al. [16]
additively manufactured a metallic manifold microchannel
heat exchanger from Inconel 718 for the aerospace applica-
tion and reported a maximum heat duty of 2.78 kW and a
maximum overall heat transfer coefficient of 1000 W/m2K
when nitrogen at 600 ◦C and air at 38 ◦C were used in
the hot side and cold side, respectively. Saltzman et al. [17]
additively manufactured two heat exchangers by using the
laser-based powder bed fusion process and from AlSi10Mg
aluminum-alloy powder. Overall heat transfer improvements
of 10% and 14% were reported for the additively manufactured
baseline heat exchanger and additively manufactured modified
heat exchanger compared to a heat exchanger manufactured
by the conventional method. For the application of heat sinks
Collins et al. [9] additively manufactured an aluminum alloy
microchannel heat sink with a hydraulic diameter of 500 μm.
For laminar flow, they reported that the hydraulic performance
can be well-predicted by established correlations. However,
the relatively high roughness features lead to an early tran-
sition to turbulence at Reynolds numbers around 600 which
limits the range of operation prediction based on standard
correlations developed for laminar flow. Collins et al. [19]
additively manufactured a permeable-membrane microchannel
heat sink in order to reduce the pressure drop of the working
fluid. It was reported that at a constant pumping power
of 0.018 W, the additively manufactured permeable-membrane
microchannel heat sink demonstrated lower thermal resistance
(17% reduction) and lower pressure drop (28% reduction)
compared to a conventional manifold-microchannel heat sink.
KC et al. [28] additively manufactured low-profile heat sinks
and compared their thermal performance with a conven-
tionally manufactured heat sink and concluded that other
than thermal conductivity material properties such as wetta-
bility and surface roughness can impact transport regimes.
Dede et al. [10] additively manufactured heat sinks that were
topologically optimized based on conduction and convection
heat transfer mechanisms and reported enhanced COP relative
to benchmark heat sink designs. Because of their complex
heat sink design, its fabrication by conventional techniques
was challenging, if not impossible, but additive manufacturing
allowed them to fabricate their complex heat sink design. The
studies conducted by Stimpson et al. [43], Snyder et al. [44],
Stimpson et al. [45], Snyder et al. [46], and Weaver et al. [47]
on the hydrodynamic and heat transfer performance of addi-
tively manufactured flow channels reported augmentation of
both the friction factor and the Nusselt number. However,
the latter was reported to be less affected than the former.
Moreover, they reported that build direction in additively
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manufactured coupons can significantly affect the hydrody-
namic performance of flow channels while it has less impact
on their heat transfer characteristics. Surfaces obtained from
additive manufacturing feature excess roughness characteris-
tics which have been the subject of multiple studies [31],
[48]–[50]. Manufacturing parameters such as energy density,
scanning speed, layer thickness, build direction, size of powder
particles, sloping angle, material, and support of overhanging
features can influence the roughness feature in such parts [44],
[50]–[53]. Among these factors, some have a more dominant
influence on the overall surface condition. Laser power, for
instance, can significantly influence the surface quality of
downward facing parts [54].

The current study reports findings about the thermal and
hydrodynamic performance of three metallic additively manu-
factured heat exchangers. While the experiments were con-
ducted by considering the application of dry cooling for
power plants, utilization of this type of heat exchangers can
be expanded to a wider range of applications in which an
exchange of heat is desired between a liquid stream and a gas
stream. The heat exchangers were manufactured from stainless
steel (SS17-4) by the direct metal laser sintering technology
at Advanced Digital Design and Fabrication (ADDFab) at the
University of Massachusetts Amherst. The heat exchangers
were based on the manifold-microchannel heat exchanger
concept [55] as discussed in Section II.

II. HEAT EXCHANGER DESIGN AND FABRICATION

Three liquid-to-gas heat exchangers were manufactured
based on the manifold-microchannel concept [55] as schemat-
ically shown in Fig. 2(a). In this type of heat exchangers,
air passes through manifolds and water passes through small
channels between air manifolds. Each inlet manifold is blocked
at its end. This forces air to pass through microchannels that
are under and/or above the manifolds to enter the adjacent
manifolds, serving as the outlet manifolds which are open
at the end. The microchannels, which guide the air from
one manifold to its adjacent manifold, are in a perpendicular
direction with respect to the streamwise direction of the air
manifolds. Because of the significant change in the direction
of air, this type of heat exchangers causes a significant pressure
drop on airflow. The three heat exchangers used in this study
(tagged as heat exchangers A–C) had an identical overall
dimension of 64.2 × 46.0 × 27.1 mm, as shown in Fig. 2(b).
However, their interior designs were slightly different from
each other. Heat exchanger A served as the base design with
no modification from the original manifold-microchannel heat
exchanger concept [55]. Heat exchangers B and C had pin
fins on their air manifolds walls in order to induce turbulence
in airflow. The microchannel design in the heat exchanger B
was similar to heat exchanger A with 1-mm height and
extended in the streamwise direction of water channels which
were perpendicular to the air manifolds. In heat exchanger C,
the orientation of microchannels in the inlet manifolds were
modified to be along the streamwise direction of inlet man-
ifolds while the microchannels in the exit manifolds were
kept perpendicular with respect to the manifolds, as shown
in Fig. 2(c). This modification to the microchannel orientation

in heat exchanger C was done as a possible solution to
reduce the air-side pressure drop. In order to facilitate air
entrance to the outlet manifold the heights of microchannels
in inlet manifolds of the heat exchanger C were shorter on
sides, as shown in Fig. 2(c). The short microchannels with
0.5-mm height provided enough gap for air to enter the
outlet manifolds. Fig. 2(d) shows the CAD model of the heat
exchangers and dimensions are listed in Table I. The designed
heat exchangers were additively manufactured from stainless
steel (SS17-4) and based on the direct metal laser sintering
technology in EOS M 290.

III. EXPERIMENTAL SETUP AND DATA REDUCTION

The thermal and hydrodynamic performance of the heat
exchangers were evaluated with an experimental setup which
is schematically shown in Fig. 3. Ambient air at 20 ◦±1 ◦C was
pulled through the heat exchanger with a regenerative blower
(Republic, HRC 200). Regenerative blowers, in general, are
prone to a significant increase in their casing temperature as
they operate. This can affect the air temperature at the inlet
of the heat exchangers if the heat exchangers are installed
on the discharge side of the blower. Therefore, in this study,
the heat exchangers were installed in the vacuum side of
the blower and air was pulled through the heat exchangers
rather than being blown into it. The speed of the blower, and
therefore the air flow rate, were controlled with a variable
frequency drive (VFD) and the airflow rate was measured
with a rotameter mounted on the discharge side of the blower.
Hot water at two different temperatures of 50 ◦C ± 0.2 ◦C
and 60 ◦C ± 0.2 ◦C was supplied to the heat exchanger. The
temperature of the hot water was controlled with a thermal
bath circulator (Thermo Scientific, S13). The temperatures of
air and water at the inlet and the outlet of the heat exchangers
were measured with thermocouples type K. The data acquisi-
tion started around 30 min after the circulation of hot water
and the operation of the blower to ensure the system has
reached its steady-state condition. For each run, the tempera-
ture values were recorded at a sampling rate of 1 Hz and for
around 20 min. After each run, the assumption of steady-state
condition was verified by reviewing the temperature values
recorded during the experiment. The pressure drop through
the heat exchanger was measured with a Dwyer pressure
transducer with 0–6200-Pa pressure range and 0.8% full scale
accuracy. Both air and water streams were supplied into the
heat exchangers at different flow rates as listed in Table II. The
water velocity listed in this table is the bulk velocity of water
in channels (Vch) and the air velocity listed is the velocity of
air in microchannels (Vmc). Similarly, the characteristic length
used to calculate the Reynolds number for water and air were
the hydraulic diameter of the channel and the microchannel,
respectively.

The heat duty of the heat exchanger, q , was obtained by
averaging the cold side (air) and hot side (water) heat transfer

qcold = ṁaircp,air(Tout,air − Tin,air) (1)

qhot = ṁwatercp,water(Tin,water − Tout,water) (2)

q = qcold + qhot

2
(3)
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Fig. 2. (a) Schematic of a manifold-microchannel heat exchanger. (b) Photograph of the additively manufactured heat exchangers. (c) Modified microchannel
orientation in the inlet manifolds in heat exchanger C. (d) CAD model of the heat exchanger with dimensions shown in mm. Refer to Table I for dimensions.

where ṁ and cp are the mass flow rate and the specific heat,
respectively. An energy balance check between qhot and qcold

revealed that their difference is less than 14%. The Reynolds
number of air in microchannels, ReDh,mc , was obtained by

ReDh,mc = ρairVmc Dh,mc

μair
(4)

where Vmc and Dh,mc are the air velocity in the microchannel
and the microchannel hydraulic diameter, respectively. The
hydraulic diameter of the microchannel was obtained by

Dh,mc = 4 × cross-sectional area

cross-sectional perimeter
= 4Wmc Hmc

2Wmc + 2Hmc
. (5)

It is worth noting that the actual microchannel geometry
(Wmc and Hmc) may be different from their designed val-
ues. Therefore, (5) can be considered to yield the nominal

hydraulic diameter which is used in analyzing data in this
study. The air-side convection coefficient heat transfer, hair,
can be obtained by analyzing the thermal circuit shown in
Fig. 4. The thermal circuit includes four thermal resistances
of: 1) convection heat transfer in water channels; 2) conduction
heat transfer through the stainless steel base; 3) fin resistance;
and 4) convection heat transfer through the surface of the
base without fins. Because microchannel fins are integrated
with the base, no thermal contact resistance is considered
between the base and fins. This is in contrast to a counterpart
manifold-microchannel heat exchanger which is manufactured
conventionally by assembling fins on the manifold base. That
method of manufacturing would cause thermal contact resis-
tance between fins and the base and therefore, adds to the over-
all thermal resistance of the heat exchanger, lowering its heat
transfer performance. One of the benefits of manufacturing

Authorized licensed use limited to: Gordon Library WPI. Downloaded on October 18,2024 at 00:01:23 UTC from IEEE Xplore.  Restrictions apply. 



MORTAZAVI et al.: EXPERIMENTAL CHARACTERIZATION OF ADDITIVELY MANUFACTURED METALLIC HEAT EXCHANGERS 2093

Fig. 3. Schematic of the experimental setup.

Fig. 4. Thermal circuit illustrating heat transfer from water to air. One
of the benefits of utilizing additively manufacturing to manufacture heat
exchangers and heat sinks that incorporate fins is to eliminate the thermal
contact resistance which is caused by mounting fins on top of the base as
done in conventional manufacturing methods.

such heat exchangers with additive manufacturing is to obtain
the heat exchanger as an integrate unit with no gaps between
fins and the base. Analyzing the thermal circuit shown in Fig. 4
and between T air and Tbase yields

q

8
= Tbase − T air(

1

Rconv.,air
+ 1

Rfins(N)

)−1 (6)

where Rconv.,air and T air are the convection thermal resistance
from the surface of the base and the average air temperature,
respectively

Rconv.,air = 1

hair Abase,no fin
(7)

T air = Tin,air + Tout,air

2
. (8)

In (7) Abase,no fin is the surface area of the base without
considering the fins and can be obtained by

Abase,no fin = (DHX − 2THX)(WHX − 2THX)

− NWfin(WHX − 2THX). (9)

Rfins(N) in (6) is the thermal resistance of the fins and can
be obtained by

Rfins(N) = Tbase − T air

Nq f
(10)

where q f is the fin heat transfer rate. In the additively
manufactured heat exchangers tested in this study the boundary
condition for the fin tip is heat transfer by convection and
therefore, the fin heat transfer rate, q f , can be obtained by

q f = M
sinh m Hmc + (hair/mk) cosh m Hmc

cosh m Hmc + (hair/mk) sinh m Hmc
(11)

where m and M are obtained by

m = (hair P/k Ac)
1/2 (12)

M = (hair Pk Ac)
1/2(Tbase − T air). (13)

P and Ac in (12) and 13 are the fin tip perimeter and area,
respectively, and can be obtained by

P = 2(Wfin) + 2(WHX − 2THX) (14)

Ac = (Wfin)(WHX − 2THX). (15)

In order to be able to use (6) to obtain hair, the temperature
of the base, Tbase, should be known. This temperature can be
obtained by analyzing the channel and base part of the thermal
circuit shown in Fig. 4

q/8 = Tbase − T water

Rconv.,water + Rcond.,base
(16)

where T water, Rconv.,water , and Rcond.,base are the water average
temperature, water convection heat transfer thermal resistance,
and conduction heat transfer thermal resistance, respectively

T water = Tin,water + Tout,water

2
(17)

Rcond.,base = Lbase

kbase Abase
(18)

Rconv.,water = 1

hwater Abase
(19)

Abase = (WHX − 2THX) × (DHX − 2THX). (20)
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TABLE I

EXPERIMENT CONDITIONS AND HEAT EXCHANGERS’ DIMENSIONS

TABLE II

FLOW CONDITIONS

Tbase can be obtained from (16), but prior to that hwater

should be defined in order to be able to calculate Rconv.,water

in (19). In this analysis, it is assumed that the base temperature,

Tbase, is constant. Out of the seven water flow rates tested in
this study, three water flow rates fall into the laminar flow
regime with Reynolds number less than 2300. These three

Authorized licensed use limited to: Gordon Library WPI. Downloaded on October 18,2024 at 00:01:23 UTC from IEEE Xplore.  Restrictions apply. 



MORTAZAVI et al.: EXPERIMENTAL CHARACTERIZATION OF ADDITIVELY MANUFACTURED METALLIC HEAT EXCHANGERS 2095

TABLE III

INSTRUMENT UNCERTAINTY AND THE CALCULATED PROPERTY UNCERTAINTY

water flow rates were 1.89, 2.84, and 3.78 �/min with water
Reynolds of 992, 1510, 2014, respectively. The hydrodynamic
entry length as well as the thermal entry length for these three
flow rates are longer than the length of the water channels
and therefore, the water flow in channels are categorized as
combined entry length with the Nusselt number obtained based
on the correlation proposed by Baehr and Stephan [56]

Nu Dh,ch

=
3.66

tanh
(

2.264 Gz−1/3
Dh,ch

+1.7 Gz−2/3
Dh,ch

) + 0.0499 GzDh,ch tanh
(

Gz−1
Dh,ch

)
tanh

(
2.432 Pr1/6Gz−1/6

Dh,ch

)
(21)

where the Graetz number based on the channel hydraulic
diameter, GzDh,ch , is defined as

GzDh,ch = ReDh,ch Prwater/(x/Dh,ch). (22)

In (22) Prwater and x refer to the Prandtl number of water and
the length of the channel, respectively. The hydraulic diameter
of the channel can be obtained by

Dh,ch = 4Wch × Hch

2(Wch + Hch)
. (23)

The Reynolds number based on the channel hydraulic
diameter, ReDh,ch , can be obtained by

ReDh,ch = ρwaterVch Dh,ch

μwater
. (24)

For water turbulent flow in channels, the Nusselt number
can be obtained based on the correlation that was proposed
by Gnielinski [57] given in (25). The water flow rates that
were considered for this correlation were 4.73, 5.68, 6.62, and
7.57 �/min, with water Reynolds number of 2517, 3021, 3524,

4031, respectively

NuDh,ch = ( f/8)(ReDh,ch − 1000) × Prwater

1 + 12.7(f/8)1/2(Prwater
2/3 − 1)

(25)

where the friction factor, f , can be obtained by [58]

f = (
0.790 × ln(ReDh,ch ) − 1.64

)−2
. (26)

The average Nusselt number for the entire water channel is
obtained by [59]

NuDh,ch

NuDh,ch

= 1 + C

(x/Dh,ch)m′ (27)

where C = 23.99×Re−0.23
Dh,ch

and m ′ = −2.08×10−6×ReDh,ch +
0.815.

IV. UNCERTAINTY ANALYSIS

The uncertainty in the rate of heat transfer, air-side
convection coefficient heat transfer, air-side pressure drop,
the Reynolds number based on the microchannel hydraulic
diameter (air), and the Reynolds number based on the chan-
nel hydraulic diameter (water) were calculated by perform-
ing uncertainty propagation analysis. The uncertainty in the
thermocouples, the water flowmeter, the air rotameter, and
the pressure transducer are listed in Table III. Considering
property R being a function of x1, x2, . . ., and xn, each with
uncertainties of w1, w2, . . ., and wn, respectively, the uncer-
tainty in property R can be obtained by

wR =
[(

∂ R

∂x1
w1

)2

+
(

∂ R

∂x2
w2

)2

+ · · · +
(

∂ R

∂xn
wn

)2
]1/2

.

(28)

The uncertainty in the above-mentioned properties are cal-
culated based on (28) and results are listed in Table III.
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Fig. 5. Normalized rate of heat transfer based on air-side Reynolds number, ReDh,mc . The horizontal axes on top and bottom apply to both figures in a
column.

V. RESULTS AND DISCUSSION

A. Heat Transfer Performance
The heat transfer performance of the three additively man-

ufactured heat exchangers are shown in Fig. 5. In this figure,
the heat transfer performance is normalized by the size of the
heat exchangers. Fig. 5(a)–(c) shows this property when the
water inlet temperature was 50 ◦C and Fig. 5(d)–(f) belong
to the water inlet temperature of 60 ◦C. The general trend
in this figure shows that the rate of heat transfer increases
with the air Reynolds number. This is because in the devel-
oping region increasing flow rates results in an increase in
the heat transfer coefficient and ultimately the rate of heat
transfer increases. The other general trend observed in this
figure suggests higher rates of heat transfer at the higher inlet
water temperature [Fig. 5(d)–(f)]. It can be observed that for
the range of the flow rates tested, heat exchanger capacities
up to around 3.40 W/cm3 were achieved when the inlet water
temperature was 50 ◦C. For inlet water temperature of 60 ◦C,
heat exchanger capacities as high as around 4.76 W/cm3 were
achieved in heat exchanger B. Almost in all cases, the lowest
value of q ′′′ is obtained when the water flow rate was the
lowest, 1.89 �/min, with some exceptions occurring in data
shown for heat exchanger A [Fig. 5(a) and (d)] at high air
Reynolds numbers. One may note that the highest values for
q ′′′ do not necessarily occur at the highest water flow rate.
For instance, in Fig. 5(b) and (c) the highest value of q ′′′
occurs at the water flow rate of 6.62 L/min. It is worth noting
that the uncertainty in the rate of heat transfer, q , is over 6%
(as listed in Table III) which may exceed the size of data

points in some cases. Therefore, the effect of water flow rate
can be studied qualitatively in this particular case. In terms
of comparison between the performance of the three heat
exchangers, no noticeable difference can be detected based
on the data shown in Fig. 5.

Fig. 6 shows the normalized rate of heat transfer based
on the water-side Reynolds number, ReDh,ch , and flow rate
for an overall airflow rate of 849 L/min. The water flow
rate shown in this figure are the overall water flow rates
supplied into the heat exchanger. While the general trend
in this figure shows that q ′′′ increases with the water-side
Reynolds number for all six experiment conditions, no specific
difference between the performance of the heat exchangers
can be observed in this figure. For instance, heat exchanger
B shows relatively higher q ′′′ at Tin,water = 60 ◦C while its
heat transfer performance is comparable with the other two
heat exchangers at Tin,water = 50 ◦C, particularly at higher
air-side Reynolds numbers. For both inlet water temperatures,
heat exchangers B and C show almost identical performances
at different water flow rates.

Fig. 7 shows air-side heat transfer coefficient based on
the air-side Reynolds number, ReDh,mc , and the airflow rate.
Fig. 7(a)–(c) shows the value of heat transfer coefficient
when water was supplied at 50 ◦C and Fig. 7(d)–(f) shows
this property when water was supplied at 60 ◦C. The heat
transfer coefficient shown in this figure is obtained from (6).
The general trend shown in this figure suggests that the
heat transfer coefficient increases with the air-side Reynolds
number, a characteristic of developing regions. While no
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Fig. 6. Normalized rate of heat transfer based on water Reynolds number and at 849 L/min air flow rate (ReDh,mc = 4005).

Fig. 7. Air-side heat transfer coefficient at (a)–(c) Tin,water = 50 ◦C and (d)–(f) Tin,water = 60 ◦C.

significant difference in the heat transfer performance of the
three heat exchangers can be observed in this figure, this
figure still suggests that an air-side heat transfer coefficient
as high as over 800 W/m2K can be achieved in additively
manufactured manifold-microchannel heat exchanges for the
range of flow conditions used in this study. As discussed
earlier, the base temperature (T base) in (6) is obtained by
analyzing the thermal circuit shown in Fig. 4 and based on
(16) along with (18) and 19. In (18), kbase is the thermal
conductivity of the heat exchanger base which is the solid wall

separating water and air streams. Because the heat exchangers
were manufactured from stainless steel powder, it was assumed
that the thermal conductivities of the additively manufactured
heat exchangers were identical to the thermal conductivity
of stainless steel and therefore, the value of kbase was taken
to be the thermal conductivity of stainless steel. However,
this assumption should be further evaluated in future studies
as some studies have raised questions about the accuracy of
considering mechanical and thermal properties in additively
manufactured parts based on the thermal properties of their
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Fig. 8. Hydrodynamic performance of the additively manufactured heat exchangers. (a) Air-side pressure drop based on air-side Reynolds number and airflow
rate. Each data point is the average of multiple runs (different water flow rates and different inlet water temperatures) and the bars indicate the standard
deviation. (b) Normalized pressure drop departure, λ. The air-side Reynolds number (ReDh,mc ) classes of 1–4 represent Reynolds numbers of 2670, 3338,
3605, and 4005, respectively. (c) Air-side pressure drop based on the pumping power.

original material [21]. However, regardless of the actual value
for the thermal conductivity of the base, the performance of
these three heat exchangers can still be qualitatively compared
to each other.

B. Hydrodynamic Performance

The hydrodynamic performance of the three additively man-
ufactured heat exchangers is shown in Fig. 8. Fig. 8(a) shows
the air-side pressure drop based on the Reynolds number and
the airflow rate. Each data point shown in this figure is the
average of multiple runs (a minimum of 12) with the bars
representing the standard deviation between the runs. The
figure shows comparable hydrodynamic performance for the
three heat exchangers. The slightly higher pressure drops for
heat exchangers B and C are attributed to the pin fins on
air manifold interior walls. Recalling that the only difference
between the heat exchangers B and C was the microchannel
orientation in the inlet manifold, findings from this figure sug-
gest that such modifications have no meaningful impact on
the overall pressure drop. Considering heat exchanger A as
the base design, the hydrodynamic performance of the other
two heat exchangers are compared by defining the normalized
pressure drop departure, λ

λ = (�Pair)HX B or C − (�Pair)HX A

(�Pair)HX A
× 100%. (29)

Fig. 8(b) shows the value of λ at four air-side Reynolds
numbers, ReDh,mc . This figure clearly shows that the air-side
pressure drops in heat exchangers B and C are higher than
that in heat exchanger A. Also, comparing heat exchangers B
and C, the figure suggests that the hydrodynamic performance
of the former heat exchanger is closer to heat exchanger A
as the value of λ is smaller at all four air-side Reynolds
numbers. However, because the average values of λ for heat
exchangers B and C are close, 4.85% and 6.08%, respectively,
the overall conclusion suggests that these two heat exchangers
are hydrodynamically performing identically.

Fig. 8(c) shows the air-side pressure drop based on the
pumping power. The pumping power is obtained by

pumping power = �Pair∀̇ (30)

where ∀̇ is the volumetric flow rate of air. As expected the
figure shows a similar air side pressure drop for the three heat
exchangers at different pumping powers.

C. Overall Performance

Fig. 9 shows the COP of the three heat exchangers based on
the air-side Reynolds number, ReDh,mc . The COP is obtained
by

COP = q

�Pair∀̇
. (31)

Fig. 9(a)–(c) belongs to experiments with a water inlet
temperature of Tin,water = 50 ◦C and Fig. 9(d)–(f) belongs
to Tin,water = 60 ◦C. It can be observed that the value of
COP decreases as the Reynolds number increases. This is
because the airflow rate as well as the air-side pressure drop
which both exist in the denominator of (31) increase with
Reynolds number. The figure shows that COPs as high as
around 15 were obtained with flow conditions tested in this
study. A comparison between Fig. 9(a)–(c) and Fig. 9(d)–(f)
show higher values of COP for the latter, as the rate of
heat transfer was higher at Tin,water = 60 ◦C. For a given
flow condition, the results presented in this figure suggest
a similar performance for the three additively manufactured
manifold-microchannel heat exchangers.

This study demonstrated some of the capabilities that addi-
tive manufacturing has to offer to manufacture metallic heat
exchangers. Because of its strong capabilities in manufac-
turing, it is predicted that many novel heat exchanger and
heat sink designs be invented and manufactured by additive
manufacturing in the near future. The additive manufactur-
ing eliminates the boundaries and limitations that were set
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Fig. 9. Heat exchanger COP at different air-side Reynolds numbers. Air-side Reynolds (ReDh,mc ) number classes of 1, 2, 3, and 4 refer to Reynolds numbers
of 2670, 3340, 3600, and 4005, respectively. (a) Heat exchanger A and Tin,water = 50 ◦C. (b) Heat exchanger B and Tin,water = 50 ◦C. (c) Heat exchanger C
and Tin,water = 50 ◦C. (d) Heat exchanger A and Tin,water = 60 ◦C. (e) Heat exchanger B and Tin,water = 60 ◦C. (f) Heat exchanger C and Tin,water = 60 ◦C.

by the conventional manufacturing methods. While additive
manufacturing has proved to be capable of satisfying needs
in thermal management, there are some uncertainties that
should be investigated for the successful utilization of this
method, particularly in the energy sector. One such topic
that needs further investigation is the thermal conductivity of
the additively manufactured parts. A recently published study
on this topic [60] answers some of the key questions but
more investigations should be conducted to obtain models for
thermal conductivity for different manufacturing parameters.
In addition to the thermal conductivity, the hydrodynamic
characteristics of additively manufactured channels should be
explored. This becomes particularly important for applications
in which a multiphase flow passes through the channel, such
as the bipolar plate of the proton exchange membrane (PEM)
fuel cell which includes flow channels to transport reactant
gases [61]–[63]. This is because the roughness features on the
additively manufactured channels can serve as pinning points
that hold liquid slugs and modify the two-phase flow pattern

from those observed in smooth channels. In addition, additive
manufacturing can be used to manufacture the porous media in
PEM fuel cells which serve as carriers that transport reactant
gases, heat, and water [64]–[67].

VI. CONCLUSION

Three manifold-microchannel heat exchangers were addi-
tively manufactured and experimentally investigated for ther-
mal and hydrodynamic performances. The heat exchangers
were manufactured from stainless steel based on the direct
metal laser sintering technique with an overall dimension
of 64.2 × 46.0 × 27.1 mm. The thickness of microchannel
fins was 0.48 mm which featured the smallest length scale
used in these heat exchangers. Heat exchanger A was designed
and manufactured based on the original concept of the
manifold-microchannel heat exchanger while heat exchangers
B and C were slightly modified by adding pin fins on their
air manifolds. In addition, the orientation of microchannels
in heat exchanger C was modified for possible improvement
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in air-side pressure drop. The following conclusions can be
drawn from this study.

1) For the range of flow conditions used in this study,
the rate of heat transfer obtained was between around
100 and 400 W. Despite the design modifications
between the three heat exchangers, no noticeable dif-
ference in their thermal performance was observed.

2) The air-side convection coefficient obtained was between
around 400 and 800 W/m2K. Results indicated that the
air-side convection coefficient increased with airflow
rates and consequently, air Reynolds number. This was
expected as the airflow in the manifolds was in the devel-
oping region which features an increase in convection
coefficient with the Reynolds number.

3) While the heat exchangers demonstrated relatively sim-
ilar hydrodynamic performances the air-side pressure
drop in heat exchanger A with no pin fins was slightly
lower than the other two heat exchangers. However,
the normalized pressure drop departure in heat exchang-
ers B and C revealed a difference in pressure drop
of less than 10%. The average normalized pressure
drop departures for heat exchangers B and C were
4.85% and 6.08%, respectively. The pressure drop data
indicated that modifying the microchannel orientations
in heat exchanger C did not improve its hydrodynamic
performance compared to heat exchanger B.

In addition to the thermal and hydrodynamic performance
evaluation of the heat exchangers, it should be mentioned
that each heat exchanger was tested in excess of 50 h at
different air and water flow rates and no sign of dam-
age or leakage was observed during or after this period.
Because manifold-microchannel heat exchangers are an air-
to-water-type of heat exchangers, they can be an appropriate
solution for dry cooling in power plants. Findings from this
study suggest that additive manufacturing can be considered as
a promising manufacturing method for manufacturing metallic
heat exchangers.
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