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Abstract—Additive manufacturing can be used to fabricate
components with complex flow channels for a variety of applica-
tions. Examples includes minichannels through with fluids flows
for heat transfer applications. However, an efficient design of
such systems requires a deep understanding of the thermal and
hydrodynamic performance on channel surfaces. Of particular
interests are cross section configuration and surface roughness
of additively manufactured metallic flow channels. In this study,
hydrodynamic performance of minichannels is evaluated by
measuring pressure drop across the channel as air is supplied
at designated flow rates. The gas pressure drop is measured
across the channel and the friction factor is obtained as a
function of the Reynolds number. Experiments were conducted
for flow channels with different cross sectional geometries while
they were designed with equal cross-sectional area. The friction
factor obtained for all flow channels were greater than the
laminar flow theory for smooth channels which indicates an
elevated surface roughness feature across the channel. Among
the channels tested, the rectangular flow channel with an aspect
ratio of 3:1 resulted in highest friction factor values. In addition
to pressure drop measurements, micrographs of channels were
taken and qualitatively compared with their original CAD design.
The comparison revealed that the fabricated flow channels were
smaller than their CAD design. For the square flow channel, the
deviation between the manufactured flow channel profile and the
CAD model was quantitatively compared. Results indicated that
the average deviation for this coupons was less than 100 µm.

Index Terms—additive manufacturing, flow channel, minichan-
nel

I. INTRODUCTION

Additive manufacturing (AM) is a powerful fabrication
method that recently has been adopted in a variety of applica-
tions such as medical, automotive, aerospace, and construction
[1]–[3]. One of the reasons that the AM technology has
received numerous attention is its capability to fabricated
complex geometries that are either challenging or impossible
to fabricate based on conventional techniques. Over the last
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decade, the AM technology has developed significantly mainly
due to their potential to revolutionize fabrication techniques.
However, there are some challenges in this manufacturing
technology that should be properly addressed for a successful
outcome. One of the challenges with AM technologies that
utilize metal powder is the extra surface roughness features on
the final product. Such roughness features become particularly
undesired in flow channels through which fluids flow or
surfaces with external flows. This is because such roughness
features can alter the hydrodynamic of the flow and/or cause
an extra pressure loss in the fluid flow. The latter can be
translated into extra power input in pumps, blowers, fans, and
compressors which is not desired. Minichannels that are used
for cooling high heat flux applications such as electronics or
high temperature applications such as gas turbine airfoils are
some examples where the AM technology has been imple-
mented. In such cases, the surface roughness issue should be
properly addressed for an efficient operation of the channel.
Some studies have investigated the topic of surface roughness
in additively manufactured minichannels [4]–[12]. In an early
study, Stimpson et al. [4] measured air pressure drop through
coupons manufactured by direct metal laser sintering (DMLS).
The coupons contained multiple flow channels with design
hydraulic diameter between 635 and 1261 µm. Based on air
flow pressure drop through coupons, they reported significant
augmentation of friction factor in AM coupons compared to
smooth channels. Stimpson et al. [13] also investigated effects
of build direction on the surface roughness of AM coupons
by employing computed X-ray tomography (CT) scanning,
scanning white light interferometer, and scanning electron
microscopy. They reported larger surface roughness values
for downward facing coupons compared to upward-facing and
vertically-built coupons.
Collins et al. [14], [15] utilized DMLS additive manufacturing
technology to fabricate straight and manifold-microchannel
heat sinks with a hydraulic diameter of 500 µm and from



an aluminum alloy (AlSi10Mg). They characterized thermal
and hydraulic performance of heat sinks by testing them with
water as the working fluid and with mass fluxes between 500
and 2000 kg/m2s. They reported an exterior surface roughness
(Ra) around 20 µm based on interferometry measurements.
For interior surfaces, higher surface roughnesses were reported
due to “burn” which was defined as partial sintering of loose
powder to nearby solid features that can be exacerbated by
heat build-up within the part during fabrication.
Stimpson et al. [5] studied the discharge coefficient through
the holes which were considered for film cooling in gas turbine
engines. They reported higher pressure drop in AM holes com-
pared to EMD fabricated holes (i.e. smooth holes) with little
or no increase in heat transfer performance. Saltzman et al.
[16] Fabricated plate-fin air-liquid cross-flow heat exchangers
from AlSi10Mg via laser-based powder bed fusion. The heat
exchangers were designed for the application of aircraft oil
cooler. Authors reported higher pressure drop values in AM
heat exchangers compared to the one that was manufactured
based on conventional methods. The higher-pressure drop was
attributed to the roughness features in flow channels of the AM
heat exchanger. More literature is reviewed and summarized by
Niknam et al. [17] on the topic of surface roughness in AM
flow channels, heat exchangers, and heat sinks. In addition
to thermal management applications, the AM technology can
be used in other applications to fabricate flow channels. The
flow fields in proton exchange membrane (PEM) fuel cells,
for instance, can be fabricated by AM.
In the current study, the hydrodynamic performance of AM
minichannels is investigated with an experimental approach.
Kandlikar and Grande [18] defined minichannels as channels
that have hydraulic diameters between 200 µm and 3 mm.
The channels tested in this study had hydraulic diameters
within this range. However, they had different flow channel
geometries as discussed in the next section. The objective of
this study is to qualitatively and quantitatively characterize
the friction factor in AM flow channels with different cross-
sectional geometries.

II. EXPERIMENTAL SETUP

Fig. 1 shows the schematic of the experimental setup
used in this study. In this setup, air was supplied into the
flow channel from a pressurized gas bottle while a pressure
transducer measured the pressure drop for different gas flow
rates. Two different pressure transducers were used in this
study, depending on the gas flow rate. One pressure transducer
had an operating pressure range up to 2500 Pa (Omega,
PX409-10WDDU5V) and the other pressure transducer had
an operating pressure range up to 7000 Pa (Omega, PX409-
001DWU5V). The flow control valve was used to modulate
the flow at different flow rates and a gas flow meter (Omega,
FLR 1003-D) was used to measure the air flow rate. The
flow meter had an operating range between 100 and 500
ml/min. The instruments were communicating with a data
acquisition system through a LabView program. Experiments
were conducted at atmospheric pressure and room temperature.
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Fig. 1. Schematic of the experimental setup used in this study. The flow
channel shown is not to scale.

In addition to pressure drop measurement, micrographs from
the cross-section of the channels were taken with a DSLR cam-
era (Canon T4i) mounted on a microscope (Nikon SMZ645).
Images of the fabricated channel profile were compared with
the CAD model.
Fig. 2a shows a part of the additively manufactured coupons
tested in this study. Coupons were fabricated based on selected
laser melting using 316 stainless steel alloy with Renishaw
AM400 Each coupon had cross-section dimensions around 8.3
mm × 8.3 mm and contained one flow channel. There were
three openings on the top of the channel in each coupon.
One of the openings was used to supply air and the other
two openings were connected to the pressure transducer to
measure the pressure drop. The channels were blocked in the
upstream (air supply side) but they were open to atmosphere
at the end of the coupon. The distance between the air supply
port and the high-pressure tap (i.e. the port in the middle) was
12 cm and the distance between the two pressure taps was
10 cm. The relatively long distance between the air supply
and the high-pressure tap was to make sure the pressure
measurements were done in the fully developed region. Fig. 2b
shows the cross section of the coupons used in this study. The
cross section geometries tested were square, rectangular with
two different aspect ratios, triangular, circle, and half-circle.
For the square cross section, three different configurations
were considered. For the half-circle design, two different
orientations were considered. In one orientation, the curvature
of the channel was toward the top side of the coupon and
in the other orientation, the curvature was toward the bottom
side of the coupon. In this study, the former is referred to as
the half-circle upward and the latter is referred to as the half-
circle downward coupon. Table I summarizes the geometries
of the flow channels used in this study. In this table, the
area, perimeter, and the diameter of the channels are listed
based on their CAD design. For the non-circular channels,
the hydraulic diameter values (Dh = 4 × area/perimeter) are
listed in this table. All channels were designed to have 1 mm2

cross-sectional area. For the square design, two exposed flow



channels were manufactured as shown in this figure (channels
5 and 6). The exposed flow channels are shown in Fig. 2c. The
wall thickness in one exposed channel was 0.3 mm (referred
to as “thin” in Table I) and the wall thickness in the other
exposed channel was 0.8 mm (referred to as “thick” in Table
I.) However, the exposure in these two channels were from
the three sides of top, right, and left and the thickness of the
base was 2.4 mm (see Fig. 2c). During the design phase, only
one flow channel was considered in each coupon. This was
done in order to (i) be able to evaluate the interior surface of
the channel by a CT scanner (in future) and (ii) minimize the
effects of “burn” on flow channel by keeping the coupon size
as small as possible.
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Fig. 2. a) coupons used in this study next to a US quarter coin and a ruler. b)
cross section of flow channels in coupons, and c) two exposed flow channels
(channels 5 and 6 in figure b).

III. RESULTS AND DISCUSSION

A. Flow channel micrographs

Fig. 3 shows micrographs taken from the channels. The
micrographs shown in this figure are based on the same order

TABLE I
GEOMETRIES OF THE COUPONS USED IN THIS STUDY. FOR

NON-CIRCULAR FLOW CHANNELS, THE HYDRAULIC DIAMETERS ARE
LISTED IN THE “DIAMETER” COLUMN.

coupon shape area perimeter diameter
number [mm2] [mm] [mm]

1 square 1 4.00 1.00
2 rectangle (2:1) 1 4.29 0.93
3 rectangle (3:1) 1 4.62 0.86
4 triangle 1 4.55 0.87
5 square (exposed, thin) 1 4.00 1
6 square (exposed, thick) 1 4.00 1.00
7 circle 1 3.57 1.00
8 half-circle, upward 1 4.07 0.98
9 half-circle, downward 1 4.07 0.98

of geometries shown in Fig. 2b. During imaging the channel
under the microscope, in order to be able to focus on the edge
of the channel and minimize the depth of filed, a thin layer of
dyed water (in blue) was deposited on the surface. However,
for the square coupon (top left), the surface of the coupon
was milled and the dyed water technique was not used. For
each channel, the yellow geometry represents the CAD design
and the red profile highlights the profile of the manufactured
channel. The micrographs were taken from the end side of the
coupons where the flow channels were open to atmosphere.

A1S1 Milled

A1T1

1 mm

yellow: CAD design
red: Manufactured profile
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Fig. 3. Flow channel micrographs

The figure clearly shows deviations between the manufac-
tured channel and the original CAD design. The figure sug-
gests that in most cases, the fabricated channel has an opening
smaller than the original CAD model. In some micrographs,
the surface inside the channel (background) is also visible
in the image but those regions were not included in the red
profile. For instance, an interior part of the channel in the
triangular channel is observed in its left corner but because
that region was not in the surface of the channel, it was
not included in the red profile. Interior regions were shown
blurry in the micrographs which were translated as part of



the channel at a different depth of field. For the two exposed
channels, micrographs do not suggest any clear impact of
the side wall thickness on the surface roughness. However,
these micrographs were taken from one location of the coupon
and do not reveal any information about the morphology of
the channel surface across the channel. Further analysis is
required to characterize the impact of the layer thickness
on the surface roughness across the channel. A qualitative
comparison between the two half-circle channels shows that
channel 9 (downward) is slightly closer to the original CAD
design compared to channel 8. However, the right corner in
both channels is deviated from the CAD model.

The square channel (top left) was further analyzed by
quantitatively comparing the two profiles. This is done by
obtaining the deviation of the manufactured profile from the
CAD design at different nodes, as shown in Fig. 4. In this
figures, a mesh of nodes is added on the two profiles. The
distance between each two adjacent nodes is 0.05 mm (50
µm). In this study, the deviation is defined as the distance
between the manufactured profile to the CAD design. This
deviation is shown for Node 5 on Fig. 4 as an example. The
area of the manufactured profile in this figure (red profile) is
around 0.73 mm2 which is over 25% smaller than the CAD
design. Fig. 4 shows that the top-right corner has the highest
deviation while the left side of the channel is close to the CAD
design.
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Fig. 4. Nodes defined to obtain the deviation of the manufactured profile
from the CAD design. The red profile is the AM channel profile and the blue
square is the original CAD design.

Fig. 5 shows the deviations discussed in Fig. 4 based on the
node number. It can be observed that most deviation values
are less than 100 µm. The large deviation for node 20 is due
to the fact that the top-right corner of the flow channel is
far away from the corner of the CAD model. Similarly, the
large deviation for node 40 is due to the fact that the channel
profile in the lower-right corner slightly misses the node line
and reaches the line towards the left of the coupon, around
node 56. The average deviation shown in this figure is 76

µm by ignoring the two high deviations for nodes 20 and 40.
By including those two nodes, the average deviation from the
CAD design is 94 µm. The analysis done in this figure only
corresponds to one stream-wise coordinate. Further analysis
is required to properly characterize surface roughness across
the channel. This can be done by CT scanner. However, this
method requires having access to advanced facilities and was
not the scope of this study. In next section, an alternative
approach is taken to characterize roughness features across
the channel.
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Fig. 5. Deviations between the manufacture profile and the CAD model for
the square channel (channel 1 in Fig. 2b.)

B. Hydraulic performance

The micrographs discussed in the previous section only eval-
uated the surface finishes at one stream-wise coordinate. The
hydraulic analysis, on the other hand, reveals information
about the roughness features across the channels. The hy-
draulic performance of flow channels with different geometries
was evaluated by measuring the pressure drop at different air
flow rates. Therefore, the pressure drop represents the average
of roughness features along the channel. The experimentally
obtained pressure drop was used to obtain the friction factor,
f

f = ∆P
Dh

L

2

ρV2
(1)

where ∆P, Dh, L, ρ, and V are the pressure drop, the hydraulic
diameter, the length of the pressure drop measurement, the
density of the fluid (air in this case), and the superficial
velocity of the gas in the channel. The superficial velocity is
defined as the bulk velocity of the gas inside the channel which
is obtained by V=Q/A where Q and A are the volumetric flow
rate and the cross-sectional area of the channel, respectively.
Fig. 6 shows the variation of the friction factor based on
the Reynolds number. For non-circular flow channels, the



Reynolds number was obtained based on the hydraulic diame-
ter, Re = ρVDh/µ. The friction factor from the laminar flow
theory for smooth channel walls (64/Re) is also included in
this figure for the sake of comparison.
It can be observed from Fig. 6 that the friction factor values
are significantly higher than the laminar flow values in smooth
channels (64/Re). The figure shows that the highest friction
factor values belong to the rectangle flow channel with the
large aspect ratio (3:1). This can be justified by the largest
wetted perimeter that this flow channel has according to Table
I. The largest wetted perimeter for this coupon maximized
the contact surface between the gas flow and the channel
wall. Following the rectangle 3:1 flow channel, the next two
largest friction factor values belong to the exposed thin and
the rectangle 2:1 flow channels. Both flow channels seem
to demonstrate identical friction factor values at different
Reynolds numbers. The four flow channels with triangular,
circular, exposed thick, and square geometries also show
identical friction factor values in Fig. 6. Except for the triangle
flow channel, the other three geometries share an equal wetted
perimeter, and thus an equal hydraulic diameter. Fig. 6 shows
the lowest friction factor values belong to the two half-
circle flow channels. However, even for these two channels,
the friction factor values are greater than the friction factor
values for smooth channels (64/Re). Snyder et al. [7] reported
roughness-induced early transition from the laminar flow to
the turbulent at Reynolds number between 900 and 2000. In
their study, the transition of the flow regime was identified
by a jump in friction factor values. The decreasing trend
of the friction factor values shown in Fig. 6 suggests that
all experiments were conducted in laminar flow regime and
transition to turbulent flow regime did not occur. Authors are
currently conducting experiments at higher gas flow rates (and
thus, larger Reynolds numbers) and results will be published
in future communications.
The channels used in this study had a cross-sectional area of 1
mm2 with hydraulic diameters equal or close to 1 mm. These
dimensions are typical size of flow channels used in PEM fuel
cell which are the subject of gas single-phase and liquid-gas
two-phase flows [19]–[23]. In addition to single-phase studies
conducted in the present work, effects of roughness features
on liquid-gas two-phase flow should also be investigated in
future studies. This is because roughness features can serve
as pinning cites for liquid water slugs which may ultimately
alter the two-phase flow pattern [24].

IV. CONCLUSION

In this study, the surface roughness of some additively manu-
facture flow channels were evaluated by qualitatively compar-
ing micrographs to original CAD designs as well as measuring
the gas pressure drop at different flow rates. The following
conclusions can be drawn from this study;

1) The qualitative comparison between the manufactured
flow channel profile and the original CAD design re-
vealed deviations between the manufactured and the
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Fig. 6. Values of friction factor based on the gas Reynolds number.

original designs. In most cases, the manufactured chan-
nels were smaller than their original CAD designs.

2) A quantitative analysis on the square flow channel
showed that the deviation between the manufactured
profile and the CAD design is less than 100 µm in most
nodes. The average deviation between these two sets was
94 µm. However, this average deviation was obtained
by considering around 20 nodes on each side of the
channel and also only in one stream-wise coordinate.
Further analysis is required to learn more about the
surface roughness features along the channel. This can
be done by computed X-ray tomography (CT) scanner
across the channel.

3) The hydraulic performance of flow channels were tested
by measuring pressure drop at different flow rates. Re-
sults indicated significantly higher friction factor values



in AM flow channels compared to the laminar flow
theory in smooth channels. The highest friction factor
values were obtained for the rectangular flow channel
with the large aspect ratio 3:1. The lowest friction factor
values belonged to the half-circle flow channels.
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