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Microchannels With
Manufacturing Roughness Levels
There are heat transfer advantages to reducing the size of channels used for internal
cooling gas turbine components. As channel sizes decrease, however, there are concerns
as to how manufacturing surface roughness may affect the channels’ expected pressure
drop and heat transfer. For microchannel size scales, in particular, there is relatively
little data indicating the effect of manufacturing roughness levels. The focus of this paper
is to describe the development and validation of a testing method for microchannels as
well as to determine the effect of manufacturing roughness levels on these small channels.
Convective heat transfer coefficients and friction factors were deduced based on mea-
sured flow conditions and known boundary conditions. It was shown that at an average
roughness height of 6.1 �m, which corresponded to 2.2% of the channel height, heat
transfer was augmented by 1.1–1.2, while the friction factor was augmented significantly
more by 2.1–2.6 over a smooth channel. �DOI: 10.1115/1.4002991�
Introduction
As turbine operating temperatures continue to rise, there is the

ver present problem of cooling airfoil components. To accom-
lish this, cooling methods have morphed into a complex array of
pecialized internal and external schemes. A majority of cooling
ethods involve routing cool air from the compressor, through

nternal cooling channels and out through various film cooling
oles around the blade surface. These cooling channels serve as a
eans to transfer heat from the airfoil surfaces to a cooling flow

assing through the inside of the vanes and blades.
Internal cooling has evolved from simple smooth-walled chan-

els to ones that include various types of turbulators that serve to
ncrease the convective heat transfer coefficient and heat transfer
urface area. Turbulators have been studied in detail over the
ears, and the most preferred cooling designs involve pedestals,
ibs, and various surface roughening effects such as dimples. They
erve to increase the turbulent mixing of the flow as it passes
hrough the channel, thereby increasing the convective heat trans-
er coefficient along the wall surfaces.

There are many advantages from a cooling perspective to use
icrochannels to cool components, provided that the pressure to

rive the flow through these channels is available. These micro-
hannels approach the level where manufacturing �random�
oughness and tolerances can play a key role in their heat transfer
apabilities �1�. Average manufacturing roughness in common
asting techniques can approach 1–10 �m �2� before polishing or
nishing, and this seemly inconsequential inherent roughness can
iscernibly affect the microchannels’ heat transfer and pressure
rop.

This paper provides a summary of the findings of an experi-
ental program focused on examining the heat transfer and pres-

ure drop of microchannels. Accurately quantifying these two pa-
ameters will enable better prediction of the engine hardware
hermal performance and life. The primary objective of this study
as to develop a testing procedure capable of evaluating the heat

ransfer and pressure drop performance of several microchannels
ver a range of Reynolds numbers. The performance is reported in
he form of an overall Nusselt number and friction factor for each

anufacturing roughness level. While the results indicate little
ependence of heat transfer and pressure drop augmentation upon
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Reynolds number, the range studied was in the fully turbulent
regime in which compressibility effects were not present.

2 Relevant Past Studies
Microchannel cooling has only recently been studied in the gas

turbine field. The main benefit from this method is that it provides
minimal conductive thermal resistance between the cooling fluid
and the external hot gases. However, microchannel cooling with
surface roughness has been studied extensively for channel
heights in the sub-500 �m range by the biomedical, electronics,
and cryogenic cooling fields and in the large scale range �greater
than 10 mm� by the heating, ventilating, and air conditioning
�HVAC� and energy fields �3,4�. Very little data exist in the mi-
crochannel range between these two sizes, and yet the between
range is the most applicable to the gas turbine fields.

The biomedical, electronics, and cryogenic cooling fields have
focused on using single- and two-phase flows, liquid nitrogen, and
other refrigerants having microchannel dimensions on the order of
20–500 �m �5,6�. The studies in these fields predominately fo-
cused on the laminar and transitional regimens and do not report
data expansively into the fully turbulent regime.

Qi et al. �7� studied the effect of surface roughness on the
cooling performance of liquid nitrogen in microchannels with di-
ameters of 0.5–2 mm over a wider range of Reynolds numbers.
Over a Reynolds number range of 1�104–9�104, they found
that roughness increased the heat transfer and pressure drop over a
smooth channel, but the pressure drop augmentation was less at
higher temperatures due to lower nitrogen viscosities.

In the sub-500 �m range, little data exist on gas cooled chan-
nels in the fully turbulent regime. Lorenzini et al. �8� studied
nitrogen gas to cool circular microchannels with diameters of
25–508 �m. They found that at low Reynolds numbers in the
laminar regime, their results accurately matched the literature re-
sults. However, when fully turbulent, the results deviated due to
compressibility effects. Their reported data were in the fully tur-
bulent regime but stopped at a Reynolds number of 1�104.

One of the first studies of microchannel heat transfer in the gas
turbine field was performed by Marques and Kelly �9�, where a
pin fin microheat exchanger was developed having channels with
a height of 0.5 mm that contained various pin turbulator geom-
etries. The arrays had a height to diameter ratio of 1 and a stag-
gered spacing to diameter ratio of 2.5. Over a Reynolds number
range of 4�103−2�104, the array augmented the heat transfer
on the order of 4–5 and friction factor on the order of 15–20 over

a smooth channel.
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Bunker et al. �10� studied various types of turbulators, includ-
ng round and diamond pins and pins with various wall dimple
onfigurations in small channels. He tested channel widths of 33
m and heights of 5.08 mm, which gave an aspect ratio of 65:1
W:H�. Tests were conducted with round pedestal axial spacing to
iameter ratios of 1.5 and height to diameter ratios of 0.2, which
iffers from usual array height to diameter ratios greater than 1.
unker’s findings indicated that the dense arrays augmented the
eat transfer by approximately 2.25 times over a smooth channel.
he arrays with pins and dimples performed better, augmenting

he heat transfer by more than 3, but at a friction factor augmen-
ation of up to 25.

Bunker �11� also studied the use of small pedestals in mesh-fed
lm cooling. The aim was to increase the film effectiveness down-
tream of a slot by placing small pedestal turbulators immediately
pstream of the slot flow exit. The pedestal height to diameter
atio was 0.2, with slot blowing ratios of 0.1–0.7. The results were
hat the coolant stream did not blow off the wall, even at the
igher blowing ratios where this would be expected. Cooling was
ugmented by 25–100% in the downstream section when com-
ared with cooling with no turbulators.

As internal channels approach smaller and smaller dimensions,
uch as those being studied in this experiment, manufacturing
olerances can also play a role in the overall heat transfer perfor-

ance of the channels. Bunker �1� performed a review on the
ffects of various tolerances on the cooling performance of chan-
els that included film cooling, impingement cooling, internal
ooling passages, and turbulated channels. The study concluded
hat channel geometry tolerances affected the heat transfer by 1%,
ut turbulator manufacturing tolerances affected the heat transfer
ven more by 2–7%.

This paper presents a method for discerning manufacturing
oughness effects on heat transfer and pressure drop for micro-
hannels that fall between the sub-500 �m and large scale
greater than 10 mm� ranges, which is relevant to gas turbine
ngines. The remainder of the paper presents the design and vali-
ation of the testing apparatus, followed by results of measured
ressure drop and heat transfer for a number of test coupons.

Experimental Apparatus
A test stand and individual chambers were designed to test mi-

rochannel coupons and minimize the overall uncertainty of the
eat transfer and pressure drop measurements. The overall appa-
atus is shown in Fig. 1. The primary components of the stand
ncluded a high pressure air supply line with a regulator valve, a
rimary test chamber, and a downstream exhaust line with a regu-
ator valve. Compressed air was supplied to the test stand at 22°C
nd 450–620 kPa gauge, and the flow rate was measured using a
aminar flow element located upstream of the test chamber. The
igh pressure air then passed into the test chamber and subse-
uently out through the second regulator valve, which was used to
djust the downstream pressure and flow rate through the cham-

ig. 1 Schematic of the microchannel test apparatus designed
n this study
er. Two test chambers were constructed: one for measuring heat
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transfer and one for measuring pressure drop. These two chambers
were designed to be easily interchanged and to share the maxi-
mum common instruments between the two.

An axial cross-section of the heat transfer test chamber is
shown in Fig. 2. The outer enclosure of the test chamber was
fabricated from a hard plastic known as polyetheretherketone
�PEEK� having 1.6 cm thick walls. This material was selected due
to its low thermal conductivity, as shown in Table 1, high tensile
strength, and good machining properties. A low thermally conduc-
tive material was necessary to minimize the heat loss from the test
chamber to the surrounding atmosphere, while the high tensile
strength was desirable due to the elevated operating air pressure
within the test chamber. The PEEK test chamber contained a sand-
wich of pieces that included a stack of rigid foam insulation,
copper heat sinks, electric circuit heaters, and the test coupon.
Axially centering the stack gave identical reservoirs upstream and
downstream to allow measurement of the inlet and outlet pres-
sures and temperatures of the air.

The foam was rigid polyurethane and was selected due to its
low thermal conductivity �as shown in Table 1� in combination
with its other desirable characteristics including a wide tempera-
ture use range and high compressive strength.

Photographs of the test section construction are shown in Fig. 3.
The foam was used as an insulator around the test coupon and
copper heat sinks. The insulation reduced the heat loss from the
heaters to approximately 2–4% for the range of Reynolds numbers
tested. To ease the transition from the large upstream reservoir to
the small coupon channel, a trapezoidal inlet was built into the
foam insulation. Downstream of the coupon where the outlet air
temperatures were measured, the channel had a constant cross-
section.

The copper blocks were heated using two identical circuit heat-
ers positioned between the copper and the surrounding foam in-

Fig. 2 Axial view of the heat transfer test chamber and internal
components

Table 1 Test chamber thermal properties

Material
k

�W/m K�

PEEK 0.25
Copper 400
Foam 0.054
Conductive paste 2.31

Fig. 3 Photograph of the foam insulation used to surround the

test coupon and heat sinks
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ulation. The heaters were chosen for their ability to provide a
onstant heat flux boundary condition to the surface of the copper
f up to 12.3 W /cm2. Since copper has a very high thermal con-
uctivity �as shown in Table 1�, the constant heat flux being sup-
lied by the heaters resulted in a copper heat sink that was nearly
patially uniform in temperature, as verified later in this study
hrough numerical simulations. This uniform copper temperature
as then the physical boundary condition for the test coupon.
To ensure all of the flow passed through the test coupon channel

and not around it through the foam stack�, all upstream interfaces
ere sealed with a silicone sealant. In addition, all downstream

dges were sealed using high vacuum grease.
The test chamber used to quantify pressure drop differed in the

act that there were no heaters or insulating materials needed, as
hown in Fig. 4. This test chamber was manufactured to have an
pstream chamber to decelerate the flow to measure a total up-
tream pressure, a nozzle inlet to the coupon, and a downstream
hamber to measure total downstream pressure. The inlet nozzle
as designed to reduce any entrance losses. The downstream res-

rvoir provided the same benefit as in the heat transfer chamber,
hich was to provide a fixed back pressure to remain at low Mach
umbers �less than 0.2� through the channel. The supply air pres-
ure was kept at a constant pressure, and the downstream pressure
as throttled with the regulator valve. The coupon was attached to

he nozzle wall using a compression fitting with a notch cut into it
s to not impede the exiting flow.

Instrumentation
For the heat transfer tests, the entire test apparatus, including

he primary PEEK test chamber and the upstream delivery pipe,
as instrumented to ensure measurement redundancies and mini-
ize uncertainties. Figure 5 shows the locations in which tem-

erature and pressure measurements were taken. All temperature
easurements were performed using type-E thermocouples, with
ultiple temperature measurements made to verify an even tem-

erature distribution across the pitch direction.
The copper heat sinks were each machined with six evenly

paced insertion holes that allowed the installation of thermo-

ig. 4 Axial view of the pressure drop test chamber and inter-
al components

ig. 5 Drawing of the measurement locations within the test

pparatus
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couples at the midplane of the heat sinks. Each insertion hole was
filled with highly thermally conductive paste �as shown in Table
1�. As with the copper blocks, temperature measurements were
taken upstream and downstream of the coupon in the foam blocks.
Six evenly spaced thermocouples were also positioned in the top
and bottom foam pieces to calculate the amount of heat loss from
the test chamber.

Figure 6 shows examples of the thermocouples installed within
the test stack that measured the coupon outlet air temperature.
Four thermocouples were placed at the exit of the test coupon and
four were placed at the exit of the foam. These two streamwise
locations were used to provide two measurement points for accu-
rately measuring the outlet temperature. The foam exit was used
as the outlet location for calculating the overall heat transfer co-
efficient.

As for the pressure drop test chamber, pressure measurements
were made in the upstream and downstream chambers and across
the chambers. The individual pressures were used to calculate the
air densities, while the differential measurement across the cham-
bers provided an accurate measurement of the total pressure drop.

5 Microchannel Test Coupon
Four test coupons were manufactured for testing the effect of

random manufacturing roughness in microchannels. They were
fabricated out of a proprietary metal that had a high thermal con-
ductivity relative to the insulating materials. To minimize the ther-
mal resistance between the heaters and the copper blocks, as well
as between the copper blocks and the test coupons, a thin layer
�0.08 mm� of thermally conductive paste was applied across the
outer surface of the test coupon �properties shown in Table 1�.

To fabricate a microchannel with a specified surface roughness,
the test coupons had to be manufactured in two separate parts and
then attached, as seen in Fig. 7. The top and bottom pieces were
fabricated using wire or plunge electric discharge machining that
provided a specified surface roughness and then attached using a
thermally conductive cold-weld on the streamwise sides of the
pieces. Each test coupon had an internal channel width of 17.8
mm and a height of approximately 500 �m, which was measured
using high accuracy pin gauges. The test coupons had an overall
width of 2.5 cm and a length of 5.0 cm.

The parameters of the four test coupons tested are shown in
Table 2, which includes the following: manufacturing method,
average surface roughness �Ra�, maximum surface roughness
�Rz�, and channel height �H�. The average roughness was defined
as the average of the differences between a roughness height and
a roughness mean across the sample, while the maximum rough-
ness range was the average of the ten largest differences between
peaks and valleys �12�. The average and maximum surface rough-
nesses are described as a 95% confidence interval of the data
measured on the top and bottom surfaces. The channel height is

Fig. 6 Photograph of thermocouples installed at channel exit
the height measured using the pin gauges plus 4Ra, with an un-
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ertainty calculated using the partial derivative method by Kline
nd McClintock �13�. Figure 8 shows a sample of a three-
imensional surface plot of coupon C, taken using an optical pro-
lometer. The random roughness is noticeable with various peaks
nd valleys across the surface.

Test Method and Data Reduction
The overall convective heat transfer coefficient for each test

oupon was determined by using Eq. �1� and verified using a first
aw energy balance �Eq. �2��,

Qnet = h · AS · �TLM �1�

Qnet = ṁ · Cp · �To − Ti� �2�

he symbol �TLM was the log-mean temperature difference be-
ween the flow and the microchannel walls. In Eq. �2�, the net
onvective heat transfer was given by Qnet=QH−QL. The justifi-
ation of using �TLM was based on the assumption that the wall
emperature remained constant through the streamwise and span-
ise dimensions and was verified using numerical simulations as
iscussed below.

ig. 7 Diagram of test coupon assembly process and overall
imensions

Table 2 Coupon roughness properties

oupon
H

��m� Manufacturing method
Ra

��m�
Rz

��m�

mooth 508.6�2.6 Wire-EDM and polished 0.14�0.06 3.2�0.9
505.6�2.6 Wire-EDM 2.6�0.2 26.2�2.2
525.6�3.2 Plunge-EDM 4.4�0.6 38.4�6.4
557.8�5.9 Plunge-EDM 6.1�1.7 46.2�9.6
Fig. 8 Coupon C three-dimensional profilometry surface plot
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Due to the small physical size of the microchannels, the internal
wall temperature could not be directly measured in this study and
was instead modeled using a one-dimensional analysis. The chan-
nel wall temperature �Eq. �3�� was calculated using a thermal
resistance network from the measured temperature of the copper
heat sinks to the channel wall,

TS = TCU − �0.5�yCU� · � Qnet

kCU · ACU
� − ��yC� · � Qnet

kC · AC
� �3�

Between the measured copper temperature and the wall tempera-
ture were two thermal resistances from the copper thickness and
coupon wall thickness, which is shown in Fig. 9. The temperature
drop through the thermally conductive paste was negligible due to
the minimal thickness and high conductivity.

To determine the overall friction factor of the microchannels,
the density and velocity were defined using channel inlet condi-
tions. In this experiment, �P was defined as the difference in
measured total pressures between the upstream and downstream
reservoirs and then modified for the sharp expansion loss at the
exit, as shown in Eq. �4�. For a sharp exit into a large reservoir,
the value of K was accepted as 1.0 �14�. By designing a smooth
nozzle between the upstream reservoir and the channel inlet, the
inlet K value was assumed to be zero. Typical test flow conditions
within the microchannels are summarized in Table 3,

f =
��Pt −

1

2
K · �o · Vo

2� · DH

0.5��i · Vi
2� · L

�4�

7 Method Verification and Uncertainty
To determine the validity of the constant wall temperature as-

sumption and resistance network calculation for the channel wall
temperature �Ts�, two-dimensional and three-dimensional steady
state heat transfer simulations using the finite element computa-
tional software ANSYS 11.0 were performed. These simulations
were carried out using the test flow conditions within the smooth
coupon stated in Table 4.

The two-dimensional simulation was performed to prove the
validity of the one-dimensional resistance network assumption
used to calculate Ts. This two-dimensional simulation at a stream-
wise midplane showed good copper temperature agreement with
the one-dimensional resistance network.

Fig. 9 Schematic of a cross-sectional view of the test stack
„foam to air…

Table 3 Typical test flow conditions

Reynolds number, Re 5�103–3.5�104

Pi �kPa gauge� 450–620
Ts �°C� 38–93
ṁ �kg/s� 0.001–0.005
QH �W� 38–110
Transactions of the ASME
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A three-dimensional simulation was then performed using AN-

YS 11.0 fluid link elements to determine the copper spatial tem-
erature variation. The test stand was modeled with the same pa-
ameters as the previous two-dimensional simulation. Results
ndicated that the copper midpoint temperature varied by less than
°C in the streamwise direction and by less than 1°C in the
ertical direction when calculated at the channel midplane. This
ange was determined to be acceptable given that the overall tem-
erature rise of the fluid was 19–27°C for all tests.

Nondimensional copper heat sink and test coupon temperature
ontours are shown in Fig. 10. Ti is the air temperature at the
hannel inlet, and Qnet is the net convective heat transfer. This
ondimensional temperature is the ratio of the metal temperature
ise to the overall air temperature rise through the channel. In
ddition, the horizontal copper midplane nondimensional tem-
erature is shown in Fig. 11, and the vertical copper and test
oupon midplane nondimensional temperatures at the channel in-
et, midpoint, and outlet are shown in Fig. 12 for the conditions
hown in Table 4. Horizontal and vertical temperature locations
re shown in Fig. 10 as a dashed line.

To verify that the heat transfer coefficients were measured ac-
urately, a first law energy was checked as given in Eq. �2�. This
heck used the air temperature rise measured across the micro-
hannel and mass flow rate to calculate the net amount of heat
ntering the air. The energy balance percentages, which repre-
ented the difference between the convective heat transfer mea-
ured using Eq. �2� and the convective heat transfer measured
sing QH−QL, are shown in Fig. 13. For all test coupons, the
nergy balances match what was expected from the heaters and
ere within �8%.
An uncertainty analysis on the friction factor and convective

eat transfer coefficient was performed using the partial derivative
ethod described by Kline and McClintock �13�. To calculate the

ncertainty of the convective heat transfer coefficient of the chan-
el, 12 parameters were considered: heater individual and total
ower, channel surface area, copper temperature, copper thickness
nd test coupon wall height, copper and test coupon thermal con-
uctivity, copper and test coupon cross-sectional area normal to
he heaters, and finally the air inlet and outlet temperatures. For a
ange of Reynolds numbers of 1�104–3.1�104, the uncertainty
aries from 4.1% to 4.3%.

Figure 14 shows the percentage that each parameter contributes
o the uncertainty, as a function of the total uncertainty to the
onvective heat transfer coefficient. The largest contributors to the
ncertainty were the microchannel surface area �As�, copper tem-
erature �Tcu�, and outlet air temperature �To�. To reduce this
ncertainty, as stated before, multiple temperature measurements

Table 4 Numerical simulation parameters

H �W� 106
e 2.4�104

u 64
Fig. 10 Three-dimensional ansys simulation of co
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were taken at each of the locations. This ensured an accurate
average temperature and did not reduce these vital temperature
measurements to a single point measurement.

A similar analysis was performed for the friction factor cham-
ber. Figure 15 shows the percentage that each parameter contrib-
utes to the uncertainty, as a function of the total uncertainty to
friction factor. These parameters were �P across the coupon, pres-
sure of the upstream and downstream chambers, air temperature
and gas constant, mass flow rate, and the channel height, length,
and width. For a range of Reynolds numbers of 8�104−3�104,
the uncertainty varies from 12.3% to 14.3%. Half of this uncer-
tainty came from accurately measuring the channel height. A
small 0.01 mm uncertainty in channel height varied the channel
area by 2%.

8 Heat Transfer Results
Experimental results for heat transfer are shown below in Figs.

16 and 17. Figure 16 also shows two correlations for smooth wall,
fully developed, turbulent internal channel flow. These correla-
tions are the Dittus–Boelter correlation �15�, as shown in Eq. �5�,
and the Gnielinski correlation �15� shown in Eq. �6�. In the Gnie-
linski correlation, the friction factor is assumed to be the Blasius
smooth wall, fully developed, turbulent internal channel flow cor-
relation �14�, as described in Eq. �7�,

Nu = 0.023 · Re0.8 · Pr0.4 �5�

Nu =
� f

8
� · �Re − 1000� · Pr

1 + 12.7� f

8
�0.5

�Pr2/3 − 1�
�6�

Fig. 11 Copper midplane horizontal temperature distribution
pper heat sinks and test coupon temperatures
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f = 0.316 · Re−0.25 �7�
igure 17 shows the heat transfer augmentation for the four cou-
ons with the Dittus–Boelter correlation used as the assumed

ig. 12 Copper and test coupon midplane vertical temperature
istribution

ig. 13 Test coupon energy balance percent as a function of
eynolds number

ig. 14 Individual parameter contributions to overall heat

ransfer coefficient uncertainty
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smooth wall heat transfer Nusselt number. Within uncertainty, the
smooth wall test coupon agreed with the smooth wall Dittus–
Boelter correlation, with a percent difference of only �4%
through the range of Re numbers tested. Coupons A and B showed
no surface roughness effect on heat transfer, indicating that aver-
age roughness levels of Ra of 2.6 �m and 4.4 �m had no effect.
These two roughness levels translate to 1.0% and 1.7% of the
channel height, respectively. Coupon C, with Ra=6.1 �m that is
equated to 2.2% of the channel height, indicated a measurable
augmentation on the heat transfer coefficient of the microchannel.
This roughness augmented the heat transfer coefficient by 1.1–1.2
for Re=1�104–3�104.

9 Friction Factor Results
Experimental results for friction factor are shown below in

Figs. 18 and 19. In Fig. 18, the data are plotted with the Blasius
smooth wall correlation, as described in Eq. �7�. The smooth wall
coupon matched the Blasius correlation well, with a maximum
percent difference of 12.3%. As seen in Fig. 19, the three rough-
ened test coupons showed a higher friction factor augmented by
1.8–2.6 over the Blasius smooth wall correlation. Coupon A has a
friction factor augmentation of 1.8–2.0, and coupon B has an aug-

Fig. 15 Individual parameter contributions to overall friction
factor uncertainty

Fig. 16 Test coupon Nusselt number as a function of Rey-

nolds number
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entation of 2.1–2.3, while having no convective heat transfer
ncrease. Coupon C has a slightly higher friction factor augmen-
ation of 2.1–2.6, but with a discernible convective heat transfer
ugmentation, as indicated in the previous section.

The augmentations arising from the heat transfer and friction
actor results follow the trend of rib turbulated internal channel
ows where the pressure drop is generally augmented by a larger
mount over a smooth channel than is the heat transfer. These
ifferences in augmentation between pressure drop and heat trans-
er were demonstrated by Park et al. �16� and Han and Zhang �17�.
hese differences between augmentation of heat transfer and pres-
ure drop are consistent with the literature and occur as a result of
he recirculation regions that occur downstream of the protrusions.
hese recirculation regions contribute to pressure losses but do
ot contribute to additional heat transfer augmentation.

ig. 17 Test coupon Nusselt number augmentation as a func-
ion of Reynolds number

ig. 18 Test coupon friction factor as a function of Reynolds

umber
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10 Conclusions
Two test chambers have been developed for quantifying heat

transfer coefficients and pressure drops in internal cooling micro-
channels. At the scale of these channels, the heat transfer and
pressure drop can be discernibly affected by the inherent surface
roughness due to the manufacturing process. Three roughened
channels were manufactured at the level of typical casting tech-
niques, along with a smooth channel to compare with known cor-
relations from the literature. Nusselt numbers and friction factors
were reported for the four roughness ratios.

The results for the smooth channel matched the known corre-
lations for Nusselt number and friction factor over the range of
Reynolds numbers tested. The channels with Ra=2.6 �m and
4.4 �m showed no heat transfer augmentation but did show a
friction factor augmentation of 1.8–2.3 over the smooth-walled
channel. The channel with the highest Ra=6.1 �m showed a heat
transfer augmentation of 1.1–1.2 and a friction factor augmenta-
tion of 2.1–2.6.

These results indicate that in the range of known casting tech-
niques, the manufacturing surface roughness has an effect on the
heat transfer augmentation when the roughness approaches 2.2%
of the channel height. Similar to rib turbulated channels, however,
the manufacturing roughness had a much larger impact on the
increased pressure losses than on the heat transfer augmentation.
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Nomenclature
A � area

Cp � specific heat
DH � hydraulic diameter

f � friction factor: f= ��P /0.5��i ·Vi
2�� · �DH /L�

h � heat transfer coefficient
H � microchannel height
k � thermal conductivity
K � loss coefficient
L � channel length
ṁ � mass flow rate

Nu

Fig. 19 Test coupon friction factor augmentation as a function
of Reynolds number
� Nusselt number: Nu=h·DH /kair
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Downloa
P � pressure
�P � pressure difference
�Pt � total pressure difference
QH � power from heaters
QL � energy loss

Qnet � net convective heat transfer
R � gas constant

Ra � average surface roughness
Rz � maximum surface roughness
Re � Reynolds number: Re=� ·V·DH /�

�TLM � log-mean temperature difference: �TLM= ��TS
−To�− �TS−Ti�� / ln��TS−To� / �TS−Ti��

T � temperature
V � velocity
W � channel width
x � transverse distance from channel center
y � vertical distance from channel center
z � horizontal distance from channel inlet

reek
� � density
� � dynamic viscosity

ubscripts
c � test coupon

Cu � copper
i � inlet

int � copper and test coupon interface
o � outlet
s � surface
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