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ABSTRACT 
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Title: Characterization of the Purdue Experimental Turbine Aerothermal Lab Rig using Hot Wires 

Major Professor: Guillermo Paniagua 

 

The objective of this thesis is to apply high frequency flow measurement technique known as hot 

wire anemometry to characterize the velocity, turbulence intensity and turbulent length scales in 

the Purdue Experimental Turbine Aerothermal Lab Rig. Hot wire anemometry has been widely 

used to characterize velocities and turbulence levels in different environments and using different 

calibration and post-processing methodologies.  In this work, a precise calibration and post-

processing method was developed and successfully applied to the state-of-the-art trisonic Purdue 

Experimental Turbine Aerothermal Lab wind tunnel. The different experimental setups where the 

turbulence levels were analyzed were fabricated using modern manufacturing techniques such as 

3D printing or water cutting. These techniques increase the complexity of the designs to be tested 

in wind tunnels.  Calibration process was then successfully tested in the Purdue Experimental 

Turbine Aerothermal Lab Rig. Finally, accuracy and sensitivity analysis of the calibration are 

performed to verify the performance and reliability of the process.
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1. INTRODUCTION  

 Objectives 

The purpose of this work is to characterize the Purdue Experimental Turbine Aerothermal Lab rig. 

To achieve this goal hot wire anemometry measurements were used. The sensor used is generally 

known as a Hot wire. The probe used in this work has a frequency response up to 250 kHz and a 

maximum operating fluid temperature of 3000C. The sensor is very sensitive to the flow changes 

and hence was chosen to find out the turbulent properties of the flow. To measure the accuracy of 

the sensor the precise uncertainty measurements are done for the experiments. 

Hence the objective of this work are listed as following: 

1. Development Hot Wire Anemometry system  

2. Develop the needed hardware for the test section 

3. Characterization of the flow velocity 

 Methodology 

To achieve the objective of this work, an amalgamation of theoretical and experimental methods 

has been used. To select the proper technique extensive literature review is done. Through it, we 

have developed the hot wire anemometry technique as our principle method. The developed hot 

wire anemometry technique was tested in the linear wind tunnel with flat plate. Afterwordôs the 

hot wire technique was used in multiple tests to analyze the spatial and temporal uniformity of the 

Purdue Experimental Turbine Aerothermal Lab rig. 

1.2.1 Development of Hot Wire Anemometry System 

After selecting the hot wire anemometry as our principle method to get the characterization, a 

suitable data acquisition procedure is needed for the successful employment of the sensor. 

Development of this data acquisition procedure was fundamentally based on using the already 

existing sensors in experimental lab, which includes temperature sensors, pressure sensors. For the 

operation of the hot-wire sensor, total pressure sensors, static pressure sensors, total temperature 

sensors were used to develop the technique. 
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Hot wire calibration is done before every experiment. In this process we use the available pressure 

and temperature sensors to calculate the flow velocity and match it with the Hot wire sensor using 

proper calibration process. The calibration process was done in the linear wind tunnel. For the 

calibration process, we will be using the CTA module, total pressure sensors, static pressure 

sensors, total temperature sensors. During the calibration we will choose stable data points to find 

out the calibration. During the calibration process minor adjustments are also made to make sure 

the hot wire response is within the acceptable range of the data acquisition system. 

1.2.2 Develop the Needed Hardware for the Test Section 

In research, there is often a need for custom instrumentation and parts. Such components are 

generally contracted out to companies for manufacture. This process consumes significant amount 

of time and research funding. To resolve this problem, we came up with the inhouse manufacturing 

as our solution. Inhouse manufacturing provides us with the benefit of low cost of operation and 

less time in manufacturing. For this, various modern manufacturing techniques were investigated 

to better understand the manufacturing process. Using these techniques, we built needed hardware 

for the experiment. 

1.2.3 Characterization of the Flow Velocity 

Once the hot wire is calibrated, it can be used in various experimental campaigns. To use in any 

experimental campaign, we need to install hot wire, along with its CTA module, pressure sensors 

and temperature sensors. Once the data is collected through data acquisition system, we post 

process the data to get various turbulent properties. We calculate velocity of the flow, turbulence 

intensity, length scales and uncertainty to achieve the goals of the experimental campaign. 

 Structure 

This dissertation is divided into four chapters. Chapter 1 is an overview on the objectives and 

methodology of this work. 

In Chapter 2 the hot wire anemometry and its advantages over a competitive technique, Laser 

Doppler Anemometer is described. In this chapter previous works on the topic of hot wire 

anemometry are summarized. This chapter further explains the experimental equipment and setup 



3 

 

that has been used for this work. This chapter also illustrates the hot wire calibration and hot wire 

post process. 

In Chapter 3 multiple inhouse modern manufacturing techniques that were used in the development 

of the lab. It also gives a perspective on how these methods are able to help in the progress of the 

research and why they are so important to understand. 

In Chapter 4 the experimental results that have been carried out with the hot wire. This chapter 

gives details about the pressure data, temperature data, hot wire data. It also shows the hot wire 

calibration results and hot wire post process results that will help in characterizing the Purdue 

Experimental Turbine Aerothermal Lab rig.  

Chapter 5 concludes with the findings of this work.  
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2. HOT WIRE ANEMOMETRY  AND EXPERI MENTAL SETUP  

 Review of hot wire anemometry and experimental setup 

2.1.1 Hot Wire Anemometry  

Hot Wire Anemometry can be defined as: The measurement of fluid flow using the variations in 

heat transfer from an electrically heated element exposed to the flow [5]. Hot Wire Anemometry 

(HWA) is a measurement technique used to characterize the flow. 

According to H. H. Bruun [4] Hot wire anemometry has following advantages over its competitor 

techniques, Laser Doppler Anemometers (LDA): 

i. Cost: HWA systems are relatively cheaper 

ii.  Frequency response: HWA have higher frequency response than LDA 

iii.  Size: Hot wire sensors are relatively in smaller size  

iv. Velocity measurement: Although both systems have very wide range of velocity 

measurement, HWA has advantage in finding out 1-D, 2-D, 3-D flow 

characteristics using different types of hot wires 

v. Two phase flow: HWA system performance exceptionally well compared to LDA 

system in two phase flows 

vi. Operation: HWA system is relatively easy operate, calibrate and analyze 

vii.  Spatial characterization: Using multiple hot wire sensors we can easily analyze the 

spatial characteristics of the flow 

In the review by L. M. Fingerson [5] mention that HWA techniques dates back 1817. Since then 

this technique came far, lot of new work has been added and it evolved to the current state. The 

current work in HWA started with King [6], when he published his work on Convective heat 

transfer over small cylinders. In his work he proposed the following power law, Equation (2.1) 

Ὁ ὃ ὄὟ                                                                         ςȢρ 

Researchers after him further improved on his work, and one of the noticeable contributions was 

done by Collis and Williams [7] who used the temperature loading to further improve the relation. 

The Nusselt co-relation proposed by Collis and Williams [7] is presented in Equation (2.2), where 

N is Nusselt number, Re is Reynoldôs number, Tm is film temperature, T is free stream 

temperature, A and B are constants 



5 

 

ὔ
Ὕ

Ὕ

Ȣ

ὃ ὄὙὩ                                                                ςȢς 

In this expression values of A, B and n depends upon the Reynoldôs number for which vortex street 

exists. Collis and Williams have validated their findings at low Reynoldôs number with the Ossen 

method. 

This is method was implemented by T. Yasa et al. [1] who included the Collis and Williams co-

relation to the calibration of the hot-wire. This helped in removing the temperature variation of the 

hot wire calibration as shown in Figure 2.1. Results of temperature correction are shown in Figure 

2.2. The modified Kingôs proposed equation used by Collis and Williams is shown in Equation 

2.3. 

Ὁ

Ὕ Ὕ

Ὕ

Ὕ
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                               ςȢσ 

 

Figure 2.1 Calibration results using Kingôs Law (Figure reproduced with permission of 

publisher) [1].  
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Figure 2.2 Calibration results including Collis and Williams correction (Figure reproduced with 

permission of publisher) [1]. 

In this work we are going to use the work of T. Yasa et al. [1] as our base to further develop the 

calibration and post process strategy. 

This technique uses hot wires with conjunction with different types of anemometers. The 

frequently used anemometers are constant temperature anemometer (CTA) and constant current 

anemometer (CCA). For this work we have selected to work with constant temperature 

anemometer. In Hot Wire Anemometry measurement techniques, a thin hot wire is heated and 

exposed to the flows in interest. Operation of hot wire will be dependent on the type of 

anemometer. In CTA the temperature of the hot wire is kept constant while in CCA the current in 

the hot wire is kept constant. Nowadays CTA modules are used more than CCA modules because 

of its ease of application and high signal to noise ratio.  

According to H. H. Bruun [6], researchers started to realize the advantages of the constant 

temperature anemometer in 1940s but the reliable devices were not available until 1960s. Figure 

2.3 shows the circuit used in the Constant Temperature Anemometer. 
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Figure 2.3 Constant Temperature Anemometer (CTA) circuit [8]. 

As shown in the above Figure 2.3, the base of the electrical circuit is made up of well-known 

Wheatstone bridge. As the flow condition changes, the voltage difference (E1-E2) changes with it. 

This change indicates the change in the resistance of the probe wire. The difference of this voltages 

is sent to the amplifier A which in turn generates a feedback current, which is fed to the Wheatstone 

bridge. When you feed this current to the bridge it restores the probe wireôs resistance back to its 

original value. Keeping the resistance of the wire constant also keeps the temperature of hot wire 

at constant. 

Modern commercially available constant temperatures anemometer contains many options: 

i. Filter with different bands 

ii.  Fixed or variable gain 

iii.  DC offset 

iv. Temperature compensation modules 

v. Inbuilt low pass filter 

vi. Multiple frequency response setup 

This flexibility in the device configuration allows it to be used in different applications and flow 

conditions. It allowed users to condition their systems to their need. 
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2.1.2 Experimental Setup 

For this work all the experiments and calibration were done in the the Purdue experimental turbine 

aerothermal lab rig situated at Zucrow laboratories which is a part of Purdue University. Design 

of the lab is shown in Figure 2.4.  

 

Figure 2.4 Design of the test cell (Figure reproduced with permission of publisher) [9]. 

For this work we have used the linear test section. This facility is equipped with a tank that stores 

air at ambient temperature and it can be pressurized up to 150 bar. It also equipped with the air 

heater which provides heated air which then passes through the mixer and can provide air in a 

pressure range of 0.5 bar to 6 bar and temperature range of 270K to 700K in the test section. This 

helps in attain a very large range of Reynolds number and velocities in the test section. 
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Figure 2.5 a) Linear test section b) dimension of linear test section c) cross-sectional view of 

linear test section and d) operating limits (Figure reproduced with permission of publisher) [9]. 

In Figure 2.5 the linear test section is shown. Each separated part is hold together by bolts and they 

are sealed using O-rings are gaskets to make sure there is no leakage in the test section. 

In the Figure 2.6 the overall assembly of the test section is shown. 
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Figure 2.6 Overall view of the experimental setup a) test cell b) linear wind tunnel test section 

and c) CTA module setup.  

Figure 2.6 shows the overall view of the experimental setup. The experiment was carried out in 

the linear wind tunnel as shown in the Figure 2.6 b). To start the experiment, we kept the CTA 

module, oscilloscope and main DC power supply on the optical table as shown in Figure 2.6 c). A 

cable of 5m is connecting the CTA module to the Hot-wire probe holder. A schematic of the hot 

wire probe used in the experiments is shown in the Figure 2.7. 

 

Figure 2.7 Hot wire schematics (Figure reproduced by permission of manufacturer) [24]. 
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Figure 2.8 Sensor assembly over a flat plate. 

The hot wire probe is held perpendicular to the flow direction inside the linear test section as shown 

in the Figure 2.8. All the different sensors including total pressure, static pressure, total 

temperature sensors are attached along with hot wire sensor as shown in Figure 2.8. 

We have calibrated the hot wire in the flat plate test article as shown in Figure 2.8. We chose the 

flat plate to calibrate because of the linearity we can achieve in that test section. The more stable 

 the data, the better will be the accuracy of the calibration process.  

The pre-operation procedure for the hot wire: 

i. Measure the Hot wire resistance 

ii.  Apply over heat ratio (OHR) of 1.3 

iii.  Put the DC offset and gain for the hot wire as shown in Figure 2.9 b) 

iv. Check the pulse response as shown in Figure 2.9 a) 

v. Select the frequency response 

 



12 

 

 

Figure 2.9 Oscilloscope used for a) checking the pulse response and b) setting up the DC offset 

and gain. 

Value for the DC offset is decided by the data acquisition system limit. The range of the voltage it 

can read is from -10V to 10V. The hot wire voltage decreases with increase in velocity therefore 

the DC offset is set between 9.5V to 9.75V. To set that we need to make sure that hot wire is 

experiencing the zero velocity during pre-operation procedure. Gain of the hot wire is decided 

based on the operational limits. Once the gains are set, they can be tested to verify whether they 

are in the same limits or not. If not then, we can adjust them to match the requirements. There is 

another important step to do and that is checking out the pulse response. This step is necessary to 

make sure when the hot wire is in the operational mode it is not subject to oscillations, because 

oscillations destroy the CTA module. The oscillations are adjusted using the damping and tuning 

coil situated on the CTA module. Figure 2.10 shows what is desired and what is not desirable. 

Figure 2.9 a) shows the actual response tested during the procedure. 
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Figure 2.10 Pulse response [10]. 

Once the pulse response is checked we select the cut off frequencies, filter bands for our operation. 

Now we check the data connection for any irregular signals. Once that is checked the hot wire is 

ready for calibration and experiments.  

 Hot wire calibration  procedure and post process  

2.2.1 Review of Hot Wire Calibration  

Here the calibration process of the hot wire is discussed. During the calibration experiment we use 

multiple sensor to measure the flow data. The sensors that are used for calibration are total pressure 

sensor, static pressure sensor, total temperature sensor, hot wire sensor and constant temperature 

anemometer (CTA) module. The process of the calibration is represented in the Figure 2.11. 
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Figure 2.11 Overview of the Hot Wire Calibration. 
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As shown in the Figure 2.13 we can see that there are total five quantities we are measuring total 

pressure (P0), static pressure (Ps), total temperature (T0), initial hot wire resistance (R0), hot wire 

voltage (E). To calculate the velocity and temperature of the flow we are going to use iterative 

process to minimize the error. The iterative process starts with initial assumption of Ts, in our case 

we are stating with 

Ὕ Ὕ                                                                        ςȢσ 

Now we calculate the ratio of specific heat ɔ(Ts) which is static temperature dependent property. 

Using the compressible flow properties, the Mach number (M1) is calculated by using in Equation 

(2.4). 

 

ὓ
ς

 ρ

ὖ

ὖ
                                                       ςȢτ 

The static temperature is re-estimated using the Equation (2.5). 

Ὕ
Ὕ

ρ ὓ
 ρ
ς

                                                            ςȢυ 

The value of the specific ratio (ɔ) with new static temperature (Ts) is re-estimated. Mach number 

(M2) is calculated using Equation (2.6). 

ὓ
ς

 ρ

ὖ

ὖ
                                                       ςȢφ 

Now we define an Error as shown in Equation (2.7). We iterate the above process until we get an 

error less than 10-6. 

Ὁὶὶέὶ
ὓ ὓ

ὓ
                                                          ςȢχ 

Once the iteration ends, we get velocity of the flow (V) and temperature of gas (Tgas) using 

Equation (2.8) and Equation (2.9). 

Ὕ Ὕ                                                                         ςȢψ 

ὠ ὓ ὙὝ                                                                     ςȢω 

Initial hot wire resistance (R0) is calculated using the inbuilt voltmeter inside CTA module with 

least count of 0.01 V. Temperature coefficient of resistivity (Ŭ0=0.0009K-1) was provided by the 
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manufacturer with uncertainty of 0.00005 K-1. With the help of known temperature coefficient of 

resistivity and Over Heat Ratio (OHR), we can calculate the hot wire temperature (Twire) using the 

Equation (2.10). Film properties are evaluated such as film temperature (Tfilm) and density of the 

film (ɟ) using Equation (2.11) and Equation (2.12). 

Ὕ Ὕ
ὕὌὙρ


                                                        ςȢρπ 
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Now we calculate the equivalent velocity (V*) and equivalent voltage (E*) using Equation (2.13) 

and Equation (2.14) [1]. We also need to keep in mind that our equivalent voltage at velocity is 

zero if not we can shift the whole plot in a way it will give us zero equivalent voltage at zero 

velocity. This helps in reducing unknown constants, making the calibration more stable. 

ὠᶻ ὠȢ
”

А
                                                                      ςȢρσ 
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                                               ςȢρτ 

Once we get the equivalent voltage (E*) and equivalent velocity (V*), we will fit the data points 

around the Equation (2.15).  

Ὁᶻ ὄȢὠᶻ                                                                    ςȢρυ 

This helps in obtaining the unknow constants óBô and ónô. With this our calibration of the hot wire 

ends. 

2.2.2 Post Process 

Once the hot wire is calibrated it can be used in various experiments to characterize the flow. For 

a typical application hot wires are used to find the velocity and turbulence intensity of the flow. In 

this work hot wire is going to be used to find following properties of the flow in the inlet of the 

linear wind tunnel shown Figure 2.6 b) and Figure 2.8:  

i. velocity 

ii.  turbulence intensity 
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iii.  turbulence length scale 

The process to find out these quantities is represented in Figure 2.12. This process is referenced 

from the post process methodology proposed by T. Yasa and G. Paniagua [1]. 

 

Figure 2.12 Post process methodology. 


























































