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Abstract

Additive manufacturing (AM) has largely improved design freedom compared with
traditional manufacturing processes such as casting and milling. The layer-by-layer
workflow makes it possible to produce objects with much more complex shapes and
structures. This feature is of particular interest for turbine blade manufacturing
since internal cooling channels with higher thermal efficiency can be achieved to
improve the overall efficiency of a gas turbine. One feature of AM, especially for Laser
Power Bed Fusion (LPBF) working on metal powders, is the relatively large surface
roughness (SR), which will affect both heat transfer and pressure loss. Its geometry
is also unique with the very randomly distributed spherical-shaped structures. This
randomness makes the correlations for heat transfer and pressure loss based on
sand grain roughness not applicable anymore. More in-depth research is needed to
investigate the roughness effects. In this study, the AM roughness is modelled by a
statistical distribution of spheres with different diameters using an upscale ratio of
77.4. An infrared (IR) camera was used to record the temperature distribution on the
rough plates subjected to heated airflow. Three Re in the turbulent region (15000,
20000, 25000) were tested and the data from the IR camera were used to calculate
the heat transfer coefficient (HTC) on the rough plate through a 3D finite element
calibration solver. The results of averaged HTC agree well with data of the real Inconel
939 AM channel from which the upscaled rough plates are modelled. Also, the general
patterns of HTC distributions matched the fluid dynamics analysis. Moreover, the
results of arranging smooth and rough plates together shows that the heat transfer
enhancement from SR is due to both the induced turbulent flows and the increased

surface area.
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Sammanfattning

Additiv tillverkning har i h®g grad ferb&ttrat designfriheten j2mfert med traditionella
tillverkningsprocesser som gjutning och fr@sning. Att bygga lager f°r lager g°r
det mOjligt att tillverka f°rem-l med mycket mer komplexa former och strukturer.
Denna egenskap 2r av s@rskilt intresse fer tillverkning av turbinblad eftersom b2ttre
interna kylkanaler kan uppn-s fOr att forb2ttra den totala verkningsgraden hos en
gasturbin. En egenskap hos additiv tillverkning 2r den relativt stora ytoj2mnheten,
som p-verkar b-de v@rme°verfering och tryckferlust. Dess geometri @r ocks-
unik med mycket slumpma&ssigt fordelade sferiskt formade strukturerna. Denna
slumpmassighet g°r att de korrelationer f°r v&rme°verfering och tryckferlust som
baseras p- sandkornens grovlek inte I2ngre @r till2mpliga. Mer djupg-ende forskning
beh©vs fOr att unders®ka grovhetseffekterna. I den h@r studien modelleras den additiva
tillverkningens grovhet med en statistisk ferdelning av sf@rer med olika diametrar
med ett uppskalningsferh-llande p- 77,4. En infrared (IR) kamera anv®ndes for
att registrera temperaturferdelningen p- de skrovliga plattorna som utsattes f°r ett
uppvarmt luftfl°de. Tre Re i det turbulenta omr-det (15000, 20000, 25000) testades
och data fr-n IR-kameran anv®ndes f°r att ber2kna v&rme©°verferingskoefficienten
p- den grova plattan genom en 3D finita elementkalibreringsl®sare. Resultaten av
den genomsnittliga v&rme©verferingskoefficienten st®mmer v& ©verens med data
fr-n den verkliga additivt tillverkade Inconel 939-kanalen fr-n vilken de uppskalade
grova plattorna @r modellerade. ven de allm®nna m®°nstren f°r ferdelningen av
varme©verferingskoefficienter sttmmer ©verens med den fluiddynamiska analysen.
Dessutom visar resultaten av att arrangera sl®ta och grova plattor tillsammans att
varme°verferingsferbattringen fr-n ytjfmnhet beror p- b-de de inducerade turbulenta

fl°dena och den ©kade ytarean.
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Chapter 1

Introduction

In this chapter, the background of the project will first be presented. After that, the
motivation and a literature review of the work done by previous researchers in this area
are introduced. Then the research objectives of this project are described along with

the general methodology. Finally, the outline of this thesis is listed at the end.

1.1 Background

Additive Manufacturing (AM) is a revolutionary technology that allows the creation
of three-dimensional objects by adding material layer by layer [1]. It has gained
significant attention and is being applied in various industries, especially in aerospace
and automotive, due to its numerous advantages and potential applications. For
example, AM with metal powder can be used to fabricate very complex geometries
with high accuracy that are very difficult to achieve with traditional, subtractive

manufacturing processes such as casting, milling, lathing, etc [1, 2].

In turbomachinery, AM can be used to produce turbine blades with more complex
internal cooling channels, allowing much higher turbine inlet temperature and thus
improving the thermal efficiency[3]. Turbine machines have a wide application range.
They are used on modern airplanes for aviation and on rockets in the fuel injection
systems as turbopumps [4]. They are also used to generate electricity and heat
directly in many energy systems with combined heat and power plants. The wide
application range makes it more important to improve their thermal efficiency due

to the increasing energy demand globally.



CHAPTER 1. INTRODUCTION

As the environmental impact of traditional energy sources becomes more apparent, the
share of renewable energy sources such as wind energy, solar energy and hydro energy
has increased rapidly. However, due to the unstable nature of those energy sources,
it is hard to maintain the desired energy output from those renewable sources when
the production rate is low [5, 6]. Modern gas turbines can be a great complement to
renewable energy to mitigate production fluctuation due to their flexibility and high
thermal efficiency. And how to achieve an even higher efficiency to save money and
reduce emissions is always of interest. Thus, it is of great importance to understand

how to reach higher efficiency with the help of AM.

Along with the huge potential of AM also comes with its limitations that need to
be investigated carefully in order to maximize the benefits of this technology. One
major effect that needs to be considered is the surface roughness generated which
is rather significant compared with traditional manufacturing. Many aspects will
affect the surface roughness such as the printing techniques and parameters, material
selection, etc. The roughness will have a significant impact on the pressure loss and
heat transfer properties of internal flow channels[7, 8]. Generally, a higher roughness
level will cause larger pressure loss and enhance heat transfer, but how exactly they
are correlated still remains an open question. While it is desirable for internal cooling
channels to make use of the enhanced heat transfer from roughness, it should be
avoided for the external blade surfaces. For applications of AM in gas turbines, it
is important to find out how the heat transfer properties are affected since they will

directly influence the performance of the turbomachine.

1.2 Motivation & Literature Review

Many researchers have done remarkable work to find the correlation of surface
roughness with heat transfer and flow properties. The very first relative work in this
area was done by Darcy [9], where he proposed the relationship between head loss in
pipe flows and friction. The work leads to the famous Darcy-Weisbach equation after
further modification by Weisbach and it is still widely applicable today. This equation
introduced the Darcy friction factor fp and it has different behaviors in different flow
regimes (Reynolds number) and it also depends on the roughness level of the pipes. To
understand the relationship among them, Nikuradse [10] conducted very systematic

and extensive experimental research on pipes with uniform roughness produced by
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CHAPTER 1. INTRODUCTION

glueing sieved sand grains as closely as possible on smooth pipes. This roughness
parameter is also referred to as the sand grain roughness ks. Then different Re and
different relative roughness were tested and the pressure loss was measured. After
that, Schlichting [11] conducted similar research but with different types of roughness
elements such as cones, rivets and spherical segments and tried to correlate them to
sand grain roughness. These results together with some other researchersi work [12,
13] were then summarized by Moody [14], and the famous Moody diagram which

relates fp, Re, and relative roughness ks/D was created.

The literature mentioned above focused more on the flow properties, i.e. pressure
drop in rough pipes. The heat transfer properties were studied in detail in a later stage
possibly due to the difficulty in high-precision measurement and increased complexity
in the experiments [15]. One of the first research on heat transfer in rough pipes
was conducted by Cope in 1941 [16], in which he tested several pipes with artificially
roughed surfaces constructed by a series of pyramids. With water as the working fluid,
the results showed a larger heat transmission in rough pipes than smooth ones for
the same pressure drop, and the smooth pipes have a higher heat transfer efficiency
for equal power. Later, Dippery and Sabersky [15] conducted some experiments on
pipes with sand-grain type roughness in different Prandtl numbers by varying the bulk
temperature of the water. Their results showed that the increase of Heat transfer
coefficient (HTC) due to roughness can go up to 270%, but it is generally accompanied
by an even higher increase in friction coefficient. Nunner [17] used air as the working
fluid and conducted several experiments on roughened pipes with circumferential
rings and studied the heat transfer and pressure drop properties. He also tried to
establish a correlation of Nusselt number with the friction factor and Re based on
his results. Later on, Owen and Thomson [18] summarized those not-so-excessive
experimental results and made an attempt to express the relation of heat transfer
rate and roughness Reynolds number and Prandtl number. It should be noted that
the major focus of this type of research at that time was to improve the thermal
performance of nuclear reactors [19, 20], which explains why the artificial roughness

types are generally used.

Regarding the effect of AM roughness on heat transfer and flow properties, the relative
research has been more recent in the past decade. Ventola et al. [21] compared
the heat transfer coefficient of AM surfaces with a smooth surface in external flows.

They recorded a peak enhancement of 73% with 63% on average. For flows in closed

3



CHAPTER 1. INTRODUCTION

channels, Snyder et al. [22] and Stimpson et al.[7], conducted systematic experiments
on a set of coupons with microchannels built with Direct Metal Laser Sintering (DMLS)
technology. The former article focused on the effect of build direction on pressure
drop and heat transfer while the latter one found significant augmentation of pressure
drop and Nusselt number Nu in the rough channels compared with smooth ones and
they tried to find the relationship between Nu and fp. In another work[8], they also
provided a new correlation function of Nu, Re, fp, and Prandtl number P r which has

a better accuracy in the turbulent region.

Apart from experimental research, several studies have also used Computational Fluid
Dynamics (CFD) to investigate AM roughness. Hanson et al. [23] used CFD to
compare with their experimental results. They used the Reynolds-averaged NavierT
Stokes (RANS) model to calculate up-scaled rough surfaces. By comparing the friction
factor and velocity profile of surfaces with different analog methods, they found the

limitations of RANS and the meshing difficulties in some cases.

Although a lot of research have been done in an attempt to reveal the effects of surface
roughness on flow and heat transfer properties, the relations are still not sufficiently
understood. There exists a large number of correlation functions proposed by different
researchers trying to find the relation among Nu, Re, fp, and Pr. Some of them work
better in one Re region and some in another. There are also many different opinions
on how to best characterize AM roughness and correlate it with sand grain roughness.

And many correlation functions have been proposed regarding this matter [24].

1.3 Research Objectives

As shown above, there are still many unsolved puzzles regarding the heat and flow
properties of rough pipe flows especially after the introduction of AM roughness. It
will be a crucial factor that needs to be considered in the design process of many
components such as the turbine blades with internal cooling channels. The Fluid
Dynamics Laboratory of Siemens Energy AB in Finsp-ng, Sweden has been working
on this project for a long time. A quasi-Steady State Heat Transfer (QSSHT) rig has
been built to examine real AM channels and try to build the correlation among Nu, Re,

fp, and P r, which has been carried out continuously for many years.
Apart from that, a rather new test rig was constructed in 2022 called Surface Roughness

4



CHAPTER 1. INTRODUCTION

Heat Transfer (SRHT) rig to examine the heat transfer properties of upscaled rough
surfaces with the help of Infrared (IR) thermography. By examining upscaled surfaces,
a more microscopic picture can be drawn regarding the effects of the small spherical-
shaped roughness elements. This idea has already been implemented by other
researchers[23, 25]. Two masteris thesis students have already worked on this rig.
They have verified the test rig through experiments with a smooth plate. Some tests
on an artificial rough plate built from a statistical distribution of different-sized spheres
have also been carried out [26]. This thesis work will be a continuation of the previous
work on SRHT rig and try to have a better understanding of how the heat transfer
is affected by the roughness elements through the implementation of a novel HTC
calibration method to calculate the local HTC on the roughness elements. Many factors
can cause the enhancement in heat transfer such as the increased surface area and the
induced turbulence by the elements. So it is important to find out what are the roles of

these factors and which one requires the most attention.

1.4 General Methodology

To achieve the objectives mentioned earlier, the SRHT rig is adapted accordingly.
First of all, a new upscaled artificially roughened plate is designed by distributing
spheres with different diameters on a smooth plate with varied center heights. The
distribution parameters of the diameters and heights are obtained from the roughness
measurements and microscopic pictures of a real AM channel built with Inconel
939. A similar approach has been implemented by Clemenson et al. [25] where
they used randomly distributed hemispheres to build an up-scaled analog rough
surface of natural ice-accretion roughness. The upscale ratio is calculated from the
hydraulic diameters of the SRHT rig and the real AM channel. 5 identical plates are
manufactured by Stereolithography (SLA) and these rough plates are then embedded
inside the test section and an IR camerawill record the temperature profiles of different
positions along the streamwise direction. The temperature data are then used to
calculate HTC and N u in a 3D heat transfer solver using Finite Element Method (FEM).
The overall averaged value will be compared with the data of the real AM channel as
a verification for each other. The local distribution of HTC and Nu is also valuable to

see how different shapes of the roughness elements play a role.
After that, the next step is to arrange rough and smooth plates together and try to

5



CHAPTER 1. INTRODUCTION

separate the effect of increased surface area and the induced turbulent flow. For
example, to compare the smooth plate right behind a rough one and a smooth one at
the same position to see how much heat transfer is enhanced from the turbulent flow
induced by the rough plate. In this way, the contribution of different factors can be

identified. A detailed description of the methodology can be found in Chapter 3.

1.5 Outline

In Chapter 2, the theoretical background of this project is summarized including the
basic theories of heat transfer, boundary layer, gas turbine, AM, and IR thermography.
In Chapter 3, the methodology is described which covers the functionality of the test
rig, the modelling method of the rough surface, and the data processing methods. In
Chapter 4, the results of the experiments are presented along with some discussions.
And finally in Chapter 5, the conclusions are drawn together with some discussions of

future work within the scope of this project.



Chapter 2

Theoretical Background

This chapter summarizes all the relative theoretical concepts that are useful in this

thesis project.

2.1 Heat transfer

Heat transfer consists of three phenomena: conduction, convection, and radiation.
Every heat transfer process involves one or more of them. In the following sections, the
general concepts of the three heat transfer modes and their application in this project

will be explained.

Air
R —
—_— 4
— / Qconv | Qraa
/
I
T T
Solid ‘ Qcona

Figure 2.1.1: Three heat transfer phenomena in the cooling of a solid object.

2.1.1 Conduction

Conductive heat transfer is associated with the energy difference between adjacent

molecules in a system. The ones with higher energy will tend to transfer it to the
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CHAPTER 2. THEORETICAL BACKGROUND

ones with lower energy. This process will take place for all phases of a substance,
solid, liquid, or gas, as long as there is a temperature gradient in the system. Another
mechanism of heat conduction is through free electrons, which is very significant for

pure metals [5].

Joseph Fourier first published his theory of heat conduction in 1822, in which he
states that the heat flux through conduction is proportional to the magnitude of the
temperature difference and opposite in sign [27]. A simplified one-dimensional form

can be expressed as

de.

qX - &1 (2.1)

where gy is the heat flux in x direction (W/m?), k is the thermal conductivity (W/m K)
in x direction, which is determined by the material properties. Heat flux can also
be expressed as a vector, which leads to a more general form of heat conduction

equation

g= KkrT: (2.2)

Here the heat conductivity k is assumed to be a constant, i.e. the material is
isotropic. However, it is very common for AM objects to be anisotropic [28]. The
conductivity through and across the printing direction can be different. It will also
vary with temperature and pressure (for gaseous substances) since it is a property of

the material.

2.1.2 Convection

Convection typically happens between a solid surface and the adjacent fluid. There are
two types of convection: natural convection and forced convection. The differenceisin
the main cause of the fluid motion. In natural convection, the buoyancy force from the
density difference between the hot and cold fluids causes the fluid to flow whereas in
forced convection, there is an external force such as a fan or a pump causing the fluid

to flow across the surface [5].

Sir Issac Newton first published the famous Newtonis law of cooling in 1701. The

equation is expressed as



&+$37(5 7+(25(7,8&%$/ %$&.*5281"

q=h T;

ZKHWHY WKHKHDWWUDQVIHU FRRIGLAMLWRWWHPSHUDWXUH GLI
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7KHODVW WHUPLVFDOOHG 5H\QROGYVY VWUHVVDQGLWFDQ EH

W): t%y

ZKHUHY FDOOHG WXUEXOHQW YLVFRVLW\DQG LW FDQ EH IXU
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OHQIJWK WKRHRKHQ HT X DAMICREH ZULWWHQ DV
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7TKHUHZLOOEHVHYHUDO OD\HUVRIWKHIORZWKDW QHHG WR E
RI'YLVFRXVIRUFHDUH GRPLQDQW, LAKIHQAMDWROGKHHESUDVQNGULHA V V
DVWKHVKHDU VWUHVV PHDVXUHG DW WKH ZDOO

Y.

$ORQJZLWKLW WKHUULFWLRY VBUREDWMAURGXFHG DQG FDQ EF
DVWKHFKDUDFWHULVWLF YHORFLW\R I@V X & B QOMIQHNG IOWWF IV K
WKH ZDOO FDQ EH QRQGLPHQVLRYBOL]HERW RV K HVZRIE & XI)Q W
FDQEHGLYLGHG WR YQ¥VRX5V YKEQBDHUEH QHJOHFWHG EXIIH
5<y* ORJOW\HBO y 02 DQG RXWHUW®R\HAKHUFDQ
EHQHJOHFWHG IRUWKHVH WZR OD\HUV 7KH YHORFLW\ SURIL:
OD\HUFDQ EHH[SUHVVHG DV
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u

ZKHUK 0:41 LV WKH YRQ .iUPiQ FRBQVWD ®Q ®PGRU WXUEXOHQW
UHJLR@ %V

U; X

(x) = 0:37( ) s = 0:37xRe, %:

JRU D IORZ WKURXJK D FORVHG SLSH KRZHYHU DQRWKHU FK
GLDPHBWHWXVHG DQG

U.,D
ReDh: av h;

ZKHDH=-4A/C ALV WKH FURVV VHFW ILFK QDKCHZHADWDHGES HULP HW F
FLUFXODY BYHH XDO WR WBHODGEBBNWBY D JHQHUDOL]JHG FKDU
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OHQIJWKIRUDOO VKDSHV RUE UWRVWWKWHPWALLRDQW WHGR FLW\ LQ W
LWLVGHILQHG DV
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JRU ODPLQDU IORZV WKH YHORFLW\ SURILOH FDQ EH H[SUH
HTXDWLRQV ,QD FLUFXORUDBW PHSRIVQORVUD G IHKQYRXJIK [URP WK
ZKHOUHLV IXOO\GHYHORSHG DQG LVLQGHSHQGHQW RI SRVLWI
YHORFLW\SURILOH LV

uy) = 7Ry

7TKHWXUEXOHQW YHORFLW\ SURILOHV LQ SLSHVY ZLOO EH WKH

7TKHUPDO ERXQGDU\ OD\HU

-XVWOLNHYHORFLW\ WKHUHZLOODOVREHDWHPSHUDWXUH .
LVWUDQVIHUULQJEHWZHHQ WKHZDOODQGIOXLGIORZ ZKHQ
7TRSUHGLFWWKHWHPSHUDWXUH SURILOH ZHQHHG WR DQDO\
&RQVLGHU D FR QRVALR\CKWRENBO MHOXLG IORZ ZLWKRXW DQ\KHD\
HTXDWLRQRIFRQVHUYDWLRQRIHQHUJ\FDQ EHZULWWHQ DV

Z Y4 Z
d

—  0dR= (f)Xd6  ( krT) d6
dt g S s

ZKHUH WKH WHUPV IURP OHIW WR ULJKW UHSUHVHGQRW WKH LQ
HQWKDOS\ IGGRDREWRDW FRQGXFW ISR @ KH AMKDWHHR RIISRWH Q
DQG NLQHWLF HQHUJ\ DUH QHJOHFWHG DV ZHOO DV WKH HIIH
YLVFRXV GLVVLSDWLRQ %\ DSSO\LQJ *DXVV{V WKHRUHP W
DV

‘£ @)

R @t

+r (AX r krT dR=0:

6HYHUDO VLPSOLILFDWLRQV DUH PDGH KHUH ZKLFK DSSO\ V
SUHVVXUH YDULDWLRQV )LUVW WKH HIIHFW RAF®3>QJH RI SL
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df) dp d(h) $QG VH@FH c,dT 7KH HQHUJ\ HTXDWLRQ FDQ EH
VLPSOLILHG WR

DT
— = kr °T:
Co oy r
‘HFDQHDVLO\QRWLFHWKHJUHDW UHVHHREQWQURGAIFARHDRYBYV
SDUDPHWHU WKHUPH®K 6L WKWHHQWUI\HTXDWLRQ FDQ EH ZULV

+HUH ZH GHILQH DQRWKHU YHU\ LPSRUWDQW GLPHQVLRQOF
Q X P ERTU

Cp

Pr= —-—= =
' K

'H FDQ QRWLPFH WKDPDMUHO\ D SDUDPHWHU EDVHG RQ IOXLG ¢
LOQGHSHQGHQW RI WKH IOXLG ILHOG JRRr DL WO:DWQGRIR® WHF
YDULHVY YHU\ OLWWOH ZLWK WHPSH YDMXOJHKDMKY HWKWLW K
EHKDYLRXUV DV PRPEQWRP®\ GLITHUV PY D %D XWRQJRWKH VDPH
5H\QROGV GHFRPSRVLWLRQ DN EDMHREWWLRQWKH WXUEXOHQW
SURILOH

8
T, Ty _ 53V 0<y* 5
AW/(Coll)  >1om+ AP y*>30 y 02:

ALVDIXQFRLBQ®RRHHGY WR EH GHWHUPLQKG& ES X\VIHVULLPG DG
JOXLG "\QDR)FV

5RXJKQHVV FRQVLGHUDWLRQ

7TKHUH ZLOO EHIULFWLRQ ORVVHV ZKHQ WKH IOXLG LV IORZLQ
IULFWLRQDO ORVV D SDUDPHWHU FDOOHG\WUFGW UHRLGEDHE& DU
LWLVGHILQHG WKURXJK
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2
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p=f(L/Dy) >

ZKHUBLY WKH KHDG ORVV DORQJIOHSHISBICOBIRVWKY FDXVHG E\
VKHDU VWUHVYV

_ IULFWLRQDO IRUF®B[R@)OHTX LpBy,_
W VXUIDFHDUHD RI SDSIH 4L °

6R WKHIULFWLFRDRIDEWREH H[SUHVVHG DV

w

u2/8:

av

JRUSLSHV ZLWK URXJK VXUIDFHV WKH URXJK®Q/B QG HQOIHHAFFRQ W'
WKHUHVLVWDQFH EHKDYLRXERQG XIEWKGDIGHWHWKRURXJK DQ
H[SHULPHQWY RQ FLUFXODU SLSHY FRYHUHG ZLWK VLHYHG V
SRVVLEOH +HUH WKH VDQG JWKDDQGE LW LY BOIYR WHGOHVG W K H
URXJKQHVV 7KHURXJKQHVV 5H\QROGV QXPEHU LV GHILQHG D

E

f
"D, 8
S—i LVDOVRFDOOHG UHODWLYHURXJKQHVYV

%DVHG RQ WKReY WEKXUHHRIGLITHUHQW UHJLPHV@UH FRQVLGHUH

Res<5 K\GUDXOLFDOQOF VIR&RWK
56Re; 6 70 WUDQVLWLRQ&GO?W)JK
h

70<Re; IXOO\U,RXJKS—S)
h

7KH UHODWLRIQVRISH\QROGYV QXPEHU DQG UHODWLYH URXJ
IURP WKH ORRG\ G@DRUIF®POFXODWHG LPSOLFLWO\ IURP &ROF
(T
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*DV WXUELQH

JLIXUH 6WUXFWXUHRIDQLQGXVWURQDO JDV WXUEL

7KHRU\

7KHZRUNLQJ SULDFV SVXWNERBBIQ EH GHVFULEHG E\WK®@®%UD\W |
DVVKRZQLQ)LIJXUH

JLIXUH *7 B\FOH®

7TKHUHDUHIRXULQWHUQDOO\UHYHUVLEOH SURFHVVHV LQYR
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,VHQWURSLF FRPSUHVVLRQLQ WKHFRPSUHVVRU
&RQVWDQW SUHVVXUH KHDW DGGLWLRQ LQ WKH FRPEXVW|L
,VHQWURSLFH[SDQVLRQLQ WKHWXUELQH

&RQVWDQW SUHVVXUH KHDW HMHFWLRQ

7KH FRUUHVSRQGLQJ WHPSHUDWXUH YV HQWURS\ 7 V DQGC
GLDJUDPVDUHVKRZQ L@®RWD YWD O %UD\WRQ F\FOH KRZHYHU V
DQG H[SDQVLRQ FDQQRW EHLVHQWURSLFDQG VRPHORVVHYV Z

JLIXUH T7TKHOHIWPDQGULIJKW GLDJUDPV RIDQLGHDO %UL
7TRDQDO\|HWKH WKHUPDHBO HHIQ AHGQEROI@D O\]H WKH HQHUJ\ EL

VI\VWHP ILUVW 7KH WRWDO ZRUN RXWSXW FDQ EH ZULWWHQ D
WUDQVIHULQDQG RXWRIWKHZRUNLQJIOXLG

Whet = Gn Cputs

ZKHYHD Qe FDQ EH H[SUHVVHG DV

Gn =hs hy=c(Ts Ty);
Qut =hs  hy=cy(Ts  Ta):

7KHQ WKH HIIEPIQHE}MFYULWWHQ DV
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Wnet T4 Tl - Tl(T4/ Tl 1)
Gn T3 Ts To(Ta/ T, 1)

6LQFH SURFHVVHYV DQG DUHLVRWURSLF SWPRFHFVVHYV [
DQRz= P,

T, P, (k 1)/k_ P, (k 1)k

_ T3,
T, P, P, T,

ZKHKHV WKH VSHFLI cFcK HIRVWWKBHWLIR. FLHQF\ FDQ E® VLPSOLILH

T, P, (k 1)/k.
T3 P1 '

I XUELQH FRROLQJWHFKQLTXHV

$VVKRZQLQ(WKHHIILFI'HQF\®RUPLWHXBEW®HHQWU\WHPSHU
7(7 DQGDOVR WKH Sty DVFWWURYN WIKWIFR P SUHV VRIDO OQPIHRY HQ .
WKHHIILFLHQF\ EXW LWLV QRWIVHHRDPWIHSH BE R Q EyU R D DIOQW
ZLWKDSSUR[LPDWHO\D SRZHU RI ,WZLOODOVR FDXVH WK
EHFDXVHPRUHZRUNLVQHHGHG WR GULYH WKHFRPSUHVVRU
LPSURYH WKH HFILIEV RQAR\GRAUHDMWLQJ WKH

2YHU WKH SDVW VH YK UKDV A KFUGHDW H @& IIUR W K H V WR PRUH
UHFHQW®@\> @ DQG LV VWLOO LQFUHDVLQJ WRGD\ ,W KDV |
WKHPHOWLQJSRLQW RIPRVW WUDGLWLRQDO PDWHULDOV 7k
WKLV SUREOHP 2QH LV WR GHYHORS QHZ VXSHUDOOR\V VXFK
KLJKHUWHPSHUDWXUHV $QRWKHU ZD\LVWRDSSO\WKHUPDO
FRDWLQJV DV D OD\HU RI SURWHFWLRQ 7KH IREXV Rl WKLYV
XVHG PHWKRG ZKLFK LV GLIIHUHQW FRROLQJ WHFKQLTXHV W
WHPSHUDWXUH DW ZRUNV H@ HIUIXQ® ARPPRQO\ XVHG FRROLQJ W
VKRZQ

7TKHFRROLQJDLULVH[WUDFWHGIURPWKHFRPSUHVVRUDQG I
DLUJRHV WKURXJK D VHUSHQWLQH VKDSHG LQWHUQDO FRRO
DQG LWLV XVXDOO\URXJKHQHG @LW KHIDLEL\Q X HEBDW ROV >

VXITHUV WKH VWURQJHVW KHDW IOX[ VR LPSLQJHPHQW FRRO
FRROLQJDLULVEORZQRQWR WKHKAQHWYXWOV¥R RDWKWPDO
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J)LIXUH $ VFKHPHRIFRPPRQO\XVHG WXUER2QH FRROLQ

RQ WKWR WKHDLU FDQ EOHHG RXWDQG IRUP D FRROLQJILOP
FDOOHG ILOP FRROLQJ ZKLFKLVDQ HIWHUQDO FRROLQJPHWE
FRROLQJLV XVHG GXHWRVSDFHFRQVWUDLQWYV

+RZHYHU WKH GHVLJQ LY YW KXOE IURP WKH ODVW FHQWXU\ Z
PDOXIDFWXULQJPHWKRGV VXFKDVFDVWLQJZHUHPDLQVWUH
WRLPSURYHLWVHIILFLHQF\IURP LQ WKH VWR@BUJRXQG

'LWK WKHKHOSRIDGGLWLYHPDQXIDFWXULQJ PRUHFRPSOH]
EHEXLOWWRIXUWKHULPSURYHWKHFRROLQU/HIRFLHQF\DQC

$SGGLWLYHPDQXIDFWXULQJ

$GGLWLYH ODQXIDFWXULQJ DOVR NQRZQ DV "'"SULQWLQJ KL
WKDW VSDQV VHYHUDO GHFDGHV W ZDV ILUVW LQWURGXFHG
DQG LW ZDV ILUVW FDOOHGAVWRUMHIRIO LW KR DGBGHBIKNEYH PDQXI
WHFKQRORJLHYVY VWDUWHG WR JDLQ UHFRJIJQLWLRQ DQG ZH
SURWRW\SLQJ LQ LQGXVWULHYVY VXFK DV DXWRPRWLYH DHU



&+$37(5 7+(25(7,8&%$/ %$&.*5281"

WHFKQRORJLHVDOORZIRUIDVWHUDQG PRUH BRVW HIIHFWLY

$0 KDV EHHQ GHYHORSLQJDQG HYROYLQJUDSLGO\HYHU VLQ
VHYHUDO UHSUHVHQWDWLYH PDQXIDFWXULQJ PHWKRGV ZLC
FRQFHSWRI$0OURXJKQHVVDQG KRZWRTXDQWLI\LW

ODQXIDFWXULQJ PHWKRGYV

$ EULHI VXPPDU\RIFRPPRQO\XVHG $0 PHWKRGV QRZDGD\V LV
,QWKLV SURMHFW WKH UG6l/GE 9 BQOHAFRWY X R G Y BHIOH ZHKQ WH. Q J

LV DOVR NQRZQFWOHWDO /DV HW 6 L QDWHHWLB BIDP 0 HEO0N L Q J
IDVHU 3RZGHU % HBHXMAR R Q

J)LIXUH 2YHUYLHZ RI $@PHWKRGV >

6/$LV WKH ILUVW '"SULQWLQJWHFKQRORIJ\GHBHORXWG D QG |
YDWRIOLTXLG SKRWRSRO\PHUUHVLQDQGDODVHUWRFUHDMW
PRVWO\DSSOLHGRQ SRO\PHUV 7KHSURFHVVEHIJLQV ZLWK W
XVLRRPSXWHU DLG&EG VRVWIZ@UH 7KHPRGHOLVWKHQ VOLFHC(
JHQHUDOO\IURPP WRHQ WKH EXLOG SODWIRUP LV VXEPHUJHC
ZLWK OLTXLG SKRWRSRO\PHU UHVLQ ZKLFK ZLOO WXUQ IURP
XOWUDYLROHW OLJKW $ODVHU ZLOO VFDQ WKH FURVV VHFW
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E\OD\6IW$SFDQ SURGXFHD YHU\ILQH VXUIDFHILQLVKDQG FDSW
WKH PRG® O >

6/0 XVHV D KLJK SRZHUHG ODVHU WR VHOHFWLYHO\ PHOW DQ¢
OD\HU E\ OD\HU WR FUHDWH IXOO\ GHQVH ' REMHRGHO,W DO
LQ WKH EHJLQQLQJ 7KHQ D WKLQ OD\HU RI PHWDO SRZGHU W
VWDLQOHVVVWHHO RUFREDOW FKURPHDOOR\UDQJLQJIURP
DFURVV D EXLOG SODWIRUP $IWHU WKDW D KLJK SRZHUHG O
EHG 7KHODVHU VHOHFWLYHO\VFDQVDQGPHOWY WKH SRZGH
VHFWLRQ RI WKH 'REMHFW IRU WKDW SDUWLFXODU OD\HU FI
IRUP D VROLG OD\HU 7KHQ WKH EXLOG SODWIRUP LV ORZHUHC
WKLFNQHVV DQG WKH SURFHVV LV UHSHDWHG X@W/N00 WKH Zk
LV FRPPRQO\ XVHG LQ WKH DHURVSDFH LQGXVWU\ IRU SURGXF
VWUXFW®UHV>

$0 URXJKQHVYV

,Q WKLV VHFWLRQ WKH PDLQ FRQVLGHUDWLRQ RI $0 URXJKQ]
PHWDO SRZGHUV VLQFH WKH\DUH WKHPDMRUDSSOLFDWLRQ L
GHVFULSWLRQRIWKHPDQXIDFWXULQJSURFHVVRI$0LQWURC
FDQVHHWKDWLWLQYROYHVPXOWLSOHWKHUPD® FIRAGMMRI Y
PHWDO SRZGHUV DUH KHDWHG XS DERYH WKHLU PHOWLQJ SRL
FRRO GRZQ DQG VROLGLI\ 7KH IROORZLQJ OD\HUV ZLOO DOV
ZKLOH UHSHDWLQJ WKH SURFHVV 6R LW FDQ EHLQGXFHG WK
VXUIDFHZLOO QRWEHYHU\VPRRWKEHFDXVHLWLVLPSRVVLE
LVPHOWHG HYHQO\

$ W\SLFDO $0 VXUIDFH WDNHQ E\ D VFDQQLQJ HOHFWURQ PLF
J)LIXUH 6HYHUDO VSKHULFDO VWUXFWXUHV DUHVHHQ WR EH
ZLWK GLITHUHQW FRQWDFW DUHDV VXFK DV SDUWLFOHV % DQ
HDFK RWKHU OLN@® SDKIWULROWIKBEH WA\SLFDO VWUXFWXUH IRU $0

SRXJKQHVV SDUDPHWHUYV

'LITHUHQW IURPWKHVDQGJUDLQ URXJKQH¥V UR WIKRGMXNAHIGDL\Q
LWV FRPSOH[QDWXUH 'LITHUHQW WRSRORJLHV FDQ RFFXU ZL
DQG PDWHULDOV 7KXV WKHUH KDYH EHHQ PDQ\ GLITHUHQ'
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YLIXUH 6(0 PLFURJUDSK RI DQ $0 VXUIDFH EXLOG IURP
6/0>@

TXDQWLI\$0 URXJKQHVV ,Q WKLV VWXG\ WKH PRVWFRPPRQC
WR TXDQWLI\DQG FRPSDUH GLII@& UHQHN UV )GCHWDFHYVSWLRQV DQ G
DUH VXPPDUL]JHG LQ 7QB\KH IRUPXDDPWHVHQWY WKH PHDQ OLC
SURILOH ,WFDQ Eﬂ%ZPUi”;iWV\ZI-KQizDHIVWKH KHLJWW BRL\®MH

7DEOH 6XPPDU\RIWKHURXJKQHVV SDUDPHWH
3SDUDPHWINBULSWLRQ "HILQLWLRQ
1P
S, $ULWKPHWLF PHDQ URXJK%H\?:}/J'Zi i
s OD[LPXP SHDN WR YDOOH\[KI®*LJKW ZLWKLQ D
2 ILYH VDPSOLQJOHQJWK ,gwwzma@'eénw:d
1P
Sy 5RRW PHDQ VTXDUH URXJKQr—]H\{‘:Y(zi )2
S
1P, ,
Sek 6NHZQHVV s "z )
g q
1P, .
Suu XUWRVLV n_sg "z )

7KH VNHZQHVV SR EFEDRHBEHHLQQWHUSUHWHG DV D PHDVXUH RI KF
SURILOHLV ,WZLOOEHDIIHFWHG E\WKHUHODWLYHQXPEHU\
DQRQGLWFDQ EHHLWKHU SRVLWLYH JHUR RUQQHKRWHYHU7KH I
LVvDOzD\V SRVLWLYHDQG LW FDQEHLQWHUSUHWHG DV WKH '
GHSHQGVRQKRZPDQ\KLIJKSHDNVDQG GHHS YD @O HWWHKHUH
WKHV\BERXVHG WR GHQRWH WKHVH SDUDPHWHUV EDVHG RQ \
VXUIDFH ,Q ODWHU VHFWLRQR LKWRXWH G W RVEHOR WEHRWKH SD
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FDOFXODWHG IURP GLPHQVLRQDO SURILOHYVY PHDVXUHG IUF
VXUIDFHV % XW WKH\ VKDUH WKH VDPH GHILQLWLRQ

, QIUDUHG WKHUPRJUDSK\

,5WKHUPRJUDSK\LVDWHFKQRORJ\WKDW XVHVDVSHFLDOFDP
GHWHEFW WKH UDGLDWHG HOHFWURPDJQHWLF HQHUJ\LQ WKH
@ 7KHVLJQDOLV WKHQ FRQYHUWHG WR D YLGHR VLJQDO D¢
FDQEHREWDLQHG $VDQRQ FRQWDFW WHPSHUDWXUH PHDV>
KDV PDGH KHDW WUDQVIHU PHDVXUHPHQWY PXFK PRUH FRQY'}
LWV LQWURGXFWLRQ LQ WKH HDUO\ V 0DQ\ KHDW WUDQV
LQ D FORVHG HQYLURQPHQW 6R LPSOHPHQWLQJVRPH FRQW|
GHYLFHV VXFK DV WKHUPRFRXSOHV FDQ EH GLIILFXOW $QG V
HITHEFWV RQ WKH WHVW ULJ VXFK DV GLVWXUELQJ WKH IORZ 11
FRQYHQLHQWLQPDQ\FDVHVWR GHWHFW WKHVXUIDFHWHPSH
LW KDV QRLQWHUIHUHQFH ZLWK WKH H[SHULPHQWV

7KH WKHRU\ EHKLQG ,5 WKHUPRJUDSK\ LV EDVHG RQ WKH UD
VXPPDUL]HG LQ 6HFWHHR(p GHWHFWRU ZLOO GHWHFW D VSHFI
5 EDQG 7KHUHDUHWZR UDQJHV ZLWK JRRG WUDQVPLVVLRQ
ZDYHEDQG RHVQIHPHIQ G WKH ORQJ ZD Y HSEID®MES E B WaZ HHKM
FKRLFHRIWKHZLQGRZZLOOGHSHQGRQPDQ\GLIIHUHQW IDFW
VXUIDFHDQG WKH FDPHUD GHWHFWRU LWVHOI 7KHWHPSHUD
EDVHG RQ 30DQFNTVPPRUYEGEHWDLOHG GHVFULSWLRQ RI KRZ
WKLV SURMHFW LV XVHG FDQ EHIRXQG LQ 6HFWLRQ



&KDSWHU

5HVHDUFK PHWKRGRORJ\

'RUNLQJ SULQFLSOHV RIWKH H[SHULPH

JLIXUH &$'PRGHODQG ZRUNLQJGLDJUDP RI WKH 6

$VEULHIO\LQWURGXFBQG QWMKFWIHR/QV ULJ RI WKLY SURMHFW 1
5RXJKQHVYV +HDW 7UDE) P RGHWDLDOR QI ZLWK WKH ZRUNLQJ GLD
LQ)LIXUH7KHWHVW VHFWLRQLQFOXGHV D WRS SODWH VLGH
ZLWK LGHQWLFDO WHVW SODWHV HPEBEGFPHA YRHZEKWRKQ D YE
WKH UHFWDQJXODU FURVV VHFWLRQ KbBov7 I’ R\Q® DQLEFUGD P |
A=898 103%P> 7ZR W\SH . WKHUPRFRXSOHV DUH SRVLWLRQHG I
DIWHU WKHEHQG LQ WKHRXWOHW UHVSHFWLYHO\ WR UHFRU:
ORFDWLRQV 7KHFURVV VHFWLRQ RI WKHKDWFK LV VOLJKWO
LVDVWHSDSSYRPLWD®WEZKHQ WKHDLUHQWHUV WKH WHVW V
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ZKLFK ZLOO GLVWXUE WKH ERXQGDU\OD\HU $VIRUWKHRQH
GLVWXUE WKH ERXQGDU\ OD\HU VR WKH DLU DW WKHVH WZR !
WHPSHUDWXUH DW WKH FHQWUH FDQ EH XVHG WR DSSURJ[LPD
WKH EXON WHPSHUDWXUH RI HDFK ZLQGRZ LV REWDLQHG WKL
JDVWHPSHUDWXUH GLITHUHQFH IURRLQOHW WR RXWOHW LV D

$W WKH EHIJLQQLQJ RI WKH H[SHULPHQW WKH KDWFK LV FORYV
WKHIORZ VWUDLJKWHQHU WR WKH E\SDVV ZKLOH EHLQJ KHDW
UHDFKHV WKH GHVLUHG OHYHO DQG LV VWDELOL]JHG WKH kK
SQHXPDWLFDFWXDWRUDSSOLHV D WRUTXHRQ WKHKDWFK VR
SDVVDIJHWR WKHWHVW VHFWLRQ $nY CROJYW KIR YW VUWR U VAKKHKR D
WR FDOReX®BRWKHUOD Q @I\WOD/HS WR FDOFXODWH WKKH\QDPL
HTXDWLRQLVH[SUHVVHG DV

ZKHBHLY 6 XWKHUODQGYTV FRQVWDQW LQ .HOYLQ DQG LW LV Gl
DQGDUHWKHUHIHUHQFH WHPSHUDWSX B #HD.QG27¥.F PQIGN\ )RU
0=1:716 10°NJ PV 7KREFDQ EH GHWHUPLQHG IURP

TKHUHDUH VHYHUDO FLUFXODU RSHQLQJV RQ WKH WRS RI WK
WKHP ZLOO EH FORVHG ZLWK D ZLQGRZ ZKLOH RWKHUV DUH V1
PDGHRIDKLJK WUDQVPLVVLYLW\PDWHULDO &DOFLXP )OXRUL
, O FDPHUD ZLOOEHSODFHGRQWRSRIWKHZLQGRZWRUHFRUG
$ WRWIDO RLOO EH UHABW&EXNEOGQRQGWKHDQDO\WLVIURP WKHPRF
LVRSHQHG 7KHUHDUH WZR YHUVLRQV RI WRS SODWHV DQG "
2QH KDV RSHQLQJV ZKLOHWKHRWKHU KDV 7KH\FRPSOHPHC
EHWZHHQHYHU\ RSHQLQJV 6RDIWHUWHVWLQJDOO ZLQGR.
FRYHUHG
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J)LIXUH 7ZR WRS SODWHV ZLWK GLITHUHQW RSHQL:

J)LIXUH 6HWXS RI WKH WHVWY WKHFDPHUD LV FRYHUHG |
UHVLGXDO ,5 UDGLDWLRQIURPWKHFHLOLQJOLJKWDIWHU WX
LVDOVREORFNHGIURP RXWHU OLJKW VRXUFHYV
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SRXJK SODWHYVY PRGHOLQJ PHWKRG

7KH LGHD RI XVLQJ DQ XS VFDOHG URXJK VXUIDFH WR PRGHC
E\ &OHPHQVRQ HAN DI »DQVRQ WW DDEH>EDVLF DSSURDFK L
UDQGRPO\GLVWULEXWH VSKHUHV ZLWK GLIIHUHQW GLDPHWH
FKDUDFWHULVWLFV RIDUHDO $0 VXUIDFH ZKLFK LV WDNHQ IU
E\/ 3%) XVLQJ ,QFRQHO ZLWK D SUXEWWQFDQODHRIG D GLD
RL25 PP 7KLV $0 FKDQQHO KDV EHHQ WHVWHG LQ WKH T66+7
WKHUPDO SUR®HDWGHWKHQ LW ZDV FXW IRU IXUWKHU LQYHVW
FKDUDFWHULVWLFV

7KH URXJKQHVYV LQYHVWLJIJDWLRQ ZDV GRQH LQ DQRWKHU 0D
IMXQJIJUHID 2QH SLHFH RI WKH WHVW FKDQQHO ZDV FXW LQ KL
VWN\OXV SURILORPHWHU ZDV XVHG WR PHDVXUH WKH VXUIDFH
J)LIXUH DKDOI RI WKH FXW RSHQHG FKDQQHO ZDV SODFHG XQ
PRYHDORQJWKHFKDQQHO WR UHFRUG WKHHOHYDWLRQ FKDQC
LV VKRZQ LQ )LIKBRAVRWDO R PHDVXUHPHQWY ZHUH WDNHQ
REWDLQ D UHSUHVHQWDWLYH UHVXOW 7KH URXJKQHVYV SDUL
7TDEOH

D 3URILORPHWHU OLWXWR\R 6 XUIWHVW 6 -

ZKHQ PHDVXULQJ E 2QHPHDVXUHPHQW SURILOH

Y)LIXUH 6XUIDFH5RXJKQHVV PHDVXUHPHQW RI WKH

7DEOH 3URILOHSDUDPHWHUVPHDVXUHGE\WKH SURILORI
PP

SURILOH SDIRBPRWRU P |R, P | Rs | R
9DOXH 1392 1712 7350 | 046|279

$IWHU WKDW VRPHPLFURVFRSLFSLFWXUHV ZHUH WDNHQ ZLW
-HRO -60 ,7 7TKHSLFWXUHV DUH VERGEQWEFDQXBHOHDUO\LG
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J)LIXUH 6(0 SLFWXUHV RIWKHLQQHU VXUIDF®@®V RI WKH W

WKDW WKHURXJKQHVV LVFRQVWUXFWHG ZLWK D UDWKHU UDC
VWUXFWXUHVDQGDOVRVRPHODUJH VFDOHULGJHVDQG YDO
WKH GLVWULEXWLRQ QHHGV WR EH TXD QaVR DLGDCD TR\G B N @ W H
WKH VSKHUHYV EDVABROL.WKHOHFWUR@PSENRXBRSH+H VHOHF
DOOWKHVSKHUHVWKDW ZHUHUHFRJQL]DEOHLQ WKH SLEWXU
GLVWULEXWLRQLVVKRZ@IMKXRIRGHEH QRWHG WKDW WKLV VHO
YHU\VXEMHFWLYHDQG WKHUHVXOW ZLOO FKDQJH DW GLIIHUF
DJHQHUDO WUHQG RI KRZWKH GLDPHWHUV DUH GLVWULEXWH
DJDPPD GLVWULEXWLRQ 6RWKH SDUDPHWHUV LQ WKH JDPPD
WR WKH PHDVXUHG URXJKQHVYV SDUDPHWHUV WR PRGHO WKH
ODUJH VFDOHULGJHVDQG YDOOH\VDUHQRW FRQVLGHUHG LC
WKH SUREOHP

$UDQGRP YBWREQOHWDWLVILHV D JDPPD GLVWULEKWQ@EBQ ZLW't
VFDOH SDUBBRWHWBHQRWHG DLWSVYREDELOLW\ GH®™VAIW) I XQF)
LV

Xk 1e x/

ek )= =gy
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LQ ZKXFRDQG > 0 (k) LVWKHJIJDPPD I X@FWLRQ DW

Z1
(k)= t“ le tdt:
0

7KHPHDIQG YDUEBQBEHDPPD GLVWULEXWLRQFDQEHH[SUHVVF
VFDOH SD WKDIPGIGD N U V

7R PRGHO WKH GLDPHWHU GLVWULEXWLRQ E\ WKH JDPPD GLV
FROQQHFWLRQ EHWZHHQ WKHURXJKQHVV SDUDPHWHUV DQG W
RIDOO DQ XSVFDOH UDWLR QHHGVY WR EH GHWHUPLQHG 7KH
WHVWULJ KDV D KHLJKW RI PDQGDZLGWK RI P WV FRU
ZLWKDUDGLXVRI PP 6RWKHK\GUDXOLFGLDPHWHU ZLWKR X\
Dhp,=96:7 PP 7KH ,QFRQHO $0 FKDQQHO KDV D GLDPHWHU RI
FRQVLGHULQJ WKH URXJKQHVV 6R WR PDWFK WKH K\GUDXOL
DQG XSVFDOHG PRGHO WKH XSVFDOH UDWLR RI WKH URXJKQ
r=96:7/1:25 774 7KHUHODWLRQVKLSEHWZHHQ WKRVHWZRVHWYV
DV

7KLY UHODWLRQ LV GHWHUPLQHG PRUH LQ D WULDO DQG HL
WKH URXJKQHVY SDUDPHWHUYV IURP WKH DQDORJ VXUIDFH
PHDVXUHPHQWY DV FORVROA\VDNKENWWOL B/ARHEH OERHDXVHAL W K
LW UHSUHVHQWY WKH PHDQ GHYLDWLRQ RI WKH SURILOH (°
H[ISUHVVLRQ WKDW FDQ FRQQHFW WKRVH WZR SDUDPHWHUYV C
VSKHUHVY GLVWULEXWLRQ LWLV VWLOO UDWLRQDO WR JXFE
ZD\
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D +LVWRJUDP RI WKH VSKHUHE FDIKSKHV DGHDGWIRP JDPPD GLVWULEX
6(0 SLFWXU® V > KLVWRJUDPV RIVSKHUHYV

JLIXUH 'LVWULEXWLRQV RIWKHVSKHUHYV

7TKHILQDO JDPPD GLVWULEXWLRQ XVHGWR JHQHUDWH WKH G|
LQ)LIXUHE 7KH RULJLQDO GLDPHWHUV DUH IXUWKHU PRGLILH:
QRWVXSSRVHGWRLQWHUVHFW ZLWK WKHUHIHUHQFH SRLQW
WKH ,5LPDJHV DQGDUHDOVRQRWVXSSRVHGWRJRRYHU WKFE
RI'WKHODUJH GLDPHWHUY EHFRPH VPDOOHU

7KHGHQVLW\RIWKHVSKHUHV LV DOVREDVHG RQWKHPDQXDC
WRW DO FRMQWBKHIURRPE R 7KHGHQVLW\LV ILUVI AIROBHS GRZ
0:062VSKHUHWERFH WKH DUHD RIHDFK VSKHUH LV VEFDOHG XS E
RQ WKHJHQHUDWLRQ UHVXOWYV L \WOBS/MGH\M WHRY EFHPDF B IXW HK L J K
VRPH VSKHUHV ZLOO RYHUODS ZLWK HDFK RWKHUD®G FDQ Et
SRVLWLRQV RIHDFK VSKHUH IROORZ D XQLIRUP UDQGRP IXQF\
LV GHQRMWMH ZEHAUI WKH YHUWLFDO SRVLWLRQ RI WKH VSKHUF
IURP D QRUPDO GHDW WN(E XML RZQWKO0 DQG=0:2 $JDLQ WKHVH
SDUDPHWHUV DUH DOVR VHW EDVHG RQ WULDO DQG HUURU ¢
ZLWKI0@5045] WR PDNH VXUH WKDW WKH VSKHUHV DUH FRQQHF!
FRPSOHWHO\LPPHUVHG 7KH&$'PRGHORIWKHJHQHUDWHG D
LQ)LIXUH

7KH SODWH LV WKHQ SULQWHG X$HRXUED $ V¥ UW K HLEVHOWLLOFD O
SODWHV DUH PDQXIDFWXUHG WR EH HPEHGGHG LQWR WKH W]
LV VHWM PY WR JXDUDQWHH D ILQH VXUIDFH ILQLVK 7KH SUL
)LIXUH 7KH PDWHULDO SURSHUWLHYV R DW KHUHTD/D RSB FAN |
DUH OLVWHG LQTYTPWERYKINWKH FRQGXFWLYLW\ WKURXJK WKFE
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