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A Methodology to Measure
Aerodynamic Forces on Cylinders
in Channel Flow
While the measurement of drag and lift forces on a body in external flow is common
practice, the same cannot be said for aerodynamic forces on bodies in internal flows. The
inherent difficulty in making force measurements on a body in an internal channel flow is
decoupling the body from the bounding walls. The methodology presented in this paper
uses a technique to overcome this constraint to accurately measure two components of
force on a single cylinder within a single row array, with an aspect ratio (height-to-
diameter ratio) of 1. Experiments were conducted with air over a range of Reynolds
numbers between 7500 and 35,000 and for three different spanwise pin spacings. Experi-
mental results indicated an increase in cylinder drag with a reduction in spanwise pin
spacing. The gas turbine and electronics industries use cylinders or pin fins in internal
flow channels to increase heat transfer augmentation through high turbulence and in-
creased surface area. The flow fields in these obstructed channels are difficult to predict,
so these measurements can be used to directly compare with predicted drag and lift
forces. �DOI: 10.1115/1.4002198�
Introduction
The drag of an infinitely long cylinder in external cross flow is
well-documented phenomenon. Drag coefficients for cylinders

nd an explanation of the fluid dynamics that shapes the func-
ional dependence can be found in nearly any fluid dynamics text-
ook �1�. The drag of a cylinder in channel flow, however, is
ndocumented. It is unclear how the effects of bounding channel
alls and neighboring cylinders may affect the drag coefficient.
egardless, several industries, including electronics and gas tur-
ines, use cylinders within internal flow channels to provide en-
anced cooling to critical parts.

The work presented in this paper provides a methodology for
aking drag measurements on a single cylinder within an evenly

paced row of cylinders in internal cross flow. Specifically, the
ylinders had a height-to-diameter ratio �H /d� equal to 1 and
panwise-to-diameter ratios �S /d� that ranged from 2 to 12. The
ylinders were bounded in a rectangular channel with a width-to-
eight ratio �W /H� of 64:1. This large channel aspect ratio en-
ured that the flow approaching the bounded cylinders was two
imensional. Direct, two-component force measurements were
chieved with a cantilever beam force sensor that uses highly
ensitive piezoresistive strain gauges, relating the strain at the
ase of the beam to the drag force. With proper characterization,
orces as small as one-tenth of the weight of a paper clip were
uccessfully measured.

Aerodynamic force measurements on cylinders in channel flow
equire a more sophisticated measurement technique than those
mployed for external force measurement. The force measurement
ust be made on an object that is normally rigidly connected to at

east one channel wall. To directly measure the force on the object
f interest, it must be detached from the surrounding wall while
aintaining the fluid dynamic interaction representative when no
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measurement is being made. The detachment, or decoupling, of
the object from the channel walls must be achieved in such a
manner as to not attenuate or augment the force apparent to the
cylinder. These considerations lead to tight alignment clearances
for the force sensor that are difficult to achieve in practice. Addi-
tional difficulties arise due to the small size of the drag forces
being measured, which could be on the order of a millinewton.

2 Review of Relevant Literature
This review will provide discussions on current experimental

drag results available for cylinders bounded within a channel.
While no direct drag force data are available for arrays of pin fins
in literature, there were detailed results regarding row-by-row
pressure distributions related to pressure drag around an indi-
vidual cylinder within an array.

Ames et al. �2� made detailed static pressure measurements
about the midline of an individual cylinder in each of the first five
rows within an eight row staggered array. The cylinder’s height-
to-diameter ratio was 2, and the array had an equal spanwise and
streamwise pin spacing of 2.5. Integration of their published pres-
sure coefficients yielded the pressure drag or form drag. Their data
showed two separate trends with Reynolds number, indicating that
the flow developed within the first few rows and became fully
developed within the subsequent rows. For the low Reynolds
number regime �Red,m�104�, the pressure drag beyond the first
row was similar. The first row exhibited a lower pressure drag.
With increasing Reynolds number, the pressure drag coefficient in
the first and second rows showed a slight increase compared with
the pressure drag in the low Reynolds number regime. In the
subsequent rows, however, the pressure drag coefficients showed
a decrease with increasing Reynolds number relative to the low
Reynolds number regime. Some caution should be taken in the
observed trends predicted by the pressure drag coefficients since
the values were obtained from pressure distribution measurements
around the midline of the cylinder. It was expected that endwall
effects due to secondary flows would create a nonuniform pres-

sure distribution. However, Ames and Dvorak �3� reported within
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heir measurement accuracy that the pressure distribution was es-
entially uniform along the span height of the channel for the
ylinder.

As discussed above, a review of the literature did not yield any
xperimental work that measured aerodynamic forces on channel
ylinders. However, a concept for measuring the cylinder force
as found by studying experimental efforts to quantify skin fric-

ion. Skin friction measurements were reported to be made with
ood accuracy using a cantilever beam method. Schetz �4� sug-
ested the use of a Kistler Morse DSC-6 force sensor as a canti-
ever beam style measuring device capable of two-axis resolution.
e Turris et al. �5� used the DSC-6 to accurately measure two-

omponent skin friction forces in a supersonic combustion flow.
he forces of interest to De Turris et al. �5� ranged from 2.0
10−3 N to 1.0�10−2 N. The method involved relating the
easured strain at the base of the cantilever beam to the applied

kin friction force on a movable element. A thin gap surrounded
he force element to permit deflection of the measurement device.
he clearance gap was filled with a Newtonian silicone oil to
lose the gap to the flow and minimize any effect on the fluid
ynamics.

Although the measurement method was based off the work of
e Turris et al. �5�, the methodology required modification for

pplication to channel cylinders. Because the cylinder extended
cross the entire height of the channel, it needed to be decoupled
rom both the channel floor and channel ceiling. Previous skin
riction measurements only required that the force element be de-
oupled from the channel floor.

The results from a direct force measurement are unique in that
hey fill a void left by the existing cylindrical studies in a channel

Plenum

Test Section

Regulator
Valves

Venturi/Orifice

Blower

Butterfly
Valve

Heat Exchanger

Thermocouple
Plenum

Test Section

Regulator
Valves

Venturi/Orifice

Blower

Butterfly
Valve

Heat Exchanger

Thermocouple

ig. 1 Schematic of the overall test facility used for all drag
orce testing

Sensor Mo

Reservoir C

Sensor Cylin
Rounded Inlets

43.5 DH

Flow
Direction Static Pressur

Sensor Mo

Reservoir C

Sensor Cylin
Rounded Inlets

43.5 DH

Flow
Direction Static Pressur

Flow
Direction

Static Pressure Taps

W

Flow
Direction

Static Pressure Taps

W

(a)

(b)

Fig. 2 „a… Side and „b… overhead sche

force measurements were made

81401-2 / Vol. 132, AUGUST 2010

ded 24 Aug 2011 to 130.203.215.70. Redistribution subject to ASM
flow. This paper will present trends in cylinder drag as related to
Reynolds number and spanwise pin spacing in a single row of
cylinders.

3 Experimental Facility
To measure the aerodynamic forces on low aspect ratio cylin-

ders placed in a wide channel, it required a specially constructed
test facility to be placed in a recirculating flow loop. Figure 1
provides a schematic representation of the facility highlighting
several major components. The flow followed a clockwise path as
indicated by the arrows. The plenum in Fig. 1, which had a flow
area relative to the test section of 110:1, contained a two plate
baffle used to evenly distribute the entering jet of air over the
entire plenum cross-sectional area. The flow next entered a tube
and fin heat exchanger, which was used to maintain a steady inlet
air temperature at the test section entrance. Thermocouples lo-
cated upstream of the test section inlet were used to monitor the
inlet air temperature. Before entering the test section, the flow
encountered rounded inlets constructed from large polyvinyl chlo-
ride pipes that were halved to provide a smooth contraction for the
entering flow.

The test section, where all drag force measurements were made,
was designed as a parallel plate channel. The channel was 1.33 m
long with an open flow area of 61 cm wide by 0.96 cm high,
giving a width-to-height ratio of 64:1. Figure 2 provides a sche-
matic representation of the test section from both side and over-
head views. The channel floor was constructed from a single poly-
carbonate plate while the ceiling was constructed of two separate
polycarbonate plates to allow the installation of the force sensor.
Pressure taps were placed in the ceiling to obtain static pressure
measurements throughout the channel to quantify streamwise
pressure drop and spanwise flow uniformity.

The force sensor, to be described later in the paper, assembled
to the test section floor through an adjustable mount bolted to the
bottom side of the plate. A polycarbonate cup, painted black to
shield the sensor from light, encompassed the force sensor and the
mount. Within the cup, the force sensor was submerged in a sili-
cone oil bath that also filled the clearance gap between the force
sensor cylinder and the through hole in the test section. Silicone
oil was fed into the reservoir cup by emptying a plastic bottle
connected by tubing to the reservoir cup. A thermocouple in the
reservoir cup was used to monitor the temperature of the silicone
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il since the submerged sensor was temperature dependent. The
ilicone reservoir on the channel ceiling was achieved with a
ounterbore in the downstream polycarbonate ceiling plate. Grav-
ty fed the silicone oil in the ceiling clearance gap.

Downstream of the test section in Fig. 1, the flow exited into an
xtension that transitioned from the rectangular test section to the
ircular pipe of the flow measurement section, increasing three-
old in flow area within the transition. The circular pipe was fed
nto one of two interchangeable flow meters, either a venturi or
rifice, depending on the volume flow rate. The flow measurement
ection was designed with 15 hydraulic diameters of pipe up-
tream of the flow measurement device and nine hydraulic diam-
ters extending downstream to the entrance of the blower. To cir-
ulate the air through the test facility, an 11.2 kW, three-phase
lectric motor having a variable frequency drive was used to
ower the blower that provided the required pressure difference.

The air flowed from the blower outlet back to the plenum
hrough the flow recirculation section consisting of a circular pipe
nd a butterfly valve. Also shown in Fig. 1 are two regulator
alves, each available to be open to atmosphere, with one located
lightly upstream of the blower and the other downstream of the
lower. This arrangement of valves was used to adjust the oper-
ting pressure in the test section. By balancing the pressure with
he surrounding atmospheric pressure, the silicone oil was main-
ained in the ceiling clearance gap.

Channel Benchmarking
Two requirements were imposed upon the flow in the test sec-

ion before reaching the cylinder row. The velocity profile of the
hannel flow had to be hydrodynamically fully developed, and the
ow needed to be uniform across the width of the channel. Span-
ise static pressure uniformity ensured that the spanwise velocity
as consistent across the width of the test section. Hydrodynamic
evelopment in the test section was evaluated by measuring pres-
ure distributions along an empty channel �no cylinder elements�
nd comparing the friction factor over a range of flow conditions
o known correlations. Kakac et al. �6� provided friction factor
orrelations for turbulent flow in a rectangular duct.

Figure 3 shows the calculated friction factor from the measured
tatic pressures for the test channel over a range of channel Rey-
olds numbers and compares these values to the correlations.
ach correlation is based on different experimental data sets per-

aining to different Reynolds number ranges, as indicated in Fig.
. Kakac et al. �6� stated that the correlation beginning at Re
1.2�104 was preferable in the overlap region 1.2�104�Re
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Fig. 3 Plot of the empty channel friction factor results
3.0�10 . The measured friction factors showed agreement with
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the published correlations to within 2.5%. Additionally, the up-
stream static pressure across the width of the test channel never
varied by more than 2.5% from the average upstream static pres-
sure when normalized by the dynamic pressure head. These con-
clusions verified that the flow was fully developed and that the
desired channel flows were in place.

5 General Description and Operation of the DSC-6
Force Sensor

The direct force measurement technique made use of an elastic
measuring device, which was a Kistler Morse DSC-6 sensor,
whose output voltage was proportional to the applied force and
was capable of two-axis force measurements. The DSC-6 force
sensor had a full scale force limit of 2.45 N and made use of a
cantilever beam, as shown in Fig. 4. The sensor cantilever beam
was constructed of hardened stainless steel. The sensor was
threaded into the test cylinder using threads tapped in the end of
the cantilever beam. A counterbore through-hole at the base of the
sensor allowed the sensor to be rigidly secured to a stationary
mount.

The DSC-6 force sensor detected an applied force by measuring
the induced strain at the base of the 2.54 cm cantilever beam
where two pairs of semiconductor strain gauges were located 90
deg apart from each other. Each strain gauge pair consisted of two
gauges located 180 deg apart from each other. The strain gauge
pairs, each pair corresponding to one axis of sensitivity, were
encapsulated in silicone rubber for protection. The pair of gauges
formed what is commonly known as a half bridge, type II Wheat-
stone bridge, as shown in Fig. 5. In this configuration, bending in
one direction placed one strain gauge in a pair in compression
while the other gauge was symmetrically loaded in tension. These
bending stresses resulted in an equal and opposite resistance

Fig. 4 Schematic of the DSC-6 force sensor

Ve

V

Tension
Resistor

Compression
Resistor

Completion
Resistor

Completion
Resistor

Potentiometer

Fig. 5 Electrical schematic of a half, type II Wheatstone bridge
where the tension and compression resistor are internal to the
DSC-6 force sensor and all other components are internal to

the signal conditioning equipment
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hange within the pair of strain gauges, unbalancing the bridge
nd causing a voltage potential across the circuit bridge. Equation
1� provides the relationship that was published by Kistler Morse
7� to relate the DSC-6 force sensor output voltage to the applied
orce,

F =
V

Ve

g

��2.54 − ��
�1�

In Eq. �1�, Ve represents the excitation voltage applied to the
heatstone bridge, while V represents the output voltage across

he bridge for a given axis. The term �2.54−�� is identified as the
ffective cantilever beam length of the force sensor where the
istance from the end of the sensor beam � is defined to be posi-
ive toward and negative away from the base of the beam. The
ravitational constant g converts the force from kilograms to new-
ons. A single constant of proportionality � contains the influences
f the strain gauge factor and the cantilever beam mechanical
roperties.

To obtain the constant of proportionality for each sensor axis,
he force sensor had to be calibrated. Calibration of the sensor was
erformed by hanging ANSI/ASTM E617 class 6 masses from the
ensor. At a 95% confidence interval, the uncertainty in a class 6
00 mg mass was 0.03% of the smallest measured drag force,
ontributing negligibly to the overall uncertainty of the force mea-
urement. The masses hung from the sensor were selected and
pplied per the guidelines of ASTM E74 �8�. During calibration,
he measurement conditions were replicated as much as possible.
his included submerging the sensor in silicone oil and applying

he masses in ascending order. The sensor proportionality constant
or a given axis was obtained by performing a linear regression of
hat axis’ sensor output with respect to the applied masses when
hat axis was aligned with gravity. To sample �x, masses were
ung from the sensor with the x-axis aligned vertically with grav-
ty. Conversely, �y was obtained by aligning the sensor y-axis with
ravity. For a given sensor, �x and �y were determined from the
verages of �x and �y obtained from individual calibration tests.
ote that a minimum of three calibration tests were performed to
btain the proportionality constant for each axis. The deviation in
he proportionality constant from an individual calibration test for
given sensor axis never varied by more than 1% from the aver-

ge. A representative output from a calibration test for two sensor
xes is shown in Fig. 6. The small difference in the proportionality
onstant between sensor axes was due to the slightly different
eflection behavior of the cantilever beam for a given direction.

The signal conditioning system used was a National Instru-
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ig. 6 Plot of sensor output from a typical calibration test of
oth sensor axes
ents SCXI 1520. This system was able to provide a Wheatstone
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bridge balance range of �4% of the excitation voltage. A bridge
balance was required as the strain gauge resistors were only
matched to within �5%. This means that the Wheatstone bridge
could be unbalanced by up to �2.5% of the excitation voltage due
to sensor gauge mismatch, which was well within the capabilities
of the SCXI 1520. Attached to the front of the SCXI 1520 was an
SCXI 1314 terminal block, which allowed for the connection of
the DSC-6 force sensor. The SCXI 1520 signal conditioner and
the SCXI 1314 terminal block were both housed in the SCXI 1000
chassis. The DSC-6 force sensor was connected to the SCXI sig-
nal conditioning equipment via an Alpha 6010C Sl005 cable. Each
sensor axis required its own individual cable, meaning that there
were two cables for each dual axis sensor. Within a single cable
were three individually shielded, twisted pairs of 22 AWG wires.
Electrostatic noise reduction was achieved by connecting the
shielding from each wire to a ground located within the SCXI
1314 terminal block. Further noise reduction was achieved by
attaching a drain wire to the aluminum mount that the force sensor
was attached to and grounding that wire to the SCXI 1000 chassis.

Data were collected from the signal conditioners via the Na-
tional Instruments PCI-6280M DAQ card, which provided 18 bit
resolution for analog to digital conversion. The 6280M DAQ card
was housed in a Dell 4550 dimension computer with a 2.4 GHz
Pentium 4 processor and 1.5 Gbyte of random access memory
�RAM�. Control of the signal conditioners was achieved using
virtual instrument modules, created and controlled by LABVIEW 7.1

software. Excitation voltage, bridge completion resistance, signal
filtering, and data collection parameters were easily controlled by
using the software. Using the software, the output voltage range of
the DSC-6 was set to �0.1 V with 18 bit analog to digital con-
version, and the resolution of the measured voltage was 7.6
�10−7 V or 0.35% of the lowest measured drag force. All data
were sampled at a rate of 1000 samples/s. The 1000 samples were
then averaged to provide a single data point for 1 s. The standard
deviation of the 1000 samples used to generate one data point was
typically 2�10−10 V. Assuming a normal distribution at a 95%
confidence interval, the uncertainty in a single data point was
approximately 1.25�10−11 V or 5.5�10−6% of the lowest mea-
sured drag force.

6 Sensor Operational Issues
Although Eq. �1� can be used to ideally describe the output of

the DSC-6 force sensor, the voltage ratio �V /Ve� was found to be
slightly influenced by cross axis effects. Cross axis effects were
nullified by evaluating the output voltage of one axis relative to
the output voltage from the perpendicular axis. The cross axis
phenomenon was unexpected, as it theoretically should not exist
and was not documented by the manufacturer. This effect was
identified while studying the output voltage from both sensor axes
during calibration testing where only one axis was loaded parallel
with gravity, leaving the other axis perpendicular to gravity. The
perpendicular axis theoretically should have had a zero voltage
output, as there was no loading in that direction. Figure 7 plots the
output voltage ratio of the perpendicular axis to the gravity
aligned axis for both sensor axes for two different DSC-6 force
sensors. The results in Fig. 7 show that a voltage was indeed
produced in the perpendicular axis.

Two key observations can be made in Fig. 7. First, the cross
axis sensitivity was not consistent between force sensors or even
between axes on the same force sensor. Second, the ratio of the
output voltage in the perpendicular axis to the gravity aligned axis
was very nearly constant for a given sensor axis. An inspection of
Fig. 7 shows that this was true except below an applied force of
approximately 5�10−3 N. This force corresponded to a voltage
output on the order of 1�10−6 V �0.5% of the lowest measured
drag force� in the perpendicular axis. This corresponded to the
measurement resolution of the data acquisition system. A voltage
output of 1�10−6 V was approximately two orders of magnitude

smaller than any voltages measured by the DSC-6 force sensor

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



d
c
c
p
e

I
s
c
f
a

I
l
v
x
r
a
a
v
p
e
v
p

t
c
a
p
h
w
y
t
v
v
s

F
d

J

Downloa
uring testing, so the assumption that the output voltage ratio is
onstant was applicable. This suggested that the cross axis effects
ould be nulled by subtracting a fraction of the aligned axis’ out-
ut. Equation �2� provides a linear correction of the cross axis
ffects in the force sensor x and y axes,

Vx

Vex
=

Vox

Vex
− �

Voy

Vey

�2�
Vy

Vey
=

Voy

Vey
− �

Vox

Vex

n Eq. �2�, the corrected voltage ratio for a given axis is repre-
ented as V /Ve and the raw voltage ratio as Vo /Ve. The cross axis
orrection coefficients � and � were experimentally determined
rom calibration testing. Equation �3� provides the definition of �
nd �,

� =
VIx/Vex

Voy/Vey

�3�

� =
VIy/Vey

Vox/Vex

n Eq. �3�, VIx represents the voltage induced in the x-axis when a
oad is applied solely to the y-axis. Conversely, VIy represents the
oltage induced in the y-axis when a load is applied solely to the
-axis. It can be seen in Eq. �3� that the � and � coefficients
epresent the voltage induced in the unloaded respective sensor
xis as a percentage of the voltage in the loaded perpendicular
xis. The corrected voltage ratios provided by Eq. �2� are the
alues that should be substituted into Eq. �1� to calculate the ap-
lied force. While the cross axis correction coefficients are differ-
nt between sensor axes, no sensor axis was found to require a
oltage offset of more than 13% of the induced voltage in the
erpendicular axis.

The � and � parameters were obtained during the same calibra-
ion tests used to sample �y and �x, respectively. The cross axis
orrection coefficient for a given axis was calculated at each mass
pplication according to Eq. �3� when the axis was aligned per-
endicular to gravity. As was done for �x, � was sampled by
anging masses from the sensor with the x-axis aligned vertically
ith gravity. Conversely, � was obtained by aligning the sensor
-axis with gravity. The values for � and � were determined from
he averages of the median values of � and � obtained from indi-
idual calibration tests. For a single calibration test, the calculated
alue of the cross axis correction coefficient was generally
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kewed at the low end of the force range due to measurement

ournal of Fluids Engineering

ded 24 Aug 2011 to 130.203.215.70. Redistribution subject to ASM
resolution, as shown earlier in Fig. 7. These outlying values may
distort the mean, but the median remains unaffected. Thus, the
median value of the cross axis correction coefficient was selected
as the representative test value from the individual test. The me-
dian values from individual tests were then averaged to provide
the cross axis correction coefficient for each axis. Similar to the
proportional coefficient, the deviation in the cross axis correction
coefficient obtained from an individual test for a given axis never
varied by more than 1.0% from the average.

To obtain the �x, �y, �, and � parameters, six calibration tests
were performed: three with the x-axis aligned with gravity and
three with the y-axis aligned with gravity. To validate the �x, �y, �,
and � parameters, an additional test was performed with the x-
and y-axis of the sensor oriented 45 deg from gravity. Figure 8
plots the output of the test for both the x- and y-axis of the sensor
with and without the cross axis correction. From the figure, it can
be seen that the cross axis corrections served to decrease the slope
of the calibration curve for each sensor axis.

After determining the �x, �y, �, and � parameters, the relative
error between the measured force and the actual force for a given
axis on the sensor used to make all drag force measurements was
never more than 2% for forces above the lowest measured cylin-
der drag force. This can be seen in plots of the relative error
between the measured force and the calibration force for each
sensor axis. Figure 9 plots the absolute relative error as a function
of applied force for the force sensor x-axis. Similarly, Fig. 10 plots
the absolute relative error for the y-axis calibration tests as a func-
tion of applied force. Also shown in Figs. 9 and 10 is the relative
error from the 45 deg test without cross axis correction. These
results demonstrate the level of accuracy that can be achieved by
the DSC-6 force sensor with proper calibration and when the en-
vironmental factors are properly controlled.

Through testing, it was determined that the DSC-6 force sensor
was sensitive to several environmental factors including tempera-
ture and light exposure. But with proper control of these factors,
the force sensor can be expected to function as intended with an
unloaded drift rate of less than 0.25% per minute of the smallest
drag force measured on a single cylinder during testing when the
sensor axis bridges are supplied with 2 V of excitation Ve in Eq.
�1�. Although Eq. �1� shows that increasing the bridge excitation
voltage increases the sensitivity of the sensor, increased excitation
voltages resulted in increased power dissipation within the sensor
strain gauge resistors. This power dissipation manifested itself as
heat generation, leading to temperature increase. Figure 11 sum-
marizes a series of calibration tests conducted with a one-axis
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Fig. 8 Plot demonstrating effect of the cross axis correction
on the constant of proportionality for two sensor axes
version of the DSC-6 sensor at three different excitation voltages:
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V, 5 V, and 10 V. The results showed that the 2 V excitation
erformed better than the other excitation voltages.

Sensor Mounting Considerations
The ability to make accurate force measurements on a cylinder

n a channel after successful calibration of a sensor hinged on the
roperties of the silicone oil and the alignment of the sensor cyl-
nder within the channel clearance hole.

The fluid used in the clearance gaps between the channel and
he cylinder could not exhibit any elastic or shear memory prop-
rties, as this would distort the force sensor output. Dow Corning
00 silicone oil �9� is a Newtonian fluid, so in the application of a
onstant force on the sensor cylinder, the silicone oil surrounding
he cylinder in the clearance gaps provided no biased force on the
ylinder. The performance of several different silicone oil viscosi-
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ig. 9 Summary of the relative error between the x-axis sen-
or output and the applied calibration force
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ig. 10 Summary of the relative error between the y-axis sen-

or output and the applied calibration force
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ties ranging from 1000 cS to 100,000 cS were evaluated before
selecting the 100,000 cS silicone oil. Since the fluid was Newton-
ian, the oil viscosity had no effect on the force measurement but a
high viscosity oil was desirable to prevent fluid from being
sheared out of the channel floor and ceiling clearance gaps. The
airflow inherently shears some silicone oil from the clearance
gaps but in the case of those silicone oils with viscosities below
100,000 cS, enough leakage was present to affect the flow field
around the cylinder. This was evident in the sensor output, which
would begin to decrease and oscillate as the silicone oil leaked
from the clearance gaps. However, with the 100,000 cS oil, leak-
age was kept at a minimum, and the sensor output remained
steady in internal cross flow. Additionally, the silicone oil also
acted as a thermal sink for maintaining the sensor at a constant
temperature. The temperature of the silicone oil was found to
never vary by more than 0.05°C from the mean during an experi-
ment, ensuring that the temperature dependence of the force sen-
sor was negligible.

The diameter of the clearance hole for the cylinder to protrude
through the floor and ceiling of the channel had to be large enough
to allow free deflection of the sensor, yet small enough to prevent
substantial amounts of silicone oil from flowing out of the clear-
ance gaps. As shown in Fig. 12, these criteria were satisfied for a
channel floor and ceiling clearance hole diameter of approxi-
mately 1.029 cylinder diameter. This left a clearance gap size of
approximately 0.014 cylinder diameter.

Ideally, the force sensor cylinder would be placed coaxially in
the clearance hole and orthogonal to the flow direction. As men-
tioned previously, this was achieved using an adjustable mount
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Fig. 11 The scatter plot summarizes the results of a one-axis
DSC-6 force sensor calibration test with a variety of excitation
voltages

Ceiling ClearanceHoleDiameter = 1.029d

Floor ClearanceHoleDiameter = 1.029d

Floor ClearanceGap = 0.014d

Ceiling ClearanceGap = 0.014d
Cylinder Diameter,d

DSC-6 ForceSensor

Flow
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Fig. 12 Dimensioned schematic of pertinent geometric infor-

mation for the sensor cylinder clearance hole
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hat was attached to the floor of the test section. The mount al-
owed for 2 deg of translation in the plane of the channel floor as
ell as 3 deg of rotation of the force sensor. Once properly
ounted, the centering of the force sensor cylinder in the channel

eiling and floor clearance holes was checked by deflecting the
orce sensor in the two perpendicular axis directions and checking
he sensor output. In this way, the location of the force sensor
ylinder could be verified.

Force Testing Methodology
Special consideration had to be given to the conditioning of the

ensor cylinder and the silicone oil before a force test could be
onducted. Careful inspection of the sensor cylinder and the sili-
one oil before and after an attempted force test was required to
nsure the validity of the measurements.

Before conducting a force test, an acceptable drift rate was
ealized by the sensor output, the blower, which was set to a
esired rotational speed and was then turned on and the sensor
utput was recorded. Data were recorded for 15 min at a sample
ate of 1000 samples/s. After the test, the condition of the sensor
ylinder and the silicone oil was inspected. Specifically, the chan-
el was examined for excess silicone oil leakage from either clear-
nce gap. As mentioned previously, if enough silicone oil was
heared from the reservoirs during a flow test, it would form a
mall bulb shaped fillet behind the sensor cylinder, which could
ct to reduce drag. Although the occurrence of either of these
henomena was usually apparent in the sensor output, a visual
heck was warranted. Force tests that showed excessive silicone
il in the test channel were discarded. If all the prior conditions
ere satisfactory and the sensor output reached a steady value,

hen the data were reduced to provide a drag and lift coefficient.
The drag and lift force were calculated according to Eq. �1�

fter applying the cross axis corrections defined by Eq. �2�. To
btain the drag and lift coefficients, the forces were normalized by
he product of the dynamic pressure head based on the velocity
hrough the open flow area and the projected frontal area of the
ensor cylinder, as shown in the Nomenclature. The volumetric
ow rate was calculated from the pressure drop measurements
ade across the flow measurement device during testing and was

ubsequently used to calculate the Reynolds number in conjunc-
ion with the average flow temperature and static pressure.

It is important to note that the data analysis was not conducted
sing the entire 15 min of data recorded during the force measure-
ent test. Instead, a 60 s analysis window was chosen, and the

ata within that window were analyzed. The 60 s analysis window
as chosen to begin as soon as the sensor output reached a steady

tate value after the initial transient. In general, the data analysis
indow was chosen from 360 s to 420 s after the start of the
lower, as this was the time that most successful tests had reached
steady value. The standard deviation of the 60 data points used

o calculate the average output voltage was typically 2�10−5 V.
ssuming a normal distribution at a 95% confidence interval, the
ncertainty in the 60 data point average was approximately 5
10−6 V or 2.4% of the lowest measured drag force. Figure 13

llustrates the shape of a typical output curve by plotting the cross
xis corrected voltages from the DSC-6 sensor output, specifically
Re=24,000 flow for a single row of cylinders with a spanwise

in spacing �S /d� equal to 2. Note that the output voltage corre-
ponding to the lift in Fig. 13 is essentially 0 as was the case for
ll force tests due to symmetry.

Uncertainty Analyses
Uncertainty analyses were conducted on the drag coefficient

CD� and Reynolds number �Re� according to the methodology of
offat �10�. The uncertainty analysis was conducted on represen-

ative tests at the lowest �Re�10,000� and highest flow rates
Re�30,000� for two different spanwise pin spacings, providing

ounding uncertainty estimates. The Reynolds number uncertainty
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was approximately 5% and 1% for Re�10,000 and Re�30,000,
respectively. For the case of the widest spaced row of cylinders
with an S /d=12, the uncertainties in the drag coefficient at the
low and high Reynolds number were approximately 6.5% and 5%,
respectively. For the tightest spaced row of cylinders with an
S /d=2, the uncertainties in the drag coefficient at the low and
high Reynolds number were approximately 4% and 3.5%, respec-
tively. Table 1 provides a summary of the contributing uncertain-
ties from each parameter influencing the drag coefficient for the
S /d=2 case at Re=7,500, which serves as a representative ex-
ample. The largest contributing factor to uncertainty in both Rey-
nolds number and drag coefficient was the uncertainty within the
volume flow rate and the channel height.

The drag coefficient results were an accumulation of several
repeated measurements of which the averages results were pre-
sented. For Re�10,000, the scatter of the data was within �3%
and �9% of the average for the S /d=2 and 12 spaced rows,
respectively. For Re�30,000, the scatter of the data was within
�2% and �1% of the average for the S /d=2 and 12 spaced rows,
respectively.

10 Drag Force Results
Drag force measurements were taken on a single cylinder

within a row of equally spaced cylinders for three different span-
wise pin spacings of S /d=2, 4, and 12. These results are presented
in Fig. 14 as drag coefficients versus Reynolds number.

The results in Fig. 14 show that the drag coefficient increases
with decreasing spanwise pin spacing. This effect is attributed to
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Fig. 13 Plot of the cross axis corrected voltages from the
DSC-6 sensor output, specifically a Re=24,000 flow for a single
row of cylinders with an S /d=2

Table 1 Summary of uncertainties for the drag coefficient

Variable

Precision
uncertainty

�% CD�

Bias
uncertainty

�% CD�

Total
uncertainty

�% CD�

CD 1.6 3.6 3.95
Vx /Vex 2.05E-02 – 8.23E-03
�x – 2.83E-01 2.59E-01
� – 6.00E-02 5.49E-02
W – 1.88E-02 1.72E-02
H – 1.94 1.77
	 3.42E-06 4.51E-03 4.13E-03
Q 2.68E-03 1.04 9.51E-01
d – 7.50E-02 6.87E-02
Rotation – 4.01E-02 3.67E-02
Perpendicularity – 4.01E-02 3.67E-02
Linear regression uncertainty 1.57 – 6.30E-01
Temperature uncertainty – 3.60E-02 3.29E-02
Sensor drift – 8.34E-02 7.64E-02
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he increased pressure drag resulting from the increase in block-
ge area associated with the tighter spaced rows. While the tran-
ition from S /d=12 to S /d=4 is indicative of an increased block-
ge area effect, the shift from S /d=4 to S /d=2 is much larger and
uggests an additional augmentation of the flow field around the
ylinders. This phenomenon is likely related to the influence of
panwise pin spacing on the flow separation point. The flow sepa-
ates from the backside of the cylinder due to the adverse pressure
radient encountered by the cylinder boundary layer flow. At the
ightest spanwise pin spacing, the velocity between cylinders is

uch higher than in the case of the wider spaced rows. The rela-
ive higher velocity of the flow around the cylinder gives a stron-
er adverse pressure gradient at close spanwise pin spacings rela-
ive to large spanwise pin spacings, causing the flow to detach at
n earlier location on the cylinder and substantially increasing the
rag coefficient.

It is important to point out that the drag coefficient from the
/d=12 array reaches a constant value at approximately the same
eynolds number as the S /d=4 array of Re=15,000. This is in
ontrast to the S /d=2 array where, over the Reynolds number
ange tested, the drag coefficient remains essentially constant.

Also shown in Fig. 14 is a comparison of the drag coefficients
rom an infinite cylinder in external cross flow �11�. Note that the
nfinite cylinder results are plotted versus Reynolds number based
n the cylinder diameter compared with the measured results,
hich are plotted versus Reynolds number based on the channel
ydraulic diameter. The data presented in Fig. 14 suggest that
iscous drag is much more important in channel flows with H /d
1 than it is for infinite cylinders. One might expect viscous drag

o be more important on a cylinder in channel flow, as a fully
eveloped velocity profile represents the convergence of two
oundary layers. However, it can be seen that as the spacing be-
ween cylinders becomes larger and the effect of neighboring cyl-
nders diminishes, the drag coefficient results become closer in

agnitude and shape to a single two-dimensional cylinder in cross
ow.
Additional discrepancies between the drag on a cylinder in

hannel flow and the drag on an infinite cylinder in external flow
an be explained by the presence of secondary flows. Due to the
elocity gradients at the channel walls, a total pressure gradient is
enerated along the cylinder stagnation. The pressure gradient
auses the approaching flow to turn and form a horseshoe vortex
t the junction of the cylinder and endwall. The vortex is then
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ig. 14 Plot of drag coefficients for all three row spacings
ompared with an infinite cylinder drag coefficient as a func-
ion of Reynolds number
tretched as it convects around the sides of the cylinder until it
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becomes oriented in the streamwise direction. These secondary
flows are not present for an infinite cylinder in external cross flow.

Figure 15 compares the drag results from a single cylinder in
each of the three differently spaced rows with the pressure drag
coefficients integrated from Ames et al. �2� static pressure mea-
surements about the midline of a cylinder within the first row of a
staggered array. To be consistent with the results from Ames et al.
�2�, the experimental drag measurements are plotted versus Rey-
nolds number based on the maximum velocity between cylinders
and the cylinder diameter. In addition, the drag coefficients are
based on the maximum velocity between cylinders.

Figure 15 shows that the experimental drag coefficients are sig-
nificantly larger than the pressure drag that was calculated from
the data presented by Ames et al. �2�. However, as the spanwise
spacing between cylinders approaches that used by Ames et al.
�2�, the drag coefficients approach the first row results in both
magnitude and shape. Geometry differences between the tests ex-
ist but the most likely explanation for the difference between the
drag coefficients is viscous drag and the presence of secondary
flows. Pressure integration about the cylinder midline cannot ac-
count for the viscous drag imposed upon the cylinder nor the
effect of secondary flows at the cylinder endwalls. The DSC-6,
however, measures total drag over the entire cylinder.

11 Conclusions
This paper summarizes the development of a new force mea-

surement methodology. The methodology is capable of measuring
small magnitude, two-axis forces on cylinders in channel flow.
The force measurement methodology hinged on the use of a force
sensor, an elastic cantilever beam instrumented with semiconduc-
tor strain gauges, which was shown to be able to measure forces
as low as 3.4�10−2 N to within 2%. Additionally, the drag coef-
ficient results were an accumulation of several repeated measure-
ments of which the average result was presented. In almost all
cases, the scatter of the drag coefficient was within �5% of the
average. Given the successful calibration of the force sensor and
the repeatability of the measurements, it is reasonable to assume
that this methodology is capable of resolving two-axis forces on
an individual cylinder in channel flow.

Drag coefficient results from a single cylinder within three dif-
ferently spaced rows indicate that the drag increases with a reduc-
tion in spanwise pin spacing. It was shown that the bounded cyl-
inder drag coefficient results were higher than that of an infinite
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Fig. 15 Plot of drag coefficients for all three row spacings
compared with the pressure drag integrated from Ames et al.
†2‡ as a function of Reynolds number
cylinder in external cross flow. These higher drag coefficients are
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ue to the presence of secondary flows at the junction of the
ylinder and endwall as well as increased viscous effects intrinsic
o internal flows.
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omenclature
CD 
 drag coefficient �FD /0.5	U2Hd�
CL 
 lift coefficient �FL /0.5	U2Hd�

d 
 diameter of the cylinder
f 
 Darcy friction factor

FD 
 aerodynamic drag force
FL 
 aerodynamic lift force

g 
 acceleration due to gravity, 9.81 m /s2

H 
 channel height and cylinder height
Q 
 volume flow rate

Re 
 channel Reynolds number
S 
 distance between cylinder centers in the span-

wise direction
U 
 open channel velocity
V 
 voltage
W 
 channel width
x 
 streamwise distance
y 
 spanwise distance

reek
� 
 difference in the subsequent quantity
� 
 sensor proportionality constant
� 
 sensor distance
	 
 density
� 
 cross axis correction coefficient for the sensor

y-axis
� 
 cross axis correction coefficient for the sensor
x-axis
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Subscripts
d 
 indicates Reynolds number based on cylinder

diameter
e 
 excitation voltage
i 
 individual measurement value within a set
I 
 induced voltage

m 
 maximum velocity at minimum channel area
o 
 raw output voltage
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