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Summary

Spaceflight is becoming more accessible for companies, research institutes and students due to
the development of CubeSats. These small satellites contain small and typically few payloads. The
trend is that these payloads reduce in size, but not in power, which increases in power density and
total power. These high-performance CubeSats generate a lot of heat relative to their size. This heat
must be rejected to prevent overheating. The standard thermal control solutions for CubeSats, such
as body mounted surfaces, are not sufficient. This thesis proposes a dedicated deployable radiator
to solve this thermal control problem. Furthermore, it investigates the deployable radiator’s thermal
performance by two lumped parameter numerical models with thermal modelling software. One model
for the deployable radiator individually and one model of a system with a CubeSat dummy with the
deployable radiator integrated. These models are verified by simplified models and a test with a proto-
type. The thesis’s goal is to answer the following research question: What is the effect of an external
radiator using High Performance Radiator (HiPeR) to the temperature progression of a CubeSat over
the course of a polar orbit?

The deployable radiator should be light, foldable and have high thermal efficiency. A laminate
of adhered sheets of the highly conductive material Pyrolytic Graphite (PG) with protective Kapton
sheets on the external surfaces is used to achieve this. This laminate is developed by Airbus Defence
and Space Netherlands and is called HiPeR. This laminate is semi-flexible but not enough to fold it
sufficiently and with specific design elements can be folded such that it can be stored with minimum
volume. Given that the CubeSat’s available internal volume is limited, it is proposed that the radiator
is folded around the external surfaces of the CubeSat. The radiator has the shape of the letter T
(inverted). This allows for folding around the cubical shape of a CubeSat. Typically, the laminate is not
flexible enough to achieve the required bending radius to fold around the sharp edges of the CubeSat.
The adhesive is not applied to the folding parts of the radiator to increase the local flexibility, allowing
a tighter bending radius. These parts are called the hinges. The flexible hinges require additional
stiffness once deployed to maintain the radiator shape in orbit. Additionally, actuation is also required
to deploy the radiator. Typical hinges used for deploying solar arrays are too big, whereas a tape
spring offers a novel way of using a stiff beam to function as a hinge when elastically deforming the
shape. This creates a tape spring hinge. These hinges are located in the hinge parts. When folding
the tape spring hinge, stresses are induced in the material, and potential energy is stored like a spring.
This potential energy can be used to deploy the radiator passively. The heat generated internally is
connected to the radiator thermal interface via a thermal link. This thermal link can be a heat pipe or
a conductive strip of material. However, this is out of the scope of this thesis. The T-shaped radiator
made from 12 sheets of PG is able to fold around the cubical size of a CubeSat and able to deploy with
a tape spring hinge.

The thermal performance of the deployable radiator is analysed with a numerical model in ESATAN-
TMS-2019 to achieve optimisation of the design. This includes the number of layers of PG sheets, the
size of the hinge parts and the shape of the radiator. Each layer of the radiator laminate is modelled
individually. A heat flow boundary condition is applied on the edge of the base part, and the environment
boundary condition is deep space. Modelling the radiator individually, achieved that the steady-state
temperatures and heat flows are demonstrated to be fit for purpose with this design concept.

Analysing the thermal performance of the radiator individually provides not enough information on
whether the radiator reduces the temperature of the high-performance CubeSat in orbit around Earth.
To analyse this, the radiator is integrated into a dummy CubeSat to analyse the combined influence on
the performance. The dummy CubeSat has dummy payloads to simulate the heat generated during an
orbit. Deployable, rotating and Sun pointing solar arrays have been modelled at the top of the CubeSat
to represent the view factors and shading. The size of the solar arrays is representative for the power
requirements. The radiator is located on the bottom side of the CubeSat perpendicular to the axis of
rotation of the solar arrays to minimise Sun illumination on the radiator. The radiator is connected to the
heat-generating payloads via a thermal link. The deployable radiator is integrated on a representable
CubeSat to analyse the in-orbit thermal performance.

\"



vi Preface

The design of the dummy CubeSat with the radiator is analysed also using ESATAN-TMS-2019.
The research question is answered by comparing the temperature progression of the dummy payloads
inside the CubeSat over an orbit in two cases: one with the deployable radiator and one without a
dedicated radiator. It is found that the radiator causes the payload temperatures in a specific heat
load case to drop from 85°C to 20°C. This reduction is caused by the improved thermal coupling of
the payloads to space via the radiator. On average, the heat dissipated by the payload to space is
12 with a heat load of 30 . The remaining 22 s radiated to space via the CubeSat body. This
demonstrates that the deployable radiator is capable of reducing the temperatures of the CubeSat.

The sensitivity analysis showed that some design assumptions on the parameters have a significant
impact on the thermal performance of the radiator. These parameters include the thermal conductivity
of the thermal link between the dummy payloads and the radiator and changes in the orbit of the
CubeSat around Earth due to the Earth revolving around the Sun. The sensitivity analysis showed that
the radiator is insensitive for the number of layers. Increasing to 24 layers reduces the temperatures
only with a few degrees, while it almost doubles the mass of the DRV laminate.

A test with a prototype of the radiator has been performed. The test was performed in a vacuum
oven. Due to the COVID-19 pandemic, testing in a vacuum chamber with low pressure was not possi-
ble. The alternative test facility, the vacuum oven did not achieve enough vacuum such that radiative
heat transfer is dominant over the heat transfer via the air. It is estimated that around 52% of the to-
tal heat is dissipated via radiative heat transfer. It is desired that the radiative heat flow is dominant
because this is more representable for the circumstances in space where there is almost no air at all.
Furthermore, for the numerical simulation of the test, the model to predict the influence of the air over-
estimated the heat flows via the air. Thus the verification by testing has high uncertainty. Therefore,
the results are inconclusive. Further testing in a more representative test environment is required to
verify the numerical results in ESATAN-TMS-2019. The test showed that the deployable radiator is
able to dissipate heat efficiently. However, it was not possible to verify the numerical model.

In conclusion, the deployable radiator is verified by analyses that it reduces the temperature of
the payloads significantly within the requirements for the assumed load case. This reduction is demon-
strated by the efficient heat flow path between the payloads and space via the radiator. The deployable
radiator makes it possible to design CubeSats that use increasingly higher power dissipating payloads.
The design concept demonstrated as part of this thesis has shown compatibility of a CubeSat payload
of upto 30  of power without the risk of overheating.
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7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH RIWKHRUELW IRULQF
LQ WKH '5:

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH Rl WKH RUELW IF
WXGHV RIDVFHQGLQJ QRGH

7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IRU RU
RIDVFHQGLQJ QRGH

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IF
KDOYHG GXULQJHFOLSVH

7KHKHDW IORZ SURJUHVVLRQRYHU WKHFRXUVHRIWKHRUELW IRU ZKH
GXULQJHFOLSVH

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH Rl WKH RUELW |
FRQGXFWLYLW\RIWKH 3* VKHHWYV

7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IRU YD
GXFWLYLW\RIWKH 3* VKHHWYV

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IF
ORDGV DQG 3&%YV

7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IRU QR
DQG 3&%V

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH Rl WKH RUELW IF
RIWKHPDWHULDOV RI WKH SD\ORDGV DQG 3&%YV

7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH Rl WKH RUELW IRU Ol
WKH PDWHULDOV RI WKH SD\ORDGV DQG 3&%V

7KH WHPSHUDWXUH SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IR
WKH WKHUPDO OLQN EHWZHHQ WKH SD\ORDGV DQG WKH '5:

7KH KHDW IORZ SURJUHVVLRQ RYHU WKH FRXUVH RI WKH RUELW IRU GH
WKHUPDO OLQN EHWZHHQ WKH SD\ORDGV DQG WKH '5:

1RGDO QHWZRUN RI WKH UHGXFHG PRGHO 7KH KHDW VRXUFH FRQQHF
FODULW\

6FKHPDWLF RYHUYLHZ RI WKH SURWRW\SHRIWKH '5: LQFOXGLQJ WKH |

KHDWHUDQG FRYHU SODWH
*UDSKLFDO UHSUHVHQWDWLRQ RI WKH $6' OHYHO IRUWKHUDQGRP YLI

7ZR SDUDOOHODQG GLUHFWO\RSSRVHG IODW SODWHV RI VDPH ZLGW
7ZR UHFWDQJOHV ZLWK D FRPPRQ HGJH DW f> @

7ZR SODWHV FURVVZLVH ZLWK D FRPPRQHGJIJHDQG LQFOXGHG DQJOH
7ZR SODWHV ZLWK GLITHUHQW DUHDV ZLWK D FRPPRQ HGJHDQG LQFO:

)XOO PRGHO LVRPHWULF YLHZ

)XOO PRGHO YLHZGRUR MXKIHER Q

)XOO PRGHO YLHVYGRUR MXKIHERQ

)XOO PRGHO YLHZ GRUP MWWKIHR Q

)XOO PRGHO YLBH®GRUPF KMWKIER Q

)XOO PRGHO YLBHXGRUHAMKIRQ

,QVLGH PRGHO YELRNGILRIHFFWKRQ KLGGHQ &XEH6DW ERG\JHRPHWU\
)XOO PRGHO YLHEGRUPMWWKIHRQ KLGGHQ &XEH6DW ERG\JHRPHWU\

7TRS YLHZ RI WKH '5: SURWRW\SH

7TRSYLHZ RI WKH'5: SURWRW\SH ZLWK YLHZ RQ WKHDOXPLQLXP GXPP\
HOHPHQW DUH YLVLEOH

%RWWRP YLHZ RI WKH '5: SURWRW\SH ZLWK WKH WDSH VSULQJ YLVLEOI
7KH '5: SURWRW\SH LQ WKH WHVW VHW XS LQVLGH WKH YDFXXP RYHQ
DUHWKH WKHUPRFRXSOHV

7KH'5: SURWRW\SHLQ WKHWHVW VHW XSLQVLGH WKHYDFXXP RYHQ 7
RI'DSODWIRUP VXFK WKDW WKH SURWRW\SH LV VLWXDWHG LQ WKH PLC
JUHHQ ZKLWH ZLUHVY DUH WKH WKHUPRFRXSOHV






R &+ »

ILVW RI 7TDEO

SHTXLUHPHQW LGHQWLILHU OHJHQG

'LVVLSDWHG KHDW IRUWKH WKUHH ORFDWLRQV IRUWKHLQWHUIDFH
THPSHUDWXUH UHVXOWYV IRUWKH'5: WR VSERK®G D U f & PQGLAN MRQD/
7KH SDUDPHWHUV QHHGHG WR FDOFXODWH WKH WKHUPDO FRQGXFWLY
WKH DLU

7KH WHPSHUDWXUH ERXQGDU\ FRQGLWLRQV IRUWKH ZDOOV DQG DLU
FRQGLWLRQVIRUWKH WKUHH WHVW

7KH WHPSHUDWXUH UHVXOWY IRU WKH YHULILFDWLRQ RI WKH '5: IRU
PRGHO IURP &KDSWHU

2YHUYLHZ RIWKHJHRPHWU\ GHILQLWLRQ IRUDOO WKHJHRPHWULHV L
7TDEOH RIDVVXPHG PDWHULDO SURSHUWLHV IRUWKH &XEHG6DW DQG '5:
2YHUYLHZ RIWKH YDOXHV IRUWKHHPLVVLYLW\DQG VRODUDEVRSWLY
IDFH FRDWLQJV XVHG

$00 JHRPHWULHV ZLWK WKHLU UHVSHFWLYH PDWHULDO DQG WKHUPR
%RXQGDU\FRQGLWLRQ GXULQJ GD\WWLPHDQG HFOLSVH

1RGH QXPEHULQJ FRQYHQWLRQ IRUHDFK JHRPHWU\

2YHUYLHZ RI WKH ORFDWLRQV RI WKH QRGHYV

IHZLQSXW SDUDPHWHUV IRUWKHLQSXW SRZHU RI WKH SD\ORDGV IRU
7TKHUHVXOWVY RIWKHVHQVLWLYLW\DQDO\VLY DYHUDJHWHPSHUDWXL
KHDW IORZ EHWZHHQ WKH SD\ORDGV DQG WKH '5: RYHU WKH RUELW

7KHYLHZ IDFWRUV IRUWKH SD\ORDGV 3&% DQG WKHLQVLGH RI WKH &
2YHUYLHZ RI WKH ERXQGDU\ FRQGLWLRQV IRUWKH UHGXFHG PRGHO Z
SDULVRQ EHWZHHQ WKH GHWDLOHGDQG UHGXFHG PRGHO 6SDFH LV D
FRQVWDQW WHPSHUDWXUH

7KH GLITHUHQFHV LQ WKH KHDW IORZVLQWR DQG IURP WKH SDUWYV RI W
JRLQJLQWR WKHHOHPHQW IURP RWKHU HOHPHQWY EOXH LY KHDW IO
DQG\HOORZLVIURP KHDW IORZOHDYLQJ WKHHOHPHQW

7KH SHUFHQWDJH GLITHUHQFH EHWZHHQ WKH KHDW IORZV LQ WKH GHW
7TDEOH *UHHQ LV D GLIITHUHQFH VPDOOHU WKDQ \HOORZ EHWZHF
UHG LV ODUJHU WKDQ

5HTXLUHPHQW FRPSOLDQFH PDWUL]
2YHUYLHZ RI WKH ORDG FDVHV

/IRFDWLRQV RI WKH WKHUPRFRXSOHV
6LOQXVRLGDO YLEUDWLRQ TXDOLILFDWLRQ WHVW OHYHO > @
5DQGRP YLEUDWLRQ TXDOLILFDWLRQ WHVW OHYHO > @

&RORXU FRGLQJ

[y






ILVW RI 6\PERC

*UHHN
(PLVVLYLW\
U /IRQJLWXGH RIWKHDVFHQGLQJ QRGH f
R $QJOHEHWZHHQ WZR SODWHYV f
6WHIDQ %ROW]PDQQ FRQVWDQW S p o
5RPDQ
:LGWK RI SODWH P
:LGWK P
F $UHD P
a /HQJIWK P
a :LGWK RI SODWH P

G *HEKDUW IDFWRU IURP VXUIDFH L WR M

b 'LVWDQFH EHWZHHQ WZR SODWHYV P
/HQIWK RI ERWK SODWHYV P

Kc 9LHZ IDFWRU IURP VXUIDFH L WR M

i 7KHUPDO FRQGXFWLYLW\ Pt

Q JUDFWLRQ RI WKH ZLGWK DQG WKH OHQJWK RI D SODWH

Q /IHQJIWK P

S JUDFWLRQ RI WKH ZLGWK DQG WKH OHQJWK RI D SODWH

Y 7HPSHUDWXUH

] JUDFWLRQ RI WKH ZLGWK DQG GLVWDQFH IRUWZR RSSRVLQJVTXDUH SC
A JUDFWLRQ RI WKH OHQJWK DQG GLVWDQFH RI WZR RSSRVLQJ VTXDUH SC

[YLL



[YLLL /ILVW RI 6\PEROYV




ILVW RI $EEUHYLCL

$6' $FFHOHUDWLRQ 6SHFWUDO 'HQYH®M\IK 3BHUIRUPDQFH 5DGLDWRU

&276&RPPHUFLDO RIWKH 6KHOI ,5,QIUDUHG

,66,QWHUQDWLRQDO 6SDFHG6WDWLRQ
'27 '"HVLIQ 2SWLRQ 7UHH

'5: '"HSOR\DEOH 5DGLDWRU :LQJ/(2 /RZ(DUWK 2UELW

(6$7%$1 706 (6$7$1 7KHUPDO OR&RBQBR®) 3 LFRVDWHOOLWH 2UELWDO "HSO|
6 XLWH 3&WBULQWHG &LUFXLW %YRDUG
3*3\URO\WLF *UDSKLWH
*8,* UDSKLFDO 8VHU ,QWHUIDFH
75/ 7THFKQRORJ\5HDGLQHVV /HYHO
+'56 +ROG 'RZQ DQG 5HOHDVH 6\VAMBHIPO'IMOIW 8QLYHUVLW\RI 7HFKQRORJ\

[LI






QWURGXFW

,QUHFHQW \HDUV VSDFHKDV EHFRPHLQFUHDVLQJO\DFFHVVLEOHIRUFRP.
GXH WR &XEH6DWY 7KHVH VPDOO VDWHOOLWHY FRQWDLQ RQO\VPDOO SD\
DQG VXEV\VWHPV PXFKVPDOOHUDQG OLJKWHULQWKHSDVW IHZ\HDUV 7KX:
DQG LQVWUXPHQWY RQ WKH VDPH SODWIRUP ORUH SD\ORDG DQG LQVWUX
VFLHQWLILF YDOXH IRU &XEH6DWYV :KHUH WKH PLQLDWXULVDWLRQ RI HTX|
LQFUHDVHVDQG WKHUHIRUHWKH WRWDO SRZHU WRR 7KLV LQFUHDVHLQ SR
RSHUDWLQJDW KLJKHU WHPSHUDWXUHV ,QVWUXPHQWY DQG HOHFWURQLF\
OLPLWDQGH[FHHGLQJWKLVOLPLW KDUPVWKHV\VWHPV 7KHUHIRUH DVRC
IURP RYHUKHDWLQJ 7R VROYH WKH LVVXH RI RYHUKHDWLQJ WKH KHDW IC
HIILFLHQW 7KLV PHDQV WKDW IRU WKH VDPH KHDW IORZ WKH WHPSHUDW!
SURMHFEW IRFXVHV RQ GHVLJQLQJ DQDO\WLQJ SURWRW\SLQJ DQG WHVWL
FDOOHG 'HSOR\DEOH 5DGLDWRU :LQJ '5:

YLUVW DJHQHUDOLQWUWRGYEWVRQOURYLEHQIQMHG IRUD VI\VWHP IRUUDGL
KHDW IRU &XEH6DWY )JURP WKLV QHHG IROORZV D SUREOHP ZLWK D SURSRVF
LOQHFWLR@RZ WKLV VROXWLRQ LV WHVWHG WR WK H &HIFM DRIFIKQIDXHOAW LR Q L\
WKH WKHVLY RXWOLQHRLWIH{SODLQHG LQ

*HQHUDO LQWURGXFWLRQ

7KLV VHFWLRQ ZLOO H[SODLQ WKH QHHG IRU D VI\VWHP IRUUDGLDWLQJ H
LQWURGXFWLRQLVJLYHQ DE RXW WHFHHNLLR/ABH RW &K WEMHWLH QG RI PLQLDW X U
VSDFHFUDIW VA\VWHPV IRU &XEH6DW D E\SURGXFW HBHKEJYHV WILRI® SHUIRUP
H[SODLQV WKH EA\SURGXFW

5LVHRI&XEHG6DW DQG PLQLDWXULVDWLRQ

7KH JURZLQJ WUHQG LQ VSDFHFUDIW GHVL@&QDLQ/GLW KPH. @ VBIVWRY ULV QRMIRVD
OLWHV VXFK DV §&XEBBQWDMWXULVDWLRQ PHDQV FUHDWLQJ VPDOOHU DQG
VXE VIVWHPV LQ WHUPV RIVL]JHDQG PDVV 7KLV PXVWEHDFKLHYHG ZKLOH F
PDQFH KRZHYHU WKLV FRPHV ZLWK LQFUHDVHG SRZHU FRQVXPSWLRQ 7KL
FKDOOHQJHV LQ GHVLJQLQJPLQLDWXUH YHUVLRQV RI H[LVWLQJWHFKQROR

7KLV PLQLDWXULVDWLRQ DOVR FUHDWHY PDQ\ RSSRUWXQLWLHV &RPELC
DGYDQWDJHV RI VFDOH PRUH SUHYLRXVO\H[SHQVLYH WHFKQRORJLHV EHF
SXEOLF 7KHVH WHFKQRORJLHY FDQ EH XVHG IRUVFLHQWLILF HGXFDWLRQ]I
PRUH WKHFRVWY FDQ EH UHG X F# B . QFIUHD ¥ HIXW BMRRGIXFWV 7KHVH
DUH DOUHDG\ H[LVWLQJ FRPSRQHQWY XVXDOO\ XVHG LQ RWKHU VHEFWRUV
WKHVH FRPSRQHQ®& VIIKIDS QREOHP L \& X VoSURBXFKRDMDUH QRW VXIILFLHQWO
IRUVSDFHDSS@LFHRZHRGW>WKLY ULVN FDQEHPLWLIJDWHG E\WHVWLQJLQ U
WR GHPRQVWUDWH ILWQHVV IRU SXUSRVHDQG UHOLDELOLW\ 7HVWLQJ KDU

3DUWV RI WKLV FKDSWHU DUH WDNHQ IURP WKH /LWHUDWXUH 6 WXG\



T, QWURGXFWLRC

JLIXUH 7KHUHODWLRQ EHWZHHQ WKH SRZHU DQG PDVV RI VPDOOHKUIVRWEHOOLWHYV ZI

ZHUH QRW GHVLJQHG DGGV DGGLWLRQDO FRVW 7KH RULJLQDO JRDO R
DQG WHFKQRORJ\ GHPRQVWUDWLRQV &XUUHQWO\ EHFDXVH RI WKH Ul
SXUSRVHV D@ ZBIROH>& XEH6DWY DUH EHLQJ ODXQFKHG ZLWK FRPPHUFLI
SRWHQWLDO PDUNHW RI &XEH6DW SURGXFWYV

OLQLDWXULVDWLRQ FRXOG DOVR EHDFKLHYHG E\UHGXFLQJ WKH HPS
WHPV DQG ZLWKLQ WKHVH VIVWHPV 7KH UHDVRQ IRU WKLV HPSW\ YRO
DFFHVVLELOLW\ UHDVRQV HWF ,Q DGGLWLRQ WR UHGXFLQJFRPSRQHC
DW OHDVW PRUH HIILFLHQWO\ PDQDJHG WR DFKLHYH PLQLDWXULVDWL
WRWDO YROXPHDQG WR D OHVVHU H{WHQW WKH WRWDO PDVV +RZHYF
WLRQ

7KH GLVWDQFH EHW Z B H Q WK/ VD FENM@WGHRUHDVLQJ WKXV UHGXFL
+RZHYHU VLQFH WKH SRZHU XVDJH LV QRW PXFK GHFUHDVLQJ @VKH UH\
(VSHFLDOO\ VLQFH WKH QRZ IUHHG XS VSDFH LV ILOOHG ZLWK RWKHU L
WKH GHVLJQ RI WKH KHDW WUDQVIHU SDWK ORUH KHDW PXVW IORZ IURF
LV QRW LQ WKH VFRSH RI WKLY OLWHUDWXUH UHYLHZ 7KH GLIITHUHQW Z
KRZ WKLV DSSOLHV WR &XEH6DW® FDTKEW DROMRGPIHD®V WKDW PRUH KHD\
KHDW VLQN DQG WKXV PXVW EH GLVVLSDWHG DZD\ IURP WKH VSDFHFUDI
ZKLFK PD\FRQWULEXWH WR IDLOXUHYV

+LJK SHUIRUPDQFH &XEHG6DW

6XEVHFWLNKRRZHGWKDWDVDUHVXOWRIWKHLQFUHDVHGPLQLDWXUL
ZLOOEH XVHG PRUHLQ WKH IXWXUH 7KLVVXEVHFWLRQDQDO\VHV WKR\
WKHJIJHQHUDWLRQ RI WKDW SRZHUDQG ILQDOO\WKH LPSOLFDWLRQV RI

$GGLQJ LRQ WKUXVWHUV KLJK SRZHU HOHFWURQLFV KLJK SRZHU \
SRZHU SD\ORDGVDQG PRUHRQERDUG SURFHVVRUVLQFUHDVHWKHUHT)>
RIJHQHUDWHG KHDW :LWK WKLV LQFUHDVHG UHTXLUHG DPRXQW RI SR
FUHDYIHHXUHVKRZV WKDW VPDOO VDWHOOLWHY KDYH PXFK KLIKHU SRZF
7KLY WUHQG ZLOO RQO\V\LQFUHDVH

TUDGLWLRQDOO\ &XEH6DWY KDYH RQO\ ERG\ PRXQWHG VRODU FHOO
WKHSRZHUWRD PD[LPXRPRDWDQKBVSHFWLYHO\ 5HFHQWO\ ZLWK WKH LQ
VRODU SDQHOV GRXEOHV WKH SRZMH B HON® 80RAEHBBWHDR FK LV SHUIRU



SHVHDUFK TXHVWLRQ

WKHODVW\HDUV RIKRZWRHTXLS &XEH6@WVYXEWNGYBVWH YRWB VYV & B BHECDMSV |

\ SHDN SRZHU\DQGHUDJH SRZHU )XUWKHUPRUH PXOWL KLQJHG DQG VROI
DUH XQGHU GHYHORSPHQW DQG ZLOO LQFUHDVH WKH DYDLCGHEDONH SRZHU IF
> @ 7KHVHLQFUHDVHG SRZHUUHTXLUHPHQWY ZLOO UHVXOW LQ QHZ FKD

JURP WKHDFFRPSDQ\LQJ@ UL DIQNVDDN YV RXKDW WKH LQFUHDVHG SRZHU XVLE
OHP IRUWKHWKHUPDO UHJXODWLRQ &XUUHQW WKHUPDOCGRVYKBEDWLRQ Ut
DPRXQWRIHQHUJ\FROOHFWHG E\ WKH VRO D U\DUQ DAK/HZ IDONDXEJHH E Bl RAZW RO W K
ZLOO UHVXOW LQ KHDW JHQHUDWLRQ 7KXV WKHKHDW GLVVLSDWLRQ FDSDE

7KLV VHFWLRQ SURYLGHG WKH WUHQGY FXUUHQWO\ LQ WKH VSDFH LQGX
SRZHU &XEH6DWYV 7KHUH ZLOO EH PRUH &XEH6DWYV ODXQFKHG HYHU\\HDU
SRZHU EHFDXVH RIWKH PLQLDWXULVDWLRQDQG SRZHU KXQJU\VXEV\VWHP'
KHDW GLVVLSDWLRQ UHTXLUHPHQWY 'XH WR WKH OLPLWHG VSDFH RQ WK
GHSOR\DEOH UDGLDWRU LV D VROXWLRQ

SUREOHP YDOLGDWLRAQ

7KH SURSRVHG QHHG LV LPSURYHG WKHUPDO UHMHFWLRQ FDSDELOLW\
IRUWKLY QHHG %HFDXVHD GHSOR\DEOH UDGLDWRU LPSURYHV WKH WKHUF
VSDFH E\ LQFUHDVLQJ WKH UDGLDWLQJ DUHD 7KH SRWHQWLDO IRUUDGLD
WKH FDSDELOLWLHV RI &XEH6DWYV ZKLFK ZHUH QRW SRVVLEOH EHIRUH :LV
&XEH6DW LV WA\SLFDOO\ EBWZ HEHRKLWR VWD\LQJ LQ D UHDVRQDEOH WHPSH
5DGLDWRUV DOORZ WKH &XEH6DW WR LQFUHDVH LWV FDSDELOLWLHYV || Wk
&XEH6DWYV ZLWK KLIJKHU SHUIRUPDQFHV 4XDQWLI\NLQJWKHVHEHQHILWYV LV

WKH SHUIRUPDQFHV FRXOG DOVREHLQFUHDVHG ZLWK XS WR 7KLV LV E
EH XVHG bW WKH VDPH WLPH PRUH GDWD FDQ EH VHQG WR (DUWK DQG PRU
LQ VLWX ORVWRIWKHVHEHQHILWY GRUHTXLUH RWKHU LPSURYHPHQWYV P|

SHVHDUFK TXHVWLRQ
JURP WKH LGHQWLILHG SUREOHP DQG SRWHQWLDO VROXWLRQ WKH UHVH

ODLQ UHVHDUFK T2 XBDWMMWKH HITHFW RI DQ H[WHIKQD-OJUDGH D WHRUSXOVELIQ J
DWRUSHWR WKHWHPSHUDWXUH SURJUHVVLRQ RI D &XEH6DW RYHU WKH F|

7KLV UHVHDUFK TXHVWLRQ LV PHDQW WR LQYHVWLIJDWH WKH DGGHG EH(
WKHUPDO SHUIRUPDQFH RI D &XEH6DW )JURP WKLY UHVHDUFK TXHVWLRQ |
7TKHVH DUH OLVWHG EHORZ

54 KDW LV WKHLQIOXHQFHRIGLIITHUHQW UDGLDWRU VKDSHVY WR WKH W

54 +RZGRHVWKHWHPSHUDWXUHJUDGLHQW EHKDYHLQ WKHLQ SODQHLEL
VXUIDFH RI WKHUDGLDWRU"

54 +RZGRHVWKHWHPSHUDWXUH SURJUHVVLRQ RIWKH &XEHG6DW EHKDY'I
ZLWKDQG ZLWKRXW WKHUDGLDWRU"

54 KDW LV WKHLQIOXHQFH WR WKH WHPSHUDWXUH SURJUHVVLRQ RI WK

54 KDW LV WKHLQIOXHQFH RI WKH WKLFNQHVV RI WKH UDGLDWRU WR W
&XEHG6DW"

OHWKRG

7KLV WKHVLY SURYLGHV D VROXWLR Q6w R WIK-HZSURERGI RVWICREUW R WHICL VB U
OHP LVDQDO\WHG LQGLYLGXDOO\ LQDVXEPRGHO IRUVL]LQIJDQG GHWHUP
WKH SHUIRUPDQFH 7KH UHVXOWLQJ GHVLJQ LV DQDO\VHG IRU WKH WKHUP
QXPHULFDO PRGHO 7KLV PRGHOLV YHULILHG

7KH VROXWLRQ LQWHJUDWHG LQ D VIVWHP LV DQDO\WHG LQ PRUH GHWDL
PLVVLRQLQDV\WWHPPRGHO 7KLVVHFRQG QXPHULFDO VI\VWHP PRGHO LV X'
SHUIRUPDQFH RI WKH UDGLDWRU LQ D VDWHOOLWH VA\VWHP 7KHQ WKLV PR



T, QWURGXFWLRC

J)LIXUH 2YHUYLHZ RI WKH PHWKRG DQG FKDSWHUV XVHG LQ WKLV WK

WHVWHG LQWHJUDWHG LQ D VIVWHP DQG ZLWK D VLPXODWHG VSDFH HQ
GXH WR WHVW IDFLOLW\ OLPLWDWLRQV $V DQ DOWHUQDWLYH WKH UD
JRUWKLV WHVW WKH VXEPRGHO LVDGDSWHG IRUWKH WHVW WR YHULI'
YDOLGDWHG ZLWKWKHUHVXOWVIURP WKHYHULILHGQXPHULFDODQDO\
JLIXUH 7KLV PRGHO VKRZV WKH ERWWRP XSDQDO\VLY SHUIRUPHG 7KH
WHVWLQJ RIWKHUDGLDWRUGHVLIJQLVILUVWSHUIRUPHG WR RSWLPLVE
RI'WKHUDGLDWRULQWHJUDWHG LQ WKH V\VWHP

/KHVLV RXWOLQH

7KLV WKHVLVY UHSRUW VWDUWYV ZLW K WHHSL/QMKULR/GKIDB MRHQUL LQQWVKULR/GRX
WRSLFDQG H[SODLQV WKHLPSRUWDQFHRI&XEH6DWVY DQG WKH ULVH LQ
1H[WWR WKHLQFUHDVHG SRSXODULW\IRU &XEH6DWY DQRWKHU WUHQC
SRZHU LQ &XEH6DWYV 7KLV WUHQG ZLOO LQIOXHQFH YDULRXV DVSHFWV
LV WKH WKHUPDO VXEV\VWHP 7KLV WKHVLV ZLOO IRFXV RQ RQH SDUW |
DUDGLDWRU $ VWXG\FDVH IRU ZKLFK WKH UD GKDW RUDIOR®H \ZILVDK & K k
WRS OHYHO UHTXLUHPHQWY 6HFRQGO\ VRPH OLWHUDWXUH DERXW WK
HOHPHQWYV XVHG LQ&WREWWIRAML\RLY KLY LV GLVFXVVHG LQ PRUH GHW
6WXG\ :LWK WKH SUREOHP H[SODLQHG LQ WKHLQWURGXFWLRQDQG ZLV
VROXWLRQ LV SURSRVHG 7KLV VROXWLRG DY WVHQHWDHY S GIOL@G B [BIODW @
RSWLRQV ZHUH FRQVLGHUHG DQG KRZ LW LQIOXHQFHV WKH GHVLJQ 7K
DQDO\VHG DQG &HULNHAKLVD QDO\VLYV LV SHUIRUPHG ZLWKOWKHIWKHUPL
706 7KLV FKDSWHU H[SODLQV WKH DVVXPSWLRQV WDNHQ IRUWKH Q>
DQDO\WLV DUHDOVR GLVFXVVHG LQ WKLV FKDSWHU 7KHNBYWIHEDWLRC
VI\VWHP WHVW LV QRW IHDVLEOH 7KHUHIRUH WKH WHVW LV SHUIRUPHC
WKH UDGLDWRU 7KH SURFHVV DQG W K k: WIHYWHUKH/ ™ D @/LVDIMURHUGAR/G X W V. R
LQWHJUDWHG LQWR D &XEH6DW V\VWH R & B SVQHAKGHL W KNHUHP D\W YSGI\UA R VIR D ¢



7TKHVLV RXWOLQH

WKLV VROXWLRQ LQWHJUDWHG LQ D &XEHBD ML RQW R WK IMKHOAM B & LLVDL Y L W
VI\VWHP PRGHO LV ¥ EHBWIHHGRIUGBHU WR OLQN WKH UHVXOWY RI WKH DQDO\VH\
WR WKH UHTXLUHPHQWY D YDGKGDWLRRH VISHXORWPRIGAIH WZR QXPHULFD
DQG WKH WHVWV ZLWK WKH SURWRW\SHZDWK ¥RPH OXGRBRIPQGDWLRQV






6WXG\FDVHDQG UHTX
LGHQWLILFD

7KLY FKDSWHU SUHVHQW\WIBWMWXBUYV ZKVAKQ UDGLDWRU LV GHVLIJQHG )U
IXQFWLRQV UHTXLUHPHQWY IROORZ 7KHVHUHTXLUVHPFHMQWY DUHLGHQWLIL

6WXG\FDVH &XEH6DW PRGHO

7KHVROXWLRQ IRUWKHWKHUPDO SUREOHP IRUKLJK SHUIRUPDQFH QDQR
ZLOO EH XVHG RQ &XEH6DW 7KHUHIRUH LW LV LPSRUWDQW WR NQRZ IRU Z
XVHG 7KLV VHFWLRQ SURSRVHV D GXPP\&XEH6DW PRGHO IRUZKLFK WKH UD
&XEH6DW ZLOO DOVR EH WKH EDVH IRU WKH VIVWHP PRGHO &XEH6DW XVHG
LEKDSWHTKLY VHFWLRQ H[SODLQV HDFK SDUW RI WKH VWXG\ FDVH &XEHG6]
FRQVXPSWLRQ SRZHU JHQHUDWLRQ SD\ORDGV DQG RUELW

7KH PRVW FRPPRQ &XEH6DW KDV D VL]H RI WKUHH VWDQGDUG XQLWV VKR

7\SLFDO &XEH6DW KDYH ERG\ PRXQWHG VRODU FHOOV DQG VRPHWLPHV
SDQHOV +RZHYHU WKHVH DUH DOO VWDWLRQDU\ 7R JHW D KLJKHU SRZH!
SRLQWLQJ VRODU DUUD\V FRXOG EH XVHG 7KHVH VRODU DUSBDINZLOO EH FI
SRZHU >@ 8VLQJWKUHH SDIQK4R® RDFK VLGH RlI WKH &XEH6DW ZLWK VRODL
SRWHQWLDOO\ SURYMHYGHJ WKLV LV QRW IHDVLEOH EHFDXVH RI WKH RUELW R
ZKROH SDQHO FRXOG EH FRYHUHG LQ VRODU FHOOV

7KLV ODUJHDPRXQWRIDYDLODEOH SRZHU LV XVHG WR SRZHU WKH LQVWU
WKLV SHDN SRZHU LWLV HVWLPDWHG WKDW WKH SRZHU FR@KXXPREWLRQ GXU
LV KDOYHG GXULQJHFOLSVH WLPH 7KLV UHVXOWV LQDQHTXDO KHDW JHQH

7KH W\SH RI SD\ORDG LV QRW RI PXFK LPSRUWDQFH -XVW WKH RULHQWDYV
WKH 6XQ DQG (DUWK DQG WKH YLHZDQJOHV RI WKH VDWHOOLWH DUH LPSRU\
DQJOHRQ WKHERWWRP VLGH RI WKH &XEH6DW DQG WKDW WKH ERWWRP VLG

7\SLFDO &XEH6DW RRELWYWDUHIFQPKH LQFOLQDWLRQ LV GHSHQGHG RQ V
ORFDWLRQ DQG DYDLODEOH IXHO &XEWME DWWV VOIDXQFK 5% IKIRYPHWIRQH | R O
LQFOLQDWLRQ VLPLODU W ROWKKHE H® B @/LIDHVY. RXQDFROI N IOHD XQFKHG DV D SLJJ\ E
RQ ODUJHU VDWHOOLWH ODXQFKHV 7KHVHRUELWY DUHFRQVWUDLQHG WR
LQWURGXFHGHGLFDWHG ODXQFKHUVIRUVPDOOHU VDWHOOLWHY ZKLFKJLY
ORVW (DUWK REVHUYLQJVDWHOOLWHVIO\LQ SRODURUELWYV :KHQXVLQJVX
WKDW WKHPLVVLRQ FRXOG KDYHPRUH GHGLFDWHG RUELWV DV ZHOO 7KHU'
SHUIRUPDQFH VDWHOOLWHikQ D SRODU RUELW DW

7R VXPPDULVH WKHVHDVVXPSWLRQV DUH OLVWHG EHORZ

+ 8 &XEH6DW ZLWK ODUJH 6XQ SRLQWLQJ VRODU DUUD\V

+ \ KHDW JHQHUDWLRQ GLVWULEXWWN®DQGHODOR BR\DRWG¥N R
++DOYHG KHDW JHQHUDWLRQ GXULQJ HFOLSVH

+3RODU RUELKW DW



6WXG\FDVHDQG UHTXLUHPHQW L

7DEOH 5HTXLUHPHQW LGHQWLILHU OHJHQG
SHTXLUHPHQW LGHQWLI([BEO DEEWHRQRDWLRQ
"5 "HSOR\DEOHG5DGLDWRU :LQJ
3HU 3HUIRUPDQFH
3RG 3RO\ 3LFRVDWHOOLWH 2UELWDO '"HSOF
6 WR 6WRZDJH
"WF 'HSOR\PHQW FRQVWUDLQWYV
'GF 'HSOR\HG FRQVWUDLQWYV
&6F &XEH6DW FRQVWUDLQWYV

SHTXLUHPHQWYV

7KH IXQFWLRQ RI WKH UDGLDWRU LV WR GLVVLSDWH KHDW IURP WKH \
KHDWLQJ )JURP WKLV IXQFWLRQ WXKH UMK R Z WHPH BMD/Q RDIOMRIZW KH L G H G
WKH DEEUHYLDWLRQV XVHG LQ WKH UHTXLUHPHQWYV
3DUWRIWKHKHDW JHQHUDWHG LQWHUQDOO\DQG UHFHLYHG IURP H[W
7KH PD[LPXP KHDW GLVVL QBWDRB BWW WHPSHUDWXUHUWRRP YWKIHVE W H I D Q
%ROW]PDQQIGDZ/LEQ0@ 7KHHQHUJ\UHTXLUHG WR UDGLDWH LV WKH DG
PD[LPXP LV RI ZKDW W\SLFDO &XE @6 W LD/UHPIREX@N/W:REGR > 7R UDG LD WH
WKLV KHDW D ODUJHVXUIDFHLV UHTXLUHG PRUH WKWKQ RQHNWLGH RI WK
6LQFH WKH DUHD RQ WKH VXUIDFH RI WKH &XEH6DW LV OLPLWHG WKH UL
HIILFLHQW &XEH6DW VXUIDFH XVDJH DQG WR PDJLPXVUNVEKBGPRW HQU 8 KK
EH GHSOR\DEOH WR FUHDWH D ODUJH VXUIBEH RXWVLGH WKH &XEH6DW

vV F V¥ AAA AAAR % \
'5: 3HU 7KH UDGLDWRU VKDOO UDGLDWH DW OHDVW
'5: 3HU 7KH WRWDO DUHD RI WKH UDGLDWR® VKDOO EH ODUJHU WKDQ
'5: 3HU 7KH UDGLDWRU VKDOO EH ORFDWHG RQ WKH RXWVLGH RI WKH
'5: 'SO 7KHUDGLDWRU VKDOO EH GHSOR\DEOH

7KH FRVW RI ODXQFKLQJ VDWHOOLWHV LV KLIJK ,Q RUGHU WR NHHS
$GGLQJD PDVVDWODUJH GLVWDQFH IURP WKHFHQWUH RI PDVV LQFUH
KLIKPDVVPRPHQWRILQHUWLD PDNHV WKHVDWHOOLWHPRUHUHVLVWD
WR D UHGXFHG FDSDELOLW\ RI WKH DWWLWXGH FRQWURO 7KHUHIRUH
JXHVV RI D PD[LPXPLRIDVV XBH&GHU

'5: 3HU 7KHUDGLDWRU VKDOO KDYH D PDVV RI DW PRVW

7KH UDGLDWRU XVHV YROXPH RQ WKH LQVLGH DQG RXWVLGH RI WKH &
WKH XVHG YROXPH ,QVLGH WKH &XEH6DW WKH UDGLDWRU VKRXOG QR
YROXPH 6WR &XEH6DWY DUH VWRUBBOW\SLIFFDOCONH QML WH323PELWDO '"H
> @ 7KHVHVWRUDJH GHYLFHV NHHS WKH &XEH6DW VDIH GXULQJ WKH C
KDYH VWDQGDUGLVHG GLBHYWIRMHVVWERGEGBUGLVHG GLPHQVLRQV WRR
GLDWRU VKRXOG EH BRPSOVWEL BERBHHADVWK ZLWK DQ\ GHSOR\DEOH HTXLSP
WKH32' '5: 3BRG 6WR)RU VWRUDJH DQG GXULQJ ODXQFK3 WKH/&XEW6DW
LQVLGH WKWKH GHSOR\DEOH UDGLDWRWBGVKDBOGBEHHI RRGKBBH BQ'WKH
LV OLPLWHG DQG WKH ,6,632'@QURPORKEBO MHKH VEGHNG G6WR7KLV LV
PRUH WKDQKKKMKDW RWKMWDOORE >7TKH &XEH6DW LV VXSSRBEBWRQ LQVLG
JXLGH UD@QOSHIXODWLRQV UHTXLUH WKH UDLOVKXKR K® Y A KH Z8LGBEMIG RWD
'"HVLIQ 6SHFLILRD WDICRKR BOORZV RI WKH UDLO RQ WKH &XEH6DW QRW
332" TKHGHSOR\DEOH UDGLDWRU VKRXOG QRW BRWHBVWHUH ZLWK WKH .

'5: 6WR7KHUDGLDWRU VKDOO QRW H[FHHG WKH DYDLODEOH &XEHG6DV
'5: 3BRG 7TKHUDGLDWRU VKDOO EHDE®H WR EH VWRUHG LQ D



SHTXLUHPHQWYV

'5: 3RG 6 WRKHUDGLDWRU VKDOO QRW H[FHHG WKH DYDLODEOH VWRZHG
32"

'5: 3BRG 6 WRKHUDGLDWRU VKDOO HIWHQG LQ IRIOKGH&RPRMKHIVOUDIWERQ DV
RI WKH &XEHG6DW

'5: BRG 6 WRKHUDGLDWRULQIROGHG FRQILIJXUDWLRQVKDOO QRW LQWHU
ZKLOH VWRZHG3LQVYLGH WKH

'5:'SO 6WRKHUDGLDWRU VKDOO EHIROGDEOH

7KH UDGLDWRU VKRXOG EH GHSOR\HG RQO\3RI WHF ILEHIQMDHOGE 1D ¥ B B\ PLHRP
EHIRUH&XEHG6DWUHOHDVHVRERXIG EWSAWXKHQWIEMH LW FRXO32ZGDPDJH WKH
WKH UDGLDWRU LWVHOI RU RWKHU GHSOR\DEOHV RI WKH &XEH6DW VXFK DV
QRW DGG XQQHFHVVDU\ FRPSOH[LW\ WR WKH VA\VWHP 7KHUHIRUH WKH UD¢
'5: 'SO 'WF

'5: 'SO 'WF$FFLGHQWDO GHSOR\PHQW EHIRUH &XEH6DW UHOHDVH VKDOO
'5: 'SO '"WF/KHUDGLDWRU VKDOO EHGHSOR\HG SDVVLYHO\

7TKHUDGLDWRULY GHSOR\HG YROXPHRQ WKHRXWVLGH RIWKH &XEH6DW
RWKHU GHSOR\HG YROXPHV VXFK DV WKH VRODU DUUD\V DQG DQWHQQDH
LQWHUIHUH ZLWK WKHBV K &XEVVWHOHWKH & XEH6DW DFFHOHUDWHY LQ HLWKH
GLUHFWLRQ RUURWDWLRQ WKH GHSOR\HEGSOUDGRIMWRU YEKRXIOG QRW EHQG
7KLY EHQGLQJ EHFRPHVY GDQJHURXV ZKHQ WKH KLQJHV IDLO RU ZKHQ WKH U
KLW RWKHU VXEV\VWHPY ORUH GHWDLOHG UHTXLUHPHQWY DUH QRW SRV
UHTXLUHPHQWY GHSHQGV RQ WKH PDWHULDOV VKDSHDQG VWUXFWXUH

'5: 'SO 'GF7KHUDGLDWRU VKDOO QRWLQWHUIHUH ZLWK RWKHU GHSOR\H
'5: 'SO 'GF7KH KLQJHV RI WKHUDGLDWRU VKDOO QRW EHQG GXH WR D OD)
'5: 'SO 'GF7KH KLQJHV RI WKHUDGLDWRU VKDOO QRW EHQG GXH WR D UR\

7TKH GHSOR\DEOH UDGLDWRU LV SDUW RI WKH ZKROH &XEHG6DW 7KH IXQFW
KHDWIURP WKHKHDW SURGXFLQJLQVWUXPHQWYV RIWKH&XEH6DW WR VSDFF
VKDOO EHFRQQHFWHG WR WKH UDGLDWRWYEBMD WKHUPDO OLQNDQG LQWH!

7KH UDGLDWRU KDV DQ LQIOXHQFH RQ RWKHU &XEH6DW VXEV\VWHPV 7K
TXLUHPHQWY 7KHDWWLWXGH DFW XDoW L EQI VBERYXIO GVEH\DBWXPHG WKDW WK
DUUD\V DUH 6XQ SRLOQWLQJDQG WKHLQVWUXPHQWNFUHIXQLUH (DUWK YLHZ |

7KH WKHUPDO OLQN EHWZHHQ WKHLOQWHUQDO HQYLURQPHQW RI WKH &XE
SDWK ZLWK ORZ WKHUPDO FRQGXFWLYLW\ :KHQ WKHLQWHUQDO KHDW ORD (
KHDW LV UDGLDWHG HDVLO\DZD\ :KHQ WKHLQWHUQDO KHDW ORDG LV ORZ
KLIKFRQGXFWLYHWKHUPDO OLQN SURYLGHVDQHDV\KHDW SDWK WR VSDFH
IRUWKHLQWHUQDO HQYLURQPHQW 7KLV FRXOG EH VROYHGIRUH[DPSOH E
WKHFRQGXFWLYLW\LYOHVV ZKHQWKHWHPSHUDWXUHLVY ORZ 7KHGHVLJQ |
WKLV WKHVLV SURMHFW 7KHUHIRUH WKLV SUREOHP WRR 1RQHWKHOHVV W
'5: &6F

'5: &6F 7KHLQWHUIDFH VKDOO OLQN WKH UDGLDWRU ZLWK &XEH6DW LQW
OLQN

'5: &6F 7TKHDWWLWXGHDFWXDWLRQ VKDOO EHDFWLYH
'5: &6F 7TKHUDGLDWRU VKDOO SUHYHQW WHPSHUDWXUHV EHORZ f&

JLIXUHSURYLGHVDQ RYHUYLHZRIDOO WKHUHTXLUHPHQWYVY DQG WKHLU G



6WXG\FDVHDQG UHTXLUHPHQW L

JLIXUH 2YHUYLHZ RI WKH UHTXLUHPHQWY E\ FKDUDFWHULVWLFLQFOXGLQJVPDOO GH
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