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Heat Transfer and Pressure
Loss of Additively Manufactured
Internal Cooling Channels

With Various Shapes

Additive manufacturing (AM) provides the ability to fabricate highly customized internal
cooling passages that are relevant to gas turbine components. This experimental study
examines the pressure loss and heat transfer performance of a range of fundamental
channel shapes that were produced using direct metal laser sintering. Circular, hexagonal,
pentagonal, elliptical, diamond, square, rectangular, trapezoidal, and triangular channel
cross sections were investigated. To maintain the same convective surface area between
shapes, the wetted perimeters of the channel cross sections were kept constant. Parallel
computational fluid dynamic simulations were performed to understand the relationships
in cooling performance between several channel shapes. Several characteristic length
scales were evaluated to scale the pressure loss and heat transfer measurements. Among
the channel shapes investigated, the diamond channel showed the lowest Nusselt number
and friction factor. The pentagon exhibited a similar Nusselt number as the circular
channel despite having a lower friction factor. There was no difference in scaling the fric-
tion factor or Nusselt number results of the different channel shapes between using the
square root of cross-sectional area compared to hydraulic diameter as the characteristic
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Introduction

As additive manufacturing (AM) becomes more common in the
fabrication of gas turbine components, engineers will begin to
better use the added design freedom to construct more complex
and higher performing cooling schemes as compared to those that
are traditional investment casted. Prior internal cooling research
has looked into the cooling performance of additively made
lattice structures [1,2], wavy channels [3], and rectangular/circular
[4—6] cross-sectional channels. A broader focus on the impact of
simplistic polygonal-shaped channels on heat transfer and pressure
losses has not been thoroughly investigated. The ability to predict
the pressure loss and heat transfer of different channel shapes accu-
rately is important for a range of applications. The channel shape
can impact the secondary flows resulting in differences in pressure
loss and heat transfer. Several researchers [7-10] have investigated
a variety of channels with different cross sections and saw that using
length scales other than hydraulic diameter better scaled cooling
performance. The objective of this study is to make use of the addi-
tive process to manufacture various channel shapes to determine
how the resulting heat transfer and pressure losses are impacted
as well as how to best scale the results.

Literature Review

Multiple studies have evaluated the pressure loss and heat trans-
fer of various internal channel shapes [7-9,11-13]. As reported by
Kays and Crawford [14], hydraulic diameter is predominantly used
as a characteristic length to adequately scale the pressure loss of
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different channel cross-sections. However, several studies
[7,13,15] have found discrepancies when using hydraulic diameter
to scale pressure loss for hydraulically smooth cross-sectional
shapes. Most notably, Duan et al. [7] showed that when using
hydraulic diameter as the length scale for friction factor and Rey-
nolds number, a triangular cross section can have up to a 30%
lower friction factor compared to a circular cross section, thereby
indicating that the hydraulic diameter may not be accurately
scaling the data. In addition, Jones [15] found that for different
aspect ratio rectangular channels the friction factor can be up to
37% higher or 23% lower than a circular channel. These studies
emphasize the struggle that hydraulic diameter has as a characteris-
tic length to adequality scale the pressure loss of different channel
cross sections. Consequently, Duan et al. [7] showed that using
other length scales, such as the square root of cross-sectional area
reduces the scatter in friction factor for various channel shapes com-
pared to hydraulic diameter.

Despite the fewer number of experimental heat transfer measure-
ments relative to pressure loss, studies such as Duan [16] and Leung
et al. [13] showed that there can be a range of Nusselt numbers
between different channel shapes when using hydraulic diameter
as the characteristic length scale. In particular, Leung et al. [17]
found that Nusselt number for range of apex angles of triangular
ducts can be as much as 29% lower than the Dittus—Boelter
Nusselt number correlation. The numerical results from Wang
et al. [10] show that the Nusselt number calculated using hydraulic
diameter of an equilateral triangle can be 28% different from predic-
tions using traditional Nusselt number correlations developed for
circular channels. Similar to the scaling of friction factor, Duan
[16] found that using the square root of cross-sectional area
scaled Nusselt number for a range of channel shapes better than
that of hydraulic diameter. However, due to the lack of available
noncircular turbulent heat transfer data, the heat transfer results
from Duan [16] were generated using the Colburn analogy and
not experimental data.
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Table 1 Geometric specifications for coupons sharing a constant perimeter (Pyes =4.79 mm)

D, h,act @ Ac,a('r Sdes Ra
Coupon Name D, h,act (,um) Ac,uct (/sz) . 107 Dh,des Pdes Ac,des Dh,dcs Dh,acl Geometry aspect ratios (,um)
Circle 1590 1.81 1.04 1.06 1.10 1.43 0.0074 a=D, @
Hexagon 1497 1.68 1.08 1.04 1.13 1.57 0.0037 a=797.96 Ola
Pentagon 1428 1.60 1.08 1.04 1.13 1.66 0.0048 a=957.56 @
a
Ellipse 1340 1.51 1.05 1.05 1.09 1.66 0.0049 alb=2 @i[a
‘\b’
Diamond 1314 1.46 1.10 1.03 1.13 1.84 0.0037 alb=1
Square 1283 1.50 1.07 1.09 1.17 1.80 0.0133 alb=1 a|lb
k.
Rectangle 1200 1.34 1.13 1.04 1.17 1.99 0.0060 alb=2 ﬁ b
3 v
Trapezoid 1145 1.32 L11 1.07 1.19 2.16 0.0148 alb=0.38 e
Triangle 1047 1.19 1.14 1.05 1.20 2.38 0.0114 © =060 deg

The previous studies mentioned for both pressure loss and heat
transfer mainly evaluated a select few of channel shapes such as
trapezoidal, rectangular, and triangular cross sections. The limited
amount of noncircular channel shape measurements of pressure
loss and heat transfer are possibly a result of limited manufacturabil-
ity. In contrast, AM provides for the fabrication of channel shapes
that were not available in the previous studies. A significant portion
of AM channel literature that has fabricated different channel
shapes focuses more on channel deformation [18-21] rather than
pressure losses or convective heat transfer. A comprehensive
review from Thole et al. [22] provides an overview of cooling per-
formance of additively made channels. The portion of available AM
cooling performance datasets includes a small range of channel
shapes such square, rectangular, and circular cross sections com-
pared to the shapes that have been evaluated in non-AM studies.
Subsequently, there is limited knowledge about the scalability of
pressure loss or heat transfer using characteristic length scales
other than hydraulic diameter.

This study aims to provide additional experimental pressure loss
and heat transfer measurements for a range of different channel
shapes that have not been evaluated in the literature. Additionally,
this paper addresses the scaling of friction factor and Nusselt
number results with a characteristic length scale other than hydrau-
lic diameter for polygonal-shaped channels. Numerical simulations
were performed on select channel shapes to provide a further under-
standing of the heat transfer performance between channel cross
sections.

Description of Test Coupons

To assess the impact channel shape has on the pressure loss and
convective heat transfer, a variety of straight channel shapes were
fabricated using direct metal laser sintering (DMLS). Nine
channel shapes were selected for evaluation and are specified in
Table 1. The nine channel shapes were designed to maintain the
same cross-sectional perimeter and coupon length to guarantee
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the same convective heat transfer surface area. The design perimeter
for each channel was chosen to match a circular diameter of 1.5 mm
giving a perimeter of 4.8 mm.

As seen in Fig. 1, each test coupon was designed to have nine
channels. The channel pitch spacing (S), as seen in Fig. 1, was con-
trolled such that the fin efficiency between channels was greater
than 95% to fulfill the constant surface temperature boundary con-
dition during heat transfer measurements. The length-to-hydraulic
diameter ratios of the channels were between 33 <L/D;, <54,
which meets fully developed conditions.

The channels were fabricated using a 90-deg build direction
where the streamwise axis of the channel is perpendicular to the
surface of the build plate to give the least amount of deformation
from their design intent. There were no supports placed inside the
channels. Additionally, the channel pitch was designed to limit
channel deformation attributed to the proximity of nearby channels.
The coupons were fabricated using an EOS-M280 powder bed
fusion machine in Inconel 718 (IN718) with a 40-um layer size.
The recycled powder, supplied by EOS, was sieved through a
filter to a nominal 40-um powder size before use. To lower the
chance of particle drag caused by a damaged recoater blade

Fig. 1 Schematic of coupon dimensions used for experimental
testing
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Table 2 Processing parameters for AM coupons

Parameter Value

Material Inconel 718

Layer thickness 0.04 mm

Material setting IN718 040 211 Performance
Material scaling X 0.12%

Material scaling Y 0.12%

Beam offset 0.12 mm

impacting the coupons, the coupons were angled 3 deg between
their streamwise channel axis and the recoater blade direction as
recommended by EOS [23]. Coupons were grouped to limit differ-
ences in surface roughness caused by the build location on a sub-
strate as seen in literature [4,24]. To maintain consistency with
past literature [4—6], all coupons used the recommended EOS pro-
cessing parameters, outlined in Table 2, for a 40-um layer size in
IN718 with wall contouring. The calibration parameters in
Table 2 were carried out using the manufacture procedures [23].
Loose powder was removed from the internal channels and supports
prior to heat treatment. The coupons were solution annealed while
attached to the substrate to remove residual stress as recommended
by standard EOS heat treatment procedures for Inconel 718 [23].
After heat treatment, a wire electrical discharge machine removed
the coupons off the substrate and remove supports.

Characterization of Channel Shapes

Characterizing the as-built quality and resolving the internal
surface morphology are important in evaluating impacts on pressure
loss and heat transfer. The coupons were nondestructively evaluated
using a computed X-ray tomography (CT scan) method to measure
as-built geometries and surface roughness of the channels. To
resolve the entire internal surface of all the channels, all coupons
were CT scanned at a 35-um spatial resolution (voxel size). A com-
mercial software [25] was used to capture the internal surface
through selectively filtering gray-scale values obtained from the
volumetric CT scan measurements. Through interpolation, the
same software is able to resolve one-tenth of the original voxel
size [26].

Channel cross-sectional areas, perimeters, and hydraulic diame-
ters were calculated using an in-house code to analyze 1200 cross-
sectional CT image slices taken along the streamwise axis of the
coupon. Pixels in each free space were summed to calculate cross-
sectional area while the number of pixels along the border of a
channel slice was recorded as the perimeter. Each perimeter and
cross-sectional area were averaged to determine a mean hydraulic
diameter. Regardless of channel shape, the channel cross-sectional
area deviated more from the design intent compared to the perimeter
as seen in Table 1. The cross-sectional area, perimeter, and hydrau-
lic diameter are larger than the design intent for all the channel
shapes. This result is similar to previous circular channel literature
in the same build direction [4,6].

Even though each channel shape has larger dimensions for the
as-built geometry than the design intent, the variation in geometric
parameters is different between the channel shapes as seen in Fig. 2.
A histogram for each of the CT slices showing the distribution of
hydraulic diameter is shown in Fig. 2 as compared with the
design intent (vertical lines). Clearly seen in Fig. 2, the as-built dia-
meter is larger than the design intent for all channel shapes. The
square, trapezoid, and triangle contain a wider distribution of
hydraulic diameter compared to the ellipse, circle, and diamond
indicating different channel shapes not only deviate from design
intent but also contain variations in their geometric dimensions.

The standard deviations of each channel geometry are shown in
Figs. 3(a)-3(c). Distinct channel shapes exhibit wider distributions
in geometric dimensions as seen in the 3¢ deviations of perimeter,
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Fig. 2 Distribution of hydraulic diameter along with design
intent calculated from CT scans of the different channel shapes

cross-sectional area, and hydraulic diameter. As seen in Fig. 3(a),
the square and trapezoid have the largest variation in hydraulic dia-
meter while the ellipse, diamond, and hexagon contain the smallest
variation. There is more variation in perimeter between the different
channel shapes as compared to cross-sectional area. As observed in
Figs. 3(b) and 3(c), there is a 140% difference between the highest
and lowest 3o deviation of perimeter while there is a 53% difference
between the highest and lowest 3¢ deviation of cross-sectional area.
The trapezoid, square, and triangle exhibit the largest variation
while the ellipse, diamond, hexagon, and circle show the least
amount of variation across all geometric dimensions as seen in
Figs. 3(a)-3(¢).

The square and diamond channels share the same design intent
geometric dimensions with the only difference being the streamwise
rotation of the channel. The range of hydraulic diameters is wider
for the square as compared to the diamond seen in Fig. 3(a).
Channel cross-sectional slices in Figs. 4(e) and 4(f) show that the
square contains more surface deformations relative to the
diamond which confirms the variations in hydraulic diameter exhib-
ited in Fig. 3(a).

Also shown in Figs. 4(a)—4(i) are channel cross sections at differ-
ent axial distances along the streamwise length of the coupon. Cen-
troids at each axial slice, Figs. 4(a)—4(i), indicate the circle, ellipse,
and diamond display the least amount of difference between cen-
troids compared to the square, rectangle, trapezoid, and triangle.
The wider spread of centroids of the square, trapezoid, and triangle
shapes, seen in Figs. 4(f), 4(h) and 4(i), is consistent with those
same shapes exhibiting larger variations in hydraulic diameter com-
pared to the ellipse, diamond, and circle as shown in Fig. 3(a).

Accompanied in Figs. 4(a)—4(i) is a 12, 3, 6, and 9 o’clock
compass which is used to indicate the specific surface orientation
within a channel cross section. As seen in Figs. 4(a)—4(i) slices, sur-
faces that are at the 12 o’clock and 6 o’clock (horizontal) orientation
exhibit sizable surface deformations compared to any other surface
orientations. This effect is visibly seen in the slices of the square and
diamond, where the square’s 12 and 6 o’clock surfaces contain more
noticeable surface deformations compared to the diamond surfaces
even though both shapes share the same design intent geometry.

Quantitatively when examining the square shape, minimal
surface deformations occur at the 3 and 9 o’clock orientation
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Fig.3 3o Deviations of (a) hydraulic diameter, (b) perimeter, and
(c) cross-sectional area of the different channel shapes

relative to the larger surface deformations seen at the 12 and 6
o’clock surfaces. The reason for these differences in surface rough-
ness has been found by Wildgoose et al. [27] to be a factor of wall
thickness and build location.

Roughness Quantities

Surface roughness, specifically the arithmetic mean roughness
(Ra), further characterizes the channel surface. The arithmetic
mean roughness provides the average surface deviation from a ref-
erence as described in Eq. (1)

1 n
Ra==3 Zus = 2o M
i=1

All channel shapes, except for the circle and ellipse due to their
inherent surface curvature, used a plane that was fitted to each
surface using a Gaussian distribution in order to serve as the refer-
ence value, z,., When calculating the arithmetic mean roughness
measurements. The average difference between the plane and the
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channel surface was recorded as the arithmetic mean roughness.
An ellipsoid was fitted using a linear least square regression
method to each axial slice to serve as a reference line for the
circle and ellipse. This follows a similar procedure outlined in the
study by Wildgoose et al. [6] and Klingaa et al. [28].

As shown in Fig. 5, the arithmetic mean roughness value for the
circular channel is consistent with size and magnitude of previous
AM circular channel literature [6,18,28,29] despite being larger in
hydraulic diameter. In Fig. 5 channel surfaces are color coded to
the individual bars. The arithmetic mean roughness is higher on
the 12 and 6 o’clock surfaces compared to all other surface orienta-
tions. Nearly all surfaces that are not at the 6 or 12 o’clock orienta-
tion contain the same arithmetic mean roughness value.

The 3 and 9 o’clock channel surfaces of the hexagon, square, and
rectangular shapes share a similar arithmetic mean roughness.
When comparing the rounded channels, both the circle and ellipse
contain protrusions at the 6 and 12 o’clock locations seen in
Figs. 4(a) and 4(d), with the circle containing the larger deviations.

The arithmetic mean roughness for the surfaces of each channel
shape in Fig. 5 is averaged and displayed in Fig. 6. The averaged
arithmetic mean roughnesses in Fig. 6 are weighted by the
surface area of the channel shapes. Channel shapes that exhibit
the least amount of surface area near the 6 and 12 o’clock surface
orientations, such as the circle, ellipse, diamond, pentagon, and
hexagon, show the lowest area averaged arithmetic mean roughness
compared to the other channel shapes. As seen in Fig. 6, the
diamond has the lowest value of arithmetic mean roughness result-
ing from only a small area being exposed to the 12 and 6 o’clock
surface orientation.

Channel Performance Measurements

Pressure loss and bulk convection coefficients of the channel
shapes were measured over a range of Reynolds numbers using
an experimental rig similar to that previously used [3,4,30] as
shown in Fig. 7. The experimental rig has been described in great
detail and benchmarked by several investigators [3,4,30].

Darcy friction factor measurements were calculated using mea-
sured pressure drops, mass flowrates, and channel geometry dimen-
sions taken from CT scans. During friction factor tests, the entrance
pressure was set to 689 kPa absolute while the exit pressure ranged
from 607 kPa to 661 kPa for the different channel shapes. Inlet loss
coefficients were calculated using an area ratio between the channel
inlet and plenum inlet while the outlet loss coefficients were one as
described by Munson et al. [31]. The mass flowrate was measured
upstream of the coupons using a laminar flow element along with
pressure and temperature measurements. The friction factor mea-
surements were taken in the incompressible regime where coupon
exit Mach numbers were below 0.2. To achieve high Reynolds
numbers in the fully turbulent regime, the backflow pressure was
regulated to control the exit Mach number ensuring incompressible
flow conditions.

Convective heat transfer coefficients were calculated using data
measured from the same rig shown in Fig. 7. A constant channel
surface temperature boundary condition was achieved by a copper
block being placed between a heater and the coupon surface.
During the heat transfer tests the inlet temperature was at 296 K
while the exit temperatures ranged from 305 K to 322 K for the dif-
ferent channel shapes. The power supplied by the top and bottom
heaters was matched within 2.5%. A detailed description of the
heat transfer measurement method is described by Stimpson et al.
[5]. The same 9.77 +0.49 W/mK thermal conductivity of an addi-
tive Inconel 718 material measured by Wildgoose et al. [6] was
used for the coupon surface temperature calculation. A one-
dimensional conduction analysis using thermocouples placed
inside the copper blocks was used to calculate the surface tempera-
ture of the coupon channels.

Conduction losses through the rigid foam and plenums were
measured and accounted for in the heat transfer measurements.
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The combined total conduction losses through the rigid foam and
plenums were less than 1% of the total power supplied by both
heaters at high and low Reynolds numbers. The difference
between the energy supplied by the heaters, Qj..,» and that trans-
ported by the air, Q,;,, after accounting for the conduction losses
was within 10.5% for the highest Reynolds numbers and within
5.7% for the lowest Reynolds numbers for all the channel shapes.
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Fig. 6 Area average arithmetic mean roughness of the different
channel shape surfaces weighted by the design intent surface
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Experimental Uncertainty

The propagation of uncertainty method was used to calculate fric-
tion factor and heat transfer experimental uncertainty as described
by Figliola and Beasley [32]. Hydraulic diameter and pressure
drop contributed to friction factor uncertainty the most. The uncer-
tainty in friction factor at high Reynolds numbers was 4% while it
was 9% at the lowest Reynolds numbers in the laminar regime. Rey-
nolds number uncertainty was between 3% and 5%. Thermocouple
exit temperature and hydraulic diameter were the main contributors
to Nusselt number uncertainty. While the experimental uncertainty
was 7% for Nusselt number, the repeatability in the measurements

Surface Heater
AM Coupon
{ outlet Wa''l i

Copper Block

(i

PUP Stream d Down Stream
Rigid Foam
Up Stream g Down Stream

Fig. 7 Experimental rig used for static pressure drop and bulk
convection coefficient measurements
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for the rectangle and circle was better than 2% across the range of
Reynolds numbers evaluated.

Computational Fluid Dynamics Simulations

Computational fluid dynamics (CFD) simulations were con-
ducted on four channel shapes to complement and gain a further
understanding of the experimental pressure loss and heat transfer
results. The triangle, trapezoid, square, and pentagon channel
shapes were selected for evaluation since these shapes show differ-
ent surface roughnesses and experimental pressure loss and heat
transfer performances. The single channel steady Reynolds Aver-
aged Navier-Stokes (RANS) simulations were completed in
ANSYS Fluent [33]. In order to capture the secondary flows of
the noncircular channel shapes, the turbulence model was a Base-
line Reynolds Stress Model (BSL-RSM). The design intent geom-
etry of the four channel shapes was used for the simulation. The
length of the channels matched the length of the experimental
coupons. The simulations did not model or include surface rough-
ness since the goal of the simulations is to gain further insights
into the cooling performance caused by the shape of the channel
without the effect of roughness.

Similar to the experimental heat transfer tests, a constant surface
temperature boundary condition was imposed on the surface of the
channel. The channel shapes included an inlet mass flow boundary
condition and outlet outflow boundary condition. The mass flow
inlet was controlled such that the simulations were conducted at a
Rep,=20,000 and Re VA= 20,000 for each channel shape. The
Nusselt numbers reported were calculated using the mass-averaged
mean temperature in the thermally fully developed regime.

The fluid domain of the channels was meshed using tetrahedral
elements and inflation layers. The grids were generated with a y +
value of one in the near-wall regions. A grid independence study
was performed by varying the number of cells in the fluid domain
for the square channel. There was less than a 0.2% difference in
Nusselt number of the square channel when going from 10 M to
4 M cells. The number of cells for each of the channel shapes eval-
uated was between 10 M and 15 M cells.

Pressure Loss Measurements

To cover a wide range of Reynolds numbers for each coupon,
pressure loss measurements were recorded in the laminar, transi-
tional, and fully turbulent regimes as seen in Fig. 8. Noncircular
hydraulically smooth channel data compiled by Duan et al. [7] is
included in Fig. 8 for hydraulically smooth channels. Also shown
in Fig. 8 is friction factor of a smooth circular channel coupon,
created using a non-additive technique, that was used to benchmark
the experimental rig. The friction factor of the smooth circular
channel coupon agrees with the well-accepted Colebrook friction
factor correlation (Eq. (2))

K, 251
) 2)

1
N _21°g1°<3.71)h " Re T

Consistent with results for AM internal passages [3—6], friction
factors of the coupons are significantly higher than smooth channels
due to surface roughness from the AM process as shown in Fig. 8. AM
coupons transition to turbulence at a much lower Reynolds number
than the smooth benchmark coupon. The data in Fig. 8 indicate that
the square channel has a lower critical Reynolds number compared
to the diamond, which may not be expected given these are the
same shape. However, recall that the square channel contained a sig-
nificantly higher arithmetic mean roughness compared to the
diamond as shown in Fig. 6. The highest friction factors in Fig. 8
are observed for channel shapes with more horizontally (6 and 12
o’clock) oriented surfaces, Figs. 4(f)—4(i), due to 12 and 6 o’clock
surfaces containing higher arithmetic mean roughness values com-
pared to 3 and 9 o’clock surfaces as shown in Figs. 5(a)-5(e).
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Fig. 8 Friction factor data over a range of Reynolds numbers
calculated using hydraulic diameter with benchmark data from
Stimpson et al. [5] and smooth noncircular data compiled by
Duan et al. [7]

As another example to that of the square and diamond, consider
the comparisons of the friction factors of the hexagon and diamond,
it was expected that the hexagon would exhibit a similar or smaller
friction factor compared to the diamond because the hexagon has
similar variations in geometric dimensions and a larger hydraulic
diameter. However, as seen in Fig. 8 the hexagon contains a
higher friction factor relative to the diamond because as seen in
Fig. 5 the arithmetic mean roughness of certain surfaces of the
hexagon are two times higher than the diamond surfaces. The
surface roughness results from Fig. 5 and cross-sectional slices
from Fig. 4 also explain the reason the pentagon has a higher fric-
tion factor compared to the diamond. The pentagon contains a
higher arithmetic mean roughness and a wider spread in centroids
compared to the diamond, causing the pentagon’s fiction factor to
be higher.

Similar to the scatter in friction factor measurements of the
hydraulically smooth noncircular data from Duan et al. [7], the fric-
tion factor of the additive channels varies by as much as 31% at a
single Reynolds number. Efforts to scale and reduce the scatter in
f Rep, between the channel shapes were made by applying a differ-
ent characteristic length scale to Reynolds number. It is important to
note that the calculation of friction factor still used the hydraulic
diameter. Duan et al. [7] observed that using the square root of
cross-sectional area as a characteristic length better scales friction
factor results across a range of hydraulically smooth channel
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shapes compared to using hydraulic diameter. Observed in Fig. 8,
the triangular channels from Duan et al. [7] show a 20% lower
f Rep, relative to a circular channel that shares the same hydraulic
diameter as the triangle. As seen in Fig. 9, the scatter of the same
two channel shapes (circle and triangle) reduces to 6% when
using f Re /-

Figure 9 shows data for the square, trapezoid, rectangle, and tri-
angle exhibiting a higher f Re /z- compared to the circle, hexagon,
pentagon, ellipse, and diamond. The friction factor in Figs. 8 and 9
is the same value while the characteristic length for Reynolds
number is different. Using the square root of cross-sectional area
provides a similar scatter as using hydraulic diameter. The differ-
ence in f Rep, between all the channel shapes at Rep, =20,000 is
31% while the difference in fRe ;- between all the channel
shapes is 32% at Re /z- = 20,000. The area scaling parameter pro-
posed by Duan et al. [7] appears to be a better characteristic
length in terms of scaling smooth noncircular channels compared
to additively made channels as shown in Fig. 9.

Predicted friction factor CFD results of the square, triangle, trap-
ezoid, and pentagon are shown in Figs. 8 and 9. The predicted fric-
tion factor results do not follow the same trends as the experimental
results. More specifically, the experimental friction factor was the
highest for the square followed by the trapezoid, triangle, and pen-
tagon. While for the predicted friction factor results shown in Figs.
8 and 9, the pentagon exhibits the highest friction factor followed by
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Fig. 9 Friction factor data over a range of Reynolds numbers
calculated using square root of cross-sectional area with bench-
mark data from Stimpson et al. [5] and smooth noncircular data
compiled by Duan et al. [7]
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the square, trapezoid, and triangle. The reason for the difference in
the order of friction factor trends between the predicted and AM
shapes is due to the differences in arithmetic mean roughness
present in the AM channel shapes. In contrast to the experimental
friction factor results, using the square root of cross-sectional area
better scales the predicted friction factor for the square, triangle,
trapezoid, and pentagon compared to using hydraulic diameter.
For the predicted results there is a 7% difference in friction factor
between the channel shapes when using hydraulic diameter com-
pared to a 2% difference when using the square root of cross-
sectional area as the characteristic length scale.

It would be anticipated that the roughness-to-hydraulic diameter
ratio, Ra/Dy, is the cause for the failure to adequately scale the fric-
tion factor of the different channel shapes. However, this is not true
as seen by the ellipse and circle sharing the same friction factor even
though the ellipse contains a 34% lower roughness-to-hydraulic dia-
meter ratio as seen in Table 1. Additionally, the rectangle and trian-
gle also share the same friction factor even though the rectangle has
a lower roughness-to-hydraulic diameter ratio.

These discrepancies reveal that the roughness-to-hydraulic dia-
meter ratio was not the sole cause for the differences in friction
factor. Accordingly, the impact of the ratio of secondary flows to
the relative roughness could be one of the leading causes for the
failure of hydraulic diameter and square root of cross-sectional
area to scale the friction factor data.

Heat Transfer Evaluation

Similar to pressure losses, the bulk heat transfer was measured
over a range of fully turbulent Reynolds numbers as shown in
Fig. 10. Nusselt number and Reynolds number in Fig. 10 were cal-
culated using hydraulic diameter as the length scale. The same
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Fig. 10 Nusselt number data calculated using hydraulic dia-
meter as the characteristic length scale along with numerical
data and benchmark results from Stimpson et al. [5]
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smooth coupon used to benchmark friction factor was also used to
benchmark Nusselt number. As seen in Fig. 10, the smooth bench-
mark coupon matches Gnielinski’s correlation, shown in Eq. (3), for
a hydraulically smooth channel

£ /8(Re — 1000)Pr
YT 27T R®PEA — 1)

3

Of the evaluated channel shapes, the square exhibited the highest
Nusselt number and friction factor across the range of Reynolds
numbers tested. It was expected that similar to the friction factors,
higher surface roughness would result in higher Nusselt numbers;
however, this trend was not observed with the triangle and rectan-
gle. Although the triangle and rectangle have higher friction
factors compared to the circle, diamond, ellipse, hexagon, and pen-
tagon, the triangle and rectangle’s Nusselt numbers were the same
value as the mentioned shapes.

For a given Reynolds number there is a 13% difference in Nusselt
number across the channel shapes for the experimental results when
using hydraulic diameter as the length scale. The numerical results
from Wang et al. [10] showed that using hydraulic diameter for a
variety of hydraulically smooth polygonal channels lead to large
errors in Nusselt number when predicted using correlations such
as Gnielinski’s correlation developed with circular channel datasets.
Similar to the analysis of scaling friction factor results, a compara-
tive analysis was performed between the use of the square root of
cross-sectional area and hydraulic diameter for the characteristic
length in Reynolds number and Nusselt number.

The friction factor trends in Figs. 8, 9, and 11 show that using the
square root of cross-sectional area results in a similar spread and
scaling for Nusselt number data between all the channel shapes
compared to using hydraulic diameter as the length scale in the Rey-
nolds number. In more detail, the difference between the highest
and lowest experimental Nusselt number at a shared Reynolds
number, Rep, =20,000, when using hydraulic diameter is 9%
while when using the square root of cross-sectional area, the
largest difference is also 9% at Re ;- =20,000. The Nusselt
number of some channel shapes such as the circle scaled signifi-
cantly better using the square root of cross-sectional area compared
to hydraulic diameter. More specifically, the Nusselt number of the
circle using the square root of cross-sectional area is 2% different
than the diamond relative to being 6% different than the diamond
when using the hydraulic diameter as the length scale. For both
Figs. 10 and 11, the square and trapezoid contain the highest
Nusselt numbers compared to the other channel shapes.

Also shown in Figs. 10 and 11 are the predicted Nusselt number
results from the CFD simulations of smooth square, trapezoid, trian-
gle, and pentagon channel shapes. The predictions of the different
channel shapes in Fig. 10 were performed all at the same Reynolds
number of Rep, = 20,000 while in Fig. 11 the predictions were per-
formed at a shared Reynolds number of Re VA= 20,000.

Similar to the friction factor predictions, the square root of cross-
sectional area only slightly better scales the predicted Nusselt
number compared to hydraulic diameter. More specifically, the
scatter for predicted Nusselt number data when using hydraulic
diameter is 14% at Rep, = 20,000 while when using the square
root of cross-sectional area the scatter is reduced to 10% at Re - =
20,000 between the evaluated channel shapes. Matching the pre-
dicted friction factor results, the predicted results in Figs. 10 and
11 show that the pentagon exhibits the highest Nusselt number fol-
lowed by the square, trapezoid, and triangle. However, the predic-
tions do not fully match experimental trends in Nusselt number.
The predicted data shows that the pentagon contains the highest
Nusselt number of the four channel shapes while the experimental
results show that the pentagon has the third highest Nusselt
number out of the four channel shapes. The reason for the discre-
pancy is a result of the differences in arithmetic mean roughness
between the channel shapes that the CFD predictions do not
model. The square, trapezoid, and triangle shapes contain roughness
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Fig. 11 Nusselt number data calculated using square root of

cross-sectional area as the characteristic length scale along
with numerical data and benchmark results from Stimpson
et al. [5]

levels 40% to 60% higher than the pentagon as seen in Fig. 6. The
higher surface roughness leads to increases in turbulent mixing
causing an increase in the Nusselt number for the square, trapezoid,
and triangle channel shapes relative to the pentagon. Furthermore,
the square, trapezoid, and triangle shapes also contain higher
roughness-to-hydraulic diameter ratios as seen in Table 1 compared
to the pentagon.

Nondimensionalized temperature contours and secondary flow
vectors of the numerical data can be seen in Fig. 12. The tempera-
ture is normalized using the surface temperature and mean flow
temperature while the secondary flow velocities are nondimensiona-
lized by the mean streamwise velocity. Similar to literature [34,35],
Fig. 12 shows that as the number of sides in a channel increases,
there is a higher number of secondary circulation zones, and the
strength of the circulation zones decreases.

The convective heat transfer near the corners of the channel
shapes are lower compared to the area between the corners as a
result of a lower velocity at the channel corners. This result
agrees with that of Wang et al. [10], who describe the corners as
inducing a blocking effect which lowers the local heat transfer.
As the corner angle decreases, such as going from a pentagon to
a triangle as seen in Fig. 12, the local heat transfer near the
corner reduces. The local heat transfer between the corners
increases as the number of sides decrease as seen by the temperature
contours in Fig. 12.

The augmentations of Nusselt number and friction factor relative
to smooth correlations (Eq. (3)) are seen in Fig. 13. The ellipse,
diamond, circle, hexagon, and pentagon exhibited lower friction
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Fig. 12 Nondimensionalized temperature contours with sec-
ondary flow vectors of the triangle, trapezoid, square, and penta-
gon channel shapes

factor augmentation for an identical Nusselt augmentation com-
pared to the rectangle and triangle. Nusselt number and friction
factor augmentations for all the channel shapes are between the
square and diamond shapes, signifying that roughness and surface
deformations are significant contributors to friction factor and
Nusselt number augmentation.

The ellipse, hexagon, circle, diamond, and pentagon contain the
same Nusselt number augmentation as the rectangle and triangle for
alower pressure drop penalty at a given Reynolds number. The pen-
tagon contains the same Nusselt number augmentation as the trian-
gle even though the pentagon has a 21% lower friction factor at the
same Reynolds numbers.

As seen in Fig. 14, Nusselt number and friction factor of the
channel shapes are compared to those of the circular channel.
The pentagon is the highest performing channel shape relative to
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over a range of fully turbulent Reynolds numbers

Q Circle @ Hexagon @ Pentagon
0 Ellipse <> Diamond O Square
I Rectangle A Trapezoid A Triangle
1.25
L o
N | A
up,
—h 100 9 ip o8
Nugircle 3 § *
0.75 1 1 1 1 1 1 1 L 1 1 1 1 1
0.75 1.00 f 1.25 1.50
feircle

Fig. 14 Nusselt number and friction factor of channel shapes
augmented by the Nusselt number and friction factor of the circu-
lar channel shape at the same Reynolds number

the circle since the pentagon contains a 4% lower friction factor
for an equal Nusselt number as the circular channel. The square fric-
tion factor augmentation is 25% higher compared to the circle while
the square’s Nusselt augmentation is only 3% higher at most Rey-
nolds numbers compared to the circle.

Conclusion

Nine channel shapes (circle, hexagon, pentagon, ellipse,
diamond, square, rectangle, trapezoid, and triangle) which shared
the same cross-sectional perimeter were manufactured in the
90-deg (vertical) build orientation using DMLS. The channels
were CT scanned to evaluate their geometric dimensions and
surface roughness. Pressure loss and heat transfer measurements
of the different channel shapes were evaluated over a range of Rey-
nolds numbers. In addition to the experimental measurements, pres-
sure loss, and heat transfer CFD predictions were conducted on the
square, trapezoid, pentagon, and triangle channel shapes.

The results presented in this paper show that regardless of
channel shape, the as-built channel geometries printed larger than
their hydraulic diameter, perimeter, and cross-sectional area
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design intent. The perimeter of an AM channel is closer to its design
intent compared to cross-sectional area regardless of channel shape.
There are more variations in a channel’s perimeter compared to
cross-sectional area.

The square, triangle, trapezoid, and rectangle exhibited the
largest deviations in geometry and surface roughness resulting in
the highest friction factors. Characteristic length scales such as
hydraulic diameter and square root of cross-sectional area were
evaluated for both friction factor and Nusselt number. Unlike non-
circular hydraulically smooth channels, there was no reduction in
the scatter or differences in scaling of friction factor or heat transfer
results when using hydraulic diameter or square root of cross-
sectional area between the additively made channel shapes. The
experimental results reveal that the pentagon showed the best per-
formance between pressure loss and heat transfer compared to the
circular channel. The trapezoid and square contained the largest
Nusselt number and friction factor augmentations of the evaluated
shapes.

Additive manufacturing can be used as a tool to fabricate
complex internal passages; however, designers using the process
need to consider the surface deformation and roughness attributed
to the geometry of a passage. There is a fundamental need to
address the best scaling parameter of cooling performance for non-
conventional shapes, so that the next generation of AM-enabled
cooling channel designs can be developed and fairly evaluated.
Understanding the impact, a channel shape has on its pressure
losses and convective heat transfer will allow designers to fully
utilize the design freedom and added performance when using the
additive process.
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Nomenclature 5
. Dy,
f = Darcy friction factor, f = APT,DM%,, »
Qin,hearer - Z Qluss

A-ATyy,

h = convective heat transfer coefficient, h=
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thermal conductivity
channel perimeter
channel length
static pressure
channel pitch distance
temperature
Zor = reference surface plane
Zsurp = roughness height
A, = cross-sectional flow area
A, = surface area
D,, = hydraulic diameter, 4A./p
K, = sandgrain roughness
m = mass flowrate
Nup, = Nusselt number, 2D;/k,;,
Nu ;- = Nusselt number, /A, /kqir
Pr = Prandtl number
Qair = Qairzmcp(Tout'Tin)
Onear = energy from heaters
R, = arithmetic mean roughness
Ty = log-mean temperature, ATy =
Tnean = Mass average temperature ln(TT__—TT)
U,..an = mass average velocity
Rep, = Reynolds number, #,,.,, Dp/v
Re - = Reynolds number, eqn ~/Ac/v

Nyt
Il

(ATm - ATout)

Greek Symbols

® = nondimensional temperature

v = kinematic viscosity
p = fluid density
o = standard deviation
Subscripts
act = actual dimension calculated from CT Scan

des = design intent dimension
in = inlet condition

out = exit condition
s = surface condition
w = wall condition
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