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Abstract. The increase in the number of Unmanned Aerial Vehicles (UAVs) and Micro Air Vehicles (MAVs), which are
used in a variety of applications has led to a surge in low Reynolds number aerodynamics research. Flow around fixed-
wing MAVs has an unusual behavior due to its low aspect ratio and operates at low Reynolds number, which demanded to
upgrade the used wind tunnel for this study. This upgrade enables measuring the small aerodynamics forces and moment
of fixed-wing MAVs. The wind tunnel used in this work is upgraded with a state of art data acquisition system to deal with
the different sensors signals in the wind tunnel. For accurate measurements, the sting balance, angle sensor, and airspeed
sensor are calibrated. For validation purposes, an experiment is made on a low aspect ratio flat plate wing at low Reynolds
number, and the measured data are corrected and compared with published results. The procedure presented in this paper
for the first time gave a detailed and complete guide for upgrading and calibrating old wind tunnel, all the required cor-
rections to correct the measured data was presented, the turbulence level correction new technique presented in this paper
could be used to estimate the flow turbulence effect on the measured data and correct the measured data against published

data.
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Introduction

Several computational and experimental have attempted
to compute MAV’s aerodynamic forces and moments
(Hassanalian & Abdelkefi, 2017; Hassanalian, Khaki, &
Khosrawi, 2015). The simple Vortex Lattice Method was
used by Stewart et al. (2007) and Hrad (2010) for aerody-
namic analysis of the fixed-wing MAVs; however, these
computational studies showed a low accuracy compared
to experimental results. Rezaei and Taha (2017) utilized
Computational Fluid Dynamics (CFD) techniques to in-
vestigate the unsteady aerodynamic response of a pitch-
ing NACA 0012 airfoil. In this study, the solution was
validated versus wind tunnel testing. Mueller (2000) used
an iterative design process to generate several conceptual
designs and the most promising design was fabricated and
tested in a wind tunnel. Experimental results were used to
further refine the design. Torres and Mueller (2000) pre-
sented a detailed design procedure for MAVs based on
wind tunnel data. A complete study for one MAV with

an inverse Zimmermann platform was conducted in this
study. In the experiment, an investigation was carried out
to study (i) aerodynamic characteristics of the vehicle in
the range of expected incidence and sideslip angles dur-
ing the flight, (ii) the propeller effect on the aerodynamic
data, and (iii) control surface effectiveness with additional
incidence. Ohanian et al. (2012) used a wind tunnel to
compare morphing control surfaces designs employing pi-
ezoelectric Macro Fiber Composite (MFC) actuators with
servo-actuated control surfaces.

Lee and Gerontakos (2004) applied different tech-
niques, such as surface pressure measurements and hot-
film measurements to measure the generated forces by
an oscillating airfoil in a wind tunnel. Boutemedjet et al.
(2004) used a sting balance that is an elastic structure to
measure aerodynamic loads in a wind tunnel. The sting
balance is generally classified based on the measured com-
ponent and its location in the wind tunnel. In this study,
a six-component sting balance was used to measure the
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momentum components and the sting balance was cali-
brated by a calibration rig before the wind tunnel meas-
urements. Dickinson et al. (1999) and Nakata et al. (2011)
used force sensors to measure lift and drag on a rotating
insect wing. Traub (2018) presented the design of a low-
cost wind tunnel balance but did not discuss the calibra-
tion technique. In this study, a validation experiment was
conducted by comparing the measured data for slender
delta wings against published data. Liu et al. (2015), in-
vestigated the interaction effect of different components
on a five-component sting balance. In this work, a sim-
ple calibration was presented, and the sting balance was
evaluated with designed experimental setups and evalu-
ation procedures.

This paper describes the upgrading and calibration of
an educational wind tunnel for a fixed-wing MAV aerody-
namic loads measurements. The literature review indicates
the importance of wind tunnel testing for aerodynamic
analysis of the fixed-wing MAVs. Therefore, in this study,
the applied wind tunnel for aerodynamic analysis was up-
graded with a state of art data acquisition system to deal
with the different sensors signals. The wind tunnel used
in this study has as a sting balance (the sensor used to
measure forces and moments for models in wind tunnel);
hence, it needs to be calibrated. In this work, the sting bal-
ance is first calibrated using the described in Boyle (1988),
Erm and Ferrarotto (2009) and Ulbrich and Gisler (2013).
Then, uncertainty analysis and validation experiments are
conducted to evaluate the calibrated wind tunnel data. Fi-
nally, wind tunnel corrections are applied to the validation
experiment to eliminate the wind tunnel effect on meas-
urements. The work presented in this paper was used to
experimentally investigate the aerodynamics performance
of the BlueBird MAV (Aboelezz et al., 2019).

1. Experimental methodology
1.1. Wind tunnel characteristics

To measure the aerodynamic loads of a fixed-wing MAYV,
an open-circuit subsonic wind tunnel is used. The tunnel
entrance is fitted with a honeycomb flow straightener and
turbulence reducing screens. The wind tunnel is driven by
a 10 HP motor that can generate a maximum speed of 30
m/s with a turbulence intensity of 2%, in the 0.47x0.47x1
m test section volume. The used wind tunnel is equipped
with five components force balance, such as axial (4.5 kg
Max.), normal (11 kg Max.) and side forces (4.5 kg Max.)
in addition to pitching (55.4 m.kg Max.) and yawing mo-
ments (55.4 m.kg Max.) (Aerolab user’s manual). In the
current research, the normal force, the axial force and the
pitching moment component are used.

1.2. Wind tunnel upgrade

Upgrading the wind tunnel will include a new positioning
system using a servo motor to enable fast and automatic
angle of attack change. A differential pressure sensor “Sen-
sirion model SDP1000, 500 Pa range” is used to measure
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the pressure difference. The static pressure ring has four
holes at the exact beginning walls of the test section that is
used for measuring the static pressure. This static pressure
will be used for pressure and wind speed measurements
inside the tunnel test section. A Uxcell Single Linear Elec-
tric Carbon Rotary Potentiometer 250K Ohm is applied as
an angle of attack sensor. National Instrument (NI) data
acquisition (DAQs) will deal with the different signals
from the different sensors. The NI 9237 data acquisition
card is chosen since it contains the entire needed signal
conditioning circuits in addition to the great flexibility
of the accompanying LabView software. The DAQ card
specifications are included in Table 1.

Table 1. DAQ card specifications used in this study

DAQ Specification Value

Channels number 4 channels

Sampling rate 50 kS/s per channel simultaneous

Input range +25 mV/V

Resolution 24-bit

Bridge Programmable half- and full-bridge
completion

The sting balance has a strain gage bridge for each
component. Each bridge has four wires going out from
the sting balance, two for excitation volt and two for the
output signals; by wiring these wires in the DAQ card, the
output signals from the sting balance are processed.

2. Calibrating the upgraded measuring system

The calibration of the upgraded system is explained in this
section. The calibration includes the sting balance, angle
of attack and airspeed measurements.

2.1. Sting balance calibration

Due to the sting balance flexibility, if a pure load or mo-
ment is applied in the sting balance, it will give output sig-
nals in all three components. Therefore, the output signal
in one direction would be a combination of the applied
forces and moments. For sting balance, it is possible to
assume that the measured forces and moments are linear
with respect to the applied forces. The measured forces (NN:
normal force, and A: axial force) and moments (M: pitch-
ing moment) are given by the following equations (Boyle,
1988; Erm & Ferrarotto, 2009).

Np =K Ny +K,Ap +K;3Mp; (1)
Ap =K, Np +K,, Ap +K,;Mp; (2)
Mp=K;Np +K;5,Ap + K33 Mp. (3)

The subscripts R and B stand for the measured and
applied loads, respectively. Kj; represents the linear slope
between the applied load and the output signal, for exam-
ple, K;; =0Ny /0Ny, where 1 for N, 2 for A and 3 for M.
The general form in matrix notation is given by:
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{Fp}=K{F} . 4)

The sting balance will be removed from the wind tun-
nel and installed in a calibration test rig that is shown in
Figure 1(a). The test rig enables fixation of the sting bal-
ance with any orientation and the rig itself is fixed to four
adjustable legs to ensure leveling the rig. To obtain the cali-
bration coefficients, Kj, a pure load will be applied to the
sting balance and the output signals will be plotted versus
the applied loads. The loads will be applied to the sting
balance using weights and holder shown in Figure 1(b).

Normal force
Axial force

Sting balance

Test Rig

Figure 1. Views of (a) calibration test rig and (b) weights and
holder used in the calibration
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—0.0001 5 - - -
—0.0002 t T T

Axial mass (kg)

Figure 2. Axial component calibration

2.2. Axial load calibration

To measure K matrix coefficients in the axial direction,
the sting balance is fixed on the calibration rig while
ensuring the axial direction of the sting balance is verti-
cal. A pure axial load is applied (in the gravity direction)
using weights and the weights holder on the sting bal-
ance leading edge. The output voltage for the three signal
components (Normal, Axial, and Moment) are plotted as
a function of the applied load as shown in Figure 2.

2.3. Locating the moment center

The sting balance moment center is the reference point
for moment measurement. A calibration bar shown in
Figure 3(a) is installed in the sting balance shown in
Figure 3(b). The slots in the bar are used to hold the
weight holder. This calibration bar is also needed for the
normal force and pitching moment calibration. To locate
the moment center, a 500 gm constant load is applied
at different locations (slots) in the calibration bar using
the weight holder. The moment output signal is plotted
versus the location. The moment center is the location
where the moment signal is zero as shown in Figure 4.
The moment center location could be predicted at 7.6 cm
from the leading edge of the calibration bar and 2.6 cm
from the sting balance leading-edge including the cali-
bration bar weight (See Figure 5). The moment center
experiment is repeated three times and the uncertainty
bound for the location is 1 mm.

Calibration bar

~

: . Sﬁng_l:u;llz:mceJ

Reference local

(b)

Figure 3. Views of (a) calibration bar and (b) calibration bar on
the sting balance
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Figure 4. Views of moment center location in sting balance

Reference location P=0
Moment center

n

Figure 5. Different locations on the calibration bar and the
moment center location

2.4. Normal load calibration

To calibrate the normal force component, a pure normal
load is applied at the moment center as shown in Figure
6(a). This pure normal force load affects the different sting
balance components. By plotting the output signal from
the sting balance versus the applied loads as shown in Fig-
ure 6(b), the K coeflicients in the normal direction can be
calculated. From slopes in Figure 6(b), the coefficients K,
K,,, and K3, are equal to 6.8611x107, -1.1996x107%, and
-5.8572x10°° volt/kg, respectively.

2.5. Pitching moment calibration

For the pitching moment calibration component, an alter-
native technique is needed because a pure moment can-
not be applied. Therefore, a loaded schedule at different

| Sting balance
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positions in the calibration bar is employed. The moment
calibration component K5 (the slope of applied moment
versus the output moment signal) is expressed as follows:

oMp 1

K, = = ; 5
¥ oMy oMy /oMy ©)
OMp ONpxOx  0Ox (©)
oM, oM,  OMy '
N

At each location in the calibration bar, the moment
calibration component can be calculated. In Figures 7(a)-
7(c), the axial, normal and moment components are meas-
ured and plotted for the different locations. The normal
and axial component values change slightly with the loca-
tion as seen in Figures 7(a) and 7(b) and this is proved
because the slope of curves almost does not change. Fig-
ure 7(c) indicates that the moment readout component
depends on the force location and weight value. Moreover,
it shows that the positions before the moment center give
positive slopes and the positions after the moment center
give negative slopes.

The values of K3, K,3, and K;; for the moment com-
ponents are determined from Figures 7(a)-7(c) that are
equal to 5.4516x10°, -3.1904x107, and 2.1415x1073, re-
spectively.

2.6. The angle of attack calibration

The potentiometer that is used for measuring the angle
of attack inside the wind tunnel, is also calibrated. Dial
Angle Finder with 0.5° uncertainty (See Figure 8(a)) is
applied to calibrate the angle of attack. The output signal
from the potentiometer is measured and plotted versus
the measured angle of attack, and the results are shown
in Figure 8(b).

2.7. Airspeed calibration

A differential pressure sensor is used to determine the
airspeed in the wind tunnel. The sensor measures the
pressure difference between the static pressure (P,) at the
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Figure 6. Views of (a) normal component calibration and (b) measured output signal from the sting balance versus the applied loads
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Figure 7. Views of (a) axial signals, (b) normal signals, and (c) moment signals versus normal load for
different locations
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Figure 8. Views of (a) the angle of attack calibration, and (b) angle of attack calibration signal

beginning of the test section and the atmospheric pres-
sure P,,,,. It is assumed that the total pressure is equal to
atmospheric pressure. Based on the Bernoulli equation,
the wind velocity, V, can be calculated as:

V=\2P,,—P)/p. (7)

As (P,,,,-P,) is the output from the pressure sensor:
2

V = sensor output x \/: . (8)
p

A handheld commercial hotwire anemometer with
1.25 m/s uncertainty is used to measure the airspeed and
plot the relationship between the sensor outputs against
the airspeed. The result is shown in Figure 9. Also, the

dynamic pressure is equal to the output of the pressure
sensor based on Eq. (7).

(putm P s) 05
N W A LY N 0 O

—_
(=)

0 2 4 6 8 10 12 14

Wind speed (m/s)

Figure 9. Wind speed calibration
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3. Uncertainty analysis

The quality and reliability of the values obtained from
experiments are important. In this study, an uncertainty
analysis is carried out to accept and deal satisfactorily with
the measured values. There are many sources for the un-
certainty of the obtained values including the measure-
ment instruments, the calibration accuracy, and the statis-
tical analysis of the actual measured values. For example,
to calculate the statistical uncertainty that comes from the
sting balance, the lift component (L) is measured six times
for different angles of attack (o0 = -5° to 20°), as shown
in Table 2.
The uncertainty U, is defined as follows:

U. =2 9)

J \/ﬁ ?

where ¢ and N are a standard deviation and the total
number of trials, respectively. In order to estimate the un-
certainty of the lift and drag forces, the sensitivity coefhi-
cients, cj, should be calculated. These coefficients are equal
to the change of the quantity of lift and drag coefficients
(Cy, Cp) divided by the changes of the influential factors
(L, D, a, V,...). For example, for j = 1, we have:

¢ =——=—=0.7407;
oL ¢qS
1
q:EpVZZPatm_Ps’ (10)

where §, ¢, and V are wing area, dynamic pressure, and
wind speed, respectively.

The sources of uncertainty in measuring the aerody-
namic forces are (1) uncertainty in measuring the dynam-
ic pressure value because of the pressure sensor accuracy,
(2) uncertainty of measuring the angle of attack due to
the accuracy of the potentiometer that calibrated with the
Dial Angle Finder, and (3) uncertainty in the sting balance
reading associated with its accuracy. The dynamic pressure
in the test section can be determined by measuring the
pressure difference between the static pressure (P,) at the
beginning of the test section and the atmospheric pres-
sure P,.. A differential pressure sensor is used to meas-
ure the pressure difference between the static ring and the
atmosphere, where the uncertainty of the pressure sensor
according to its datasheet is 0.5% reading + 1 digit. The
sensitivity coeflicients of 0C;/0V and 0Cp/0V can be de-
termined by plotting lift and drag coeflicient versus wind
speed at different angles of attack.
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For the angle of attack (o), the standard uncertainty
is equal to (0.5)/2, where 0.5 is the worst uncertainty in
measuring the angle of attack. The sensitivity coeflicients
for lift and drag forces are calculated by determining the
slope of lift and drag coefficient versus angle of attack, ;=
(6Cy)/0o and ¢ = (0Cp)/0a.. The calibration uncertainty
U; for sting balance measurements is equal to 0.006 kg
(about 0.06 N) which leads to 0.03 standard uncertainty.
The sensitivity coefficient for the sting balance measure-
ments is equal to 0.7407.

After determining the different standard uncertainties,
collective uncertainty, u,, is calculated as:

(11)

In order to determine the confidence of the computed
uncertainty U, the effective degree of freedom B4 is cal-
culated by Welch-Satterwaite formula as follow:

4
u

By ~p———— (12)
Zj:l ¢ u(xj)‘

where 3 = (sample size — 1). The commonly chosen con-
fidence interval in estimating certain parameters is 95%
(Bentley, 2005). In this study, since the data are normally
distributed, the standard deviation is equal to £1.96 about
the mean. For 95% confidence interval, the uncertainty of
the measurements in this work is equal to the estimated
overall uncertainty (Up), where Uy = Kxu, and K is the
coverage factor which is chosen as 1.96 for 95% confidence
interval (Bentley, 2005). To summarize this section, there
are three sources of uncertainty in the measurements in-
cluding (1) the dynamic pressure, (2) the angle of attack,
and (3) the forces and moment. Each of these sources has it
is own uncertainty. These uncertainties can be determined
from the sensor datasheet or based on the sensor calibration.

4. Wind tunnel corrections including turbulence
level effects on low Reynolds number

The flow in the free stream is different from the flow in
the wind tunnel. The walls of the tunnel affect the flow
stream and the wind tunnel generally does not have the
same distribution of flow properties in real cases (Pope &
Rae, 1984). As the flow goes down in the test section, the
boundary layer on the tunnel walls increases that causes
a reduction in the effective area in the test section. In
the wind tunnel, the solid blockage is defined as the ra-

Table 2. Samples of the statistical analysis

o L, (kg) L, (kg) Ly (kg) L, (kg) Ls (kg) L (kg) Average L
-5° -0.0191 -0.01499 -0.01638 -0.01503 -0.01257 -0.01866 -0.01612
-4.5° -0.0173 -0.01366 -0.01489 -0.0137 -0.01154 -0.01691 -0.01467
19.5° 0.0988 0.09451 0.09631 0.09586 0.09588 0.09744 0.09646
20° 0.1018 0.09769 0.09946 0.09910 0.09932 0.10046 0.09964
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tio between the test section and frontal area of the model.
Based on (Pope & Rae, 1984), for the model to tunnel area
ratio higher than 0.10, the solid blockage should be taken
into consideration. The wake blockage is the effect of the
model’s generated wakes on the test section of the wind
tunnels. Generally, for large wakes, its effect on measure-
ments cannot be ignored especially for low aspect ratio
wings in high angle of attacks. The wind tunnel streamlines
curvature is different from the real flow, which affects the
moment and lift coefficients, and also the angle of attack.
There are many methods for wind tunnel corrections,
such as the method of images, panel methods, measured
variable methods, and the chart method (Pope & Rae,
1984). In this study, the measured variable method can
be used for wind tunnel corrections, but it will require to
add more sensors to the tunnel with extra modifications
in the tunnel’s walls. A simplified method has been pre-
sented in (Shindo, 1995) that does not require installing
more sensors to modify the tunnel. The corrections can
be calculated with the following equations (Shindo, 1995):

S 1 S
=20CH~C}| ———8y— |}, 13
‘ D{ P LLAR WD}} =

where ¢ is the correction factor, S is the wing area, D is the
tunnel cross-section area, Cp and C; are the measured drag
and lift coeflicient, and 8y is the boundary-correction fac-
tor that can be obtained from (Silverstein & White, 1937).
The corrected dynamic pressure (g,) is calculated as:

9. =Q(1+8)2- (14)

This dynamic pressure is used for the corrected lift and
drag coeflicients (C; . and Cp,). These two coefficients are
used in the following equations:

azac+8w[%JCLc; (15)

S

where o is angle of attack.

With these corrections, the results will need one more
additional correction for the wind tunnel turbulence level.
Cheung and Melbourne (1980) conducted experiments
on the cylinder for different blockage ratios and different

Reynolds number. In these experiments, they included the
turbulence effects by adding grids in the entrance of the
wind tunnel test section. They showed that the variation
in grid size changes the turbulence level in the test section.
They also concluded that the change in turbulence level re-
quires a change in the wind tunnel correction, especially in
low Reynolds number flow. Wang et al. (2014). investigated
the turbulent intensity and Reynolds number effects on an
airfoil at low Reynolds numbers (Wang et al., 2014). They
indicated that the effect that occurs due to increasing the
turbulence is the same as the effect of increasing the Reyn-
olds number. The turbulence factor (TF) is calculated as:

TF:Reeﬁc /Re, (17)

where Re is the Reynolds number and Re, is the actual
Reynolds number affecting the airfoil. In this study, it is
assumed that the change in the Reynolds number will
cause a change in the flow velocity in the incompressible
low Reynolds number flow.

Cruz studied the turbulence intensities that fixed-
wing MAVs may experience when flying at low altitudes
and speeds in two wind tunnel facilities using mesh grids
(Cruz, 2012). In this study, he used three airfoils in 2D
and 3D configurations. The TF was estimated by using
his investigation on flat plate airfoils. These investigations
were used to determine the effective Reynolds number.
Then, the effective velocity was calculated from effective
Re to correct the effect of the wind tunnel turbulence level
in calculation of the aerodynamic loads’ coefficients.

5. Validating the upgraded measuring system

To validate the upgraded measurement system and the cali-
bration of the sting balance, angle of attack, and airspeed sen-
sors, an experiment is conducted on a low aspect ratio and
low Reynolds number wing. The wing used in this validation
experiment has the same geometry as the wing described in
(Torres & Mueller, 2004) (see FigurelO(a)). The corrected
measured data using the upgraded measuring system are
then compared with the measurements reported by Torres
and Mueller (2004). The studied flat plate wing installed in
the wind tunnel is shown in Figure 10(b). This wing has an
aspect ratio of 0.75 and a Reynolds number of 1x10°. The
angle of attack for this wing is changing from 5° to 22°.

(@

Figure 10. Views of (a) low aspect ratio flat plate wing, and (b) installed flat plate wing in the wind tunnel

(b)
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Figure 11. Views of (a) lift coefficient versus angle of attack, (b) drag polar with and without wing holder, and (c) lift
coefficient versus drag coefficient at Re = 10°

In Figure 11(a), the measured lift coefficient in the ex-
periment is compared with the results of the experiments
conducted by Torres and Mueller (2004). In this study, to
reduce the effects of hysteresis and to obtain the bounds
for experimental uncertainty, the experiment is repeated
for six times. The uncorrected curve has a flow angularity
with about 1° which causes the curve to move right and
the blockage effect causes the curve to move up. As seen
from the results, there is a maximum error of 4% between
the uncorrected data and data obtained by Torres and Mu-
eller (2004).

To consider the drag added by the wing holder, the
wing is removed from the wing holder and the drag polar
is measured for the wing holder. This measurement is used
to plot the drag polar with and without the wing holder
as shown in Figure 11(b) for the mean coeflicients of lift
and drag. This correction is needed as it can affect the
comparison with the experiment conducted by Torres and
Mueller (2004).

Figure 11(c) indicates the comparison of the drag polar
for the measurements in this study with the results pub-
lished by (Torres & Mueller, 2004). The maximum error
value in uncorrected data is 6.2% compared to the Torres
and Mueller data. This means that for a lift coefficient, the
drag coefficient has a 6.2% higher value compared to the
experimental results in Torres and Mueller (2004). This
difference happens due to blockage and tunnel interfer-
ence. As can be seen from Figure 11, the results can be
improved by using wind tunnel corrections.

As shown in this paper, the upgraded system yields
result in a good agreement with the experimental results
obtained by Torres and Mueller with an uncertainty of 5%
for lift and drag coefficients. Allan et al. (2004) and Pass
(1987) indicated that for a blockage ratio of less than 0.08
and a wingspan to tunnel-width ratio less than 75%, the
tunnel interference can be negligible. This assumption in
this study is not valid because of low Reynolds number
and low aspect ratio conditions. In this work, the results
are corrected considering the solid blockage, wake block-
age, streamline curvature and turbulence level corrections.
The maximum corrections for lift and drag are about 8%
and these corrections include 3.75% for turbulence correc-
tion as shown in Figure 12.

0.8 1 uncorrected
= = == corrected without turblance

E 0.6 +——F——r-= corrected with turblance
k)
K|
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=04 -
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@]

0.2 T T . . .

0 0.05 0.1 0.15 0.2 0.25
Coefficient of Drag

Figure 12. Lift coefficient versus drag coefficient at Re = 10°
(corrections effect on the measurements) Figure 12. Lift
coefficient versus drag coefficient at Re = 10° (corrections effect
on the measurements)
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Conclusions

Wind tunnels with a large test section can measure the
aerodynamics loads of larger aircraft models and flow with
higher Reynolds numbers. However, smaller wind tunnels
can be used for fixed-wing Micro air vehicles (MAVs) with
low aspect ratios that are operating in low Reynolds num-
bers. In this study, a small wind tunnel has been upgraded
with a data acquisition system, to measure the aerody-
namic loads of a fixed-wing MAV. A test rig was designed
and manufactured to calibrate the sting balance outside the
wind tunnel. By using a calibration procedure, it was possi-
ble to extract the relation between the applied loads to the
sting balance and the output signals from the DAQ. These
relations were used to estimate the calibration coefficients
of the sting balance. These coeflicients convert electrical
signals to forces and moment values that can be used in the
wind tunnel measurements. The moment center location
also was predicted to be at 7.6 cm from the leading edge
of the calibration bar. The sting balance calibration results
also indicated high linearity between the applied loads
and the output signals. In this work, the angle of attack
and airspeed sensor were also calibrated. To validate the
upgraded measurement system and the calibration of the
sting balance, angle of attack, and airspeed sensors, experi-
ments were conducted on a wing with a low aspect ratio in
a low Reynolds number. The measured data in this study
were corrected to exclude the wind tunnel effects. The ex-
perimental results showed a very good agreement with the
study carried out by Torres and Mueller. It was indicated
that for the uncorrected data, the maximum error values
for drag and lift are 6.2% and 4%, respectively.
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