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ABSTRACT

Author: Ingale Swapnil, SMSME

Institution: Purdue University

Degree Receivedecember 2018

Title: Characterization ahe Purdue Experimental Turbine Aerothermal Lab Rig using HosN
Major ProfessorGuillermo Paniagua

The objective of this thesis i® apply high frequency flow measurement technkpu@vnas hot

wire anemometry to characteritge velocity, turblence intensity and turbulent length scales in

the Purdue Expemental Turbine Aerothermal Lab Riglot wire anemmetry has been widely

used to characterize velocities and turbulence levels in different environments and using different
calibration and posprocessing methodologiesin this work, a precise calibratioand post
processing method was developed and esefally applied to the statd-the-art trisonic Purdue
Experimental Turbine Aerothermal Lab wind tunfiéie different exprimental setups vére the
turbulence levels were analyzed were fabricated uswdenm manufacturing techniques such as

3D printingor water cutting. These techniques increase the complexity of the designs to be tested
in wind tunnels. Calibration proceswas then successlly tested in the Purdue Experimental
Turbine Aerothermal LalRig. Finally, accuracy and sensitivity analysistbé calibration are

performed to verify the performance and reliability of the process.



1. INTRODUCTION

1.1 Objectives

The purposef this workis to characterie the Purdue Experimental Turbine Aerothermal Lep r

To achieve this goal hot wire anemometrgasuementsvere used. The sensor used is generally
known as a Hot wire. Thgrobeused in this work hasfaequencyresponseaup to 250kHz anda
maximum operating fluid temperature of 800 The sensor is vergensitive to the flow changes

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

the sensor the precise uncertainty measurtsraae done for thexperiments.
Hence the objective of this woekelisted as ftlowing:

1. Development Hot Wire Anemometsysem
2. Develop the needed hardware for the test section

3. Characterization of the flow velocity

1.2 Methodology

To achieve the objectivef this work, anamdgamationof theoretical and experimental methods
hasbeen usedTo select the proper technigeetensivditerature reviewis done Through it we
havedevelopedhe hot wire anemometry technique as our principle methodd@&helopedot

wire anemometryechnique wasestedin the linear wind tunnelith flat plate Af t er wer d 6 s
hot wire techniquevas used in multiple tests to analyze spatial and temporal uniformityf the

Purdue Experimental Turbine Aerothermal Lab rig

1.2.1 Developnent of Hot Wire Anemometry System

After selecting the hot wiranemometry as ourripciple method to get the characterization, a
suitable data acquisition procedure is needed for the successful employment of the sensor.
Development of this data acquisitipmocedure was furaentally based on using the already
existing sensors in expenental lab, which includes temperature sensors, pressure sensors. For the
operation of the hetire sensor, total pressure sensors, static pressure sdotarteemperature

sensors were used develop the technique.

t



Hot wire calibratbn is done beforevery experiment. In this process we tiseavailablepressure

and temperaturgensors to calculate tfiew velocity and match it with the Hot wire sensor using
proper calilbation process. Thealibration process was done in the lineand tunnel. For th
calibration processwe will be using the CTA module, total pressure sensors, static pressure
sensors, total temperatwensors. During the calibration we will choose &talata points tairid

out the calibration. During the calibia process minordjustments 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 igften a need for custom instrumentation guadts. Such compemts are
generally contracted out to companies for manufacture. This process consumes significant amount
of time and research funding. To resolve this problem, we came lugheiinhouse manaé€turing

as our solutioninhouse manufacturg provides us wit the benefit of low cost of operation and

less time in manufacturingror this, various modern manufacturing techniques were investigated

to better understand the manufastgmprocessUsingthese techniques, we built needed hardware

for the experiment.

1.2.3 Characterization of the Flow Velocity

Once thehot wire is calibrated, it can be used in various experimental campaguse in any
experimental campaign, we need to itidtat wire, alongwith its CTA module, pressure sensors
and emperature sensor@nce the data is collected through data acquisition system, we post
process the data to get various turbulent properties. We calculate velocity of theiflaence

intensty, length scaleand uncertainty to achieve the goals ofékperimental campgn.

1.3 Structure

This dissertation is divided into four chapters. Chaptés &n overview on the objectives and
methodology of this work.

In Chapter 2the hot wire anemometrgnd its advantagesver a competitive technique, Laser
Doppler Anemometers descrbed In this chapter previous works on the topic of hot wire

anemometryaresummarize. This chapter further explains the experimental equipment and setup



that has been uséar this work. Thischapter also illustrates the hot wire calibratand hot wire

post process.

In Chapter 3nultiple inhouse modern manufacturing techniques that were used in the development
of the lab. It also gives a perspective on how these metheddbkr to help inhe progress of the
research and why theyeaso important to werstand.

In Chapter 4the experimental results that have been carried out with the hot wire. This chapter
gives details about the pressure data, temperature data, hotaverdtglso showthe hot wire
calibration results ahhot wire post process rduthat will help in characterizing the Purdue
Experimental Turbine Aerothermal Lab rig.

Chapters concludes with the findings of this work.



2. HOT WIRE ANEMOMETRY AND EXPERIMENTAL SETUP

2.1 Reviewof hot wire anemometryand experimental setup
2.1.1 Hot Wire Anemomery

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 floMofS]Vire Anemometry
(HWA) is ameasurementthniqueused to characterize the flow
According to H. HBruun [4] Hot wire anemometry has following advantages over its competitor
techniques, Laser Doppler Anemometers (LDA):
I Cost: HWA systems are relativelyedper
. Frequency rgzonse: HWA havéigher frequency response than LDA
iii. Size: Hot wre sensors are relatively in smaller size
iv. Velocity measurement: Although both systems haarg wide range of velocity
measurement, HWA has advantage in finding ouD,12-D, 3D flow
characteistics using dferent types of hot wires
V. Two phase flow: HWAsystem performance exceptionally well compared to LDA
system in two phase flows
Vi. Operation: HWA system is relatively easy operate, calibrate and analyze
Vil. Spdial characterizatin: Using multiplehot wire sensorge can easily analyze the
spatial characterigts of the flow
In the review by L. M. Fingerson [5] mention tH4¥WA techniqueslates back 1817. Since then
this technique came falot of new work has been added and ibleed to the currerstate. The
current work in HWA started witlking [6], when hepublished his work on Convective heat
transfer over small cylinders. In his work he proposeddlewing power law Equation(2.1)
o 6 687 P
Researchers after him further improved on his work, and one abtieeable contributiongas
done by Collis and Williamg7] who used the temperatul@ading to further improve the relation.
TheNusselt cerelation proposetly Collis and Williamg7] is presented ikquation(2.2), where
N is Nusselt number, &i s Reynol da s film temgeeture, TiE free stream

temperature, A and B are constants



In this expression valuesAfBand n depends
exists.Collis and Williams havealidated the findings at lowReynolds numbemwith the Ossen

method

upon

t he

cE

Retyeeto |l d 0 s

This is method wasnplementedoy T. Yasa et al1] who includedthe Collis andVilliams co
relation to the calibration of the hatire. This relped inremovingthetemperatureariation of the
hot wire calibrationas shown irFigure 2.1.Resultsof temperature correcticare shownn Figure

2.2. The modified Kingss proposed guationused byCollis andWilliams is shown in Equation

2.3.
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Figure2.2 Calibration results including Collis and Williams correct{®&imgurereproduced with
permissiorof publishey [1].

In this work we are going to uskework of T. Yasaet al [1] as our base tlurther 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 anem@@T&i¢ and constant current
anemometer (CCA)For this work we haw 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 wii# be dependent on the type of
anemometerin CTA the temperature of the hot wisekeptconstant whilen CCA thecurrent n

the hot wireis kept constantNowadaysCTA modules are sl more thatt CA modules because

of its eag ofapplicationandhigh signal to noise it&o.

According to H.H. Bruun [6], researchers started to realize the advantages of the constant
temperature anemometer in 19404 the reliable devices were not available until 1960s. Figure

2.3 shows theeircuit used inthe ConstantTemperature Anemonmert
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Figure2.3 Constant Temperature Anemomef€i A) circuit [8].

As shown in the abovEigure 23, the base of the electrical circuit is made up of welbwn

Wheatstone bridge. As tliew conditionchanges, the voltage difference {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, whidiagtie Wheattone
bridge. When you feed this current to the
original value Keepng the resistance of the wire constant also &¢bptemperaturef hot wire
at constant.
Moderncommercially avaable constant temperatis@anemometer contains maaptions:

I. Filter with different bands

il. 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 deviceconfiguraton allows it to be used in different applications and flow

conditions. Itallowedusers to condition their systemstheir need.

br



2.1.2 Experimental Setup

For this work all the experiments and calibration were dotieeithe Purdue experimental turbine
aerothemal lab rigsituated at Zucrow laboratori@gich is apartof Purdue UniversityDesign
of the lab is shown ifigure 24.

fast [o
S = 2
valvel= ol 3 5
[ 0 -— ;) o
nw ENl= =2
purge = all S S
[~ ) valve 2 Sll< o
= 300 K c = =
m =23kg/s = vacuum tank
u(g - - 112X (283 m3)
%g ical 10 mbar
23 Cri |ca.
- Venturi > B o
7} . . % g
£ air heater o 3 So o
cEflESls 2
fast |2 Sffc “Y <
c © 0]
valve | @
1090 K
Mpmax = 4KQ/s

Figure2.4 Design of thdest cell(Figurereproduced witlpermissiorof publister) [9].

For this work we have used the ling@st sectionThis facility is equipped witla tankthatstores

air at ambient temperature aniccan bepressurizd up to 150 bar. It also equipped with the ai
heater which provides heated air which thenspaghrough the mixer and can provideimia
pressure range of 0.5 bar to 6 bar and temperangerof 270K to 700K in the test section. This

helps in attairavery large range of Reynolds number and velegiin the test section.



Massflow Limit Mk Lim'ﬁl

Atmospheric
exhaust -

Vacuum
operation

Figure2.5 a) Linear test section l)mension of linear test sectioh @osssectional view of
linear test sectioandd) operating limits(Figurereproduced witlpermissiorof publisher) [9].

In Figure 25 the linear testectionis shownEach separated pasthold together by bolts and they

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

In theFigure 26 the oveall assembly of the test secti@shown.
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Data conditioning system

Linear test section

CTA module

S
-'l-l‘nlnnm\w

3 ! Oscilloscope

Lehh

Power supply

Figure2.6 Overall view of theexperimental setup #@st cell b)inear wind tunnel test section
andc) CTA modulesetup

Figure 26 shows the overall view of the experimdrgatup.The eperiment was carried out in
the linearwind tunnel as shown in théigure 26 b). To start theexperimentwe kept the CTA
module, oscilloscope and main DC power supply on the opticaldaldeown irFigure 26 c). A
cable of 5mis connedhg the CTA module to the Hatire probeholder A sctematic of the hot

wire probeused in the experiments is shown in Eigure 27.

Thin wire l ’471 o T

1.27 mm length 5 J4

6.3 um Dia. 7.9 mm ‘L AL
A 3.2 mm Dia. 4.9 mm Dia.

Figure2.7 Hot wire schematicgFigurereproduced by permission of manufactyifed].
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P, Sensor

Total temperature
sensors

Hot wire probe

Figure2.8 Sensor assembly ovarflat plate

The ot wire probe idield 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 sssbown irFigure 28.
We have calibrated the hot wire in the flat plate test article as shogure 28. We chosehe
flat plate to calibrate because of theearity we can achieve in thast sectionThe nore stable
the datathe better will be the accuracy of the calibration pracess
Thepre-operation procedure for the heire:
I. Measure the Hot wire resistance
il. Apply over heat ratigOHR) of 1.3
iii. Put the DC offset and gain for the hot&ds shown irFigure 29 b)
iv. Check the pulse responas shown irFigure 29 a)

V. Select the frequency response
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EVSIGHT  nfinliVision DSOX2014A  tignul Seorage Ossiiosssps 1960 Wi 4 e s

Figure2.9 Oscilloscope used for ahecking the pulse responardb) setting up the DC offset
and gain.

Value for the DC tiset is decided by the data acquisition system limit. The range of the voltage it
can read is from10V to 10V.The hot wire voltage decreases with increase in velocity therefore
the DC offset is set beten 9.5V to 9.75V. Toes that we need to make sure that hot wire is
experiencing the zero velocity during gypeation procedureGain of the hot wire is decided
based on the operational limitdncethe quins areset,they can betesedto verify whetherthey

are in the samkmits or not. If not then, we can adjust them to match the requirements. There is
another inportant 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 operationadenibis not subjedo oscillations, because
oscillations destrothe CTA moduleThe oscillations are adjusted using the damping amdd

coil situated on th&€TA module.Figure 2.D shows what is dessd and what is not desirable.
Figure 29 a) shows the actual responestéd during the procedure.
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Tura the Tuning coil C.W.

A/“

b= okd| | Oscillations::
not desirable

TURN
DAMPING
CW.

e

Safe operation:
Desirable

Figure2.10 Pulse response [10].

Once the pulse response is checked we select the cut off frequerteiesafids for our operation.
Now we check the data connection for amggular signals. Once that is checked the hot wire is
ready for calibation and experiments.

2.2 Hot wire calibration procedure and post process
2.2.1 Review ofHot Wire Calibration

Herethe calibration process of the hot wisadiscussedDuring the calibratioexperiment we use
multiple sensor to measure the flow data. The setisatare usedor calibration are total pressure
sensor, static pressure sensor, total temperaemsor, hot wire sensor and constant temperature

anemomete(CTA) module The processf the calibration is represented in figure 2.11.
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Eq. (2.3)
Eq. (2.4)

Measured Hot Wire voltage

E

Eq.
(2.10

Mach number
Ml

wire

Y

Eq. (2.5)

Eq. (2.6)

Mach number

Error < 10

Eq. (2.13)
Eq. (2.14)

V¥, E*

Curve
Fitting

B, n

Figure 2.11 Ovenview of the Hot Wire Calibratian



15

As shown inthe Figure 2.1 we can see that there are total five quantities we are measuring total
pressure Po), static pressureP§), total temperaturer), initial hot wire resistanceRp), hot wire
voltage E). To calculate the velocity and temperature of the flow we are going to use iterative
process to minimize the errdrhe iterative process stawith initial assumption of JJin ourcase
we are statingvith

YooY C®
Now we calculate the ratio of specific heals) which is static temperature dependent property.
Using the compressible flopropertiesthe Mach numberN|,) is calculatedby usingin Equation
(24).

C 0
- -— 8
R °
The static temperatuis re-estimatedising theEquation(2.5).
. Y
Y F cd
pv

The value of the specific ratio)(with new static temperaturé@d is reestimatedMach number

(M) is calculatedusingEquation(2.6).

B C
P

Now we defire anError as shown ifEquation(2.7). Weiterate the above process until we get an

C-ll (2]

C#®

error less than 19

o

ol &2 &
0
Oncethe iterationends,we get velocity of the flom(V) and temperature of ga3gky using
Equation(2.8) andEquation 2.9).
y y ca

w 0 1YW &N
Initial hot wire resistanceRy) is calculated using the inbuilt voltmeter inside CTAdule with

least count of 0.01 V. Temperagucoefficient of resistivity((p=0.000K?) was provided by the
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manufacturer with uncertainty of 0.00005" KWith the help of known temperature coefficient of
resistivity and Over Heat Rati®HR), we can calcula the hot wirdemperatureTwire) Usingthe
Equation(2.10). Film propetiesare ewaluatedsuch as film temperatur&i{m) and density of the
film (}) usingEquation(2.11) andEquation 2.12).

. . UVOYp
Y Y —— cp T
vy Y Y %
c P p
” 0 @
v P C

Now we calculatehe equivalent velocity\() and equivalent voltagé() usingEquation(2.13)
andEquation(2.14) [1]. We also need to keep in mind tloatr equivalent voltage at velocity is
zero if not we can shift thevhole plotin a way it will give us zero equivalent voltage at zero
velocity. This helps in reducing unknown constants, making the calibration more stable

®w w8 R ¢Ho
, , 0 "O8Y Y 8
g 08 ~ ~ 8 ~ P T

Once we get th equivalent voltage=) and guivalert velocity (V'), we will fit the data points
aroundthe Equation(2.15).

g 68w ¢P U
This helps in obtaining the unknow constai@8andé . Wi t h lrdtion of thehat wirec a | |

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 turbulencsitgtefithe flow. In
this workhot wire is gong to be used to find following properties of the flowtle inlet of the
linear wind unnel shown Figur@.6 b) anl Figure 2.8
I. velocity

il turbulence intensity
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iii. turbulence length scale
The process to find out these quantitiesejgresentedh Figure 212. This processs referenced

from thepost process methodologyoposed by T. Yasa and G. Paniagua [1].

Figure2.12 Postprocessmethodology.























































































