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ANUMERICAL INVESTIGATION OF TOTAL TEMPERATURE PROBES
MEASUREMENT PERFORMANCE

SUMMARY

In almost every industrial application, the temperature is measured for development
and condition monitoring purposes. The accuracy of these measurements is crucial to
avoid misunderstandings about the current condition and misguidance in the
development phase. The most practical mean of temperature measurement in industrial
applications is using a thermocouple. Thermocouples are very flexible structures so
they can be applied in many different regions for solid and fluid temperature
measurements. It is also possible to design measurement probe geometries using
thermocouples as sensing elements.

In machines involving high-speed gas flow, the kinetic energy of fluid can’t be
neglected in energy interaction calculations so flow must be adiabatically stagnated
before temperature measurement. The temperature a flowing fluid gains because of
adiabatic stagnation is called stagnation or total temperature.

A stationary probe geometry measures the total temperature of flow but there may be
deviations in the temperature of the sensing point due to the flow physics. These
deviations lead to errors in measurement. These errors are classified as recovery error,
conduction error and radiation error. Recovery error originated from the non-adiabatic
stagnation of flow on the surface of the thermocouple (TC) junction. Recovery error
is characterized by a parameter called recovery factor which shows the degree of
dynamic temperature recovery on the measurement. Conduction and radiation errors
arise due to solid boundary conditions which are different from the flow total
temperature around the probe. These different temperature zones cause heat
interaction via conduction and radiation heat transfer modes between the TC junction
and surroundings giving rise to deviations in measurement. Special probe designs are
used to prevent these errors.

Inthis study, an experimental case was selected from the literature to create a conjugate
heat transfer (CHT) methodology. This CHT methodology served to investigate flow
physics around and inside total temperature probes and the nature of heat interaction
between flow and probe geometry. This experimental case contains a total temperature
probe calibration setup which investigates the measurement performance of probe
geometry under different Mach number flows. In the simulations, the measurement
probe geometry was modelled and exposed to the flow at the same speed as the test
conditions. The main observed parameter during simulations was TC junction
temperature which determines the performance of the total temperature probe. The
results of simulations were observed to be in harmony with experimental data. Then,
flow structures around and inside the total temperature probe were investigated in
detail using the outputs of simulations. The main aim of total temperature probe
geometry is to decrease flow velocity inside the shield to decrease thermal conduction
in the boundary layer. In simulations, this aim was observed to be accomplished. The
flow velocity vectors were investigated to understand the nature of flow around and
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inside the total temperature probe. No flow separation was observed on the shield inlet.
On the outer surface of the probe shield, a flow separation occurred as expected due
to the sharp corner. The flow reattached before reaching the bleed holes and the
separation region didn’t cause any further limitation on the mass flow rate inside of
the shield.

Secondly, a parametric study was carried out to investigate the effect of different probe
design parameters and flow conditions on measurement performance. Simulations
were done for varying flow angles between 0-30 deg. It was observed that up to 20
degrees flow angle, the measured temperature doesn’t deviate from the measured total
temperature at the 0-degree flow angle. Probes having a conical shield tip have better
performance for greater flow angles, so such geometry is advised if flow angle
uncertainty is much. The ratio between the shield inlet area and the total area of bleed
holes determines the flow velocity inside the shield and owns a great effect on the
recovery factor. As this ratio is increased, the recovery factor is in a trend of increase
but after a certain value, its effect is negligible.

In the last part of the parametric study, the effects of flow parameters of temperature
and pressure were studied. The effect of temperature was observed to be in correlation
with the Prandtl number. An increase in temperature causes a greater recovery factor
until reaching the local maximum of the Prandtl number. Then, the relation between
temperature and recovery factor becomes inversely proportional. The effect of
pressure is more dominant on the recovery factor because the effect of pressure on
Reynolds number of flow has a greater order of magnitude than temperature. A higher
Reynolds number means a thinner boundary layer and a greater recovery factor so the
recovery factor increases with increasing pressure.

Finally, conduction and radiation errors were thermally modelled using basic heat
transfer theory. To model these phenomena, the heat transfer coefficient inside the
shield had to be formulated in the first place. For the inside of the shield, annular pipe
correlation was used, and flow velocity was defined as a function of freestream flow
conditions and corrected using the results of CHT simulations. For the outside of the
shield, flat plate correlation was applied. To model conduction error, the TC wire was
modelled as a one-dimensional fin with a boundary condition defined in the TC wire
mount region. TC junction temperatures were investigated for varying TC wire mount
temperatures. It was observed that TC junction temperature may deviate considerably
so area ratio must be carefully controlled to avoid conduction error.

To model radiation error, the TC wire is modelled as a body enclosed by the shield.
The shield is also enclosed by a duct wall whose temperature is different from the flow
total temperature. Application of shield is observed to be a very effective precaution
asthe errors are less than %1,5 even in the very low-speed application of AR-4 but for
a total temperature of 1000 K measured temperature deviated more than 10 K for AR-
4 case so AR must be controlled carefully considering flow speeds at the measurement
location to avoid radiation error.

To sum up, the fundamentals of temperature measurement in high-speed and
temperature environments were explained. A CHT methodology was constructed to
investigate flow structures inside and around of total temperature probe geometry. The
effects of probe design parameters and flow conditions were studied. Lastly, thermal
models were generated to investigate the conduction and radiation error mechanisms.
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TOPLAM SICAKLIK PROBLARININ OLCUM PERFORMANSININ
SAYISAL BiR INCELEMESI

OZET

Hemen hemen her endiistriyel uygulamada, kat1 ve akiskan sicakliklari, gelistirme ve
durum izleme amagclari i¢in Slgiiliir. Bu 6l¢iimlerin dogrulugu, mevcut durumla ilgili
yanlis anlamalar1 ve gelistirme asamasindaki olasi yanlis yonlendirmeleri dnlemek
adina Onem arz etmektedir. Endiistriyel uygulamalarda sicaklik 6l¢iimiiniin en pratik
yolu, pasif bir eleman olan ve 6l¢iilen sicaklikla bagintili bir gerilim degeri iireten
termokupllart kullanmaktir. Termokupllar oldukca esnek yapilardir. Bu nedenle kati
ve akigkan sicaklik 6l¢limleri i¢in pek ¢ok farkli bolgede uygulanabilirler. Algilama
elemanlar1 olarak termokupllar kullanilarak 6lglim probu geometrileri tasarlamak da
mumkdnddr.

Yiiksek hizli gaz akist iceren makinelerde, enerji etkilesimi hesaplamalarinda
akiskanin kinetik enerjisi ihmal edilemez. Bu nedenle sicaklik 6l¢limiinden 6nce akigin
adyabatik olarak duraganlastirilmasi gerekir. Hareket halindeki bir akiskanin
adyabatik duraganlasma sonucu kazandig1 sicakliga durgunluk sicakligi veya toplam
sicaklik denir. Sabit bir 6l¢iim probu ile yalmzca, bir gaz akisinin toplam sicaklig
Olciilebilir, ¢linkii prob tasarimindan bagimsiz olarak akis her zaman 6l¢iim noktasi
Uzerinde bir dereceye kadar duraganlasacaktir. Bir l¢iim probunun statik sicaklig
Olcebilmesi icin akisla ayni hizda hareket etmesi gerekmektedir.

Sabit bir prob, akisin toplam sicakligini1 6lgmektedir ancak akis fiziginden dolay1 prob
icerisindeki algilama elemaninin eristigi sicakligin, akisin toplam sicakligindan sapma
ihtimali vardir. Bu sapma 0Ol¢iim hatasina yol agmaktadir. Bu hatalar, geri kazanim
hatasi, iletim hatasi ve radyasyon hatasi olarak siniflandirilmaktadir. Geri kazanim
hatasi, termokupl (TC) baglant1 noktasinin yiizeyinde akisin adyabatik olmayan halde
duraganlagsmasindan kaynaklanmaktadir. TC baglanti noktasi, bir termokuplun 6l¢iim
noktasidir ve termokupl TC baglant1 noktasinin ulastigi sicakligi 6l¢lim degeri olarak
cikti vermektedir. Geri kazanim hatasi, 6l¢limde dinamik sicaklik geri kazaniminin
derecesini gosteren ve geri kazanim faktorii ad1 verilen bir parametre ile karakterize
edilmektedir. Iletim ve radyasyon hatalar1, prob gevresinde akis toplam sicakligindan
farkli sicaklik degerlerine sahip kati bolgeler olmasi halinde ortaya ¢ikmaktadir. Bu
farkli sicaklik bolgeleri TC baglant1 noktasi ile, iletim ve radyasyon 1s1 transferi
mekanizmalari yoluyla enerji etkilesimi gergeklestirir. Bu 1s1 akisi sonucu 6lglimde
hatalar meydana gelebilir. Bu hatalarin 6niine gegmek igin 6zel prob tasarimlar
kullanilmaktadir. Literatlirde 6nerilmis olan prob tasarimlari, degisken akis kosullar
altinda deneysel olarak kalibre edilmistir. Bu kalibrasyon ¢alismalarinda problarin
farkli akis kosullar1 altinda geri kazamm faktorii degerleri belirlenmistir. Iletim ve
radyasyon hatalarin1 6nlemek adina, prob geometrileri bu amaca hizmet edecek halde
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tasarlanmustir. Bu hata kaynaklarmin etkilerini belirleyebilmek adina ise korelasyonlar
onerilmistir.

Bu c¢alismada, toplam sicaklik problarinin etrafindaki ve i¢indeki akis fizigini ve akis
ile prob geometrisi arasindaki 1s1 etkilesiminin dogasini arastirmak {lizere bir eslenik
1s1 transferi (CHT) metodolojisi olusturulmustur. Olusturulan CHT metodolojisini
valide etmek icin literatiirden deneysel bir calisma belirlenmistir. Bu deneysel ¢alisma,
farkli Mach sayilarinda hizlara sahip akisa maruz birakilmis prob geometrilerinin
Ol¢iim performansini arastiran bir toplam sicaklik probu kalibrasyon test diizenegini
icermektedir. Simulasyonlarda 6l¢iim prob geometrisi modellenmis ve test kosullar1
ile ayn1 hizda akisa maruz birakilmistir. Simiilasyonlar sirasinda gézlemlenen ana
parametre, toplam sicaklik probunun performansini belirleyen TC baglant1 noktasi
sicakligidir. Simiilasyon sonuglarinin deneysel verilerle uyum iginde oldugu
gbzlemlenmistir. Daha sonra simiilasyon ¢iktilar1 kullanilarak toplam sicaklik
probunun etrafindaki ve igindeki akis yapilar1 detayl olarak incelenmistir.

Toplam sicaklik probu geometrisinin ana amaci, sinir tabaka igerisindeki termal iletimi
azaltmak adina prob kalkaninin igindeki akis hizin1 diistirmektir. Simiilasyonlarda bu
amaca ulasildig1 goriilmiistiir. Simiilasyon sonuglar1 {izerinden adyabatik olmayan
duraganlagsmanin sebebi arastirilmistir. TC baglant1 noktasinin etrafinda olusan sinir
tabakada, statik sicakliktaki gradyanlara yol agan hiz gradyanlar1 meydana
gelmektedir. Statik sicaklik gradyami nedeniyle akiskan enerjisinin bir kismu TC
baglant1 noktasi ylizeyinden serbest akisa iletilir. Boylece; sinir tabakanin TC baglanti
noktasi lizerinde konumlanan ilk katmaninda, akis hiz1 sifir olmasina ragmen serbest
akis toplam sicakligina ulasilamaz. Bu durum, viskoz etkilerin ve termal iletkenligin
bir sonucudur. Toplam sicaklik probunun etrafindaki ve i¢indeki akisin dogasini
anlamak icin akis hiz1 vektorleri incelenmistir. Kalkan girig bolgesinde akim ayrilmasi
gozlemlenmemistir. Prob kalkaninin dis yiizeyinde bulunan keskin kose nedeniyle,
beklendigi gibi bir akim ayrilmas1 meydana gelmistir. Bu akim ayrilmasinin sizdirma
deliklerine ulasmadan 6nce tekrar kalkan yiizeyiyle birlestigi ve ayrilma bolgesinin,
kalkanin i¢inden gegen kiitlesel hava debisi lizerinde bir sinirlamaya neden olmadig:
g6zlemlenmistir.

Ikincil olarak, farkli prob tasarim parametrelerinin ve akis kosullarimn &lgiim
performansi lizerindeki etkisini arastirmak ig¢in bir parametrik ¢alisma
gergeklestirilmistir. 0-30 derece arasinda degisen akis acilart i¢in simiilasyonlar
yapilmistir. 20 dereceye kadar Olgiilen sicakligin 0 derece kosulundaki dlglimden
sapmadig1 goriilmiistiir. Konik bir kalkan ucuna sahip olan problarin daha biiyiik akis
acilar1 i¢in daha 1yi performansa sahip oldugu gozlemlenmistir. Bu nedenle akis acisi
belirsizliginin yuksek oldugu durumlarda bu tip bir geometri dnerilmektedir. Kalkan
giris alani ile bosaltma deliklerinin toplam alani arasindaki oran, kalkan i¢indeki akis
hizin1 belirler ve geri kazamim faktorii tizerinde biiytik bir etkiye sahiptir. Bu oran
arttik¢a geri kazamim faktorli artma egiliminde olmakla birlikte, bir degerden sonra
etkisi ihmal edilebilir diizeydedir. Geri kazanim faktoriinii artirmak igin akis hizinin
diisiirtilmesi her durumda faydali olmayabilir ¢iinkii daha diisiik hiz, daha diisiik 1s1
transfer katsayis1 (HTC) anlamina gelir. Eger probun bulundugu ortamda iletim ve
radyasyon hatalarina sebep olacak farkli kati sicaklik bolgeleri mevcutsa bu hata
kaynaklari, akisin 1s1 transfer katsayisinin diisiik olmasi durumunda daha baskin hale
gelir. Bu nedenle, 6l¢iim yapilan kosullar dikkate alinarak alan orani dikkatle kontrol
edilmelidir.
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Parametrik ¢alismanin son boliimiinde ise akis parametreleri olan sicaklik ve basincin
etkileri incelenmistir. Sicakligin etkisinin Prandtl sayist ile korele oldugu
gOzlemlenmistir. Prandtl sayis1 arttik¢a akis termal olarak daha az difiizif hale geldigi
icin duvardaki ilk katmanin sicakligi akis toplam sicakligina yaklagmaktadir. Belirli
bir sicaklik degerinde Prandtl sayist yerel bir maksimuma ulasir ve azalmaya baglar.
Bu nedenle, geri kazamim faktorii tlizerindeki sicaklik etkisi dogrusal degildir.
Sicakliktaki artig, Prandtl sayis1 yerel maksimum degerine ulasana kadar geri kazanim
faktoriinde artisa neden olur. Prandtl sayisinin yerel maksimum degerinden sonraysa,
sicaklik ile geri kazanim faktorii arasindaki iligki ters orantili hale gelir. Basincin etkisi
geri kazanim faktorii iizerinde daha baskindir, ¢iinkii basincin akis Reynolds sayisi
tizerindeki etkisi sicakliktan daha biiyiik bir mertebeye sahiptir. Daha yliksek
Reynolds sayisi, daha ince bir sinir tabaka ve daha biiyiik geri kazanim faktoriine sebep
vermektedir. Bu nedenle akiskan basincindaki artigin, geri kazanim faktoriind
yiikselttigi gdzlemlenmistir.

Son olarak; iletim ve radyasyon hatalari, temel 1s1 transferi teorisi kullanilarak termal
olarak modellenmistir. Bu fenomenleri modellemek i¢in, ilk etapta prob kalkani
icerisindeki akisin 1s1 transfer katsayisinin formiile edilmesi gerekmektedir. Kalkanin
i¢i i¢in halkasal boru korelasyonu kullanilmistir. Akis hizi serbest akis kosullarinin bir
fonksiyonu olarak tanimlanmis ve CHT simiilasyonlarinin sonuglar1 kullanilarak
diizeltilmistir. Kalkamin dis1 iginse diiz plaka korelasyonu uygulanmistir. iletim
hatasini modellemek i¢in, TC teli tek boyutlu bir fin olarak modellenmistir. TC telinin
proba baglandig1 noktada bir kati sicaklik sinir kosulu tanimlanmistir. TC baglanti
noktasi sicakliklari, TC telinin proba baglandigi noktanin degisken sicakliklari i¢in
incelenmistir. TC baglant:1 sicakliginin 6nemli 6l¢iide degisebilecegi gézlemlenmistir.
Bu nedenle iletim hatasini 6nlemek ig¢in alan oraninin dikkatli bir sekilde kontrol
edilmesi gerekmektedir.

Radyasyon hatasini modellemek i¢in TC teli, kalkanla ¢evrelenmis bir govde olarak
modellenmistir. Kalkan sicaklig1 akis toplam sicakligindan farkli bir degere sahip olan
duvar tarafindan gevrelenmektedir. Alan oraninin 4 oldugu ¢ok diisiik bir hiz
durumunda bile hatanin %1,5'ten daha az oldugu gozlemlendigi icin kalkan
uygulamasinin etkili bir 6nlem oldugu sonucuna varilmistir. Ancak 1000 K toplam
sicaklik degeriicin alan oraninin 4 oldugu kosul altinda dlgiilen sicaklik 10 K'den fazla
saptig1 icin ylksek sicakliklarda radyasyon hatasinin dikkate alinmasi gerektigi
gbzlemlenmistir. Radyasyon hatasini dnlemek i¢in akis hizlar1 gbz 6niine alinarak alan
orani dikkatli bir sekilde kontrol edilmelidir.

Ozetle, bu calisma kapsaminda yiiksek hiz ve sicaklik ortamlarinda sicaklik
Ol¢limiiniin temelleri anlatilmistir. Toplam sicaklik probu geometrisinin i¢indeki ve
cevresindeki akis yapilarini arastirmak i¢in bir CHT metodolojisi olusturulmustur.
Prob tasarim parametrelerinin ve akis kosullarinin 6lglim performansi lizerindeki
etkileri incelenmistir. Son olarak, iletim ve radyasyon hata mekanizmalarini
arastirmak i¢in termal modeller iiretilmistir.
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1. INTRODUCTION

Measuring temperature accurately is a very important requirement during the
development phase and service life of many industrial products. In aerospace vehicles,
structural materials are required to work under harsh environments with excessive
temperature values. Because of that, it is very important to accurately measure material
temperatures to examine the capability of a structure to stand the loads during
operation and to optimise the design for weight reduction. It is also essential for an
aerospace vehicle to consume a low amount of fuel to decrease the weight of the
structure and cost of operation. A machine generating thrust or power shall be
thermodynamically efficient to be able to consume a low amount of fuel. To have a
thermodynamically efficient machine, it must be aerodynamically well-designed with
low entropy production during its cycle. This aerodynamic design should be carefully
investigated with heavy instrumentation. One of the most important measurement
parameters is the total temperature of flowing gas because changes in total temperature
directly tell how much work a component has done to gas or extracted from high-

energy gas.

The measurement of temperature is usually done on two different media in industrial
applications. The first one is the measurement of metal temperatures. This is achieved
using thermocouples directly connected to the measurement surface. Error sources are
minimal in such an application. Thermocouple junction should be properly connected
to the measurement point via welding or a similar method and there must be no thermal
resistance generating element between the junction and measurement point. Secondly,
the temperature of flowing gas is measured to make performance calculations. On the
flow field, flow velocity may even reach supersonic speeds in some areas. Due to such
high speeds, the kinetic energy of flow can’t be neglected. Thus, the total temperature
of the flow must be measured accurately to be able to assess the energy content of the

flow.

Specific probe geometries are used to be able to measure the total temperature of flow

accurately. When measuring temperature with a thermocouple or a similar instrument,



the indicated temperature of the measurement device is essentially the solid
temperature of a specific point which reaches thermal equilibrium under different
boundary conditions. In total temperature measurement, there are errors arising from
different heat transfer mechanisms of conduction, convection, and radiation. Probe
geometries are designed in a way which tries to minimize the effects of these error
sources and quantify them for different operating conditions. This study will
concentrate on discussing the roots of these error mechanisms using the results of
validated numerical simulations and proposing design practices to minimize
measurement error. In addition, calculation methodologies to quantify possible errors

will be proposed.

1.1 The Concept of Temperature and Its Measurement

Temperature is the measure of hotness and coldness practically and it determines the

direction of heat flow from hotter material to colder one.

To understand temperature with deeper insight, the concept of internal energy shall be
investigated in the first place. Molecular activity in the structure of matter involves the
translational motion of molecules, the rotational and vibrational motion of atoms in
polyatomic molecules and electrons rotating around the nucleus in each atom. All
these individual motions are sources of kinetic energy. The total of all molecular
Kinetic energy is defined as sensible energy. The average Kinetic energy of molecules
is proportional to temperature. Thus, temperature is a representation of the sensible

energy of a matter [1].

The internal energy of matter comprises three more components: latent energy (the
potential energy due to the binding forces between molecules), chemical energy (the
potential energy associated with atomic bonds), and nuclear energy (the potential
energy associated with bonds between particles in the nucleus). These three energy
components don’t have a direct relation with temperature and don’t change unless a

phase change, a chemical reaction or a nuclear reaction occurs [1].

To describe temperature numerically, temperature scales are defined. Phase change
points under specific pressure have a constant temperature. Thus, they are used as
references for temperature scales. Celsius and Fahrenheit scales are used in the Metric

and English systems respectively. They take the freezing point of water under 1 atm



pressure as 0 Celsius and 32 Fahrenheit, and the boiling point of water under 1 atm
pressure as 100 Celsius and 212 Fahrenheit. For scientific studies, a temperature scale
which is independent of any material had to be produced. The Kelvin Scale determines
0 Kelvin as absolute zero which means the minimum reachable temperature in the

universe. Theoretically, at 0 Kelvin whole molecular motion stops [1].

All measurements rely on a very simple fundamental idea. The physical property
which is desired to be measured shall be an input parameter to a specific property of
the material of the measuring device. When this physical parameter changes, the
observed property of the material also changes with a repeating pattern. This pattern

can be expressed as a physical formula.

For daily uses, the temperature is measured with thermometers exploiting the thermal
expansion of liquid mercury depending on temperature change. For scientific and
industrial applications, thermocouples are widely used due to their simplicity and
cheapness. There are other methods of measuring temperature such as Resistance
Temperature Detectors (RTD) which uses the change of an electrical resistance under
varying temperature, Infrared Temperature Sensors which transforms the intensity of
emitted thermal radiation from a body into its temperature and special chemicals which
changes their colour under specific temperature values. As this thesis concentrates on
temperature probes using thermocouples as measuring devices, only thermocouples

will be widely explained.

1.2 Thermocouples

Thermocouples depend on a physical principle called Seebeck Effect. If each end of
an electrical conductor wire is at different temperatures, a voltage difference also
occurs between these points generating an electromotive force (emf). The magnitude
of this electromotive force depends on the temperature difference and type of wire

material.

T;
&= f aS(T)dT (11)
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Where ¢ is electromotive force (emf), a, is Seebeck Coefficient, which is temperature

dependent and unique for each material, T;, T, are reference and measurement point

temperatures of wire respectively.

As seen in equation 1.1, generated emf doesn’t depend on temperature distribution on
wire or wire dimensions. Emf generated along a single wire can’t be measured because
if an additional wire is used to connect a voltmeter to both ends of the wire then this
wire will also generate an emf due to the temperature gradient it is exposed to. Thus,

the measured value on the voltmeter will also include the effects of the other wire [2].

A thermocouple is made of two different wires to overcome this problem. In this
configuration emf measuring wires are in the reference region. Thus, no temperature
gradient exists along these wires. The voltmeter shows the difference between emf
generated by different materials under the same temperature difference.
Thermocouples must be calibrated to define the relationship between temperature
difference and measured voltage. Figure 1.1 shows a typical thermocouple structure
in which two wires made of different materials are connected at the junction end whose
temperature is desired to be measured. At the reference temperature region, a known
temperature value is set. Voltmeter and its connecting wires which are positioned in a
region where no temperature gradient exists measure the electrical potential difference

between each thermocouple wire.

______________________
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Figure 1.1: A Typical Thermocouple Structure [2].



Generated emf is a function of temperature difference but our main aim is to measure
the exact value of temperature. Therefore, we need to know the temperature value at
the other end of the wires which is called reference temperature. An ice bath where
water exists in solid and liquid phases guarantees a 0 C temperature at 1 atm pressure
is used to create a reference temperature. In industrial applications, an electronic
circuit called cold junction compensation is used. Data Acquisition (DAQ) equipment
on the market employs different electronic circuits to carry out this task. In one
example, a temperature-sensitive resistance element is thermally integrated into a
reference junction, a reference temperature is set usually as 0 C. If the ambient
temperature deviates from the set value, a thermally generated voltage appears and

compensates for the change in reference temperature [2].

Thermocouple wires are usually isolated inside a ceramic powder to avoid the
chemical interaction of wires with the surrounding atmosphere and electrical noise.
Magnesium oxide (MgO) is generally used for this aim. Also, a metallic piping called
as sheath retains this structure to increase mechanical strength. A sectional view of a

typical thermocouple is illustrated in Figure 1.2.
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Figure 1.2: A Sectional View of a Typical Thermocouple [2].



1.3 The Concept of Total Temperature and Total Temperature Measurement

Probes

Enthalpy is a widely used concept in flow processes and is defined as the sum of

internal and flow energy.

h=ut- (1.2)
p

Where h is the enthalpy of fluid, u is the internal energy of fluid, P and p are fluid
pressure and density respectively. If the flow is low speed and potential energy is
negligible, the enthalpy of flow can be considered as the total energy of the flowing
fluid. In gas flows, the velocity of flow may increase to ranges where the kinetic energy
of bulk motion also comes into play. To show the total energy of a flowing fluid in
such cases, a new concept called total enthalpy is defined.

2

Where, h; is the total enthalpy of flow and V is flow velocity. Total enthalpy also
called stagnation enthalpy is the sum of internal energy, flow energy and Kinetic
energy of a flowing fluid. The total enthalpy of flow in a control volume doesn’t
change unless heat transfer or work interaction occurs along the boundaries of a control
volume. If the flow is stagnated adiabatically all kinetic energy of the flow is

transformed into enthalpy.

Stagnation properties define the properties of a flowing fluid at rest. Total temperature
is defined as the temperature of a flowing fluid when it stagnates adiabatically. Total
temperature is an imaginary concept to show the energy content of a fluid stream.

Under the assumption of an ideal gas.

VZ

T =T+
‘ 2C,(T)

(1.4)

Where T is the total temperature of flowing fluid and C,(T) is the isobaric-specific

heat of fluid which is a function of the temperature of fluid.



1.4 Total Temperature Measurement Probes

When a sensor is placed inside a flow field. It is stationary. Thus, the flow stagnates
on the sensor. As it was explained in Section 1.3, the total temperature is the
temperature the fluid gains under adiabatic stagnation. To be able to measure total
temperature correctly, a probe geometry must be designed to provide adiabatic

stagnation of flow on the surface of the sensing element.

Total temperature probes generally use thermocouples as sensing elements because
their flexible structure is suitable enough to create various probe geometries. The
output of the temperature probe should be routed to a reference junction with the same
type of thermocouple wires not to change Seebeck coefficients along the measurement
chain. Thermocouples after being placed inside a probe must be calibrated in static
conditions. At the same time, the components of the data acquisition system (filter,
amplifier, analogue to digital converter) must also be properly calibrated to increase

measurement accuracy [3].

Besides the thermocouple and DAQ performance, the effectiveness of a total
temperature probe geometry is crucial for measurement accuracy. The probe design is
shaped by the requirements and availabilities of the process. Total temperature probes
are divided into two main categories. The first type is bare-wire ones in which the
junction of thermocouple wire directly sees the flow and is not enclosed by a shield.
This configuration has a lower response time and is easier to construct. In high-
velocity and temperature environments, the thermocouple junction is retained by a
shield geometry which reduces the flow velocity the thermocouple junction sees and

minimizes errors due to thermal radiation.

While measuring total temperature, some error sources exist due to flow physics.

These errors are recovery error, conduction error and radiation error.

1.4.1 Recovery Error

When a fluid stream flows over a body, flow is slowed due to the no-slip condition on
the surface of the body. During this process, the kinetic energy of the flow is converted
into internal energy, resulting in a local rise in the static temperature of the flow. The
flow velocity isn’t uniform along the boundary layer (BL) (on the surface of the body

all kinetic energy is lost whereas, areas far away from the solid surface preserve a



portion of its kinetic energy). Thus, temperature non-uniformities in the BL occur
leading to thermal conduction of heat energy from hotter areas to colder ones. This
phenomenon is the source of recovery error resulting in lower temperature values on

fluid-solid interface than freestream total temperature [4].

If a thermocouple junction is taken into consideration, it is also a body immersed in a
fluid stream. Thus, on the interface between the junction surface and fluid, temperature
always becomes less than the flow total temperature. This phenomenon leads to
temperature readings less than the flow total temperature although the thermocouple
is statically calibrated and the DAQ system works with a good performance. This error
is purely aerodynamic and the only way to decrease this error is to study the geometry

of the total temperature measurement probe.

The recovery factor is defined as,

(1.5)

~3
[
!

Where T; is indicated temperature reading on the thermocouple junction, T, and T are

flow freestream total temperature and static temperature.

As seen from equation 1.5, the recovery factor is a measure of the ‘recovery’ of
dynamic temperature on the surface of a solid body. It can’t take a value greater than
1. Well-designed probes own recovery factor values of more than 0.9 for varying flow
conditions. The recovery factor is mostly a function of flow Mach number, Reynolds
number also affects boundary layer structure but is generally neglected under high-

pressure values which is usual for high-speed machine flow field.

To increase dynamic temperature recovery on thermocouple junction, probe designs
as shown in Figure 1.3 are used. In such a design, the flow enters through the
thermocouple shield and exits from the holes downstream of the thermocouple
junction. Bleed holes set the mass flow rate of gas entering the shield if the bleed holes
own a smaller sectional area, they restrict the mass flow rate passing through the shield

inlet and decrease the velocity of gas entering the shield.



Probe Body

Bleed Holes
Stagnation Tube
(Shield)

Flow Direction

TC-Wire
Mount Region TC-Wire

Figure 1.3: A Typical High Recovery Total Temperature Probe.

The recovery factor is generally characterized by a specific probe design with free jet
tests. In these tests, an atmospheric jet is conditioned to supply specific Mach number
values on the measurement probe, a test rig like the one in Figure 1.4 is used in such
applications. A plenum chamber where the flow is assumed to be stagnant is
pressurized to match the desired Mach number at the nozzle outlet. No temperature
conditioning is applied because only the effect of Mach number is investigated in such

a study.

:
;|

7 bar pressure line
fast sensor

Figure 1.4: VKI Probe Calibration Setup [4].



1.4.2 Conduction Error

As seen in Figure 1.3, the air stream flows around the TC wire and junction after
entering the shield and the thermocouple wire is mounted to the probe support. If probe
support is mounted to a region whose temperature is different from the flow total
temperature, it may affect the solid temperature TC junction leading to heat flow from
the TC junction to the wire mount resulting in a deviation between TC junction
temperature and flow total temperature. TC wire can be modelled as a one-dimensional
fin where air flows on a protruding bar. Using the heat transfer theory of fins assuming

an adiabatic tip, the following equation is derived [3].

T —T
T,—T- t M ;
cosh|L (;;ikc)z] (1.6)

Where T, T; are flow total temperature and junction temperature respectively. Ty is

the solid temperature where the thermocouple wire is mounted to the probe strut, L is

the length of the thermocouple wire, h. is the heat transfer coefficient inside the shield.
Considering equation 1.6, to decrease the conduction error;

T; — Ty, may be reduced. This difference occurs due to the heat conduction from the
probe mount to a region where the probe is connected. The heat also interacts between
the probe strut and the airflow around it. With a certain type of insulation, heat
conduction to duct wall can be minimized but the heat interaction between flow and

probe strut is very hard to control.

L/D can be increased. This is the most practical method to decrease conduction error.
An increase in this ratio increases the dominance of convective heat transfer to the
conductive heat transfer on the TC wire leading to a smaller temperature gradient
through the TC wire. Similar applications propose a value of 15 is mechanically
achievable but the designer should evaluate the conditions the probe will work to

preserve the probe [3].

h. can be increased.

Nuk
h, = !

(1.7)
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Where, h. is the heat transfer coefficient inside the shield, Nu is the Nusselt number
of flow inside the shield, kg is gas thermal conductivity and D is thermocouple wire
diameter. Flow velocity inside of shield must be increased to increase h.. As discussed
in Section 1.4.1, this increases recovery error. The designer should make a choice

evaluating the relative importance of conduction and recovery errors.

An alternative solution is heating the thermocouple base to set the T, same as the
T; using an electric coil. Although the results of this study are satisfactory, it is very

impractical to apply in the field and not accepted as a rule [5], [6].

1.4.3 Radiation Error

If there is a considerable temperature difference between the thermocouple junction
and surroundings, thermal energy is radiated outwards or inwards thermocouple
junction. Generally, a thermocouple junction is hotter than the surroundings because
the thermocouple is usually positioned in a duct where hot flow occurs and the walls
cool down due to interaction with ambient temperature or some sort of cooling
mechanism. Shield of the probe again plays a critical role to decrease this error type

blocking the direct view between the junction and surroundings.

Neglecting other heat transfer mechanisms other than convection along the
thermocouple wire and radiation of thermocouple junction to the surrounding

environment, radiation error can be expressed as;
o¢&
—_ 4 4
=T =5 (' =17 (L.8)

Where T, is surround wall surface temperature, o is Boltzmann constant, ¢ is the

emissivity of the thermocouple junction.

To decrease radiation error a multi-shield approach may be implemented. Reference
no.7 studied a five-shield-containing probe and derived the following equation to show
the effect of shield number on radiation error [7].

Yr.5 (1.9

Ypo=—o
RS ™ n+1

Where, Y ¢ radiation error with the shield, Yy p is bare-wire radiation error, and n is

number shields. The position of the thermocouple junction also can be optimized to
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create a minimum view factor with surroundings. Coating thermocouple junctions

with a low-emissivity material is a method some researchers tried either [4].

1.5 Literature Review

When the time reached the second half of the 1940s, high-speed air vehicles were
starting to fly in the skies. This phenomenon was also the beginning of the competition
between different countries. The desire for making faster and more efficient flying
machines brought the necessity of long test campaigns in which lots of data would be
gathered with the greatest accuracy possible. To satisfy this requirement, many
researchers have studied to create accurate methods for total temperature
measurement. Their efforts were experimental, and their main goal was to standardize
a bunch of probe geometry for specific applications and create correlations to correct

possible measurement errors.

Reference no. 8 made a study on total temperature probe performance in a supersonic
environment. Shortand blunt type shields were preferred to long and thin ones because
such a type causes a detached bow shock upstream of the shield. Thus, the air sample
enters the shield at subsonic speed giving rise to thicker thermal boundary layers
around the shield and the possibility of flow separation due to shock boundary layer

interaction or adverse pressure gradients inside of the shield is lower. [8].

In Reference no. 9, an experimental campaign was conducted to determine time
constants and Nusselt numbers of bare-wire thermocouple probes under high velocity
and temperature conditions. They derived Nusselt number correlations for different
probe configurations and methods to calculate conduction and radiation errors. But the

correction methodologies are too complex for the data reduction process [9].

Reference no. 10 concentrated on determining recovery and time constant
characteristics for different probe designs in subsonic and supersonic regimes. Three
shielded and three unshielded probes were tested. Bare wire ones have lower time
constants as expected. In the shielded ones, the effect of Mach number and flow angle
on the recovery factor was observed to be negligible. An important observation of this
study is that for supersonic cases thermocouple junctions should be positioned

downstream of shock waves to avoid large recovery errors [10].
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Reference no. 11 carried out a study to investigate response characteristics of
thermocouples for jet engine control. They made an experimental study on a test rig
which can supply continuous flow up to 1300 K. It was observed that time response is
a strong function of mass flow rate inside of shield because the convective heat transfer

is dominant in rapid heating and cooling periods [11].

Reference no. 12 made an experimental determination of recovery and radiation
characteristics for several bare-wire and shielded temperature probe designs to

standardize some probe geometries to avoid calibration costs [12].

These experimental efforts created a guideline for temperature measurement in high-
speed and high-temperature flows. Some studies were also conducted to solve specific
problems both experimentally and analytically. Reference no.13 using all existing
experimental backgrounds derived some correlations for Nusselt numbers on
thermocouples in different configurations [13]. Reference no.3 prepared an extensive
document to point out critical points in gas path measurements of a jet engine. In this
document, instrumentation determination and positioning, aerodynamic probe designs
and necessary data acquisition systems were discussed [3]. Reference no.5 conducted
a study to evaluate the performance of thermocouple probes to be used at short-
duration facilities where unsteady measurement errors are also not negligible. The
probe designs were tested in a hot jet apparatus to evaluate the steady and dynamic
responses of sensors. Recovery factors of different probes for a varying Mach number

range were acquired experimentally [5].

After the emergence of fluid flow simulation methods and their widespread usage in
industry and academia paved the way for a more detailed investigation of flow
characteristics in and around the probes. Reference no.14 conducted CHT simulations
for a rake-type shielded temperature probe under varying Reynolds and Mach numbers
to investigate flow structures and parametric dependencies of error sources [14].
Reference no.15 has written a graduate thesis about total temperature probe
computational modelling. In this study, the CHT approach was validated with
experimental data and flow structures were investigated. A new probe geometry
aiming to reduce conduction error was also discussed [15]. Reference no.4 studied the
thermal performance of total temperature probes using CHT and correlated heat
transfer coefficients as a function of Reynolds and Stanton numbers which depend on

the geometric characteristics of the probe [4]. Reference no.16 conducted a
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comprehensive study using CHT. In their study, they modelled a temperature probe
mounted in an exhaust duct. All heat transfer modes are active in their simulations.
Although the CHT methodology and comparisons with analytical calculation seem
consistent, CHT results weren’t experimentally validated and the models are

applicable for simple flow cases unlike the one in a jet engine [16].

1.6 Purpose of Study

In this study, the importance of accurate temperature measurement on industrial
products was stated. Secondly, possible error sources while measuring the total
temperature of flow in a high velocity and temperature environment were described.
A conjugate heat transfer (CHT) methodology will be constructed to analyse flow
structures inside and around the total temperature probe flow field. To validate
constructed CHT methodology, the results of an experimental campaign which was
made to characterize certain probe designs in terms of possible measurement errors
will be compared with the results of CHT simulations. CHT simulations will be carried
out in a domain where no radiation or conduction error exists. Thus, deviations in
probe measurement are purely recovery errors. After an investigation of simulation
results, the effects of different probe design parameters and flow conditions on
measurement accuracy will be discussed. Finally, calculation methodologies will be
constructed to evaluate the effects of different error mechanisms using the outputs of
simulations. The main aim of this study is to create a guideline for any experimentalist
to design optimum total temperature probes for high velocity, high temperature and

harsh environments.
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2. VALIDATION STUDY

A Conjugate Heat Transfer (CHT) analysis methodology will be constructed in the
context of this study. To validate the CHT methodology, experimental data from [12]
will be used. Lewis Research Center conducted a study to standardize thermocouple
probe designs in 1978. This study aims to avoid the calibration cost for each probe
used in different experimental campaigns. This study is an extension of previous work
by the same institute [17]. Thisreportis selected as a validation case because its more
up-to-date the test data representation is clearer. In this report, recovery correction
tests were performed for ten different probe geometries, including both shielded and
unshielded cases. Probe number 8 is selected as the validation case because its
geometric details are more suitable to mount in high-speed and temperature
environments. Geometric details of the modelled probe can be seen in Figure 2.1 The
thermocouple probe comprises a type-K wire in a swaged construction with stainless
steel sheath and shield [12].
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Figure 2.1: The Selected Probe Geometry for CHT Simulations [12].
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The test apparatus which is designed to execute recovery correction tests consists of a
plenum chamber upstream of a temperature probe, a flow nozzle accelerating flow to
reach test Mach numbers, upstream and downstream control valves regulating the
plenum chamber pressure and air mass flow rate passing through. With this
configuration, the flow nozzle outlet Mach number can be controlled for a specific
plenum chamber pressure. The total temperature of the air in the plenum chamber and
the total temperature measured by the test probe which is positioned just downstream
of the nozzle exit is measured separately. Additionally, a differential circuit between
both measurements gives a direct output of temperature difference. With this method,
the accuracy of measurements can be decreased down to = 0.06 K [12]. No
conditioning on temperature is applied because the aim of these tests it to investigate

the effect of flow Mach number on recovery characteristics.
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Figure 2.2: The Schematic of Recovery Correction Test Rig [12].
2.1 Numerical Methods

Fluent code was used as the solver. 3-D continuity, momentum and energy equations
for each cell in fluid zones were solved simultaneously using the finite volume method
until reaching an acceptable solution. For the solid regions, only the energy equation
was solved. For each conservative flow variable following transport, equation 2.10 is

adapted for each cell in the fluid and solid domains [18].

dpo L - S
?dV + jg ppv.dA = jgl"q,V(p. dA + ﬁéf SpdV (2.10)

16



Where ¢ is the scalar quantity for which all equation is constructed. It takes the value
of 1 for the continuity equation, X, y and z velocity values for the momentum
conservation equation and internal energy for the energy conservation equation. p is
fluid density whereas v is flow velocity in vectorial form. These parameters govern
the convective transport of ¢ between different control volumes. I, and V¢ is the
diffusion coefficient and spatial gradient of scalar quantity respectively. These values
govern the diffusion of scalar quantity perpendicular to the flow direction. Lastly, S,
is the source term. It is active if the scalar quantity is produced or destroyed inside the

control volume [18].

Simulations were done in steady mode with a fully turbulent flow assumption.
Reynolds Averaged Navier Stokes (RANS) approach with SST k-w turbulence model
was used to account for turbulent shear stress effects on the flow field. In the RANS
method, fluctuating terms of each flow variable are time-averaged and transport
mechanisms due to turbulence are modelled as new shear stress terms. These shear
stress terms are calculated using the eddy viscosity approach. SST k-w turbulence
model involves a blending function which allows the application of the k-e model in
freestream and the k-w model near the wall [19]. As the total temperature probe case
must both solve boundary layer and freestream flow features around and inside the
shield with high accuracy to be able to model the heat transfer process, SST k-w

turbulence model was selected for simulations.

The pressure-based coupled algorithm is used as the calculation algorithm. In coupled
algorithms, all conservation equations are solved simultaneously. The flow field is
obtained using momentum equations, pressure values are corrected using velocity field
and mass fluxes and then energy and other active conservation equations are solved
[18].

2.2 Geometry and Fluid Domain

Probe geometry was modelled using ANSYS Design Modeler software. Probe
geometry contains an elbow-to-position thermocouple wire parallel to the flow. This
part wasn’t modelled considering that heat conduction effects due to heat flow from

the thermocouple tip to the probe stem weren’t investigated in the scope of this study
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and the bent section has a negligible effect on the upstream flow field around the
shield.

Probe was positioned at the centre of a 150 mm diameter pipe in the model to simulate
nozzle outlet flow conditions. This diameter value wasn’t given in the report. Thus,
this value was determined to have enough space to avoid any effect of the pipe wall
boundary layer on the probe flow field. Geometry was created as a half model to
reduce the computational cost. The solid part of the temperature probe on which
temperature distribution will be investigated was modelled either. Generated flow and
solid domains can be seen in Figure 2.3 with the boundary surfaces. All four parts of
the probe (Thermocouple Wires, Potting, Sheath, Shield) with different materials were
modelled as separate zones and related materials were assigned. Different zones of the

temperature probe were shown in Figure 2.4.

Wall (Simulating Pipe Wall)

Model Outlet
(Simulating Probe
Downstream)

Model Inlet
(Simulating
Nozzle Outlet)

Half Model Symmetry Plane

Figure 2.3: Generated Fluid and Solid Domain.
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Figure 2.4: Different Zones of Modelled Temperature Probe.

2.3 Mesh Structure

Spatial discretization of the model was carried out using the Mesh module of the
ANSYS software. Fluid regions far from the probe are suitable for hexahedral
meshing. Fluid regions around and inside of the probe are more complex. Thus, the
hexahedral mesh couldn’t be applied. These parts are discretized using tetrahedral
elements. Mesh is refined around the probe shield where the flow is complex due to
expected flow separation on the shield's outer surface and mixing of jets discharging
from bleed holes to freestream. The mesh inside of the shield is refined again to capture
flow details inside of the shield. The mesh structure and refinement process were

represented in Figure 2.5.

2.4 Boundary Conditions and Material Properties

The tested temperature probe was exposed to fluid flow under specific Mach number
regimes. The main parameter affecting recovery characteristics is the Mach number of
the flow field. Thus, the most important parameter in the analysis setup is the inlet
Mach number. To set the desired inlet Mach number, the static pressure quantity
defined in the pressure outlet boundary was iterated for a specific inlet pressure and
temperature. The pipe wall was defined as stationary and adiabatic as the heat transfer

through pipe surfaces does not affect the temperature probe. Interfaces between solid
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Figure 2.5: Mesh Structure of Fluid and Solid Domains.

and fluid regions were defined as “Coupled Walls” which is a boundary condition
directly transferring temperature data on the first layer of the flow field to the outer
boundary of the solid region [18].

As described in Figure 2.4, the temperature probe consists of different zones and these
zones are made of different materials. Thermophysical properties of these materials as
a function of temperature must be defined on the software for accurate simulation
because high Mach number flow causes temperature gradients along the solid regions
too. Thermophysical properties of density (p) thermal conductivity (k) and isobaric

specific heat (Cp) are referenced from TPRC Data Series [20].

The thermocouple wire inside of the probe is K type whose positive leg is composed
of 90% nickel, 10%chromium and the negative leg is composed of 95% nickel, 2%
aluminium, 2% manganese and 1% silicon. Thus, the material properties of pure nickel

are considered to be applicable.

Air is modelled as an ideal gas and its thermophysical properties of thermal
conductivity (k) and isobaric specific heat (Cp) were referenced from [21]. For

molecular viscosity, Sutherland’s Law was used.
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2.5 Mesh Dependency Study

A mesh dependency study was conducted to determine the necessary mesh size of the
domain. The observed parameter during simulation runs was the thermocouple
junction temperature which gives the temperature reading of all measurements if errors

due to the data acquisition system are neglected.

Three meshes with 2M, 3M and 4M elements were compared. Mesh was refined for
each region shown in Figure 2.5. As there is a negligible difference between 3M and

4M cases. 3M mesh size is decided to be enough in the context of this study.

2.6 Results

Three cases of 0.3, 0.6 and 0.9 Mach were solved for validation purposes of CHT
methodology. The case of 0.6 M was investigated in detail to understand flow physics
inside and around the probe because this case involves both low-speed and high-speed
features.

Mesh Dependency Study
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Figure 2.6: Mesh Dependency Study.
2.6.1 Flow Structures around and inside of the Total Temperature Probe

To check the validity of the CHT methodology, 0.3, 0.6, and 0.9 Mach cases were
simulated with an inlet temperature of 300 K and inlet pressure of 1 atm. Outlet static
pressure was iterated until matching the inlet Mach number with the test condition.
Flow Mach number distribution on the symmetry plane is presented in Fig. 2.7. Mach
number was observed to decrease down to 0.2 M inside of the shield for the case of

0.6 M due to the limitation of shield inlet mass flow from bleed holes whose total area
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is half of shield inlet area. This was the main aim of probe design and it seems to be
accomplished at some degree. With the reduction of the Mach number inside the
shield, the flow static temperature rose and the difference between total and static
temperatures of flow decreased. This led to a thinner boundary layer with lower

velocity and temperature gradients and thermal diffusion.

Mach Number
0.8

0.6
0.4

0.2

Figure 2.7: Mach Number Distribution on Symmetry Plane for 0.6 M Case.

Velocity vectors are presented in Figure 2.8. No flow separation was observed on the
shield inlet. On the outer surface of the probe shield, a large separation region occurred
as expected due to the sharp corner. Flow reattached before reaching bleed holes and
this separation region didn’t cause any further limitation on the mass flow rate inside
of the shield.
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Figure 2.8: Velocity Vector Field on Symmetry Plane at 0.6 M Case.
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As presented in Fig. 2.9, the flow total temperature decreased on the probe surfaces.
This is impossible if we think in terms of the energy conservation principle because
boundary walls were defined adiabatic, and no work interaction occurs on the flow
field.

To understand this phenomenon the static temperature contour was drawn in Fig. 2.10,
regions of lower total temperature present higher static temperature values in contrast.
From this observation, it can be said that the heat is conducted from high static
temperature areas to lower ones along the flow field. Due to this energy transfer, the
total temperature of some local areas decreases while it increases in different areas.
The total energy is conserved but the distribution of energy becomes non-uniform due
to the presence of probe geometry. This non-uniformity reflects itself as a different
boundary condition on the solid-fluid interface different from the freestream flow total

temperature. That is the source of the recovery error.

Figure 2.9: Static Temperature Distribution on Symmetry Plane at 0.6 M Case.

§ o
ue

Figure 2.10: Static Temperature Distribution inside Shield on Symmetry Plane at 0.6
M Case.
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2.6.2 Comparison of CHT Results with Experimental Data

In Table 2.1 and Figure 2.11, T; and r values and distributions are presented as a
comparison of CHT and experimental data. The experimental data comes from the
recovery factor data of [12]. For the cases of 0.6 and 0.9 Mach difference in recovery
correction factor is less than %0.1 between CHT and experiments, whereas for the
case of 0.3 Mach difference is greater than %1.5. This is thought to be because of low
dynamic temperature value at such a low speed and a very minor temperature

difference of 0.1 K causes a considerable deviation.

Table 2.1: Comparison of T; and r Values in CHT and Experiment

CHT and Experimental Data Comparison (1 bar, 300 K)

0.3 M 0.6 M 0.9 M
T; CHT 299.79 299.44 299.02
T; EXp. 299.7 2994 299.1
r CHT 0.960 0.972 0.977
r EXp. 0.943 0.970 0.978

CHT and Experimental Data Comparison (300K, 1 bar)
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Figure 2.11: T; and r Distributions in CHT and Experiments.
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3. PARAMETRIC STUDY

3.1 Flow Angle

In many conditions, flow isn’t purely one-dimensional, and it isn’t easy to guess the
flow direction exactly. Thus, a measurement probe should be capable of measuring
flow parameters correctly despite variations in upstream flow angle. To investigate the
capability of probe geometry, simulations with varying flow angles in the radial
direction between 0-30 degrees were done. Two different probe geometries having
straight tips (ST) and conical tips (CT) were also investigated to examine the effect of
30 degrees chamfer at the shield inlet. The probe geometry model with a straight tip is

presented in Figure 3.1.

Figure 3.1: Straight Tip Probe Model.

Fluent code allows the definition of flow angle at the inlet boundary. Flow angle was
defined at the inlet of the solution domain and outlet static pressure was iterated to
match the required inlet Mach number. Flow vectors for the ST probe for 0 flow angle
condition are presented in Fig 3.2. Small vortex regions were observed to dissipate in

the inlet region of the shield and the TC junction is exposed to a streamlined flow field.

Velocity vectors of 30 degrees condition for ST and CT probes are presented in Fig.
3.3 and 3.4 respectively. Flow separation occurring on the shield inlet was observed
to interact with the thermocouple junction in both conditions, this phenomenon may

cause extra deviation of TC junction temperature.
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Figure 3.2: Velocity Vector Field Around and Inside of ST Total Temperature Probe
on Symmetry Plane at 0.6 M Case for 0 Flow Angle.
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Figure 3.3: Velocity Vector Field Around and Inside of CT Total Temperature Probe
on Symmetry Plane at 0.6 M Case for 30 deg Flow Angle.

-
F 4
P 7~ 3 o ,/. ;/i/)r

=/

Figure 3.4: Velocity Vector Field Around and Inside of ST Total Temperature Probe
on Symmetry Plane at 0.6 M Case for 30 deg Flow Angle.
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In Table 3.1 and Figure 3.5, T; and r values and distributions are presented. Until 20

deg flow angle variation in r is less than %1 so the probe geometry can be thought of

asresistant to flow angle values up to 20 deg. In the 30 deg case, the CT probe performs

much better than the ST one as the ST probe’s r value deviates more than %2.5. It can

be concluded that a CT probe is advised if flow angle uncertainty is too high in the

specific case.

Table 3.1: T; and r Values under Flow Angle Variation for ST and CT

Probes

Flow Angle Sensitivity Study (0.6 M, 1 bar, 300 K inlet)

0 deg Flow Angle 10 deg Flow Angle 20 deg Flow Angle

30 deg Flow Angle

T; - ST 299.42 299.36 299.32 298.87
T;-CT 299.43 299.34 299.28 299.15
r—ST 0.971 0.968 0.966 0.944
r—CT 0.972 0.964 0.962 0.958
Flow Angle Variation (0.6 M, 300 K, 1 bar)
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Figure 3.5: T; and r Distribution under Flow Angle Variation for ST and CT Probes

at 0.6 M Case
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3.2 Area Ratio

The ratio between the shield inlet surface area and the total area of bleed holes is one
of the primary parameters of a total temperature probe design as described in Section
1.4. To make a more accurate total temperature measurement, the flow should be
decelerated to an acceptable range without any energy loss. This is accomplished using
the bleed hole strategy. Bleed holes are positioned downstream of the thermocouple
junction and shield inlet. Bleed holes function like an atmospheric jet. Inside bleed
holes are pressurized taking energy from upstream flow and flow discharges to an
environment whose pressure is static pressure of flowing fluid at a certain Mach
number. Thus, the mass flow rate of flow entering is set from bleed holes. Usually, the
bleed hole total area is dimensioned to be less than the shield inlet surface but in some
conditions in which error sources due to conduction and radiation are present,
decreasing velocity may give negative results because heat transfer due to convection
decreases and a greater temperature difference must be present to create thermal

equilibrium.

In CHT simulations, the validity of this theoretical approach was investigated. Cases
with an area ratio from 0.5 to 4 were simulated. Mach number distributions and

measurement errors were discussed.

Figures 3.6 and 3.7. Mach number distributions for AR 0.5 and 4 cases are presented
respectively. As expected, for the AR- 0.5 case Mach number values are much greater.
Although the bleed hole total area is greater than the shield inlet area in AR 0.5 case.
Mach number values inside of shield are less than freestream values. This is because
of that flow turning on the inlet of bleed holes causes a vena contracta and blockage
of some of the flow area of the bleed holes. This phenomenon causes a less effective

flow area than the total area of bleed holes.
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Figure 3.6: Mach Number Distribution on Symmetry Plane for AR-0.5

Figure 3.7: Mach Number Distribution on Symmetry Plane for AR-4.

In Table 3.2 and Figure 3.8, T; and r values and distributions are presented. There is
no significant change between AR-4 and 2 so it is advised to increase the area ratio up
to 2. As seen in the table recovery factor gets down to 0.914 for AR 0.5 and
temperature deviation increases considerably. So experimentalists must be very
careful while selecting an AR less than 2. This may be beneficial if radiation and
conduction error mechanisms are present but will cause big deviations due to the

recovery error.

Table 3.2: Tj and r Values under Area Ratio Variation

Hole Area Ratio (Inlet to Bleed) Sensitivity Study (0.6 M, 1 bar, 300 K inlet)

AR-4 AR-2 AR-1 AR-0.5
T; 299.49 299.43 298.92 298.27
r 0.975 0.972 0.946 0.914
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Area Ratio Variation (0.6 M, 300 K, 1 bar)
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Figure 3.8: T; and r Distribution under Area Ratio Variation
3.3 Temperature

The effect of inlet temperature was investigated for two different Mach number
regimes in the range of 200 K-1500 K. In Figures 3.9 and 3.10, Mach number
distributions are presented for 200 K and 1500 K cases respectively. Mach number
distributions for both cases are very similar so it can be deduced that temperature
variation doesn’t have a great impact on flow characteristics inside the shield. In Table
3.3 and Figure 3.11, T; and r values and distributions are presented. Recovery values
are greater for higher Mach numbers as expected. The recovery factor was observed
to increase up to 1000 K and then started to decrease. Reynolds number (Re) whose
characteristic length is TC junction diameter is in a trend of decrease due to the
reduction of density at higher temperatures. No direct relation between Re was
observed. This is thought to be because that Re doesn’t change with a big order of
magnitude in this range. The explanation of this phenomenon is related to the other
dimensionless number affecting the boundary layer. characteristics, the Prandtl
number (Pr). The Prandtl number is a thermophysical property and can be expressed
asa function of static temperature. As seen on the secondary axis of Figure 3.11; from
200 K to 1000 K, Prandtl number is in a trend of rise which means flow becomes

thermally
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Figure 3.9: Mach Number Distribution for 200 K Flow Total Temperature

Figure 3.10: Mach Number Distribution for 1500 K Flow Total Temperature

less diffusive than momentum and the temperature of the first layer on the wall
becomes closer to the flow total temperature. At about 1000 K, the Prandtl number
reaches a local maximum and starts to decrease. This is a sign of more thermal
diffusivity resulting in a greater temperature gradient in the boundary layer and a lower
first-layer temperature. This phenomenon explains the reduction of r between 1000 K
and 1500 K.
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Table 3.3: T; and r Values under Temperature Variation

Inlet Temperature Sensitivity Study (0.6 & 0.3 M, 1 bar)

200 K 300 K 500 K 1000 K 1500 K
T;-06 M 199.62 299.44 499.19 998.71 1497.9
r-06M 0.972 0.972 0.975 0.978 0.973
Re-0.6 M 9652 5993 3198 1340 818
Pr-06 M 0.740 0.707 0.687 0.704 0.458
T;-03M 199.86 299.79 499.70 999.53 1499.22
r-03M 0.960 0.961 0.965 0.969 0.962
Re-0.3 M 5312 3285 1749 737 451
Pr-03 M 0.735 0.703 0.687 0.701 0.372

Temperature Variation (0.6 M, 1 bar)
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Figure 3.11: r Distribution under Temperature Variation

3.4 Pressure

The effect of inlet pressure on measurement accuracy was investigated for two
different Mach number regimes in the range of 0.2 bar-10 bar covering a range of
vacuum to aero-engine compressor representative pressure values. In Figures 3.12 and
3.13, Mach number distributions are presented for 0.2 bar and 10 bar cases

respectively. Mach number distributions for both cases are very similar so it can be
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deduced that pressure variation doesn’t have a great impact on flow characteristics. In
table 3.4 and Figure 3.14, T; and r values and distributions are presented. Recovery
values follow a similar trend with the temperature case in the context of Mach number
variation. Reynolds number based on TC wire length constantly increased with
substantial amounts. Thus, it is the most dominant parameter on boundary layer shape

for this case and higher Re results in thinner BL and greater recovery values.

Figure 3.13: Mach Number Distribution for 10 bar Flow Total Pressure
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Table 3.4: T; and r Values under Pressure Variation

Inlet Pressure Sensitivity Study (0.6 & 0.3 M, 300 K)

0.2 bar 1 bar 3 bar 10 bar
T; -06 M 298.88 299.44 299.67 299.81
r-06M 0.944 0.972 0.984 0.991
Re—-06M 1183 5993 17745 59150
T; -03M 299.63 299.79 299.87 299.93
r-03M 0.930 0.960 0.975 0.987
Re-0.3M 649 3288 9735 32449

Pressure Variation (0.6 M, 300 K)
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Figure 3.14: r Distribution under Pressure Variation
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4. THERMAL MODELLING

CHT simulations performed until now were carried out in an environment in which no
other thermal boundary condition exists. When solid temperatures around the probe
deviates considerably from the flow total temperature, errors due to thermal
conduction and radiation may occur. To be able to model possible errors, firstly
convective heat transfer inside and around of shield will be modelled. Then,

conduction and radiation errors will be calculated using basic heat transfer theory.

4.1 Determination of Heat Transfer Coefficient

Heat transfer inside of the temperature probe’s shield can be modelled as an annular
pipe where thermocouple wires constitute the inner body and the shield constitutes the
outer body. The flow passes through TC wires' outer surface and shields’ inner surface
exchanging heat with both surfaces. This heat exchange occurs in convective mode.
Thus, the heat transfer coefficient (HTC) for each surface can be calculated using

relevant correlations.

For turbulent flow in an annular pipe, following the Gnielinski equation is advised for

Nusselt number calculation [22].

<]§C) (Re — 1000) Pr

1+ 12.7 (%) (Pr'/s—1)

Nu =

(4.1)

Where £ is the friction factor, Re and Pr are Reynolds and Prandtl numbers of flow

inside the shield. The characteristic length of Re is the hydraulic diameter of the shield.

As seen from equation 4.1, three unknowns must be determined for the calculation of
the Nusselt number which will lead to the determination of the HTC. When the

measurement performance of a probe is desired to be characterized, one knows
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freestream flow conditions which include velocity, temperature and pressure. Inside a
shield, these parameters change to increase the measurement performance of the probe
as described in Section 1.4.1. This process must be modelled to calculate HTC just

using known parameters to have a general model.

To model flow conditions inside a shield, a strategy derived from the recommendations
of [3] will be applied. As seen from the static pressure contour of Fig. 4.1 for the case
of 0.6 M, static pressure at the discharge area of bleed holes is about the free stream
pressure of the flow and static pressure inside of the shield is about the free stream
total pressure. As the ratio between these two pressure values causes the Mach number
of flow to be equal to the freestream one, Mach numbers at bleed holes will be taken
as equal to the freestream one and the mass flow rate will be calculated. Then, the
Mach number at the shield inlet will be calculated using the principle of mass
conservation at steady conditions. After the determination of the shield inlet Mach
number, relevant flow parameters for the determination of Nu can be calculated using

the basic fluid mechanics relations.

Slalic Pressure
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38.36e+04
8.2e+04
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6.23e+04

5.57e+04
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Figure 4.1: Static Pressure Distribution on Symmetry Plane for 0.6 M Case.

To calculate the shield inlet Mach number, an iterative scheme is needed. A guess for
the Mach number is made and then the mass flow rate calculated with this guess is

compared to the one calculated using bleed holes.

The mass flow rate passing through an area can be calculated with the following

equation.
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-(r+1)

AP 2(y—-1)
T = t\fM 1+—M2) Y
JT R

(4.2)

If the Mach number is known, static temperature and pressure can be calculated using

the following isentropic relations,

-1
TS —_— TT(l +VTM2) 1
(4.3)

-1 _y-1
P =PT(1+TM2) Y
(4.4)

After the determination of thermodynamic parameters of pressure and temperature, the

density and velocity of flow can be determined with the following equations,

&
P = R, (4.5)

V =Ma = M,/yRTs

(4.6)
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Figure 4.2: Mach Number Distribution at Shield Inlet for 0.6 M Case.

As seen in Fig. 4.3, shield inlet Mach numbers in CHT are less than the calculation

values. This can be explained by the fact that the whole bleed hole area isn’t the
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effective area of flow. Thus, a discharge coefficient (C;) must be defined. A C, the
curve was created for varying pressure ratios and embedded into the calculation
methodology in Fig. 4.4. The C,; curve is defined as a function of the total to static
pressure ratio on the bleed holes. Shield inlet flow parameters were calculated after

the C,4 correction had been applied to the calculated mass flow rate.
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Figure 4.3: Shield Inlet Mach Number in CHT and Calc. Methodology
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Figure 4.4: C, Curve for Varying Pressure Ratio.
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4.2 Conduction Error Modelling

As was explained in Section 1.4.2, conduction error arises due to heat flow between
TC junction and solid regions. In a real situation, the total temperature probe is
mounted to a solid region and likely, the temperature of this probe mount region is
different from the flow total temperature. The temperature of the flow field may also
vary spatially so temperature gradients occur along the probe body. As the modelling
of whole this process is so complex, carrying out a sensitivity study seemed more
practical. In this study, TC wire is assumed as a one-dimensional fin and the point TC
wire is mounted to the probe body is taken as a boundary condition affecting TC
junction temperature. The effect of TC wire mount region temperature on TC junction

temperature was investigated.

Using the heat transfer theory of fins assuming an adiabatic tip, the following equation
is derived [3].

Tz - TM
=1, - 7
cosh |L (g;{c)zl (4.7)
S

Where T;, T; are flow total temperature and junction temperature respectively. Ty, is
the solid temperature where the thermocouple wire is mounted to the probe strut, L is
the length of the thermocouple wire, D is the diameter of the thermocouple wire, & is
the thermal conductivity of TC wire material, h, is the heat transfer coefficient inside
the shield. As 7}, L, D and k, are apriori known parameters and h,. is calculated using
the methodology explained in Section 4.1. T; can be calculated using this explicit

equation for varying T,, for a specific geometry and flow condition.

The sensitivity of temperature probe design to conduction error was investigated for
0.6 Mach number regime in Fig. 4.5, 4.6 and 4.7 for different mount temperatures of
990 K, 970 K and 950 K respectively. Asshown in Table 4.1, the effect of the Mach
number effect on conduction error was observed to be nearly negligible. This can be
explained by the fact that the shield inlet velocities are in a narrow range despite
variations in free stream velocities due to the mass flow controlling nature of the bleed

hole design. Flow temperature and pressure were chosen as 1000 K and 5 bar
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respectively. These values represent possible conditions at an engine hot section where
conduction error comes into play. Different probe geometries whose distinctive feature
is the area ratio between bleed holes and shield inlet area were investigated either.
When the mount temperature was set as 950 K, deviations up to 20 K which
corresponds to a %2 error for an AR of 0.25 was observed. Thus, the experimentalists

should carefully investigate flow conditions at the measurement location to avoid such

errors.
Table 4.1: Conduction Error Values for Varying Tm.
Conduction Error Values (0.6 M, 5 bar, 1000 K)

AR-1 AR-2 AR-4
Ty- 990 K (0.6 M) 998.75 997.02 995.89
Ty~ 990 K (0.3 M) 998.78 997.07 995.95
Ty- 970 K (0.6 M) 996.26 991.06 987.67
Ty- 970 K (0.3 M) 996.35 991.2 987.84
Ty~ 950 K (0.6 M) 993.77 985.6 979.44
Ty~ 950 K (0.3 M) 993.91 985.84 979.74

Conduction Error for Varying Tm (0.6 M, 1000 K, 5 bar)
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Figure 4.5: Conduction Error Distribution for Varying Tm at 0.6 M Case.
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The effect of TC wire length on T; was also investigated in Fig. 4.8 for 0.6 M, 5 bar
and 1000 K flow conditions. Increasing wire length up to 16 seems to provide
considerable gain and decrease the dependency of conduction error to shield AR but
an L/D ratio up to 15 is advised in many references as explained in section 1.4.2 due
to the mechanical concerns. A wire length of 16 corresponds to an L/D of 32 for a 0.5
mm diameter TC wire. Thus, increasing the L/D ratio must be carefully analysed

before application considering the flow conditions and susceptibility to mechanical
damage.

Conduction Error for Varying TC Wire Length (0.6, 1000 K, 5 bar, Tm: 950K)
1000 °
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995 ®
990

985
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TC Junction Temperature (Tj) (K)

L/D: 16 L/D:24  @L/D:32
975

0.5 1 15 2 25 3 3.5 4 4.5
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Figure 4.6: Conduction Error Distribution for Varying TC Wire Length.

4.3 Radiation Error Modelling

As was explained in Section 1.4.3, radiation error arises due to heat flow between the
TC junction and solid regions. In a real situation, the total temperature probe is
mounted inside of the machine and likely, there are solid regions around the probe
whose temperature takes different values from the flow total temperature. The TC
junction interacts with all these regions if they are in its line of sight. As the modelling
of whole this process is so complex, carrying out a sensitivity study seemed more
practical. In this study, the total temperature probe is considered to be mounted at the
centre of a cylindrical duct whose wall temperature is different from the flow total
temperature. In such a configuration, the TC wire becomes fully enclosed by the duct
wall. As the total temperature probe contains a shield geometry surrounding the TC

wire. TC wire also should be modelled as a body enclosed by a different one. Thus, a

41



heat transfer network occurs between these three elements (Duct Wall, Shield and TC

wire).

For shield temperature,

Qconvl + Qconvz + Qradl + Qradz =0 (4.8)

Where, Q.onv1 @Nd Q.onv2 State convective heat fluxes from flow inside the shield and
outside the shield respectively. Q,,41 and Q.42 Stand for radiative heat fluxes

between shield-wall and shield- TC wire respectively.
Qconvl = hcl * Ashield inner surface * (Tflow - Tshield) (4.9)

Qconvz = hcz o Ashield outer surface * (Tflow - shield) (4.10)

For the Q.,nv1, . IS calculated as described in Section 4.1. As for Q.- flat plate

correlation is used as the flow resembles an external flow around the flat plate.

Nu = 0.038 * Re®® + Pr'/3 (4.11)

As inspected in section 2.6.1 flow on the external surface of the shield separates due
to the sharp corner of the shield inlet and flow deflects in this region. Flow velocity
isn’t as high as the freestream value. After a visual inspection, flow velocities are
thought to be 0.1 M in this region to be conservative on the HTC value because

determining a greater value leads to higher HTC and lower radiation error.
Qradl =0 *xEx Ashield outer surface * (Tshield4 - Tw4) (4.12)

— 4 4
Qradz = o*&x Ashield inner surface * (Tjunction - Tshield ) (4 13)

Where T,, is surrounding wall surface temperature, ¢ is Boltzmann constant, ¢ is the

emissivity of the thermocouple junction.
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For TC wire temperature,

Qconv + Qrga =0 (4.14)

Qconv = hc * ATC Wires Outer Surface * (Tflow - Twire) (4_15)

Qyqq Will be equal to equation 4.12. An iterative scheme is used as any of the shield
and junction temperatures aren’t known as apriori. For a specific shield temperature,
the junction temperature is calculated and then heat fluxes are checked whether they

are providing the equations above.

In Figures 4.9 and 4.10, radiation error distributions are presented for Duct Wall
Temperature (T,,) values of 500 K and 700 K respectively. Calculations were made on
the case of 5 bar and 1000 K as in Section 4.2. Application of the shield is observed to
be a very effective precaution as the errors are less than %1.5 even in the very low-
speed application of AR-4. As observed in Table 4.2, the AR-4 case results deviate for
varying Mach numbers. This can be explained by the fact that the flow deceleration
reaches very low levels and the effect on HTC is much greater than the other cases.
AR-1 and 2 cases are observed to be less dependent on the Mach number. Although
error percentages are low, for AR-4 radiation error reached 10 K for 1000 K flow total
temperature. To decrease this error AR value may be increased. Thus, experimentalists
must keep in mind applying a higher AR if the flow velocities are low in the

measurement location.

Table 4.2: Radiation Error Values for Varying Tw.

Radiation Error Values (0.6 M, 5 bar, 1000 K inlet)

1 2 4
T,- 500 K (0.6 M) 996.43 990.97 986.34
T,-500 K (0.3 M) 996.6 991.33 987.6
T,- 700 K (0.6 M) 997.2 993.13 989.18
T,-700 K (0.3 M) 997.3 993.4 989.82

43



TC Junction Temperature (Tj) (K)

Radiation Error for Varying Tw (0.6 M, 1000 K, 5 bar)
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Figure 4.7: Radiation Error Distribution for Varying Tw at 0.6 M Case.
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5. CONCLUSION

Flow structures inside and around a total temperature probe were investigated by
applying CHT simulations on a case from the literature. CHT simulation results are in
harmony with the experimental data regarding TC junction temperature so they are

thought to be showing flow structures accurately.

The main aim of the total temperature probe design isto decrease flow velocities inside
of the shield to avoid thermal conduction in the boundary layer around the TC junction.
Simulation results showed that this aim is accomplished using a bleed hole strategy in
which smaller area bleed holes control the mass flow rate entering the shield. Even for
the 0.9 M case, flow velocity inside the shield decreases down to 0.25 M. For moderate
flow angles, no flow separation occurs at the inlet of the shield and flow has a
streamlined nature. On the outer surface of the probe shield, a large separation region
occurred as expected due to the sharp corner. Flow reattached before reaching bleed
holes and this separation region didn’t cause any further limitation on the mass flow

rate inside of the shield.

A parametric study was carried out in which the effects of flow angle, shield-to-bleed
holes area ratio, temperature and pressure were investigated. Up to 20 degrees, flow
angle effects are observed to be negligible. AR greater than 2 is unnecessary because
the recovery factor didn’t improve. The effect of temperature was observed to be
dependent on the Prandtl number of specific conditions. The effect of pressure was

observed to be dependent on the Reynolds number of the flow.

Convective heat transfer between flow and TC junction was modelled using outputs
of CHT simulations. Errors due to conduction and radiation were modelled using basic
heat transfer theory. Although the precautions to avoid these error mechanisms are
effective, they may deviate TC junction temperature at considerable values. TC wire
length and AR are parameters that may be used to avoid these errors. But
experimentalists must carefully examine other features of the flow field before such

applications.
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