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Abstract

The scope of this study is to design an automatic control system and create an
automatic x-wire calibrator for a facility named Plane Air Tunnel; whose exit creates
planar jet flow. The controlling power state as well as automatic speed adjustment
of the inverter has been achieved. Thus, thanks to this study, the wind tunnel
can be run with respect to any desired speed and the x-wire can automatically be
calibrated at that speed.

To achieve that, VI programming using the LabView environment was learned,
to acquire the pressure and temperature, and to calculate the velocity based on the
acquisition data thanks to a pitot-static tube. Furthermore, communication with
the inverter to give the commands for power on/off and speed control was also done
using the LabView VI coding environment. The connection of the computer to the
inverter was achieved by the proper cabling using DAQmx Analog/Digital (A/D)
input/output (I/O).

Moreover, the pressure profile along the streamwise direction of the plane air
tunnel was studied. Pressure tappings and a multichannel pressure scanner were
used to acquire the pressure values at different locations. Thanks to that, the aero-
dynamic efficiency of the contraction ratio was observed, and the pressure behavior
was related to the velocity at the exit section.

Furthermore, the control of the speed was accomplished by implementing a
closed-loop PI controller on the LabView environment with and without using a
pitot-static tube thanks to the pressure behavior information. The responses of the
two controllers were analyzed and commented on by giving suggestions.

In addition, hot wire experiments were performed to calibrate automatically and
investigate the velocity profile of a turbulent planar jet. To be able to analyze the
results, the physics of turbulent planar jet flow was studied. The fundamental terms,
the methods used in the derivation of the equations, velocity profile, shear stress
behavior, and the effect of vorticity were reviewed.

Thanks to automatic multiple x-wire experiments, it is now easier to form the
mean and the fluctuating velocity profiles in two directions in a shorter time. To
accomplish that goal, some crucial changes were made to the traversing system to
make it fully functional for this purpose.
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1
Introduction

Although only some scientists are aware of it, 
uids are everywhere, even though
they are not visible, since they can be in the form of liquids and gases. Assuming
that the surrounding 
uid is stationary, as an object moves, a certain 
uid 
ow starts
to occur around the object since it disturbs the surrounding 
uid volume inserting
forces into the 
uid, thus feeling the reaction forces from the 
uid. The subdiscipline
that studies the movement of 
uids is called "
uid dynamics". Fluid dynamics is one
of the main branches of 
uid mechanics[Jones, 2019]. In addition, more speci�cally,
the subdiscipline that deals with the motion of air and other gaseous 
uids, and the
forces acting on the body by these 
uids, is called "aerodynamics" [NASA, 2011].
As one can immediately guess, there are in�nitely many cases in that a 
uid can
move, in terms of direction, rotation, speed, geometry, etc. where each results in a
di�erent condition that should be analyzed by a corresponding speci�c technique.

There are two ways to analyze the behavior of a 
uid movement, which are called
experimental and computational. In computational 
uid dynamics, 
uid 
ow is
fully solved by the governing equations, which are mass conservation, momentum
conservation, and energy conservation[Wendt, 2008]. On the other hand, experi-
mental 
uid dynamics analyses the 
uid 
ow straight in the �eld by using speci�c
techniques and materials, either by creating the same conditions of the 
ow in the
lab or by implementing the techniques directly in the real 
ow case. In this study,
experimental methods were used to analyze a certain type of 
uid 
ow.

Experiments in aerodynamics are needed when the system is too complex to
trust the computational methods, when equations and/or solutions are not known
or are not reliable for a speci�c case, and when there is a need to validate or �nd
new laws, equations, and/or models. To accomplish accurate results, all and only
related conditions should be provided for the experiment.

One of the most important classi�cations of a 
ow, being laminar or turbulent,
determines the level of di�culty in investigating the 
ow characteristics either exper-
imentally or computationally. In laminar 
ow, the 
uid moves smoothly in parallel
layers with no disruption between the layers[SimScale, 2021]. Thus, the investiga-
tion of 
ow properties is way easier due to a clear pattern. On the other hand, a 
ow
can be said to be turbulent when there is not a certain pattern since it is chaotic,
including eddies and vortices[Mathieu and Scott, 2000].

A turbulent 
ow is multi-scale, non-deterministic in both time and space, has a
high Reynolds number, stochastic, 3D and contains small-scale random vorticity and
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instabilities. Thus, it requires a very large number of data points in the domain to
be able to catch most of the details. Although it is not yet completely determined,
the 
ow can be estimated as being laminar or turbulent by computing the Reynolds
number[Banerjee, 2014]. The following �gure 1.1 shows the e�ect of the Reynolds
number on the 
ow behavior around a cylinder.

Figure 1.1: Von Karman vortex shedding appearing on the 
uid 
ow around a cylinder. The
direction of the 
ow is from left, where the cylinder is located, to right. The conditions of the
shedding were visualized in di�erent Reynolds number, Re=150, Re=300 and Re=4000, respec-
tively from top to bottom[Alziadeh, 2017].

All turbulent 
uid 
ows are composed of certain behavior of variables such as
velocity, temperature, pressure, vorticity, etc., which they are classi�ed with respect
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to. Any of these instantaneous quantities can be decomposed into two components,
which are known as the mean value and the 
uctuating value. The mean part of
the quantity is nothing but the time-averaged value while the deviations from the
mean value are called 
uctuations (see �g 2.6). Fluctuations are the most powerful
indications of the intensity of the turbulence level of the 
ow. Depending on the
quantity, the 
uctuations are usually very high frequency[\Measuring Turbulent
Flows", 2022]. In this study, the aim is to make the proper tool ready for the velocity
measurements in a long pipe 
ow. Therefore, the method for the experimental study
should be decided wisely in a way that the equipment is capable of capturing enough
information despite the extremely high frequency 
uctuating velocity.

Introducing hot wire anemometry, one of the fastest measurement techniques
in experimental aerodynamics, it was made possible to investigate turbulent 
ows
thanks to its temporal resolution. It requires a very short time to respond to a change
in the measured quantity, resulting in the possibility to catch the 
uctuations. Hot
wire anemometry is a single-point measurement technique, which requires a special
calibration to relate the wire voltage to the velocity of the 
ow. While a single wire
is usually preferred only for one component measurements, an x-wire is used for two-
component studies and the 3D measurements are performed with the triaxial probes.
This study focused on the x-wire experiments since two-component measurements
are aimed inside the long pipe 
ow.

However, in turbulent pipe 
ow, since the speed is not constant and the random

uctuations are in 3D a�ecting the response of the hot wire due to its directional
sensitivity, it is not really the best way to perform the calibration. Hence, the jet

ow was preferred to calibrate the hot wire because it has a potential core, in which
the 
ow speed is constant and 
uctuation-free.

A jet 
ow, which will be introduced more in detail in section 1.1, is a type of 
ow
in which it maintains the inlet speed inside a region, called the potential core before
it becomes turbulent. Then, the 
ow becomes fully turbulent as the vortices grow.
The most common type of jet 
ow is a round jet, whose exit is a circle. Round
jets are usually used to calibrate only one wire since their potential core is not big
enough. However, in turbulence studies, the use of more than one wire is necessary
to reach the 
uctuation correlations at di�erent points. For that reason, the planar
jet, which has a rectangular exit section, was preferred to calibrate more than one
wire simultaneously, as it has a bigger potential core along its spanwise direction
(see �g 2.7).

If the calibration of an x-wire is not performed clear of errors, the results are not
reliable at all, even though the experiments were conducted free from disturbances.
During the calibration, there are two main sources of errors, which are man-made
and system-induced. Problems that can be caused by the user could be the manual
speed and angle settings. According to that, this study concentrated on possible
ways of automatizing the calibration to avoid man-made sources of errors. The aim
is to develop a setup that lets the user calibrate a hot wire fully automatically,
including powering on/o� the wind tunnel, adjusting its speed, and the angle of the
wire in case of x-wire calibration. Moreover, since the hot wires are highly sensitive
to any 
ow around, the studies refrained from using the pitot-static tube to exclude
another source of 
ow disturbance during the multiple wire calibration. In this
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way, a single and an x-wire calibration can easily be performed free from man-made
disturbances and it avoids excessive time and e�ort wasted during the calibrations.

1.1 Planar Jet Flow

A jet 
ow, as it sounds highly intuitive, is a 
ow case in which the 
uid is leaving
a body from its exit to a free space. For example, the exhaust gas leaving a car's
exhaust creates a jet 
ow. There are two di�erent main types of jet 
ows. One of
them is a round jet, as in the car exhaust example. In a round jet, the shape of the
body exit section is round which creates spreading in all directions. On the other
hand, the other type of jet 
ow, the planar jet 
ow was formed by a body exit shape
that is rectangular, meaning that it is much longer in one direction compared to
another. These type of 
ows are called planar jet 
ows since it creates a plane after
the exit due to the rectangular shape of the exit. In �gure 3.2, the exit section of
the plane air tunnel is visible. Both of the jet 
ows have a dominant streamwise

uid 
ow which results in spreading in other directions due to the turbulence[WU
et al., 2013].

The planar jet 
ow is a type of free shear 
ow, which is �rstly investigated
by Schlichting[WU et al., 2013]. After his numerical studies, it became one of
the signi�cant questions in 
uid dynamics, and then the �rst experimental study
was performed by Forthman in which he measured and reported the mean velocity
pro�le of a planar jet[WU et al., 2013]. As time goes and the questions arises, lots of
scientists started contributing to the literature both experimentally and numerically.
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Figure 1.2: Basic schematic of a turbulent planar jet 
ow and 
uid dynamics phenomena from
its side view. The surrounding air is stationary. The part on the top is the body where the 
uid
exits from. The 2D coordinate system is visible on top left[Hassan, Guo, and Vlachos, 2019].

Figure 1.2 above shows the basic schematic of a turbulent planar jet 
ow from its
side view. The layer separating the moving air and the surrounding stationary air is
called as "Viscous Super Layer". Its mean thickness is in the order of Kolmogorov's
scale[Taveira and Silva, 2014].

After leaving the body, the 
ow becomes a free shear 
ow since there appear
the shear forces between the moving air and the stationary air surrounding the
exit. These shear forces result in "Kelvin-Helmotz instability", where small-scale
perturbations draw kinetic energy from the mean 
ow[Gramer, Gramer@noaa, and
Gov, 2007]. As it can be understood from the picture, as soon as the 
uid leaves the
body, a region called as "potential core" appears, at which the inlet velocity remains
constant and uniform inside, without being a�ected by the vortices between the
shear layer and the core[Kashi, Weinberg, and Haustein, 2018]. The formation of
vortices in the shear layer starts just outside the potential core, pressing the region
inside. Thus, the potential core cannot remain rectangular but it spreads along
the streamwise direction with a decreasing height until the region loses its uniform
undisturbed inlet velocity. Then, those small vortices start to grow at the nozzle, and
they are carried with the 
ow in the streamwise direction. Those growing vortices
interrupt the jet area. Hence, the jet is collapsed and becomes fully turbulent.

A turbulent planar jet 
ow is a coherent turbulent structure in which there is an
organized component of vorticity being phase-correlated over the entire space of the
structure. Thus, time-averaged statistics can be applied to investigate the behavior
of the structure.

Another outcome of the shear forces is entrainment into the jet area. Entrainment
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is the phenomenon of the fact that the 
uid outside the jet region enters inside.
Due to that entrance of the external 
uid, the height of the jet region increases,
which is called spreading, as the mean velocity decreases [Enjalbert, Galley, and
Pierrot, 2009]. Therefore, the shape of a turbulent jet 
ow is derived from the
shear forces due to the pressure di�erence between the 
ow inside the jet region and
the surrounding air. As well as �gure 1.2, �gure 1.3 also represents the increasing
height of the jet area while the speed along the streamwise direction is decreasing.
The height that is visible in �gure 1.3 refers to "half-width" since is half of the
distance between the upper and lower boundaries of the jet area. The spreading
rate is measured by analyzing the change in half-width with respect to streamwise
direction. Furthermore, the turbulent planar jet 
ow is assumed to be identical in
the plane direction (xz plane), and there is no spreading in that direction.

Figure 1.3: Screenshot of a computational 
uid dynamics analysis of the turbulent planar jet

ow at Re=12299.9 for the half geometry to have a less computational e�ort by using OpenFoam
open source code environment. Large eddy simulation with dynamic k equation was preferred.
The color map refers to streamwise velocity. The geometry on the left is the half of the plane air
tunnel exit section in both z and x axes. The surrounding air is stationary.

As the 
ow develops, the velocity pro�le is said to become self-similar and it stops
changing after a relatively long distance from the potential core in a streamwise
direction. From that point, the 
ow can be said to be fully-developed.

6



2
Theoretical Background and

Literature Review

2.1 Hot Wire Anemometry

Hot wires are widely used sensors to measure the temperature and the velocity in
gas, liquid, or two-phase 
ows. They have a very good frequency response relative
to its main competitors (Laser Doppler Anemometry - LDA), letting it provide high
sampling rate measurements. Hot wires are very small piece of sensors which has a
diameter of around 5� m and a length of 0.1 mm to 3 mm[Morris and Langari, 2012].
Tungsten and platinum are the most preferred materials for hot wires since they
can provide a high-temperature coe�cient of resistance [Shekhter, 2011]. Following
�gure 2.1 shows the shape of a hot wire probe which is made of tungsten and
platinum [Je-Chin Han, 2020]

Figure 2.1: Hot wire probe schematic expressing its materials and size [Je-Chin Han, 2020].

The working principle of the hot wire anemometry is based on two facts; the heat
transfer between the surrounding and the wire itself, and the electrical resistance of a
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metal conductor is a function of its temperature [George, 1985]. As a circuit element,
hot wires have their own resistance, which changes with the varying temperature of
the wire. Considering a wire that is heated by a passage of current on the circuit
that it is connected to and is placed somewhere in space. If there is no 
ow, the wire
equates its temperature by dissipating heat to the surrounding. On the other hand,
if there is a 
uid 
ow with nonzero velocity, the heat transfer coe�cient changes,
resulting in the alteration of heat dissipation. Then, new heat dissipation causes a
new wire temperature and so the change in its resistance. Since the wire is connected
to a circuit having its own voltage and current values, the e�ect of resistance change
can easily be seen by analyzing the voltage and/or current values instantaneously,
hence the behavior of velocity or temperature can be investigated.

As it can be understood from the discussion above, in hot wire anemometry, hot
wire senses the changes in the 
ow, behaving as a sensor, and then the circuit that
it is connected to transforms these changes into a certain form of a signal, acting as
the transducer of the system.

The governing equation of a hot wire anemometry [Bruun, 1996] is written as

DE
Dt

= W � H; (2.1)

E = CwTs; (2.2)

W = I 2Rw ; (2.3)

where

E = thermal energy stored by the wire [J],
W = power generated by joule heating [W],
H = heat transferred to surroundings [J],
Cw = wire heat capacity [ J

K ],
Ts = surroundings temperaturec[K],
I = current [A],
Rw = wire resistance [
].

When the equilibrium is reached, power generated by joule heating, W, and heat
transferred to surroundings, H becomes equal to each other. Moreover, heat can be
transferred in three ways; convection to 
uid 
ow, conduction to probes, and radi-
ation to surroundings [Bergman, Bergman, Incropera, DeWitt, and Lavine, 2011],
which can be represented as follows. Equation 2.4 represents the heat transferred
by conduction while the equation 2.5 stands for the heat transferred by convection
and the equation 2.6 shows the formula for heat transfer by radiation [Patil, Radle,
and Shome, 2015].

_qk = kA
Tw � Tf

L
; (2.4)

_qc = hA(Tw � Tf ); (2.5)
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_qr = ��A (T4
w � T4

f ); (2.6)

H =
X

_qk + _qc + _qr ; (2.7)

where

k = conductive heat transfer coe�cient,
A = surface area of the wire subjected to heat transfer,
Tw = wire temperature,
Tf = 
ow temperature,
L = length scale,
h = convective heat transfer coe�cient,
� = emissivity of the wire surface,
� = Stefan-Boltzmann constant.

By assuming that the wire is long enough and the wire temperature is uniform,
conductive heat transfer to the supports can be neglected. Moreover, possessing
high enough 
ow velocity and l

d > 200 allows the radiation to the surroundings and
the free convection to the 
ow to be negligible. Thus, the heat transferred by the
wire can be written down as

H =
X

_qc; (2.8)

where _qc represents only the forced convection by the 
ow.
Since only the convective heat transfer is being dealt with, introducing a non-

dimensional heat transfer coe�cient by the convection, the Nusselt number, will
help in a way that the voltage of the circuit can be related to the 
ow velocity.

Nu =
hd
k

; (2.9)

where

d = wire diameter.

Nusselt number is de�ned as the ratio of convective heat transfer to conductive
heat transfer [Astakhov, 2012], so equation 2.9 can easily be derived by dividing
equation 2.5 to 2.4. Then, assuming the equilibrium condition is reached so the
power generated by joule heating, W becomes equal to the heat transferred to sur-
roundings, H as follows

hA(Tw � Tf ) = I 2Rw ; (2.10)

substituting the formula for cylinder surface area and the Nusselt number de�nition
into equation 2.10

Nu(�kL )(Tw � Tf ) = I 2Rw ; (2.11)
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To relate the voltage value of the circuit to the 
ow velocity, the Nusselt number
should be written as a function of velocity. There are several empirical formu-
las relating the Nusselt number to the velocity, geometry, and temperature of the

ow. Actually, the Nusselt number dependency can be formulated as [Astakhov,
2012],[Sheikholeslami and Ganji, 2017]

Nu = Nu(Re; P r; Gr; M; �; 
;
Tw � Tf

Tf
); (2.12)

where

Gr =
gL3� � T

� 2
; (2.13)

Gr =
Buoyancyforces
V iscousforces

; (2.14)

P r =
�c p

k
; (2.15)

P r =
Momentumdif fusivity

Thermaldif fusivity
; (2.16)

M =
V
a

; (2.17)

M =
F lowspeed

Speedofsound
; (2.18)

� and 
 = directional dependency,
g = gravitational acceleration [ms ],
L = representative length [m],
� = thermal expansion coe�cient [K � 1],
� = temperature di�erence between the wire and the 
uid bulk temperature [K],
� = kinematic viscosity [m2

s ],
� = dynamic viscosity [Ns

m2 ],
cp = speci�c heat [ J �kg

K ],
k = thermal conductivity [ W

m�K ],
V = 
ow speed [m

s ],
a = speed of sound [ms ].

As one can understand, the Grashof number, Gr is the non-dimensional quantity
representing the free convection due to buoyancy forces [Shires, 2011]. As it was
mentioned before, by assuming thatld > 200 and

Re > Gr
1
3 ; (2.19)

Grashof number dependency of Nusselt number can be neglected. Moreover,
since the 
ow is not in sonic conditions, and it is orthogonal to the hot wire placed
in the 
ow, it can be said that the Nusselt number is the function of only

Nu = Nu(Re; P r;
Tw � Tf

Tf
): (2.20)
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Thus, one of the most widely used empirical formulas formed by [Kramers, 1946]
is represented as

Nu = 0:42Pr0:20 + 0:57Pr0:33Re0:50: (2.21)

Since the change in temperature of the wire is proportional to the change in
its resistance, the temperature di�erence in equation 2.11 can be replaced by the
resistance di�erence and then the following equation relating the electrical quantities
to the 
ow velocity can be obtained [George, 1985].

I 2Rw

Rw � Rf
= A + B < U > 0:5 ; (2.22)

where

A = 0:42
(�kL )

�
P r0:20; (2.23)

B = 0:57
(�kL )

�
P r0:33(

d
�

)0:5; (2.24)

Rf = wire resistance at 
ow temperature [
],
� = temperature coe�cient of resistance,
d = wire diameter [m].

Having derived the equation to relate the resistance and voltage to the 
ow
velocity, it must be strictly known that these relations 2.23 and 2.24 arenot used
practically. Coe�cients A and B are determined by a special method of calibration
depending on the 
ow case, which was discussed in section 3.6.

There are two di�erent main applications of hot wire anemometry, which are
named constant current anemometry (CCA) and constant temperature anemome-
try (CTA). In constant current anemometry, a change in 
ow velocity results in a
temperature variation in the wire, which lets its resistance alter, and so does the
current in the circuit. Then, the change in current is measured and set back to the
previous value by changing the voltage with an ampli�er. Hence, the current of the
circuit is kept constant. The frequency response is set by the geometrical properties
of the wire. Moreover, burnout is one of the most common problems that can be
faced in CCA since the current is kept constant although the temperature of the
wire is increasing [Zhao et al., 2021].

The type of hot wire anemometry application that was preferred for this study
is CTA, since its frequency response is much better than CCA, and velocity is
a rapidly changing quantity. In constant temperature anemometry, variation in
resistance of the wire is due to the 
ow velocity change followed by the change in the
wire temperature. Resistance alteration forces the current to change, the ampli�er
senses the change in current and sets it back to keep the resistance constant. In this
way, the temperature of the wire is kept constant. The electrical circuit performing
these operations consists of a wheatstone bridge which can be seen in �gure 3.14.
The frequency response is set by the electrical con�guration of the feedback loop.

11
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An important quantity to represent the wire sensitivity to velocity 
uctuations
is the overheat ratio,� that is represented below in equation 2.25 [Farouk, Lin, and
Lei, 2010]

� =
Tw � Tf

Tf
: (2.25)

As the di�erence between the wire temperature and the 
ow temperature in-
creases, the hot wire becomes more sensitive to velocity 
uctuations. Thus, the
higher the overheat ratio the better velocity 
uctuation measurements. It is crucial
to keep the 
ow temperature,Tf constant during the experiments, but it may not be
highly possible if the wind tunnel is an open loop. In that case, certain corrections,
that were discussed in section 3.6, for the temperature di�erence must be done while
calibrating the wire for the recent 
ow condition.

Another investigation to understand the response of a hot wire is on its directional
sensitivity. As it was mentioned before, the hot wire is placed orthogonal to the
known direction of the 
ow to ensure that the measured velocity is the streamwise
velocity. However, by looking at the �gure 2.2 below, one can immediately say that
the problems will certainly arise since the response of the hot wire is almost equal
in x and z directions so it is hard to understand which one is being measured.

Figure 2.2: Schematic of a hot wire including the coordinate system, angles, and the velocity
components. � shows the pitch angle while the� stands for the yaw angle. Two parallel cylinders
that are perpendicular to the y-axis are the probes of the wire, while the wire is connected between
their ends [Shekhter, 2011].

Thus, an equation [Je-Chin Han, 2020] to express the output velocity of the hot
wire can be written as

U2
ef f = U2

x + k2U2
y + h2U2

z ; (2.26)

where

12
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Uef f = e�ective velocity sensed by hot wire [ms ],
Ux = 
ow velocity in streamwise direction [m

s ],
Uy = 
ow velocity in cross-wise direction [ms ],
Uz = 
ow velocity in spanwise direction [m

s ],
k = hot wire cross-wise(yaw) velocity correction factor,
h = hot wire spanwise(pitch) velocity correction factor.

Velocity correction factors, k, and h can empirically be determined by knowing
the real velocity and the velocity estimated by hot wire at the corresponding axis.
According to [Je-Chin Han, 2020], k varies between 0< k < 0:2 while h generally
takes a value in the interval of 1< h < 1:2. As the ratio of hot wire length to
diameter, l

d increases, k decreases. Moreover, if the wire is placed correctly, mean
velocities in spanwise and cross-wise directions are equal to zero, meaning that the
e�ective velocity can be represented as

U2
ef f = ( Ux + ux )2 + k2u2

y + h2u2
z; (2.27)

where

Ux = mean velocity in streamwise direction [ms ],
ux = 
uctuating velocity in streamwise direction [ m

s ],
uy = 
uctuating velocity in cross-wise direction [m

s ],
uz = 
uctuating velocity in spanwise direction [ m

s ].

Applying Taylor series expansion and knowing that

Ux >> jux j; juy j; juzj; (2.28)

e�ective velocity is reduced to

Uef f = Ux + ux : (2.29)

A two wires probe, x-wire is one of the tools that allows one to measure the
quantities in two directions unlikely to a single wire. In x-wire con�guration, two
wires are placed orthogonal to each other like an X shape as can be seen in the
following �gure 2.3

13



CHAPTER 2. THEORETICAL BACKGROUND AND LITERATURE REVIEW

Figure 2.3: Schematic of an x-wire probe side view showing the stem dimensions and the wire
orientations on the most left [Je-Chin Han, 2020].

Wires are mounted with 90� between each other so that the angle between each
wire and the dominant 
ow direction is 45� . Side view schematic of an x-wire sensor
is visible in �gure 2.4 below
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Figure 2.4: X-wire sensor schematic showing the angles formed by the wire orientations and the
coordinate system of the probe. n1 and n2 are the normals to wire 1 and wire 2. U is the x
component of the 
ow velocity, V , while the vertical V is the y component of the 
ow velocity, V .
� is the angle between the dominant 
ow direction and the x-axis of the probe [Bruun, 1996].

The x-wire should be placed in a way that� = 0 � , then the 
ow angle and the
two components of the velocity can easily be determined by investigating the voltage
values coming from two wires, concerning the response of the x-wires. The velocity
can be divided into two components for each wire as follows
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Figure 2.5: Separate schematics of the wires of x-wire to make the velocity components corre-
sponding to each visible. U is the x component of mean velocity while u is the x component of the

uctuating velocity. Fluctuating velocity in the y direction is represented by v.

UN 1 =
U + u + v

p
2

; (2.30)

UT 1 =
U + u � v

p
2

; (2.31)

UN 2 =
U + u � v

p
2

; (2.32)

UT 2 =
U + u + v

p
2

; (2.33)

where

UNi = velocity normal to wire i,
UT i = velocity tangent to wire i.

Then, the e�ective cooling velocity of the two wires [Burattini, 2008] can be
written as

U2
ef f 1 = U2

N 1 + k2U2
T 1 =

1
2

[(U + u + v)2 + k2(U + u � v)2 + 2h2w2]; (2.34)

U2
ef f 2 = U2

N 1 + k2U2
T 1 =

1
2

[(U + u � v)2 + k2(U + u + v)2 + 2h2w2]; (2.35)
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Then, the mean and the 
uctuating velocity can be formulated as

Uxprobe =
Uef f 1 + Uef f 2p

2(1 + k2)
= U[1 +

u
U

+
k2v2 + h2w2

(1 + k2)U2
+ h:o:t:]; (2.36)

vxprobe =
Uef f 1 � Uef f 2p

2(1 + k2)
= v

1 � k2

1 + k2
+ O(vw2; v3): (2.37)

In real life, while conducting an x-wire experiment, instead of using the equations
reported above, calibration is preferred to analyze the response of the x-wire to be
safer and more practical. The calibration procedure of the x-wire is discussed in
section 3.6.5

2.2 Planar Jet Flow

As introduced in section 1.1, planar jet 
ow is a free shear 
ow that is produced
by a rectangular ori�ce of an open loop blower plane air tunnel. Governing equations
[Anderson, 1992] to investigate the viscous 
uid 
ow in the non-conservation form
are

D�
Dt

+ � r � V = 0; (2.38)

�
Du
Dt

= �
@p
@x

+
@�xx

@x
+

@�yx

@y
+

@�zx

@z
+ �f x ; (2.39)

�
Dv
Dt

= �
@p
@y

+
@�yx

@x
+

@�yy

@y
+

@�zy

@z
+ �f y; (2.40)

�
Dw
Dt

= �
@p
@z

+
@�xz

@x
+

@�yz

@y
+

@�zz

@z
+ �f z; (2.41)

�
D
Dt

(e+
V 2

2
) = � _q+

@
@x

(k
@T
@x

) +
@
@y

(k
@T
@y

) +
@
@z

(k
@T
@z

)

�
@up
@x

�
@vp
@y

�
@wp
@z

+
@u�xx

@x
+

@u�yx

@y
+

@u�zx

@z

+
@v�xy

@x
+

@v�yy

@y
+

@v�zx

@z
+

@w�xz

@x
+

@w�yz

@y
+

@w�zz

@z
+ �

�!
f �

�!
V ;

(2.42)

where
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D
Dt = total derivative,
� = 
uid density ,
r � x = divergence of x,
�!
V = velocity,
p = pressure,
u = velocity in x direction,
v = velocity in y direction,
w = velocity in z-direction,
� ii = normal stress in i direction,
� ij = shear stress in ij direction,
f i = body force per unit mass acting on the 
uid element in i direction,
T = temperature,
e = internal energy per unit mass,
_q = the heat transferred by thermal conduction into the moving 
uid element,
k = thermal conductivity,
V 2

2 = kinetic energy per unit mass.

The equations 2.38, 2.39, 2.40, 2.41 and 2.42 are called as Navier Stokes equa-
tions that are used to analyse the behavior of a 
uid 
ow in non-conservative form.
The non-conservation form of the equations was obtained thanks to the fundamen-
tal physical principles applied to a moving 
uid element. On the other hand, the
conservation form of the equations can be obtained from �nite control volume �xed
in space [Hall, 2021b].

Firstly, equation 2.38 is the continuity equation that was derived from the conser-
vation of mass, saying that the mass of the 
uid is conserved over time over a �nite
volume in space. Secondly, equations 2.39, 2.40 and 2.41 are momentum equations,
which are used to ensure that the momentum is conserved in x, y and z directions,
respectively. Lastly, equation 2.42 is the last governing equation that is used to
show that the energy is conserved.

To have the conservation form of the governing equations, the equations should
be modi�ed for a �nite volume �xed in space. Firstly, the integral de�nition over
the control volume was applied to the continuity equation. Moreover, using the
de�nition of the substantial derivative and then applying the divergence de�nition
and the derivative rules to the non-conservative equations results in the conservation
form of the momentum and energy equations. Following equations 2.43, 2.44, 2.45,
2.46 and 2.47 are the conservation form of the governing equations.

@�
@t

+ r � (�
�!
V ) = 0 ; (2.43)

@(�u )
@t

+ r � (�u
�!
V ) = �

@p
@x

+
@�xx

@x
+

@�yx

@y
+

@�zx

@z
+ �f x ; (2.44)

@(�v )
@t

+ r � (�v
�!
V ) = �

@p
@y

+
@�yx

@x
+

@�yy

@y
+

@�zy

@z
+ �f y (2.45)

@(�w )
@t

+ r � (�w
�!
V ) = �

@p
@z

+
@�xz

@x
+

@�yz

@y
+

@�zz

@z
+ �f z; (2.46)
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@
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V 2
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V 2
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@v�xy
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@w�xz
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+
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@w�zz
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+ �
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f �

�!
V :

(2.47)
Furthermore, the normal and the shear stresses can be expressed as [Anderson,

1992]

� xx = � r �
�!
V + 2�

@u
@x

; (2.48)

� yy = � r �
�!
V + 2�

@u
@y

; (2.49)

� zz = � r �
�!
V + 2�

@u
@z

; (2.50)

� xy = � yx = � (
@u
@y

+
@v
@x

); (2.51)

� xz = � zx = � (
@u
@z

+
@w
@x

); (2.52)

� yz = � zy = � (
@v
@z

+
@w
@y

); (2.53)

where,

� = molecular viscosity coe�cient,
� = bulk viscosity coe�cient,

� = �
2
3

�: (2.54)

Thus, by inserting de�nitions of stresses into momentum equations, governing
equations can be written in the form of

@�
Dt

+ r � (�
�!
V ) = 0 ; (2.55)

@(�u )
@t

+
@(�u 2)

@x
+

@(�uv )
@y

+
@(�uw )

@z
= �

@p
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@

@x
(� r �
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V + 2�
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@
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@u
@y

+
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@x

)] +
@
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[� (
@u
@z

+
@w
@x

)] + �f x ;
(2.56)

@(�v )
@t

+
@(�uv )

@x
+

@(�v 2)
@y

+
@(�vw )

@z
= �

@p
@y

+
@

@x
[� (

@u
@y

+
@v
@x
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+
@
@y

(� r �
�!
V + 2�

@u
@y

) +
@
@z

[� (
@v
@z

+
@w
@y

)] + �f y;
(2.57)
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(2.58)
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(2.59)

Since the density is assumed to be constant in both time and space, the hypothesis
of incompressibility can be shown as

@�
@t

=
@�
@x

=
@�
@y

=
@�
@z

= 0: (2.60)

Thus, the continuity and momentum equations can be modi�ed for the incom-
pressible 
ow case [Quartapelle, 2013] as

r � u = 0; (2.61)

@u
@t

+ ( u � r )u = �
1
�

r P + � r 2u; (2.62)

where

� = kinematic 
uid viscosity.

Since the energy equation is completely decoupled from Navier Stokes if the
viscosity is said to be independent of temperature [COMSOL, 2018], it can be written
as

�C p
@T
@t

+ �C pu � r T = r � (kr T) + _q; (2.63)

where

Cp = speci�c heat capacity.

The governing equations to analyze the 
uid 
ow brie
y explained above have to
be implemented on the planar jet 
ow whose coordinate system is shown in �gure
2.6.
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Figure 2.6: Coordinate system of plane air tunnel. The x-axis is the streamwise direction, the
y-axis is the vertical cross
ow direction while z-axis is the spanwise direction.

To investigate the physics of the turbulent planar jet 
ow, one of the fundamen-
tal steps to perform is estimating the velocity �eld. Unlike the laminar 
ow, the
velocity is not constant in time if the 
ow is turbulent, but it shows high-frequency

uctuations in magnitude. Thus, any instantaneous velocity can be decomposed
into two components as follows

V = V + v0; (2.64)

where

V = instantaneous velocity in 3D,
V = time-averaged velocity in 3D,
v0 = 
uctuating velocity in 3D.

Considering that a velocity measurement was done at a point for 5 seconds. The
velocity magnitude will not stay constant as a straight line but will have random
oscillations in magnitude. In this case, the mean of the velocity time series results
in the time-averaged velocity,V , while the di�erence between the mean value and
an instantaneous velocity value at a given time is the 
uctuating velocity,v0. The
decomposition is shown in following �gure 2.7 taken from [Rathakrishnan, 2020].

Figure 2.7: Example of a basic hot wire signal showing instantaneous velocity decomposition into
its mean and 
uctuating parts [Rathakrishnan, 2020].
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By estimating the velocity �eld with respect to non-dimensional quantities, re-
sults are transformed into a universal form. For example, the following �gure 2.8
was taken from a hot wire experiment on a turbulent planar jet that was performed
by [Heskestad, 1965].

Figure 2.8: Experimental study of turbulent planar jet 
ow performed with hot wires. X is
the streamwise direction while y is the crosswise direction. In the horizontal axis, non-dimensional
quantity � represents the ratio between crosswise distance and streamwise distance from the origin,
where x0 is the virtual origin. In the vertical axis, non-dimensional quantity stands for the ratio
between mean velocity magnitude, Q, and mean centerline velocity magnitude,Qm . Data were
obtained at di�erent streamwise locations each corresponding to a di�erent shape on the plot
[Heskestad, 1965].

Moreover, by applying velocity and pressure decomposition, as shown in �gure
2.64, to the Navier Stokes equations and Reynolds-averaging the whole equations,
the terms called "Reynolds Stresses" are obtained [AMSO, 2012]. The form of the
Reynolds Stresses is shown as follows

Rij = u0
i u

0
j (2.65)

Reynolds stresses represent the mean force per unit area imposed by the turbulent

uctuations on the mean 
ow [AMSO, 2012]. Following �gure 2.9 [STANLEY,
SARKAR, and MELLADO, 2002] shows the distribution of Reynolds Stresses in a
planar jet.
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Figure 2.9: Visualization of Reynolds Normal Stresses in three directions, where the continuous
line stands for Ruu , the dashed line showsRvv and the dots representRww . The coordinate system
is exactly the same as shown in �gure 2.6 [STANLEY, SARKAR, and MELLADO, 2002].

De�ning another parameter, percentage turbulence intensity, Tu which allows a
better understanding of the 
uctuations' behavior can be done as

Tu% =
u0

rms

U
� 100: (2.66)

As can easily be seen from the equation above, turbulence intensity is calculated
as the ratio of the RMS value of 
uctuating velocity to the mean velocity at the
same location. By investigating the turbulence intensity in streamwise, crosswise,
and spanwise directions in the planar jet, 
uctuations inside the wake can easily be
identi�ed. For example, the following �gure 2.10 is a result of an experimental cam-
paign taken from [Hashiehbaf and Romano, 2013], showing the turbulence intensity
distribution along the streamwise direction.
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Figure 2.10: Plot of an experimental result representing the turbulence intensity distribution
along the streamwise direction at exit Reynolds number Re=8000. Unlikely equation 2.66, the
e�ective velocity 
uctuation was divided to mean velocity at the exit section without taking the
percentage. U0 is the mean velocity at the exit section, X is the streamwise distance from the
exit, urms is the RMS value of 
uctuating velocity and D is the exit section height. Each shape
corresponds to a di�erent shape of the exit section. The coordinate system is exactly the same as
shown in �gure 2.6 [Hashiehbaf and Romano, 2013].

Figures 2.8, 2.9, 2.10 and others were used to compare the data obtained by this
study and the literature. Other parameters to characterize the turbulent planar jet
were discussed in section 3.6.8.
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3
Experimental Setup

3.1 Plane Air Tunnel

The PAT is an open-loop blowing wind tunnel that was designed for investigating
the planar jet 
ow. The setup consists of several di�erent parts as a motor, pre-
settling chamber, plastic hoses, 
ow conditioners, and a nozzle. Figure 3.1 shows
the basic schematic of the wind tunnel.

Figure 3.1: Side view schematic of Plane Air Tunnel. Flow is generated by a centrifugal
blower(A), transferred to the pre-settling chamber(B), and then to the rectangular prism sec-
tion via two tubes(C). Flow passes through the glass spheres(D) where some of the turbulence is
killed. After that, honeycomb(E) helps to straighten the 
ow. Flow is then forced through a set of
screens(F) to decrease the turbulence level again. Contraction(G) accelerates the 
ow before the
exit section.

As it can easily be seen in the �gure 3.1, there is a three-phase AC motor acting as
a centrifugal blower, which gives the input air to the tunnel. Perturbations caused
by the fans were decreased by using a pre-settling chamber. The air coming out
of the pre-settling chamber is transferred to the stagnation chamber via two hoses
symmetrically. The stagnation chamber includes glass spheres, honeycomb, and
three screens which all can be used for 
ow conditioning. A signi�cant amount of
pressure drop is achieved along the stagnation chamber. After all, the last part of
the PAT is a nozzle, where the 
ow accelerates and exits the wind tunnel. The
contraction ratio of the nozzle is 9:1, which let the speed up and kills some parts of
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the turbulence. The exit section is 2 cm in height and 45 cm in width, leading to
a planar turbulent jet 
ow. The following �gure 3.2 shows the picture of the PAT
including the pre-settling chamber, that was taken from the exit section.

Figure 3.2: Plane Air Tunnel perspective view from the exit section, placed on top of a table to
maintain the height of the exit.

As in most of the open loop blowing wind tunnels, the PAT does not have a
di�user and the test section is in ambient pressure. One of the drawbacks of PAT
is the fact that the test section is a�ected by external disturbances.

3.1.1 Sliding System

To be able to move the hot wire inside the wake of the turbulent planar jet, a
sliding system was used. The system is able to move the hot wire in both crosswise
and streamwise directions, and it is not able to move the wire in the plane direction, z
axis. Movement in the z-axis is not needed since the turbulent planar jet is assumed
to be homogeneous in the z-direction. The picture of the sliding system can be seen
in �gure 3.3 below.
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Figure 3.3: Sliding mechanism to move the wire holder in streamwise and crosswise direction
inside the wake of the turbulent planar jet. The vertical part of the system, which is located close
to the table in the picture, is able to move both on the horizontal part that is close to the ground
and in the vertical direction.

Since the system is desired to be controlled by the LabView environment, proper
cabling should have been done. As can be seen in �gure 3.4, a National Instruments
driver was used to provide the communication between the computer and the sliding
system board. The circuit board works with the usual city electricity.

(a) Driver (b) Circuit Board

Figure 3.4: Figure (a) is a data acquisition card for the communication of the sliding mechanism
to move the wire holder in the streamwise and crosswise direction inside the wake of the turbulent
planar jet. It is connected to the computer via a USB connection. Figure (b) is the cabling for
the actuator of the sliding mechanism to move the wire holder in the streamwise and crosswise
direction inside the wake of the turbulent planar jet. It is connected to the computer via a USB
connection.

Basically, the user gives the required input on the computer, the driver transfers
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the input to the sliding system board, and they are transmitted to the sliding system
itself after being computed by the board seen in �gure 3.4 (b).

The user can remotely control the sliding system by using a very simple VI code,
whose front panel can be seen in the �gure 3.5 below

Figure 3.5: Sliding system user interface. X direction is streamwise and z direction is the vertical
crosswise direction. The user has to �rst give the inputs for x and the z direction and then run
the code. The sliding system �rst moves in the streamwise direction and then in the crosswise
direction.

3.1.2 Traversing System

A traversing system, which is visible in the �gure 3.6 below, was designed to be
able to accurately calibrate the x-wire. As it can be understood from the �gure, it
has a stepper motor giving the rotation to the horizontal stick on which the x-wire
holder is mounted. The horizontal stick is connected to a metal connector which
behaves like a bridge between the horizontal stick and the stepper motor. Moreover,
the horizontal stick can be mounted at di�erent locations on the stick holder. The
wire probe is placed on the wire holder in a way that the two wires will be exactly
at the center of rotation of the stepper motor to ensure that the given angle is the
same for the x-wire.
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Figure 3.6: Traversing system to calibrate the x-wire at the exit of the plane air tunnel. The
system includes a stepper motor (seen on right), metal sticks to hold the stepper motor, transfer
the rotation given by the stepper motor, and mount the wire holder on top of it. A wire holder is
used to place the wire probe .

To use the stepper motor by controlling it via the computer, speci�c cabling was
performed. Firstly, the 24 V channel of the power supply, which can be seen in �gure
3.7 (b), was used to power the stepper motor. Secondly, the 5 V channel was used
to give the movement to the motor, indicating the direction for both (-) and (+)
rotations, which were connected also to the digital output port of the cDAQ-9189
board to take the input from the user, as it can be seen in the �gure 3.7 (a).
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(a) Digital
port

(b) Power supply

Figure 3.7: Figure (a) is the digital output port for the stepper motor cabling. Figure (b) is the
power supply to be able to turn on and give the desired input for the stepper motor. The 5 V was
used to move the stepper motor while the 24 V is to power the motor..

To transfer the inputs from the user, the NI cDAQ-9189 board, and the power
supply, a driver was used. The tables represented below show the settings for the
switches on the driver, to be able to use the stepper motor in the desired way.
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Microstep setting
Steps per
revolution

Switch
5 6 7 8

400 o� on on on
800 on o� on on
1600 o� o� on on
3200 on on o� on
6400 o� on o� on
12800 on o� o� on
25600 o� o� o� on
1000 on on on o�
2000 o� on on o�
4000 on o� on o�
5000 o� o� on o�
8000 on on o� o�
10000 o� on o� o�
20000 on o� o� o�
25000 o� o� o� o�

Table 3.1: Microstep setting for the stepper
motor. Shows the setting that has to be done
by the switches, to have the desired number
of steps for 60� rotation. It determines the
resolution of the stepper motor.

Current setting

Current
Switch

1 2 3
1 A on on on

1.46 A o� on on
1.91 A on o� on
2.37 A o� o� on
2.84 A on on o�
3.31 A o� on o�
3.76 A on o� o�
4.2 A o� o� o�

Table 3.2: Current setting of the stepper
motor. Switches should be arranged in a cor-
responding way to the current value used for
the motor.

In this study, the number of steps was decided to be 400 for a rotation of 360� .
Thus, the resolution of the stepper motor can be calculated as

1 step =
360
400

= 0:9� :

Having appropriately performed all the cabling, the motor is ready to go. The
user can easily control the stepper motor by using a VI code, whose user interface is
shown in the �gure 3.8 below, by giving the required inputs of millisecond multiple
to wait between the steps, lines to communicate for both the direction and the
amount, steps desired to move and the millisecond value of movement. After all,
the user should just run the code.
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Figure 3.8: Front panel of the stepper motor VI code. As the input, the user has to give
millisecond multiple to wait between the steps, lines to communicate for both the direction and
the amount, steps desired to move, and the millisecond value of movement.

3.1.3 Inverter and Power System

The PAT wind tunnel is powered by a three-phase AC motor, whose properties
are shown in the table 3.4, having a frequency of 50 Hz and voltage of 400/690 V.
The power generated by the motor is transmitted to a fan by a shaft. The properties
of the fan can be seen in the table 3.3

Brand O� CIESE
Model MAR/S 502

Number 2020 - 020559
Weight [kg] 98
Power [kW] 5.5

Frequency [Hz] 50
Voltage [V] 400/690

RPM 2800

Table 3.3: Properties of fan used in plane air tunnel to provide the 
ow rate into it.

The rotating fan produces the blowing wind inside the tunnel, which is pushed
through the tubes into the pre-settling chamber. The speed control of the AC motor
is achieved by using a variable frequency driver, which is also called an inverter.
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Brand WM Motors
Model IE2

Number 60034-1
Phase 3

Number 2020 - 020559
Weight [kg] 45
Power [kW] 5.5 or 6.6

Frequency [Hz] 50 or 60
Voltage [V] 400/690 or 480/831

RPM 2800
Current [A] 10.4/6

Table 3.4: Properties of AC motor used in plane air tunnel to provide the rotation for the fan.

An inverter is a tool that allows the user to change the frequency of city electricity
so that the motor rpm changes. Changing the rpm of the motor results in a change
in fan rpm, which ends up altering the velocity of the 
ow inside the wind tunnel.
Speci�cally, Siemens Sinamics V20 inverter was used for the speed control of the
AC motor, which provides three-phase AC 400-480 V input and has a 7.5 hp motor.
Moreover, the inverter is capable of dealing with frequency values up to 599 Hz
[Siemens, 2013]. The front face of the inverter can be seen in �gure 3.9.

Figure 3.9: Siemens Sinamics V20 inverter, changing the voltage or the frequency of the AC
motor to control the fan RPM.
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V20 inverter o�ers di�erent types of communication with multiple sources. Usu-
ally, a programmable logic controller is preferred to communicate with an inverter
using the computer as the source. However, the PLC requires its programming, and
also it means that there will be one more tool inside the communication chain, re-
sulting in lower e�ciency and more disturbances and noise. A better way would be
to communicate the inverter with a computer via a serial connection, which results
in fewer disturbances and noise. In this study, the control of V20 via an ethernet
connection from a computer was achieved by the use of an A/D input/output NI
cDAQ-9189 board, whose speci�cations will be discussed in section 3.2.

3.2 Data Acquisition and Transmission

The process including the sampling of the analog signals to have them in digital
form is called data acquisition. Acquiring the data has a very essential role for
demonstration, storage and analysis purposes[Smith, 2020]. To acquire the desired
data from the test section, there must be a unique setup composed of di�erent tools,
machines, and cables between them. After all, acquired data is transmitted to the
computer to be able to process the results.

Sensors are the �rst elements of the acquisition chain. They are expected to
change their status with respect to the change in the parameters that they are de-
signed to measure. The next member of the chain is the transducer. A transducer
transforms the status change of a sensor into an output signal by converting one
energy to another. The signal is not necessary, but generally continuous and elec-
trical. After having the analog signal of the measured quantity, data conversion is
done from analog signal to digital signal by the acquisition system, concerning the
proper values of sampling rate and time.

The last step is to transfer the acquired data to the computer. There are multiple
ways of transmitting the data from the acquisition board to a computer. In this
project, the connection was provided by the ethernet for the hot wires and the
pressure. On the other hand, a serial connection was preferred for the temperature
data transmission.

3.2.1 Sensors

The variance in sensors' status lets the system know that the quantity required to
be measured has changed. There are three di�erent types of sensors being used in the
PAT setup. One of them is a well-known sensor for mean velocity measurements,
which is a pitot-static tube. It changes the pressure with respect to the speed
variance in the 
ow. In �gure 3.10, a drawing of a pitot-static tube is shown.
A pitot-static tube measures both static and total pressure, then it allows us to
calculate the mean velocity by having the local dynamic pressure.
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Figure 3.10: Pitot-static tube, measuring total and static pressure to calculate the velocity at a
speci�c location[Gentle, Edwards, and Bolton, 2001].

Secondly, �gure 3.11 represents the hot wire[Bruun, 1996] that is being used to
measure not only the mean velocity but also the velocity 
uctuations in this setup.
The hot wire changes its temperature as a result of a speed change in the 
ow.
A hot wire is connected to a circuit, ie. a wheatstone bridge, which behaves as a
transducer, in which the temperature variance in the hot wire corresponds to voltage

uctuations.

Figure 3.11: Basic schematic of a hot wire including its supports[Bruun, 1996].
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Finally, a thermocouple can be seen in the �gure 3.12 Thermocouple is used to
measure the local temperature. A junction is formed by two di�erent metals joined
together to sense the temperature di�erence. Any temperature change at the joint
point corresponds to a voltage value in the electrical circuit that the thermocouple
is connected. Therefore, the local temperature can be decided by analyzing the
voltage behavior for a certain time.

Figure 3.12: Thermocouple to sense the temperature at a speci�c location.

3.2.2 Transducers

Transducers are other important members which convert the status change of
the sensors to an output signal. They allow the user to be able to understand the
behavior of the measured quantity instantly, by looking at the corresponding out-
put signal. There are di�erent types of transducers that are designed for particular
operations. One of the most common transducers is shown in �gure 3.13, pressure
transducers. Two identical pressure transducers were used for the setup, where
one measures atmospheric pressure, and the other measures dynamic pressure. The
static and the total pressure ports of the pitot-static tube are connected to a pres-
sure transducer to be able to calculate the dynamic pressure locally. Then, MKS
transducers give the voltage versus time as the output signal, with respect to the
dynamic pressure change.
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Figure 3.13: MKS pressure transducers, one is for the ambient pressure measurement and the
other is for static and total pressure measurement which is connected to the pitot-static tube.

There are two types of MKS transducers used for the experiments in the PAT
setup. One of them has a reference of 2 Torr, and the other has 10 Torr. Since
the output voltage values directly correspond to Torr values, pressure in the unit of
Pascal can be easily obtained as

1 Torr = 133:32 Pa: (3.1)

Moreover, according to the user manual provided by MKS Instruments [MKS
Instruments, 1999], the resolution of a transducer is given as in equation 3.3, where
the resolution means the minimum detectable value of a given quantity.

Resolution = 1 � 10� 5FS; (3.2)

where,

FS = Full-scale range of the transducer.

Secondly, there are 2 di�erent methodologies of conducting a hot wire experiment,
constant current anemometry, and constant temperature anemometry. Since the
frequency response of CTA is much higher than the one of CCA, cta was preferred
for the velocity measurements, where the 
uctuations have a much higher frequency.
Thus, �gure 3.14 represents the so-called wheatstone bridge which behaves as the
transducer of a hot wire working with constant temperature[Bruun, 1996].
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Figure 3.14: Electrical diagram of a constant temperature anemometry wheatstone bridge, be-
having as the transducer for the hot wire setup. G represents the gain of the ampli�er while E
stands for voltage and R is used for the resistance [Bruun, 1996].

The transducers of both thermocouple and hot wire are located inside the Dantec
Dynamics anemometer system box, which can be seen in �gure 3.15. As it can easily
be observed from the �gure, the port on the left is reserved for thermocouple values
while the others are for hot wires.

Figure 3.15: DANTEC Dynamics acquisition box, connected to the computer via an ethernet
connection, including transducers for the thermocouple and the hot wire. It has six di�erent
channels for hot wires with constant temperature anemometry.

3.2.3 Transmission

To transmit the output signal of the hot wires and the pressure voltage to the
computer to display, analyze and save it, an A/D input/output board was used,
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which communicates with the computer via an ethernet connection. As it can be
understood from the �gure 3.16, it has 8 di�erent mods and multiple channels in
each mod. A/D board takes the signal outputs from the Dantec system box as input
and transfers them to the computer via an ethernet connection.

Figure 3.16: NI cDAQ-9189 A/D board for the connection between the DANTEC acquisition
box and the computer. Multiple rooms for both Analog/Digital Input/Output.

Moreover, a serial connection between the transducer and the computer was set
to transmit the temperature data.

3.3 Pressure Behavior

Pressure behavior along the PAT was investigated to be able to have speed control
without using a pitot-static tube at the exit section and to comment on the tunnel
e�ciency.

Pressure tappings were mounted at the channels that were created at �ve di�erent
locations which are listed in the following table;

Channel 1 Just before the contraction
Channel 2 Just before the screens
Channel 3 Just before the honeycomb
Channel 4 Just before the glass spheres
Channel 5 At the pre-settling chamber

Table 3.5: Locations of pressure tappings. They are sequenced from the beginning (5th channel)
to the end (1st channel). Channel 1 is the one that is the closest to the exit, while channel 5 is the
one that is closest to the AC motor. There are wind tunnel components between the channels, to
analyze the pressure drop between them.

Locations of the tappings can clearly be seen on the �gures 3.17 and 3.18 below.
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Figure 3.17: Pressure tappings viewed from the exit section. The one on the left is channel 1 just
before the contraction and so the exit, while the one after the tubes is channel 5 just after the AC
motor and so the inlet. The wind tunnel components are visible between the pressure tappings.
All the pressure tappings are connected to the pressure scanner with the same type of hose(red)
except channel 5(transparent).

Figure 3.18: Pressure tappings viewed from the pre-settling chamber. The one on the right is
channel 5 just after the AC motor and so the inlet, while the one on the other end is channel 1
just before the contraction and so the exit. The wind tunnel components are visible between the
pressure tappings. All the pressure tappings are connected to the pressure scanner with the same
type of hose(red) except channel 5(transparent). The big circle that the 5th pressure tapping is
mounted on is the top of the pre-settling chamber.

To be able to acquire the pressure values from �ve di�erent channels simulta-
neously, a multi-channel pressure transducer Scanivalve DSA3217 was used. The
picture of the scanner is shown in �gure 3.19. The scanner has the range of 1000H2O,
which is equal to 2490.89 Pa. The two extra channels in the �gure 3.19 were con-
nected to the static pressure and total pressure channels of the pitot-static tube just
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for testing the device and comparing the results with the MKS Baratron 100 Torr =
13332.24 Pa transducer. According to the user manual [Corp., 2016] of the pressure
transducer, the number of bits that it can work with is 16, so the resolution of the
transducer can be calculated by using equation 5.2 as follows

2490:89
216 � 1

= 0:04 Pa:

Figure 3.19: Scanivalve DSA3217 pressure scanner having the range of 1000H2O. There are two
cables connected on the side of the scanner, where the one above is for the power supply while
the one below is to communicate with the computer. The �rst four red hoses are connected to the
�rst four pressure tappings, while the transparent one is connected to the �fth pressure tapping
as mentioned before. Extra two red hoses are connected to acquire the pressure values from the
pitot-static tube (Channel 6 and 7). It has the REF channel to take the reference to compare the
values from numbered channels.

A VI code, whose front panel and the block diagram can be seen in �gures 3.20,
7.12, 7.13, 7.14 was created using the LabView environment, with which the user
is fully able to see the o�set at each channel and to control the sampling time,
sampling frequency and the 
ow speed at the exit section.
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Figure 3.20: Pressure measurement VI code front panel. It is able to tell the velocity at the
exit section both with the data from the pitot-static tube and from pressure tappings. First, it
computes the o�set values at zero speed for the two transducers, then subtracts them from the
measured values at non-zero speed. The user has to set the sampling rate, sampling time, and
ambient pressure for the pitot measurements. On the other hand, just the sampling time has to
be written for the Scanivalve since the frequency is set from another front panel shown 3.36. The
code makes all the waveforms from each pressure tapping, as well as the pressure drop visible.

As it can be understood from the front panel and the block diagram, the code
is fully able to acquire the pressure values from both the MKS transducer and the
Scanivalve scanner, then calculate the speed at the exit section, and save them into
a �le for comparison. The speed values computed by pressure tappings were related
by an experimental interpolation that will be discussed in section 3.5.3. Moreover,
the user is able to see the pressure drop along the PAT for di�erent speeds scaled
for the highest range as represented in the �gure 3.21 below.

Figure 3.21: Exactly the same front panel to see the pressures and the velocity as discussed
in 3.20, just showing the ability to display pressure drop at di�erent speed values on top of each
other.

Following �gure 3.22 is the pressure signal acquired at the �rst pressure tapping
before the contraction part, with a rate of 270 Hz for 300 seconds when the Reynolds
number is Re=12328.7.
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