2010

99
99

05
04

12
17

04

24



2010 (AIAA,

American Institute of Aeronautics and Astronautics) (NASA, National
Aeronautics and Space Administration) 220
280 04 20 22

(Atlanta, GA) The Westin Buckhead
(UAV, Unmanned Aerial Vehicle) 12

NSC 98-2221-E-606-016
(Mini-UAV)



— =€ O N~ 0

.. 10



- EIE[EJ

RIS L R N ST NSC 98-2221-E-606-016 el B
# FI%E%FWFFN’ "I JFQ%* AR HEE S L B N TR M%F”*S«gﬁ* I, (Study on
Mini UAV Designs to Payload Requirements by Airplane Sizing Methodology) £3 11 &k ~ [
B i L S MRS EE (UAV, Unmanned Aeria Vehicle)!! '/ = SN [ﬂ%ﬁ N
i ﬁgﬁ* g gy P R M IREEE (Mini- UAV)EJ?FE#F%%%E’T rf’jl?kHF T
"*?TE'%4 Y & % ﬁ‘]‘ﬁ (33— T Ve SAPE Wféu’?ﬁ&i’ﬁm{ufﬁiﬁéﬁg%?gﬁ
W ”f%r‘f%& %ﬁ’ﬁi@‘«ﬁ‘%*?ﬁw S o WA BRI S A
T Rl | RLEPGES

E P rﬁﬂk b 2010 S 4 2 28 rﬁiﬂﬂa&% [H’FJI’E%]‘ #1 (AIAA Infotech@Aerospace - 2010

Conference and Exhibit) - ¢’ll’ﬁ:]‘r$ 1 (AR LTS B 2 s 2 S E%‘Erf“(AIAA American Institute of
Aeronautics and Astronautics) = £ S st 4 5% (NASA, National Aeronautics and Space
Administration) {7/ &% > S [ 4N 2 %ET? ke S A 25 “E’i%,‘[ﬂ ES SHTE#E[HWE@WET—E
HEpTRR S PR A A > 4 - h’ﬁﬁ’ﬁi‘fw EB BT J*ﬂﬁ*ﬂﬁfrﬁ'w’ﬁ@m FHPVEF R
* = @%E"‘ﬂﬁ;ﬂé"f\;ﬂf%ﬁ%*ﬂﬁp ﬁ‘]‘fﬁ' ik 04 5] 20 [ 1= 22 E'Iﬁ%\[ﬁ&‘ﬁ F[EH"‘[‘[EW%%J*T
(Atlanta, GA).V The Westin Buckhead ﬁ&?‘ﬁ%& 7+ ’*”Fﬁ'ﬁpﬁﬁf g ’ﬁﬁ’r:ﬁ‘ SRR AN
IHWE}‘EF’I“@@ e KJIE]‘# P, U2 kﬁ‘éﬁ%&“bﬁ'rﬂ T ‘ﬁ'?&«éﬁ%ﬁj ‘?Fl
il 220 Ry %J[IEJF,[ES«‘E’{E:MFJJ%‘\w‘ 280 * - FRE[ 12971 Hljgljﬁ'ﬁﬂﬁj@}%ﬁrﬁ °
TGS B J[rﬁﬁﬁl"ﬁ'h 'ﬁ%’ﬁm}'uf. i “HF%%*F R OEFES T B N IREES P
%S?%T’j\,jffpﬁ%  (Study on Mini UAV Designs to Payload Requirements by Airplane Sizing
Methodology) - :Z(H,5Tu<1/ VIR E’lﬁ?ﬁ“{ﬁiiﬁ%& [ 12 EJ@EIJﬁﬁgb’#Ef“’%@ﬁ%%%

¥
i 3 [E;QI«EJJT\ “ RS ERE =g —f@pff@“@gguﬁ E[IJEG‘[E&[[J?‘J\E*E VERERS - R
“‘“F’Hfg%@%mﬁ RS > PP A R s R R [ S R R AL FT 2006 F
s Fh[;;u GRS R R BT RS A L PR A

it s 2 F:f( (355! ORI o [l 4 8 P - B s
Hy ’Fﬁ%‘?’ﬁﬁ”ﬁﬁﬁ PR T T R RSP B RS ERE ]%’.ﬁ F'igﬂ i
FETR (AU L F”T [ﬂ &FF lﬂﬂ*ﬁ [ﬂ &ﬁl (1) B3 EE ,Fﬁg}gﬁ@]ﬁ%f& ke iu*%LF[’LJ e



O 1T - (2) F%*;;Wﬁﬂ s [TIRIFERS = EE A ‘Jifﬁéﬁ?ﬁﬁ'ﬁUElﬁ*ﬂ RRIER g FéFJElfJ%%
o PO R S RS, [ R M & VIR ek R
PRREEIESE - (3) SIREpESEE=fpr » PP B SR ES SRS RS - BRI
ES«'E‘%E;&[ A2 5T FAR 23 EIJB,{THJ FIORhEE s ﬁ(ﬂ“ﬁgjf"[ FAR 23 V3 At o 7] pIEl a8 o
Ff@&[%f&m: SIS o BN RS ERE T ERGEE ST o SRR fb‘ﬁlféﬁx LS
@’ﬁ?ﬁﬁl?ﬁ@ 2,000 8, M TR TERS R P EE T RS RIS ﬁif’“biiﬁf%ﬁ FrEE ey & AR

o (ERL » PR EITEREET 10 2 90 FEER F RS VE s PR
T R E S JF%%* A A A AT B ”Félr‘ﬁ&“?ﬁ“‘ﬂi ’?Q:EIT M e A
BT o SR P R P Y ] ¢ S R ok URRAE i
P kSR P ORISR U TP D L B S e
MR S R T RS P IS P RIS RSES B )
EAE AN ﬁF’J%ﬁ S A A b SN TR [nzglﬂrﬁﬁw@ PELOT=~ (04 F] 22 F1)
1 1130 1 7L I@A-TL FAE TS A AT R A T EPEEFAA i > 4 ARG S
=R Ff%&éff%ﬁﬁmlﬁﬁl%%ﬁﬁiﬂ« '/F:’ﬁﬂ/ FHGE S I ?[’J[tﬁfﬂ[“ R TE e U
ol -

* L’ﬁﬁﬁ]‘rﬁ:‘" MRS ELE 7 ﬁﬁm}uﬁﬁ%’f{i@‘«ﬂ £] Unmanned Aircraft Design | & 11 »
Unmanned Aircraft System Platforms | & 11 =P A » & Hlﬂlg\@zlfﬁipghfﬂj =% (Georgia
Institute of Technology) fi/ Jayant Ratti <= * At 4V “Bio-Inspired Micro Air Vehicle: Design
and Control Issues” fﬁﬁigg%@% E Y LRIV g8 0 B 3 R BT TR AR (MAY,
Micro Aerid Vehlcle)ﬂj%ﬁb%mmrﬂjﬁkrru FEE > S H,W,ﬁl/ VIIzlu FL&"J¢ “ TR

j
AEPRFRE TV PIAATI > ) R Y iﬁ;, T I POREIRRST R e
(S HECIFIGH A E - P G Y i s L 2

F o Pl BRSSP T A (West Michigan University) [iV Kapseong Ro 55453

M ErgE#e V. “Flight Testing of a Free- wing Tilt- body Aircraft” F[[fL7F 75 ﬁiﬁ:ﬂ,’ﬂ\%ﬁ’?@ =
S RTINS B TR B 7D Free-wing Tilt-body TIT
TR S i RS ¢ A :ml‘ [ s ¢ ,qu\—ﬁm_ gl
S I/TPI‘_)I“—H o FIE bl Ry B 28 (The University of Kansas) fi* David
A. Royer =+ F’?gE%J/F v “Modeling and Sensitivity Analysis of the Meridian Unmanned
Aircraft” » E[IJirJr%K“]‘ AP Meridian B S IR S ERE IR W B 5T AT 5 SO



fﬁﬁ'}:‘@%*f"ﬁ%ﬁé&i’%ﬁ’f{i@‘« =1 B Dr. Jan Roskam (=5 244 > 55 B 'F' TR el
"] Jan Roskam Tl 90 S SR AR S YV B R - R
R R ORI R A A 2 RIS 2 R B
TR T e SRR

O 04 H] 22 [1 T PEE ST TII@ATL BT A A
uﬂwﬂpwﬁwﬁﬁwﬁiﬁﬁﬁﬁﬁﬁ W FAEY, o H I pIpA Rt

(University of Tokyo) fv TakumaHino &~ 4 [ﬂj:ﬁ?« “Formation Control of Small Unmanned

j;;

Air Vehicles Under Faulty Communications” & “Research Activity on Unmanned Air Vehicles
at the University of Tokyo” [nJH,gT,ﬁl/ » F’» FITE Fé?;_ AL P F,*"J_' IR
G Fﬁfiﬂ ?ﬁfﬁ'ﬁ“‘%@(ﬁﬁ T IRIRIERYA, ’JJVE%J/—R BN :Z(Wﬂ:ﬁ'\,m TR El
SR e s R T S B T M RS S E )
- iR e F[ [RLZ5 7 I ﬂ*ﬂ**?}ﬁi o E'Iﬂ\[ﬁﬁlﬁf FiEZElT Bk (Georgia Institute of
Technology) [ Wedey M. DeBusk Hrif J/lﬁ “Unmanned Aerial Vehicle Systems for
Disaster Relief: Tornado Alley” [[J}:L> IF:ZNFQH:T)E""* MREEVE E SRR V?FEIFTJ
T (oo [0, S TRETHNE! (5554  SUREMI O B S B 25T B L
PrEER T RIS - 2 2 %W;E\E'Jﬁc?[zﬂ%ﬁl* ~ EYf=# 7 [ (danger) ~ Hiddirty) - &F“[{Hjé(dull)
AOETES T R TRERS S R kB - LR - LK T
%B%%ﬁM%ﬁj‘ﬂﬁﬁﬁEWTEF? SN e EY G PR T N e
SRR < F S 1130 % 12:00 WAV V5 o BB RO S H SR
F,JFJ‘:FJE’??-%'\EI I Yoo-Hsiu Yeh firii %/ “Hardware Implementation of COTS Avionics System on
Unmanned Aerial Vehicle Platforms” F:‘T—J » iR FET 12:30 ]fi%ff”“gl H\rﬁl (T, (R il e
%a@f&%gﬁéﬁgwﬁ%&[ﬁwﬁ%&% (ATL, Atlanta Hartfield INTL) §HUES =335 o (DFW,
Dallas/Fort Worth INTL) Biﬁ?F%%%%%(LAX, Los Angeles INTL) » FJ%% 04 5| 23 }100:10
EED R A0 BRI ZH5H 04 7] 24 [1 05:30 £ -
EE ﬁ‘]‘ O U S Y A B ST EE  3 :\ﬁ%ﬁgﬁﬁi JHEIS
s R (] A 2 B
e e A e U L
ST ALY B AR AT R 2 e[RRI o o [ S
3 FHBEPT 0 10 -

HiFt
%3%



. . e—"
q%ﬁ' 1 ﬁrj (G = [iirr;’ﬁdﬁi*‘j The Westin Buckhead ﬁ&FFF,HJF (%Y

W3 PRABEREPIEY C)



|
Fq"[ }Q% B:% JJngE
- E\
B F'[



W7 Ff'”jj ﬁiﬂ'J:j’lf:i_' F§ * Dr. Gregory H, Parker »PE B Uﬁﬁgﬁlﬁﬁé

{8 R Y

= L
LF‘%*NE"?@ @Qiﬁl%ﬂz F SRR R S S R DR L e
*ﬁﬁﬂﬁﬁﬁuﬁﬁw%%’@Wkﬁ?%ﬁﬂp REF R VORI A D B
PRI (e RPRHAY IO R R SRR R H ST RS
rbﬁlﬁfﬁ e wF'JIgg?,Q Bl | A R %’Aﬁp Fl[gsmj;a; EﬁﬁfﬁT”lL g R
o B = H e pAE]  SERCTIERY ) AT R R < PP - SO
[ HILIFE AR P pshdr| € s » A s RSP P st i i - JPRE
RIS ARG EREE o REES PR RS T S - R
f[”J —\H&T%‘ﬁgjl, R R TS ,ﬁgf[ E R o

6



o ée‘%k”gﬂl’r:ﬁ]‘rf&llﬁ BlE ygﬂﬁ*”ﬂ\@nm%[ﬁﬂjwp VECERER T R T A ?E’ﬁﬁz{ﬁ;q@
ff‘ﬂb MG o PV A BRSSO SUBITE E RS F‘JJ%EFJ 4‘“'?JEWEV¢?}E‘4"‘%@ °
1H7Fé€%“[ﬁ5«'ﬁ%‘7%‘*f$ﬂ,a&']ﬂ;%@ Tom Bradley International Terminal - ulﬂ['fah i ’FF MEIVEI-

ﬁi’%ﬁw PR B PR RS A 2 €T3 E & I lﬁp NS BRSNS G- ﬁfﬁ’?ﬁ'ﬁ] ’
,LLJH!.g'%qu%_' = SRR -

P4~ BRIE
T B R L] 5 0 W S 52 BRI e 4
PSR EBIE 2  STERIS PRSP IR e

PR S B SRR ST T T S R B
SUAFRE I AR » A R AR



-

—_—

1.

t ﬁ%[ﬁl"ﬁa[ ?P_’ﬂyr JFL
AIAA Infotech@Aerospace - 2010 Conference and Exhibit ZHi= ] x 1
— Final Program (ﬁifuﬂf [ RS kReE = i)

s

]
: ot

:; ———————————— 10'Confersnee an

|
tentuly II!I'-H_FIII.F.B

20-22 April 2010
The Westin Buckhend Arlinm
Atlantz, Georgio

333333 353333333300

&

SONS5385531)

!
— 1
on R, FTIIE ! 7 i
o ; - o PR Wl i
wl = L fy |
-] b . i &
§ 5 i . -
. - Y = [ [
? 3 -
' i i o Ry’
(] » v Tr ,
. LRI b B . i - B
] i - [ ; > -
ALl A1 . \ 3/ R ¥ =
' # P . -,
i '
L Lid |
. Af o
B F § iy T
W i ! 3
A 1 ¥ Ilp | e
o & !
of i, -
0 ]
- ¢ § ']
n L e
g




3 oy Whajeuypey

o sptisy| wiown "yBiay o po ol ‘W ‘i ) “Engag
314405 A8J0 04 ojlit siinjsig

|DuBY pauuDLIL) jG uolaifinyu) Joy p3niap| Lpjadsig
PLSEOLTEWIY

40061

1o Ty ApSTeAIUT] PUOPR) ALY ) pUD ST
Sapiys)

palasady) Aejoway dof walsAg Maly-usag-isiy (s0) 07 Y
ELSEON0Z Y

S ERL

N “fm4 pusid ‘megag ity

oA T P N TG A T g
poojAng ooy ey

[y worspasg PRsOg-Cy 0 Jo Sduowinyiag sl Buyonjory
LASEDL0TV

S D0k

10 projioy 507 sejua’y Lpmastny saiojoua] el “SONYH W HAQ peii)

3 WwooJjjug | stiagsAS A1y 05000y pun pauunILLf Jo) GRY aI0N| LLNDIEL
DLOZ |y 77 ‘uoousaiyy Anpsiny|
spResyein) ey ‘WEQ UEigpuupey jo Asmw) 3 204 g
0 e o g "oy ofng e propuoig, Az ) 0 "oy Pogoupal o snuise| ofiend) “wostug g puodgy 'y | 2oy oanos, ‘onsase o Msesnay) oy g pu ‘ez y unyy
wioyo|disa SH0SUSS, [0} 6| puD UDJS|A Jnjnaouoy UL T
S)[ajusouny] 0 Jay (03uT) BpAYLY pesog Jenbiojauluy Busy) siugununiny3 pejueg-cgg Ul iy smowoliony | pup spauny o) stalyy ajgoinbiyumey Ajidoy jo uBjseq ey)
[ISEDL0ZWIY O LSEDLOZAY GOSEDI0L Y
SEO05L S OER| ook
X1 Tjioy Heq "aoioodioy nuiey peaiaa) INYT) 0 o0 oy ‘ssiday | exvepaq, sdoy jo Ausianuy) ‘OqyinOV 0 1A ey
58004 J60y | {payug) g ‘nagofnoy 'Buaping jo suonoyddy Y2l
0107 Judy 7 "uoousayy opsiny)
fpunT S 00p 0671 [

o 0107 Moy g7 "uoousoiyy Aepsin)

1

17 TR By "y ipmasar Seung YN ‘oo )y
“ulppong Mg o), e o naesy ey ‘ouny 3 ) pe | {oory vy ‘wonkoo] ‘)
Ieigoyy Ry ues gy 21y ‘asy " pus oy gL | s 2susgep jouonny ‘g poo Beoiy) 3 Tas) o iy Bung g ¥y bty v founiisy) b sngey W
) ousay pausoy | | Kioopoyjayy Burzig oundny Ay
U waishs Sapey S10) J0 uomuatisid) aimpioy I & siuawaanbay peojAag o sullisa Ay (uiw uo Aanys | apuuial ey saisasiq 10 SiualsAs ARIYEN |RUSY patmaLLn
BOSE-0L0ZYWIY Loseotozsy I SED L0
soei gl o Sl oLl
0 Losiao B i iy ST YN 9 g padoy)
) Lwooyjjog || S0 g wajshs ol pauuowun 0L-vBI0L
0L0Z |1y 2z Buuoy dupsiny
"4 ) o “vauliogsy ‘wuniodin)
A AR 05 sy "Bamy ) pug woppuer g 0 e RIONINT U0 V[ S ) pua Uesuan IO PRS0 “JI0 ] Pa0 Y “2lpy WD “Astecq) jouooy
Siapnig ajonposg sabonBuny Buizpoyr | ofgn “ning 1 % ouy vasosecio) wnly peappan “infcl 4
puo ajonpoGrepup o) asine) Auuaeufig emmygos we v | - swejsAg inyog eunj-[eay jo usijonjong up uosiodue) y nigafijy unsjoeg-fwag i sionaoyag (uzBiau buiisejeg
SOSELOZWIY FOSEDLOZY EOSEQ 0L
SO0z MOE( 0ol
41D P WA i) pansa Sy YU A HAUY T Aq pasoi
molsEgy| || SwaysAS ainmjjog t-¥aIey
0107 |1dy g7 Buiuioyy Aopsiny]
(| U \RI PR\ VA (VI VIR (VRN VIRR (VOISO VIO VR VIV \ PERDRERDRDDLY
| \ / \ _ iU\ 0\ U R WA WA R \ \ / \




2. AIAA Infotech@Aerospace - 2010 Conference and Exhibit %’7,% online FEF%?P &

PDF Papers Page 1 of 6
PDF Papers
Please selact a title below to doweload az a PDF file
Title Year
1D Simmiations for T and Vahdatmg Robotic-Dnven cations for Lumar 2010
Pales =
A Coliomn Generation io the Velacle me Problem 010
A Companson and Evalustion of Real-Tine Softerare Systems 010
A Conflict Resolution Alsonthm For Redoced Controller Tackload 010
A Fust Person View System forF. ed Velncles Uning o Fisheve-l sns 010
A Grap) o 4 : 2010
AH d.Dlta Model Fusxim rJ:Ltu C.nhhcrsl:i Fluzh At Data Senzme System 2010
A Low Cost Phase Amav Solution for UAV Collision Avoidance 2010
A I_nw—Ce:! Mmlmll:lm for Space Resegrch and Dmlen:rar]ua!e Enmmg Education 2010
i 2010
2010
2010
2010
2010
A Risk Ascesument Architecture for Enhnnced Enmne Gpenh.un 2010
A Sinefs Orbutal Revohition Planmer for ‘IASA :ED-I Sgamﬂ 2010
A = o o . H A - i Ealu
J;LH\:'EPJHS Architectime ﬁ:r Stmcrm:nl Health Mumwrmg that Tne Web 3010
jices
Aconthe Fmission Based Stmetural Health Monitorime of Stiffened Panels 2010
Adaptive Control Desien for Lonshidinal Ancraft Dymamies with Constramed Ot 2010
Feedback
Mme Comirol for Svstems w:.th Slow Feference Mndd_. 010
3 2 Clege el A AT e Appros 2010
Adaptive CmnmlMem:s via the Wmf]uwef] lsre Transform 2010
Adaptive Control of drotor UAV's in the Presence of Acmator Uncertumties 010
Adaptive Envine Cantrol in the Presence of Timits 010
Adsptive Feedforward Avcraft Control 010
Adsptive Flight Control for Unmmmed Aircraft Unins a Stable Wenral Network Observer 010
Adsptive Load Contral for Structursily Inmsired Arcraft 610
A doaneed Ga AG Canca & Pa 2010
Aegggtm BfUlIHtE]Il quum:mmm mDuiInmd Aurcrait Path Plamming 2010
Amspace Statistical Proxmuty Maps Based on Data Tioven Flow Modelme 2010
An Algontim for Enhanced Srustion Awareness for Trapectory Performmnee Manmgement 2010
An Event Detechion Methodology for Identification of Awiation Mishap Leading Indicators 2010
An RTOS-Hased Rim Time Reconfismable Aviomes Svstem for UAV 2010
ﬁmlvms amﬂ Asvmmetic Smn_ af CMOS Ciremfs for In:'_ressed Tranuient Error Tolerance 2010
! z 2 2 2010
Anﬂmnh Detectmn Toal fm ISBZM 2010

hiftp:/forww. aina arpPaperd coess PDFPapers ofm?CFID=193884 48 CFTOKEN=840._  2010/4/20

[Tz | JF%% AR S S L BT RS ELE PP E&:#:ﬂ‘ VTR i T [Jfﬁbfﬁﬁﬁ‘m
SRR (IR
“Sudy on Mini UAV Designs to Payload Requirements by Airplane Sizing Methodology” &

Final Program

10



Study on Mini UAV Designsto Payload Requirements
by Airplane Sizing M ethodology

Chien-Chun Hung’, Chao-Hung Lin, Yao-Jen Teng *, Chih-Ming Chang ¥, Yi-Kuang Wu""
Chung Cheng Institute of Technology, National Defense University, Tahsi, Taoyuan, 33509, Taiwan ROC

The methodology for sizing airplanes that adapted to design uninhabited air vehicles
with 20 to 50 pounds against payload goalsis described in this paper. Focusison importance
of the unique characteristics of this sort of flying objects and how to deal with them.
Features of several rivals designed to participate in Taiwan Raobot Aircraft Design
Competitions are discussed and further research is suggested finally.

I. Nomenclature
A = aspect ratio, also, first constant of weight trend line equation
Pgiven = given power
P = air density
Ry = Reynolds Number
S = wing area
o = ratio of air density at altitude to that at sea-level
\ = tail volume coefficient
We = empty weight
We = fuel weight
Wro = take-off weight
(W/P)ro = power loading at take-off
(W9, = wing loading at landing

1. Introduction

HIS work was originally motivated by the need for helping senior undergraduate students to participate in an

annual national UAV contest organized by Taiwan’s Aeronautical and Astronautical Society of Republic of
China. Competition rules set restrictions on the vehicle’s size. All contestant UAVs weigh less than 50 pounds;
therefore, they could be considered as the mini unmanned aerial vehicles (Mini UAV). The term “Mini UAV” used
here means all the uninhabited aerial vehicles with take-off weight of 5 to 50 pounds (2.27 kg to 22.67 kg) as
categorized in Weibel’s paper.' Over the past years since it began, no team designed its aircraft exactly by the
process discussed in any typical textbook. People prefer to make the rival aircraft by using concepts as for
fabricating model airplanes. Doing that way is easier than utilizing airplane design methodology to finish the job
since players’ experience could dominate and using the latter could cause some academic troubles. However, from
the point of view of being a teacher, students should be not only guided to win the award but also taught to practice
via the contest what they learned in the course “Airplane Design” to draft their UAVs for the competition. Being
eager to win is one thing, reaching the educational goal is the other, and, the most important. The students should be

" Corresponding Author, Associate Professor, Department of Mechatronic, Energy and Aerospace Engineering,
AIAA Member, Email: hung@ndu.edu.tw.

 Adjunct Associate Professor, Department of Mechatronic, Energy and Aerospace Engineering, AIAA Member.

* Consultant, Who Flies Mini-UAVs And Instructs Students to Make Them; Also A Graduate Student in Doctoral
Program of School of Defense Science, Non-member.

¥ Graduate Student in Master Program, Department of Mechatronic, Energy and Aerospace Engineering, Non-
member.

" Graduate Student in Master Program, Department of Mechatronic, Energy and Aerospace Engineering, AIAA

Student Member.
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educated to become skilled at the formal methodology even when they are dealing with model airplanes, or we
might call those things mini UAVs. We must get through those troubles to develop a new way for our students to
design their competition UAVs and this is why this paper comes out.

1. Taiwan Unmanned Aerial Vehicle Design Competition

The Aeronautical and Astronautical Society of Republic of China in TAIWAN hosts an Airplane Design
Competition for its student members every year since 1999, then to expect all the draft aircraft aloft, this contest
focused on remotely piloted vehicles and later changed its name as “The Domestic College Student’s Unmanned
Aerial Vehicle Design Competition.” In 2008, another name “2008 Taiwan Unmanned Aerial Vehicle Design
Competition” was announced to attract high school students, even foreign teams, to join. Now," it is called “2010
Taiwan Robot Aircraft Design Competition.”

There are several Championships to award in this Competition: Beginners’, Advanced Level’s, Flapping-Wings’,
and Beyond Visual Ranges’ (BVR). Although the organizer now welcomes all participants to enroll all contests, the
first three authors considered the previous arrangement as it should be, that is, Beginners Division for juniors,
Flapping-Wings and BVR supposed for graduate students. Therefore, due to their ability and the opportunity to
practice what they learn in the course “Airplane Design,” our senior undergraduate students are encouraged to
participate in the Advanced Level Design Contest. Stories are all about this level.

IV. Contest Rulesand Mission Specifications

In the Advanced Level Design Contest, each competing aircraft must be aloft using an assigned piston engine
with maximum power of 2.8 hp at 15000 rpm for a required minimum period. It is then scored by its flight
evaluations (according to the maximum payload it carried, the fuel it consumed, and its configuration), the design
report (paper and oral work), and the fabrication and demonstration skill. In addition, the team that demonstrates its
UAYV with the most outstanding aerodynamic shape can be awarded the Aerodynamics Trophy with no need to do
any flight exhibition. The contest rules were modified occasionally and are properly settled recently. Table 1 shows
how the design competition rules for this title were modified year by year since 2007.

To give students an appropriate concept that they simply cannot design a cargo airplane with the F-16
configuration, we strongly recommend them focus merely on payload requirements. While development of the
adoption of airplane sizing method for mini UAYV is still carrying on, we welcome the conventional configurations
as their designs. Since working on the mission profile is a good place to start the design, as shown in many
textbooks, all of our competing students have to use the contest rules for setting-up their mission specifications
followed by mission profiles. The designer’ of Year 2007 answered it by using a mission profile exactly the same as
given in Figure 2.1 of Ref. 2 (exclusive of the Loiter Phase) with the following specification:

1) Payload: 6 kg (13.2 1b).

2) Range: 2 km (1.079 nm). While mission finished, 25% of required fuel reserved.

3) Altitude: Cruise at 100 m (328 ft). Maximum at 300 m (984 ft).

4) Cruise Speed: 70 km/h (19.4 m/s, 63.8 fps) with full payload.

Most followers did their designs by keeping this specification but with slight modifications, say, the payloads
increase every year and a longer range of 2500 m (8202 ft) has been used from Year 2008 to present.

Table 1 Taiwan UAV Design Competition, Outline of Advanced Level Title Rules.

. Total Lifting Area | Take-off Ground . : Minimum Payload

Year Wing Span, b (Wing and a;hemo \ Sroun Landing Distance, S; Required
Horizontal Tail) ’ T0G
2007 | Non-regulated | <2m?(21.53 %) | <60m(196.8 ft) |Regulated to land within 4kg (8.81 Ib)
an aSSIgned zone

2008 | Non-regulated | <2m’(21.53 ) | <60m (196.8 ft) <200 m (656.1 ft) 4kg (8.81 Ib)
2009 | <350 cm (11.48 ft) | Non-regulated | <60 m (196.8 ft) <200 m (656.1 ft) 4kg (8.81 Ib)
2010 | <300 cm (9.84 ft) | Non-regulated | <60m (196.8 f)1 | <200 m (656.1 ft) 5ke (11.02 1b) )

[1] This is for the maximum-payload race only. The ground run limit is set to be 100 m (328.1 ft) for the lowest-fuel-
consumption race.

[2] In the maximum-payload race, those vehicles that take-off out of 60 m bound will be dismissed and scored nothing.

[3] Compared with the self-recorded amount of payload attempted at home, the contest allows each competitor put only 2
kilograms (4.4 1b) extra in the air.

"URL: http://www.iaa.ncku.edu.tw/~whlai/uav/index.html [cited 4 March 2010].
"Po-Yu Cheng, Designer of “One-Piece,” Student of Class 2007.
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V. Adoption from Airplane Sizing M ethodology to Mini UAV Design

Any one who has examined the basics of airplane sizing methodology®® may possibly find that the equations
used will go into three categories. They are about weights, about correlating data, and about the aerodynamics. For
aerodynamics, even we have to deal with some coefficients that are dependent on Reynolds number; it is obvious
that force equilibriums are considered first, and then these coefficients will appear by dimensionless treatments, no
matter what the flight object’s size is. If we can develop an unique fuel-fraction method® and construct the
correlating database especially for the mini UAVs, then we will see the possibility of using airplane design method
to size mini unmanned aerial vehicles.

Most mini UAVs fly at Reynolds number in a range of 10° to 10° (based on mean geometric chord length of
wing, MGC) while airplanes above 10°. With Reynolds numbers from 10° to 10° the lift-to-drag ratio increases
more than one order of magnitude for smooth airfoils. It does not change this abrupt but still has couples of multiple
increasing for rough airfoils.” The section maximum lift coefficient increases more than 30% for some symmetric
airfoils with this variation of Ry (Fig. 9.3, Ref. 5). Using airplanes’ data for acrodynamic calculations in mini UAVs
is somewhat overestimated. However, if the aecrodynamic coefficients appropriate for them in this regime (10° < Ry
< 10°) are determined, it will be reasonable to design mini UAVs by applying the airplane sizing methodology,
especially in performance matching and stability evaluations.

A. Design Process

In his paper, Anderson® cites
Raymer’s description® about the ’ Competition Rules ‘
methodology  for  conceptual v
airplane design as the following ’ Mission Specification, F;)cus on Payload as a Goal. ‘
successive process: Once  the ’ Mission Profile, then Phases Constructed. ‘
requirement is established, a first

>

estimation of take-off weight —
. Guess a Likely Value of
frequently based on the previous Take-off Weight
aircraft can be made. The
necessary critical performance :
. . ’ Determine Fuel Weight ‘ .
parameters (such as maximum lift 7 Find
. . . . the
coefficient, lift-to-drag ratio, win
. i g . g ’ Calculate a Tentative Value for Empty Weight ‘ Allowable
loading, and power loading) are Valfuc
. Ve 0
determined. An initial If these two values agree Empty
conﬁguration layout iS then with each other within some Weight
. pre-selected tolerance?
prepared. At this moment, a group
f weights (including take-off Yes
o . welg . g Construct Matching Graph for Performance Requirements
welght, empty welght, and so OI]) (Take-off and Landing Distance Restrictions)
IS. app.I.OXImatelly calculated and > Propulsion Restricted by the Organizer
this will result in a better weight
estimate. Then a performance Preliminary Sizing
analysis can be carried out to Who We W
check the requirement is met or P &Wio = (W/S)o = S, A
. C cl Take—off, Landi
not. If not, re-determine the L (CleAN, 7 e—off, Landing)
critical performance parameters PR — :
and procee d to the above lzlnga 1‘tlzratlon ’ Preliminary Configuration Layout ‘
successive steps until it meets the . v
Re-configuration

requirement. Finally as the Preliminary Stability Analysis
. . . (Roskam’s Class I Method)
proceeding  iterative  process

. . [
reaches its end, the designers
might think about an optimization Contestant Configuration
procedure to obtain the best

design.
For mini UAVs, or especially Figure 1. Mini Unmanned Aerial Vehicle (Mini UAV) Design Process.
for Taiwan Robot Aircraft Design Details are discussed in the text.
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Competition, shown in the flow chart of Fig. 1 (modified from Figure 1.2 of Ref. 2), we propose a design process
adapted from that of airplanes. It is similar to that of sizing an airplane in which the take-off weight is first estimated
by comparing two empty weights from a guessed value of it, one obtained by the fuel-fraction method® while the
other by the trend line representing regression bases on historical mini UAVs’ weight data. Iteration is needed if the
difference between two quantities is not within a given tolerance.

After the weight estimation, a performance-matching plot is constructed to fit the take-off distance, the landing
distance constraints with an assigned horsepower. Before further researches on them, Federal Aviation Regulations
Part 23 (FAR 23) is applied so far to size mini UAVs. From the matching graph, the take-off power loading, take-off
wing loading, maximum lift coefficients, and aspect ratio, can be selected. With these known data on hand, we can
do the preliminary configuration layout. As usual, a designer must have some historical data of the same type of
aerial vehicles to fulfill it. Grouping and adding many existing mini UAVs to those 12 types to form a new type,
Type 13, in Ref. 2 for this usage might be necessary. Rather than putting others together, it would be better grouping
our own vehicles for this purpose as discussed later.

With the preliminary configuration, by Class I Stability Analysis as described in Ref. 4, longitudinal X-plot and
directional x-plot are used to see if the empennage match the inherent stability goal or not. If it does not, then go
back to the Preliminary Configuration Layout process and do the re-configuration.

In this work at the beginning, there was almost nothing available for sizing-reference; therefore, the designer of
Year 2007’s had no choice using some analogous data from Type 2 airplanes of Ref. 2 and the contestant UAV in
Year 2006. (That one was made by students under instruction of the third author according to his model-airplane

Weight Estimation

O

Fuel-Fraction Estimation

for Mission Segments
Including Engine Start
& Warm-up, Taxi,
Take-off, Climb, Descent,
and ‘Landing,
Taxi, Shutdown.”

Mission
Fuel-Fraction
Estimation for

Cruise Segment
or Loiter Phase

Location of C.G.
of Major
Components

AIRBLANES

5
| |
| 1
1 . 1
| Weight Trends Roskam’s Suggested s 5 1
i Breguet’s Roskam’s Suggested i
! From Database of Values Based on guet's S Suge Roskam’s Suggested | |
i (ST — Experience and Range Equation Reduction Values : i
i gle Eng D! et = C.G. Location of i
i Driven Airplanes el o and Endurance for : |
! Single Engine Propeller Equation St W Major Components :
i Driven Airplanes i
1 1

Mini UAVs

Figure 2. Keysfor adoption of airplane sizing method to mini UAVs. These blocks show the idea how airplane
take-off weight approximation is modified for mini UAV sizing.

experience.) Successors were lucky simply because they have at least two UAVs that can be referred to. In addition,

due to the tight schedule, few undergraduate designers can enter the iteration and re-configuration process.
It is clear that what have been shown in this design process is nothing but more like that for sizing an airplane.

The difference between these two kinds of aerial vehicles will be emphasized while the details of adaptation reveal.

4
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B. Weight Estimation

There are five items need to be adjusted for mini UAVs in this category (Fig. 2):

1)  Weight Trends.

2)  Fuel-Fraction Guessed for phases excluding Cruise (and/or Loiter) Segment.

3) Breguet’s Range and Endurance equations.

4)  Weight Reduction for wood used in this type of air vehicles.

5)  Center of Gravity (C.G.) Location for major components in this type of air vehicles.

Ref. 2 ensures that there is a linear relationship between log;)Wg and log;0Wro for twelve types of airplanes. The
truth is also assumed for mini UAVs. To obtain Wg from Wr, regression analysis must be done to offer this
relationship by collecting available data from current mini UAVs.

It is not difficult to calculate mission fuel weight by Fuel-Fraction Method” if the fuel-fractions of all phases are
found. As shown in Ref. 2, Breguet’s range and endurance equations combined with a set of suggested values for
phases excluding Cruise and Loiter are used to perform this approximation for all twelve types of airplanes, but not
for mini UAVs. In this case, being short of real statistical data for phases excluding cruise and loiter makes the
estimation less precise. Before the measured values are obtained, the better way is to borrow those recommended
values for Type 1 or Type 2 airplanes as shown in Table 2.1 of Ref. 2.

Since with just the concept of fuel-consumption rate, time and speed, one can derive both the Breguet’s range
and endurance equations, possibility of applying them on mini UAVs exists except that the fuel-consumption rate
for their engines should be experimentally determined in the beginning.

Wood is the major construction material of our mini UAVs while all almost airplanes in Ref. 2 were made of
metals and/or composite materials. Weight reduction should follow due to material difference even with the same
estimating method. A reduction factor was found to be 0.442 especially for this group’s vehicles and how came this
value will be discussed later.

Table 10.2 of Ref. 4 gives us good information about the C.G. location of major components before the air
vehicles is made in real, it is beneficial to know these values since the empennage sizing will use them to construct
the longitudinal and directional x-plots. Comparing the manufacturing techniques of both airplanes and our
competing mini UAVs, the significant difference will be that our students are not actually professional in making
aerial vehicles while those who fabricate airplanes are. Therefore, these C.G. location data from airplanes did
introduce some discrepancy while applied to mini UAVs. Correction should be necessary.

C. Matching Plot Regarding Special Constraints

Probably because of being for educational purpose, the first two authors make it simple by not introducing too
many design restraints on students’ mini UAVs. The coincidence is that the organizer announces not many
constraints for the competing flight objects. After evaluation of rules, two margins were placed on the matching
graph in the performance analysis. With these two restrictions, the take-off and landing distances as barriers, Ref. 2
teaches the student designers how to chart the power loading versus wing loading diagrams, from which young
engineers can select an initial design point to keep their individual work in progress.

If we consider a mini UAVs as the tiny replica of single engine propeller-driven airplane, then FAR 23 can be
used to constrain the distances. The take-off ground run, Stog, is proportional to the so-called take-off parameter for
FAR 23 airplanes, TOP_3, defined by Eq. (1),

TOP23 = (W/S)To (W/P)To/ O-CLm‘aXTO (1)

where (W/S)to is the wing loading and (W/P)1o the power loading at take-off. The take-off and landing distance of
our vehicles should be more loosely-constrained since they need not climb out above the obstacle of 50 ft as
regulated by FAR 23. The whole mission is carried out within the riverside regions where are much less inhabited
and it will not be a threat to any urban personnel or building. A new relationship between the take-off ground run
Sros, and take-off parameter TOP,3, is probably needed in future studies (Fig. 3).

On the other hand, the landing distances for FAR 23 airplanes are related to the landing stall speeds, which
depend on the maximum landing lift coefficients. The power-off landing stall speed, Vg, is as shown in Eq. (2).

Vg = {2(WIS)/ pCrpy 12 @

Then in the matching graph, the chosen design point determines the maximum take-off lift coefficient and the
maximum landing lift coefficient, with a now prescribed pair of take-off power loading and wing loading values.
5
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AIRPLANES Mini UAVs

Sizing Sizing to FAR 23
Matching Graph
Construction
Requirements i
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y Related With SICRIEC T
BoeD o
Wing’s e e—
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Figure 3. Keys for adoption of airplane sizing method to mini UAVs (Cont’d). These blocks show the idea
how to adapt both the matching for performance requirements and selection of airfoils to fit the calculated
maximum lift coefficients.

D. Low Reynolds Number Aerodynamics

Selection of airfoils to provide sufficient lift for an airplane is a very important step to size them. The maximum
lift coefficient for airplane, Ci,,,, decided to satisfy the performance requirements should be magnified to the
maximum lift coefficient for wing, Cip,y,, by Eq. (3).* It is because of the trim considerations for conventional

configuration as well as for with canard, the factors 1.05 to 1.1 will be chosen depending on how far the horizontal
stabilizer is from the center of gravity. We can simply assume that this is the case for our mini UAVs since so far it
seems to us difficult to check it experimentally.

Climy = 10510 1.1 Ci 3)

The section maximum lift coefficient, ¢, should be obtained using Eq. (4) from the maximum lift coefficient
for wing,*

Clinay = K, (G + Ol ) /2 “)

max;

where Kk , is taper ratio correction factor for wing maximum lift coefficient obtained from historical airplane data, and
k/I is 0.88 for 4 = 1.0 as 0.95 for 4 = 0.4. Here, A is the taper ratio. In Eq. (4), Clmaxr and qut are the section

maximum lift coefficients of wing root and tip airfoils, respectively. As mentioned in Section V, these two different
kinds of air vehicles fly at distinctive Reynolds numbers, applicability of Eq. (4) to mini UAVs should be checked.
Fortunately, it is shown still valid for his mini UAV with two typical low speed airfoils at Reynolds number about

6
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10° by the fourth author” using another previous experimental work.” Up to now, it is appropriate for us to apply any
available airfoils that hold their wind tunnel testing data with Reynolds numbers in the range of 1 x 10° to 1 x 10°.
This concept of low Reynolds number aerodynamics is the key point to illustrate the uniqueness of a mini UAV as
showing in Fig. 3.

E. Mini UAV Configuration Sizing

As shown in Fig. 4, for shaping the preliminary aerodynamic profiles is just utilizing the previous wing and
fuselage data of mini UAVs with the thus-far known values. It is obvious that this is the same as to design inhabited
air vehicles. For both wing and fuselage configuration drawings, earlier mini UAVs, especially of our group, are
good examples to follow and with continuing modifications on them if necessary. For empennage sizing of our mini
UAVs, the so-called tail-volume coefficient method* first based on Types 1 and 2 airplanes of Refs. 2 and 4, later on
our gradually developed mini UAVs’ database is used.

F. Stability Analysis

Chapter 11 of Ref. 4 suggests a fast way to analyze whether an airplane configuration has the satisfactory
stability or not. In short, the longitudinal X-plot and the directional X-plot are constructed to see if the planned
empennage sizing could fit to the needs as shown in Egs. (5) and (6). A longitudinal X-plot presents the variation of
aerodynamic center and center of gravity as a function of horizontal tail (canard) area. Using thus-far known
aerodynamic profile data and the suggested values of c.g. location data for major components and whole vehicle,
these X-plots can be constructed. For the longitudinal X-plot, aerodynamics analysis and weight and balance
analysis are necessary. For the latter, Table 10.2 of Ref. 4 provides good correlating data for c.g. location of major
components. On the other hand, the directional X-plot places the variation of derivative of airplane yawing moment
coefficient with angle of sideslip as a function of the vertical tail area.

It is recommended that in the preliminary design phase for an airplane to be inherently stable, Eq. (5) holds for
longitudinal stability while Eq. (6) is for directional stability.*

SM.=dC,/dC_=X_ - X, =-0.10 )
Cn 5= 0.0010 per degree (6)

In Eq (5), S.M. means static AIRPLANES Mini UAVs
margin, C, the pitching moment

coefficient, C,_ the lift coefficient, e, Tnitial
_ Wing Planform Wine P: Estimation
. . > g Parameters | | |

X the distance from leading edge Decision and | —— "4 Fuselage Based

cg Fuselage Sizing Data Base On Historical
of wing mean geometry chord to Configuration AT D
center of gravity in fraction of T,
the chord length of MGC. In Available The V Bar

.. — . . Empennage | —— Method With

addition, X, 18 the distance from DataBase At i

leading edge of wing mean

1 ati Use L
geometry chord to aerodynamic Lonsgt;::;nal e Longitudinal | ¢
i i C i L - . [ | TheProposed Manned
center in fraction of Cand C, 1 the pgetmx;ry Stability Analysis | | Horisontal Tails fmmﬁ)
yawing-moment-coefficient-due-to- Analysis — arenc)
. . . . Static Use Directional Aerodynamics

sideslip derivative. Diretional || 7ot Bulute " Applies

T . o . € Propose:

As mentioned before, equations Stability Analysis Vertical Tails

of motion (dealing the equilibriums . . ] o o
of flight vehicles) are always the Figure 4. Keys for adoption of airplane sizing method to mini UAVs

beginning work of the aerodynamics ~ (Cont’d). These blocks show the ideas how configuration and preliminary
and stability analysis. In our design  Stability analysis process are modified for mini UAV sizing.

“In His Master Degree Thesis That Will Appear in This May, Written in Traditional Chinese, March 2010.
TChang-Chieh Wu, “Investigation of Aerodynamics Characteristics of Low-Reynolds Number Wings for Micro
Aerial Vehicles,” Rept. NSC 90-2623-7014-013, National Science Council, Taiwan, R.O.C., March 2002. (In
Traditional Chinese)
7
American Institute of Aeronautics and Astronautics



work for mini UAVs, the above-issued X-plots can no doubt be applied to do the jobs since the low Reynolds
number acrodynamics has been used to character this type of air vehicles.

VI. History of Development of Our Vehicles

The following is the summary of how this work approaches the above-mentioned during those days from the
year 2006 to present.

First design came out in 2007, named One-Piece, with an assumption that mini UAVs can be sized by the same
methods used in drafting Type 2 of Roskam’s airplane category.”> We originally specified a requirement with 13.2
pounds payload at that time. Also according to the rules set by the contest organizer, a mission profile was defined
by breaking it down into seven phases, including engine-start and warm-up, taxi, take-off, climb, cruise, descent,
landing and shut-down. The take-off weight was estimated by the fuel-fraction method” while the fuel fraction of
each phase except Cruise Phase was assumed to be the same value used in Type 2 airplanes, the single piston engine
driven airplanes. Mini UAVs used in the regression line for empty weight versus take-off weight were picked from
Jane’s online All the World's Aircraft.” The actual take-off weight of One-Piece was reduced by a factor of 0.442
from the calculated value to compensate for the material difference between it and those preceding mini UAVs.
One-Piece won the first prize aloft with a dead weight of 15.10 pounds (designed for 13.23 pounds payload) and it
showed the possibility of this idea (as the title is talking about).

Once the likelihood became clear, those mini UAVs used for establishing the regression line of log;¢Wg versus
log1oWto were moved, instead, the weight quantities of domestic participant UAVs were placed on the weight trend
line. The payload was up by amount of 2 pounds and the wing was changed to be low. Many of the design
parameters in the development remained the same. The second mini UAV was then made with a name, Soaring
Eagle.

Nevertheless, it is sad to say that while hunting for a take-off weight on the computing progression, the design
process did not converge. A value of weight that made A the smallest was assigned to be the take-off weight. Note
that here A is the difference between logarithms of the guessed empty weight and the calculated one based on
previous aircraft of the same kind.> More unhappily, Soaring Eagle crashed at the first flight trial, was later fixed but
crashed again at the contest. Since the mission was incomplete, no way to say it meets the requirement.

Next two UAVs were to challenge a payload requisite of 19.8 pounds. On the other hand, to improve the
convergence of the design process, all mini UAVs including foreign ones and participants’ were put together to
obtain a new regression line and this did work, a solution of take-off weight appeared. In the spring of Year 2009,
these two UAVs, TYLL-H and TYLL-L, rolled out. The TYLL-H was with high wing and TYLL-L the low. To
satisfy the requirements of increasing payloads, the third author recommended students reduce the empty weight,
especially the horizontal tail weight. These two vehicles were going to use the smaller horizontal tails than those of
One-Piece and Soaring Eagle. Even with the satisfactory longitudinal stability of the forerunners’ and no need to
modify the horizontal tail too much, the longitudinal x-plot was still applied to see if it worked or not with the larger
wings. Anyway, these two aerial vehicles did not bring to us too much excitement because TYLL-L crashed and
TYLL-H obtained only 5" place although it carried 21.56 pounds for its shipment (actually, it reaches the goal).

For those four mini UAVs, airplane aerodynamics (not calibrated for Reynolds number effect) was temporarily
used, and it showed not much discrepancy between the analysis and flight test results. This is probably by that the
order of Reynolds numbers drops from six to five, aerodynamic characteristics did decrease but not very much. For
the sake of pursuing precision, recent work will use low Reynolds number aerodynamics. Also, note that both two
vehicles with low wing were all destroyed in the flight competition; the causes are worth finding out. So far, it
would be blamed that we did not make lateral stability analysis (even without any directional x-plot). New design
will cover this subject anyway. Table 2 lists all previous and recent work of our group in brief.

In the spring of 2010, an air vehicle designed by this adapting airplane sizing method named as Devil Bat was
fabricated. It has an unusual shape, three surfaces. While tested on the first time, Devil Bat was a brand new plane
for the third author to fly. It was not an easy task because he was used to the conventional configurations. It did not
successfully lift-off but sat on the ground with damage to engine mount probably due to unexpected fast pitch up
motion. During the following days, Chang” and his classmates were busy doing the repeated work preparing for
flight tests, including that to fix the damaged air vehicle almost after every trial. Although the final test flight was a
nearly perfect one, the ground controller felt that it was still not very handy to fly this three-surface stuff. Despite
plenty of time being needed to get used to it, the time was running out. On the right next day, we went south for the
competition.

"Yuan-Zun Chang, Designer of “Devil Bat,” Student of Class 2010.
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In the morning of that contest day, the lowest-fuel-consumption race went first so the third author flew Devil Bat
with a low power. Moreover, this made him unable to recover it when he found that it would be out of bound in the
landing phase of the second flight. Not very late after it was aloft, the host kept alerting the audience, by a loud
speaker, to always stare at Devil Bat in the air. He was hinting that it might crash. Actually, it did and ruining most
of its components. Students sacrificed their luncheon time repairing the damaged competitor and went just in time
for the maximum-payload race in the afternoon.

Whilst preparing for take-off, one of the umpires warned the third author if he did not land Devil Bat on the
designated landing zone, the team would be suspended. Under this kind of pressure, of course, he could not fly it
very happily. Still, the approach looked good. However, with an unknown cause, it suddenly rolled down to the
slope of bank, as happened in the first flight, out of bound. That umpire kept his words so Devil Bat was out and
having no chance to see if it can get to the design goal even with then just minor damage, which could be fixed
within decades of minutes. The second author doubts the roll be due to the sideward vortices induced by lateral head
wind in the ground effect. Anyway, it really makes us feel upset that (the organizer) using a bank as the contest site
without hanging a windsock to indicate the head wind direction.

The designer, Chang, and the second author always have the confidence in that Devil Bat can achieve its goal
because the results of analysis illustrate it. After all, the lesson we should learn is that we must give the test-pilot lots
of time to be used to the new design especially when an unconventional configuration unveils. This is probably
analog to development of a new airplane.

Table 2 Listing of the Contestant Mini UAVs in NDU, TAIWAN (Weights in Pounds).

Year Name Wro Wg Payload, | Payload, |Ranking in the Design Outlines Notes
designed. | actual. contest
2007 | One-Piece [26.69 11.93 13.23 15.10 IS Airplane Aerodynamics (Ry of] Conventional
(Calculated), O (6) or greater). Configuration
11.35 NACA 2412 Used for Design
(Contest) Calculation ~ While G329
Actually Fabricated.
Newly Designated Mission
Specification and  Mission
Profile.
Correction of Empty Weight
for Balsa Wood from Varied
Constructive Materials.
2008 | Soaring |25.53 9.53 15 — Crashed Low Wing Conventional
Eagle (Calculated), Configuration. The
10.24 Design Process
(g:g;gl Did Not Converge.
2009 | TYLL-H [33.27 12.29 19.8 21.56 5™ Wing Apex Determined by| Conventional
(Calculated), Longitudinal X-plot. Configuration
14.99 High Wing.
(Contest)
2009 | TYLL-L (33.27 12.29 19.8 15.72 6™ & Crashed Wing Apex Determined by| Conventional
(Calculated), at 2™ Trial |Longitudinal X-plot. Configuration
13.43 with Payload |Low Wing.
(Contest)
2010 | Devil Bat [35.82 13.16 22 12.5 (Last |Landing out of |Three-surface Longitudinal X- Push Type
(Calculated), Test |Bound Three |[plot Used for Canard and V-| Propulsion with
15.07 Flight), |Times, Tail Sizing and Wing Apex|Canard and V-tail.
(Contest) 9.8 Dismissed. Position
(Contest).
2010 Monk N/A N/A N/A Not Not for Airfoil Maximum Lift| In Master Degree
Vulture Flight- | Competition [Coefficient of  Reynolds Thesis for
tested Yet Numbers of Order of 5. Research Purpose
Wing Moved Rearward to Only.
Have More Space to Carry
Payloads.
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VII. Characteristics of This Group’s Competitors

Details of some key points mentioned above are described in this section. Table 3 displays the sequence of
development of adoption to mini UAV sizing from airplane design methodology. Beyond with this table to give the
overall views, some of the interesting characteristics of our competitors will be explained individually in their own
sub-sections followed.

Table 3 Characteristics of Mini UAVs in NDU, TAIWAN

2007 | 2008 | 2009 | 2009 | 2010 | 2010
One- | Soaring |TYLL-|TYLL-| Devil | Monk
Piece | Eagle H L Bat |Vulture
1) International Mini UAVs [ J
. 2) Domestic Competing Mini UAVs (TAIWAN) [ ]
a. Weight Trend 3) Combining Internationals’ and Domestics’ [ J [
4) Our Group’s [ [ ]
b. Fuel-Fraction Method with Roskam’s Suggested Values [ J (] [ J [ [ (]
c. Weight Estimation with Reduction Factor of 0.442 to Compensation for Wood [ ) [ J [ J [ [ [
d. C.G. Location of Maior C. 1) Roskam’s Suggested Values [ J [ J [ J [ [
- ©.G. Location of Major Components 2) Based on Measured Values of TYLL-L [
1) Sizing to FAR 23 Take-off Distance Requirements [ J [ J [ J [ [ [
e. Performance Match Graph  |2) Sizing to FAR 23 Landing Distance Requirements ® ® ® ® [ [
3) Sizing to Others: Time to Climb, Rate of Climb. [ )
o ©) ’ i
£ Aerodynamics: |1) Airfoils NAC./'X s or G329 w1th Ry of O(6) or greater [ J [ J [ J [
. . @ Experimental Vales with Ry of O(5) ® o
Maximum Lift - -
Coefficients 2)Eq. (4) © Assumed it can be applied. [ J [
@ Applied After Experimental Validations [
1) Based on Single Engine Propeller PY
. . .. Driven Airplanes
g. Wing Planform Decision and Fuselage Sizing 2) Previous ]erata of Our Farlior Mini
[ ] [ ] [ [ ] [ ] [ ]
UAVs
® Based on Single Engine Propeller
Driven Airplanes
h. Empennage 1) The V-bar Methods @ Previous Data of Our Earlier Mini
Sizing UAVs [ J [
2) Combined 1) With Longitudinal X-plot [ [ ]
) o 1) Static Longitudinal @ Airplane Aerodynamics - - L d
i. Prel@mary X-plot @ Low Reynolds Number Aerodynamics [ [

Stabll“ty 2) Static Directional |® Airplane Aerodynamics - - - -

Analysis X-plot © Low Reynolds Number Aerodynamics ) )
j. Convergence of Weight Estimation Y No Y ) ) )
k. Successful Flight Trials Before Contest Y Y ) ) No

Need
Not
1. Payload Goals Attained [ ] No [ ] No No | Ready
Yet
To Test
A. One-Piece

The student designer of Class 2007, Cheng, contributes to this group with the following: First trial of using
mission specification and mission profile to estimate take-off weight, First one to apply the performance marching
plot for mini-UAV, and, the most significant contribution, Setting-up the value of reduction factor for wood in
subsequent applications of this team. The concept of weight reduction is from Ref. 2, which suggests a value of 0.75
for Weomp / Wal, in which, Weomp and Wal are the weights of major components made of composites and aluminum,
respectively. In One-Piece, a value of 0.69 was used. Then, with some measured components’ weight, a value of
0.64 was applied for weight reduction further from composite to balsa wood, that is, Wwood / Wecomp Was set to be
0.64. Here, Wwood is the weight of component made of wood. The net factor, Wwood / Wa, is therefore 0.69 x 0.64,
which is, 0.442. The calculated empty weight subtracting weights of non-wooden components was multiplied by this
number, 0.442. In One-Piece, the engine with 1.323 pounds, landing gears with 1.543 pounds, and the fixed

"Po-Yu Cheng, in His Final Report of “One-Piece” Design, Written in Traditional Chinese, May 2007.
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equipment with 1.102 pounds are considered as the non-wooden components. By adding these weights back to the
above product, the reduced empty weight is obtained. As shown in Fig. 5 for the later usage, compared with the
measured weights in the contests, this correction method works fair for all our competing vehicles.

B. Soaring Eagle &0
Although he did not succeed in the competition, the
designer of Class 2008, Chiang,” still has his role in this
study. He was assigned by the second author to use the
weight database of Years 2006 and 2007 contestants. As
shown in Group 2 of Table 4, the value of A is greater than
B compared with others in which with all As being less
than Bs. Probably owing to this strange phenomenon, he
suffered with the difficulty of no solution for his weight
estimation as shown in Fig. 6. Note that the pair of curves
of One-Piece that has a solution is also depicted. The
reason why Soaring Eagle has no intercept point is still - -
unclear. The second author doubts that it could be the great -
discrepancy of fabrication skills among the competing
college student teams. However, this suspicion could be q |
nonsense. The consistence in the fabricating skills of Mini M7 2R e JEM 3o
UAVs in Group 1 of Table 4 cannot be expected but the
corresponding trend works.
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The suspicion did say something. The first author
suggested Lu to combine both the international (Group 1)
and domestic (Group 2) plus new data of Year 2008’s to
form the weight trend and it works for next two designs,
TYLL-H and TYLL-L. Note that all mini UAVs in Group

Figure 5. Empty Weight Reduction for Balsa
Wood. By using the reduction factor of 0.442 to
reduce weight for wood from metals, this figure
shows an adequate result for all competing
vehicles.

1 of Table 4 were made by professional technicians and the
domestic vehicles in Groups 2 and 3 were made only by college students in Taiwan.

To remove this uncertainty, we started to form the weight trend for our own team, Groups 4 and 5 in Table 4,
and it is working very well. Therefore, the lesson we have so far would be that the reliable beginning for weight
estimation of mini UAVs is the formation of individual trend line based on the group’s own database.

Table 4 Weight Trend Equations

|0910VV|'0 =A+B |0910WE (Ref 2) A B

B { - _ 2 | 1. International Mini-UAVs: Buster, Dragon Eye,
A Evolution, Javelin, Pointer FQM-151A, Puma, 0.0542
Raven RQ-11, Scorpio 6, Skylark, Snipe MK 15, |
E Tracker, Wasp.
2. Domestic Mini-UAVs: NDU (Y2006), One-

Piece, TKU (Y2006), AFIT (Y2007), NCKU

: 1 il (Y2007), AFA (Y2007), YDIT (Y2007).

T T Wi, Wy, ¢ 3. Combination of Groups 1, 2 and the following:
Soaring Eagle, AFA (Y2008), NCKU-1|0.1306 [1.1139
(Y2008), NCKU-2 (Y2008), ITB (Indonesia,
Figure 6. Weight Estimation (One-Piece and Y2008).
Soaring Eagle). The weight trend line (green)  |4. OurGroup Including 3 UAVs Belong to
cannot cut the empty weight line (red) found by Beginners® Level  : NDU (Y2006), One-Piece,
fuel-fraction method in “Soaring Eagle’ case, Soaring Eagle, TYLL-H, TYLL-L, NDU

. . . L . " (Y2009-Beginner), AAROC-1 (Y2009-
while thereis an intersection in “ One-Piece” case. Beginner), AAROC-2 (Y2009-Beginner).

5. Our Group (Advanced Level Only): NDU
(Y2006), One-Piece, Soaring Eagle, TYLL-H,| 0.1042 (1.2767
TYLL-L.

1.122

0.8734 {0.4814

0.5193 {0.8418

"Chorng-Ming Chiang, in His Final Report of “Soaring Eagle” Design, Written in Traditional Chinese, March 2008.
"Yuh-Chuan Lu, Designer of “TYLL-H” and “TYLL-L,” Student of Class 2009.
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C. TYLL-H

Each year tough competing teams showed their capacity to carry more and it brought us the urgent need to new
requirement of increasing the payload. However, the third author asked students not to increase the empty weigh too
much by keeping the horizontal tail about the same as the previous designs. Even that, the wing area must be
enlarged to provide sufficient lifting force to bring more dead weights in the air.

As mentioned above, the longitudinal X-plot would be a good tool to do primary stability analysis for mini

TYLL-H, Wing 4pex af X = 3,35 {107 cml
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Figure 7. Longitudinal X-plot for TYLL-H with
Wing Apex at 3.35 ft (102 cm). Within the assigned
range of horizontal tail areas, a neutral point does not
exist; the designer cannot have the chance to turn his
(or her) design from instability to stability by
increasing the horizontal tail area. It isa poor design.

UAVs. Its original purpose is to find a suitable size for
the horizontal tail to fit the requirement of S.M. of —10%.
In this case, although not much choice could be made
about the size of horizontal tail, Lu was still asked to use
the longitudinal X-plot to find S.M. with the almost
given horizontal tail area. He is actually the first person
to use this tool for a mini UAV design.

Unfortunately, he was stuck with a strange result as
shown in Fig. 7. Due to the tight schedule, the
fabrication process could not stop there waiting him get
through this problem. Therefore, the third author used his
model-airplane experience to decide the position of wing
apex and kept the process going. Finally, after study, the
second author found that the key parameter is the x-
coordinates of the wing apex. With an inappropriate
number for this parameter, people cannot find a suitable
design for mini UAV. See Figs. 7 and 8 for this concept.

The conclusion we have from this coincidence are: 1)
Longitudinal X-plot works for mini UAV design even in
this case the airplane aerodynamics rather than that of
low Reynolds number was used. If not, we certainly
would have no chance to find this new parameter. 2)
Model-airplane experience can yet play the dominant
and undeniable role in racing Taiwanese mini UAVs.

That is why other teams without knowing exactly the mini UAV design method like us can still win the first prize.

IYLL-H
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Figure 8. Longitudinal X-plotsfor TYLL-H. a) If thewing apex is placed at x = 2.62 ft (80 cm), itis till a
poor layout. b) For thewing apex at x = 2.92 ft (89 cm), it turns out be a better design since the neutral point
appears. The actual x-coordinate of the wing apex for TYLL-H after fabrication is 2.97 ft (90.5 cm). The
origin of x-axisis set at 1.64 ft (50 cm) ahead of the fuselage apex.
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D. TYLL-L

Lu and his teammates fabricated two air vehicles, TYLL-H and TYLL-L. The TYLL-L was supposed to have
lower directional stability. Without any directional stability analysis, we will never know it is correct or not. The
major parameters that affect the directional stability are: fuselage, vertical tail, propeller effect, and the minor ones:
wing sweep angle and dihedral angle. If work that is more precise is demanding, cross effect should be kept into
consideration. However, for primary stability analysis, expecting Cp, to have the number as shown in Eq. (6) is

enough.

E. Devil Bat

The adaptation of airplane sizing methodology to our mini UAVs was almost developed just before Chang”
designed his “Devil Bat.” He came to us with a rough draft having a tractor-type engine, a straight wing and a vee-
tail. The third author assigned him to use a pusher-
type engine. A canard was probably necessary if

payload goes up to 22 Ib. (10 kg), according to the e r= T
second author. Chang at that time had an unusual L .
pattern, i.e., three-surface configuration to work B gon b— — -
with, A
He followed the design process discussed in Fig. B=
1 and adoption keys shown in Figs. 2-4" to fulfill his iy T H“H‘"—"‘
job and fully got to the point to show the 4 Bti
characteristics of mini UAV different to those of iEF oo
airplanes. For weight trend, the Group 4 (Table 4) a85 :
was used. For airfoils working at Reynolds number aah P R P
range of 10°-10°, NACA 66 was selected with the o 20 14 i 50 50
experimental data to give section maximum lift E F
coefficient of 1.0 at Ry = 4.06 x 10° from Ref. 10. g el i o bk, K ol

Rather than the Vv method, the three-surface
longitudinal X-plot was applied since he was go to ) o
use the canard and V-tail layout. The effect of thrust ~ Figure 9. Longitudinal X-Plot for Three-Surface

line of pusher type engine on pitching moment  Configuration (Devil Bat). By keeping area ratio, h/c,
coefficient was also evaluated. with 2.0, there is a chance for instability to happen to be

The achievements of Devil Bat are as following: ~ Stable with the ar ea of V-tail decreasi ng. (Copied from
1) First mini UAV with unconventional  Yuan-Zun Chang, Final Report of “Devil Bat,” March

configurations designed by the adapted airplane  2010)

sizing method developed by this study. 2) First mini

UAV using three-surface longitudinal X-plot to determine the areas of canard and V-tail simultaneously. 3) First
mini UAV to take the power effect on longitudinal stability into consideration during the conceptual design phase.
Figure 9 shows the three-surface longitudinal X-plot of Devil Bat. In this figure, h/c means S/S;, and S, is the area
of canard and §, the area of horizontal component of V-tail. The ratio of S/& of 2 was chosen to hold Eq. (5) and
this made V-tail area become 2.942 ft* (2737 cm?). The dihedral angle of V-tail was chosen to be 30 degrees.

F. Monk Vulture

This uninhabited air vehicle is designed to search for the maximum amount of payloads that it, or all competitors,
can carry using the piston engine with 2.8 hp at 15000 rpm assigned by the organizer. The proposed solution is that
by moving the wing afterward on the fuselage of “TYLL-L,” to have larger fuselage space to carry more dead
weights. In order to acquaint enough lift at take-off, a canard is probably needed.

Toward the end of his research work for degree of mater of science, the fourth author has already achieved the
accomplishments described below. Equation (4) was validated by using a set of experimental data from Wu’s* work.
Wind tunnel testing was conducted to two sets of wing models at Ry = 1.6 x 10°. Each set has two wing models with
the same aspect ratio. One model is with endplates on both tips, the other none. Table 5 shows the results of
evaluation. It is then clear that Eq. (4) can be applied for Monk Vulture.

“Yuan-Zun Chang, See Section V1.
*Validation of Eq. (4) Not Included.
*Chang-Chieh Wu, See Sub-section D in Section V.
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Another purpose of Monk Vulture is to use the fuselage of TYLL-L and modify its vertical tail to give sufficient
directional stability according to Eq. (6). The primary directional stability analysis using the original data of TYLL-
L shows that C,, for TYLL-L is 0.0007 per degree (Fig. 10). This implies that we need to make the vertical tail
bigger. Monk vulture still keeps its engine at the head and a possible three-surface configuration will be applied.
Unlike Devil Bat, the power effect on the longitudinal stability in Monk Vulture could be negligible but the
slipstream effect of propeller on the canard should not be forgotten. Before this manuscript is completed, Monk
Vulture is still being fabricated.

Table 5 Validation of Eq. (4)

E_ Tkt NACA 0012 GOETTINGEN
EE - 329
i = Ry L.6x10° 1.6x 10°
4 e Model Aspect Ratio 7.56 8.50
L § E - Model Taper Ratio 1 1
.ﬁ, i k 0.88 0.88
; ; » Experimental ¢ _ " 1.05 1.30
3= a2 Clr,  Clrra, 2.10 2.60
K (Gt Cton)/2 0.924 1.14
SRR o ﬁ': Experimental CLW* 0.99 1.27
il i Discrepancy 6.67% 10.2%
Figure 10. Directional X-Plot for TYLL-L. As shown |* Chang-Chich Wu, See Sub-section D in Section V.
in this figure TYLL-L pOSsesses a lower directional T In this case, 4 = 1, the root and tip airfoils are the same.
’ 1 See Ref. 4.

stability as Eq. (6) says (Red). To obtain that high, need
to make a VT area enlargement (Yellow).

VIIl. Configurationsof Mini UAVsin NDU, TAIWAN

Now, it is interesting to reveal all of our air vehicles. As shown in Fig. 11, the four mini UAVs with
conventional configurations, One-Piece, Soaring Eagle, TYLL-H, and TYLL-L, are placed together to display how
they look like. Accompanying is Table 6 to demonstrate the comparison of their shapes. The two recent mini UAVs
using the now developed method, Devil Bat and Monk Vulture, are put on view respectively in Figs. 12 and 13.
Their individual sizes are also shown in Table 6.

IX. Mini UAV Sizing M ethod

At this moment, it is good to give a systematic summary for mini UAV sizing against a payload requirement
before further discussion is made. (We sincerely expect that it can be extended to other requirements as many as
possible in the future.) With Fig. 1, these steps are:

Step 1. Build a mission profile from the mission specification issued by the Competition, in this case, the
payload requirement dominates. For each team, construct its own weight trend line for the previous competing mini
UAVs.

Step 2. Use the fuel-fraction method” to estimate the mission fuel weight after a guess of take-off weight is made
first. For cruise phase, Breguet’s range equation with a measured fuel consumption rate is adequate. For other
mission phases (loiter phase not included), do as suggested in Ref. 2. Obtain a tentative empty weight.

Step 3. With the guessed take-off weight, find the allowable value of empty weight from this line.

Step 4. Compare the values for tentative empty weight and for allowable empty weight. If they do not match
within the tolerance pre-selected, guess a new take-off weight and repeat Steps 2 to 4.

Step 5. Do weight reduction by using 0.442 as described in Sub-section A of Section VII. Other teams might
need different numbers for their own weight reduction factors.

Step 6. Break the take-off weight into component weights according to the weight fractions of existing previous
air vehicles. In our case, the data of One-Piece ran first for modeling and more is available when time keeps going.

Step 7. Carry out the sizing calculations to take-off and landing distance requirements with the methods in Ref. 2.
Consider all mini UAVs as FAR 23 airplanes.

"We hope anyone who wants to participate in the contest will find it benefit to follow these guidelines to get better
scores for his (her) report, at least, good to a Taiwanese contestant.
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Step 8. Construct a performance matching plot only for take-off and landing distance requirements in this type of
vehicles. Draw a horizontal line on the graph with a known power loading, which is the ratio of the reduced take-off
weight to the given horsepower assigned by the organizer. Along this horizontal line, select a design point as close
as possible to the intersection cut with the take-off distance-sizing curve.

Step 9. Determine from the design point: take-off wing loading, take-off power loading, maximum lift
coefficients (take-off and landing), wing aspect ratio and wing area.

Step 10. Perform Steps 1-9 of Preliminary Design Sequence I in Ref. 4. While selecting the suitable airfoils,
using the experimental acrodynamic data with low Reynolds numbers in the range of 1 x 10° to 1 x 10° is strongly
recommended. Some simulation software packages might be good to create the airfoils but errors could be
introduced in their lift coefficients. Note that Egs. (3) and (4) in Section V still apply. On the other hand, procedures
are adjusted to fit the special circumstances for this type of rival mini UAVs, for example, no need to do selection of
propulsion in its Step 5 (Ref. 4) since it is already assigned to be one piston engine having 2.8 hp.

Step 11. Draw the proposed configuration to scale. With C.G. locations based first on the suggested values in
Ref. 4, or more in reality, the measured data of previous vehicles, then, do the weight and balance analysis.

Step 12. Construct the longitudinal X-plot and the directional X-plot.

Step 13. Follow the guidelines in Chapter 12 of Ref. 4 to do a Class I drag polar analysis.

Step 14. Perform Steps 13-16 of Preliminary Design Sequence I in Ref. 4 to complete mini UAV sizing for
contest. Note that details of “sizing iteration and re-configuration” in Fig. 1 can be found in these steps (Ref. 4).
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Figure 11. Three Views of Conventional Configurations (One-Piece, Soaring Eagle, TYLL-H, and TYLL-
L). Shown is the size-comparison of their wings, horizontal tails, and vertical tails. The base views with
dimensions are for “ One-Piece.”
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Figure 12. Devil

Bat.

i g

As the first mini
uninhabited aerial vehicle with three-surface
configuration designed by the adapted airplane
sizing method, Devil Bat has the canard, V-tail,
high wing, and the pusher-type engine. (Copied
from Yuan-Zun Chang's final report with his
permission.)

Figure

13.

Monk
Configuration). To improve directional stability
of TYLL-L and to carry more payloads, Monk
Vulture has a similar shape, but with a canard,
compared with TYLL-L. This mini UAV is a
traction-type engine propeller-driven air vehicle.

i s Ly

(Proposed

Vulture

Table 6 Geometric Data of Mini UAVs in NDU, TAIWAN [Dimensions are in ft (cm), or ft* (cm?).]

2007 2008 2009 2009 2010 2010
One-Piece | Soaring Eagle | TYLL-H TYLL-L |Monk Vulture Devil Bat
Length 4.856 (148) | 4.692 (143) | 5.085 (155) | 5.085 (155) | 5.085 (155) 5.741 (175)
Fuselage Max. Width 0.3609 (11) | 0.3609 (11) | 0.4265 (13) | 0.4265 (13) | 0.4265 (13) 0.4462 (13.6)
Max. Height  [0.6070 (18.5)] 0.4921 (15) | 0.6562 (20) | 0.6562 (20) | 0.6562 (20) 0.6562 (20)
Wing Area | 6:993 (6497)| 8.500(7897) [ 13.15(12238) [ 1253 (11642) [12.52 (1163D)| 12,65 (11752)
Wing Span 6.477 (196.3)| 7.218 (220) | 10.35(315.4) [ 9.92 (302.4) | 9.92 (302.4) 9.678 (295)
Wing MGC  |1.102 (33.60)] 1.27(38.6) |1.286(39.2) |1.276 (38.9) | 1.28 (39.0) 1.312 (40)
Wing Aspect Ratio 6 7 8 8 7.84 7.4
Taper Ratio 0.6 0.56 0.71 0.71 0.70 0.7
Sweep Angle of o o o o
Quarter Chord 0 0 1.8 1.8 1.8 1.64
Dihedral Angle 2° 5° 2° 2° 2° 0
Wing Type High Wing | Low Wing | High Wing | Low Wing | Low Wing High Wing
Airfoil Gott. 329 Gott. 329 NACA 66 | NACA 66 | Gott. 329 NACA 66
Hor. Tail Area | 1.64 (1524) | 2.4(2230) | 1.08 (1006) | 1.08 (1006) | 1.65 (1528) 2.942 (2737)
Se/Sh 0.545 0.5 - - - -
Xy 2.820 (86) 2.822 (86) | 2.93(89.3) | 2.93 (89.3) - -
Horizontal V,, bar 0.6 0.627 0.475 0.395 - -
Tail Span, by 2.561 (78.1) 3.1(94) 2.296 (70) | 2.296 (70) | 2.289(69.8) | Vee | 3.6 (109.8)
Aspect Ratio 4.0 4.0 4.87 4.87 3.19 Tail 4.6
Taper Ratio 0.6 0.45 0.52 0.52 0.65 0.6
Sweep Angle of o o o o N N
Leading Edge 7 7 14.7 14.7 14.7 17
Airfoil Flat Plate Flat Plate Flat Plate Flat Plate | NACA 0012 Flat Plate
Ver. Tail Area |0.8031 (746)| 0.517 (480) |0.94 (873.3) |0.94 (873.3)| 1.2(1115) 1.25 (1163)
S/S, 0.413 0.45 - - - -
Xy 2.820 (86) 2.657 (81) | 2.93(89.3) | 2.93 (89.3) - -
Vertical V, bar 0.05 0.0224 0.0202 0.0221 - -
Tail Span, b, 1.098 (33.45)| 0.79 (24.0) |0.98 (29.87) | 0.98 (29.87) | 1.26 (33.5) Canard 2.25 (68.58)
Aspect Ratio 1.5 1.5 1.5 1.5 1.33 4.1
Taper Ratio 0.6 0.45 0.33 0.33 0.49 0.5
Sweep Angle of o o o o o o
Leading Edge 30 30 30 30 30 15
Airfoil Flat Plate Flat Plate Flat Plate Flat Plate | NACA 0012 Flat Plate
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Table 6 (Cont’d) Geometric Data of Mini UAVs [Dimensions are in ft (cm), or ft? (cm?).]
Canard Area, | Span, |  Area Ratio, Sweep Angle of Airfoil

Aspect Ratio | Taper Rati
Monk Vulture S. b, Si/Se spect Ratio | Taper Ratio Leading Edge
235 NACA
Canard | 0.90 (836.1 1.8 6.09 0.67 o
anan 36D 1 316 73 0012

X. Discussion

Devil Bat used Group 4, which includes all air vehicles belonging to this team, for its weight trend. The
calculated empty weight without doing correction with the factor of 0.442 will be much greater than the measured
value in the contest (Fig. 5). It seems to us a little bit frustrated that weight reduction is still needed since the weight
trend of our own group was already applied (the manufacturing skill and construction materials almost the same).
The reason why it occurs is shown in Table 7. Although Cruise Phase is the longest among all mission phases, fuel-
consumption is strangely the least (by Ref. 11 with truncation). This is probably because fuel-fractions used in other
phases, say, landing, are from inhabited air vehicles’ and the unreasonableness appears while compared to that of the
cruise phase. Therefore, new estimation is necessary and the possible solution might be in Ref. 3.

As shown in Table 5, Eq. (4) is validated with two airfoils in Ry = 1.6 x 10°. This value is close to the lower
bound of range with 10°-10°. It is with risk to say Eq. (4) is true for the whole range. It seems to us that more
experimental airfoil data should be needed.

On site of competition, Devil Bat was aloft at the last challenge with a payload of 9.79 1b (4.45 kg) having a
take-off ground round of 154 ft (47.0 m). The corresponding take-off parameter, TOPy;, is 18.32. In Page 95 of Ref.
2, according to its Eq. (3.4), we can calculate the related Stog, the take-off ground run, to be 92.8 ft (28.3 m).
Compared with the measured value, it shows an inconsistency of 39.8 % in which doubt of mini UAVs being FAR
23 airplanes exists. Therefore, further check of

this concept, “Regulating take-off distance of Table 7 Fuel Fraction and Weight for Each Phase (Devil Bat,

Calculated by AAA 3.12'1)

mini UAVs with FAR 23,” is necessary. Foel Fael

Alternatively, it might be sensible to establish a Mission Profile Fuel Weight, |Consumed
new relationship between Stog and TOPy; (then Fraction |y ooin by | (b))
this take-off parameter would be re-named with 1. Engine Start and Warm-up 0.9980 1.3 0.1
the subscript deleted). 2. Taxi 0.9980 1.2 0.1
Almost all teams in the competition are 3. Take-off i 0.9980 L1 0.1
hunting for the maximum payload they can bring 4. Climb and Acceleration 0.9950 1.0 0.2
in the air. If with only model airplane experience, 5. Cruise 0.9991 0.8 0.0
what they can do for their “design” is simply by 6. Descent - 0.9950 0.7 0.2
7. Landing, Taxi, and Shut-down | 0.9950 0.5 0.2

trial and error, build, fly, and crash. This is not the
case here with the above-proposed methodology
since we could demonstrate the direction about how to estimate it. However, owing to already seeing the demand of
doing more improvement of the methods as discussion we made so far, the idea, yet the result, is shown here.

By comparing, the two red lines shown in Fig. 6 are parallels and that one with larger payload is on the right. By
increasing payload, the weight-splitting line (red) will keep moving in parallel manner to the right. The design point,
specifying the take-off wing loading in a matching graph, also the intersection between the weight-splitting line (red)
and the trend line (green), will go upwards along the green line. That means the wing loading is decreasing since the
design point is climbing to the left along the boarder line in the matching plot. Lower wing loading with the take-off
weight being frozen in design implies that a bigger wing is necessary. Designers certainly cannot enlarge their wings
without any limitation since the span has been specified by the contest. When wing area reaches its maximum by
touching the restricted span, the take-off weight is not allowed to increase any more and the maximum payload will
be found.

As told in the story of Section VI, Devil Bat went to challenge the lowest-fuel-consumption rate first in the
competition but it was originally designed only for a payload requirement. An unexpected roll-to-right crash in the
first flight and out-of-bound crash-landing in the second flight affected our activities in the coming maximum
payload race. Failure in the main race might come from the wrong strategy we made before. If the organizer keeps
the sequence of the flight contest in the future, we might consider adding an endurance, or loiter phase to the
mission profile.
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Xl1. Conclusion

As described in the beginning, this study was motivated by teaching students for their competing aircraft. This
paper is more like for educational purpose than for research. In order to work very well, development of sizing mini
UAVs by airplane design methods is still progressing. However, students learn by practice designing their own
aircraft and finally see them aloft or crashed depending on how well they prepare for the flights, including
arrangement of schedule, communicating with the test-pilot, on-site repairs, and so on. All are beyond the course
“Airplane Design” can teach them and good for their career. For teachers, the more we spend on it the more we find
what to do in the future for mini UAV design.

From Section X, the following are probably worth doing in the future:

1)  Use a new approach to estimate mission fuel weight with advantage of no need to do weight reduction

since the weight trend is established from our group’s own vehicles now.

2)  If possible, conduct wind tunnel testing for low Reynolds number airfoils, covering a wider spectrum in
the range of 10° < Ry < 10°.

3)  Measure the take-off distances on site to establish a new equation relating them to the take-off parameters
defined as in Eq. (1) but with revision. Use this equation to construct a new barrier for sizing to take-off
requirement in the matching graph. (Or, another new approach to find relation of the take-off distance to
wing loading and power loading at take-off.)

4)  Develop the methodology for sizing to endurance requirements, or actually, it is to cruise speed
requirements.

5)  After finishing Item 3 above, estimate the maximum payload the assigned engine can drive and wait to see
what will happen in the coming contests to evaluate this calculation.

Appendix
The following acronyms are to explain the abbreviations we put in Table 4 (Group 1 not included): AFA (Air
Force Academy, Taiwan), AFIT (Air Force Institute of Technology, Taiwan), AAROC (Army Academy, ROC,
Taiwan), ITB (Institute Teknologi Bandung, Indonesia), NCKU (National Cheng Kung University), NDU (National
Defense University), TKU (Tamkang University), TYLL-H (Tzeng, Yu, Lin, and Lu-all last names of teammates,
with high wing; while TYLL-L with low wing), YDIT (Yung-Ta Institute of Technology).
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