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ABSTRACT
Air-cooled heat exchangers have gained much attention as
an alternative for cooling systems in power plants. However, due to lower specific heat of air compared to water
larger cooling facilities with excess compressing powers are
required in air-cooled systems. Improving heat transfer performance of air-cooled systems can make them more appealing to the market. This requires design and fabrication of
complex heat exchanger geometries which can be done by
additive manufacturing technology. In this study, a metallic manifold-microchannel heat exchanger was designed and
fabricated based on direct metal laser sintering technology.
The heat exchanger was fabricated from stainless steel with
an overall dimension of 64.2 × 46.0 × 27.1 mm. Air-side
heat flow rate, air-side base convection heat transfer coefficient, and air-side pressure drop were evaluated for different
air flow rates. The highest air-side heat flow rate achieved
was around 300 W at 14.1 `/s air flow rate. This heat flow
rate resulted in an air-side base convection heat transfer coefficient around 1,600 W/m2 K. The highest air-side pressure
drop was measured around 3,450 Pa which occurred at 14.1
`/s air flow rate. This study is the basis of further studies
on the heat transfer characteristics of additively manufactured
heat exchangers. Modified manifold-microchannels heat exchangers will be tested and compared with the original heat
exchanger in future studies.
INTRODUCTION
Currently, over 98% of the thermoelectric power plants in
the U.S. are cooled based on water-cooling systems. Such
power plants consume 41% of fresh water in the U.S [1]. This
causes negative impact on environment. In addition, withdrawing this amount of fresh water is costly and adds to the
operational cost of the power plant. Furthermore, designing
power plants based on water-cooled systems dictates specific
locations with easy access to fresh water sources. In contrast to water-cooled power plants, air-cooled power plants
require little or no water in their cooling systems. However,
due to lower specific heat of air compared to water, a larger
cooling facility will be required in air-cooled power plants.
The air-cooled systems can be more appealing to the market
if their heat transfer characteristics are enhanced. Moreover,
the novel heat exchanger should still result in relatively low
air-side pressure drop in order to avoid excess blower power.
These two requirements can be addressed in an innovative
heat exchanger design. Because the conventional fabrication
techniques are limited in capabilities additive manufacturing
can be utilized for fabricating more complex heat exchanger
designs. Additive manufacturing is a powerful fabrication
method that has enabled fabrication of complex geometries
that are either challenging or impossible to fabricate based on
conventional techniques. Over the last decade, additive manufacturing has developed significantly mainly because of their
potential to revolutionize fabrication techniques. Recently,

additive manufacturing has been adopted in a wide range of
applications such as medical, automotive, aerospace, and construction [2–4].
Additive manufacturing has been also utilized in fabricating heat exchangers [5–8] as well as pin fins [9–12]. Kirsch
and Thole [12] used laser powder bed fusion (LPBF) methods
to fabricate pin fins that can endure in gas turbine engines.
They examined the performance of pin fin arrays produced
by direct metal laser sintering (DMLS) and observed that the
friction factor was extremely high in pin fins fabricated by
LPBF compared to other additive manufacturing techniques
reported in literature with a marginal benefit in heat transfer.
In a similar study, Frester et al. [10] evaluated the heat transfer performance of pin fins fabricated by additive manufacturing and for the application of gas turbine blade cooling. They
manufactured triangular, star, and spherical shaped pins based
on DMLS and experimentally investigated pressure drop and
heat transfer over a range of Reynolds numbers. Parameters
they studied included pin fin spacing, number of pin fins, and
pin fin geometry. They reported that the additively manufactured triangle and cylinder pin fins outperform conventional
pin fin arrays.
In this study, heat transfer characteristics of a metallic airwater heat exchanger fabricated via additive manufacturing
is investigated. The heat exchanger was fabricated based on
DMLS technology and from stainless steel in EOS M 290.
The overall size of heat exchanger is 64.2 × 46.0 × 27.1 mm
which was designed based on manifold-microchannel heat exchanger concept that had been introduced by Harpole and
Eninger in 1991 [13]. In this type of heat exchangers, air is
supplied into inlet manifolds from one side and exists the heat
exchanger from outlet manifolds on the other side. Each air
inlet manifold is blocked at the end while adjacent manifolds
are open. Air passes from microchannels, fabricated on the
top and bottom surfaces of the manifolds, to enter into adjacent manifolds. Water is supplied into water channels located
underneath air microchannels. This concept of heat exchanger
is schematically shown in Figure 1.
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Figure 1: CAD model of a manifold-microchannel HX
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The fabricated heat exchangers are shown in Figure 2.
Three heat exchangers with slightly different interior designs
were fabricated by DMLS. In this study, the heat transfer characteristics of the heat exchanger with an original design is
investigated. The original design has microchannels in perpendicular orientation with respect to air manifolds. In future
studies, the heat transfer performance of this original design
will be compared with modified heat exchangers with different orientation of air manifolds as well as added pins on the
air manifolds.

combination of thermocouples and RTDs were used to measure the temperature of air and water in inlet and outlet port
of the heat exchanger. The additively manufactured heat exchanger was inserted in a 4” PVC pipe in the suction side of
the blower. This was done to ensure a uniform air inlet temperature into the heat exchanger. This is because regenerative
blowers can increase air temperature as the air passes through
them. The rotameter was installed in the discharge side of the
blower and was open to atmosphere. Aluminum manifolds
were attached to either sides of the heat exchanger to pump
water into the water channels. Experiments were conducted
at constant water flow rate and at two different water inlet
temperature of 50 and 60◦ C. All experiments were conducted
at room temperature.
DATA REDUCTION
The experiments were conducted at different air flow rates
while the water flow rate was kept constant at 0.047 `/s. The
performance of the heat exchanger was evaluated based on
air-side heat flow rate, Qair , air-side base convection heat
transfer coefficient hb,air , and air-side pressure drop, ∆Pair .
The air-side heat flow rate was obtained by:
Qair = ṁair cp,air (Tair,out − Tair,in )

(1)

where ṁair , cp,air , Tair,in , and Tair,out are air mass flow rate, air
specific heat, air temperature in the inlet, and air temperature
in the outlet of the heat exchanger, respectively. The air-side
base convection heat transfer coefficient (hb,air ) was obtained
by:

Figure 2: Additively manufactured manifold-microchannel
heat exchangers from stainless steel
Table 1 lists key dimensions of the heat exchanger investigated in this study.

hb,air =

Qair
Abase |Tbase − Tair,in |

(2)

where Abase and Tbase are base surface area and base average
temperature, respectively. The base surface area was obtained
by:

Table 1: Heat exchanger dimensions. Some properties
are shown in Figure. 3d.
water channel width
2.60 mm
water channel height
1.10 mm
air manifold width
6.42 mm
air manifold height
11.24 mm
microchannel fin height (Hmc )
1.0 mm
microchannel width (Wmc )
0.48 mm
thickness of microchannel fins
0.48mm
base thickness (L)
0.48 mm
number of water channel rows
4
number of water channel in each row 8
HX overall height (HHX )
64.20 mm
HX overall width (WHX )
46.02 mm
HX overall depth (DHX )
27.16 mm
Thickness of the heat1.5 mm
exchanger body (THX )

Abase = (WHX − 2THX ) × (DHX − 2THX )

(3)

The base temperature can be calculated by applying one
dimensional heat transfer from water to air.
Assuming water is equally distributed between 32 water
channels in the heat exchanger, the water flow rate in each
channel is 0.0014 `/s with an average velocity of 0.514 m/s.
This yields a water Reynolds number of 1,503. The Nusselt
number can be obtained based on the correlation proposed by
Gnielinski [14]:
NuD =

(f/8)(ReD − 1000)Pr

1 + 12.7(f/8)1/2 (Pr2/3 − 1)
where the friction factor, f, can be obtained by [15]:
f = (0.790 ln ReD − 1.64)−2

EXPERIMENTAL SETUP
The experimental setup is schematically shown in Figure 3.
The setup includes a variable speed blower (Republic, HRC
200), a variable frequency drive (VFD), heating bath circulator (Thermo Scientific, S13), rotameter (King Instrument,
7510), and data acquisition system (DAQ). Air, at different
flow rates, was supplied into the heat exchanger through a 4”
PVC pipe and in an open loop. The rotameter had a measurement range between 6 and 60 scfm, equivalent to 2.83 and
28.3 `/s, respectively. The air pressure drop through the heat
exchanger was measured with a pressure transducer with 0 to
6,350 Pa pressure measurement range (Dwyer 668D-08-1). A

(4)

(5)

Equation 5 is developed for smooth surface condition. In
this study, it is assumed that the water channel surface is
smooth. However, the water channel surface condition should
be properly explored in future studies. The average Nusselt
number for the entire water channel is obtained by [16]:
C
NuD
= 1+
NuD,fd
(x/D)m

(6)

where C = 23.99Re−0.23 and m = −2.08 × 10−6 Re + 0.815.
The obtained Nusselt number can be used to calculate water
convection heat transfer coefficient, Nu = hw Dh /k. Finally,
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Figure 3: (a) Schematic of the experimental setup, (b) photograph of the experimental setup with (1) heating bath circulator,
(2) blower, (3) VFD, (4) rotameter, (5) pressure transducer, (6) temperature DAQ board, (7) pressure DAQ board,
(8) water flow meter, (9) additively manufactured heat exchanger (c) additively manufactured heat exchanger in a 4”
PVC pipe (d) CAD model of the original heat exchanger. Dimensions are listed in Table 1.
the base temperature can be obtained by assuming a uniform
heat flux along each air manifold:
00

q =

Tbase − Tw
L
1
+
hw k

data points is smaller while this difference is more significant at higher air Reynolds numbers. This can be justified
based on air mass flow rate in Equation 1. For the lowest air
Reynolds number, the difference between air inlet and outlet temperature (Tair,in − Tair,out ) for experiments conducted
with Tw = 50◦ C and Tw = 60◦ C were 19.3 and 26.3◦ C, respectively. For the highest air Reynolds number, these numbers were 13.8 and 18.0◦ C, respectively. Therefore, the difference in air temperature change, (Tair,in − Tair,out )Twater =60◦ C −
(Tair,in − Tair,out )Twater =50◦ C , was even larger for the lowest air
Reynolds number. However, because the mass flow rate for
the highest air Reynolds number is greater than the lowest air
Reynolds number, the difference in Qair for the highest air
flow rate becomes larger than that for the lowest air flow rate.
For the range of air and water flow rate tested in this study the
largest air-side heat flow for water inlet temperature of 50◦ C
was around 228 W. For water inlet temperature of 60◦ C this
number was 298 W. However, a wider range of air and water flow rates should be tested on the same heat exchanger to
evaluate its maximum heat transfer capacity.

(7)

RESULTS
The heat flow rate is shown in Figure 4 as a function of
air Reynolds number. The air-side Reynolds number was obtained based on the hydraulic diameter of the microchannels:
Reair =

ρair VDh
µair

(8)

where the hydraulic diameter, Dh , was obtained by:
Dh =

4Wmc Hmc
2Wmc + 2Hmc

(9)

The general trend observed in this figure suggests that the
air-side heat flow rate increases with the Reynolds number.
In addition, it can be observed that the heat flow rate was
greater for experiments conducted at Tw = 60◦ C. For smaller
Reynolds numbers the difference between the two series of
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Figure 6: Air-side pressure drop for different air Reynolds
numbers.
CONCLUSION
The heat transfer performance of an additively manufactured manifold-microchannel heat exchanger was experimentally evaluated. The heat exchanger was fabricated from stainless steel and by DMLS technology. Air was supplied at different flow rates, ranging between 0.169 and 0.849 m3 /min
and water was supplied at a constant flow rate of 0.047 `/s.
Separate experiments were conducted for inlet water temperatures of 50 and 60◦ C. The air-side base convection heat transfer coefficient, hb,air , air side heat flow rate, Qair , and air-side
pressure drop were obtained in this study. Finally, the air-side
coefficient of performance was calculated based on the heat
flow rate, air pressure drop, and air flow rate through the heat
exchanger. In overall, additive manufacturing was observed
to be capable of fabricating metal heat exchangers with complex interior designs. The smallest length scale in the fabricated heat exchanger was 0.48 mm which was the thickness of
microchannel fins. This study will be continued by comparing heat transfer performance of other manifold-microchannel
heat exchangers which were slightly modified from their original design.
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Figure 5 shows the air-side base convection heat transfer
coefficient for different air Reynolds numbers tested in this
study. The highest hb,air obtained for this heat exchanger was
over 1,600 W/m2 K.
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Figure 5: Air-side base convection heat transfer coefficient as
a function of air Reynolds number.
The air pressure drop through the heat exchanger is shown
in Figure 6. The pressure drop for the range of air flow rate
tested in this study was between around 280 and 3,450 Pa for
air Reynolds numbers of 800 and 4,010, respectively. These
relatively high pressure drops are due to the fact that the inlet
air manifolds in this type of heat exchangers are blocked at the
end and air is forced to pass through microchannels to enter
adjacent manifolds which are open at the exit. The pressure
drop data can be used to calculate the air-side coefficient of
performance, COPair . The air-side coefficient of performance
is obtained by:
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