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Tailoring Surface Roughness
Using Additive Manufacturing
to Improve Internal Cooling
Surface roughness present on internal cooling channels produced with additive manufac-
turing has been previously shown to augment heat transfer and pressure loss to levels
similar to traditionally cast turbulators. Given the ability of the surface roughness to
improve the cooling performance of small cooling channels, the question arises on
whether there is an optimal combination of random roughness features to maximize internal
cooling performance. To investigate this question, test coupons with different surface
roughness morphologies and magnitudes were manufactured by manipulating the param-
eters in the laser powder bed fusion additive manufacturing process. The coupons were
tested to characterize the friction factor and Nusselt number of the cooling channels over
a range of Reynolds numbers. Results showed that certain roughness combinations outper-
formed others, increasing the internal cooling performance of the channels. Additionally,
manipulation of the performance using the process parameters allowed for reductions in
build time, which could be useful for controlling component cost.
[DOI: 10.1115/1.4047380]
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Introduction
As metal-based additive manufacturing (AM) technology contin-

ues to advance, engineers are increasingly able to tap into the capa-
bility of this transformative technology. For the gas turbine
industry, advancements in AM technology have enabled advanced
repair [1], higher efficiencies through improved combustion [2],
rotating hardware [3], and new alloy development [4]. Despite
these successes, however, much of the gas turbine industry’s use
of AM only scratches the surface of what is possible with the
technology.
One area of gas turbines for which AM shows much promise is

turbine cooling. Advanced cooling is required as turbine inlet tem-
peratures continue to rise with the increasing overall pressure ratios
of highly efficient engines. For internal cooling, the goal is to max-
imize the heat transfer coefficient while minimizing the pressure
drop to ensure cooling air is used most efficiently. Many are
approaching using AM for convective heat transfer by leveraging
the “free” complexity of the process, trying to optimize the
design of the cooling geometry. The downside to this approach is
ensuring the optimized geometry is produced accurately, as well
as accounting for the surface roughness present in the process. To
address this downside, the approach of many has been to remove
the surface roughness from AM parts. However, previous work
by the current authors was some of the first to show that the rough-
ness can be beneficial to internal heat transfer, augmenting the con-
vection [5–7]. Additional work by the current authors has
demonstrated the ability to control the surface roughness inside
cooling channels using the AM process parameters, thereby impact-
ing the cooling performance [8]. So, while some have taken the
approach of leveraging the design space of AM to create optimized
geometries for turbine cooling, this study instead seeks to explore
the parameter space of AM to maximize the performance of a
given geometry through the manufacturing process alone.
The goal of this study was to determine the best combination of

AM parameters to generate surfaces that maximize the performance

of a generic microchannel cooling design. The effect of different
combinations of additive process parameters on surface characteris-
tics, geometry, pressure drop, and heat transfer is presented and dis-
cussed, as are the implications of different parameter choices on
manufacturing time.

Review of Literature
Convective heat transfer has been an area of focus for AM liter-

ature in recent years. Most of these studies have focused on using
the large design space of AM to create novel geometries and config-
urations, including the use of numerical optimization [9–13].
Equally as important in creating novel geometries is creating

novel surfaces. The AM surface roughness itself has been shown
to significantly augment internal convective heat transfer [6].
Ventola et al. [14] were the first to show the enhanced heat transfer
provided by the roughness on additive surfaces. In their study, the
external heat transfer coefficient of additively manufactured fins
was determined to be 40% higher than the same smooth geometry.
The effect of additive manufacturing roughness on internal convec-
tive heat transfer was shown in two studies by Stimpson et al.
[6,15], where numerous microchannel designs were tested. These
studies, as well as a study by Snyder et al. [5], showed the potential
of augmenting convective heat transfer by using additively manu-
factured microchannels. The augmentation of Nusselt number
over a smooth channel for the designs tested was 1.5–3 times,
while the augmentation of friction factor was two to eight times,
showing that rough additive channels perform in the same regime
as many traditional turbulators such as ribs and pin fins.
Given the potential of AM roughness on convective heat transfer,

this study seeks a new approach to investigate tailoring the surface
roughness to augment internal convection, as opposed to optimize
the geometry. This unique approach was first demonstrated by
Snyder and Thole [8], where the roughness of AM surfaces was
changed by altering the AM process parameters, ultimately impact-
ing the performance of internal and external cooling geometries. For
external cooling, changing the AM process parameters improved
the overall cooling effectiveness of a shaped cooling hole by
30%. For an internal channel, this same change in parameters
resulted in a reduction in friction factor of 50% with only a
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5–10% reduction in heat transfer. Therefore, there is an opportunity
to create tailored surface roughness for internal convection through
manipulation of the AM process parameters.
The effect of different process parameters on surface roughness

has been investigated in literature for select test geometries and
materials. Most of these studies have shown that the predominant
parameters affecting surface roughness are the parameters that
affect the amount of energy input by the laser [16–20]. These
include the laser power, laser scanning speed, and laser hatch
spacing. For example, Wang et al. [19] showed that a two to
three times difference in arithmetic mean roughness (Ra) on the
top surface of small cubes could be achieved by varying the laser
power, laser speed, and hatch spacing. Specifically, all of these
studies saw the same trend where roughness decreased with increas-
ing energy density to a minimum roughness level before increasing
again with energy density.
Another key parameter to consider when controlling surface

roughness is the use of a contour scan or single laser pass around
the edge of each layer. The intent of a contour scan is to re-melt
larger roughness features into smaller ones. The general consensus
among studies in the literature is that contours are successful in
reducing the surface roughness when used correctly [17,21–24].
However, the exact physical phenomena are not well understood.
For example, contour parameter changes by Fox et al. [23] failed
to generate significant differences in Ra values despite noticeable
differences in topography, while contour parameter changes by
Koutiri et al. [24] produced two opposing roughness trends for
downskin surfaces.
Consequently, the current study seeks to expand upon thework by

Snyder and Thole [8] by tailoring the surface roughness within inter-
nal cooling channels using different AM process parameters. While
AM process parameters have been optimized extensively in the
context of material and mechanical properties, the current authors
are aware of only one study in the literature that has explored the
concept of optimizing process parameters for fluid flow without
heat transfer. The study by Fantozzi et al. [25] varied the laser
power, scanning speed, and hatch spacing to control the pressure
losses through a porous material. However, flow through porous
media is significantly different than high Reynolds number turbulent
channel flow typically seen in turbine cooling. Additionally, this
study by Kinel et al. did not investigate heat transfer. Therefore,
the current study is unique in that the thermal performance of an
additively manufactured cooling design was optimized through
control of the AM process parameters.

Coupon Description
The goal of the current study was to determine the best combina-

tion of AM parameters to generate roughness maximizing the per-
formance of a generic microchannel cooling design. To this end,
the effect of select combinations of process parameters on surface
roughness was first established through the use of test elements.
Then, these different parameters were applied to the internal sur-
faces of cooling channels to establish different surface roughness
morphologies and magnitudes. These test coupons were then char-
acterized and tested for flow and heat transfer performance.
The test coupon containing the cooling channels is shown in

Fig. 1. This geometry, having 16 rectangular cooling channels,
was identical to the L2x geometry previously presented in other
studies by the current author [6,8,15]. Geometric parameters for
the channels are given in Table 1. The coupons were manufactured
with an EOSM280 laser powder bed fusion (L-PBF) machine using
Hastelloy-X powder. A build orientation of 45 deg was used as
shown in Fig. 1. This orientation established the upskin and down-
skin surfaces as the two sides of the fins separating the channels.
Therefore, each channel has one upskin, one downskin, and two
vertical surfaces.
To measure the characteristics of the different surface types used

in this study for the coupon microchannels, test elements were also

built to characterize the effect of process parameters on surface
roughness. These small test elements were designed to emulate a
section of the microchannel coupons and built in the same orienta-
tion so that the surfaces were representative of the coupons. The test
elements were needed to enable destructive inspection of the
channel surfaces without damaging the microchannel coupons.
The inspection was performed using scanning electron micros-

copy (SEM) and optical profilometry (OP). The optical profil-
ometer, a Zygo Nexview NX2 utilizing coherence inferometry,
measured the arithmetic mean height of the surface (Sa) in five dis-
crete locations on the test element channel surfaces. A 10x objective
with 0.30 numerical aperture was used for the scanning, producing
two-dimensional surface representations with a size of 1.75 mm×
1.75 mm, lateral (x,y) point spacing of 1.6 µm/pixel, and normal
(z) resolution of ≪ 1 μm [26,27]. To calculate Sa, a second-order
polynomial surface was fit to the data to establish the mean
surface while removing large scale curvature. The distance of all
of the discrete surface points from this mean surface was then aver-
aged to obtain Sa. This process was repeated for five discrete surface
patches to obtain an average Sa value and a 95% confidence. This
information is reported on the SEM images and in Table 2.

Study Approach
The approach of this study was to vary the parameters on one

wall of channels within the cooling coupon while holding the
process parameters with the other three walls of the channel cons-
tant. The test surface, as illustrated in Fig. 2, accounted for 35%
of the total channel surface area. Three different test surfaces
were investigated at two different control levels. A test matrix
showing these conditions is given in Table 2. Note that the end sur-
faces were held constant for all but one of the cases. The character-
ization of the surfaces and the parameters used to create them are
given in the following section. Given the build orientation shown
in Fig. 1, the test surface was the upskin, the control-side surface

Fig. 1 Diagram of internal cooling test coupon showing build
orientation and support material (with callouts). Inset cross
section shows the definition of geometric parameters.

Table 1 Geometric parameters for cooling channels

Nominal value

Dh (mm) 1.26
AR 2.22
S/Dh 1.03
Ac (mm2) 29.7
L (mm) 25.4
tw (mm) 0.51
tfin (mm) 0.38
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was the downskin, and the control-end surfaces were the vertical
faces. Also given in Table 2 are the measured hydraulic diameters
and area-weighted average Sa values, which will be discussed in
the final sub-section of the Study Approach.
The approach of varying the test surface only was taken in an

attempt to isolate the effect of one particular test surface on the per-
formance of the channel. Since each of the surfaces within an AM
part is exposed to different boundary conditions within the build, it
is impossible to achieve the same roughness on all surfaces, with the
exception of vertically oriented channels [5,28]. Similarly, chang-
ing the parameters for the entire channel would result in three dif-
ferent roughness types within the channel due to building
direction effects, and it would be impossible to tell which type of
roughness was causing the measured change in thermal perfor-
mance. Therefore, the approach of this study helps to identify the
roughness types with the strongest impact on the performance of
internal cooling channels.

Development of Roughness-Parameter Relationship. Rough-
ness changes to the surfaces were brought about by changing the
laser power, laser scanning speed, hatch distance, and laser scan-
ning strategy, as shown in Table 3. These parameters have been
shown to have the largest influence on the surface roughness [16–
20]. Each parameter set indicates the laser power (P), and laser
scan speed (v) used. For regions with multiple laser passes (hatch-
ing), the laser hatch distance is provided. For single laser passes
(contours), the beam offset (BO) is provided. Additionally,
scaling parameters surface energy flux (E′′ =P/vHd) and linear
energy density (E′ =P/v) are given to help to compare simultaneous
changes to the process parameters.
For the test surfaces, the three different parameter sets are

referred to as “smooth” (S), “rough” (R), and “ribbed” (B). The
test surfaces’ resultant from each of these parameter sets is shown
in Fig. 3, along with the mean Sa value. For the smooth case, the
hatching parameters were chosen to create a small, stable melt

pool during the hatching. This was accomplished by using a low
scanning speed and laser power and by using a small hatch
spacing. To further reduce the roughness, two consecutive
contour passes were utilized to smooth the surface left behind by
the hatching step of the process. The surface, shown in Fig. 3(a),
was indeed very smooth, with a roughness magnitude (Sa) among
the lowest as-manufactured roughness levels that are possible
with L-PBF [16–21]. The morphology is characterized by a rela-
tively smooth base surface, with a small amount of partially
melted particles on the surface top. This surface was expected to
have the smallest impact on the flow through the channels.
The “rough” parameter set was intended to cause a large and

irregular surface roughness as shown in Fig. 3(b). To obtain the
surface in Fig. 3(b), the laser power, speed, and hatch spacing
were all increased from the smooth case. While the surface
energy flux was lower than the “smooth” case, the “rough” param-
eter set created a large melt pool increasing the roughness. Addi-
tionally, the high laser power likely caused increased material
vaporization, leading to irregular roughness features.
The “ribbed” parameter set was intended to create a different

roughness morphology than the other test surfaces as shown in
Fig. 3(c). The rib-like morphology of the surface was created by uti-
lizing a higher scanning speed and lower laser power than the
smooth case. These parameter changes have been shown to elongate
the melt pool, resulting in Plateau-Rayleigh instabilities [29]. With a
high length-to-width ratio, the surface tension of the melt pool
attempted to break the melt pool into spheres, minimizing its
surface energy. This phenomenon caused the non-uniform melt
pool cross sections visible in Fig. 3(c). The goal in creating this
surface was to create roughness akin to traditional rib turbulators
found in many internal turbine passages, but without changing
the roughness magnitude from the smooth case. The flow direction
was intended to be perpendicular to the ribs.
For the control-side surfaces in Fig. 2, the two levels are referred

to as “rough 1” (R1) and “rough 2” (R2). The parameters used to
generate these surfaces are presented in Table 3. The goal for
these surfaces was to have a “low” roughness level (R1) and a
high roughness level (R2). Figure 4 shows the surface resultant
from these two parameter sets. The first was the “rough 1” case,
shown in Fig. 4(a). This surface was generated using a relatively
low energy input for the hatching parameters. Specifically, the
parameters were adjusted to target a melt pool penetration depth
similar to the layer thickness, which minimized over-melting and
prevented large roughness features known as dross. Additionally,
the R1 case featured the use of two contours with diminishing
energy input to re-melt as much of the roughness as possible. Ulti-
mately, the resultant roughness magnitude was similar to the lowest
surface roughness reported for downskin surfaces in this material
[21]. The surface morphology of the R1 case is characterized by
large roughness features with partially melted particles attached to
them. Absent are deep pits and cavities.
The high roughness case (R2) surface, shown in Fig. 4(b), is char-

acterized by extremely large roughness features and a high number
of partially melted particles. The Sa value of the R2 case was the

Table 2 Test coupon matrix showing the use of different surface types and resultant diameter
and roughness

Case
Test

surface
Control
(Side)

Control
(End)

Dh-meas

(mm)

Area-weighted
Channel Sa

(µm)

Area-weighted
Sa
Dh

S-R1-V1 Smooth Rough 1 Vertical 1 1.26 11.9± 0.5 0.0094
R-R1-V1 Rough Rough 1 Vertical 1 1.38 14.3± 1.0 0.0103
B-R1-V1 Ribbed Rough 1 Vertical 1 1.27 12.2± 0.5 0.0096
S-R2-V1 Smooth Rough 2 Vertical 1 1.23 17.6± 1.7 0.0144
R-R2-V2 Rough Rough 2 Vertical 2 1.30 22.5± 4.6 0.0173
B–R2-V1 Ribbed Rough 2 Vertical 1 1.22 17.9± 1.7 0.0147

Test Surface

Control 
(Side)

Control 
(End)

x
Flow

Fig. 2 Schematic illustrating the approach of holding 3 of 4
channel surfaces constant (control surfaces) while altering the
fourth (test surface)
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largest of all the cases studied. This rough surface was generated by
using laser parameters resulting in a high level of energy input that
caused the penetration depth of the melt pool to exceed the layer
thickness, resulting in large roughness features. Given the many
pits and cavities on the surface, it was hypothesized that this rough-
ness morphology would be undesirable for heat transfer. Previous
work has hypothesized that porous roughness features that are
poorly connected to the base material limit heat transfer perfor-
mance since the roughness elements do not serve as good heat trans-
fer fins [8,15].
Lastly, the roughness on the control-end surfaces in Fig. 2 was

imaged with an optical microscope and is shown in Fig. 5. All
test cases but one used the V1 surface for the control-ends,
shown in Fig. 5(a). A contour laser pass was used to create a rela-
tively smooth surface by reducing the roughness caused by the basic
hatching. On the other hand, the V2 surface shown in Fig. 5(b) has a
higher level of roughness because the contour was omitted for this
parameter set.

Geometry Characterization. X-ray computed tomography (CT
scanning) was used to nondestructively evaluate the six test
coupons in this study. Each scan was performed with a voxel size
of 29 µm, enabling large scale roughness features to be resolved.
The true position of the coupon surface was then determined
from the voxel data to within 2.9 µm using a software algorithm.
Surface data from the CT scan were then used to calculate several
geometric variables of the coupons, as identified in Fig. 1. For the
channels, cross-sectional area (Ac) and perimeter (p) were evaluated
by processing 850+ image slices along the length of the channels
using an in-house code. The values reported for each coupon
were averaged across both the length of each channel and the 16 dif-
ferent channels within the coupon. The wetted surface area was
determined by multiplying the total average perimeter of all the
channels in a given coupon by the channel length. The thickness
of the fins (tfin) separating the channels was measured using a soft-
ware tool designed to measure the local wall thickness of CT data.
This tool was applied to a region covering all of the fins to

Table 3 L-PBF parameters for different surface types among test coupons

Case Surfaces
L-PBF Parameters

Hatching Contour 1 / Contour 2
P

(W)
v

(mm/s)
Hd

(mm)
E''

(J/mm2)
P

(W)
v

(mm/s)
BO

(mm)
E'

(J/mm)

S-R1-V1

Test Surface Smooth 153 600 0.09 2.83 138   80 420 800 0.012       0 0.33      0.1

Control (Side) Rough 1 145 2400 0.05 1.21 140 80 1400 1600 0.012       0 0.1    0.05

Control (End) Ver�cal 1 285 960 0.11 2.70 138 420 0 0.33    

R-R1-V1

Test Surface Rough 285 960 0.11 2.70

Control (Side) Rough 1 145 2400 0.05 1.21 140 80 1400 1600 0.012       0 0.1 0.05

Control (End) Ver�cal 1 285 960 0.11 2.70 138 420 0 0.33    

B-R1-V1

Test Surface Ribbed 153 600 0.09 2.83 88 700 0 0.13

Control (Side) Rough 1 145 2400 0.05 1.21 140  80 1400  1600 0.012       0 0.1     0.05

Control (End) Ver�cal 1 285 960 0.11 2.70 138 420 0 0.33    

S-R2-V1

Test Surface Smooth 153 600 0.09 2.83 138 80 420 800 0.012       0 0.33      0.1

Control (Side) Rough 2 285 960 0.11 2.70

Control (End) Ver�cal 1 285 960 0.11 2.70 138 420 0 0.33    

R-R2-V2

Test Surface Rough 285 960 0.11 2.70

Control (Side) Rough 2 285 960 0.11 2.70

Control (End) Ver�cal 2 285 960 0.11 2.70

B–R2-V1

Test Surface Ribbed 153 600 0.09 2.83 88 700 0 0.13

Control (Side) Rough 2 285 960 0.11 2.70

Control (End) Ver�cal 1 285 960 0.11 2.70 138 420 0 0.33    
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determine an average fin thickness for each coupon. The same
region of CT data was used to evaluate the wetted surface area of
the fins (As,fin).

Micro-channel Test Rig. The test coupons were evaluated in a
benchtop test rig designed to make bulk pressure loss and heat trans-
fer measurements. This test rig, shown in Fig. 6, was originally pre-
sented in Ref. [6] and has been used for numerous studies from the
current author’s research group. The inlet pressure to the rig was
maintained at a constant pressure around 700 kPa, while the flow-
rate was measured by a mass flow controller. The pressure drop
across the coupon was determined by measuring the pressure differ-
ence between static pressure taps in the chambers upstream and
downstream of the coupon. Entrance and exit losses were accounted
for through the use of a loss coefficient. Using the pressure drop and
dimensions measured from the CT scans of each coupon to reduce
the friction factor using Eq. (1).

f = ΔP
Dh

L

2
ρu2

(1)

Rough 2 (R2)Rough 1 (R1)

(a)

Sa = 21.9μm ± 1.7

(b)

Sa = 38.4μm ± 7.6

Fig. 4 SEM images showing the different roughness types
(a) rough 1 and (b) rough 2 used for the control-side surfaces.
The width of images is 1.5 mm.

Vertical 1 (V1)

(a)

Sa = 5.62μm ± 0.9

Vertical 2 (V2)

(b)

Sa = 13.8μm ± 6.9

Fig. 5 Optical microscope images of control-end surfaces used in this study showing the (a) V1
and (b) V2 coupons

 

Rough (R)Smooth (S) Ribbed (B)

Sa = 7.6μm ± 1.9 Sa = 14.4μm ± 4.4 Sa = 8.49μm ± 1.9

(a) (b) (c)

Fig. 3 SEM images showing the test surfaces indicating roughness types: (a) smooth, (b) rough,
and (c) ribbed. The width of the images is 1.5 mm.

Journal of Turbomachinery JULY 2020, Vol. 142 / 071004-5

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/142/7/071004/6547248/turbo_142_7_071004.pdf by The Pennsylvania State U
niversity user on 08 July 2020



For the heat transfer tests, a constant temperature boundary con-
dition was applied to both sides of the coupon using a heater assem-
bly. The assembly consisted of resistance heaters joined to copper
blocks via a layer of thermal paste, all encased by rigid foam insu-
lation. To ensure proper thermal contact, a thin layer of thermal
paste was also applied between the coupon and copper block sur-
faces. Multiple thermocouples were located throughout the copper
block and rigid foam to determine the copper block temperature
and to estimate conduction losses through the foam.
To calculate the heat transfer coefficient, the energy absorbed by

the fluid was determined by calculating the electrical power dissi-
pated in the heaters, less the estimated conduction losses. This
energy input was verified by also measuring the heat absorbed by
the fluid using inlet and exit temperatures. The two measures of
energy input were within 10% of each other for all tests. The inter-
nal channel wall temperature was calculated using a 1D conduction
analysis starting with the copper block temperature and continuing
through the coupon using the measured wall thickness from the CT
scans. This wall temperature was then used with the fluid inlet and
exit temperatures to calculate the log-mean temperature difference.
Finally, the heat input to the system, the log-mean temperature dif-
ference, and the surface area of the channels measured from the CT
scans were used to calculate a bulk heat transfer coefficient using
Eq. (2).

h =
Qin,heater −

∑
Qloss

As · ΔTlm (2)

Uncertainty was calculated for the friction factor and Nusselt
number using the method described by Kline and McClintock
[30]. Uncertainty in friction factor ranged from 5% to 20% with
the higher uncertainty at the lower Reynolds number; however,
the uncertainty was below 8% for all cases with Re > 7000 and
5% for Re > 20,000. Uncertainty in Nu was 7% for all tests.

Process Parameter Effects on Geometry and Roughness. To
investigate the outcome of the channel surfaces, slices of CT scan
data are shown in Fig. 7 for three of the test cases. Note that mea-
surements for all of the test coupons were completed, but only three
cases are shown to illustrate the effects of the process parameters.
Black regions indicate solid material while white regions indicate
the open air of the channel in Fig. 7. The left-hand side of the
fins is the test surfaces, while the right-hand side of the fins is the
control surfaces. Qualitatively, the roughness of the surfaces seen
in the CT scan slices agrees with the trends expected—the rough
parameter set resulted in rough surfaces, while the smooth parame-
ter set resulted in smooth surfaces. However, the channel cross sec-
tions suggest that the changes to parameters affected the geometry
of the channels in addition to the roughness. For example, the fins
separating the channels in the case with the rough test surface are
thinner than the other cases, resulting in a slightly larger channel.

To quantify these differences in the channel geometry, measure-
ments were made of the various geometric parameters identified in
Fig. 1. The dimensions measured from the CT data, representing an
average of the 16 channels, are shown in Fig. 8 normalized by their
respective design intent. As expected from the slices in Fig. 7, the
largest deviations from the design intent were seen with the fin
thickness (tfin). Specifically, the rough test surface resulted in fin
thicknesses over 40% smaller than the design intent. This result
may be attributed to the high laser power used for the rough test
surface, which was expected to cause some material vaporization,
ultimately inhibiting the proper fusion of material in these
regions. A side effect of the reduced fin thickness was an increase
in hydraulic diameter, particularly when the rough test surface
was paired with the R1 control surface. The rough test surface
was most effective at increasing the wetted surface area of the fin
when paired with both the R1 and R2 control surfaces, as shown
in Fig. 8. This result is important from a convective heat transfer
perspective, as increasing the wetted surface area increases the
overall heat transfer that occurs from that surface.
Shifting the focus to the roughness in the channels, optical profi-

lometry measurements are shown in Fig. 9 for each of the test cases
measured on the test elements. The three hatched bars indicate the
mean Sa values present on the different walls of the channel, while
the solid bar indicates an area-weighted average roughness for the
entire channel, as was calculated in Ref. [15]. While these measure-
ments were taken from the test elements instead of the actual
coupons, the potential error of this methodology was minimized
by two factors. The first was designing the test elements as a
sector of the coupon, thereby replicating the boundary conditions
of the coupons during the build process. The second factor was
placing the parts near the center of the build plate and randomizing
their position to minimize position dependencies. Additionally, the
validity of the test element roughness data was verified by confirm-
ing the trends among the different elements matched the trends of
low-resolution CT scan roughness data taken from the coupons.
Figure 9 shows the area-weighted average channel roughness fol-

lowed the same basic trend as the test surfaces, with the rough test
surface causing the highest roughness. Also evident is the larger dif-
ference in Sa between the test surface and the control-side surface
for the R2 control group. Therefore, the changes to the test surfaces
in the R1 control group had a larger impact on the overall roughness
than the R2 control group.
Lastly, the results of the roughness analysis and geometry analy-

sis were combined to estimate the relative, area-averaged roughness

Fig. 6 Section view of the test rig used for pressure loss and
heat transfer measurements

Smooth
(S-R1-V1)

Rough
(R-R1-V1)

Ribbed
(B-R1-V1)

Fig. 7 Slices from CT scans showing channel geometry and
roughness. Test surfaces are facing to the left, control-side sur-
faces facing to the right. Black indicates solid material.
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of the channels for each of the test cases, given in Table 2. As
expected, the relative roughness of the cases in the R2 control
group was higher than those in the R1 control group. For both
control groups, the cases with the smooth and ribbed test surfaces
had nearly identical relative roughness. The data also show that
the impact of the rough test surface on the overall relative roughness
of the channel was reduced by the increase in the hydraulic diameter
of these cases.

Friction and Heat Transfer Results
The overall goal of this study was to determine the optimal com-

bination of process parameters necessary to maximize the perfor-
mance of internal cooling channels. To characterize this
performance, results from the experimental testing are presented
in terms of non-dimensional friction factor and Nusselt number.
Measured dimensions from the CT scans were used to reduce all
data presented. To highlight the differences in friction factor and
Nusselt number among the six test cases, data are presented in the
form of an augmentation over a smooth channel. The Blasius [31]
and Gnelinski [32] correlations were used to calculate the smooth
channel friction factor and Nusselt number respectively.
Friction factor augmentation is first presented versus the

Reynolds number for the R1 control group in Fig. 10(a). The data
show that the rough test surface produced the highest friction
factor, while the smooth surface produced the lowest. The increase
in friction factor from the smooth to the rough case was 27% for the
highest Reynolds numbers. On the other hand, the ribbed surface
only showed a slight increase of around 8% over the smooth case
at the highest Reynolds numbers. These results generally follow
the relative roughness trends shown in Table 2. Therefore, the dif-
ference between the smooth and ribbed test surfaces was enough to
cause a small difference in friction factor at high Reynolds numbers.
Figure 10(b) shows the friction factor performance of the three

test surfaces for the R2 control group. In this case, the smooth
and ribbed surfaces showed similar friction augmentations. There-
fore, the slight increase in friction factor seen with the ribbed
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surface with the R1 control was washed out by the increased rough-
ness of the R2 control. Also shown in Fig. 10(b) is the elevated fric-
tion factor of the case with the rough test surface, which had the
highest relative roughness of all of the cases shown in Table 2.
Recall that this case was roughest overall because the V2 surface
was used on the control-end surfaces instead of V1.
The heat transfer performance of these surfaces is shown

in Fig. 11 as Nusselt number augmentation versus Reynolds num-
ber. Data from the R1 control group, is shown in Fig. 11(a), show
little separation among the three test cases—the smooth, rough,
and ribbed test surfaces all showed the same heat transfer perfor-
mance. This result was not expected given the friction trends
shown in Fig. 10(a). The case with the rough test surface had a
demonstrably higher friction factor than the cases with the
smooth and ribbed surfaces, so it was expected that the Nusselt
number would also show higher augmentation than the smooth
and ribbed cases. This discrepancy is likely attributed to the
roughness morphology as originally hypothesized by Stimpson
et al. [8,15], whereby the shape of the roughness elements on
the rough test surface limited the convective efficiency of the
surface.
Figure 11(b) shows that the same trends of the R1 control group

were seen with the R2 control group. There was no difference in the
heat transfer performance of the smooth and ribbed test surfaces;
however, there was a significant difference compared with the
rough surface, which showed much lower augmentation. Interest-
ingly, the rough test surface had the highest relative roughness
and friction factor but had a noticeably lower Nusselt number
than the other cases. The relatively poor heat transfer performance
of the cases with the rough test surface was hypothesized to be the
result of two factors. The first factor was the poor heat transfer
effectiveness of the roughness morphology, as discussed in the pre-
vious paragraph. Both the rough test surface and the R2 control
surface had roughness morphologies that were expected to have
poor heat transfer effectiveness. When combined, these two sur-
faces limited the overall heat transfer performance of the channel.
The second factor contributing to the lower heat transfer was the
geometric changes to the fins shown in Figs. 7 and 8. While the
parameters for the rough test surface increased the surface rough-
ness of the fin, these parameters also decreased the fin thickness,
as quantified in Fig. 8, reducing the fins’ ability to conduct heat
away from the center of the coupon.
To quantify this effect, the fin efficiency of each test case was cal-

culated and is shown in Fig. 12. The lines represent fin efficiency
calculated using the design intent fin thickness, while the symbols
denote fin efficiencies calculated using the measured fin thickness

from the CT scans. These results confirm that the use of the
rough parameter set reduced the fin efficiency of the channel
walls. At high Reynolds numbers, the reduction in fin efficiency
was around 10% for both cases with the rough test surface.
This decrease in fin efficiency resulting from the change in fin

thickness was exaggerated by the fact that the coupons were man-
ufactured with a relatively low thermal conductivity nickel alloy.
If the thermal conductivity of the material was increased, either
by using a different material or operating at higher temperatures,
the fin efficiency would not be as strongly affected by geometric
variations to the fins. For example, evaluating the performance of
the same Hastelloy-X coupons at an operating temperature of
1000 °C would result in a difference of only 4% between the fin
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efficiency of design geometry versus the thinner measured
geometry.
Lastly, the friction and Nusselt number augmentation of the

ribbed test surface are compared between the R1 and R2 control sur-
faces in Fig. 13. The friction was similar between the two cases, but
the heat transfer shows a slight increase of around 8% when the
ribbed test surface is combined with the R2 control surface
instead of R1. This result indicates that there are desirable combina-
tions of roughness morphologies which improve the heat transfer
performance of the cooling channels.
To determine which combination of parameters resulted in the

best compromise between friction factor augmentation and
Nusselt number augmentation, these two values are plotted
against each other for the smooth and ribbed test cases and shown
in Fig. 14. Overall, the cases where the smooth and ribbed test sur-
faces were paired with the R2 control surface showed slightly
higher Nu and f augmentation than when paired with the R1
control surface. Therefore, a modest improvement to performance
was obtained by changing the roughness parameters. Also plotted
in Fig. 14 are two sets of data of additively manufactured wavy
microchannels from Kirsch and Thole [13]. The optimized dataset
represents a design that was numerically optimized from the base-
line to maximize heat transfer while minimizing pressure drop.
Comparing the performance deltas achieved by tailoring the

surface roughness to the deltas achieved by optimizing the
design, altering the roughness was better able to increase the heat
transfer while minimizing the impact to friction. However, the mag-
nitude of the changes induced by the roughness changes was
smaller than those from the numerical optimization. Kirsch and
Thole hypothesized that the inability of the numerical optimization
to succeed in achieving the objective function was due to the surface
roughness [13]. Therefore, the data from the current study suggest
that tailoring the roughness of a simple design to improve perfor-
mance may be more useful than numerically optimizing a design,
if the optimization method does not account for roughness effects.

Comparison to Correlations. The thermal performance of the
microchannels was compared with correlations from literature.
The correlations proposed by Stimpson et al. [15] for additively
manufactured cooling channels were utilized to predict friction
factor and Nusselt number for the geometries in this study. For fric-
tion factor, the Sa/Dh obtained from the test element roughness was
used to calculate the ks/Dh using the Stimpson’s equation, given in
Eq. (3). This relative roughness was then used in the Colebrook cor-
relation, given in Eq. (4). Nusselt number predictions were made
with the measured friction factor using the correlation proposed
by Stimpson, given in Eq. (5).

ks
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= 18
Sa
Dh

− 0.05 (3)

1��
f

√ = −2.0 log
ks/Dh

3.72
+

2.51

Re
��
f

√
( )

(4)

Nu =
�����
f /8

√
(Re0.5 − 29) Pr

0.6(1 − Pr2/3)
(5)

For a Reynolds number of 5500, predictions of friction factor
were within 10% for all cases except for the smooth and ribbed sur-
faces from the R2 control group. For a Reynolds number of 12,000,
all of the predictions were within 20% of the measured value.
Therefore, converting Sa/Dh to ks/Dh using the scaling proposed
by Stimpson et al. [15] works reasonably well to calculate friction
factor using the Colebrook equation, although there is some room
for improvement.
Predictions of Nusselt number using the measured friction factor

and Stimpson’s correlation are compared in Fig. 15 at Reynolds
numbers of 5500 and 12,000. The results show that the predictions
were very close to the measured values. For the low Reynolds
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number, predictions of all cases were within 10% of the measured
Nusselt number except for the rough test surface with the R1
control surface. At the high Reynolds number, predictions for
were within 4% except for the two cases with the rough test
surface. The deviation of the predictions from the measured value
for these two cases can be attributed to the reduced fin efficiency
of the coupon, as discussed previously.
Overall, if the effect of process parameter changes on roughness

is known, the experimental friction factor can be predicted reason-
ably well from roughness measurements. Moreover, if the experi-
mental friction factor is known, the heat transfer can be well
predicted assuming the geometry has not been significantly affected
by changes to the process parameters. This result gives further con-
fidence in using the Stimpson correlation to predict the thermal per-
formance of additively manufactured cooling channels.

Manufacturing Considerations. Similarities existed in perfor-
mance, shown in Fig. 14, between the smooth and ribbed cases
when paired with a given control surface. Achieving the same
thermal performance using different manufacturing parameters
has implications for the build time, and correspondingly, part
cost. For example, a simple analysis of the contour speeds shows
that switching from the smooth to ribbed parameters would

reduce the amount of time spent on contouring by 40%. Given com-
ponents designed for convective heat transfer typically have a high
surface area to volume ratios, a large portion of the laser scanning
time may be dedicated to contouring in these parts. Thus, a 40%
reduction in contouring time could have a significant impact on
total build time.
To quantify the difference in build time among the different

parameters used in this study, an analysis was carried out using
the method proposed by Zhang and Bernard [33]. Differences in
scanning strategy, hatch spacing, and scanning speed were all cap-
tured in this analysis. However, the analysis was performed neglect-
ing the coupon flanges and assuming the parameter changes were
only present on the internal channel surfaces. The area of the skin
region for each layer was calculated using a skin width of
0.12 mm and an overlap between the skin and core of 0.5 mm to
match the settings used for the build.
The results of the analysis, shown in Fig. 16, reveal that for the

same thermal performance, switching the parameters for the test
surface from smooth to ribbed with the R1 control surface reduced
build time by 6%, while a 7% reduction was seen when making
the same switch with the R2 control surface. These changes in
build time were driven by reductions in contouring time. Alterna-
tively, switching both the test surface and control surface from
smooth to ribbed and rough 1 to rough 2, respectively (S-R1-V1 to
B-R2-V1) reduced the build time by 19%, while increasing the
Nusselt number augmentation by 10–15% for a given friction
factor. This reduction in build time was driven by reductions to
contour and downskin hatching time. Therefore, parameter selection
is extremely important when developing additive components for
heat transfer applications. Build time must be taken into account
when evaluating the costs and benefits of changes to process param-
eters targeting increased thermal performance.

Conclusions
In this study, additive manufacturing process parameters were

used to systematically control the surface roughness on the internal
surfaces of cooling channels. Three test surfaces were investigated:
smooth, rough, and ribbed. These different surfaces were created by
varying the laser power, scanning speed, hatch distance, and use of
contours. Measured results indicated the roughness magnitude
changed by a factor of two with these parameter changes.
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Geometric analysis of the cooling coupons showed that the
parameters used to create the rough test surface caused some devi-
ations in the channel geometry. In particular, the thickness of the fin
separating the individual channels was reduced by around 40%.
However, the parameters used to create the rough test surfaces
were most successful in increasing the wetted surface area of the
fins. Friction factor results showed that the rough test surface pro-
duced the highest friction factor. There was a slight difference in
friction factor between the smooth and ribbed test surfaces when
surrounded by relatively smooth channel walls; however, when
the roughness of the surrounding channel walls was increased, the
differences in friction factor between the smooth and ribbed test sur-
faces were negligible.
For heat transfer, discrepancies were seen between the relative

roughness of the channels and the Nusselt number trends. Specifi-
cally, the channels that combined the two roughest surfaces
showed the lowest heat transfer performance. This result was due
to two factors: the morphology of the rough surfaces limiting the
heat transfer effectiveness and a decrease in the fin thickness
between channels lowering the fin efficiency.
Intentionally changing the roughness on certain surfaces using

the AM process parameters can not only improve the thermal per-
formance of internal cooling channels but also reduce build times
and therefore part cost. The optimal parameter combination
increased Nusselt number augmentation of 10–15%, while reducing
the build time by 19%. Furthermore, when compared with the
numerical optimization of wavy microchannels, tailoring the rough-
ness of simple design was better able to increase the heat transfer
while minimizing the impact on friction.
Overall, this study has successfully demonstrated the concept of

tailoring surface roughness using AM process parameter to improve
the performance of a generic microchannel cooling design. This
approach illustrates the potential that localized control of the addi-
tive process brings to turbine heat transfer. By manipulating the
laser parameters in the additive process on certain surfaces, the pres-
sure loss and heat transfer can be affected via the surface roughness
alone. This opens the door to optimize the thermal performance
along with other metrics like part cost.
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Nomenclature
f = friction factor
h = convective heat transfer coefficient

k = thermal conductivity
p = perimeter
t = thickness
u = fluid velocity
v = laser scanning speed
C = specific heat capacity
H = channel height
L = channel length
P = static pressure
Q = heat transfer rate
S = channel spanwise spacing
T = static temperature
ṁ = mass flowrate
f0 = smooth duct friction factor
ks = sand-grain roughness
Ac = cross-sectional area
As = surface area
Dh = hydraulic diameter
Hd = laser hatch distance
Sa = arithmetic mean surface height
E′ = linear energy density
E′′ = surface energy density
Nu = Nusselt number
Nu0 = smooth duct Nusselt number
Re = Reynolds number, u·Dh·ν

−1

Greek Symbols

Δ = differential
ɛ = sand-grain roughness
ηf = fin efficiency, tanh (m L)·(m L)−1

ρ = density
ν = kinematic viscosity
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