m, = 367kg

23
1, .:=—-14in=0.341m
WL 04

23
= —-4in=0.097m
wt 24

Ly = Lyt = 0.097m

wl

1wlt = 1.167in = 0.03 m
bW = 22.016in = 0.559m

23
b, 1= —4in = 0.097m
w5y

0:=5mm =75 X 10_3111
M

A, = 2-191.576in” = 0247 m’
Aftop = 16.357in-75mm = 0.031 m2

Appront = 75mm-2.62%in = 50.082«cm2

2
Act = Approng + 28 (by, + byyg) = 115.74-cm

32
A = Afygp + Ay = 2784 107cm

Ayront = 2-8-(Dy + byy) = 65.657-cm”

wfront *

K K K
Dl = .0167—‘2,.0168—‘2.. 1.225—g3

OLO =0°=0
05 1= 5°=0.087

Mass of glider
Length of wing chord at root
Length of wing chord at tip

Length of winglet chord at root

Length of winglet chord a tip
Span of wing from root to tip

Span of winglet

thickness of wings
Area of both wings
Cross sectional area of the fuselage from the top

Coss sectional are of the fuselage from the front

Cross sectional area of glider from the front
Cross sectional area of glider from top or bottom
Cross sectional area of wings and wingelts from the front

Range variable of air density from 100,000ft to sea level
Aspect Ratio of the wings

Taper ratio of the wings

mean chord length of swept wings
Density of air at sea level

Angle of attack = 0
Angle of attack =5



= —175.-174.. 175
—9.807 2
g=9.807—

S

Hgip = 198310 >Pas
Vg = 20mph = 8.941
S

Reynalds Number

Rew A B a3y 100
M
Hair
boundry layer thickness
'3821p
5b = =8.712-mm
1
Re5
Mg kg

WingLoading := — = 1.485—
Ay, mz

Induced Drag

Range variable of angle of attack in radians (-10°to 10°

)\cceleration of gravity

Viscocity of air

Desired airspeed of glider determined in simulation

Turbulant flow

Cl =2TQ

Clo = 27"0(0 =0

015 =27 OL5 =0.548

cl((x) =2TQo

2
.
di~™ T AR
2
10
Cq: =
di0 T AR
2
s 0.076
Cyic = = U.
di5 T AR
2T OL)2
Cdl(OL) =

7 AR

Equation for coefficient of lift of a flat plate

Coefficient of lift at 0

o

Coefficient of lift at 5

Coefficient of lift at a given angle of attack

Equation for coefficent of induced drag

Coefficent of induced drag at 0

o

Coefficent of induced drag at 5

o

Coefficent of induced drag at any given angle of attack



Predicted Coefficients of Lift and Drag

Coefficents of Lift and Drag

0 0 2 4 6 8
(e
deg
Angle of Attack

Does not account for flow seperation at angles of attack above 10*

10



Predicted Coefficients of Lift and Induced Drag

01(01)

0.5 .
0 . ' '
0 0.1 0.2 0.3 0.4
Form Drag [1]
cqff = -1 drag coefficient of long, streamlined body at a=0°
Cfw = -005 drag coefficient of flat plate wings at a=0°

Friction (skin) Drag

T= W, N =W - - Equation for shear force of air on glider skin
air d air 3821
y .
B
1
Re5
Cdfy = T Equation for coefficent of friction drag
1 2
Epair'V

Ag=(2-22.118 + 2 + 46.926 + 3.058 + 8.3187 + 23.191 + 4.430 + 14.467 + 4-9.879)in2 +4-A,

Ay = 1.109m2 Surface area of entire glider

Terminal Velocity



F, = myg = 3.599-N Force of gravity on glider

g
F,= LI A Equation for drag force
d=5 Pair'V "Cd'Ac
Fg =Fy Equation to find terminal velocity
Given

v:= 150mph  guess for the program
coefficnets of drag added together in proportion to the areas they affect

Hair T

2 L[ T
Pall'v Cdi("‘)‘(sm(g - 0‘)'Acl + cos(a) Ach + cdff Affront + Cdfw Awfront T

N | =

Vi(e pypp) = Find(v)

Vt(o, pair) = 98.875? (221.177mph)  Ideal Terminal Velocity

Terminal Velocity as a Function of Angle of Attack

T T
80
g
— 60,
g Vt(o‘ Pair
9 40
5
>
20,
0 1 1 1
-10 -5 0 5 10
a
deg

Angle of Attack




Ideal Terminal Velocity Through the Atmosphere
900, T T

810 7]

72007 7]

630 7]

540 s
V(0. pan) 450 s
360 s

270 7]

Ideal Terminal Velocity, [m/s]

180 7]

Pall
Density of Atmosphere, [kg/m”3]

Drag force at ideal terminal velocity

1 o (T
Egi(o pan) = EPau'(Vt(O’ Pair)) Cdi("‘)‘(sm(; - 0‘)'%1 + cos(a) Ac2) + Cdtf Affront + Cdfw Awfront -

Vt(o ’ pailr)
Mair T 3821

v

1

( pailr'Vt(O ’ pair)’luj :

Hajr

1
Epair'(vt(o’ pair))2

th(5'°, pair) =134.43N Inital drag force on airframe
turning 5



aglq) = ————— Initial decceleration on airframe at terminal velocity (in G's)

Decceleration, [G's]

Max. Deceleration of Airframe after Changing Angle of Attack
150, T T T T T T T T T

125

100

ag(o) 75

50

25

deg
Angle of Attack



Initial Force on Airframe at Terminal Velocity After Changing Angle of Attack

600, T T T
400 7]
z
g th((x, pair)
o
s
2001~ 7]
0 1 L 1
-10 -5 0 5 10
a
deg
Angle of Attack

Drag force at any angle of attack, air density, and velocity:

1 2_ (T
A EPau'(V) Cdi(a)'(sm(; - 0‘)‘Acl + cos(a) Ach + Caff Affront + Cdfw Awfront
" v
air’
82
N 5.823mm A

1 2 3
Epair'(v)

Initial Force on Airframe at Desired Velocity After Changing Angle of Attack
I

Force, [N]

a

deg
Angle of Attack



Bamboo Properties [2]

Opp = 20.27L =20.27-MPa Ultimate bending stress of bamboo
mm2
1, = .125in = 3.175mm Radius of bamboo spars

Carbon fiber Properties [3]

O = 89000psi = 613.633-MPa Ultimate bending stress of carbon fiber
I, = iin =2.381mm Radius of carbon fiber spars
FL O'-’Tl‘-r3 . . . .
o=—o0 Fy = Equation for maximum bending force on wings
3 L
r

Forces on differnt bamboo spar lengths
3 3
Tbb ™ b Tbb ™ b

Fopii=—2 2 _ 844N  Frpn= —2 2 —6687N
bbl 9.5in bb2 12in

Forces on different carbon fiber spar lengths

3
Obe T 1 Obe T 1 Obe T 1
F =——=107.874N F = —— =854N F =——=427N
bel ™ 9 5in be2 12in be3 24in
Fobmax = Fob1 + 3Fpp2 = 28-507N Force to break bamboo spars (4 spars)
Fpemax = Fbel + Fbea + Fpes = 235:974N Force to break carbon fiber spars (3 spars)

F
Wip = bbmax _ 2.907kg Equivalent mass on airframe to break bamboo
g
Foemax . . .
W = =24.063kg Equivalent mass on airframe to break carbon fiber

g



Vo= 0,.1?..Vt(0,pair)

3F-L
O'bpS =
2-b-d2

Experimental results:

bbps = lcm
prs = 5.3cm
Fbps = 42N
3F,. .. L
b b
Opps = 2 = 1.336% 10°-kPa
2-bbps-6

(lwr 2
207, .0
bps
W
1wt

Range variable of velocities from 0 to ideal terminal velocity

Equation to find bending stress of polystyrene

Width of polystyrene foam board test articles
Length of polystyrene foam board test articles

Force applied when polystryene foam board failed

Ultimate bending stress of polystyrne foam baord.

Bending force to break wing at center of span

The wing technically will break before the bamboo or carbon fiber spars, however since the
bending moment of both wings is centered on midpoint of the spars (inside the bulkhead), the
wings experience much less bending force.



Deceleration Forces vs. Breaking Forces
3
1x10 T T T T

F;10,p.:.,.V
dl( Pair Ves 100 |

Fdl(Zdeg’ Pair- VCS) 10
2
- Fd1(4.5deg, pair’Vcs)
5 — 1
8 1:dl(IOng’ pair’Vcs)
=
Fhemax 0.1
Fl.)br‘nax
0.01
X107
0 20 40 60 80 100
VCS
Velocity, [m/s]
N .
oTp = 43.6 — Tensile strength of craft paper [4]
mm
5paper = .12mm Thickness of paper
lpaper = 19.349in = 0.491 m Length of control surface
A =38 -1 =0.59- 2 Area of control surface connection
cpaper ©~ “paper ‘paper — - cm
=2.571x 103.N Force required to tear off control surface

Ftpaper =0Tp’ Acpapelr

Asuming force on control surfaces is akin to a fluid jet striking an angled, flat plate

A.g = 19.215in-1.772in = 0.022m2 Area of 1 control surface

0 ax = 60° = 1.047 Max deflection of control surface

®:=90°-832°=0.119 Sweep angle of control surfaces



2 . . . .
chmax(vcs) = Pair Acs Ves .sm(emax).sm(q)) Force on 1 control surface at maximum deflection

Fogmax(20mph) = 0.221N Force on 1 control surface at 20mph
0:=0..1.047 Range variable of control surface deflection, from 0°to 60°
FCS(G,VCS) = pair'Acs'Vcs2 sin(0) sin(d) Force on 1 control surface at any velocity and

delfection

Force on Control Surface at a Given Deflection
0.3 T T

Force, [N]
gs]
2
=)
<
e

0.1 n
0 | |
0 20 40 60
4}
deg
Deflection
Force on Control Surface at Max Deflection vs Force to Tear it off.
l><104 T T T T
Ix10°F .
100 -
10 -
Z chmax(vcs) i .
5
= F L .
t 0.1
£ "Ra.pCr
0.01 -
110~ ° .
x10”*F .
leO_ 5 | | | |
0 20 40 60 80 100

VCS

Velocity, [m/s]



cg=12 Coefficient of drag of a perpendicular

flat plate
d.op = 7-14in Distance from COM
. 75mm .
d := 10.604in + =0.307m Distance from center of fuselage
center
Mcom(e,Vcs) = dcom'Zch(e’Vcs) Pitch moment
Mcenter(e,VCS) = dgenter2 FCS(G,VCS) Roll moment
McommaX(Vcs) = deom 2 Fesmax(Ves) Max pitch moment
McmaX(VCS) = dgener2 chmax(vcs) Max roll moment
Max. Pitch and Roll Moments at different Airspeeds

20 T T T T

15[ —
£
:,‘ Mcornmax(vcs)
= 101~ a
OE’ Mcmax(vcs)
]
p=

5 _

0 | | |

0 20 40 60 80 100

VCS

Airspeed, [m/s]



TservoStalll =

TServoStall2 = 220zf-in = 0.155-N-m

lch = 13.5mm
I.. = 14mm

sa

dCs = 1.633in = 41.478 mm

MCSonCH(e’Vcs): cs’ cs

MCHonSA(e Vcs)

1.8kgf-cm = 0.177-N-m

(- Ves)

MCSonCH(e Vcs) 1

Max torque of SG90 Servos [5]
Max torque of SM22 Servos [6]
Length of control horn

Length of Servo arm

Distance between control surface center of
force and control horn

Moment of control surface on control horn

1
ch
Moment of control horn on servo arm

sa

Torque Applied to Servos at Different Deflections

0.4

TServostalll

TServoStall2

MCHonSA((’OO’ cs

MCHonSA 45, Vcs

Torque [Nm]

)

(45 Ves)
MCHonSA(30° Ves)o o

(15 Vey)

MCHonSA 15°, Vcs

0.1

10 20 30 40 50 60 70 80 90

VCS

Velocity, [m/s]

100



Given

m
V= 1002
S
R 1ch
TservoStalll = dcs'ch(60 ’Vcs)'l_
sa
. m
Vservostall60 = Fmd(vcs) = 39'993: (89.461 mph)
Given
m
V“ = 100:
R 1ch
TservoStalll = dcs'ch(45 ’Vcs)'l_
sa

. m
Vservostall4s = Flnd(VCS) = 44-259: (99.005 mph)

Given
v - 1000 Speeds at which the servos will stall
MBAV ™ S at a given deflection
1
R ch
TservoStalll = dcs'ch(30 ’Vcs)'l_
sa
. m
Vservostall30 = Fmd(vcs) = 52'633: (117.738 mph)
Given
m
Ve = 100:
R 1ch
TservoStalll = dcs'ch(15 ’Vcs)'l_
sa

. m
Vservostalll5 = Fmd(vcs) = 73'156: (163.645 mph)

Given
0:=5°
Leh
Tservostalll = dcs'ch(e’Vt(O’ pair))'l_
sa
O maxt = Find(0) = 8.145-deg Max deflection at ideal terminal velocity

MM\/WLG’VCS) = dcom'Zch(e’Vcs)

Mcom(Gmaxt’ Vt(() > pair)) =1.601-N-m



m .
V. =0,.1 < Vt(o’pair) reset V., M, from calculations

Moments of Inertia

— T

e

Division of wing for moment of inertia calculations. I, Il, and Il are the main sections while 1, 2, and 3 are
subsections of |

bg = 16.357in = 0.415m "Base" of fuselage

hg == 75mm "Height" of fusealge

by = 12.0lin = 0.305m Base of each section of wing
by = 1.406in = 0.036m

b3 = 2.427in = 0.062m

by = 22213in =0.564m Height of each section of wing

hyyp = 22.213in = 0.564m

hy3 = 22.213in = 0.564m

Areas of each section of wing

1 2 2 1 -3 2



Wing section 1 cut into more sections around COM
bll = 6.5in =0.165m
bjp=551lin=0.14m

b13 = 5.51in=0.14m

Base of each subsection of wing

Height of each subsection of wing

hy; = 12.02lin = 0.305m

= 12.021in = 0.305m

=
—_
)

|

= 10.191in = 0.259m

=
—_
w

|

Areas of each subsection of wing

2
i _ 2

2

2
2 hf 4
3(hyp) dAy, + | YAtop=0472m

B Aftop
Second moment of area of wing around x axis (roll)

Awll Awi2 Awl3
lyy=72 J h112dAw11 -2 J' h122dAw12 -2 J h132dAw13
0 0 0
Aw2 Aw3
+2. J by Ay | - 2- J by dAy3
0 0

Second moment of area around COM (pitch)

5.879%x 10

3

4
m



IWX

Radius of gyration about the x axis

R,, = [— =6.388m
X
g Acl
Iwy
ng = =0.713m Radius of gyration about the y axis
cl

2 2
L= mg'Rgx =14.974m kg

2 2
Iyy = mgong =0.186m kg

Moment of inertia about x axis (roll)

Moment of inertia about y axis (pitch)

Roll rate [7]
p-b
—¥ _ constant Cj54 = roll authority
2Ves CIp = roll damping
_ Cisa 5 2Ves 5,=6
PT g, 0,5,=Coefficiemt of lft with aileron deflection
p-by _ Cisa 5
— = . a
Vs Cpp
75mm . .
by = 5 + 1.006in = 0.063m Inner edge of aileron
75 Outer edge of aileron
by i= —= +20.213in = 0551 m d
75mm . . . . .
beg = + 10.611in = 0.307m Spanwise location of midpoint of control surface
2
Cly = T AR5+ cos[2-(09)]] =1.781 Coeffcient of lift of aileron [8]

A b
cs ocs
Cl§a = Cla’\/ X—— =0.046
Ay by

a
2
AR 1 — cos[2-(28.4°
1+ 1+—-(1—.039o9972) cosl2:(284%)]
4 1 + cos[2-(28.4%)]

|

Coeffient of lift with aileron deflection



150l 40n—1 _ ,
Cioa = - (bzz ‘b12) + g(b; —b13) =1.74x 10 3 Roll authority

Ay by, 3-by

¢+ ¢ )
Cpp = (612 Sat) hwr Y1+ 3N =-0.107 Roll damping
P 24-A,,

8:=0..1.047 Redefining 6 for program

Cisa 2V,

cs
proll(a’vcs) == C, 0 b Roll Rate
p

w

Pron(10°. Vq) = 5.221~disg Roll rate with 5 ° deflection at 20mph

Estimated Roll Rate as a Function of Aileron Delfection

50
45
40
35

30)
Protl(©: Vo)

o

20

Roll Rate
o
0

15

10

0 5 10 15 20 25 30 35 40 45 50 55 60
0

deg

Aileron Deflection

C
- 19 = =0.05839 1 Roll rate constant, multiply by control surface deflection
Clp by m (in degrees) and velocity (in m/s) to get roll rate in deg/s

Py =
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