
Calibration and Temperature
Correction of Multi-Wire
Constant-Temperature
Anemometers
F.K. Aleksandrowicz



Calibration and Temperature
Correction of Multi-Wire
Constant-Temperature

Anemometers
by

F.K. Aleksandrowicz

to obtain the degree of Master of Science
at the Delft University of Technology,

to be defended publicly on Monday December 15, 2025 at 11:00.

Student number: 4809505
Project duration: March 10, 2025 ï December 8, 2025
Thesis committee: Prof. Dr. M. Kotsonis, TU Delft, responsible supervisor

Dr. W. Baars, TU Delft, chairman
Dr. C. Falsetti, TU Delft, examiner
M. Barahona, TU Delft, daily supervisor

An electronic version of this thesis is available at .

http://repository.tudelft.nl/


Preface

This thesis marks the end of my seven-year-long endeavor at TU Delft. I am certain
that I will always look back on this period with great fondness, and for that reason I
want to thank everyone who contributed.

I would like to offer my gratitude to my supervisor, Prof. Marios Kotsonis, for the op-
portunity to work on this thesis and for his support throughout the project. However, it
would not have been possible for me to finish this work without Marina Barahona,
my daily supervisor, who provided invaluable day-to-day guidance and taught me
everything about working with hot-wires and conducting experiments in wind tunnels.
I would also like to thank the support staff at the Low-Speed Wind Tunnel Laborat-
ory, especially Stefan Bernardy, who was always there to answer my questions about
LabView. Additionally, I am grateful to the remaining members of my defense com-
mittee, Dr. Woutijn Baars and Dr. Chiara Falsetti, for offering their time and expertise
to evaluate my thesis.

What truly laid the foundations for this work was Delft Aerospace Rocket Engineering.
During my more than six-year-long journey there, I learned how to design, build, and
test hardware that actually works. I am deeply grateful to all the friends I made along
the wayðthose who shared themoments of joy (and of failure) and who taught me how
to be a real engineer. This experience is what made my time at TU Delft unforgettable,
and it will stay with me for the rest of my life.

Finally, a huge thanks to my parents, my sister, and my girlfriend Tuĵ­e. Without their
continuous support and encouragement, it would not have been possible for me to
reach this point.

F.K. Aleksandrowicz
Delft, December 2025

i



Summary

Hot-wire anemometry (HWA) remains an essential diagnostic tool for highïfrequency
velocity measurements in aerodynamic research, yet its practical accuracy strongly
depends on robust temperature correction and reliable multiïcomponent probe calib-
ration. Despite the maturity of the technique, the literature provides no consensus on
how best to correct for fluidïtemperature variations or how to calibrate X-wire probes
with consistent accuracy across wide velocity and angular ranges. The situation is
further complicated at the TU Delft Low-Speed Wind Tunnel Laboratory (LSL), where
the absence of an in-situ multi-wire calibration system has made efficient and repeat-
able probe preparation difficult. This thesis addresses these issues by developing
a new automated calibration framework for multi-wire CTA probes and performing a
comprehensive evaluation of existing temperature-correction and X-wire calibration
schemes.

The first part of the work concerns the separation of velocity and temperature effects in
CTA measurements. Six temperature-correction modelsðranging from simple Bear-
man [1]-type scaling ignoring the change in fluid properties with temperature, to more
complex formulations incorporating fluid-property variations and the Collis & Williams
factor [2] are applied to four independent datasets from literature, covering a wide
range of velocities and temperature conditions. Each model is assessed by collapsing
data acquired at varying temperatures onto a single fourth-degree polynomial calibra-
tion curve to quantify the residual error via normalized root mean square percentage er-
ror. Across all datasets, simple temperature corrections perform surprisingly well. Re-
lying on resistance-based wire-temperature estimation suffers from uncertainty, with
the best success when calculating the fluid properties at the film temperature and ap-
plying the Collis & Williams correction. Allowing the wire temperature to act as an
optimization parameter can improve the fit of the curves, confirming earlier findings
that resistance-derived temperatures can introduce systematic error.

The second part of the thesis focuses on the calibration of X-wires. A new miniature,
high-precision, in-situ yaw calibrator is designed and implemented. The device integ-
rates a compact high-torque servo motor and a magnetic rotary encoder with high
accuracy, assembled using high-precision alignment procedures. With the calibration
and controlled through a LabView interface, and the position feedback and servo con-
trol integrated via an Arduino implementation, the system enables automated yaw
sweeps. Its compact form factor allows installation directly inside restricted wind-
tunnel test sections.

Using this system, a dense X-wire calibration dataset was collected, spanning velocit-
ies from 5 to 30 m s�1 in 1 m s�1 increments and yaw angles from �40� to 40� in 1� steps.
The dataset enabled comparison of calibration schemes, including interpolation-based
indirect methods (Lueptow [3] and Tropea [4] variants), and direct polynomial surface
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fits. Method performance is evaluated using modified RMSPE metrics of the recon-
structed velocity components u and v. The results demonstrate that interpolation-
based offer the best accuracy but show greater sensitivity to calibration-grid sparsity,
requiring a grid of at least 8 velocity and 25 angle steps. The Lueptow variant was
found to perform unreliably near calibration domain boundary. Fourth-degree direct
polynomial surface fits applied to the velocity components yielded reasonable accur-
acy and robustness across the domain, much better polynomial fits of velocity mag-
nitude and angle, while allowing a three-times smaller calibration grid of 5x15 points.

Overall, this thesis delivers three principal contributions: (1) a quantitative cross-dataset
assessment of widely used temperature-correction schemes, (2) the design and com-
missioning of a compact and versatile in-situ X-wire calibrator, and (3) a comprehens-
ive evaluation of X-wire calibration methods and the required density of calibration
grids. The outcomes provide a practical foundation for improving the reliability and ac-
cessibility of multi-component CTAmeasurements in future aerodynamic experiments.
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Abbreviation Definition

CCA Constant Current Anemometry
CTA Constant Temperature Anemometry
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]
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t Time [s]
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1
Introduction

Hot-Wire Anemometry (HWA) remains a widely usedmeasurement technique for high-
frequency velocity measurements in aerodynamics. Although the technique is nearly
a century old, it continues to play an important role in the study of wall-bounded and
free shear flows, as is the case at the Low-Speed Wind Tunnel Laboratory (LSL) of
TU Delft.

However, the reliability of hot-wire measurements depends on careful probe calib-
ration prior to experiments. Although the physical principles of HWA are well docu-
mented, the literature reveals a lack of consensus on two key calibration aspects:

1. A universal method to correct hot-wire measurements for fluid temperature in
flows with large temperature variations.

Multiple approaches have been proposed for temperature correction. Some neg-
lect the variation of fluid properties, while others propose semi-empirical correc-
tions based on fluid properties calculated at different reference temperatures.
The recommendations sometimes disagree, and there is a lack of comprehens-
ive comparisons across datasets.

2. Different accuracies among methods used to obtain magnitude and direction of
flow from the voltage measured from multi-wire probes.

Numerous calibration schemes have been proposed, including the so-called vari-
ous effective-velocity methods, look-up-table approaches, and direct fittingmeth-
ods. However, a robust comparison of the performance of thesemethods across
different velocities and flow directions is still missing in literature.

In experiments at the LSL, the lack of established best-practices combined with prac-
tical difficulty of calibration of X-wire probes in diverse experimental setups often leads
to convoluted setup and calibration approaches, which make HWA measurements
less accessible to entry-level experimentalists.

This thesis aims to address these gaps by developing a new, automated calibration
framework and hardware for multi-wire constant-temperature anemometry in applic-
ations under variable thermal conditions, designed for in-situ operation in the wind
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tunnel sections.

The work combines a comprehensive literature review of HWA calibration and correc-
tion methods, mechanical design of a new multi-wire probe calibrator, compilation of a
comprehensive X-wire experimental calibration dataset, and experimental evaluation
of different calibration schemes. The contributions include:

Å A quantitative comparison of temperature correction methods across four inde-
pendent datasets from literature.

Å A new custom-built, high-precision yaw actuation system designed for in-situ
X-wire calibration during experiments.

Å An extensive X-wire dataset under a wide range of velocities and flow angles.
Å A quantitative comparison of X-wire calibration schemes and the effect of calib-
ration grid resolution.

The structure of the report is as follows: Chapter 2 reviews the theoretical background
of HWA and common calibration techniques. Chapter 3 outlines the research gap
and defines the research objectives and research questions. Chapter 4 presents the
methodology. Chapter 5 provides the results for the temperature-correction and X-wire
calibration studies. Finally, Chapter 6 offers the conclusions and recommendations for
future work.



2
Background on Hot-Wire Anemometry

This chapter provides the theoretical background necessary to understand the calib-
ration challenges addressed in this thesis. It first outlines the principles of Hot-Wire
Anemometry in Section 2.1, the heat-transfer mechanisms that relate the measured
voltage to the flow velocity with emphasis on Constant-Temperature Anemometry.

Next, the approaches to corrections for fluid temperature in hot-wire measurements is
discussed in Section 2.2. Since the cooling of the wire depends on both velocity and
temperature, changes in fluid temperature introduce ambiguity in the voltageïvelocity
relation. Several correction approaches exist in literature, but they often disagree,
motivating the comparative assessment performed later in this work.

Finally, Section 2.3 introduces multi-wire probes and the methods used to calibrate X-
wires for two-component velocity measurements. Both indirect interpolation schemes
and direct polynomial fits are reviewed, as these form the basis for the calibration
evaluation in subsequent chapters.

Hot-Wire Anemometry relies on measuring the heat transfer from a thin, electrically
heated wire placed in the fluid flow to be measured. The velocity of the fluid is determ-
ined by measuring the heat lost by the wire through forced convection, which depends
on the velocity of the fluid.

Typically, the wire is made of materials with stable properties such as tungsten or
platinum to avoid aging. The diameters of the wires can vary over a range of a few
micrometers to tens of micrometers, with smaller wires offering better spatial resolu-
tion and frequency response [5] at the cost of being more fragile and more difficult to
manufacture and repair.

The operating modes used in Hot-Wire Anemometry are explained in Section 2.1.1.
The governing heat balance relations are outlined in Section 2.1.2.

3



2.1. Principles of Hot-Wire Anemometry 4

Three operational modes of Hot-Wire Anemometry can be distinguished depending on
the measuring circuit of the hot-wire - Constant Current Anemometry (CCA), Constant
Temperature Anemometry (CTA), and Constant Voltage Anemometry (CVA).

Constant Current Anemometry operates on the simplest principle out of the three -
as the electric current flowing through the wire is kept constant, the changes in the
resistance of the wire, caused by the change in wire temperature due to changing
convective heat transfer, are measured. Because of the finite time needed by the wire
temperature to change with flow velocity (thermal inertia), the frequency response of
the wire in CCmode is relatively poor [5]. Nowadays, CCA finds use almost exclusively
for Cold-Wire Anemometry (CWA), where a wire operated at a low overheat ratio is
used to increase sensitivity to fluid temperature, decreasing the sensitivity to velocity.
This is due to the fact that CTA exhibits highly non-linear behaviors at low overheat
ratios [5, 4].

Constant Temperature Anemometry places the hot-wire in a feedback loop that auto-
matically compensates the current flowing through the wire to keep the temperature
(resistance) of the wire constant. An example circuit is shown in Fig. 2.1. Because
the thermal inertia of the wire is effectively eliminated and replaced with the delay of
the electronic amplifier, the frequency response is orders of magnitude better than in
CC mode. To date, CTA remains the main HWA technique.

Figure 2.1: A CTA circuit containing a Wheatstone bridge, a feedback amplifier, and an
electronic-testing subcircuit [5].

Constant Voltage Anemometry is a relatively new HWA technique, being proposed
around 30 years ago [6], compared to more than almost a century for both CCA and
CTA. In this case, the voltage across the hot-wire sensor is kept constant. This tech-
nique offers a significant improvement over CCA and CTA, due to the elimination of
the effect of the capacitance of the cables on the dynamic response, and interference
[6]. Nevertheless, CVA has yet to reach widespread adoption and is therefore not
treated further.

Due to the continuing wide adoption of CTA for HWA, it is the main focus of this study.
Therefore, all following derivations assume that the response of the feedback ampli-
fier is sufficiently fast to guarantee constant wire resistance, and consequently con-
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stant wire temperature. This can be assured by modern amplifiers in all but very-high-
turbulence conditions [5].

The wire loses heat to the environment by means of forced convection (due to the
velocity of the fluid), free convection (flow due to density gradients), radiation, and
conduction to the prongs, which due to the significantly larger thermal mass and lower
resistance act like heat sinks. The schematic representation of the heat losses of the
wire is shown in Fig. 2.2a.

(a) (b)

Figure 2.2: Photograph of a hot-wire with a schematic representation of (a) the heat losses of the
wire (size of arrows indicates relative importance), and (b) the steady-state heat balance between

Joule heating and heat loss due to forced convection. Based on ¥rl¿ and Vinuesa [7].

Assuming uniform composition and temperature of the wire Tw and uniform fluid tem-
perature of the fluid around the wire Ta, the heat-balance equation of the wire can be
expressed as

�

4
d2

wlw�wcw
dTw

dt
= _Qv � _Qh � _Qr � _Qcp; (2.1)

where _Qv denotes heat generated inside the wire, and _Qh, _Qr, and _Qcp denote the
heat transfer due to convection, radiation, and conduction to prongs respectively. For
typical hot-wire configurations, convection greatly outweighs all other modes of heat
loss and they are all ignored. Fingerson and Freymuth [8] showed that convection
can be reasonably accurately expressed for most hot-wires through Newtonôs law of
cooling as _Qh = h�dwlw(Tw � Ta). Finally, for Constant-Temperature Anemometry,
dT=dt = 0, allowing Eq. (2.1) to be expressed as

_Qv = h�dwlw(Tw � Ta): (2.2)

The heat transfer coefficient h is typically expressed through the Nusselt number Nu =
hdw

�
. _Qv represents the heat generated inside the wire through Joule heating - for
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uniform wire resistance (keeping the uniform material composition assumption), it can
be expressed as _Qv = I2Rw = EI = E2

Rw
. Thus, the heat balance is expressed as

E2

Rw

= Nu��lwdw(Tw � Ta); (2.3)

or after rearranging as

Nu =
E2

Rw��lwdw(Tw � Ta)
: (2.4)

TheNusselt number for thin hot-wires is a complex functionNu = f(Re; Gr; Pr; Kn; Tf=Ta)
[2]. In practice, the dependence on the Knudsen number is typically neglected, as mo-
lecular effects do not play a significant role in typical hot-wire application. Furthermore,
the Prandtl number of air can be considered to be approximately constant with respect
to temperature. Free convection is also typically either ignored or treated separately
from forced convection, removing the dependence on the Grashof number. Thus, the
Nusselt number is most dependent on the Reynolds number Re = Udw

�
and the most

well-established relation describing this dependence is the classical form based on
the work of King [9]:

Nu = A + BRen; (2.5)

sometimes also written as
Nu = A + BUn

eff : (2.6)

In both equations, A and B can still be considered functions of Tw and Ta. Both
Eqs. (2.5) and (2.6) and other similar forms are commonly referred to as òKingôs lawò
[2, 1].

However, modern generalized approaches kept the Nusselt number as an undefined
function of Reynolds number, often a third- or fourth-degree polynomial, a spline, or
another power law determined during calibration:

Nu = f(Re); (2.7)

or written in terms of voltage and velocity using Eq. (2.4) and the definition of the
Reynolds number as

E2

�(Tw � Ta)
= f

�
U

�

�
: (2.8)

Collis and Williams [2] proposed a modification to Kingôs law in the form of

Nu

�
Tf

Ta

��0:17

= A + BRen; (2.9)

where Ta is the freestream temperature of the fluid and Tf is the film temperature.
This correction has been substantiated by experiments by Chevray and Tutu [10] and
Abdel-Rahman et al. [11]
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The lack of a closed relation between the flow velocity and measured voltage means
that in practice the probes always need to be calibrated before measurements.

The ultimate goal of Hot-Wire Anemometry is to extract the velocity of the fluid from
the measured voltage of the anemometer. However, Section 2.1.2 showed that the
heat transfer of the wire is dependent both on the flow speed and the flow temperature.
This makes it impossible to discern an increase of fluid velocity from a drop of fluid
temperature just from the hot-wire voltage. HWA is often used in applications with
changing fluid temperature ï sometimes undesirably as in open-loop or non-climate-
controlled wind tunnels, and sometimes due to the nature of the experiment itself [12].
Therefore, the effects due to changes of fluid temperature do need to be accounted
for in most real test conditions.

The most accurate method is always a direct calibration of the relation between anem-
ometer voltage, flow velocity, and temperature, in other words E = f(U; Ta). However,
simultaneous calibration for velocity and temperature requires the use of a dedicated
calibration facility, adding additional complexity and cost, as well as more time con-
sumed by each calibration process.

Instead, the most common approach is to attempt to separate the effect of fluid tem-
perature and velocity by assuming that their influence on heat transfer is independent
of each other. In order to accomplish this, it is convenient to introduce the equivalent
voltage E� and the equivalent velocity U�. Defining E� as the voltage that would be
read by the anemometer subjected to a fluid of the same Reynoldôs number, but at a
reference fluid temperature T �

a , Eq. (2.8) can be rewritten to

Ep
�(Tw � Ta)

= f

�
U

�

�
=

E�p
��(Tw � T �

a )
; (2.10a)

where �� is the heat conductivity of the fluid at the reference temperature. After solving
for E�,

E� = E

s
��(Tw � T �

a )

�(Tw � Ta)
: (2.10b)

Correspondingly, U� is the velocity of a fluid at the reference temperature T �
a that would

have the same Reynoldôs number as the actual fluid, so

U

�
=

U�

�� (2.11a)

where �� is the kinematic viscosity at the reference temperature. Solving for U�,

U� = U
��

�
: (2.11b)

The reference fluid temperature can be chosen freely, but it is often taken as the
mean freestream temperature during calibration. The temperature-independent hot-
wire velocity calibration is then performed for the equivalent velocity U� and voltage
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E� as
U� = f(E�): (2.12)

The simplest approach to correct the measured hot-wire voltage for temperature drift
of the fluid is to assume that the change of fluid properties � and � is negligible. In
other words,

E� = E

r
Tw � T �

a

Tw � Ta

; (2.13)

and U� = U . Consequently, U = f(E�). This simple correction was recommended by
Bearman [1] when the changes in flow temperature are small relative to the difference
between wire and flow temperature, and further reinforced for relatively large flow
temperature variations through experimental validation by Pessoni and Chao [13] and
Ball et al. [14]. Abdel-Rahman et al. [11] has also shown this formula to work well,
but only for flow velocities above 4 m s�1.

A more accurate method takes into account the change in the heat conductivity and
the kinematic viscosity, and both the velocity and voltage are corrected during calib-
ration using the full Eqs. (2.10b) and (2.11b). The fluid properties � and � are typically
calculated at the film temperature Tf [2], defined as

Tf =
Tw + Ta

2
: (2.14)

In this case, �� and �� are calculated at the reference film temperature T �
f = 1

2
(Tw+T �

a ).
On the other hand, a study by Lundstrºm et al. [15] suggested that the freestream
fluid temperature Ta is a better reference for a temperature-independent caliberation of
hot-wires with constant wire temperature, in which case �� and �� are also calculated
at T �

a .

To recover the fluid temperature from measurements, the voltage is corrected using
Eq. (2.12), and the equivalent velocity is recovered from the calibration function. The
real velocity is then calculated by inverting Eq. (2.11b).

Finally, if the additional factor proposed by Collis and Williams from Eq. (2.9) is in-
cluded, the equivalent voltage can be defined through an analysis similar to Eqs. (2.10a)
and (2.10b) as

E� = E

vuut��(Tw � T �
a )

�(Tw � Ta)

 
TfT �

a

TaT �
f

!�0:17

: (2.15a)

However, since (T �
f =T �

a )�0:17 is a non-dimensional constant close to unity, it can instead
be defined for convenience as

E� = E

s
��(Tw � T �

a )

�(Tw � Ta)

�
Tf

Ta

��0:17

: (2.15b)

If the effect of temperature on � is not taken into account, Eq. (2.15b) can be reduced
to

E� = E

s
Tw � T �

a

Tw � Ta

�
Tf

Ta

��0:17

: (2.16)
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In the end, there is a disagreement on the recommended temperature correction
scheme for HWA. While some authors have recommended the Collis & Williams cor-
rection factor and calculating � and � at the film temperature [2], others omitted the
additional correction factor while calculating � and � either at the film temperature
[16], or at the freestream temperature [15]. Furthermore, many studies reported suffi-
cient accuracy while neglecting both the change in fluid properties and the additional
correction factor under large temperature changes [11, 13, 14, 17]. Additionally, no
comprehensive comparative study between all of these approaches appears to exist.

It is historically common to calculate the temperature of the hot-wire based on the
measured resistance. The resistance-temperature of both tungsten and platinum can
reliably be described with the linear relation

Rw(T )

Rw(T �)
= 1 + �T �(T � T �): (2.17)

By applying Eq. (2.17) to Eq. (2.13), the simple correction can be written as

E� = E

s
RwjTw � RwjT �

a
)

RwjTw � RjTa

: (2.18)

This equation is enticing, as one does not need to know Tw. The hot resistance would
then directly be known to the operator from the setting of the anemometer. The cold
resistance of the probe could bemeasured at different ambient temperatures and used
to fill in the other factors.

However, Van Dijk [18] deemed this method too unreliable, as the material properties
can vary from wire to wire, with no possible standard temperature coefficient of resist-
ance. Furthermore, another hidden inaccuracy in the resistance method was noted,
as there will be a difference in the contact and internal instrument resistances between
the operational CTA and the measurement at cold temperatures, �1. To account for
that, Eq. (2.18) was rearranged in the form

E� = E

s
Rtotal(Tw) � Rtotal;cal(T �

a ) + �1

Rtotal(Tw) � Rtotal;cal(Ta) + �1

; (2.19)

where Rtotal are the total real cold resistances of the probe and all additional wire and
contact resistances, and Rtotal;cal are measured during temperature calibration.

Van Dijk has experimentally shown that if Eq. (2.18) is used, the lack of accounting
for the resistance accuracy leads to the calibration data not collapsing on a single
curve as expected. He proposed treating �1 as a free parameter, and optimizing it
until the �2 of a fourth-degree polynomial fit of the corrected data is minimum. The
RMS-deviation of the polynomial fit of the data corrected with the optimized �1 was
reduced by an order of magnitude compared to Eq. (2.18).

Similarly, Van Dijk was the first to suggest abandoning the idea of calculating the
hot-wire temperature from measured resistance or the overheat ratio, and instead
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treating Tw in Eq. (2.13) as a free parameter to optimize. As long as a collection of
measurements at a sufficient range of fluid temperatures is available, the correction
can be applied to the data with a guessed value of Tw, and a fourth-degree polynomial
U = f(E�) fitted to the entire set of data. Then Tw can be optimized until the �2 statistic
is minimum. Van Dijk has found that this method allows for complete elimination of the
uncertainty in hot-wire temperature that comes from estimating it through resistance.
In his experiments, the post-calibration RMS-deviation is just 5:6 cm s�1, although the
temperature span in his experiment was only around 6 K.

Such approach can also be used for more complex relations including the effect of film
temperature on the fluid properties � and �, as recently independently proposed by
Takahashi et al. [19]. In this case, the optimized Tw is incorporated in the calculation
of the film temperature, which is subsequently used to calculate the fluid properties.

Multi-wire probes make use of multiple differently inclined wires to measure more than
one velocity component. A schematic representation of an X-wire probe is shown in
Fig. 2.3. The underlying principle of X-wire measurements is that a unique pair of flow
velocity U and inclination angle � should be linked to a unique pair of measured wire
voltagesE1 andE2. Manymethods involving the deduction of flow speed and direction
based in physical reasoning effective cooling velocity have been proposed and remain
in use [20, 21], most notably the effective velocity methods discussed in Section 2.3.1,
although they are often regarded as only somewhat accurate for at most �15� flow
inclination. Over time, methods involving calibration look-up tables as described in
Section 2.3.2 have been suggested instead. Another popular alternative aiming to
improve the efficiency of data interpretation is the direct fitting method, elaborated on
in Section 2.3.3.

φ

φ1

φ2

Wire 1

Wire 2
x

y

U

u

v

_

_

Figure 2.3: Schematic of an X-wire probe showing the velocity component definition
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Because of the underlying principle of multi-wire probes, it is no longer possible to
assume that the flow is oriented perpendicular to the wires. Therefore, it is common
to express the cooling relations as derived in Section 2.1.2, in terms of the effective
cooling velocity Ue, which is a fictitious velocity magnitude that corresponds to the
magnitude of a velocity vector aligned normal to the wire that would cause the same
cooling of the wire as the real velocity vector U . The coordinate system of a single-wire
probe can be defined as shown in Fig. 2.4.

Figure 2.4: Velocity components in the sensor reference frame

The simplest approximation of off-angle cooling of a hot-wire is through the use of the
cosine-cooling law:

U�
e = U� cos �: (2.20)

This is based on the assumption that only the wire-normal velocity component contrib-
utes to the convective heat transfer of the hot-wire. Real hot-wires do not show good
agreement with this law. As an attempt to account for deviations from the cosine-
cooling law, the law was expressed by Bradshaw [22] in terms of the effective yaw
angle �e as

U�
e = U� cos �e: (2.21)

The effective yaw angle is no longer the real angle between the velocity vector and
the wire, and is instead found by fitting to calibration data.

As an attempt to better capture the effect of wire-parallel velocity components, Hinze
[23] proposed including the effect of the wire-tangential velocity with the yaw para-
meter k:

U�
e

2 = U�2(cos2 � + k2 sin2 �): (2.22)

Others further expanded that approach by noting that the presence of the hot-wire
prongs alter the flow field locally such that the response of the wire to the normal
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velocity u and the bi-normal velocity w is in fact different, and better captured by

U�
e

2 = u�2 + (kv�)2 + (hw�)2; (2.23)

where k and h are the sensorôs sensitivity coefficients in yaw and pitch. Equation (2.23)
is often referred to as Jßrgensenôs law [5, 24, 18]. For typical hot-wire configurations,
k � 0:2 and h � 1:05 [5], meaning that the sensitivity of the probe to the normal and
bi-normal velocity components is very similar, and much higher than to the parallel
component.

The effective velocity methods applied to X-wire calibration make use of individual
fitted functions for U�

e;1(E�
1) and U�

e;1(E�
2), which can be based on Kingôs-law-like rela-

tions or for example fourth-degree polynomial fits. According to Jim®nez et al. [20],
the effective cooling velocity of each wire can be described in the coordinate system
from Fig. 2.3 using the cosine law as modified by Bradshaw with the effective yaw
angle of each wire:

U�
e;1 = u� cos ��1;e + v� sin ��1;e (2.24a)

and

U�
e;2 = u� cos ��2;e � v� sin ��2;e: (2.24b)

The effective yaw angles ��1;e and ��2;e are similar to the real wire inclination angles ��1

and ��2, but are fitted to the data and are slightly different.

Equations (2.24a) and (2.24b) can be rearranged to

Ue;1�

cos ��1;e

= u� + v� tan ��1;e = f(E�
1) (2.25a)

and

U�
e;2

cos ��2;e

= u� � v� tan ��2;e = g(E�
2); (2.25b)

where functions f(E�
1) and g(E�

2) are fourth-degree polynomial fits, calculated from
calibration data with flow aligned with probe axis (v = 0).

Angles ��1;e and ��2;e are found by inclining the probe to the flow during calibration by
angle �, so that u� = U� cos � and v� = U� sin �. Then, with the assumption that
yawing the probe by angle � changes the effective cooling angle by the same amount,
Eqs. (2.25a) and (2.25b) can be rewritten to

cos � + sin � tan ��1;e =
f(E�

1)

U� (2.26a)

and

cos � � sin � tan ��2;e =
g(E�

2)

U� : (2.26b)



2.3. X-wire Calibration 13

The probe is yawed over a range of angles and ��1;e and ��2;e are regressed. From
measurements, the velocity components are calculated using

u� =
f(E�

1) tan ��2;e + g(E�
2) tan ��1;e

tan ��1;e + tan ��2;e

(2.27a)

and

v� =
f(E�

1) � g(E�
2)

tan ��1;e + tan ��2;e

: (2.27b)

Alternatively, other effective cooling velocity expressions can be used, for example
from Eq. (2.22) as

U�
e;1

2 = U�2(cos2 (��1 � �) + k2
1 sin2 (��1 � �)) (2.28a)

and

U�
e;2

2 = U�2(cos2 (��2 + �) + k2
2 sin2 (��2 + �)): (2.28b)

However, no direct solutions for U� and � exist, and the equations require solving
iteratively.

One of the first methods to avoid the inaccuracies of effective angle approach in multi-
wire applications was developed byWillmarth and Bogar [25], who performed a full cal-
ibration of the probe on a grid of velocities and yaw angles, and recorded the response
of the two wires at each combination. The data was interpreted during experiments
through interpolation between the stored calibration points. A significant limitation of
this approach is that the accuracy is limited by the density of the stored calibration
grid. Furthermore, outliers in the calibration data could increase errors in their neigh-
borhoods when using local interpolation schemes [18]. Initially, interpolation methods
were introduced as a means to òfill-inò relatively large gaps between calibration data
in a more accurate manner than local interpolation directly from the calibration set, for
example the following method by Lueptow et al.[3]. Another alternative was proposed
by Browne et al. [26] and subsequently modified by Tropea et al. [4].

In the approach described by Lueptow et al.[3], the initial relatively coarse calibra-
tion dataset is transferred to a finer rectangular E�

1 � E�
2 grid by intermediate global

polynomials fitted to the data. This also reduces the effect of individual bad samples
during calibration. A typical X-wire calibration set has a range of velocities taken at the
same probe yaw angles, such as the one shown in Fig. 2.5a. From this, polynomials
E�

2(E�
1)j�i

and U�(E�
1)j�i

are fitted at each angle � as shown for E�
2(E�

1)j�i
in Fig. 2.5b.

Then, the values of E�
2 and U� are evaluated at evenly spaced intervals of E�

1 for each
angle using the fits, and new polynomials �(E�

2)jE�
1
and U�(E�

2)jE�
1
are fitted for each
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�6�H�O�H�F �7�&�������&���&�( �W�H�P�S�H�U�D�W�X�U�H �F�R�Q�W�U�R�O�O�H�U �Z�L�W�K �I�H�H�G�E�D�F�N �I�U�R�P �D �7���W�\�S�H �W�K�H�U�P�R�F�R�X�S�O�H
�S�O�D�F�H�G �L�Q �W�K�H �V�H�W�W�O�L�Q�J �F�K�D�P�E�H�U �R�I �W�K�H �F�D�O�L�E�U�D�W�R�U�� �7�K�H �F�D�O�L�E�U�D�W�R�U �V�H�W�X�S �L�V �F�R�Q�Q�H�F�W�H�G �W�R �D
�I�L�O�W�H�U�H�G �D�Q�G �U�H�J�X�O�D�W�H�G0:4 MPa �F�R�P�S�U�H�V�V�H�G �D�L�U �V�X�S�S�O�\�� �7�R �L�Q�G�L�U�H�F�W�O�\ �F�R�Q�W�U�R�O �W�K�H �R�X�W�O�H�W
�Y�H�O�R�F�L�W�\�� �W�Z�R �S�D�U�D�O�O�H�O �P�D�Q�X�D�O �Q�H�H�G�O�H �Y�D�O�Y�H�V �D�U�H �X�V�H�G�� �Z�L�W�K �R�Q�H �S�U�R�Y�L�G�L�Q�J �F�R�D�U�V�H �D�Q�G
�W�K�H �R�W�K�H�U �I�L�Q�H �U�H�J�X�O�D�W�L�R�Q�� �7�K�H �I�O�R�Z �Y�H�O�R�F�L�W�\ �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G �E�\ �P�H�D�V�X�U�L�Q�J �W�K�H �G�L�I�I�H�U��
�H�Q�F�H �L�Q �S�U�H�V�V�X�U�H �E�H�W�Z�H�H�Q �W�K�H �V�H�W�W�O�L�Q�J �F�K�D�P�E�H�U �R�I �W�K�H �F�D�O�L�E�U�D�W�R�U �D�Q�G �W�K�H �D�P�E�L�H�Q�W�� �7�K�H
�7�6�, �F�D�O�L�E�U�D�W�R�U �L�V �V�K�R�Z�Q �L�Q �)�L�J����������

�)�L�J�X�U�H ���������+�R�W���Z�L�U�H �W�H�P�S�H�U�D�W�X�U�H �F�D�O�L�E�U�D�W�R�U

�,�Q �W�K�H �H�Q�G�� �L�W �Z�D�V �Q�R�W �S�R�V�V�L�E�O�H �W�R �F�R�O�O�H�F�W �D�G�G�L�W�L�R�Q�D�O �H�[�S�H�U�L�P�H�Q�W�D�O �G�D�W�D �L�Q �W�L�P�H�� �D�Q�G �R�Q�O�\
�W�K�H �U�H�I�H�U�H�Q�F�H �G�D�W�D�V�H�W�V �R�E�W�D�L�Q�H�G �I�U�R�P �O�L�W�H�U�D�W�X�U�H �D�U�H �X�V�H�G �I�R�U �H�Y�D�O�X�D�W�L�R�Q �R�I �W�H�P�S�H�U�D�W�X�U�H
�F�R�U�U�H�F�W�L�R�Q �P�H�W�K�R�G�V��

���������<���[�M�V�I �G�E�P�M�F�V�E�X�M�S�R
�,�Q �W�K�L�V �V�H�F�W�L�R�Q�� �W�K�H �G�H�V�L�J�Q �R�I �W�K�H �Q�H�Z �;���Z�L�U�H �F�D�O�L�E�U�D�W�L�R�Q �V�H�W�X�S �L�V �G�H�V�F�U�L�E�H�G �L�Q �6�H�F��
�W�L�R�Q�����������I�L�U�V�W�� �D�Q�G �W�K�H �H�[�S�H�U�L�P�H�Q�W�D�O �P�H�W�K�R�G�R�O�R�J�\ �W�R �F�R�O�O�H�F�W �W�K�H �G�D�W�D�V�H�W �I�R�U �F�D�O�L�E�U�D�W�L�R�Q
�V�F�K�H�P�H �H�Y�D�O�X�D�W�L�R�Q �L�V �G�H�V�F�U�L�E�H�G �L�Q �6�H�F�W�L�R�Q������������

�������������'�E�P�M�F�V�E�X�S�V �H�I�W�M�K�R
�3�U�H�Y�L�R�X�V�O�\�� �W�K�H �F�D�O�L�E�U�D�W�L�R�Q �R�I �P�X�O�W�L���Z�L�U�H �S�U�R�E�H�V �D�W �W�K�H �/�6�/ �Z�D�V �S�H�U�I�R�U�P�H�G �X�V�L�Q�J �W�K�H
�V�\�V�W�H�P �V�K�R�Z�Q �L�Q �)�L�J���������� �7�K�H �X�V�H �R�I �W�K�L�V �F�D�O�L�E�U�D�W�R�U �I�R�U�F�H�G �W�K�H �U�H�P�R�Y�D�O �R�I �W�K�H �K�R�W���Z�L�U�H
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�S�U�R�E�H �I�U�R�P �W�K�H �W�H�V�W �V�H�W�X�S �W�K�D�W �L�W �Z�D�V �J�R�L�Q�J �W�R �E�H �X�V�H�G �L�Q�� �D�Q�G �U�H���L�Q�V�W�D�O�O�D�W�L�R�Q �D�I�W�H�U �W�K�H �F�D�O��
�L�E�U�D�W�L�R�Q �K�D�G �E�H�H�Q �S�H�U�I�R�U�P�H�G�� �7�K�L�V �Z�D�V �D �W�L�P�H���F�R�Q�V�X�P�L�Q�J �S�U�R�F�H�V�V �W�K�D�W �I�X�U�W�K�H�U �U�L�V�N�H�G
�W�K�H �D�F�F�X�U�D�F�\ �R�I �W�K�H �K�R�W���Z�L�U�H �P�H�D�V�X�U�H�P�H�Q�W�V �L�Q �W�K�H �H�[�S�H�U�L�P�H�Q�W �R�U �S�K�\�V�L�F�D�O �G�D�P�D�J�H �W�R
�W�K�H �I�U�D�J�L�O�H �Z�L�U�H�V��

�)�L�J�X�U�H ���������2�O�G �;���Z�L�U�H �S�U�R�E�H �F�D�O�L�E�U�D�W�R�U

�'�X�H �W�R �W�K�H �L�P�S�R�U�W�D�Q�F�H �R�I �F�D�U�H�I�X�O�O�\ �F�R�Q�W�U�R�O�O�H�G �F�D�O�L�E�U�D�W�L�R�Q �R�Q �W�K�H �Y�D�O�L�G�L�W�\ �R�I �K�R�W���Z�L�U�H
�P�H�D�V�X�U�H�P�H�Q�W�V �D�Q�G �W�K�H �Q�H�H�G �I�R�U �I�U�H�T�X�H�Q�W �U�H�F�D�O�L�E�U�D�W�L�R�Q�� �D �Q�H�Z �V�H�W�X�S �Z�K�L�F�K �Z�R�X�O�G �D�O��
�O�R�Z �H�I�I�R�U�W�O�H�V�V �F�D�O�L�E�U�D�W�L�R�Q �G�L�U�H�F�W�O�\ �L�Q �W�K�H �H�[�S�H�U�L�P�H�Q�W �V�H�W�X�S �Z�D�V �Q�H�H�G�H�G�� �7�K�L�V �F�D�O�L�E�U�D�W�R�U
�Z�R�X�O�G �D�O�V�R �Q�H�H�G �W�R �E�H �H�D�V�L�O�\ �D�G�D�S�W�D�E�O�H �W�R �D �Y�D�U�L�H�W�\ �R�I �S�R�W�H�Q�W�L�D�O �H�[�S�H�U�L�P�H�Q�W�V �S�H�U�I�R�U�P�H�G
�D�W �W�K�H �/�6�/ �L�Q �G�L�I�I�H�U�H�Q�W �Z�L�Q�G �W�X�Q�Q�H�O �I�D�F�L�O�L�W�L�H�V�� �7�K�H �U�H�V�H�D�U�F�K �L�Q �W�X�U�E�X�O�H�Q�W �W�U�D�Q�V�L�W�L�R�Q �R�I
�F�R�R�O�H�G �E�R�X�Q�G�D�U�\ �O�D�\�H�U�V �D�W �W�K�H �7�8 �'�H�O�I�W �>���� �@ �V�H�U�Y�H�G �D�V �D�Q �H�[�D�P�S�O�H �R�I �D �F�K�D�O�O�H�Q�J�L�Q�J
�D�S�S�O�L�F�D�W�L�R�Q�� �D�V �W�K�H �K�R�W���Z�L�U�H �S�U�R�E�H�V �Z�H�U�H �L�Q�V�H�U�W�H�G �L�Q�W�R �D �Q�D�U�U�R�Z �W�H�V�W �V�H�F�W�L�R�Q �R�I �O�H�V�V
�W�K�D�Q5 cm �L�Q �Z�L�G�W�K �R�Q �D �O�R�Q�J �D�U�P�� �%�H�F�D�X�V�H �R�I �W�K�H �U�H�V�W�U�L�F�W�H�G �V�L�]�H �R�I �W�K�H �W�H�V�W �V�H�F�W�L�R�Q��
�U�H�P�R�Y�D�O �R�I �W�K�H �S�U�R�E�H �I�U�R�P �W�K�H �W�H�V�W �V�H�F�W�L�R�Q �Z�D�V �S�U�H�Y�L�R�X�V�O�\ �Q�H�F�H�V�V�D�U�\ �I�R�U �F�D�O�L�E�U�D�W�L�R�Q��

�7�R �P�D�N�H �W�K�H �F�D�O�L�E�U�D�W�R�U �X�Q�L�Y�H�U�V�D�O�� �L�W �Z�D�V �Q�R�W �S�R�V�V�L�E�O�H �W�R �X�V�H �D�Q �H�[�W�H�U�Q�D�O�O�\ �P�R�X�Q�W�H�G �S�L�Y�R�W��
�L�Q�J �V�\�V�W�H�P �D�V �L�Q �W�K�H �R�O�G �G�H�V�L�J�Q�� �,�Q�V�W�H�D�G �W�K�H �P�R�W�L�R�Q �V�\�V�W�H�P �Q�H�H�G�H�G �W�R �E�H �L�Q�W�H�J�U�D�W�H�G
�F�O�R�V�H�U �W�R �W�K�H �K�R�W���Z�L�U�H �S�U�R�E�H�V�� �7�K�H �P�R�W�R�U �S�R�Z�H�U�L�Q�J �W�K�H �\�D�Z �P�H�F�K�D�Q�L�V�P �R�I �W�K�H �S�U�R�E�H
�K�D�G �W�R �E�H �P�L�Q�L�D�W�X�U�H�� �Z�K�L�O�H �P�D�L�Q�W�D�L�Q�L�Q�J �V�X�I�I�L�F�L�H�Q�W �K�R�O�G�L�Q�J �W�R�U�T�X�H �W�R �U�H�V�L�V�W �W�K�H �D�H�U�R�G�\��
�Q�D�P�L�F �I�R�U�F�H�V �D�Q�G �N�H�H�S �W�K�H �S�U�R�E�H �I�L�U�P�O�\ �D�W �W�K�H �G�H�V�L�U�H�G �D�Q�J�O�H�� �6�L�P�L�O�D�U �U�H�T�X�L�U�H�P�H�Q�W�V �I�R�U
�5�& �P�R�G�H�O �D�L�U�S�O�D�Q�H�V�¶ �F�R�Q�W�U�R�O �V�X�U�I�D�F�H�V �K�D�Y�H �O�H�G �W�R �I�D�L�U�O�\ �S�R�Z�H�U�I�X�O �D�Q�G �L�Q�H�[�S�H�Q�V�L�Y�H �F�R�P��
�P�H�U�F�L�D�O�O�\ �D�Y�D�L�O�D�E�O�H �V�H�U�Y�R �P�R�W�R�U�V�� �)�R�U �W�K�H �F�D�O�L�E�U�D�W�R�U�� �W�K�H �&�K�D�V�H�U�Y�R �/�9���� �P�R�G�H�O �Z�D�V
�X�V�H�G�� �,�W �Z�D�V �I�R�X�Q�G �W�R �K�D�Y�H �O�R�Z �E�D�F�N�O�D�V�K�� �D�Q�G �K�D�G �D �T�X�R�W�H�G �K�R�O�G�L�Q�J �W�R�U�T�X�H �R�I1:9 kg cm
�W�K�D�Q�N�V �W�R �W�K�H �F�R�P�E�L�Q�D�W�L�R�Q �R�I �D �K�L�J�K���T�X�D�O�L�W�\ �'�& �P�R�W�R�U �D�Q�G �J�H�D�U�E�R�[�� �7�K�L�V �V�H�U�Y�R�� �V�K�R�Z�Q
�L�Q �)�L�J���������� �Z�D�V �D�P�R�Q�J �W�K�H �V�P�D�O�O�H�V�W �D�Y�D�L�O�D�E�O�H�� �D�Q�G �K�D�G �D �P�X�F�K �K�L�J�K�H�U �W�R�U�T�X�H �R�X�W�S�X�W
�W�K�D�Q �R�W�K�H�U �F�R�P�S�D�U�D�E�O�H �P�R�G�H�O�V��

�7�K�H �S�U�H�F�L�V�L�R�Q �G�H�P�D�Q�G�H�G �I�U�R�P �5�& �F�R�P�S�R�Q�H�Q�W�V �Z�D�V �Q�R�W �D�G�H�T�X�D�W�H �I�R�U �D �S�U�H�F�L�V�L�R�Q �F�D�O��
�L�E�U�D�W�L�R�Q�� �D�Q�G �W�K�H �S�R�V�L�W�L�R�Q�D�O �D�F�F�X�U�D�F�\ �Z�D�V �R�Q�H �R�I �W�K�H �V�S�H�F�L�I�L�F�D�W�L�R�Q�V �S�U�R�Y�L�G�H�G �E�\ �W�K�H
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�)�L�J�X�U�H ���������7�K�H �G�L�P�H�Q�V�L�R�Q�H�G �G�U�D�Z�L�Q�J �R�I �W�K�H �&�K�D�V�H�U�Y�R �/�9���� �I�U�R�P �W�K�H �P�D�Q�X�I�D�F�W�X�U�H�U

�P�D�Q�X�I�D�F�W�X�U�H�U�� �,�W �Z�D�V�� �K�R�Z�H�Y�H�U�� �H�V�W�L�P�D�W�H�G �W�R �E�H �L�Q �W�K�H �R�U�G�H�U �R�I �D �I�H�Z �G�H�J�U�H�H�V �E�\
�W�H�V�W�L�Q�J�� �Z�K�L�F�K �L�V �L�Q�V�X�I�I�L�F�L�H�Q�W �I�R�U �K�R�W���Z�L�U�H �F�D�O�L�E�U�D�W�L�R�Q�� �,�Q�V�W�H�D�G �R�I �W�K�H �O�R�Z �S�U�H�F�L�V�L�R�Q �S�R��
�W�H�Q�W�L�R�P�H�W�H�U �I�H�H�G�E�D�F�N �I�U�R�P �W�K�H �V�H�U�Y�R�� �D �P�R�U�H �D�F�F�X�U�D�W�H �V�R�X�U�F�H �R�I �D�Q�J�O�H �P�H�D�V�X�U�H�P�H�Q�W
�Z�D�V �Q�H�H�G�H�G�� �0�D�J�Q�H�W�L�F �U�R�W�D�U�\ �H�Q�F�R�G�H�U�V �D�U�H �G�H�Y�L�F�H�V �Z�K�L�F�K �F�D�Q �P�H�D�V�X�U�H �W�K�H �D�Q�J�O�H �R�I �D
�V�S�H�F�L�D�O �G�L�D�P�H�W�U�L�F�D�O�O�\���P�D�J�Q�H�W�L�]�H�G �P�D�J�Q�H�W �X�V�L�Q�J �W�K�H �K�D�O�O �H�I�I�H�F�W�� �*�L�Y�H�Q �U�H�O�D�W�L�Y�H�O�\ �D�F�F�X�U��
�D�W�H �D�O�L�J�Q�P�H�Q�W �U�H�T�X�L�U�H�P�H�Q�W�V �E�H�W�Z�H�H�Q �W�K�H �P�D�J�Q�H�W �D�Q�G �W�K�H �F�K�L�S�� �W�K�H �0�D�J�Q�7�H�N �0�7��������
�F�R�X�O�G �R�I�I�H�U �D�F�F�X�U�D�F�\ �R�I� 0:5� �R�X�W �R�I �W�K�H �E�R�[�� �7�K�H �F�K�L�S �D�O�V�R �V�X�S�S�R�U�W�V �S�U�R�J�U�D�P�P�L�Q�J �R�I
�D�Q �X�V�H�U �Q�R�Q���O�L�Q�H�D�U�L�W�\ �F�R�P�S�H�Q�V�D�W�L�R�Q�� �Z�K�L�F�K �F�D�Q �E�U�L�Q�J �W�K�H �D�F�F�X�U�D�F�\ �E�H�O�R�Z� 0:02� �� �+�R�Z��
�H�Y�H�U�� �Q�R �K�L�J�K���S�U�H�F�L�V�L�R�Q �H�Q�F�R�G�H�U �Z�D�V �D�Y�D�L�O�D�E�O�H �D�W �W�K�H �W�L�P�H �R�I �W�K�L�V �V�W�X�G�\ �W�R �S�H�U�I�R�U�P �W�K�L�V��
�D�Q�G �L�W �U�H�P�D�L�Q�H�G �D�W �W�K�H �I�D�F�W�R�U�\ �V�H�W�W�L�Q�J�� �$�G�G�L�W�L�R�Q�D�O �Q�R�Q���O�L�Q�H�D�U�L�W�\ �F�R�P�S�H�Q�V�D�W�L�R�Q �U�H�P�D�L�Q�V
�D�V �D �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q �I�R�U �I�X�W�X�U�H �D�S�S�O�L�F�D�W�L�R�Q�V �R�I �W�K�H �F�D�O�L�E�U�D�W�R�U�� �7�K�H �S�U�H�F�L�V�L�R�Q �R�I �W�K�L�V
�H�Q�F�R�G�H�U �L�V< 0:0002� �� �Z�K�L�F�K �Z�L�O�O �D�O�O�R�Z �W�K�H �F�D�O�L�E�U�D�W�R�U �W�R �P�D�W�F�K �W�K�H �W�D�U�J�H�W �D�Q�J�O�H�V �Y�H�U�\
�Z�H�O�O �G�X�U�L�Q�J �F�D�O�L�E�U�D�W�L�R�Q��

�7�R �P�D�[�L�P�L�]�H �W�K�H �D�F�F�X�U�D�F�\ �R�I �W�K�H �H�Q�F�R�G�H�U�� �W�K�H �P�D�J�Q�H�W �Q�H�H�G�H�G �W�R �E�H �D�O�L�J�Q�H�G �E�R�W�K �Z�L�W�K
�W�K�H �D�[�L�V �R�I �U�R�W�D�W�L�R�Q �D�Q�G �Z�L�W�K �W�K�H �F�H�Q�W�H�U �R�I �W�K�H �F�K�L�S�� �7�R �H�Q�V�X�U�H �V�D�W�L�V�I�D�F�W�R�U�\ �D�O�L�J�Q�P�H�Q�W
�R�I �W�K�H �P�D�J�Q�H�W �Z�L�W�K �W�K�H �V�H�U�Y�R�� �W�K�H �P�D�J�Q�H�W �Z�D�V �S�R�V�L�W�L�R�Q�H�G �G�X�U�L�Q�J �W�K�H �D�G�K�H�V�L�R�Q �S�U�R�F�H�V�V
�X�V�L�Q�J �D �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H �Z�L�W�K �S�U�H�F�L�V�H �G�L�J�L�W�D�O �U�H�D�G�R�X�W �F�R�P�S�R�Q�H�Q�W�V �Z�L�W�K �D �S�R�V�L�W�L�R�Q�D�O �D�F��
�F�X�U�D�F�\ �R�I< 0:01 mm�� �7�K�H �F�H�Q�W�H�U �R�I �U�R�W�D�W�L�R�Q �R�I �W�K�H �V�H�U�Y�R �Z�D�V �I�R�X�Q�G �X�V�L�Q�J �D< 0:01 mm
�S�U�H�F�L�V�L�R�Q �G�L�D�O �L�Q�G�L�F�D�W�R�U �U�L�J�L�G�O�\ �P�R�X�Q�W�H�G �W�R �W�K�H �D�U�P �R�I �W�K�H �V�H�U�Y�R�� �$ �S�U�H�F�L�V�L�R�Q �J�U�R�X�Q�G
�U�H�I�H�U�H�Q�F�H �F�\�O�L�Q�G�H�U �Z�D�V �P�R�X�Q�W�H�G �L�Q �W�K�H �V�S�L�Q�G�O�H �R�I �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H�� �7�K�H �D�U�P �R�I �W�K�H
�V�H�U�Y�R �Z�D�V �F�R�Q�W�L�Q�X�R�X�V�O�\ �U�R�W�D�W�H�G�� �D�Q�G �W�K�H �E�H�G �R�I �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H �Z�D�V �P�R�Y�H�G �X�Q�W�L�O
�W�K�H �V�H�U�Y�R �D�U�P �Z�L�W�K �W�K�H �G�L�D�O �L�Q�G�L�F�D�W�R�U �U�D�Q �W�U�X�H �Z�L�W�K �W�K�H �V�S�L�Q�G�O�H �R�I �W�K�H �P�L�O�O ���W�K�H �Q�H�H�G�O�H
�G�L�G �Q�R�W �P�R�Y�H �W�K�U�R�X�J�K�R�X�W �W�K�H �U�R�W�D�W�L�R�Q���� �)�L�J�X�U�H������ �V�K�R�Z�V �D �S�L�F�W�X�U�H �W�D�N�H�Q �G�X�U�L�Q�J �W�K�L�V
�S�U�R�F�H�V�V��

�$�W �W�K�D�W �S�R�L�Q�W�� �W�K�H �S�R�V�L�W�L�R�Q �R�I �W�K�H �F�H�Q�W�H�U �R�I �U�R�W�D�W�L�R�Q �R�I �W�K�H �V�H�U�Y�R �Z�D�V �V�D�Y�H�G �L�Q �W�K�H �G�L�J�L�W�D�O
�U�H�D�G�R�X�W �V�\�V�W�H�P �R�I �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H�� �W�K�H �G�L�D�O �L�Q�G�L�F�D�W�R�U �U�H�P�R�Y�H�G �I�U�R�P �W�K�H �V�H�U�Y�R�� �D�Q�G
�W�K�H �U�H�I�H�U�H�Q�F�H �F�\�O�L�Q�G�H�U �U�H�P�R�Y�H�G �I�U�R�P �W�K�H �V�S�L�Q�G�O�H �R�I �W�K�H �P�L�O�O�� �2�Q�H �R�I �W�K�H �O�D�U�J�H�U �V�X�U�I�D�F�H�V
�R�I �W�K�H �P�D�J�Q�H�W �Z�D�V �S�U�H�Y�L�R�X�V�O�\ �O�L�J�K�W�O�\ �V�D�Q�G�H�G �W�R �U�H�P�R�Y�H �V�R�P�H �R�I �W�K�H �Q�L�F�N�H�O �S�O�D�W�L�Q�J �Z�K�L�O�H
�W�D�N�L�Q�J �F�D�U�H �W�R �N�H�H�S �L�W �I�O�D�W �D�Q�G �S�H�U�S�H�Q�G�L�F�X�O�D�U �W�R �W�K�H �D�[�L�V �R�I �W�K�H �P�D�J�Q�H�W�� �7�K�H �V�D�Q�G�H�G
�P�D�J�Q�H�W �Z�D�V �J�H�Q�W�O�\ �S�O�D�F�H�G �L�Q �D6 mm �F�R�O�O�H�W �L�Q �W�K�H �V�S�L�Q�G�O�H �R�I �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H�� �D�Q�G
�W�R�X�F�K�H�G �W�R �D �S�U�H�F�L�V�L�R�Q �J�U�R�X�Q�G �S�D�U�W �R�I �W�K�H �P�L�O�O �S�H�U�S�H�Q�G�L�F�X�O�D�U �W�R �W�K�H �V�S�L�Q�G�O�H �D�[�L�V�� �7�K�H�Q��
�Z�L�W�K �W�K�H �P�D�J�Q�H�W �D�O�L�J�Q�H�G �I�O�D�W�� �W�K�H �F�R�O�O�H�W �Z�D�V �O�L�J�K�W�O�\ �W�L�J�K�W�H�Q�H�G�� �D�Q�G �P�R�Y�H�G �E�D�F�N �W�R �W�K�H
�S�R�V�L�W�L�R�Q �R�I �W�K�H �V�H�U�Y�R�¶�V �D�[�L�V �R�I �U�R�W�D�W�L�R�Q�� �%�R�W�K �W�K�H �V�X�U�I�D�F�H �R�I �W�K�H �P�D�J�Q�H�W �D�Q�G �W�K�H �V�H�U�Y�R



�������� �<���[�M�V�I �G�E�P�M�F�V�E�X�M�S�R ����

�)�L�J�X�U�H ���������/�R�F�D�W�L�Q�J �W�K�H �F�H�Q�W�H�U �R�I �U�R�W�D�W�L�R�Q �R�I �W�K�H �V�H�U�Y�R

�D�U�P �Z�H�U�H �F�O�H�D�Q�H�G �Z�L�W�K �D�F�H�W�R�Q�H�� �7�K�H�Q�� �D �V�P�D�O�O �G�U�R�S �R�I �-���% �:�H�O�G �V�W�H�H�O���U�H�L�Q�I�R�U�F�H�G �H�S�R�[�\
�D�G�K�H�V�L�Y�H �Z�D�V �D�S�S�O�L�H�G �W�R �W�K�H �V�H�U�Y�R �D�U�P�� �D�Q�G �W�K�H �P�D�J�Q�H�W �J�H�Q�W�O�\ �O�R�Z�H�U�H�G �R�Q�W�R �W�K�H �D�U�P
�R�I �W�K�H �V�H�U�Y�R �E�\ �P�R�Y�L�Q�J �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H�� �)�L�J�X�U�H������ �V�K�R�Z�V �D �S�L�F�W�X�U�H �W�D�N�H�Q �G�X�U�L�Q�J
�F�X�U�L�Q�J �R�I �W�K�H �H�S�R�[�\ �D�G�K�H�V�L�Y�H�� �Z�L�W�K �W�K�H �P�D�J�Q�H�W �S�D�U�W�L�D�O�O�\ �Y�L�V�L�E�O�H �L�Q �W�K�H �F�R�O�O�H�W �D�E�R�Y�H �W�K�H
�V�H�U�Y�R��

�$�I�W�H�U �W�K�H �H�S�R�[�\ �Z�D�V �D�O�O�R�Z�H�G �D �������K�R�X�U �F�X�U�L�Q�J �S�H�U�L�R�G�� �W�K�H �Y�L�F�H �K�R�O�G�L�Q�J �W�K�H �V�H�U�Y�R �Z�D�V
�O�R�R�V�H�Q�H�G�� �$�I�W�H�U�Z�D�U�G�V�� �W�K�H �E�H�G �R�I �W�K�H �P�L�O�O�L�Q�J �P�D�F�K�L�Q�H �Z�D�V �O�R�Z�H�U�H�G �D�Z�D�\ �I�U�R�P �W�K�H
�V�S�L�Q�G�O�H�� �Z�K�L�O�H �P�D�N�L�Q�J �V�X�U�H �W�R �D�Y�R�L�G �K�L�W�W�L�Q�J �W�K�H �V�H�U�Y�R�� �:�L�W�K �W�K�H �V�H�U�Y�R �F�O�H�D�U �I�U�R�P �D�Q�\
�R�E�V�W�D�F�O�H�V �W�K�H �F�R�O�O�H�W �Z�D�V �O�R�R�V�H�Q�H�G�� �D�Q�G �W�K�H �V�H�U�Y�R �Z�L�W�K �P�D�J�Q�H�W �U�H�P�R�Y�H�G�� �7�K�H �V�H�U�Y�R
�V�K�R�Z�Q �L�Q �)�L�J�������� �Z�D�V �W�K�X�V �I�L�W�W�H�G �Z�L�W�K �D �G�L�D�P�H�W�U�L�F�D�O�O�\���P�D�J�Q�H�W�L�]�H�G �P�D�J�Q�H�W�� �Z�L�W�K<
0:02 mm�R�I�I���D�[�L�V �G�H�Y�L�D�W�L�R�Q��

�)�R�U �W�K�H �D�O�L�J�Q�P�H�Q�W �R�I �W�K�H �U�R�W�D�W�L�Q�J �P�D�J�Q�H�W �Z�L�W�K �W�K�H �V�W�D�W�L�R�Q�D�U�\ �H�Q�F�R�G�H�U �F�K�L�S�� �D�Q �D�O�L�J�Q�P�H�Q�W
�S�L�H�F�H �P�D�G�H �R�I �D�F�U�\�O�L�F �L�V �X�V�H�G�� �7�K�H �G�H�W�D�L�O �Y�L�H�Z �U�H�Q�G�H�U�L�Q�J �R�I �L�Q�W�H�U�I�D�F�H �R�I �W�K�H �S�D�U�W �L�V
�V�K�R�Z�Q �L�Q �)�L�J���������� �/�R�R�N�L�Q�J �R�Q �W�K�H �L�P�D�J�H�� �W�K�H �E�R�D�U�G �Z�L�W�K �W�K�H �H�Q�F�R�G�H�U �F�K�L�S �L�V �P�R�X�Q�W�H�G
�I�U�R�P �W�K�H �W�R�S �V�L�G�H�� �D�Q�G �W�K�H �F�K�L�S �I�L�W�V �V�Q�X�J�O�\ �L�Q �W�K�H �U�H�F�W�D�Q�J�X�O�D�U �F�X�W�R�X�W �L�Q �W�K�H �D�O�L�J�Q�P�H�Q�W
�S�L�H�F�H�� �7�K�H �P�D�J�Q�H�W �V�L�W�V �L�Q �W�K�H �F�L�U�F�X�O�D�U �F�X�W�R�X�W �S�D�U�W�L�D�O�O�\ �Y�L�V�L�E�O�H �L�Q �W�K�H �E�D�F�N �R�I �W�K�H �S�D�U�W��
�7�K�H �U�R�X�Q�G �F�X�W�R�X�W �L�V �P�D�F�K�L�Q�H�G �W�R �D �F�O�R�V�H �U�X�Q�Q�L�Q�J �W�R�O�H�U�D�Q�F�H �Z�L�W�K �W�K�H �G�L�D�P�H�W�H�U �R�I �W�K�H
�P�D�J�Q�H�W�� �D�Q�G �W�K�H �W�Z�R �F�X�W�R�X�W�V �D�U�H �P�D�F�K�L�Q�H�G �Z�L�W�K �K�L�J�K �D�O�L�J�Q�P�H�Q�W �W�R �H�D�F�K �R�W�K�H�U�� �7�K�H
�P�D�J�Q�H�W �V�L�G�H �R�I �W�K�H �D�O�L�J�Q�P�H�Q�W �S�L�H�F�H �L�V �Y�L�V�L�E�O�H �L�Q �)�L�J���������� �Z�L�W�K �W�K�H �H�Q�F�R�G�H�U �F�K�L�S �Y�L�V�L�E�O�H
�L�Q �W�K�H �F�X�W�R�X�W��

�7�K�H �F�D�O�L�E�U�D�W�R�U �D�V�V�H�P�E�O�\ �L�V �V�K�R�Z�Q �L�Q �)�L�J���������� �7�K�H �V�Z�L�Q�J�L�Q�J �S�D�U�W �L�V �K�L�J�K�O�L�J�K�W�H�G �L�Q �J�U�H�H�Q��
�7�K�H �D�Q�J�O�H �R�I �W�K�H �I�L�Q�D�O �S�D�U�W �R�I �W�K�H �K�R�W���Z�L�U�H �D�U�P �F�D�Q �E�H �D�G�M�X�V�W�H�G �G�H�S�H�Q�G�L�Q�J �R�Q �W�K�H �X�V�H�G
�S�U�R�E�H�� �D�V �W�K�H �D�[�L�V �R�I �U�R�W�D�W�L�R�Q �V�K�R�X�O�G �E�H �S�H�U�S�H�Q�G�L�F�X�O�D�U �W�R �W�K�H �S�O�D�Q�H �I�R�U�P�H�G �E�\ �W�K�H �Z�L�U�H�V��
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