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ABSTRACT
In this study, the additive manufacturing technique has been
utilized to fabricate air-water heat exchangers for the application of thermoelectric power plants. 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.Three manifoldmicrochannel heat exchangers with different interior designs
were fabricated by additive manufacturing and from stainless
steel. The heat exchangers were tested at different air flow
rates and different inlet water temperatures. One heat exchanger
was designed and fabricated based on an original design of the
manifold-microchannel heat exchanger. Two other heat exchangers were designed with some modifications compared to the original design. In one modified heat exchanger, cylindrical pin arrays were considered on air manifold walls in order to enhance
air disturbance, and thus, increase heat transfer between water
and air. The second modified heat exchanger contained same
pins and also had microchannels in the perpendicular orientation compared to the original design in the outlet manifolds. This
design modification was done in order to reduce air-side pressure drop in the heat exchanger. The heat transfer characteristics
along with air-side pressure drop were measured and compared
with the original design of the manifold-microchannel heat exchanger. Results indicated that the heat flow rate, convection
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heat transfer coefficient, and pressure drop did not significantly
change in modified heat exchangers. For air Reynolds number
between around 800 and 4,000, the heat flow rates obtained in
the original heat exchanger (type A) and for 50◦ C water inlet
temperature were between 63.9 and 228 W for the lowest and
the highest air flow rates, respectively. For the same inlet water
temperature, these heat flow rates were between 64.2 and 211 W
for the lowest and the highest air flow rates and in one of the
modified heat exchangers (type B), respectively. Similarly, while
the highest air-side pressure drop in the original heat exchanger
was 3458 Pa, this property was measured at 3525 (type B) and
3884 (type C) for the two modified heat exchangers.

NOMENCLATURE
A area [m2 ]
cp specific heat capacity [kJ/kg · K]
COP coefficient of performance [-]
f friction factor [-]
h convection heat transfer coefficient [W/m2 · K]
H height [m]
k conduction heat transfer coefficient [W/m · K]
L length, thickness [m]
ṁ mass flow rate [kg/s]
Nu Nusselt number [-]
P pressure [Pa]
Pr Prandtl number [-]
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Q heat flow rate [W]
Re Reynolds number [-]
T temperature [◦ C]
V velocity [m/s]
V̇ volumetric flow rate [m3 /s]
W width [m]
Greek Symbols
ρ density [kg/m3 ]
µ dynamic viscosity [N.s/m2 ]
Subscripts
am air manifold
b base
D diameter
fd fully developed
h hydraulic (diameter)
HX heat exchanger
mc microchannel
w water

nology has demonstrated great potential for improving materials
efficiency, reducing life-cycle impacts, and enabling greater engineering functionality compared to conventional manufacturing
[2].
Additive manufacturing also has been 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.

INTRODUCTION
The condensing system of the power cycle in majority of
thermoelectric power plants in the U.S. is based on water cooling. This cooling system in power plants corresponds to 41% of
fresh water withdrawal in the U.S. [1]. This significant amount of
fresh water withdrawal is costly and adds to the operational cost
of the power plant. In addition, this amount of fresh water withdrawal has negative impact on environment. 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 capacity of air compared to water, a larger cooling
facility will be required in air-cooled power plants. As a result,
only around 1% of the power plants in the U.S. have adopted
dry-cooling systems [1]. However, the air-cooled systems can be
more appealing to the market if their heat transfer characteristics
are enhanced. In addition to an enhanced heat transfer characteristic, the air-side pressure drop should also be reasonable to
avoid excess compressing power. All of these requirements can
be met 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]. This is because the additive manufacturing tech-

In this study, heat transfer characteristics of metallic airwater heat exchangers fabricated via additive manufacturing is
investigated. Three heat exchangers were fabricated based on
DMLS technology and from stainless steel in EOS M 290. The
overall dimensions of heat exchangers are 64.2 × 46.0 × 27.1
mm which were 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 exits the heat
exchanger from outlet manifolds on the other side. Each air inlet
manifold is blocked at the other side while adjacent manifolds
are open at the end side. 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. In this study the
three heat exchangers are referred to as type A, type B, and C.
Type A is the original heat exchanger design with no pins on air
manifold walls. Type B is similar to type A but includes cylindrical pins on air manifold walls. Type C is similar to type B but
has microchannels with different orientation. In outlet air manifolds of the heat exchanger type C, the microchannels are along
the direction of air.
The fabricated heat exchangers are shown in Figure 2. While
the overall dimensions are identical, the interior design is different between three heat exchangers. In this study, the heat transfer
characteristic of heat exchangers is investigated. This study will
be followed with a cost analysis study in future. Table 1 lists key
dimensions of heat exchangers investigated in this study.
2
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TABLE 1: HEAT EXCHANGER DIMENSIONS. SOME PROP-

ERTIES ARE SHOWN IN FIGURE 3d.
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microchannels
water channels
air outlet manifold
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MANIFOLD-

water channel width

2.60 mm

water channel height

1.10 mm

air manifold width (Wam )

6.42 mm

air manifold height (Ham )

11.24 mm

microchannel fin height (Hmc )

1.0 mm

microchannel width (Wmc )

0.48 mm

thickness of microchannel fins

0.48 mm

base thickness (L)

0.48 mm

number of water channel rows

4

number of water channel in

8

each row
HX overall height (HHX )

64.20 mm

HX overall width (WHX )

46.02 mm

HX overall depth (DHX )

27.16 mm

Thickness of the heat-

1.5 mm

exchanger body (THX )
Heat exchanger type A

no pin array (original)

Heat exchanger type B

with pin array

Heat exchanger type C

with pin array and modified
microchannel orientation

FIGURE 2: ADDITIVELY MANUFACTURED MANIFOLD-

tively. 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 combination of
thermocouples (type T) and RTDs were used to measure the temperature of air and water in inlet and outlet of the heat exchanger.
The four temperature measurements were water inlet temperature, water outlet temperature, air inlet temperature, and air outlet
temperature. The additively manufactured heat exchanger was
inserted in a housing which was also additively manufactured
from a photopolymer (RGD720) by Objet, Eden 500V. 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. Figure 3b shows; (1) heating bath circulator, (2) blower, (3) VFD, (4) rotameter, (5) pres-

MICROCHANNEL HEAT EXCHANGERS FROM STAINLESS STEEL

EXPERIMENTAL SETUP
The experimental setup is schematically shown in Figure
3a. 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, respec3
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sure transducer, (6) temperature DAQ board, (7) pressure DAQ
board, (8) water flow meter, and (9) the additively manufactured
heat exchanger. Figure 3d shows the 2D drawing of the heat exchangers. The pins on the air manifold are only considered in
heat exchanger types B and C. The purpose of considering these
pins was to enhance air disturbance in air manifolds. Each pin
is 2 mm in diameter and is 3 mm in length. Pins are in opposite
zigzag arrangement in opposite walls. Figure 3e shows the pins
on air manifold walls in the heat exchanger type B. Figure 3f is
a section of CAD model to show the pin arrangement in zigzag
pattern. Pins fins are designed in opposite configurations in each
two opposite air manifold walls. Figure 3g shows the orientation
of microchannels in the heat exchanger type C. The highlighted
microchannels in this figure are along the air flow direction in air
outlet manifolds. In order to facilitate air entrance from air inlet manifolds to air outlet manifolds the side microchannels were
designed to be shorter in height. The height of the microchannels
in type C were 0.5 mm for side microchannels, 0.75 mm for intermediate microchannels, and 1 mm for middle microchannels,
as shown in Figure 3g. The uncertainty in water flow rate, air
flow rate, temperature measurement, and pressure measurement
were 0.0078 `/s, 0.23 `/s, 0.05◦ C, and 25 Pa, respectively.

The base temperature can be calculated by performing a one dimensional heat transfer analysis based on water and air temperature.
Assuming water is equally distributed between 32 water channels in the heat exchanger, the water flow rate in each channel is
0.00147 `/s with an average velocity of 0.517 m/s. For turbulent
flow the Nusselt number can be obtained based on the correlation
proposed by Gnielinski [14]:

NuD =

f = (0.790 × ln(ReD ) − 1.64)−2

Qair
Abase |Tbase − Tair,in |

NuD
C
= 1+
NuD,fd
(x/D)m

(6)

where C = 23.99 × Re−0.23 , m = −2.08 × 10−6 × Re + 0.815,
and x is the length of the flow channel.
The obtained Nusselt number can be used to calculate water convection heat transfer coefficient, Nu = hw Dh /k. Finally, the base
temperature can be obtained by assuming a uniform heat flux
along each air manifold:

(1)

00

q =

Tbase − Tw
L
1
+
hw k

(7)

RESULTS
The heat flow rate for the three heat exchangers 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:

(2)

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

Abase = (WHX − 2THX ) × (DHX − 2THX )

(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]:

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
convection heat transfer coefficient (hb,air ) was obtained by:

hb,air =

(4)

where the friction factor, f, can be obtained by [15]:

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 convection heat transfer coefficient
hb,air , and air-side pressure drop, ∆Pair . The air-side convection
heat transfer coefficient was obtained by:

Qair = ṁair cp,air (Tair,out − Tair,in )

(f/8)(ReD − 1000) × Pr
1 + 12.7(f/8)1/2 (Pr2/3 − 1)

Reair =

(3)
4

ρair VDh
µair

(8)
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Variable frequency
drive (VFD)
T
ΔT

Rotameter
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T

Air discharged
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Blower
Air blown to the
heat exchanger (in
enclosure)

ΔP
T

P

DAQ

ΔP

Additively
manufactured
manifold-microchannel
heat exchanger

(a)
(b)

Wmc
L
Hmc

Fin
Water flow
direction

Air
manifold

water
flow
channels

Ham

3.62

HHX

3.83
12.00

Wam

4.00

3.83

THX

(c)

WHX

(d)

DHX

Air Side (version V3) ITherm

Water Side (version V3) ITherm

Air Side (version V3) ITherm

middle microchannel, 1 mm
intermediate microch., 0.75 mm
side microchannel, 0.5 mm

(e)

(f)

(g)

FIGURE 3: (a) SCHEMATIC OF EXPERIMENTAL SETUP, (b) PHOTO OF THE EXPERIMENTAL SETUP, (c) THE ADDITIVELY

MANUFACTURED HX IN A PHOTOPOLYMER HOUSING MANUFACTURED ADDITIVELY, (d) CAD MODEL OF THE HX, (e)
PHOTO OF THE FABRICATED HEAT EXCHANGER WITH PINS (TYPE B), (f) SECTION OF CAD MODEL OF PIN CONFIGURATION (TYPE B), (g) MICROCHANNELS ORIENTATION IN HEAT EXCHANGER TYPE C. DIMENSIONS ARE LISTED IN
TABLE 1.
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300
Qair [W]

250

2,000

Tw=50˚C, Type A
Tw=50˚C, Type B
Tw=50˚C, Type C
Tw=60˚C, Type A
Tw=60˚C, Type B
Tw=60˚C, Type C

hb, air [W/m2K]

350

200
150
100
50
0

1k

2k
3k
Reair [-]

4k

1,500

Tw,in=50˚C, Type A
Tw,in=50˚C, Type B
Tw,in=50˚C, Type C
Tw,in=60˚C, Type A
Tw,in=60˚C, Type B
Tw,in=60˚C, Type C

1,000
500
0
0

5k

1k

2k

3k

4k

5k

Reair [-]

FIGURE 4: COMPARISON OF AIR-SIDE HEAT FLOW RATE.

FIGURE 5: COMPARISON OF HEAT TRANSFER COEFFI-

CIENT.
where the hydraulic diameter, Dh , was obtained by:

Dh =

4Wmc Hmc
2Wmc + 2Hmc

this study was between around 280 and 3,891 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 clogged 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:

(9)

The general trend observed in this figure suggests that the airside heat flow rate increases with air Reynolds number. While the
calculated heat flow rates are almost identical for lower Reynolds
numbers, deviation between air-side heat flow rates for different
heat exchangers become more significant for the higher range
of air flow rate and for each inlet water temperature. For both
water inlet temperature tested in this study, the heat flow rate for
heat exchanger type C was the lowest compared to other two heat
exchangers. This may be due to the modified air microchannel
orientation but further studies should be conducted to confirm
this. The highest air-side heat flow rates obtained for 50 and
60◦ C water inlet temperatures were 228 and 306 W, respectively.
Figure 5 shows the air-side convection heat transfer coefficient
obtained for three heat exchangers. Similar to heat flow observation discussed in Figure 4, the air-side convection heat transfer
coefficient is almost identical for lower Reynolds number. However, some deviations can be observed for higher Reynolds numbers. The highest convection coefficient was calculated at 1777
W/m2 ·K for heat exchanger type B and for inlet water temperature of 60◦ C.
The air-side pressure drop through the heat exchanger is shown in
Figure 6. The pressure drop for the range of air flow rate tested in

COPair =

Qair
∆Pair V̇air

(10)

The air-side coefficient of performance for heat exchanger
type A was obtained to be between 4.6 and 109.7. This property
for heat exchanger type B was between 4.2 and 103.2 and for
heat exchanger type C was between 3.6 and 90.4.
Numerical Simulation
Model Setup A numerical model was built based on the
geometry of the heat exchanger shown in Figure 7. The middle
section of the heat exchanger is selected as the computational
domain (shown in figure below) due to the symmetry in the heat
exchanger design. Only the air manifold and the microchannels
are considered in the model. Heat generated from the water channels are applied as a constant heat flux boundary condition in the
model. The non-uniform temperature distribution will be taken
6
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4,000

ΔPair [Pa]

3,000

Tw=50˚C, Type A
Tw=50˚C, Type B
Tw=50˚C, Type C
Tw=60˚C, Type A
Tw=60˚C, Type B
Tw=60˚C, Type C

2,000
1,000
0
0

1k

2k
3k
Reair [-]

4k

5k
FIGURE 8:

STREAMLINES COLORED BY VELOCITY
MAGNITUDE

FIGURE 6: COMPARISON OF AIR-SIDE PRESSURE DROP.

direction and leads to mixing. Therefore, a Reynolds Averaged
Navier-Stokes equations (RANS) turbulence model Realizable
k-ε model is used to solve the flow field. Commercial Computational Fluid Dynamics (CFD) software ANSYS Fluent 18.1 is
used to solve the Navier Stokes Equation. SIMPLE numerical
scheme is used, with Standard numerical scheme for pressure interpolation. QUICK scheme is used for momentum and energy
discretization, and second order upwind is used for turbulent kinetic energy and dissipation rate discretization. Preliminary results from the model are presented and discussed.
The flow field obtained from the model is shown in Figure 8. Air
enters the three individual manifolds as relatively uniform speed,
and starts to change direction and flow through the microchannel
and towards the outlet. The flow is not symmetrical along the
vertical center as flow from inlet 2 and 3 is distributed towards
two adjacent outlet manifolds, whereas flow from inlet 1 can only
go towards one outlet manifold. Higher flow rate from inlet 1
through the microchannels also leads to the highest local velocity
at 78.78m/s. It is worth pointing out that the streamline in Figure
8 shows a noticeable swirling pattern in the outlet manifolds.
The in-plane velocity vector plotted in Figure 9a shows that the
flow generates clockwise rotating transverse vortices in the outlet manifolds. A negative pressure zone is formed in the middle
of the outlet manifolds due to the transverse vortices shown in
Figure 9a. A cross section along the streamwise direction at the
outlet adjacent to inlet 1 is shown in Figure 9b. The slice is taken
at the outlet manifold next to inlet 1. It shows that the negative
pressure zone at the center expands as it gets closer to the exit.
While vortices and flow destabilization enhances heat transfer in
a lot of cases, transverse vortices could lead to local flow recir-

FIGURE 7: COMPUTATIONAL DOMAIN AND BOUNDARY

CONDITIONS

in to consideration in future study by adding the liquid channels
on the bottom of the microchannel in the model. Three inlets
are labeled in Figure 7 and will be referred to accordingly in this
section.
The boundary conditions of the model are based on the measurements obtained from the experiments presented in the previous
section. The inlet velocity is set at 16.35 m/s, which is based on
the highest air flow rate considered in this study (Re=∼4,270).
The outlet is set as pressure outlet. A heat flux of 1,240.1 W/m2
is applied at the bottom of the microchannels. The inlet temperature of the manifold is set at 33.4◦ C. Due to the design of the
heat exchanger, the flow from the inlet manifolds enters the outlet
manifolds through multiple microchannels, which alters the flow
7
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(a)

(b)

(c)

FIGURE 9: (a) VELOCITY VECTOR AT X=12.2 mm, (B) PRESSURE CONTOUR AT X = 12.2 mm, (C) VELOCITY VECTORS IN

THE LONGITUDINAL DIRECTION IN THE OUTLET MANIFOLD (Z = 32.8 mm)
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 convection heat transfer coefficient, hb,air , airside 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. This study showed that
additive manufacturing technology can be utilized to fabricate
metallic heat exchangers with complex interior designs. However, it was observed that adding pins on air manifolds and/or
modifying the microchannel orientation do not impact the heat

culation and reverse flow. The flow pattern shown in the model
presents an opportunity for further design modification to improve the performance of the current heat exchanger.

CONCLUSION
The heat transfer characteristic of additively manufactured manifold-microchannel heat exchangers was experimentally evaluated. The heat exchangers were 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
8
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transfer and pressure drop properties significantly. For instance,
it was observed that heat transfer characteristics between heat exchangers types B and C were almost identical. Similarly, rotating
the air microchannels along the direction of air flow in manifolds
did not improve the air-side pressure drop in heat exchanger type
C. This study is still undergoing by testing heat transfer characteristics for a wider range of air and water flow rates.
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