
Variations in Optical Sensor Pressure Measurements due
to Temperature in Wind-Tunnel Testing

Andrei Vladimir Popov∗ and Ruxandra Mihaela Botez†

École de Technologie Supérieure, Montréal, Québec H3C 1K3, Canada
Mahmoud Mamou‡

National Research Council, Ottawa, Ontario K1A 0R6, Canada
and

Lucian Teodor Grigorie§

École de Technologie Supérieure, Montréal, Québec H3C 1K3, Canada

DOI: 10.2514/1.40715

In this paper, wind-tunnelmeasurements are presented for the airflow fluctuation detection using pressure optical

sensors. Twenty-one wind-tunnel test runs for variousMach numbers, angles of attack, andReynolds numbers were

performed in the 6 � 9 ft2 wind tunnel at the Institute for Aerospace Research at the National Research Council

Canada.A rectangularfinite aspect ratio half-wing, having aNACA4415 cross section,was consideredwith its upper

surface instrumentedwith pressure taps, pressure optical sensors, and oneKulite transducer. TheMachnumberwas

varied from 0.1 to 0.3 and the angle of attack range was within�3 to 3 deg. Unsteady pressure signals were recorded

and a thorough comparison, in terms of unsteady and mean pressure coefficients, was performed between the

measurements from the three sets of pressure transducers. Temperature corrections were considered in the pressure

measurements by optical sensors. Comparisons were also performed against theoretical predictions using the XFoil

computational fluid dynamics code, and mean errors smaller than 10%were noticed between the measured and the

predicted data.

Nomenclature

Cp = pressure coefficient
c = chord
M = Mach number
N = natural logarithm of rapport between amplified

perturbation and initial perturbation in laminar flow
Ncr = N critical, the value of N when transition between

laminar and turbulent flow occurs
pabs = absolute pressure
pgage = gage pressure
p0 = total pressure (stagnation pressure)
p1 = inflow static pressure
Re = Reynolds number
� = angle of attack

I. Introduction

T HEmodern era of aviation opened a new horizon of research for
drag reduction through morphing an adaptive wing, which is

motivated by rising fuel costs and environmental concerns. The
concept relies on delaying the transition location toward the wing
trailing edge by morphing the upper surface of the wing. Several

authors have studied this concept from a theoretical point of view
[1,2]. The main objective of this concept is to promote large laminar
regions on the wing surface, thus reducing drag over an operating
range of flow conditions characterized byMach numbers, airspeeds,
and angles of attack [3]. The airbornemodification of an aircraft wing
airfoil shape can be realized continuously to maintain laminar flow
over the wing surface as flight conditions change. To achieve such a
full operating concept, a closed control system has to be developed to
link the flow fluctuations over the wing surface to the deformation
mechanism (actuators). The flow fluctuation signals can be detected
by conventional pressure transducers or the new emerging pressure
optical sensors. Linked to a controller system, the collected data
would be treated in real time aiming to identify the location of
transition and then sending a signal to the actuator system to adjust
the wind surface to delay the transition location. Several measure-
ment techniques for transition detection were developed in the past
using various pressure transducers such asmicrophones [4], hotfilms
[5–8], and piezoelectric [9] andKulite sensors [10].Usually, this type
of transducer could be intrusive to the flow past the wing. In this
paper, to avoid such transducer and flow interaction, optical sensors
are chosen as they can be mounted right on the model surface with
sealed taps.

In the present theoretical and experimental investigation, the
performance of the pressure optical sensors is assessed in static and
dynamic modes. Unsteady pressure signals were recorded and
reduced for wind-tunnel wall interference. The measured data were
confronted against pressure tap and Kulite transducers data. Flow
simulations, using XFoil code, were also performed for the same
wind-tunnel flow conditions and the predicted results, obtained in
terms of pressure coefficients and transition location, were compared
with the measured data, for various Mach numbers, angles of attack,
and Reynolds numbers. Relative errors are calculated and shown in
Sec. IV.

II. Experimental Setup Description

The wind-tunnel tests were performed at the Institute for Aero-
space Research at the National Research Council Canada Uplands
facilities in Ottawa. The purpose of these tests was to verify the
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capabilities of optical sensors to detect the pressures and flow tran-
sition on a half-wing in a wind tunnel. This wing had a NACA 4415
airfoil with a span of 4 ft (1.2m) and a chord of 18 in. (0.4572m), and
was equipped with nine pressure taps (PT) connected to a Scanivalve
ZOCTMKulite, one Kulite (KU) sensor, and four optical sensors
(OS). Their positions on the wing are shown in Fig. 1. The Kulite
sensor was connected through the Precision Filter 27000. The filter
provides a 6-pole butterworth function and the sampling rate was set
to 1 kHz for the entire test. The Kulite has a sensitivity of
18:14 mV=psi at 5 Vexcitation. The Precision Filter gain was set to
100 providing a full scale voltage at 2.5 psi of 4.535 V to the electri-
cal interface module. The optical sensors were set to provide
1 V=0:5 psi out of the analog output port which corresponds to 5Vat
2.5 psi.

The optical sensors used in this experiment are microelectro-
mechanical systems based fiber optic pressure sensors of 2.5 mm,
diameter of 10 mm, range of 5 psid, resolution less than 0.0005 psi,
and precision of �0:005 psi.

The pressure taps and Kulite sensor were referenced to the wind-
tunnel static pressure during the test runs, whereas the optical sensors
were not referenced. The optical sensors were set to zero before the
test was run, their indications giving a gage pressure with respect to
the static pressure value of the wind off air.

The pressure information for pressure taps, Kulite sensor, and
optical sensors was recorded through 18 channels; for redundancy
two channels were used for each optical sensor. Optical sensors OS2,
3, and 4were installed at the same chord position x=c as two pressure
taps; PT2, OS2, and PT3 were installed at the same x=c� 0:3; PT4,
KU, and PT5 were installed at the same x=c� 0:4; PT6, OS3, and
PT7 were installed at the same x=c� 0:5; and PT8, OS4, and PT9

were installed at the same x=c� 0:625. Only the first optical sensor
was installed at different x=c as follows: PT1 was installed at
x=c� 0:2, OS1was installed at x=c� 0:25, and PT2was installed at
x=c� 0:3.

Themodelwas installed vertically in thewind tunnel for 21 airflow
cases characterized by three Mach numbersM� 0:1, 0.15, and 0.2
and seven angles of attack �� 3, 2, 1, 0, �1, �2, and �3 deg. The
wind-tunnel tests were conducted as follows: for each angle-of-
attack � setting, a “run”was recorded during which the airspeed was
varied from Mach number M� 0:1, which was recorded as “point
number 1,” toMach numberM� 0:15, whichwas recorded as “point
number 2,” and finally to Mach number M � 0:2, which was
recorded as “point number 3.” Figure 1 shows the positions of the
sensors on the upper surface airfoil of the wing.

III. Wind-Tunnel Data Postprocessing Details

An offset was observed between the pressures taps and the optical
sensors values, as gage pressure signals were first visualized as
shown in Fig. 2. It was found that three pressure taps gave wrong
signals, as their tubes were pinched during installation. The pinched
tube pressure signals could be identified as signals with the least
oscillations,whereas they (the pinched tube signals) show the highest
offsets from the theoretical calculated pressures (predicted pressure
values). Figure 2 shows the time history for a pinched tube signal
PT7, a correct pressure tap signal PT6, and an optical sensor signal
OS3.

We observed that the offsets between the mean pressure values of
OS and PT followed uniform rule variations with Mach number M
and angle of attack �, as shown in Fig. 3, which led to the conclusion
that calibration errors of optical sensors were done.We observed that
these offsets shown in Fig. 3 have the same shape as the static tem-
perature variations during the 21 tests shown in Fig. 4. In both Figs. 3
and 4, the abscise axes showed the run numbers in chronological
order from 1 to 21 (Table 1).

When the temperature recorded during these 21 runs was verified,
a static temperature increase was observed when the wind was on.
The first run static temperaturewas found below the static air temper-
ature when the wind was off, but during the next runs, due to the air
friction with the tunnel walls and screens, the static temperature
increased as shown in Fig. 4. At the 19th test point, the automatic
cooling system of the wind tunnel activated, causing a static
temperature sudden decrease from 302 to 296.7�C.

Each optical sensor was calibrated at the beginning of the tests at
the static temperature wind off T0, which corresponds to the total air
temperature. The static temperatureT0 at each optical sensor position
was calculated with the following equation:

Fig. 1 Positions of the sensors on the upper surface airfoil during a

wind-tunnel test.

Fig. 2 Gage pressure signals recorded by optical sensors and pressure

taps during 29 s.
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T0 � Ts1�1� 0:2M2
1� � TsOS�1� 0:2M2

OS� (1)

The optical sensor pressure coefficientsCpOS were calculated from
their recorded mean pressures in the wind tunnel by use of Eq. (2).
The airflow speeds VOS at the location of optical sensors were calcu-
lated with Eq. (3) from their pressure coefficients. Then, the local
Mach numberMOS was further calculated for the airflow at the loca-
tion of each optical sensor from the knowledge of their correspondent
airflow speeds VOS by Eq. (4):

CpOS �
�pOS

Q1
(2)

VOS �U1
�������������������
1 � CPOS

p
(3)

MOS �
VOS

a�T1�
(4)

The optical sensor static temperatureTsOSwas further calculatedwith
Eq. (1), in which Ts1 was the air static temperature when the wind
was on. The correction was made by use of optical sensor pressure
variation with temperature provided by the sensor manufacturer
(Table 2) as follows:

�p� dp

dT
�T ��rp (5)

where �T was the difference between the temperature calculated at
the sensor location TsOS and the temperature of its calibration from
the test beginning Ts. We used the value of static temperature of
296 K (23�C) as reference temperature for sensor correction. Each
optical sensor has a pressure deviation with the temperature�p=�T
of 0:026–0:037 psi=�C and a temperature reading deviation �rp
(see Table 2).

IV. Results Analysis

Each airflow case was simulated in Xfoil code to predict the Cp
distribution and transition point position. Ncr � 7 was used in the
simulation to match the turbulence level of 0.14% measured in the
wind tunnel using Mack’s correlation [11]. The simulated gage
pressures on the NACA 4415 airfoil calculated by use of the Xfoil
codewere traced versus the gage pressuresmeasured by pressure taps
PT, by optical sensors, by corrected optical sensors OS by use of
Eq. (5), and by Kulite sensors KU. These types of results were traced
for each airflow case from 1 to 21.An example of the plotted results is
shown in Fig. 5.

The optical and Kulite sensor’s gage pressures were compared
versus the gage pressuresmeasured by pressure taps for all 21 runs by
use of relative error calculations. The gage pressure is defined as
follows:

pgage � pabs � p0 �
�V2
1
2
�Cp � 1� (6)

where p0 is the total pressure defined in Eq. (7) and Cp is defined as
the pressure coefficient in Eq. (8):

p0 � p1 �
�V2
1
2

(7)

Cp �
pabs � p1

�V2
1
2

(8)

Then, the gage pressure relative error is defined as follows:

error gage �
jpgageOS � pgagePTj

pgagePT

(9)

Pressure differences between OS and PT
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Fig. 3 Differential pressures between gage pressures measured by OS
and gage pressures measured by PT.
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Fig. 4 Static air temperature variations during 21 runs in the wind
tunnel.

Table 1 Airflow cases dependent on angles of attack �, Mach numbers

M, Reynolds numbers Re, and static temperature winds on Tstatic

Airflow
case

Angle of attack
�, deg

Mach
no.

Reynolds
no.

Static temperature
wind on, K

1 0.1842 0.102 1:04e� 06 296.03
2 0.1691 0.1546 1:58e� 06 296.26
3 0.172 0.1951 1:98e� 06 297.47
4 �2:98 0.1014 1:03e� 06 297.64
5 �2:98 0.1542 1:57e� 06 297.71
6 �2:99 0.1945 1:96e� 06 298.41
7 �1:92 0.1014 1:03e� 06 298.53
8 �1:92 0.1534 1:55e� 06 298.66
9 �1:92 0.1947 1:96e� 06 299.45

10 �0:87 0.1005 1:02e� 06 299.38
11 �0:87 0.1534 1:55e� 06 299.42
12 �0:87 0.1946 1:95e� 06 300.27
13 1.242 0.1007 1:01e� 06 300.27
14 1.237 0.1534 1:54e� 06 300.42
15 1.236 0.1942 1:94e� 06 301.02
16 2.279 0.1006 1:01e� 06 301.02
17 2.275 0.1532 1:53e� 06 301.02
18 2.275 0.1937 1:93e� 06 301.77
19 3.317 0.1008 1:03e� 06 297.57
20 3.313 0.154 1:57e� 06 296.67
21 3.312 0.1958 1:99e� 06 296.69

Table 2 Optical sensor readings with respect to temperature

and pressure variations given by the manufacturer

OS no. Temperature
deviation psi=�C

Reading deviation
of mean pressure, psi

OS1 0.037 �1:11%
OS2 0.03 �0:65%
OS3 0.037 �1:02%
OS4 0.026 �0:62%
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The relative errors for gage pressure measured by optical sensors
versus the gage pressure measured by pressure taps are given in
Table 3. Gage pressure of the first optical sensor cannot be compared
to gage pressure for the first pressure tap as they are not at the same
chord position x=c.

From Table 3, only results obtained for case 19 are the worst,
which is the case when the cooling system of the wind tunnel auto-
matically activated. These results are visualized in Fig. 6.

The relative errors for gage pressures measured by optical sensors
versus the gage pressures calculated with the XFoil computational
fluid dynamics code at the same chord positions are given in Table 4.

V. Transition Detection

From the direct visualization of signals recorded during wind-
tunnel tests, it was observed that optical sensors’ signals were much
noisier than the pressure taps and Kulite sensors.

The turbulent waves begin to develop in the range of Tollmien–
Schlichting frequency of �1000 Hz [9,12]. Therefore, the optical
sensors acquisition unit, according to the Shannon–Nyquist theorem,
should have the minimum sampling rate frequency of 2000 Hz to

detect the flow transition, and the optimum sampling rate should be
4000 Hz [9,13]. Because of the fact that the optical sensors
acquisition unit had the sampling frequency of 1000 Hz, it was not
possible to detect the airflow transition.

VI. Conclusions

It was found that optical sensors can be used for the pressure
measurements on the surface of the model, provided that each sensor
has a thermocouple installed at the same position. These thermo-
couples should provide the optical sensor static temperatures for an
accurate reading of their pressures. A new feature in this paper is the
correction of the optical sensor readings using the static temperature
recorded in the airflow upstream of the wind-tunnel test section.

In the absence of thermocouples, the local temperature at the
position of each optical sensor was estimated as shown in the previ-
ous paragraph. By taking into account the various elements that
might introduce errors, fairly accurate pressure readings were
obtained.

The turbulent boundary-layer investigation demonstrated that
optical sensors were found to be a good alternative to the classical

Table 4 Mean error between OS measured and XFoil calculated

pressures for 21 airflow cases

Run
no.

� M OS1 vs
XFoil

OS2 vs
XFoil

OS3 vs
XFoil

OS4 vs
XFoil

1 0.17 0.102 4.53% 2.32% 2.61% 5.57%
2 0.17 0.154 7.94% 4.84% 6.82% 0.87%
3 0.17 0.195 8.37% 5.23% 5.49% 4.07%
4 �2:98 0.101 3.08% 5.13% 1.24% 1.16%
5 �2:98 0.154 1.77% 4.21% 1.96% 3.63%
6 �2:98 0.195 1.55% 2.41% 3.72% 1.98%
7 �1:92 0.101 3.13% 8.68% 1.58% 3.16%
8 �1:92 0.153 0.66% 4.79% 2.86% 2.95%
9 �1:92 0.195 1.11% 2.90% 4.99% 3.66%

10 �0:87 0.101 2.71% 14.80% 9.72% 5.16%
11 �0:87 0.153 6.48% 9.91% 10.17% 6.33%
12 �0:87 0.195 5.35% 6.52% 8.17% 6.21%
13 1.24 0.101 6.53% 16.11% 17.79% 6.60%
14 1.24 0.153 8.71% 10.40% 10.70% 5.97%
15 1.24 0.194 9.93% 9.34% 10.60% 7.10%
16 2.28 0.101 1.95% 8.46% 13.41% 1.02%
17 2.28 0.153 8.88% 9.08% 12.74% 4.66%
18 2.28 0.194 10.40% 8.75% 12.41% 6.62%
19 3.31 0.101 41.65% 35.96% 56.87% 18.18%
20 3.31 0.154 21.72% 11.98% 20.49% 3.70%
21 3.31 0.196 15.28% 4.46% 11.27% 1.02%

Mean errors for 21
cases 8.18% 8.87% 10.74% 4.74%
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Fig. 5 Pressure coefficients distribution plotted over the wind-tunnel
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Fig. 6 Visualization of relative errors of optical sensors versus pressure

taps during 21 runs in the wind tunnel.

Table 3 Relative errors between OS and PT measured results

for 21 airflow cases

Run no. � M OS2–PT2 OS3–PT6 OS4–PT8

1 0.17 0.102 12.51% 7.92% 15.03%
2 0.17 0.154 9.15% 3.06% 6.54%
3 0.17 0.195 9.13% 1.83% 3.26%
4 �2:98 0.101 5.52% 7.60% 4.81%
5 �2:98 0.154 3.82% 2.49% 1.39%
6 �2:98 0.195 4.87% 1.09% 0.79%
7 �1:92 0.101 0.51% 3.06% 1.44%
8 �1:92 0.153 1.89% 1.12% 0.31%
9 �1:92 0.195 3.98% 0.40% 0.73%
10 �0:87 0.101 3.88% 2.95% 1.87%
11 �0:87 0.153 0.69% 2.41% 1.13%
12 �0:87 0.195 3.39% 2.68% 1.53%
13 1.24 0.101 3.30% 10.00% 0.93%
14 1.24 0.153 3.53% 4.16% 1.09%
15 1.24 0.194 4.95% 3.61% 0.15%
16 2.28 0.101 6.08% 8.95% 6.78%
17 2.28 0.153 6.23% 5.27% 3.11%
18 2.28 0.194 6.93% 4.36% 1.29%
19 3.31 0.101 25.13% 53.49% 11.33%
20 3.31 0.154 4.02% 12.62% 4.91%
21 3.31 0.196 12.40% 3.52% 7.53%

Mean error of OS versus PT pressures
for 21 cases 6.28% 6.79% 3.62%
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present technologies using Kulite sensors or piezoelectric or hot film
sensors, provided the acquisition unit of the optical signal has a
minimum sampling rate of 2000 Hz.
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