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ABSTRACT
The present thesis mainly deals with an implementation of a temperature dependent hot
wire measurement approach using hot wires and hot films. Conventional hot wire measurements
in isothermal flow systems could generate highly repeatable and accurate instantaneous velocity
measurements. The temporal response of these sensors could be in a range from a few Hertz to a
few hundred Kilo Hertz depending upon the diameter of the hot wire, thickness of the hot film,
fluid type, flow Reynolds number and the type of the hot wire bridge employed. However, when
the local temperature in a flow system noticeably varies during the experiment, instantaneous
velocity measurements starts producing non-negligible measurement errors. This is especially
true if the hot wire/hot film sensor is calibrated at a single "pre-selected" flow temperature. The
present thesis uses a non-linear curve fitting approach for a temperature dependent calibration of
the hot wire/hot film sensor.
The method discussed in this thesis is geared towards obtaining accurate instantaneous
velocity measurements in turbomachinery systems in which the mainstream temperature
variations from the start to the end of a given test is strong. The current methodology was
developed and tested in the Axial Flow Turbine Research Facility AFTRF at Penn State in which
a typical temperature rise is about 15oC for every hour of operation. The specific non-linear curve
fitting approach selected corrects the hot wire based instantaneous velocity measurements with
great effectiveness as long as the mean flow temperature at the inlet of the turbine facility AFTRF
is known. In general, another source like a thermocouple or thermistor based temperature probe is
utilized in parallel to the hot wire sensor based velocity measurements.
Cimbala & Park (1990) developed a new method for calibrating hot-wire/film
anemometer that can be utilized in the incompressible flow, where there are significant ambient
temperature variations. The current study implemented the specific non-linear curve fitting
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approach in a turbomachinery research facility where the operating temperature at the inlet varies
at a non-negligible rate.
After calibrating a hot-film sensor using the calibration method, a hot-film anemometer
was utilized to measure turbulent flow characteristics at the inlet of the AFTRF which is located
at the Turbomachinery Aero-Heat Transfer laboratory at Pennsylvania State University.
The AFTRF turbine was run for twice; the first time was in a cold day (301oK) and the
second run of the facility was done in a hot day (309oK). Then results from the both days, proved
that by calibrating the output signal utilizing the non-linear curve fitting method, they will be
almost the same and the uncertainty of the flow velocity will be minimized to about 1.25% of the
mean flow velocity. Furthermore, the calculated velocity from the Cimbala & Park calibration
method was used to obtain the turbulent flow characteristics, such as RMS velocity, mean
velocity, turbulence intensity, turbulence length scale and etc. The present thesis explains the first
implementation of the non-linear curve fitting based instantaneous velocity measurement method
in a turbomachinery research facility where temporal and spatial temperature variations are
significant.
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Chapter 1
Introduction
Nowadays turbulence plays a significant role in the current researches efforts based on
the study of the fluid flow through wind tunnels, turbines, compressors and other turbomachinery
applications. A typical design sequence of an aero-thermal system in aerospace engineering may
require an accurate representation of the instantaneous velocity field, especially when the mean
flow temperature varies in space and time.
Studies conducted on turbulence illustrate that researchers have not managed to represent
a straightforward and consensual definition overarching all aspects of turbulence. However, there
are some properties of turbulent flow that researchers have agreed upon and can help better
understanding the effect of turbulence on the fluid flows. With the extensive use of 3D turbulent
flow prediction tools such as RANS based Navier-Stokes methods, large eddy simulations and
direct numerical simulations, the need for high quality turbulent flow measurements in
turbomachinery flow systems increased significantly. Especially when the flow systems has
spatial and temporal temperature variations the implementation of hot-wire/hot-film based
systems require special attention. The current thesis deals with a specific hot-wire calibration
method that allows fluid mechanics researchers to perform instantaneous velocity measurements
in the internal flow passages of turbomachinery aero-thermal systems.
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Turbulent Flow Features
One of the significant aspects of turbulent flow is irregularity, which means that there is no clear
fixed certain shape, symmetry and periodic behavior in this kind of flow. The other aspect of
turbulence is its tendency to distribute non-uniformly; in other words, turbulent flow is diffusive.
The origin of turbulence can be found in the shear flows instability and it is related to the
high Reynolds number. Turbulence is the interaction among the motions that have different scales
and this is one of the essential characteristics of the turbulence. Due to this interaction, the
transfer of energy from large scale to small scale can be shifted to the higher amount.
Turbulent flow contains two types of eddies: large and small. In large eddies, Turbulent
Kinetic Energy (TKE) is generated and then the vortex stretching mechanism makes eddies,
smaller and smaller. In the smallest eddies, the energy is dissipated into heat (thermal energy) so
the other important feature of turbulence is dissipation. The order of the small scales is named
“Kolmogorov Scales”. Turbulent motions in the large scales are not dependent of viscosity, but
on the contrary, the small scales are controlled by viscosity.
Turbulence is a continuum phenomenon and in its nature is inherently random. Also
turbulence is a feature of flow, not a fluid. ([2] [3] [4])
So far the important features of turbulence were defined. In the next step, we will chiefly
focus on the turbulence measurement applications, specially hot-wire and hot-film.

Turbulence Measurement Tools
The most frequently encountered aerospace engineering flows are turbulent flows
therefore, it is important to measure the turbulent flow characteristics with good accuracy.
Turbulent flow is associated with the high fluctuations in pressure, temperature, velocity, density
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etc. In this study, we looked for the appropriate tools that can measure the velocity fluctuations of
the flow.

Definition of an Ideal Instrument to Measure Velocity Fluctuations
In this step, the features of an ideal instrument to measure velocity fluctuations has been
discussed. The main characteristic of this instrument is its sensitivity in output signal to the small
changes in velocity. In addition, it should have high frequency response so that it can follow
transients without any lag in time. An ideal turbulence measurement tool should be able to cover
the wide range of velocity, and minimize the flow disturbances. Higher accuracy and good spatial
resolution are some other features of an ideal instrument to measure velocity fluctuations.
In utilizing measure tools, it is not a matter of using the overall best option, but the
preference is to use the instruments that can do the best task for the specific application. In
current research, we utilized two instruments to measure the velocity of the flow: Pitot-tube and
Hot-film anemometer. In next paragraphs, the definition and the usefulness of each device are
discussed.

Pitot-tube
In this research, the first velocity measuring tool is a Pitot-tube, that is located in the flow
and it can measure the pressure differential between the total and static pressure of the flow and
then by having the pressure differential, temperature and density of the flow, it is easy to calculate
the velocity, as indicated below,
∆𝑃
𝑈=√
1
2𝜌

(1- 1)
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∆𝑃 is the pressure differential obtained from the Pitot-tube and 𝜌 is the density, that can be
computed from the equation of state as follows,
𝜌=

𝑃
𝑅. 𝑇

(1- 2)

In which 𝑅 is gas constant for air (287 J/kg.oC) and 𝑇 is the ambient temperature of the flow.
Pitot-tube is one of the most popular tools to measure the velocity along the flow that is
utilized by the fluid mechanics researchers in their research studies. However, in order to capture
velocity fluctuations a Pitot probe may not be that helpful, because it has a low frequency
response. In current research, a Pitot-tube was only utilized to calibrate the hot-film anemometer.

Hot-Wire/Film
Hot-wire/film and cold-wire are the instrument that can measure instantaneous velocity
and instantaneous temperature at a specific point of the flow. Hot-wire/film is one of the ideal
instruments to measure the velocity fluctuations in turbulent flow in time. Also it is a primary
measurement device to study the physics of turbulence in most fluids engineering research
studies.
There are some basic characteristics for hot-wire/film that can be considered as its
advantage over other turbulent flow measurement tools. The main feature of hot-wire/film is that
it has a good frequency response, and it facilitates capturing more than hundreds of kHz. Also it
can measure the wide range of velocity and velocity fluctuations with their magnitudes and
directions.
Hot-wire/film has low noise levels, and its output can be processed either by analogue or
digital systems. Another feature of hot-wire/film is their ability to measure turbulence
characteristics such as vorticity, turbulence intensity, and dissipation rate.
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The constant temperature anemometer (Hot-wire/film) output response is a function of
temperature and velocity of the flow that contains heat transfer. If velocity field is achieved out of
this output, DC signal will need to be correlated for the temperature fluctuations. This velocity
field can be used to measure the mean flow field. [5]
One of the important issues is the conflict between the velocity and temperature
fluctuations of the fluid flow in most the experiments that include turbulent flow. In other words,
output signal coming from hot-wire/film is dependent on the velocity and temperature drifts, so
major changes on each of these, can significantly affect the output signal.
In figure (1-1) to (1-4), output signals have been compared for four frequencies: 5, 10,
25, 50kH at the same ambient temperature and pressure (𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 24℃, ∆𝑃 = 10𝑘𝑃𝑎). It can
be seen that the signal with higher frequency can capture more fluctuations for the fixed time
domain, and so it can increase the accuracy that is associated with the calculation of turbulent
flow characteristics.
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Figure 1-1. The Output Signal from the DAQ with the sampling frequency of 5 kHz

3.4

3.38

Voltage (Volts)

3.36

3.34

3.32

3.3

3.28

3.26
0

0.1

0.2

0.3

0.4

0.5
Time (s)

0.6

0.7

0.8

0.9

Figure 1-2. The Output Signal from the DAQ with the sampling frequency of 10 kHz
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Figure 1-3. The Output Signal from the DAQ with the sampling frequency of 25 kHz
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Figure 1-4. The Output Signal from the DAQ with the sampling frequency of 50 kHz

Output signal from a hot wire anemometer is the digitized form of the analog hot wire
bridge output signal that is coming from the data acquisition system. This DAQ output signal can
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be read either through a simple voltmeter or a graphical interface connected to a data acquisition
system and a computer (e.g. LABVIEW).
The primary goal of utilizing hot-wire/film is to obtain the most accurate velocity flow
field from the output signal. In order to do it, hot-wire/film should be calibrated. Calibration is the
way to compare two instruments, in which one is considered to measure the known value of
specific parameter and the other is in the similar way of measuring that parameter. The first
device is called “Standard” and the second one that should be calibrated is called “Test
Instrument”. [6]
As mentioned before, Pitot-tube is a device to measure pressure in order to obtain the
fluid flow velocity. Pitot-tube is a common standard device that is usually utilized to calibrate
hot-wire/film. In order to do it, Pitot-tube and hot-wire/film should be located close together
along the flow in the same direction. Then for every velocity obtained from Pitot-tube, there is a
corresponding hot wire output signal.
There are two ways of performing a hot-wire/film calibration, which is dependent on
ambient temperature. If ambient temperature is constant, then a simple nth order polynomial fit
that can relate output signal (from hot-wire/film) to velocity (from Pitot-tube), should be the best
calibration technique. But if ambient temperature varies during the experiment, this can affect the
calibration process. In this condition, ambient should be involved as an independent variable in
the calibration calculations ([1] and [7]).
There were several research studies in the past focused on the calibration of hot-wire/film
under the condition of high ambient temperature variations, both for subsonic and supersonic
flow. A few of these studies ([8] & [9]) calibrated hot-wire/film by using the correlation method
for overheat ratio , based on Collis and Williams ([10]). The other way to obtain an accurate
calibration procedure was obtained in [11] by relating Nusselt number to Reynols number instead
of a simple relation of output voltage and velocity, so through this method, because both
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Reynolds and Nusselt numbers are non-dimensional, therefore this relationship became
temperature independent and so the end result does not change with temperature variations. In
addition to incompressible flow, there were other investigators that studied the calibration of hotwire/film in compressible flow ([12], [13], [14], [15], [16], [17]) by considering the variations of
density into the calibration procedure as well as velocity and temperature variations. For each
parameter, one sensitivity coefficient was obtained, by keeping other two parameter constant
during each calibration test. By having these sensitivity coefficients, calibrated velocity can be
obtained by having output voltage, density and temperature of each data point.
(Cimbala & Park, 1990) presented an accurate way to calibrate hot-wire/film, which is
located along the fluid flow with the strong temperature variations. In order to calibrate hotwire/film by this method, in addition to measure the output voltage and pressure, ambient
temperature for each data point should be measured. In present research, a thermocouple was
used to measure the ambient temperature of the fluid flow. The calibration technique that was
developed by (Cimbala & Park, 1990) was called the direct calibration technique. This technique
was discussed fully in chapter 2, but we brought the final calibration equation here as presented
below,
𝐵4
𝑛1

𝑈=

𝜇0 𝑇𝑎
( )
𝜌0 𝑇0

[

)2

(𝐵1 . 𝑒𝑠 + 𝐵3
+ 𝐵2 ]
𝑇 𝑛2
𝑘0 (𝑇𝑎 ) (𝐵5 − 𝑇𝑎 )
0

(1- 3)

In which 𝑩𝟏 to 𝑩𝟓 are the calibration coefficients obtained by the least square fitting
method through the MATLAB software. Equation (1.3) is called the calibration equation. It
should be mentioned that each hot-wire/film has its own calibration equation, in other words,
equation (1- 3) is unique for the specific hot-wire/film anemometer and it can’t be utilized for
other hot-wire/film anemometer.
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In order to calibrate the hot-wire/film, first a Constant Temperature Anemometer (CTA)
and other required instruments should be set in the wind tunnel or turbomachunery flow facility.
The next step is to obtain the hot-wire signal output, mean velocity from Pitot-tube and ambient
temperature that is accompanying each data point. This step can be done successfully by running
the CTA (Constant Temperature Anemometer) in the fluid flow field that comes from any
calibration device such as wind tunnel, blower, calibration jet, etc.
In the present study of instantaneous velocity measurement, we utilized a hot-film
anemometer, and in order to calibrate this device, a calibration jet, along with an electric heater is
connected to the calibration jet. This electric heater was used to control the ambient temperature
of the flow. We obtained output signals for several ambient temperatures. These series of data
were utilized to calibrate our hot-film anemometer. This procedure was discussed fully in
Appendix A.
The final goal of this research is to obtain the turbulent flow characteristics including
turbulence intensity, RMS velocity, mean flow velocity, length scale etc. for the test rig. The full
procedure to obtain these parameters was written in Chapter 3. The test rig that was utilized for
this experiment can change the ambient temperature of the fluid flow significantly over test
durations more than five minutes (up to three hours). This was the main reason that we utilized
the (Cimbala & Park, 1990) method for the calibration of hot-wire/film anemometer (the direct
calibration technique).

Comparison of Hot-Film and Hot-Wire Anemometer
Hot-wire and Hot-Film anemometer are both popular turbulent flow measurement
devices, which can measure instantaneous velocity of flow in the wide range of frequencies. The
maximum frequency is mostly dependent on type of the hot-wire, hot-film, the constant
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temperature bridge, the filters used, amplifier characteristics and the data acquisition system used.
The maximum possible time response of a hot-wire system might vary from a few Hz to about
100 kHz or more in some specific cases. Achieving this amount of frequency is one of the
advantages of utilizing hot-wire/film that was discussed before.
The main part of each hot-wire/hot-film anemometer is the probe that is connected to the
probe holder. Probe consists of a very thin and short wire sensor. The typical length for the wire
sensor is 0.040 to 0.080 inches (1.0 to 2.0 mm) and the typical range for diameter is 0.000039 to
0.0002 inches (0.001 to 0.005 mm) in hot-wire.
Hot-film sensor is made of conducting film on a ceramic substance or a fiber rod. The
most common material to make hot-film is platinum. Platinum has a good oxidation resistance
and this will result the long term stability for probe. Due to the sturdy construction of hot-film,
the typical usage of this instrument is in liquid flow, water tunnel, high temperature ultrasonic gas
flows and in regions where hot-wire probe would quickly break.
Tungsten, platinum and platinum-iridium alloy are the most common materials to make
hot-wire. Hot-wire is one of the most popular measurement devices in studying turbulence, but as
mentioned before, it is quite weak structurally when it is located perpendicular to high speed flow
fields. It means that the chance of breaking the wire sensor is high, so utilizing hot-wire to
measure the flow velocity may cost more in terms of time and budget, because broken wire
sensor should be replaced with the new one, or repaired by an experienced technician.
There are some advantages of hot-film over hot-wire that urged us to utilize hot-film. The
first advantage is that for a given length to diameter ratio, hot-film wire sensor has a lower heat
conduction to the supports, because it is made of the substrate material which has a low thermal
conductivity.
The other problem that can affect the activity of both hot-wire and hot-film anemometer
is the existence of dusts in wind tunnels, turbines, compressors and etc., dust can travel along
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with the fluid flow and it can find its way on the wire sensor of hot-wire/film anemometer. This
can reduce the function of hot-wire/film probes, so it’s better to avoid significant accumulation of
dust particles inside of those facilities as much as possible. The other advantage of utilizing hotfilm over hot-wires probes is that film sensors are more functional in the dusty flow, and the
effect of dusts is much less on them. Furthermore, it is easier to clean the hot-film sensor and the
thin quartz coating on its surface since it can resist the accumulation of outer materials such as the
dusts. The thin quartz which is used for protective purposes could adversely affect the time
response of a hot-film sensor.
The schematic of hot-wire and hot-film probes were shown in figure (1-5) and figure (16). Although hot-film sensors does not respond as quick as the typical hot-wire sensor, due to
their larger diameter, and therefor they could not measure the instantaneous velocity at the very
high frequency like hot-wire, but due to the higher possibility of breaking wire sensor of hot-wire
in our test rig, and other advantages that were mentioned above, and also due to this fact that
there is no need in our experiment to go for the frequency more than 100kHz, we chose to utilize
hot-film as the primary velocity measurement device in this research study.

Figure 1-5. Schematic of Hot-Wire Probe

13

Figure 1-6. Schematic of Hot-Film Probe and film sensor

Hot-wire/film Components
Every hot-wire/film anemometer based velocity measurement system comes with several
components that is essential to run and gather data from this instrument. Some of these
components were shown in figure (1-7).

Figure 1-7. Components of Hot-Wire/Film Anemometer

In this section, the short description was made for each component.
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1. Wire Sensor or Hot-film
A typical hot-wire is commonly made of Wollaston wire. Wollaston wire has two layers,
one is made of silver and the other is platinum. Platinum layer is always used for making the hotwire probes. To do that, the silver layer should be removed from the Wollaston wire. There are
multiple ways to remove silver from the platinum mantle, but typically Nitric acid is utilized to
play this role.

2. Prong
Wire sensor is tightened between two stainless steel needles that are called hot-wire/film
prongs. Prongs are usually coated for surface protection against corrosion.

3. Probe
Like prongs, probe is made of stainless steel. It is well designed in order to locate prong
and wire sensor on it. The probe stem may be designed in any specific shape to allow for easy
insertion into the flow field.

4. Probe-Holder
The task of probe-holder is to hold probe and its components, in order to function
properly. Probe-holder is connected to probe from one side, and to the CTA through the cable.
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5. Probe Cable
This cable must be the original manufactured product that comes with hot-wire/film
anemometer. This part plays an important role in the set of hot-wire/film anemometer. This
product is well designed to transfer the output signal from the probe to the CTA. The resistance of
this cable may affect the final results obtained from a hot-wire probe since it is located between
the hot-wire sensor and the constant temperature anemometer.

6. Constant Temperature Anemometer (CTA)
This part is considered to be the most important (and also most expensive) part of each
hot-wire/film anemometer set. Constant Temperature Anemometer studies are based on the
resistance of probe is proportional to the temperature of hot-wire/film. The constant temperature
anemometer usually keeps the temperature of the sensor wire using a very high speed servo
amplifier that can keep up with the turbulent fluctuations of the flow field.
In figure (1-8), typical schematic of a CTA bridge circuit was sketched. This bridge
circuit is set up by adjusting the resistance, in which the probe and its leads needs to have during
operation. This bridge also has the other two legs that have identical resistance. The other part of
CTA is the servo amplifier. The task of servo amplifier is to retain the error voltage zero, it means
that in this bridge, the resistance of the two lower legs should be matched. This process will
adjust the bridge voltage such that the probe’s current heats the probe to reach the specific
temperature that gives the desired resistance. Equation (1.4) shows this relationship better,
𝑅𝑤 (𝑇) =

𝑉
𝐼

(1- 4)

Equation (1.4) is called Ohm’s law which relates the voltage to the resistance through the current.
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When the probe is located in a fluid flow, the flowing of the fluid over the probe tries
to cool it down. In order to keep the constant resistance (Temperature), the bridge voltage
should be increased. Hence, increasing in the flow velocity will result in the higher voltage.

Figure 1-8. Typical Schematic of the CTA Bridge Circuit

7. Data Acquisition Systems
The task of Data Acquisition System (DAQ) is to read the output signal coming from the
CTA and to show it on a screen of the voltmeter or computer. In general a DAQ consists of an
analog-to-digital A/D converter and signal amplifiers. 8, 12 and 16 bit A/D converters are
commonly used in present day data acquisition systems.
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Turbulence Parameters Calculation
The primary goal of this research is to measure instantaneous flow velocity magnitude
and the turbulent flow parameters in turbomachinery systems with strong flow temperature
variations. In order to do that we located our hot-film setting in the inlet of Axial Flow Turbine
Research Facility AFTRF, to measure the flow velocity from the hub to the casing. These
turbulence parameters include turbulence intensity, Turbulence length scale, RMS velocity, mean
velocity and etc. The approach to obtain these parameters was discussed in Chapter 3.
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Chapter 2
A Direct Calibration Technique for a Single-Sensor Hot-Film

Background

From previous chapter, it has been suggested that (Cimbala & Park, 1990) developed a
version of King’s Law, which makes the velocity dependent on ambient temperature. Also they
posed that this way of calibration is quite accurate on the calculation of the velocity in the
function of the hot-film voltage over a wide range of ambient temperatures.
In this chapter, the (Cimbala & Park, 1990) calibration method has been utilized to
calibrate the Single-Sensor Hot-Film which is located at the exit of the jet that flow passes
through the Hot-Film perpendicularly. The whole process of operating hot-film has been brought
in Appendix A.
For the starting point, King’s Law, the most common relationship for the calibration of
Hot-Film/Wire is in the following form [18] & [1]
𝑁𝑢 = 𝑎 + 𝑏. 𝑅𝑒 𝑛

(2- 1)

Where Nu is the Nusselt number or the non-dimensional heat transfer coefficient, Re is
the Reynolds number based on the diameter of the film/wire, and a, b and n are constants in
relation to fluid properties, geometry of probe, etc.
The fluid properties are considered as temperature, pressure, density, velocity, Prandtl
number, etc. If these characteristics of flow remain constant along with the film/wire properties
then equation (2.1) can be modified, from (Cimbala & Park, 1990)
𝑒 2 = 𝐴 + 𝐵. 𝑈 𝑛

(2- 2)
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In which 𝐴, 𝐵 and 𝑛 are constants. According to King’s law, n is 0.5. This equation is the most
utilized relationship by researchers, in order to calibrate a typical hot-wire sensor.
In other words, by substituting 0.5 for n, equation (2.2) will be changed to the following
relationship,
1

𝑒 2 = 𝐴 + 𝐵. 𝑈 2

(2- 3)

So by getting appropriate values for A and B, researchers can linearize the anemometer output
voltage with the flow velocity. This statement is only true, when ambient temperature is constant
in the most research dealing with the measurement of instantaneous flow velocities..
It is interesting to note that when there is a small change in ambient temperature,
coefficients A and B will be altered significantly, and so they are no more constant in the
equation (2.3). In wind tunnels or turbomachinery facilities, it is common to have variations in
ambient temperature.
In Penn State Axial Flow Turbine Research Facility AFTRF that we utilized for this
experiment, there is always a significant change in the ambient temperature during a typical test
run. Temperature can drift up to 15 or 20o C. In the calibration jet described in Chapter 1, ambient
temperature can be precisely varied up to 40 or 50o C using an electric heat generator.

Temperature Dependent Calibration Technique Details

The method used in the temperature dependent calibration of a hot-wire/hot-film sensor
was originally developed by (Cimbala & Park, 1990). The current investigation is about a
comprehensive implementation of this technique to a turbomachinery research facility. From
equation (2.1) Nusselt number can be obtained by modeling hot-wire as a circular cylinder, so
following [19]
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𝑁𝑢 =

𝑞
𝜋.𝑙𝑤 .𝑘.(𝑇𝑤 −𝑇𝑎 )

(2- 4)

In which 𝑞 is convective heat loss, 𝑙𝑤 is the length of hot-wire, 𝑘 is the thermal conductivity of
the fluid (𝑘 = 𝑘(𝑇)), 𝑇𝑤 is the operating temperature of wire and 𝑇𝑎 is the ambient temperature.
Following the equality of heat loss with the power dissipated in the wire,
𝑞=

2
𝑒𝑤
𝑅𝑤

(2- 5)

Where 𝑒𝑤 is the hot-wire voltage and 𝑅𝑤 is the hot-wire resistance. By substituting 𝑞 in equation
(2.4)
𝑁𝑢 =

2
𝑒𝑤
𝑅𝑤 . 𝑙. 𝑘. (𝑇𝑤 − 𝑇𝑎 )

(2- 6)

𝜌. 𝑈. 𝑑 𝑈. 𝑑
=
𝜇
𝜐

(2- 7)

The Reynolds number is
𝑅𝑒 =

Where d is the hot-wire diameter and U is the local flow velocity that is normal to the wire. 𝜌 is
the density, k is the thermal conductivity, 𝜇 is the viscosity and 𝜐 is the kinematic viscosity of the
fluid. Substituting equation (2.6) and (2.7) into King’s law gives the new relationship,
𝑈 𝑛
2
𝑒𝑤
= 𝑘[𝐴 + 𝐵 ( ) ](𝑇𝑤 − 𝑇𝑎 )
𝜐

(2- 8)

A and B are new constants,
(2- 9)

𝐴 = 𝜋. 𝑅𝑤 . 𝑙. 𝑎
𝐵 = 𝜋. 𝑅𝑤 . 𝑙. 𝑏. 𝑑𝑛

(2- 10)

Reconstructing equation (2.8) gives the U dependent relationship,
1/𝑛

2
𝑒𝑤
𝐴
𝑈 = 𝜐[
− ]
𝑘. 𝐵. (𝑇𝑤 − 𝑇𝑎 ) 𝐵

(2- 11)

According to (Cimbala & Park, 1990),
𝑒𝑠 = (𝑒𝑤 − 𝐷). 𝐺

(2- 12)
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In which 𝑒𝑠 is the sampled voltage, D is the DC offset voltage and G is a gain. So replacing 𝑒𝑤
using equation (2- 12) gives a new equation for a complete calibration,
1/𝑛

2
𝑒
( 𝐺𝑠 + 𝐷)
𝐴
𝑈 = 𝜐[
− ]
𝑘. 𝐵. (𝑇𝑤 − 𝑇𝑎 ) 𝐵

(2- 13)

The constants A, B, D and G can be replaced by the constants 𝐵1 , 𝐵2 and 𝐵3 . Also by defining
𝐵4 = 1/𝑛 and 𝐵5 = 𝑇𝑤 , equation (2.13) then becomes,
𝐵4

(𝐵1 . 𝑒𝑠 + 𝐵3 )2
𝑈 = 𝜐[
+ 𝐵2 ]
𝑘(𝐵5 − 𝑇𝑎 )

(2- 14)

According to Sutherland’ law the kinematic viscosity 𝜐 and the thermal conductivity 𝑘 can be
expressed as a function of ambient temperature.

The Computation of the five B coefficients

Equation (2-14) provides a complete functional relationship relating instantaneous fluid
velocity to hot-wire CTA bridge output, the fluid temperature at the time of the calibration, the
thermal conductivity of the fluid and the kinematic viscosity of the fluid. The thermal
conductivity and viscosity could be temperature dependent in this approach. It is essential to
calculate the five B coefficients to be able to work with equation (2-14) in a quantitative manner.
A unique method of calculation for the five B coefficients was established in this thesis.
MATLAB software has been utilized to obtain the coefficients of equation (2.14), 𝐵1 to 𝐵5 . In
order to calculate these coefficients in MATLAB, equation (2.14) should be modified, in such a
way that 𝜐 and 𝑘 must be defined in the function of the ambient temperature. According to
Sutherland’s law [20],
𝜐=

𝜇0 𝑇𝑎 𝑛1
( )
𝜌 𝑇0

(2- 15)
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𝑇

𝑛2

𝑘 = 𝑘0 (𝑇𝑎)

(2- 16)

0

In which 𝑛1 , 𝑛2 , 𝜇0 , 𝑘0 and 𝑇0 are reference constants in Sutherlands equations,
𝑛1 = 0.666
𝑛2 = 0.81
𝜇0 = 1.716 ∗ 10−5 (𝑁. 𝑠)/𝑚2
𝑘0 = 0.0241 𝑊/(𝑚. °𝐾)
𝑇0 = 273.15𝑜 𝐾
Density can be obtained from the ambient pressure 𝑃0 and ambient temperature 𝑇𝑎 using equation
of state,
𝜌0 =

𝑃0
𝑅. 𝑇𝑎

(2- 17)

Substituting equation (2.15) through (2.17) into equation (2.14) gives,
𝐵4
𝑛1

𝑈=

𝜇0 𝑇𝑎
( )
𝜌0 𝑇0

[

)2

(𝐵1 . 𝑒𝑠 + 𝐵3
+ 𝐵2 ]
𝑇𝑎 𝑛2
𝑘0 (𝑇 ) (𝐵5 − 𝑇𝑎 )
0

(2- 18)

Equation (2.18) is the final detailed equation that has been utilized to calibrate the Hot-Film for
this research.
First step to find the coefficients (𝐵1 to 𝐵5 ) is to expand the equation (2.18), to avoid
making a messy equation, equation (2.14) has been used in this step,
𝑈 1/𝐵4 (𝐵1 . 𝑒𝑠 + 𝐵3 )2
( )
=
+ 𝐵2
𝑣
𝑘(𝐵5 − 𝑇𝑎 )
1

(𝐵1 .𝑒𝑠 +𝐵3 )2 +𝐵2 (𝑘(𝐵5 −𝑇𝑎 ))
𝑘(𝐵5 −𝑇𝑎 )

(2- 20)

. 𝑘(𝐵5 − 𝑇𝑎 ) = (𝐵1 . 𝑒𝑠 + 𝐵3 )2 + 𝐵2 (𝑘(𝐵5 − 𝑇𝑎 ))

(2- 21)

𝑈 𝐵4

(𝑣 )
𝑈 1/𝐵4

(𝑣 )

(2- 19)

=
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1

1

𝑈 𝐵4
𝑈 𝐵4
( ) . 𝑘. 𝐵5 − ( ) . 𝑘. 𝑇𝑎 = 𝐵12 . 𝑒𝑠2 + 2𝐵1 . 𝐵3 . 𝑒𝑠
𝑣
𝑣

(2- 22)

+𝐵32 + 𝑘. 𝐵2 . 𝐵5 − 𝑘. 𝐵2 . 𝑇𝑎
Sorting equation (2.22) gives,
1

(𝑈)𝐵4 =

1

𝑘
1

. (𝑈)𝐵4 . 𝑇𝑎 +

𝐵5 . 𝑣 𝐵4

+

𝐵12
2𝐵1 . 𝐵3
. 𝑒𝑠2 +
. 𝑒𝑠
𝑘
𝑘
.
𝐵
.
𝐵
5
5
1
1
𝑣 𝐵4
𝑣 𝐵4

(2- 23)

𝐵32 + 𝑘. 𝐵2 . 𝐵5
𝑘. 𝐵2
−
. 𝑇𝑎
𝑘
𝑘
.
𝐵
.
𝐵
5
5
1
1
𝑣 𝐵4
𝑣 𝐵4

Now kinematic viscosity 𝑣 and thermal conductivity 𝑘 should be replaced by their relationship to
the ambient temperature (equations (2.15) & (2.16)),

𝑈=(

𝑛1 +1
−𝑛2
𝐵
2
𝐴2 . 𝑒𝑠 . 𝑇𝑎 4

+

𝑛1 +1
−𝑛2
𝐵
𝐴3 . 𝑒𝑠 . 𝑇𝑎 4

𝑛1 +1
−𝑛2
𝐵
𝐴4 . 𝑇𝑎 4

+
1 − 𝐴1 . 𝑇𝑎

+

𝑛1 +1
𝐵
𝐴5 . 𝑇𝑎 4

𝑛1 +1
+1
𝐵
+ 𝐴6 . 𝑇𝑎 4

𝐵4

)

(2- 24)
𝐴1 to 𝐴6 are the new set of coefficients of the calibration equation. They are now defined as
follows,
𝐴1 =

𝑘0 . 𝐵5 . (

𝐴4 =

(2- 25)

𝐵12

𝐴2 =

𝐴3 =

1
𝐵5

1
𝐵4

𝑃
)
𝜇0 . 𝑅

𝑛1
−𝑛2
𝐵
. 𝑇0 4

2𝐵1 . 𝐵3
1

𝑛1

1

𝑛1

(2- 26)

(2- 27)

𝑃 𝐵4 𝐵 −𝑛2
𝑘0 . 𝐵5 . (𝜇 . 𝑅 ) . 𝑇0 4
0
𝐵32
−𝑛2
𝑃 𝐵
𝐵
𝑘0 . 𝐵5 . (𝜇 . 𝑅 ) 4 . 𝑇0 4
0

(2- 28)
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𝑛
− 1
𝐵4
1 . 𝑇0
𝐵4

𝐵2

𝐴5 =

(2- 29)

𝑃
(
)
𝜇0 . 𝑅
𝐵2
𝐴6 = − .
𝐵5

1

𝑛
− 1
𝐵4
1 . 𝑇0
𝐵4

(2- 30)

𝑃
(𝜇 . 𝑅 )
0

In current research, MATLAB software has been utilized to find the coefficients 𝐴1 to
𝐴6 . Revising equation (2.24) gives,
1

𝑛1 +1
−𝑛2
𝐵4

1

𝑛1 +1
−𝑛2
𝐵4

𝑈 𝐵4 = 𝐴1 . 𝑈 𝐵4 . 𝑇𝑎 + 𝐴2 . 𝑒𝑠2 . 𝑇𝑎
+

+ 𝐴3 . 𝑒𝑠 . 𝑇𝑎

𝑛1 +1
−𝑛2
𝐵4

+ 𝐴4 . 𝑇𝑎

𝑛1 +1
𝐵4

+ 𝐴5 . 𝑇𝑎

(2- 31)

𝑛1 +1
+1
𝐵
𝐴6 . 𝑇𝑎 4

Equation (2.31) can be expressed as a multiplication of two matrix (A and B),

𝐶 = 𝐴. 𝐵

(2- 32)

Where A=A[6x1] row matrix and B=B[1x6] column matrix. The matrix multiplication of A and
B results in the scalar function C
1

(2- 33)

𝐶 = [𝑈 𝐵4 ]
𝐴 = [𝐴1

𝐴2

𝐴3

𝐴4

𝐴5

𝐴6 ]

(2- 34)

1

𝑈 𝐵4 . 𝑇𝑎
𝑛1+1
−𝑛2
𝐵4

𝑒𝑠2 . 𝑇𝑎
𝐵=

𝑛1 +1
−𝑛2
𝐵
𝑒𝑠 . 𝑇𝑎 4
𝑛1 +1
−𝑛2
𝐵
𝑇𝑎 4
𝑛1 +1
𝐵
𝑇𝑎 4
𝑛1 +1
+1
𝐵
[ 𝑇𝑎 4
]

(2- 35)
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Matrix A can be obtained by multiplying both sides of equation 2.32) by 𝐵 −1. 𝐵−1 is simply the
inverse of column matrix B

𝐴 = 𝐶. 𝐵−1

(2- 36)

The matrix computations in this approach were performed using MATLAB symbolic
computation routines. In order to compute the coefficients 𝐴1 through 𝐴6 , the first step needs to
be taken is to specify 𝐵4 . According to King’s law, 𝐵4 is expected to have a value around 2.
During the current computations 𝐵4 is varied from 1 to 3 with the step of 0.001.
For each 𝐵4 , there should be one set of 𝐴1 to 𝐴6 . After this step, coefficients 𝐴1 to 𝐴6
with the corresponding 𝐵4 are stored. These sets of coefficients are essential in obtaining 𝐵1 to 𝐵5
(not 𝐵4 ).
In order to compute 𝐵’s coefficients, we can start from 𝐵5 ,
𝐵5 =

1
𝐴1

(2- 37)

𝐵1 can be obtained from 𝐵5 ,
1

𝑛1

𝑃 𝐵4 𝐵4
𝐵1 = √𝐴2 . 𝑘0 . 𝐵5 . (
) . 𝑇0
𝜇0 . 𝑅

−𝑛2

(2- 38)

Then 𝐵3 can be calculated from 𝐵1 and 𝐵5 ,
1

𝑛1

−𝑛2
𝑃 𝐵
𝐵
𝐴3 . 𝑘0 . 𝐵5 . (𝜇 . 𝑅 ) 4 . 𝑇0 4
0
𝐵3 =
2𝐵1

(2- 39)

𝐵2 can be computed in two ways,
1

𝐵2 =

𝑃 𝐵
𝐴5 . (𝜇 . 𝑅 ) 4
0
𝑛
−𝐵1
𝑇0 4

or

(2- 40)
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1

𝐵2 = −

𝑃 𝐵
𝐴6 . (𝜇 . 𝑅 ) 4 . 𝐵5
0

(2- 41)

𝑛
−𝐵1
𝑇0 4

It is obvious that there are multiple ways to calculate 𝐵’s coefficients out of 𝐴’s
coefficients. In the next step, Least Square Curve Fitting has been introduced as a reliable method
to calculate 𝐵’s constants.

Least Square Curve Fitting Method

This method has been discussed fully in Appendix B, but in this section, the summary of
utilizing this function through MATLAB software has been proposed.
In the last step, MATLAB software has been used to compute 𝐴’s coefficients, from there
we calculated 𝐵’s coefficients, as a result of that, there is a wide range of 𝐵’s constants that is
stored in the MATLAB workspace. In this step, we are going to find the most appropriate 𝐵’s
constants that can lead us to the best fit to the actual velocity that was calculated from the
measurements obtained from the from Pitot tube and temperature from the Thermocouple.
The function that has been used through the MATLAB is called “lsqcurvefit”, by giving
the equation (2.18) and initial value for every 𝐵 the function can compute the best 𝐵’s
coefficients that can make the final equation as it is required for the calibration process.
Calibration data were obtained from a single sensor hot-film. The velocity range for this
experiment was from 2 to 28 m/s and the temperature range was from 15.5 to 44 o C. At the time
of the experiment, ambient pressure was 97.3 kPa and was fluctuating up to 0.3 kPa. An attempt
was made to keep the ambient temperature 𝑇𝑎 within +/_ 0.5oC.
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297 data points at various ambient temperatures and velocities were gathered and
processed through the MATLAB code. Finally the optimum fit to equation (2.18) has been
obtained. The desired coefficients are
𝐵1 = 8.7937
𝐵2 = −1611.6947
𝐵3 = 101.4574
𝐵4 = 2.3
𝐵5 = 641.6555
It can be noticed that 𝐵4 was obtained 2.3, which is close to 2 according to King’s law and 𝐵5 is
641.65oK or 368.5oC. One should notice that 𝐵4 in Kings Law is only close to 2 when the sensor
is a typical hot-wire with a round cross sectional area. The current study uses a hot-film.
Therefore a slight deviation from the initially expected 2 is acceptable. To examine the accuracy
of these coefficients, we defined a new parameter to compute the average deviation of each
calculated velocity from the corresponded actual velocity in the next step.

Average Error of each calibrated data point

In order to find the most accurate calibration equation based on equation (2.28), a new
parameter has been defined to obtain the corresponding average deviation to every set of 𝐵
coefficients.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒(𝑈𝐻𝑊 − 𝑈𝐴𝑐𝑡𝑢𝑎𝑙 ))

(2- 42)

In equation (2.42), 𝑈𝐻𝑊 is the set of velocity resulted from the calibration equation (equation
(2.28)) and 𝑈𝐴𝑐𝑡𝑢𝑎𝑙 is the set of velocity resulting from the experiment (Pitot tube),
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2
𝑈𝐴𝑐𝑡𝑢𝑎𝑙
=

∆𝑃
1
2𝜌

(2- 43)

Where ∆𝑃 is the total to static pressure differential from Pitot tube and 𝜌 is the density obtained
from the equation of state using the measured atmospheric static pressure and temperature.
In order to compare how calibrated hot-wire velocities deviated from the actual
velocities, 𝑈𝐻𝑊 and 𝑈𝐴𝑐𝑡𝑢𝑎𝑙 have been plotted. In Figure (2.1) both set of the velocities are
plotted together for all the 297, and in Figure (2.2), these two sets are compared for 50 data points
since it is more visible to see the differences on this graph.
According to the Average Error calculation, hot-wire calibrated velocities vary 0.103m/s
from the actual velocity on the average, and the maximum difference of these series of velocity is
0.2m/s.

Figure 2-1. Comparison of Actual and Hot-Wire calibrated set of velocities for 297 data points
Temperatures ranging from 15.5 C to 44 C were included during the collection of 297 data points
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Figure 2-2. Comparison of Actual and Hot-Wire calibrated set of velocities for 50 data points
Temperatures ranging from 15.5 C to 44 C were included during the collection of 297 data points

After applying the MATLAB function, “nonlinear least square fit” to equation (2.28)
(calibration equation), several sets of velocity were obtained with respect to the different ambient
temperatures. These sets of velocity have been plotted in Figure 2.3. In this figure, hot-wire
voltage versus calibrated velocity has been sketched for five different ambient temperatures: 15.5,
21, 25, 38, 44oC.
Figure 2.3 confirms that the ambient temperature has a strong effect on the hot-wire
voltage for the fixed velocity (Pitot measured).
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Figure 2-3. Calibration curves of the hot-film at the various ambient temperatures

Primarily, we introduced one way of performing calibration for hot-wires/films that is
called a direct calibration method as developed by (Cimbala & Park, 1990). This method is
concluded from the King’s law, which is the most popular way of calibrating hot-wires/films
among the turbulent flow researchers. The second method gets a simple polynomial equation that
relates velocity to voltage resulting from data acquisition system that is connected to the hotwire/film. If ambient temperature is fixed at the specific degree, this method can be considered as
an accurate calibration technique.
In order to compare these two ways of calibrations, we run the calibration facilities at the
ambient temperature fixed at 21oC and increased the flow speed from 2 to 28 m/s, a fourth order
polynomial equation were obtained as follows,
𝑈 = −4.5604𝐸 4 + 62.465𝐸 3 − 308.67𝐸 2 + 667.37𝐸 − 536.9

(2- 44)

𝑈 is the velocity obtained from equation (2.43) from experiment and 𝐸 is the voltage recorded
from DAQ connected to the hot-film via a CTA system.
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In the next step, the voltages obtained from DAQ at different ambient temperatures were
imported into equation (2.44) in order to obtain the corresponding velocity based on the second
calibration technique without considering the ambient temperature variations.
In figure (2-4), we compared the behavior of the two sets of velocities in function of the
actual velocity obtained from equation (2.43) based on Pitot tube based experimental data. First
set came from the direct method calibration method (Cimbala & Park, 1990)and the other one
was resulted from the simple polynomial equation which was obtained for the ambient
temperature of 21oC (equation (2.44)).
The first set, recognizable by the solid symbols, plotted for four different ambient
temperatures of 15.5, 21, 38, 44oC. These solid symbols created four distinct curves in Figure (24). It can be seen that these curves lied so close to the dash line, where (𝑈𝐻𝑊 = 𝑈𝑎𝑐𝑡𝑢𝑎𝑙 ), which is
the ideal line for the calibration (if 𝑈𝐻𝑊 = 𝑈𝑎𝑐𝑡𝑢𝑎𝑙 ). The hot wire based measurement points
coming close to this ideal line of slope 1, are high quality measurements with good experimental
accuracy. Based on this equality, the velocity coming from equation (2.43) and the velocity
coming from equation (2.18) (direct calibration technique), are supposed to be the same.
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Figure 2-4. Comparison of two velocity sets: 1. Calibrated by a polynomial fit at T = 21oC
2. Calibrated from equation (2.28) or the direct calibration method

In Figure (2-4), other four curves, specified with open symbols, have shown the strong
effect of ambient temperature variations on the hot-wire/film calibration. It can be detected that
by changing the ambient temperature from 21oC, the hot-wire/film velocities started to deviate
from the actual velocities. Also figure (2-4) shows that, for the ambient temperatures below the
fixed chosen ambient temperature (T=21oC), velocities are deviated to the higher quantity
(𝑈𝐻𝑊 > 𝑈𝑎𝑐𝑡𝑢𝑎𝑙 ). For the ambient temperatures above 21oC, velocities are deviated to the lower
quantity (𝑈𝐻𝑊 < 𝑈𝑎𝑐𝑡𝑢𝑎𝑙 ).
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For instance, for the actual velocity of 20.4 m/s, the calculated velocities from equation
(2.44) for four ambient temperatures (15.5, 21, 38, 44oC) are: 21.34, 20.40, 17.7, and 16.81 m/s.
These values have shown the 0.159 m/s error per each degree Celsius of ambient temperature
variation.
Also in figure (2-4), there are a few points marked with “

”. In general, experimental

error on a few points is larger, in the current experiments. There are fortunately about three data
points out of 297 total number of points measured, corresponding to about 1 % of all data points.
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Chapter 3
Turbulent Flow Characteristics
In the previous chapters, the concept of turbulent flow, features of turbulent flow,
different types of instruments to measure turbulence, hot-wire and hot-film anemometer as a
primary turbulent flow measurement device in current research, two common ways of calibrating
hot-wire/film anemometer was discussed. In this chapter, a few of the most important
characteristics of turbulent flow parameters have been presented, along with the detailed
explanations on the role of each parameter in turbulence. The instructions of calculating each of
them has been discussed in a detailed manner.
The primary characteristics to describe turbulent flow are: Mean velocity, RMS velocity
(velocity fluctuations), turbulence intensity and turbulence length scale.
Before going further in the detail of turbulent flow characteristics, we need to describe
the facilities that have been utilized in this experimental study of turbulent flow. The primary goal
of this research develop a hot-wire calibration system that is independent of the ambient
temperature level. Since the ambient temperature measurably climbs up during our
turbomachinery flow experiments, a hot wire method that is insensitive to the ambient
temperature change is invaluable. The experiments were performed in the Axial Flow Turbine
Research Facility AFTRF of Penn State University. In the next step, a brief description of this
turbine research facility will be discussed.

Axial Flow Turbine Research Facility AFTRF
The turbomachinery flow research facility that was utilized. This large scale, low speed
HP turbine test rig is a single stage system operating in cold air without a combustion chamber.
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The stage design depicts the modern HP turbine designs with high loading and turning in the
rotor. Detailed aerodynamic and mechanical characteristics of this facility are given in [21].
Reynolds number at the inlet of the test rig AFTRF is,
𝑅𝑒 =

𝜌𝑖𝑛 ̅̅̅̅
𝑈𝑖𝑛 𝐶
𝜇𝑖𝑛

(3- 1)

̅𝑖𝑛 and 𝜇𝑖𝑛 are respectively density, mean velocity and dynamic viscosity of the inlet
Where 𝜌𝑖𝑛 , 𝑈
flow. ℎ is the blade height that was calculated as below,
ℎ = (𝐷𝐶𝑎𝑠𝑖𝑛𝑔 − 𝐷𝐻𝑢𝑏 )/2

(3- 2)

In which 𝐷𝐶𝑎𝑠𝑖𝑛𝑔 is the diameter of the turbine casing and 𝐷𝐻𝑢𝑏 is the hub cross section diameter
of the turbine test rig.
The other feature of this HP turbine is to retain the inlet flow coefficient constant, as
calculated in following equation,
𝜑=

𝑚̇√𝑇𝐼𝑁
𝑃𝑎𝑡𝑚

(3- 3)

Where 𝑚̇ is the mass flow rate through the inlet, 𝑇𝐼𝑁 is the temperature of turbine inlet and 𝑃𝑎𝑡𝑚
is the atmospheric pressure. In the following steps, turbulence characteristics were calculated
from the current hot-wire measurements and the results plotted for this specific HP turbine.

Characterization of Turbulence
In chapter one, it was mentioned that turbulent flow contains eddies. Eddy is a typical
turbulent flow containing fluid patch with significant swirling, unsteady fluctuations of random
nature, rotation, deformation, stretching and a somewhat defined boundary that is distinguishing
itself from the rest of the eddies. Eddies in turbulent flow create fluctuations in velocity.
Instantaneous velocity in a turbulent flow area can be split into two parts, first one is the time-
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invariant mean flow and the other one is the temporarily varying random turbulent part. The
velocity associated with the first part is called the mean flow velocity, and the velocity that is
made of the turbulent part is called the RMS velocity or the velocity fluctuations. In other words,
the flow velocity can be decomposed into two types of velocity as defined below:
𝑢̃

̅
𝑈

=

+

(3- 4)

𝑢′

̅ is the mean flow velocity and 𝑢′ is the velocity
Where 𝑢̃ is the instantaneous velocity of flow, 𝑈
fluctuation. Equation (3.4) shows that the mean flow is directly affected by the velocity
fluctuations.
The instability mechanism eventuates turbulence in engineering flows. This mechanism
is considered to be in viscid. In figure (3-1), the instantaneous velocity along with the mean flow
and velocity fluctuations has been plotted for the time interval of 0.1 s along with the frequency
of 50 kHz.
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The turbulent motions that are associated with eddies, have a random behavior. So they
can be characterized by the statistical concepts. In this theory, the mean flow velocity can be
obtained by the integration, because velocity is assumed to be recorded continuously, but in
practice, the recorded velocity is not continuous, and in fact, it consists of a series of discrete
points, which can be specified by 𝑢̃𝑖 , which is the 𝑖th number of the time-averaged measured
velocity in the time interval of 𝑡 to 𝑡 + 𝑇, which 𝑇 is the time step that is equal to the frequency
of hot-film, which should be set before the experiment.
Mean flow velocity, velocity fluctuation and RMS velocity can be obtained by the
equations (3.5) to (3.7), as brought below,
𝑡+𝑇

̅=∫
𝑈

𝑢̃(𝑡) 𝑑𝑡

(3- 5)

𝑢′ (𝑡) = 𝑢̃(𝑡) − 𝑈

(3- 6)

𝑢𝑅𝑀𝑆 = √̅̅̅̅̅̅̅̅
𝑢′ 2 (𝑡)

(3- 7)

𝑡

Also it was mentioned before that velocity can be discretized into multi data points (N) due to the
way of measuring turbulent characteristics by hot-film, so equations (3.5) to (3.7) were revised by
the index notation as follows,
𝑁

1
∑ 𝑢̃𝑖
𝑁

(3- 8)

̅
𝑢𝑖′ = 𝑢̃𝑖 − 𝑈

(3- 9)

̅=
𝑈

𝑖=1

𝑁

𝑢𝑅𝑀𝑆

1
2
= √ ∑(𝑢𝑖′ )
𝑁

(3- 10)

𝑖=1

Where 𝑢𝑅𝑀𝑆 is the root-mean-square of velocity fluctuations, also it can be represented as the
standard
Deviation of velocity fluctuations, as below,
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𝑢𝑅𝑀𝑆 = 𝑠𝑡𝑑(𝑢′(𝑡))

(3- 11)

One of the important turbulent flow characteristic is the turbulence intensity. This
parameter can be obtained by dividing the RMS velocity over the mean flow velocity, as shown
below,
𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑢𝑅𝑀𝑆
̅
𝑈

(3- 12)

Turbulence intensity is the criteria, which can estimate the rate of turbulence in the fluid flow
fields.
Another turbulent flow characteristic is the turbulence length scale. This represents the
average size of eddies in turbulent flow. In current research, we are interested more to study the
size of large eddy length scale rather the small eddy length scale. In order to calculate the length
scale for the large eddies in the turbulent flow, we need to define the integral time scales for the
large eddies. This was defined in the following steps. First we need to define correlation
coefficient as below,
𝐶𝐶𝜏 =

1 𝑡+𝜏 ′
∫ 𝑢 (𝑡). 𝑢′ (𝑡 + 𝜏)𝑑𝜏
𝑇 𝑡

(3- 13)

Where 𝑇 is the total time of data gathering that takes place during the experiment, 𝜏 is the time
interval of measured instantaneous velocities and 𝐶𝐶𝜏 is the correlation coefficient. Equation
(3.13) is also called the auto correlation function. This can also be represented by the index
notation as below,
𝑁

1
′
𝐶𝐶𝜏 = ∑(𝑢𝑖′ ) . (𝑢𝑖+1
)
𝑁

(3- 14)

𝑖=1

′
In which 𝑁 is the number of data points and 𝑢𝑖+1
is as follow,
′
′
𝑢𝑖+1
= 𝑢𝑖+
𝜏

∆𝑇

𝜏

Where 𝜏 is the same as ∆𝑇, so ∆𝑇 is one.

(3- 15)
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The integral time scale can be obtained by integrating correlation coefficient, equation
(3.14), over the time that goes to infinity,
∞

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑇𝑖𝑚𝑒 𝑆𝑐𝑎𝑙𝑒 = ∫ 𝐶𝐶𝜏 (𝜏) 𝑑𝜏

(3- 16)

0

By computing the integral time scale, the large eddy length scale can obtained easily as follow,
𝐿𝑎𝑟𝑔𝑒 𝐸𝑑𝑑𝑦 𝐿𝑒𝑛𝑔𝑡ℎ 𝑆𝑐𝑎𝑙𝑒 =

𝑢𝑅𝑀𝑆 ∗ 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑇𝑖𝑚𝑒 𝑆𝑐𝑎𝑙𝑒
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

(3- 17)

The current approach uses a single sensor hot film probe and the length scale information
belongs to the selected flow direction. One can also assume that the autocorrelation approach
belongs to an isotropic turbulence situation in which the turbulent properties are invariant in all
three major directions in space.

Turbulence Characteristics Calculations for the AFTRF Turbine
The simple schematic of the turbine inlet was sketched in Figure (3-2). The distance
between the casing of turbine and its hub is called the span of inlet with the size of ℎ. Also figure
(3-2) shows the location of hot-film probe in the turbine inlet.
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Flow

Figure 3-2. Schematic of HP turbine inlet with the probe location

We located the hot-film sensor perpendicular to the inlet flow. This probe was able to
move by a computer controlled probe traversing that was located outside of the turbine. A set of
stepper motors, mechanical systems, power supplies and computer interfaces are arranged
through a graphical computer interface system from National Instruments-Labview, in order to
move probe along the span of inlet automatically. The span of inlet was divided into 100
equivalent size sampling locations.
As we mentioned before, the primary goal of this research was to study the turbulent flow
characteristics under the condition of strong variations in the ambient temperature. The data
gathering procedure took place in two subsequent days, one was approximately the hot day, and
the other was the cold day. Data gathering procedure started by locating the hot-film probe into
the probe holder which was located inside the turbine inlet. The initial location of hot-film was
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about the hub, and traverse moved the probe from the turbine hub to the casing. During this
movement, LabVIEW interface was programmed to stop the probe at each of the 100 spatial
locations, and then move to another point and finally reach to the point that is near the turbine
casing.
The sampling frequency that was assigned to the DAQ was 50 kHz, and for each special
location, probe was stopped for 10 seconds, consequently the total of 500,000 data points were
gathered for each location. These output signals were processed by the calibration equation that
was presented in equation (2.18). Then according to equations (3.5) to (3.17), RMS velocity,
mean flow velocity, turbulence intensity and turbulence length scale was computed for each
probe location. Also mean velocity can be normalized, in order to show the behavior of mean
velocity of each probe location inside the turbine inlet. This can be obtained as follows,
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =

̅
𝑈
̅45−55
𝑈

(3- 18)

̅45−55 is the normal average of mean velocities for the probe location number of
Where 𝑈
45 to 55. The results of the turbulence characteristics associated with this HP turbine (AFTRF)
were plotted in figures (3-3) to (3-12)
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AFTRF Hot-Film Test Results
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Figure 3-3. Mean Flow Velocity along the span of the turbine inlet in the hot day (𝑇𝑎 = 309°𝐾)
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Figure 3-4. Mean Flow Velocity along the span of the turbine inlet in the cold day (𝑇𝑎 =

301°𝐾 )
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Figure 3-5. RMS Velocity along the span of the turbine inlet in the hot day (𝑇𝑎 = 309°𝐾)
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Figure 3-6. RMS Velocity along the span of the turbine inlet in the cold day (𝑇𝑎 = 301°𝐾)
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Figure 3-7. Normalized Flow Velocity along the span of the turbine inlet in the hot day (𝑇𝑎 =

309°𝐾)
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Figure 3-8. Normalized Flow Velocity along the span of the turbine inlet in the cold day (𝑇𝑎 =
301)
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Figure 3-9. Turbulent intensity along the span of the turbine inlet in the hot day (𝑇𝑎 = 309°𝐾 )
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Figure 3-10. Turbulent intensity along the span of the turbine inlet in the cold day (𝑇𝑎 = 301°𝐾 )
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Figure 3-11. Turbulent length scale along the span of the turbine inlet in the hot day (𝑇𝑎 =
309°𝐾 )
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Figure 3-12. Turbulent length scale along the span of the turbine inlet in the cold day (𝑇𝑎 =
301°𝐾 )
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In addition to those turbulent flow parameters that were mentioned above, we were
interested to know how the mean flow Kinetic Energy (KE) and Turbulent Kinetic Energy (TKE)
behave in this experiment. These parameters can be obtained as below,
3
̅𝑈
̅
𝐾𝐸 = 𝑈
2

(3- 19)

3 ̅̅̅̅̅
𝑇𝐾𝐸 = 𝑢′𝑢′
2

(3- 20)

The index notation of equation (3.20) is as bellow,
𝑁

𝑁

3
3
̅)(𝑈𝑖 − 𝑈
̅)) =
𝑇𝐾𝐸 =
(∑(𝑈𝑖 − 𝑈
(∑ 𝑢𝑖 𝑢𝑖 )
2𝑁
2𝑁
𝑖=1

(3- 21)

𝑖=1

̅ is the normal average of instantaneous velocity came from equation (3.8), 𝑁 is the number of
𝑈
data points that was computed as follow,
Frequency

𝑓 = 50𝑘𝐻𝑧

Time of experiment for each point:

𝑇 = 10𝑠
𝑁 = 𝑓 ∗ 𝑇 = 500,000

(3- 22)

Kinetic Energy (KE) and Turbulent Kinetic Energy (TKE) were plotted in figures (3.13) and
(3.14).
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Figure 3-13. Kinetic Energy along the span of the turbine inlet in the hot day (𝑇𝑎 = 309°𝐾)
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Figure 3-14. Kinetic Energy along the span of the turbine inlet in the cold day (𝑇𝑎 = 301°𝐾 )
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Figure 3-15. Turbulent Kinetic Energy along the span of the turbine inlet in the hot day (𝑇𝑎 =
309°𝐾 )
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Figure 3-16. Turbulent Kinetic Energy along the span of the turbine inlet in the cold day (𝑇𝑎 =
301°𝐾 )
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Discussion
This section discusses an implementation of the ambient temperature independent hot
wire measurement approach specifically developed for turbomachinery aerodynamic research
facilities. The specific non-linear curve fitting based method was used for the hot wire signal
coming from a single-sensor hot film traversed along the span of the inlet section of the Axial
Flow Turbine Research Facility AFTRF at Penn State University. The AFTRF is a single stage
rotating turbine research facility depicting the aerodynamic characteristics of modern HP turbines
of axial type. Since the ambient temperature keeps increasing measurably after the start of each
AFTRF experiment, an ambient temperature independent hot wire measurement system was
essential in the measurement of instantaneous velocity magnitude, turbulence intensity and the
integral length scale at the entrance of the turbine research facility located in the Turbomachinery
Aero-Heat Transfer Laboratory of Aerospace Engineering Department. An accurate
determination of these turbulent flow quantities is highly important in supporting the current
aero-thermal experimental and computational research in AFTRF.
In the present research, a specific implementation of the hot-film approach was
performed in AFTRF of Penn State by running the HP turbine rig was run for about 15-20 min, in
order to reach a stable operating condition for aerodynamic quantities. The span of the inlet of the
current HP turbine was 122.94mm. Hot-film sensor was traversed by the traverser with a step size
of 1.23mm. AFTRF facility was run in two subsequent days with measurably different ambient
temperatures at its inlet: first one was a cold day with the average ambient temperature of 301 oK
and the other was a hot day with the average ambient temperature of 309 oK. The main goal of
these experiments was to assess the validity and measurement quality of hot-film based
aerodynamic measurements in AFTRF when the turbine rig is operating with different inlet air
temperatures. Under conventional hot-wire/hot-film operating assumptions, the hot-film signal
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show dependency on the daily operating temperature. The new approach is to remove this
temperature dependency from the instantaneous velocity measurements. In this experiment, HP
turbine was run in those two different days with the same flow coefficient.
After gathering the signal output data from the hot-film and processed them according to
the calibration equation, the instantaneous velocity series for each point of the span location were
obtained. By averaging these velocity series (50,000 velocity measurement in each series), mean
flow velocity profiles for whole the turbine inlet span were plotted separately in figures (3-3) and
(3-4), for both the hot and the cold day. It can be seen from these plots that the mean flow
velocity profile for each of them looks mostly the same, so it assures us that the hot-film probe
and its specific calibration procedure was correct. Also it shows that the mean flow velocity in
hot day fluctuated more in comparison to the one in the cold day. It is possible that in warmer
days, the lab air at the intake of the research facility may have larger variations of air temperature.
The average air density is lower than the cold day of the current experiments. Measurable inlet
temperature differentials at different days (or times) also affect the axial flow fan performance of
the facility. The axial fans are the major flow generators of the turbine stage operating in a
suction blower mode at downstream of the stage. Although the flow coefficients are kept the
same during each experiment, the actual mass flow rates may very slightly vary from experiment
to experiment. Although the inlet mean velocity difference at the mean span is negligible, there
are slight variations of mean velocity profiles near the casing and hub boundary layers between a
cold day and a hot day. The hot day results with typically lower densities (compared to cold day) ,
one may also observe slightly more fluctuating distributions.
The RMS velocity for each point of the inlet profile can be obtained from equation
(3.10). RMS velocity profiles were obtained and plotted separately in figures (3-5) and (3-6), for
both the hot and the cold day. It can be seen that these profiles look almost the same. The
difference between the amounts of these velocity fluctuations is only 0.15 m/s and as mentioned
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before, it shows the effect of higher ambient temperature (lower density) in the hot day than the
one in the cold day.
The normalized velocity, turbulence intensity, length scale, kinetic energy (KE) and
turbulent kinetic energy (TKE) are shown in figures (3-7) to (3-16) for the hot and the cold day.
From figure (3-3) to (3-16), it can be understood that the fluid flow, close to the walls, is more
turbulent than that of the middle of the inlet span for both the hot and the cold day. It can be
observed that for the flow near the mid-span the turbulence intensity and velocity fluctuations are
very small, and also the turbulent length scale for this part of the flow is almost zero. This proves
the fact that near the wall, especially inside the boundary layer, flow is more turbulent than the
mid-span region. In the following paragraph, the Fourier transform function is applied to the
instantaneous flow velocity, to obtain the energy that is associated with this flow.

Turbulent Energy Spectrum
In this part, the Fourier transform function was applied to the mean flow velocity to
obtain the behavior of the flow energy in function of the frequency. In order to reach to this goal,
four points (A,B,C and D) were specified in figures (3-3) and (3-4), two of them represent the
probe location at the mid-span of the inlet profile, and the other two points show the probe
location close to the turbine hub, for the two different days, cold and hot days.
The fast Fourier transformations were obtained using the MATLAB signal processing
routines,
|𝑉(𝑓)| =

𝑓𝑓𝑡(𝑢′(𝑡))
𝑁

(3- 23)

Where |𝑉(𝑓)|is the fast Fourier transform function, N is the total number of data points
and 𝑢′(𝑡) is the velocity fluctuations in the time domain of 10sec, which was the time of

53
gathering data for the each span location near the turbine inlet. The fast Fourier transform
function was applied to the velocity profile at each location A, B, C and D as shown in figures
(3.17) to (3.20).
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Figure 3-17. Fast Fourier Transform of the mid-span of the turbine inlet (Point C) in the hot day
(𝑇𝑎 = 309°𝐾 )
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Figure 3-18. Fast Fourier Transform of the mid-span of the turbine inlet (Point A) in the cold day
(𝑇𝑎 = 301°𝐾 )
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Figure 3-19. Fast Fourier Transform of the hub location of the turbine inlet (Point D) in the hot
day (𝑇𝑎 = 309°𝐾 )

55

0.25

COLD DAY
0.2

FFT [m/s]

0.15

0.1

0.05

0
0

500

1000

1500

2000

2500
f (Hz)

3000

3500

4000

4500

5000

Figure 3-20. Fast Fourier Transform of the hub location of the turbine inlet (Point B) in the cold
day (𝑇𝑎 = 301°𝐾 )
Figures (3.17) to (3.20) confirm that, at the higher ambient temperature, flow has more
turbulent fluctuation energy than the colder one. Points B and D are located close to the inlet hub,
and points A and C placed in the mid span. Based on the comparison of figures (3-20) and (3-19)
with figures (3-18) and (3-17), the consequence is that the energy of turbulence, close to the wall,
is much higher than the mid-span location for the frequency range of 0 to 5000Hz.
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Conclusions
As discussed earlier, hot-wire/film anemometry is one of the most popular devices to
study the turbulent flow. In this research, application of hot-film anemometry was utilized to
obtain the turbulence characteristics in a turbomachinery air flow environment where the overall
fluid temperature may very measurably. This study was performed under incompressible flow
conditions in the inlet section of Axial Flow Turbine Research Facility (AFTRF) at Penn State
University. The AFTRF resides in the "Turbomachinery Aero-Heat Transfer Laboratory" of the
Department of Aerospace Engineering.
The main contribution of this thesis was to show that temperature variations in fluid flow
have a significant impact on the data uncertainty of hot-wire/film. Cimbala and Park (1990)
developed a new calibration method to consider temperature variations during hot-wire/hot-film
measurements; in order to obtain the turbulence characteristics with reduced uncertainty. In this
current research effort the viscosity and thermal conductivity of air was considered as
temperature dependent fluid properties by using specific Sutherland's laws for the viscosity and
conductivity. The current study is also the first implementation of the non-linear curve fitting
approach in a rotating turbine research rig. Also a new method was introduced to decrease the
computational time of obtaining the B coefficients from the calibration equation (equation (218)).
To show the superiority of this method (direct method using a non-linear curve fitting
approach covering a wide range of ambient temperatures) over the common calibration method
(using polynomial fit) the mean flow velocity, RMS velocity, turbulence intensity and turbulence
length scale are plotted and shown in appendix C. The common calibration method using
polynomial fit is the conventional hot-wire/hot-film calibration approach that was executed at one
selected ambient temperature. In these plots, the comparison made between the direct calibration
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method (presented in this work) and a polynomial fit. The average error of the polynomial fit for
the flow velocity is ~5.7%, but the average error of the direct method calibration is ~0.65%,
which is about nine times smaller than the polynomial fit method. In other words, data
uncertainty can be minimized utilizing the Direct Calibration Technique introduced in this work.
The other advantage of this work was to show that for the same flow, temperature
variations should not measurably affect the turbulence characteristics. On the other hand, hotwire/film should measure velocity independent of the temperature variations in the mean flow. In
figures (3-3) to (3-16), turbulence characteristics were plotted for two different ambient
temperatures. These figures show that there is almost no difference between the plots of the cold
day and the relevant plots of the hot day. For the turbulence kinetic energy plots, the mean
temperature was used instead of the instantaneous temperature into the kinetic energy
calculations; that was the reason the difference for this two plots is higher than other plots.
Calibration of hot-wire/film sensor is the most important part of their utilization steps,
because turbulence characteristics are computed based on the velocity that is obtained from the
calibration equation. So uncertainty in calibration result yields error in calculation of turbulent
characteristics. By introducing this new calibration method, this uncertainty can be minimized in
the condition of strong temperature variations, and so study of turbulence based on this method is
more reliable than other common methods.
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Appendix A
Hot-Film Anemometer Utilization Details

In present research, hot-film probe was utilized to study turbulence along the span of the
turbine inlet. This probe was manufactured by the TSI Company. The diameter of this probe is
50.8 𝜇𝑚 and the probe resistance is 6.3Ω. This is a single sensor hot-film. The film is made of
Platinum. The length of this sensor is 3.2mm, so the aspect ratio (length/diameter) for this probe
is about 63. The maximum exposure temperature of probe body is 60oC. In this appendix the
detailed instruction to work with this hot-film and its accessories has been presented.
In chapter 1, a brief schematic of hot-film setting was discussed. This schematic (Figure
(1-7)) tells us that the hot-film systems consist of several components. Before utilizing hot-wire
or hot-film probe, we should be aware that the wire sensor is highly sensitive to mechanical
damage. A small impact or a sudden shake can break the wire. So caution is highly demanded
through the utilization of a hot-wire/film probe.
As mentioned before, the hot-film probe is connected to the Constant Temperature
Anemometer (CTA) through the probe holder and cable. The resistance of the cable and the
probe-holder together is 0.9Ω. The other problem that can affect the experiment with hot-film is
the adjustment of the CTA voltage with the probe. In other words, if the voltage exceeds a certain
value, the film or the wire sensor would start to burn. In our experiment, with the specific TSI hot
film sensor, the recommended maximum CTA voltage is 8 volts.
In the present research, a DANTEC CTA unit was used. This device (DANTEC Mini
CTA 54T30) with a time response of 10 kHz was manufactured in 2004. Figure 3-21 shows the
typical over-heat ratio calculation using the sensor resistance, sensor lead resistance, support
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resistance for a typical sensor temperature coefficient. The ambient temperature and the sensor
temperature (wire or film) is also inputted into this calculation. Delta T, operating resistance,
bridge ratio M, total resistance, and over-heat ratio is calculated by using a simple spread-sheet
calculation for each sensor replaced.

Figure A-1. Spreadsheet of the Mini-CTA 54T30

This DANTEC CTA has three connectors, one is for the power input to the CTA and the
other is for the probe input into the CTA circuitry. There is an output (Hot-wire/hot-film output)
for the signal recording that should be connected to the voltmeter or the Data Acquisition
Systems (DAQ). A detailed instruction set to use the DAQ can be found in its manual provided
by the DANTEC Dynamics Inc. Figures A-2 and A-3 show an image of the CTA unit and the
data acquisition unit DAQ. The applications and features of the Mini CTA, block diagram and
specifications of the USB-1208 DAQ are shown in Figures A-4 to A-6.
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Figure A-2. Photo of the DANTEC Mini CTA utilized in the Hot-Film

Figure A-3. Image of the DAQ utilized in the Hot-Film set up.
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Figure A-4. Applications and features of the Mini CTA

Figure A-5. Block diagram of the USB-1208 DAQ.
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Figure A-6. Specifications of the USB-1208 DAQ.

A typical hot film measurement process starts with the insertion of the probe in the
desired space so that fluid flow can pass through the sensor rod/wire. The flow direction needs to
be normal to the rod/wire. The probe needs to be fastened to a probe traverser such that the probe
tip does not vibrate or move during the measurement.
There are two ways of acquiring data. First is to utilize a simple voltmeter that can be
connected to the other CTA output that is labeled as the output signal. The other way is to use a
DAQ board that has several input channels. In this project, channels 1 and 2 of the DAQ system
as shown in Figure (A-3) was used to read the signal output from the CTA. The last step is to
record the data, using a graphical device interface to the computer. National Instruments
LABVIEW interface was used for this research effort.
In figure (A-7), a schematic of the calibration jet with its accessories was shown. Hotfilm probe was located exactly at the exit of the jet with a circular cross section. The jet
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temperature could be controlled within plus mine 0.5 degrees C using a built in electric heater
system. A honeycomb section and a few layers of metallic screens provide a turbulence control
section to reduce the free stream turbulence of the air jet stream.

Figure A-7. Schematic of the Calibration Jet and electric heater for temperature control.
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Appendix B

Curve Fitting

The purpose of curve fitting is to describe the experimental data with an appropriate
analytical model. This model can be considered as a function or a simple equation. The method of
applying curve fitting is dependent on the type and quality of experimental data. There are
multiple ways to conduct curve fitting for the experimental data some of which are more accurate
than others, however they might be more time consuming and cumbersome to program. Some
examples of different curve fitting methods:
1. Linear curve fitting (linear regression)
2. Nonlinear curve fitting
3. Least Squares curve fitting
4. Polynomial curve fitting
In this appendix, only Least Squares curve fitting was described, because this method was utilized
in this research.

Least Square Curve Fitting
Experimental data that were gathered during this research can be expressed as below:
(𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖 ), 𝑖 = 1,2, … , 𝑛
Where 𝑥, 𝑦 and 𝑧 represent e (voltage output), T (ambient temperature) and U (velocity). The
residual of the ith data point (𝑟) is the difference of experimental data value (𝑧) and the fitted data
value (𝑧̂ ), also it’s recognized as the error that is associated with the data,
𝑟𝑖 = 𝑧𝑖 − 𝑧̂𝑖
The summed square of the residuals is,

(B- 1)
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𝑛

𝑆=

𝑛

∑ 𝑟𝑖2
𝑖=1

= ∑(𝑧𝑖 − 𝑧̂𝑖 )2

(B- 2)

𝑖=1

Also the fitted data value (𝑧̂ ) can be represented as below,
(B- 3)

𝑧̂ = 𝐹(𝑥, 𝑦)

The purpose of doing curve fitting is to minimize the error as follows,
𝑚𝑖𝑛‖𝐹(𝑥, 𝑦) − 𝑧𝑑𝑎𝑡𝑎‖2 = 𝑚𝑖𝑛 ∑(𝐹(𝑥𝑖 , 𝑦𝑖 ) − 𝑧𝑖 )2

(B- 4)

𝑖

So the syntax of this MATLAB function is,
x = lsqcurvefit(fun,x0,xdata,ydata)

(B- 5)

Function (B-5) requires initial set of B coefficients plus the data that was gathered during the
experiment including voltage, temperature and velocity. Then it starts from i=1 in equation (B-4)
in order to reach the minimum amount of 𝑚𝑖𝑛‖𝐹(𝑥, 𝑦) − 𝑧𝑑𝑎𝑡𝑎‖2 . After this process it can
provide five B coefficients that were defined in equation (2-18).
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Appendix C

Hot-Wire/Film Calibration in Constant Ambient Temperature

In chapter 2, it was discussed that the direct calibration method was developed firstly by
(Cimbala & Park, 1990) for hot-wire measurement systems where the ambient temperature may
uncontrollably vary during the experiment. This direct calibration method is more accurate than
other ways. This method requires obtaining hot wire CTA system output a many different
velocities and also at the coefficients defined in equation (2-18) provide the analytical basis for
the hot wire calibration that can take ambient temperature variations into account. However, in
some cases, there might be some restrictions to run hot-wire/film for different ambient
temperature, in order to calibrate the hot-wire/film, especially at high speed turbomachinery
systems or in a condition where the testing is too expensive.
In this appendix, we tried to show that it is acceptable to utilize a polynomial fit
that can relate the signal output to the actual velocity obtained from Pitot-tube or other standard
device, but ambient temperature during the experiment should be kept constant. In this part, the
simple polynomial fit was obtained from the calibration jet at the ambient temperature of 308.5℃
with the maximum deviation of ±1.5℃,
𝑢 = −2.7613𝑒 4 + 40.561𝑒 3 − 210.69𝑒 2 + 479.23𝑒 − 408.36

(C- 1)

Where 𝑢 is the instantaneous velocity and 𝑒 is the hot-film signal output. From equation
(C.1), instantaneous flow velocity, rms velocity and turbulence intensity were obtained according
to the procedure that was introduced in chapter 3.
In chapter 3, turbulent flow parameters were obtained and plotted for two different days
with different ambient temperatures, which were labeled as the hot and the cold day. The ambient
temperature of the hot day was about 309℃. Hence equation (C.1) is quite appropriate for the
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data obtained from a hot day experiment. In order to compare these two calibration methods
((Cimbala & Park, 1990)and the simple polynomial fit) for the small ambient temperature
variation, Mean flow velocity, RMS velocity and turbulence intensity, were obtained by the two
different calibration method, were plotted in figures (C-1) to (C-3).
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Figure C-1. Comparison of the mean flow velocities of different calibration methods (𝑇𝑎 =
309°𝐾 )
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Figure C-2. Comparison of the RMS velocities of different calibration methods (𝑇𝑎 = 309°𝐾 )
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Figure C-3. Comparison of the turbulence intensity of different calibration methods (𝑇𝑎 =
309°𝐾 )
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Figure C-4. Comparison of the turbulence length scale of different calibration methods (𝑇𝑎 =
309°𝐾 )
It is obvious from equation (C-1) that the mean flow velocity came from (Cimbala &
Park, 1990) method is more accurate than the mean flow velocity came from equation (C-1);
because close to the mid-span, the blue line is closer to the thick solid black line, which is the
velocity that was measured by the Pitot tube at the inlet mid-span. The difference between these
two curves (blue and red) is not high (average ~ 0.15m/s), so the error is less than 1% for the
mean flow velocity. Also figures (C-2) to (C-4), show that the RMS velocity, turbulence intensity
and length scale from both the calibration method, are mostly the same.
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Appendix D

MATLAB Codes

Code#1
clc
x
y
z

= DATAFINAL(:,1); %make column vectors
= DATAFINAL(:,2) - 273.15;
= DATAFINAL(:,3);

n1
n2
Mu
R
P
k0
T0

=
=
=
=
=
=
=

0.666;
0.81;
1.716e-5;
287;
97300;
0.0241;
273.15;

b = 1;
for n = 0.7:0.001:3
%n = 2;
M = [y.*z.^(1/n), (x.^2).*(y.^(((n1+1)/n)-n2)), x.*y.^(((n1+1)/n)n2), y.^(((n1+1)/n)-n2), y.^((n1+1)/n), y.^(((n1+1)/n)+1)];
A(:,b) = M\z.^(1/n);
for i = 1:length(z)
S1
S2
S3
S4
S5
S6

=
=
=
=
=
=

1 - A(1,b)*y(i);
A(2,b).*(x(i).^2).*(y(i).^(((n1+1)/n)-n2));
A(3,b).*x(i).*y(i).^(((n1+1)/n)-n2);
A(4,b).*y(i).^(((n1+1)/n)-n2);
A(5,b).*y(i).^((n1+1)/n);
A(6,b).*y(i).^(((n1+1)/n)+1);

Uhot(i,b) = ((S2 + S3 + S4 + S5 + S6)/S1).^(n);
Uhot2(i,b) = (A(1,b).*y(i).*z(i).^(1/n) +
A(2,b).*(x(i).^2).*(y(i).^(((n1+1)/n)-n2)) +
A(3,b).*x(i).*y(i).^(((n1+1)/n)-n2) + A(4,b).*y(i).^(((n1+1)/n)-n2) +
A(5,b).*y(i).^((n1+1)/n) + A(6,b).*y(i).^(((n1+1)/n)+1))^(n) ;
Error1(i,b) = abs(Uhot(i,b)-z(i));
E1(1,b)
= mean(Error1(i,b));
Error2(i,b) = abs(Uhot2(i,b)-z(i));
E2(1,b)
= mean(Error2(i,b));
end
L1

= k0.*((P/(Mu.*R)).^(1/n)).*T0.^((n1/n)-n2);
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L2
L3

= (P/(Mu.*R)).^(1/n);
= T0.^(n1/n);

B5(1,b) = 1/A(1,b);
B1(1,b) = sqrt(A(2,b)*L1*B5(1,b));
B4(1,b) = n;
B3(1,b) = A(3,b)*L1*B5(1,b)/(2*B1(1,b));
B2(1,b) = A(5,b)*(L2*L3);
B22(1,b) = -B5(1,b)*A(6,b)*(L2*L3);

b

= b + 1;

end

Code#2
%**********************************************************************
for j = 1:99

tx = '.txt';
S = 'Raw_Data_';
c
= [S,num2str(j),tx]; %'Raw_Data_1.txt'
rawData1 = importdata(c);
[~,name] = fileparts(c);
newData1.(genvarname(name)) = rawData1;
% Create new variables in the base workspace from those fields.
vars = fieldnames(newData1);
for i = 1:length(vars)
assignin('base', vars{i}, newData1.(vars{i}));
end
e

= rawData1(3:500002);

n1
n2
Mu
R
P
k0
T0
t

=
=
=
=
=
=
=

0.666;
0.81;
1.716e-5;
287;
97300;
0.0241;
273.15;
= 10; %sample time
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Fr

= 50000;

NOP

= t*Fr;

%

for i = 1 : length(e)
Velocity1(1:500000) =
((Mu.*R)/P).*((T(j).^(n1+1))/(T0.^(n1))).*((((B(1).*e(:)+B(3)).^2)./(k0
.*(T(j)./T0).^(n2).*(B(5)-T(j))))+B(2)).^B(4);
end
Velocity1(1:500000) = -2.7613.*e(:).^4 + 40.561.*e(:).^3 210.69.*e(:).^2 + 479.23.*e(:) - 408.36;
U(j)
= mean(Velocity1);
Velocity = Velocity1 - mean(Velocity1);
cct
= zeros(NOP,1);
NOP1
= NOP - 1;
for jSep = 0 : NOP1
cc
= 0;
for i = 1:NOP-jSep
cc
= Velocity(i)*Velocity(i+jSep) + cc;
end
cct(jSep+1) = cc/real(NOP-jSep);
y = jSep/100000;
if y == round(y)
%jSep
end
end

It
= 0;
for i = 1:3000
It = cct(i)/cct(1) + It;
end
%
ITI(j) = It;
V(j)
= std(Velocity);
L(j)

%RMS Velocity

= V(j)*It/Fr; %Length Scale

TI(j) = V(j)/mean(Velocity1); %Turbulence Intensity
clear newData1 rawData1 c S vars
end
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