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Roughness Effects on Flow and
Heat Transfer for Additively
Manufactured Channels
Recent technological advances in the field of additive manufacturing (AM), particularly
with direct metal laser sintering (DMLS), have increased the potential for building gas
turbine components with AM. Using the DMLS for turbine components broadens the
design space and allows for increasingly small and complex geometries to be fabricated
with little increase in time or cost. Challenges arise when attempting to evaluate the
advantages of the DMLS for specific applications, particularly because of how little is
known regarding the effects of surface roughness. This paper presents pressure drop and
heat transfer results of flow through small, as produced channels that have been manu-
factured using the DMLS in an effort to better understand roughness. Ten different cou-
pons made with the DMLS all having multiple rectangular channels were evaluated in
this study. Measurements were collected at various flow conditions and reduced to a
friction factor and a Nusselt number. Results showed significant augmentation of these
parameters compared to smooth channels, particularly with the friction factor for mini-
channels with small hydraulic diameters. However, augmentation of Nusselt number did
not increase proportionally with the augmentation of the friction factor.
[DOI: 10.1115/1.4032167]

Introduction

The field of AM has, in recent years, seen increased interest in
its technology from various industries. A major technological
advance that has piqued this interest is the commercialization
of machines that can additively manufacture metal parts from var-
ious metal alloys. AM methods using metal include selective laser
sintering, selective laser melting (SLM), electron beam melting,
and DMLS. These technologies enable building metal parts with
complex geometries such as small or winding internal passages
that cannot be realized with any other method of manufacturing
currently available. Additionally, the cost of making a part with
AM does not generally increase with increased complexity. Met-
als of varying compositions, including high nickel or titanium
alloys, can be used for fabrication without a significant increase in
difficulty compared to standard ferrous or nonferrous metals.

The advantages of AM have caused the aerospace industry
to take particular note of this technology for high temperature
applications. There are, however, significant limitations on the
mechanical strength of parts made with AM. The particle fusion
process results in microstructures and porosities that are
difficult to predict and have significant impact on the mechanical
properties of the part. Despite the limitations, AM could be advan-
tageous for static components that are subjected to high tempera-
tures, such as some of the parts in the combustor or high pressure
turbine of a gas turbine engine.

A major challenge that exists when using AM for producing
metal parts is the large surface roughness that is an inherent result
of the process. Pressure losses and heat transfer in small channels
are affected considerably by the roughness of the channel walls.
Most, if not all, roughness removal technologies have limitations
that preclude them from being used on small, tortuous passages.
Understanding AM tolerances and roughness is necessary if this
technology is to be used to produce small flow passages in metal
parts, as these factors will greatly influence the pressure losses
and convective heat transfer. The objective of this study was to
evaluate the surface roughness produced by the DMLS process
and measure its influence on flow losses and convective heat
transfer through rectangular minichannels. Although this paper
contains some observations on the effects of build direction and
material choice on surface roughness, the focus of this paper was
not to characterize how roughness is influenced by machine
parameters and build direction.

Review of Literature

Because metal AM technologies have been commercially avail-
able for a short time, the body of public literature on this topic is
not very broad. Much of the work done to characterize this pro-
cess has focused on the mechanical properties. Some work has
also been performed on quantifying the surface roughness of the
DMLS process, which is of particular interest to this study.

Build orientation has been found by many to have a significant
impact on the surface finish. Strano et al. [1] studied the roughness
as a function of orientation at many different angles between hori-
zontal and vertical of test pieces made from 316L steel powder
using SLM. They found that the roughness was fairly constant at a
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value of about 15 lm for angles between horizontal and 45 deg.
After this critical angle, roughness decreased steadily to about
13 lm at the vertical. Delgado et al. [2] measured surface rough-
ness of parts manufactured with DMLS from an iron-based mate-
rial using various machine parameters and two build orientations.
They found that roughness is affected by layer thickness, scan
speed, and build direction with the latter having the greatest con-
tribution to the roughness. The arithmetic mean roughness, Ra, of
a horizontal surface was measured between 5<Ra< 8 lm which
varied within this range as other machine parameters changed. Ra

values were two to three times greater on vertical surfaces. Simo-
nelli et al. [3] performed a similar study and observed comparable
trends.

Ventola et al. [4] also found that build direction strongly affects
surface roughness with DMLS. Roughness was seen to increase
dramatically at angled build directions due to the stair stepping
effect inherent with a layer-by-layer manufacturing process.
Cooper et al. [5] reported some particularly interesting roughness
data from the DMLS samples made of titanium. They studied
upward and downward-facing surfaces and reported them ordered
from smoothest to roughest. As seen in studies performed by other
researchers, the order was: (1) horizontal upward-facing surfaces,
(2) sloped upward-facing surfaces, and (3) sloped downward-
facing surfaces. Supported surfaces were reported to have rough-
ness values approximately an order of magnitude greater than the
horizontal upward-facing surfaces. Common roughness values
found in literature range between about 5<Ra< 50 lm and are
strong functions of machine parameters and build direction [1–7].

Others have studied the dimensional tolerances and shrinkage
effects of the DMLS samples and found that these effects are
dependent on material, machine parameters, and geometry [5,8].
Ning et al. [8] found that smaller geometries are more susceptible to
dimensional error due to shrinkage. They developed a method to
compensate for dimensional inaccuracies by varying the scan speed.

Since flow in rough pipes has been studied for decades, much
exists in the literature regarding this topic. However, only a small
number of studies examined flow in minichannels, and even fewer
looked at channels with high relative roughness. Huang et al. [9]
studied flow through pipes with relative roughness (e/D) values as
high as 42%. They observed that as relative roughness exceeds
about 7%, the friction factor in the laminar regime is higher than
the theoretical value of 64/Re, and transition to turbulent flow
occurs at a Re< 2000. Dai et al. [10] compiled a large sampling
of friction factor data of liquid flow through minichannels. They
discovered large variation in the data presented in literature. They
also found that channel geometry had little effect on the friction
factor and the transition Reynolds number. Additionally, they con-
cluded that channels with a relative roughness greater than 2%
have higher friction factors at low Re than those predicted using
laminar flow theory.

Jones [11] examined published data regarding flow in rectangu-
lar channels and argued that an equivalent or hydraulic diameter,
Dh, is not sufficient for determining friction factor from pressure

drop data; other effects caused by the shape of the channel are
important. He proposed using a laminar equivalent diameter, DL,
which uses an empirically derived equation based on the aspect
ratio of the channel to correct Dh. Using DL to calculate the fric-
tion factors collapsed the results in the laminar regime onto the
theoretical 64/Re line. Jones [11] found that evaluating turbulent
data with the corrected diameter gives a much better agreement
with known correlations for turbulent pipe flow such as the Cole-
brook equation.

Few studies were found in the literature to have investigated
convective heat transfer of specimens made with AM [4,12,13].
Only one of these studies examined the effect roughness has on
convective heat transfer, but their study was limited to external
convection only [4]. They found that the roughness significantly
augments the heat transfer making it a more desirable surface. No
studies were found to have investigated internal heat transfer of
additively manufactured channels except for a companion study
from the same research group as the authors’ [14].

The uniqueness of this study is that it presents the characteriza-
tion of both pressure loss and heat transfer for minichannels con-
structed using manufacturer recommended parameters for DMLS.
To the authors’ knowledge, similar work has not been previously
published.

Geometric Characterization

Careful characterization of the channel geometry was vital to
the success of this study as flow friction and heat transfer results
are strong functions of geometric scales. The following is a
description of the test coupons used for this study followed by the
methodology and results of characterizing the geometric and
roughness parameters of the coupons.

Description of Test Coupons. Eleven coupons were fabricated
for this study, all of which were 25.4 mm in length and width. A
summary of these coupons and their design specifications is given
in Table 1. An image of the computer-aided design (CAD) model
of the L-2 x coupon is shown in Fig. 1. Only one coupon (Cyl-Al)
was made by conventional machining using 6061 aluminum. This
coupon contained 14 round channels running along its length that
were each reamed to a diameter of 635lm. The Cyl-Al coupon
was used to benchmark the experimental facility and data reduction
methodology as compared to generally accepted correlations found
in the literature. All other coupons in Table 1 were manufactured
with rectangular channels using DMLS. Five of the coupons (L-
1 x-Co, L-2 x-Co, M-1 x-Co, M-2 x-Co, and S-2 x-Co) were manu-
factured by a commercial company. The material used to make
these five coupons was a powdered cobalt-chrome-molybdenum-
based superalloy (CoCr). Each of these five coupons had a row of
uniformly sized rectangular channels that varied in width, height,
and number of channels. See Table 1 for dimensions.

The remaining five coupons (L-1 x-In, L-2 x-In, M-1 x-In,
M-2 x-In, and S-2 x-In) were made using the same specifications

Table 1 Specifications and dimensions of rectangular channels

Coupon
name

Channel
shape Material

Number of
channels

Design
width (lm)

Design
height (lm)

Design
Dh (lm)

Design
S/Dh

Measured
width (lm)

Measured
height (lm)

Measured
Dh (lm)

Ra

(lm) Ra/Dh

Cyl-Al Round Al 14 — — 635 2.20 — — 635 — —
L-1x-Co Rect. CoCr 24 457 1016 631 1.33 450 1028 626 9.6 0.015
L-2x-Co Regt. CoCr 16 914 2032 1261 1.03 898 2036 1246 12.3 0.010
M-1x-Co Rect. CoCr 24 305 660 406 2.06 296 694 415 10.3 0.025
M-2x-Co Rect. CoCr 16 610 1321 834 1.55 516 1302 739 12.7 0.017
S-2x-Co Rect. CoCr 16 610 610 610 2.12 601 626 614 9.5 0.015
L-1x-In Rect. Inc 718 24 457 1016 631 1.33 453 1047 632 10.5 0.017
L-2x-In Rect. Inc 718 16 914 2032 1261 1.03 919 2083 1275 10.9 0.009
M-1x-In Rect. Inc 718 24 305 660 406 2.06 355 690 469 11.9 0.025
M-2x-In Rect. Inc 718 16 610 1321 834 1.55 683 1406 920 13.8 0.015
S-2x-In Rect. Inc 718 16 610 610 610 2.12 660 669 664 13.3 0.020
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as the five made from CoCr; however, they were made using in-
house facilities with a nickel alloy powder that has the same
chemical composition as Inconel

TM

718. Details on the manufac-
turing of the coupons are given by Snyder et al. [14]. All DMLS
coupons in this study were built at a 45 deg angle from the hori-
zontal as illustrated in Fig. 2(a). Support structures used for the
coupons fabricated in-house are illustrated in the figure as well.
The machine operating parameters used for the laser sintering pro-
cess were calculated using recommendations from the manufac-
turer for the specific materials used [14,15].

Characterization of Channel Dimensions. Through the laser
sintering process, distortion is a common phenomenon because
parts are being subjected to very high thermal gradients during the
building process. Warping effects are difficult to predict before-
hand and are often determined empirically after a series of test
builds. Therefore, the coupons fabricated for these experiments
were expected to show some thermal distortion. It was important
to quantify the deviation of the coupon geometry from the design
specification in order to analyze the pressure drop and heat trans-
fer data using accurate geometric scales.

The manufactured geometry of each coupon was characterized
using a commercial X-ray computed tomography (CT) scanner.
This instrument was advantageous for geometric measurements
because it is nondestructive and gives more accurate results than
using traditional measurement tools such as pin gauges and micro-
meters. The CT scan works by taking successive 2D X-ray images
as the test specimen is rotated. The 2D images are then recon-
structed into a 3D volume with varying gray-scale gradients that
correspond to material density. The resolution of the measurement
is dependent on the X-ray power which is adjusted for variations
in the material and thickness of the object being examined. Two
different power settings were used to examine the coupons which
resulted in two different CT scan resolutions. The higher power
was used for all Inconel 718 coupons and the L-1 x-Co and
S-2 x-Co coupons. The resolution of the 3D images (i.e., voxel

size) for these coupons was 35 lm. The remaining three CoCr
coupons were examined with a lower X-ray power and had a
resolution of 23 lm.

Using commercial software, the 2D images were combined into
a 3D image. This software utilized a sophisticated surface deter-
mination algorithm with local adaptation. Accuracies in surface
determination of up to 1/10th of the voxel size were achieved with
this software [16]. This means that the actual accuracy of the
determined surfaces was within 63.5 lm for the coupons exam-
ined with the high-power setting and 62.3 lm for the coupons
examined with the lower power setting. However, this does not
suggest that features a few microns in size were resolved. The CT
scan was only capable of resolving features as small as the voxel
size, but subvoxel precision of the surface location is achieved
with the software by interpreting the data between voxels.

After completing the surface determination, a dense point cloud
of all the surfaces in the coupon was exported from the analysis
software. The point cloud contained about 10� 106 points for
each coupon. An in-house code was developed to take the point
cloud data and quantify the dimensions and roughness of each
channel surface.

Each surface of every channel was approximated using a poly-
nomial surface fit. The equations of the fit surfaces were third
order in the height and width dimensions and fifth order in the
streamwise length dimension. The fitting algorithm utilized a bis-
quare weighting approach to limit the influence of the outliers on
the mean surface location. An example of the surface fit to the
data is shown in Fig. 3 with an exaggerated scale in the height
coordinate to make the variation more visible. To better under-
stand how the surface fits the data, Fig. 4 was generated by cutting
the surface fit and CT data using the cut plane illustrated in Fig. 3.
The resulting line plots show the deviation of the roughness.

Fig. 1 CAD model rendering of L-2x test coupon

Fig. 2 Image showing (a) build orientation of DMLS coupons
with support structures and (b) orientation of channel surfaces
relative to build direction

Fig. 3 CT data and fitted surface of the lower surface of one
channel of the M-2x-In coupon (note: coordinate axes have dif-
ferent scales)

Fig. 4 Comparison of surface fit to CT scan data of the lower
surface of one channel of the M-2x-In coupon
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As shown in Fig. 4, the polynomial surface fit expresses the mean
surface location. Also indicated in Fig. 4 was the typical warping
of the walls of the coupons, which was 6 80 lm.

The fitted surfaces were used to calculate the average manufac-
tured height and width dimensions of each channel. The final
height dimension was calculated as the average distance between
the top and bottom surfaces, and the final width dimension was
calculated in a similar manner using the side surfaces. The aver-
age width and height of the channels of each additively manufac-
tured coupon is given in Table 1. The hydraulic diameter, Dh, is
also shown for each coupon in the table. Instead of calculating Dh

for each channel and averaging those values, it was calculated by
summing the cross-sectional areas, Ac, of each channel, summing
the perimeters, p, of each channel, and using these values to eval-
uate Dh. This approach gives a more representative Dh of the
whole coupon.

In addition to the design specifications of the coupon geometry,
the average measured height and width of each coupon is shown
in Table 1. In general, dimensions of the CoCr coupons are close
to or smaller than the design specification. The CoCr coupon with
the largest manufacturing error is the M-2 x-Co which has a meas-
ured Dh that is 95 lm smaller than that specified by the design.
The CoCr with the smallest error is the M-1 x-Co coupon which
has a Dh that is only 9 lm larger than the design specification.

The Inconel coupons all measured slightly larger than the
design specification with the only exception being the L-1 x-In
coupon which had an average channel width that was only 4 lm
smaller than the specification. Of all the Inconel coupons, the
M-2x-In coupon exhibited the greatest deviation from its specifi-
cation as its Dh was 86 lm larger than the specification. The devi-
ation of the average width and height dimensions of all coupons is
less than 100 lm, which is a reasonable tolerance for many manu-
facturing needs; however, this alters the actual flow area and
hydraulic diameter by a relatively significant amount. Variations
of this magnitude can have a substantial impact on air flow rate
through a minichannel. This was the primary motivation for
obtaining the CT scans to characterize the geometry of the
coupons.

Characterization of Roughness. Roughness parameters were
also calculated from the data collected with the CT machine. As
mentioned previously, subvoxel precision of the surface determi-
nation can be achieved with the CT machine and analysis soft-
ware used in this study, but this method is not capable of
resolving roughness features smaller than the voxel size. There-
fore, many small roughness features are not represented in the
scan data and only contribute by “blurring” the surfaces in each
CT image.

A digital reconstruction of the CT scan data of the opening of
one channel of the M-2x-Co coupon is shown next to an image
collected with a light microscope for the same channel in Fig. 5.
This figure shows that features on the order of the voxel size
(23 lm for CoCr) are visible, but the features smaller than the
voxel size are not visible in the CT data rendering. These small
features are “smoothed” out during CT scanning.

The roughness parameters of each surface for each channel
were determined from the point cloud of data using a computer
code that was developed in-house. The code calculated the differ-
ence between each data point of the CT scan and the fitted surface.
Figure 6 shows a plot of the roughness of two surfaces of one
channel of the M-2x-In coupon. The image in Fig. 6(a) is a por-
tion of the surface facing upward at a 45 deg angle during the
build (i.e., the normal vector of the surface was pointing upward
and angled 45 deg from the build direction vector noted in
Fig. 2(b)). This surface is noticeably smoother than the surface
facing downward at a 45 deg angle during the build (Fig. 6(b)).
Variation in surface roughness has been reported by many to be a
strong function of the build orientation [2–4,6]. Generally, the
upward-facing surfaces have smaller roughness than downward-
facing surfaces.

The height differences from the surface fit were used to calcu-
late an arithmetic roughness average, Ra, which is expressed
mathematically in Eq. (1). The roughness of each surface in the
coupon was calculated using the in-house computer code. The
average roughness of each surface in the coupon with the same
build orientation is given in Table 2 for all DMLS coupons. The
area weighted average roughness of each coupon is also given in
Table 2.The measurements suggest that the smoothest surfaces of
each coupon are those surfaces facing upward during fabrication
with the only exception being the S-2x-Co coupon. This trend
agrees with the observation made from Fig. 6 regarding the visible
difference between the upward and downward-facing orientations.
All other surfaces for a given coupon from the CoCr group have
similar roughness values. The resulting roughness for the CoCr
coupons with the material and machine parameters used was
similar for vertically oriented surfaces as the 45 deg angled
downward-facing surfaces.

Ra ¼
1

m

Xm

i¼1

jzsurf;i � zmeas;ij (1)

Contrary to the CoCr coupons, the Inconel coupons exhibited a
different roughness for the vertically oriented surfaces than the

Fig. 5 Image of the opening of a single channel of the M-2x-Co
coupon (a) digitally reconstructed from CT scan data and (b)
collected with a light microscope

Fig. 6 Contour plots of region from (a) surface facing upward
during fabrication and (b) surface facing downward during fab-
rication of one channel in the M-2x-In coupon
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downward-facing, angled surfaces. In fact, the downward-facing
surfaces for a given Inconel coupon had an average roughness that
was about twice that of the vertically oriented surfaces. The verti-
cally oriented surfaces had a roughness that compared better to
the roughness of the angled upward-facing surfaces than the
angled downward-facing surfaces.

Despite the variation in roughness between different surfaces in
the same channel, the area weighted average roughness of all cou-
pons was similar in range (9–14 lm). The roughness data pre-
sented here is similar in magnitude to the results many have found
regarding effects of orientation and overall roughness magnitude
[2–4,6].

Experimental Facility

A test rig was built to collect pressure drop and heat transfer
measurements of each of the test coupons. The rig (shown in
Fig. 7) was built with a smooth contraction chamber that supplied
air to the coupon inlet. The inlet contracted the cross-sectional
flow area by a factor of 11 for the coupon with the most flow area
which ensured a uniform velocity just before the air entered the
coupon. The exit expansion chamber was made identical to the
inlet for simplicity of fabrication.

Pressure taps were installed upstream of the inlet contraction
and downstream of the exit expansion to measure the pressure
drop across the coupon. The pressure drop measurement was
made with a differential pressure transducer. Gauge pressure
downstream of the coupon was measured with a pressure trans-
ducer. The mass flow rate of air being delivered to the rig was
measured using a laminar flow element (LFE) with accompanying
pressure and temperature measurements.

During heat transfer experiments, heat was added to the upper
and lower surfaces of the test coupon using electrical resistance
surface heaters. The heaters were adhered to copper blocks with a
thin layer of thermally conductive paste. Copper blocks were used

because of the high thermal conductivity of copper. The thickness
of the copper blocks (25.4� 25.4� 6.10 mm) was selected to
ensure that the temperature along the length of the coupon was
uniform to create a constant temperature boundary condition in
the coupon. The copper was then fixed to the coupon surface with
another layer of thermal paste. Rigid foam blocks were placed ad-
jacent to the heaters to provide insulation to minimize heat loss
from the heater and to provide structural support.

The entire assembly was compressed vertically to minimize
thermal contact resistance between the various layers. The inlet/
exit contraction pieces adjacent to the coupon were made of poly-
ether ether ketone which provided mechanical strength to the
assembly and has a relatively low thermal conductivity which
minimized heat loss. Additionally, the entire assembly was insu-
lated in a layer of foam to further limit heat loss to the environment.
Inlet and exit air temperatures were measured with a rake of four
thermocouples to get a representative average air temperature.

Several thermocouples were embedded in locations throughout
the entire assembly including the copper blocks, the foam blocks,
and the plastic contraction pieces. This allowed for determination
of the coupon surface temperature as well as calculation of con-
duction losses through the various components.

Data Analysis Method

Friction factor was calculated using the pressure drop data and
Eq. (2). As mentioned above, the pressure drop measurement
across the coupon, DP, was measured relatively far upstream and
downstream where the flow was practically quiescent. The high
velocity flow exiting the coupon dumped into the low velocity
flow at the exit and dissipated. The losses associated with this dis-
sipation resulted in a pressure drop measurement that was higher
than the pressure drop of the air as it traveled through the coupon.
To account for the additional losses, DP was corrected by assum-
ing the exit loss coefficient was unity

f ¼ DP
Dh

L

2

qV2
(2)

To perform the heat transfer analysis, the temperature of the
coupon surface, TS, was determined using the temperature meas-
urements in the copper blocks, TCu, and a 1D conduction analysis
through the copper, thermal paste, and coupon wall expressed
mathematically in Eq. (3). The thickness variables in Eq. (3) are
shown graphically in Fig. 8. The area, A, in the expression is the
cross-sectional area of the test stack normal to the heater surface.
A similar experimental facility used by Weaver et al. [17] imple-
mented the use of a copper block of the same thickness to create a
constant temperature boundary condition. They performed a
three-dimensional computational analysis of their setup and found
that the variation in temperature in the copper was much less than
the increase in temperature of the fluid flowing through the chan-
nel which validates the assumption of a constant temperature
boundary

Table 2 Roughness of channel surfaces

Ra, vertical
surface (lm)

Ra, 45 deg upward-facing
surface (lm)

Ra, 45 deg downward-facing
surface (lm)

Ra, area weighted
average (lm)

L-1x-Co 8.64 6.93 13.10 9.6
L-2x-Co 14.72 7.06 15.32 12.3
M-1x-Co 11.74 8.59 10.72 10.3
M-2x-Co 14.18 9.22 14.91 12.7
S-2x-Co 10.63 7.90 8.75 9.5
L-1x-In 7.65 10.26 13.14 10.5
L-2x-In 8.82 7.68 15.92 10.9
M-1x-In 7.89 8.25 19.52 11.9
M-2x-In 9.74 8.90 21.90 13.8
S-2x-In 8.97 11.73 23.39 13.3

Fig. 7 CAD image of rig used to measure pressure drop and
heat transfer in additively manufactured test coupons
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Ts ¼ TCu �
Q

A

tCu

jCu

þ tTP

jTP

twall

jcou

� �
(3)

The thermal conductivity of the coupon, jcou, used in Eq. (3)
was obtained from the vendor’s material specification sheet for
those made with CoCr [18]. The vendor does not specify a thermal
conductivity for the Inconel 718 but does specify that the parts are
fully dense with no significant porosity [19]; the thermal conduc-
tivity of these coupons was assumed to be equal to that of the bulk
material.

Care was taken during the rig design to minimize thermally
conductive paths to reduce the flow of heat into the solid material
instead of the fluid. Nonetheless, some degree of conduction
through the solid components was unavoidable. The primary heat
loss paths were through the rigid foam adjacent to the copper
blocks and through the plastic contraction pieces. Conduction
losses, Qloss, through these components were calculated using
measurements from the embedded thermocouples and a 1D
approximation. For two extreme cases, the conductive heat loss
was as high as 10%, which occurred for the M-1x-Co coupon at
low Reynolds number. The case with the lowest percentage of
heat loss was the L-2x-Co coupon at high Reynolds number,
which resulted in only a 2% conductive heat loss. The balance
was transferred into the fluid.

The convective heat transfer coefficient, h, was calculated using
Eq. (4) where AS is the wetted surface area of the coupon, DTLM is
the log mean temperature difference as defined in Eq. (5), and
QAir is the heat transferred into the air as it passed through the
coupon as determined by Eq. (6). Results of the heat transfer coef-
ficient are presented later in terms of a Nusselt number, Nu,

h ¼ QAir

ASDTLM

(4)

DTLM ¼
TAir;2 � TAir;1

ln
TS � TAir;1

TS � TAir;2

� � (5)

QAir ¼ _mcpðT2 � T1Þ (6)

QAir should theoretically be equal to the heat added to the sys-
tem with the electric heaters less the conduction losses. Since the
heater power was measured and the conduction losses approxi-
mated, there was redundancy in measurements of heat input. An
energy balance was calculated for each data point in the heat
transfer data set and is presented in Fig. 9. As seen in the figure,
the energy balance was within 6 10% for all data and was greatest
in magnitude at high and low Reynolds numbers.

Measurement Uncertainty

Uncertainty of the measurement method was determined using
the analysis described by Figliola and Beasley [20] and the

measurement uncertainty values presented in Table 3. Through a
detailed analysis, the primary contributors to the uncertainty of
the friction factor were calculated. The largest contributor to the
uncertainty was found to vary from coupon to coupon and over
the range of Reynolds numbers.

The majority of the friction factor data presented here has an
uncertainty between 6 6% and 12%. However, the total uncertain-
ties of friction factor for the M-2x-Co, M-2x-In, L-2x-Co, and
L-2x-In coupons at low Re approach 6 30% which is the highest
of any friction factor data presented here. Uncertainty values
quickly decreases with increasing Re. The percent contributions
to the uncertainty of the friction factor measurements for two
extreme conditions are shown in Fig. 10. For the M-2x-Co coupon
at low Re, the pressure drop measurement across the coupon is the
dominant contributor to the measurement uncertainty because the
low Re data is collected close to the measurement limit of the dif-
ferential pressure transducer.

Fig. 9 Energy balance for each test coupon and condition

Table 3 Uncertainty of measurement parameters

Measurement Uncertainty

Pup 63.5 kPa
T 61 �C
DPcou 60.55 kPa
DPLFE 65.5 Pa
W 612.7 lm
H 612.7 lm
L 60.13 mm

Fig. 8 Cross section view of test stack

Fig. 10 Percent contribution to uncertainty values of friction
factor for two extreme cases
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High Re data for the coupons with small geometry (S-2x-Co,
S-2x-In, M-1x-Co, M-2x-In, L-1x-Co, and L-1x-In) have uncer-
tainties near 6 20%. Also shown in Fig. 10 is that for high Re
with the M-1x-Co coupon the uncertainty in the friction factor is
governed by the uncertainty in the measurement of geometric pa-
rameters, which is why it was important to complete the CT scans
of the coupons. Uncertainties of the surface determination method
are constant for all coupons for the same material. Therefore,
the coupons with the smaller geometries, such as the M-1x-Co
coupon, have higher relative uncertainties of the geometric meas-
urements. In addition, as the Reynolds number increases, the
influence of the velocity on the friction factor increases. Since the
bulk velocity calculation is dependent on the cross-sectional flow
area, the friction factor equation is highly sensitive to changes in
geometry. In fact, it can be shown that the friction factor is pro-
portional to 2�H3W3/(HþW), which scales with Dh

5. For this
reason, too, it was important to characterize the geometry in order
to reliably reduce pressure drop measurements to friction factors.

A similar analysis was performed to examine the uncertainty of
the heat transfer data. In general, the relative uncertainty of Nu for
all data ranges between 6 2% and 14%. The percent contribution
to the uncertainty of the Nusselt number of the measurements
involved in the heat transfer experiments are shown in Fig. 11 for
two extreme cases. Figure 11 demonstrates the importance of the
channel geometry for the S-2x-In coupon and the dominance of
the inlet/exit temperatures for the L-2x-In coupon.

Pressure Loss Results

The experimental apparatus was benchmarked using a coupon
with smooth, cylindrical holes (Cyl-Al). Friction factor results for
this coupon is shown in Fig. 12 compared to laminar theory
(f¼ 64/Re) and the Colebrook formula for turbulent flow as
defined in Eq. (7) where e/D¼ 0 for a smooth coupon [21]

1ffiffiffi
f
p ¼ �2:0 log

e=D

3:7
þ 2:51

Re
ffiffiffi
f
p

� �
(7)

As is seen in Fig. 12 for the smooth coupon (Cyl-Al), the results
are in good agreement for the range of Reynolds numbers. How-
ever, the data diverges from the laminar theory for
700<Re< 2000. The increased friction in this range is the result
of entrance effects becoming significant given the coupons were
between 20< L/Dh< 63. Langhaar [22] quantified entrance
effects of channel flow to determine an apparent friction factor for
channels of varying length to diameter ratios. Laminar data col-
lected from the Cyl-Al coupons is shown relative to Langhaar’s
results in Fig. 13, which agrees well for the Cyl-Al coupon.

Length-to-diameter ratios do not have such an impact on pressure
loss in the turbulent flow region because turbulent flow requires a
smaller length to diameter ratio to become fully developed. The
agreement of the turbulent data and the correlation in Fig. 12
shows that entrance effects do not contribute significantly to the
pressure drop for the range of Reynolds numbers tested here.

The pressure loss data for all DMLS coupons are shown along-
side the smooth channel results in Fig. 12. All coupons except the
L-1x-Co, M-1x-Co, and M-1x-In have the same friction factor at a
given Reynolds number for Re< 1500. However, all friction fac-
tors for this low range of Reynolds numbers are higher than what
is expected from laminar flow theory, which predicts that f¼ 64/
Re regardless of roughness. Much of the experimental work exam-
ined by Moody [23] when developing his friction factor chart did
not contain data for high relative roughness values [24]. His origi-
nal paper only presents data for e/D as high as 5%. It is also im-
portant to note that the absolute roughness, e, used in Fig. 12 is
not equivalent to the arithmetic average roughness, Ra. The abso-
lute roughness can be considered an apparent roughness that is
felt by the fluid according to Moody’s original data which used
sand grain diameter as the absolute roughness value.

Deviation from laminar flow theory of flow through channels
with high e/D was seen in the results of several others who have
studied friction factor of minichannels [9,10]. The friction factor
of the L-1x-Co, M-1x-Co, and M-1x-In coupons in the laminar re-
gime are higher than the other coupons because they have the

Fig. 11 Percent contribution to uncertainty values of Nusselt
number for two extreme cases

Fig. 12 Friction factor of rectangular channel DMLS coupons

Fig. 13 Friction factor results showing entrance region effects
in laminar region for Cyl-Al coupon plotted against data from
Langhaar [22]
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smallest hydraulic diameter and therefore largest roughness-to-
hydraulic diameter ratio, as given in Table 1. The larger relative
roughness also reduces the transitional Re where the flow
becomes turbulent as observed in Fig. 12. This corroborates the
study of mini- and microchannels with large relative roughness
done by Huang et al. [9].

In the turbulent region shown in Fig. 12, the data can be
categorized into four groups. The first contains the M-1x-Co and
M-1x-In coupons, which have a much higher friction factor than
the other coupons because they have the smallest diameter of all
the coupons and thereby the largest ratio of roughness to hydraulic
diameter. A value for e/D was calculated from the Colebrook
equation by curve fitting each coupon’s data with the correlation.
These relative roughness values for each coupon are given in
Fig. 12 along with a line indicating the value.

The L-2x-Co and L-2x-In coupons have the lowest friction fac-
tor of all DMLS coupons. These two coupons also have the largest
Dh of all coupons. The result of a large Dh is a lower e/D and
lower friction factor than the other coupons. The friction factor of
the L-2x-In coupon is slightly lower than the L-2x-Co coupon
which is the result of the higher roughness in the L-2x-Co coupon.
e/D values were also estimated for these coupons as shown in
Fig. 12. The L-2x-Co has a relative roughness of about e/D¼ 0.12
and the L-2x-In is about e/D¼ 0.08.

The third group of coupons consists of the M-2x-In, M-2x-Co,
S-2x-In, S-2x-Co, and L-1x-In coupons. The friction factor of all
these data is similar throughout the whole range of Re. Since these
coupons all have a similar Dh, this suggests that the roughness-to-
hydraulic diameter ratios are also approximately the same.
The relative roughness for these coupons is approximated as
e/D¼ 0.20.

The L-1x-Co friction factor data falls below the M-1x-Co and
M-1x-In data and is in a category of its own. This coupon has a
Dh that is similar to those of the third group. The higher friction
factor of the L-1 x-Co coupon over that of the coupons in group
three suggests that it has greater roughness. However, this was not
observed in the measured roughness results presented in Table 2.
The reason for this discrepancy may be abnormalities in the man-
ufacturing process. The relative roughness as estimated from the
plot is e/D¼ 0.32.

An absolute roughness, e, for each coupon was calculated using
Dh and the estimated relative roughness based on the Colebrook
equation for each coupon is listed in Fig. 12. All of the coupons
have an absolute roughness between 100< e< 210 lm. This value
is approximately an order of magnitude higher than the measured
arithmetic mean roughness, Ra, as shown in Table 2.

Heat Transfer Results

Convective efficiency, gc, of the walls separating each of the
channels was calculated by treating the separating walls as
extended surfaces from the upper and lower walls of the coupon.
The convective efficiency is a ratio of the actual heat transfer
from an extended surface to the maximum heat transfer from the
same surface if it were at a constant temperature [25]. High con-
vective efficiencies are necessary to validate the constant tempera-
ture boundary condition assumption used in the data reduction
method. Figure 14 shows that the convective efficiency of all
coupons tested is greater than 77%. However, the coupons with
the lowest efficiency are the L-2x-Co and L-2x-In because the
walls are thin and have the greatest height. All other coupons
have an efficiency of 90% or greater. Because of the high
efficiencies, assuming a constant wall temperature is an accepta-
ble approximation.

Heat transfer data collected for the Cyl-Al coupons is presented
in the form of a Nusselt number in Fig. 14. Along with these data,
the Dittus–Boelter correlation given by Eq. (8) and Gnielinski cor-
relation given by Eq. (9) are plotted where f in the Gnielinski cor-
relation is taken to be the smooth friction factor found using the
Colebrook equation listed above [26,27]. The Dittus–Boelter

equation is only valid for Re� 10,000, and the Gnielinski correla-
tion is valid for 3000�Re� 5,000,000. Within their respective
Reynolds number ranges, the data is within 6 12% of both corre-
lations. The data in Fig. 15 at low Re appears to be transitioning
to a constant value of 3.66 as would be expected for data in the
laminar regime

Nu ¼ 0:023 Re0:8Pr0:4 (8)

Nu ¼ f=8 Re� 1000ð ÞPr

1þ 12:7
ffiffiffiffiffiffiffi
f=8

p
Pr2=3 � 1ð Þ (9)

Results of the Nusselt number of the DMLS coupons are given
in Fig. 15 with the Cyl-Al heat transfer data. The ordering of the
data in this figure from lowest Nu to highest corresponds to the
ordering of the friction factor data presented in Fig. 12. Norris
[28], as reported by Kays et al. [29], experimented with pressure
loss and heat transfer of flow through channels with varying
roughness and developed a simplified correlation for Nusselt num-
ber augmentation expressed as a function of friction factor aug-
mentation. He also found that the augmentation of Nusselt
number increases with increased friction factor according to the
functional relationship given in Eq. (10), where n¼ 0.68Pr0.215.

Fig. 14 Channel wall convective efficiencies

Fig. 15 Nusselt number of rectangular channel DMLS coupons
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Nu

Nuo

¼ f

fo

� �n

(10)

Lines of Nu/Nuo for varying f/fo using the above correlation are
given in Fig. 15 for the purpose of comparison. As a limitation to
this correlation, Norris reported that augmentation of Nu ceases to
increase for friction factor augmentation greater than 4.0. All the
data in Fig. 15 falls below Norris’s correlation where f/fo¼ 4
except the M-1 x-Co and M-1x-In coupons which are slightly
above. This difference is not significant because of experimental
uncertainty in the data and uncertainty in the correlation.

Increases in pressure loss through channels in gas turbines can
result in decreased efficiencies of the engine. Sometimes, how-
ever, heat transfer increases may be desirable for a given flow
channel despite the pressure losses induced. The augmentation
plot shown in Fig. 16 can prove useful for examining the tradeoffs
between pressure loss and heat transfer. This figure shows the aug-
mentation of the measured friction factor compared to a smooth
channel at a given Re plotted against the augmentation of the
measured Nu compared to Nu of a smooth channel at the same
Re. The M-1x-Co and M-1x-In coupons have the greatest aug-
mentation of friction factor and Nusselt number, but as noted pre-
viously, the augmentation of Nu does not increase proportionally
with friction factor for high f/fo.

Also shown in Fig. 16 is data from Saha and Acharya [30] who
studied heat transfer in channels with angled grooves. These
angled grooves were made up of a linear array of depressions in
the wall of a flat plate. The grooves were all oriented at an angle
of 45 deg from the direction of the flow. Four different configura-
tions were studied: small pitch, large pitch, groves with angled
ribs, and groves with straight ribs. These configurations were
found to have a thermal performance similar to or better than
channels with various configurations of ribs reported in literature.
Augmentations of the grooved channel data are comparable to the
augmentations of the DMLS channels except the angled groove-
angled rib channel has a better heat transfer augmentation for a
given friction factor augmentation than DMLS channels.

As can be gleaned from the data in Fig. 12, f/fo increases with
increasing Re for the DMLS channels for Re above 1000. This
increase was also observed by Saha and Acharya in the grooved
channel data [30] presented in Fig. 16. This figure shows that
Nu/Nuo of the grooved channels is fairly constant over the range
of Re tested for the grooved channels. However, f/fo is a strong

function of Re for these channels. This results in a higher cost in
pressure loss with little or no increase in heat transfer coefficient
augmentation as Re increases. The AM channels studied here
show similar trends in that f/fo is a stronger function of Re than
Nu/Nuo. However, the heat transfer augmentation decreases at a
greater rate than the grooved channel data suggesting the thermal
performance decays at a greater rate with increasing Re.

Channel flow in gas turbines is driven by fixed pressure ratios.
An analysis was performed to examine the reduction in mass flow
rate through M-1x-Co coupon for a fixed pressure ratio compared
to a theoretical smooth coupon with the same dimensions and the
same pressure ratio. Mass flow through the smooth coupon was
calculated using the given pressure ratio from the data and a
smooth friction factor correlation. For a given pressure ratio, the
DMLS coupon had a 70% reduction in flow rate compared to a
smooth channel of the same size. This is due to the very high aug-
mentation of friction factor for the M-1x-Co coupon as shown in
Fig. 16. While the mass flow rate decreased significantly, the con-
vective heat transfer rate decreased, but only by 55% for the
DMLS coupon compared to the smooth coupon. This shows that
the relative reduction in heat transfer is less than the relative
reduction in mass flow rate for a fixed pressure ratio. The augmen-
tation of the heat transfer coefficient due to the roughness com-
pensates somewhat for decreases in the heat transfer from the
reduced mass flow relative to a smooth channel.

Conclusions

DMLS is a technology that shows much promise for use in the
aerospace industry. Understanding the fluid dynamics and heat
transfer characteristics of minichannels made with DMLS is nec-
essary for successfully utilizing this manufacturing process for
certain applications. The study presented in this paper has exam-
ined the roughness due to the DMLS process and its effects on
pressure loss and heat transfer in rectangular minichannels.

Using the settings suggested by manufacturers of the DMLS
machines, geometric tolerances for minichannels were not met
relative to the design intent. The research performed in this study
indicated the need to obtain accurate dimensions of the coupons
which was achieved with CT scans; the scans also gave results of
surface roughness levels. An in-house method was developed to
analyze the scans that account for the slight warping of the cou-
pons to determine the minichannel dimensions. Because pressure
loss through a channel is a strong function of the geometry, small
variations in the hydraulic diameter can have dramatic effects on
the friction factor. For this study, deviations from the design
hydraulic diameter were as high as one third of that specified for
some of the minichannels manufactured.

For the DMLS coupons, the friction factors were significantly
increased relative to smooth channels due to the roughness levels.
With decreasing hydraulic diameters, the friction factors increased
as a consequence of higher roughness-to-hydraulic diameter
ratios. While high augmentations resulted in increased pressure
losses, the Nusselt number augmentations did not linearly scale
with the friction factors. Analysis showed, however, that for a
given pressure ratio across the coupons, the higher pressure losses
resulted in much lower mass flow and heat transfer rates. How-
ever, the reduction in heat transfer was not as large as the reduc-
tion in mass flow rate because of the augmentations that occur for
the rough DMLS coupons. Comparisons of friction and heat trans-
fer augmentation between AM channels and channels with
grooves show that channels made with DMLS have relatively
comparable thermal performance. This diminishes the need to
design ribs or grooves into walls of small channels for perform-
ance enhancement when using DMLS.
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Nomenclature

Ac ¼ cross-sectional area
AS ¼ wetted surface area
D ¼ diameter

Dh ¼ hydraulic diameter; 4Ac=pð Þ
f ¼ Darcy friction factor
h ¼ convective heat transfer coefficient
H ¼ channel height
j ¼ thermal conductivity
L ¼ length
m ¼ number of points

Nu ¼ Nusselt number; hDh=jAirð Þ
p ¼ perimeter
P ¼ static pressure

Pr ¼ Prandtl number
Q ¼ heat flow rate

Qin ¼ heat input rate from heaters
Qout ¼ heat flow rate into air and into rig components

Ra ¼ arithmetic mean roughness
Re ¼ Reynolds number; qVDh=lð Þ

S ¼ channel pitch
t ¼ thickness

V ¼ fluid velocity
T ¼ static temperature

W ¼ channel width
z ¼ roughness height coordinate

DP ¼ pressure differential
DTLM ¼ log mean temperature difference

Greek Symbols

c ¼ ratio of specific heats
e ¼ absolute roughness (i.e., equivalent sand grain

roughness)
gc ¼ convective efficiency
q ¼ fluid density

Subscripts

Cou ¼ coupon
Cu ¼ copper

LFE ¼ laminar flow element
S ¼ surface at interface of solid and fluid

up ¼ upstream of coupon
wall ¼ coupon wall

o ¼ reference condition
1 ¼ inlet
2 ¼ exit
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