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DESIGN, CONSTRUCTION, and TESTING

c¢f an
Maje]
ELECTRO-MAGNETICALLY LAUNCHEDAGLIDER

by

Marc Jeffrey Zeitlin

Submitted tc the Department cf Aercnautical Engineering
en August 7, 1981 in partial fulfillment of the
requirements for the Degree ¢of Master ¢f Science in
Aercnautical Engineering

ABSTRACT

A 22 kg. cargc glider fer launch frem an
electrcmagnetic launcher was desired by the Acceleratoer
grcup at the National Magnet Labecratcry. It was tc be
accelerated cver a three meter length at an average cf 100
gees tc a velocity c¢f 80 m/sec.

A preliminary study was dcne by prccuring a
commercially available mcdel glider, strengthening it, and
then dcing acceleraticn tests upon it. This glider
withstccd 250 gees after mcdificaticn. It was launched
frcm the electrc-magnetic launcher fcur times, at peak
acceleraticns ranging frem 40 gees tc 100 gees and. peak
velccities ranging frem 30 m/sec tc U5 m/sec.

A half scale cargc glider was designed and
ccnstructed. It was built ¢f fcam, woecd, aluminum tubes
and fiberglass-epcxy, and weighed abcut 4 kg. Flight
testing was carried cut by cc¢nventiconal launching
(Hi-Start) means. Five flights were flcwn tc cbserve the
flight characteristics which were quite satisfactecry. The
aircraft was stable and docile.

As ¢f this date no electro-magnetic launches have been
dene with the half scale mcdel, hcwever they are planned
fcr the near future.
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III. INTRODUCTION

A) Mctivaticn

Military resupply cf scldiers in mcuntaincus terrain,
thcse c¢nly a few miles c¢ff, these in need c¢f supplies
guickly, c¢r these surrcunded by hcstile perscnnel is either
a difficult and dangercus task ¢r else ¢ne that is time
ccnsuming and expensive. Fer much resupply, helicepters
are used tc airlift the materials tc the scldiers. If they
are surrcunded by hestile treceps, this expeses the multi-
millicn dellar heliccpter te anti-aircraft fire. In
mcuntaincus terrain, the helicecpters have a higher accident
rate, sc in either cf these situaticns the heliccpter 1is in
danger. Helicecpters need a crew and suppcert perscnnel, net

te mentien refueling and a hcome base.

A lcw cest, fast, easy, mebile, 1lew risk system cf
resupply fer these scldiers is needed, especially fer these
clcse tc the supply pcint. A system that has been prcpesed
by the Acceleratér Grcup c¢f the Francis Bitter Naticnal
Magnet Labcoratcries is tc use small remctely pilcted cr
self-guided cargec gliders for the material carrying. These
carge gliders weculd be launched by an electrc-magnetic
acceleratcr Dbeing develcped by the Accelerater Grecup. The
launcher wculd be mcunted ¢n a truck trailer and pewered

either by the truck engine c¢r a separate generatcr.
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A cargc glider fer this purpcse needed te be

develcped, and this develcpment is the subject cf this

thesis.

B) Sccpe

The launcher design has béen set by the Acceleratoer
Grcup, and I will give a shert explanaticn cf its design
and cperaticen. The launcher is a 1linear Direct Current
Brush Mcter, a schematic c¢f which is shecwn in Figure 1.

FIGURE 1

HE LICAL MOTOR

TO
CAPACHOBS

BUCKET
w><J*coiLs

BRUSHES

The current passes thrcugh the first and secend ccils in
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parallel, then thrcugh c¢ne set cf brushes, and intc the

helix. Exiting the helix thrcugh the seccnd set cf

brushes, it then dumps tc greund. This creates a magnetic
field asscciated with each ¢f the ccils, and a third field
asscciated with the activated secticn of the helix. ( that
between the brush sets ). With this arrangement, cne ccil
is attracted tc the helix and cne is repelled by the helix
by the interacticn ¢of the ccil magnetic fields with the
helix magnetic field. This creates a push-pull situaticn
in which the ccils and brushes are accelerated and slide
aleng the helix tube. Since the brushes are mcving with
the ccils, the energized secticn ¢f the helix 1is always
between the <c¢cils, keeping the crientaticn and relaticn
between the magnetic fields the same as the assembly
( called the bucket ) slides. Fecr as lcng as current flcws
there will be a fecrce ¢n the bucket and it will accelerate.
If the helix directicn o¢on the tube 1is reversed, the
push-pull ferces will be reversed and the bucket will
decelerate. A bank cf capaciters is used tec stere energy

and supply current tc the system.

The launcher set up and cperaticn is shcwn in Figure
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FIGURE 2

LAUNCHER SET UP

HELIX DRIVE
RAIL

L FEED
Y RAILS
i

BUCKET
/

WINCH
X

T0
CAPACITORS

The launcher is mcunted cn a truck trailer, pulled behind a
truck which hecuses the fecur 350 velt, cne-quarter farad
capacitecr banks and all the asscciated electrical
equipment. Using a winch and scisscers jack arrangement c¢n
the trailer, the helix and current feedrails assembly is
raised tc the launch angle cf 45 degrees. The bucket gets
current frem sliding brushes riding c¢n the feedrails, which
are ccpper strips riveted tc fcur inch square aluminum bex
beams. The first twe thirds ¢f the helix are wcund as an
acceleration secticn and the final third as a deceleraticn

secticn. The acceleraticn secticn is three meters 1leng,
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and the deceleration secticn is cne and a half meters lcng.

A 22 kg. grcss weight carge glider was envisicned and
considered apprepriate fer the resupply task. A launch
velccity of approximately 80 meters per second would be
necessary tc achieve an eight tco sixteen kilcmeter range
with a medium perfermance glider, and this implies an
average acceleraticn of abcut 1000 m/sec./sec. ( or 100

gee's ) cver the three meter acceleraticn length.

I was given the task of develcping a glider tc¢ meet
the demands ¢f a 100 gee, 80 m/sec. launch, alcng with the
asscciated stability and centrel criteria. 1 was alse to
interface with the launcher crew in the develcpment ¢f the

Glider-Launcher Ycke ccnnecticn.

Three steps were seen as being necessary. The first
invelved using an existing mcdel glider ( prcbably
mcdified ) as a ccncept test. The second was tc design and
build a half scale mcdel cof the 22 kg. carge glider and
test it. The third was tc¢ build a full scale 22 kg.

glider. The first twc steps have been ccmpleted and shall

be described in the follewing chapters.



IV. GLIDER - MARK I

_l Selecticn

Fer the ccncept testing, a ccmmercially available
mcdel glider that was easy tc build and medify was
necessary. Tc allecw for adequate clearance between the
glider and the launcher, and prcvide fer the
glider-launcher interface, a high wing mcdel was desirable.
A stable, easy tc fly trainer was preferable, althcugh nct
necessary. The glider must be able tc¢ held the radic
centrel system used fer centrcelling aircraft maneuvers. A
mcdel glider that met these c¢riteria was fcund and
purchased. It was a Mcdel Rectifier Cerp. training
glider, made c¢f clcsed cell styrcfcam. It was a simple,

high wing, radic ccntrcl glider, shcecwn in Figure 3.
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FIGURE 3

The radic ccntrel system needed tc be rugged, streng,
lightweight, reliable, fast, and available. Kraft has leng
been the premier radic ccntrel manufacturer, and a Kraft
5-channel radic ccntrecl set was purchased. It had a flying
weight cf apprcximately cne quarter kilecgram. It ccnsisted
cf a transmitter <capable c¢f transmitting ccmmands tec
independent servc-mechanisms cver a three tc five mile
range, a receiver capable c¢f receiving and deccding the
transmissicns, three heavy  duty electrc-mechanical
servc-mechanisms, c¢ne ncrmal servce, and a nickel-cadmium

battery pack tc pcwer the receiver and the servces. This
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system is shecwn in Figure 4.

FIGURE 4

The Mark I glider was smaller than the prcpesed carge
glider, and alsc c¢nly needed twc channels cf the radic
centrcl set (rudder and elevater centrel), sc¢c a miniature
receiver and a pair cf subminiature serves were berrcwed
froem Jerge Chavier. These are shewn in Figure 5 with a

heavy duty servec fecr size ccmpariscn.
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FIGURE 5

- - 2 \
. .
i
\ — e e o e e S e S & s T

El Mcdificaticns and Ycke Censtructicn

Te allew the simple fcam glider te withstand the
acceleraticn and speed impcsed by the launcher, structural
strengthening was necessary. By far the simplest and
easiest methced ¢f structural reinfcrcement c¢f the fcam
glider (and the basic reascn a fcam glider was chcsen) was
tec use the fcam as a ccre fer a fiberglass-epcxy skin.
This wculd nct appreciably change the aercdynamic

characteristics c¢f the glider, which were kncwn. It wculd
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alsc be useful as practice in methodelegy, since the wings
cf the carge glider were tc be fiberglass-epcxy ccvered
fcam. The fiberglass-epcxy matrix prevides geoced impact
prctectien of the radic centrcl unit; witness ccenstructicn

¢cf mctercycle helmets.,

Fiberglass clcth weighing 6 ¢cz./sq. m. and Hcbbypexy
epcxy {#2 were used. Each ¢f the airplane parts was ccated
with a thin layer c¢f epcxy and then a layer co¢f fiberglass
cleth, with the weave c¢riented as 1in Figure 6, at U5

degrees tc the majecr axis c¢f the part.
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FIGURE 6

“IBERGLASS CLOTH
WEAVE ORIENTATION

The fiberglass was smccthed dewn sc¢ that the epexy was
fcrced up thrcugh the weave. The wing was given twe layers
cf the clcth, while all cther parts had c¢ne layer. When
the epecxy hardened the glider was assembled and epcxied
tegether. The bettem ¢f the fuselage had ancther layer cf
fiberglass added fe¢r abrasicn prectecticn during landings.
Adding the fiberglass-epcxy apprcximately dcubled the
weight o¢f the aircraft, frcem cne half tec cne kKilecgrams.
The stceck tewheeck was installed te allew feor conventicnal

Hi-Start launches, described later.
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The radic contrel wunit was then installed. The
battery-pack was installed up inside the ncse c¢f the plane,
and held in place with a dcwel acrcss the fuselage. The
receiver was put behind the battery-pack, and restrained in
the same manner. The antenna was rcuted aleng the side cf
the fuselage back tc the vertical stabilizer, and was held
in place with a dab c¢f siliccne RTV glue every inch c¢cr sc.
One subminiature serve and the ncrmal duty servc wvere
installed behind the receiver cn wecden beams epcxied to
the flcer cof the glider. They were hccked up tec the rudder
and elevater via the nermal pushreds. Because ¢f the
distributicn c¢f the fiberglass ccvering, the center cf
gravity ¢f the aircraft was tce far aft, sc a brass weight
was 1installed next t¢ the receiver tec bring the C.G. to
the 30% cherd pesitien c¢f the wing, within the ncrmal
¢perating range. The brass weight and the receiver were
held dewn with thin aluminum straps attached te beth cress
fuselage dcwels. The intericr c¢f the fuselage is shcwn in

Figure 7.
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FIGURE 7

Fiberglass-epcxy ccvered wccden beams were attached te
the fuselage beneath the wing. The ycke cn the launcher
bucket wculd push cn these twc beams tc accelerate the
glider during the launch phase. The beam and ycke

interface is shewn in Figure 8.
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FIGURE 8
SEAM AND YOKE INTERFACE
ekl T ™~
| FUSELAGE
WING
< >
/\f‘ CANOPY
YOKE\»/ [> '\
/’/ ‘
//
Y BEAM
The ycke consisted c¢f twe parts; the frent and the

rear. The frent

bucket se¢ it wculd clear

take-cff and transmitted the

bucket te¢ the glider. It

suppcrts which attached tc

threaded tensicn rcds. At the

were twe slects which fitted

glider. A slctted crcss piece
the triangular pieces tc allcw

A schematic is shcwn in Figure

the

had

secticn pecsiticned the glider abceve the

launcher assembly upcn

accelerative fcrced frcm the

twe triangular aluminum

the bucket via the bucket's

tep frent cf these supperts
arcund the push beams ¢n the
was screwed cntc the back cf

fer spacing cf the supperts.

9.
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FIGURE 9

FRONT YOKE

STANGHIO NS
/ BEAM
LSLOTS
/
/
suckeT { THREADED
' - 'RODS

The rear secticen c¢f the ycke was purely a vertical suppert
piece tec suppert the dewn lcad frem the rear cof the glider
fuselage. This decwn lcad was created by the acceleraticn.
Since the C.G. was abcve the push pcints, there was a
mcment creating a deown lcad cn the rear ¢f the fuselage
during acceleration, and the rear ycke transmitted this

fcrce te the rear cf the bucket.
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Sl Structural and Stability Analysis - Dynamic Strength

Testing

1) Structural Analysis

A simple structural analysis ¢f the wing 1is carried
cut here tc determine the cperating limits ¢f the Glider -

Mark 1I.

Aircraft dimensicnal characteristics are given 1in

Table 1.

TABLE 1

b = 1.5 m. S = 0.18 m

c = 0.12 m Wg = 9.8 Nt.
t = 0.02m Sy = 0.033 m
AR = 12.5 Sy = 0.018 m
ly = 1y = 0.43m Ww = 4.4 Nt.

Fiberglass characteristics are given in Table 2.



Fiber Prcperties

E, = 70 gPa Ep
Ery = 17 gPa %;
Ega = 2 gPa Fry

a) Wing Strength
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TABLE 2

[+ 45 7] layup prcperties
= 3.4 gPa E; = 1 gPa E, = 25 gPa
= 150 mPa éz = 1 gPa Ey = 25 gPa

z = 0.00018m

Figure 10 shcws medeling ¢f the wing as a cantilever

beam.
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FIGURE 10

CANTILEVER BEAM MODEL
OF WING

FUSELAGE
AMo

Equaticn (1) is a ccnservative determinatien co¢f the

mcment o¢n the wing at the rcct due te lift and is derived

in Appendix B.

Yo
Wy( R
hﬂlzz 3( /1gé/éy) Kh Einl

(1)

Equaticn (2) is a determinaticn c¢f the mcment cn the wing

at the rcct due tc acceleraticn, and is alsc derived in

Appendix B.
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(2)

Y.
NQQ:: VV@[}RthGZZ&] ﬁh'EiFiz

with S.F., = S.F. 2 n, = 10 (10 Gee pullup) ;

l =
ny = 100 (100 Gee acceleraticn)

Wwe get M, = 36.75 Nt-m

If q;u and q;mxawe the stresses in the fiberglass skin at
the rcct ¢f the wing due tc M and M respectively, these

are given (frem simple beam thecry) by:

(3)

max

M, Yo
0, —T

- .M %

fer this wing: G;Mx = 44 mPa

d;max = 27 mPa
These are bcth well belew the allcwable 200 MPa.

The maximum allcwable M is given by:

T,

= (5)
Mlmax t/ e »

this is: M) = 170 Nt-m
max

Since it is unclear what the respcnse c¢f the glider

will be when 1leaving the 1launcher, it is necessary tc
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calculate the maximum allcwable speed the glider may be
launched at if it ccmes coff the launcher at (. = (.

. ] 2
since: L=11/2¢,V ClpgS (6)

X

b
and: M, = %(ZA’)L ‘ (7)

we can cembine (6) and (7) te sclve fer V,,. in terms cf
Minox » and get:
8 M -
Vo = Lmix (8)
* 3 ea”' CLqu /-Y
sc: Vimay = 83 m/sec

The tersicnal mcment MY is a ccmbinaticn c¢f that
frem 1ift and that frem the mement ccefficient of the wing.

Figure 11 shcws the medel cf the wing tc be used.
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FIGURE 11

WING TORSION MODEL

LIFT T

MTT

o
U
]

BV

A

l 74 LELAST)C AXIS |

(E) ‘ . .

with : A= 0.00144 m (cress secticnal area)
Cm = -0.1

h = 2z = 0.00036m

, .
MTm@(::M +MTL: Vg,&. VM!(CCM_}-%ICCL”"X)J, (9)

Ms,,= 0.0 053 Vo

The stress in the wing skin is given by:

g, = i
nax 24

(10)
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Letting 0; = Fg and sclving fer V, by ccmbining (9)
and (10):

/3
z ;ZAA &; ‘] (11)
" AleSe(Grad,) )

cY %wx = 200 m/sec

<

This is well abcve any planned cr even reachable velccity.

b) Wing Stiffness

The tersicnal inertia ¢f the wing is given by

&
;]- - 4 A (12)
J%:ZJ
h i
where ds 1is the circumference ¢f the wing 1in the cherd

directicn.

The maximum angle cf twist cf the wing is given by:

(13)

sc at V = 80 m/sec.

Doy, 4,39

The divergent dynamic pressure c¢f the wing is given by:
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@
I/ 2 EI >3
iﬁ = /:Lﬁw%l: T > Jﬁ

4(%)%8 c

3G
PE

Then the divergent speed is:

e, T 1=

-] (15)

where = 5.4 and is derived in Appendix D.

b~ 2(§é)lﬂr<:€ é%%
V, = 250 m/sec (7550 mph)

Again, this 1is well abecve any planned cr reachable

velcecity.

It has been shcwn thrcugh these simple estimaticns cof
the wWing strength and stiffness that the Glider-Mark I
shculd be capable c¢f withstanding the inertial and
aercdynamic loads impcsed upon it by the electrcmagnetic
launch and subsequent flight. Te test the respense tc
inertial 1lcading, the Glider-Mark I was placed ¢cn the ycke
structure cn the bucket and held in place with strapping
tape. The bucket was fired repeatedly tc a velocity cf
15 m/sec. at average accelerations varying frcm
200 m/sec./sec. (720 Gee) tc 2500 m/sec./sec. (7250 Gee).
The peak acceleraticn reached (albeit fer a very shert time

- apprcximately twe milliseccnds) was 4000 m/sec./sec.

(~U400 Gee).

Ne damage tc either the aircraft structure c¢r the
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radic ccntrel cempeonents was ncted. Since the peak
acceleraticn expected c¢n launch weculd be 2000 m/sec./sec.
(200 Gee) maximum, the glider was deemed acceptably streng
with regard tc inertial lcading, having at least a safety

facteor cf twe.

2) Stability Analysis

a) Longitudinal Static Stability

Using the derivaticns in Appendix C, the Data in Table

1, and the fecllcwing data in Table 3:

TABLE 3
Center c¢f Gravity: Xeg = 0.05m
Wing Aercdynamic Center: X4, = 0.027T m
Wing Lift Curve Slcpe: a = 5.4
Heriz. Tail L. C. S.f a, = 3.0
Elevater Lift Curve Slcpe: a, = 2.0
Tail Incidence Angle: 77 e 0
Change in Dcwnwash: %% = 0.2
Mement Ccefficient: Cm = <0.1

o

The fclleowing can be calculated:



Herizental Tail Lift:
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Lpmeg) = -0-0031 V¥ + 0.525

Herizental Tail Lift Ccefficient:

CLys. ) = =0+1533 + 25.97/V*

Elevatecr Angle te Trim:

no= 0.58bC - 0.2

Tail Incidence Angle:

A, = 0.333 € - 0.

horiz, Toil

These are tabulated feor varicus flight speeds

3¢,

666 /]

in Table 4.

TABLE 4
Velccity m/sec. G, Clipriz Tl JL rad Ay rad
10 0.84 0.106 -0.147 0.133
30 0.099 -0.124 -0.090 0.019
50 0.036 -0. 143 -0.085 0.010
70 0.018 -0.148 -0.084 0.007
90 0.011 -0.150 -0.083 0.006
The stick fixed neutral pcint is:
hn = 0,495
sc the static margin:
Kn = 0.078
This 1is pecsitive, sc the aircraft is lengitudinally

statically stable.
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El Lengitudinal Dynamic Stability

The lcngitudinal dynamic stability derivatives and
dimensicnal parameters (as derived in Appendix D) are
listed in Table 5. The cnes that have a 1lift ccefficient

dependence are given fecr each velccity.

TABLE 5
Derivative Value
a 5.4
Cm& -0.421
Cxu -0.03
Cz$ -3.65
Cm$ -13.08
Ciz 0.73
Cma -2.61
iﬂ 975
/I 76
1 0.06
10 m/sec 50 m/sec 80 m/sec
C, 0.89 0.036 0.014
C&L 0.278 0.111 0.0043
Ch 0.001 0.001 0.001

X 0.006 0.0012 0.00075



Using the apprcximate scluticns in Appendix E,
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values feor

the natural frequency and damping ratic¢ in beth the Phugeid

and Shcrt Pericd Modes are cbtained.

i) Phugcid mede 10 m/sec 50 m/sec 80 m/sec
nat. freq. (rad/sec) 0.0083 0.000335 0.00013
damping ratic 0.012 0.29 0.76
pericd (sec.) 4.6 23.5 55.8
halving time 41.6 8.5 5.2
Cycles tec halve 9.0 0.36 0.09

ii) Shert Pericd Mede 10 m/sec 50 m/sec 80 m/sec
nat. freq. (rad/sec) 0.031 0.031 0.031
damping ratic 0.88 0.88 0.88
pericd (sec.) 2.7 0.52 0.34
halving time 0.15 0.03 0.019
cycles tec halve 0.057 0.057 0.057

It is seen that the aircraft is stable in both Phugcid and

Shert  pericd mede cscillaticns, with the stability in the

Phugecid mecde actually increasing with increasing velccity.

C) Lateral Dynamic Stability

The 1lateral dynamic stability derivatives and
dimensicnal parameters (as derived in Appendix D) are
listed in Table 6. The cnes that have a 1lift coefficient



dependence are given fer each velccity.

derivative

TABLE 6

CW’

t*

10 m/sec 50
0.05
-0.043
-0.0585
0.033
-0.066

0.075

0.014

m/sec

0.0443
-0.018
-0.038
0.012
0.002

0.015
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80 m/sec

0.0443
-0.017
-0.037
0.0M11

0.0035
0.0094

Using the exact scluticn in Appendix E for lateral mectiocn,

the characteristic equaticn is cbtained fer each velccity.

Selving the characteristic equaticn

reccts:

gives

the

fcllewing



Page 44

TABLE 7
rccts 10 m/sec 50 m/sec 80 m/sec
Ar -0.00213 -0.000025 -0.00001
A, -0.395 -0.378 -0.375
h%y -0.01740.2041 -0.02140.1741 -0.022+0.1711

The characteristics cf the lateral dynamies are given in

Table 8.
TABLE 8
Dutch Rell 10 m/sec 50 m/sec 80 m/sec
pericd (sec) 2.31 0.542 0.345
halving time 3.06 0.49 0.29
cycles tc halve 1.32 0.91 ' 0.84
Spiral Mcde
halving time 24.3 41y 667
Relling mede
halving time 0.13 0.027 0.017

It can be seen that the aircraft is 1laterally stable
in all mcdes, althcugh the spiral instability takes a very

leng time te damp cut at high speeds.
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The stability c¢f the Glider - Mark 1 has been

cenfirmed at all velccities 1in  all e¢f the lateral and

lengitudinal mcdes. The next step was the flight testing.

D) Flight Testing - Ccnventicnal Launches (Strake Additicn)

Pricr tc an electromagnetic 1launch, it was deemed
apprcpriate te launch the glider by ccnventicnal means
(Hi-Start) tc determine its cperating and flight
characteristics. On a ccld Saturday merning in March 1981
Jerge Chavier and I tcck the plane, Hi-Start, and radic
ccntrel equipment cut onte Briggs Field at M.I.T. The
elevater and rudder were adjusted by eye, and then a few
hand launches were perfcrmed tc get the final trim
settings. The glider flew smccthly and slewly with few

ad justments, and then a Hi-Start launch was attempted.

The Hi-Start launcher ccnsists cf 130 meters ¢f nylen
fishing line and 30 meters of surgical grade rubber tubing.
One end cf the nylcn line is staked dewn, the tubing tied
tc the cther end, and the free end cf the tubing hccked
cntec the glider tcow heck. The rubber tubing is stretched,
and the system functicns as a huge slingshct. A

representaticen ¢f the launch prccess is shown in Figure 12.
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FIGURE 12

HI-START LAUNCH
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We launched the glider twice with the Hi-Start. It
was determined (by Jcorge) that there was a pronounced
tendency te turn left, and the vertical stabilizer wasn't
very effective, althcugh the rudder was. During the
fecllewing week medifications te the vertical stabilizer
(adding a strake) and te the right wing (adding scme
washcut) were performed tc alleviate the deficiencies. The
next Saturday we Hi-Start 1launched the glider twec more
times. The stabilizer was mcre effective and the tendency
te turn left was eliminated. The glider shcwed nc cther

adverse flight characteristics, and was deemed ready feor
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electrcmagnetic launching.

E) Flight Testing - Electromagnetic Launches

Feur electrcmagnetic launches were perfecrmed in 1late
March 1981. Everycne in the Acceleratcr group helped bring
all the equipment cut te Briggs Field ¢cn a rented truck.
We set up the launcher at apprcximately a 20 degree angle
(resting cne end cn a fence). The charging circuit and
capaciter banks were kept in the truck, and were plugged
inte an cutlet near the M.I.T. sclar hcuse. Jerge hand
launched the glider a few times tc check the trim and we
placed the glider in the ycke cn the bucket. Twe c¢f the
capaciter banks were charged up tc 140 veclts. We waited
until the air was calm and then the banks were discharged,
launching the glider at a velccity cof apprecximately 30
m/sec. The avérage acceleraticn was 200 m/sec/sec
(20 Gees) and the peak acceleraticn was twice that. The
glider went straight ahead at an angle cof 20 adegrees to an
altitude c¢f abcut 25 meters where Jcrge leveled it cff and
flew twe large, fast left hand circles. He then brought
the glider in fer a perfect landing 10 meters frem the
launcher. Jecrge and I examined the plane and radic, deemed
fthem airwerthy, and the glider was put cn the launcher ycke
again. The twc banks were charged tc 160 velts, and when

the air again became calm, the banks were discharged,
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launching the glider at a velccity c¢f 35 m/sec. The
average acceleraticn was 250 m/sec/sec (25 Gees) and the
peak acceleraticn was twice that. The glider again went
straight ahead tc an altitude cf 35 meters. Jorge flew it
in a few circles but it landed hard since the wind had
picked up. The tail was cracked and the ncse was dented,
but thcse were both patched up with fiberglass and epcxy

that night.

The next time we brcught the launcher cut tc Briggs
Field we alsc brecught an A-frame tc lift the end cf the
launcher tec fcur meters c¢ff the grcund, making the angle cf
launch abcut 40 degrees. The glider was placed cn the
ycke, and three banks were charged tc 160 vclts. When the
banks were discharged the glider climbed at a 40 degree
angle tc apprcximately 55 meters altitude. The 1launch
velccity was 40 m/sec., with an average acceleration c¢f 300
m/sec/sec. Jecrge flew it fer abcut 45 seccnds and then
brcught it in fer a landing. After ancther examinaticn we
put the glider on the yoke and charged the three banks tc¢
200 velts. The discharge 1launched the glider at a 40
degree angle at 45 m/sec. The average acceleration was 500
m/sec/sec. The glider <climbed tc 75 meters altitude but
then Jecrge had a partial cecntrel 1lcss, and a mild crash
resulted. That ccncluded the Glider Mark I electrcmagnetic
launches. Figure 13 shews the launcher at 20 degrees for
the first twoe launches, and Figure 14 shcws the launcher at

40 degrees for the last twe launches.
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FIGURE 14

Table 9 includes launch angle, altitude, velcecity,

acceleraticns, bank vcltages, and number cf banks used.
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TABLE 9
acceleration
(m/sec?® )
launch #banks Vclts angle alt.(m.) speed avg. peak
1 2 140 20 25 30 200 400
2 2 160 20 35 35 250 500
3 3 160 4o 55 4o 300 600
y 3 200 40 75 45 500 1000

With its glide ratic ¢f apprecximately fifteen, this
glider cculd have flown cne tc cne and a half kilcmeters
had it gcne in a straight line, frem an altitude c¢f 75

meters and a launch velccity cof 45 m/sec.



V. GLIDER - MARK II DESIGN: CARGO GLIDER

A) Preliminary Design and Configuration Determinaticn

The Glider - Mark II was tec be a half scale wmcdel of
the 22 kilcgram cargo glider. Therefcre the general laycut
and design cof the cargec glider had to be determined before
the half scale mcdel cculd be designed. A mcdular system
wculd be used, allcwing fer easy and ccmpact transpcrtation
and assembly in the suppert area. There wculd be a
fuselage cargc ccmpartment with snap-in snap-cut cargo pcds

and a remcvable wing for compactness during stcrage.

Since the aircraft is a glider, the glide ratic (cr
lift-tc-drag ratic) is a very impertant factoer in
determining the effectiveness cf the craft. The higher the
glide ratic, the farther the glider can fly froem a given
altitude. In this case, the higher the glide ratic the
better. The L/D (lift-to-drag ratic) is a function of many
things, the main ones being twc features of the aircraft
cenfiguraticn; the aspect ratic (length to width ratic of
the wing) and the wing lcading (the weight ¢f the aircraft
divided by the wing planfcrm area). For any specific

ccnfiguraticn it is also a functicon c¢f the flight velccity.

A graph of (L/D)Max vs. Aspect Ratic for different

wing lcadings is given in Figure 15. This is for different
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wings ¢cn an arbitrary fuselage.

FIGURE 15
281 — 140 NT/M2
C - 240 NT/MZ
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ASPECT RATIO

It 1is seen that the (L/D) increases with

max
increasing aspect ratic and decreases with increasing wing
lcading. The increase with AR (aspect ratic) is caused by
a reduction in the induced drag at high AR's, and as the
drag gces down while the 1lift remains constant, the L/D
rises. An increase in the wing loading (with the same
fuselage) entails a smaller wing. Since the fuselage 1is

the same size but the wing 1is smaller, the ratic cf

fuselage drag tc wing drag 1increases, thereby causing a
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decrease in the L/D.

The L/D is also a function cf the flight velccity, and
a graph cf sink velccity vs. fcrward velccity is given in

Figure 16. This graph is commcnly kncwn as a drag pclar.

FIGURE 16

FORWARD VELOCITY (M/SEC)
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Vel
(M/SEC) .|
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Q4

It is seen that the pcint where a tangent line through
the crigin touches the curve must be the point c¢f
(L/D)nwx , and that the ferward velocity divided by the

sink velccity is the L/D.
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A large high AR wing by necessity weighs mcre than a
small 1locw AR wing, and therefore subtracts frem the cargc
carrying capacity cf the glider even as it 1increases 1its
range. It was determined that a wing lcading cf 200 Nt /m?
and an aspect ratic c¢f abcut 15 would 'give a paylcad to
gross weight ratioc of apprcximately 1/2 (geoed fer a glider)

and alsc give the requisite range capability.

B) Final Configuration

A view cf the final ccnfiguraticn cf the 1/2 scale

Cargec Glider Mark II is seen in figure 17.
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FIGURE 17

GLIDER- MARK I

WING

FUSELAGE -
CARGO POD

jl |

It is a pcd and twin becem cenfiguratien, with twin
vertical stabilizers and an all flying hcrizontal
stabilizer. It has 3-axis contrcl (elevater, rudder,
ailercns). The reascn fer this design is its mcdularity.
The wing, fuselage, and tail and bocom assemblies can be
censtructed separately and then belted together. This
woculd be ccnvenient in the field, as a stcck ¢f the three
ccmponents cculd be stered and then put together just
befere the flight, saving a great deal o¢f space. It 1is
alsc a ccnvenient design fcr the constructicn and testing

phases c¢f the precgram. It allcws the ccnstructicn of
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replacement parts which can just be bclted in place in case
cf a damaging crash. This wculd save time and alsc allcw

assembly line procedures in the ccnstructicn.

The Glider - Mark II characteristics are given in

Table 10.
TABLE 10
Grcess Weight WB 55.7 Nt.
Empty Weight We 22 Nt.
Wing Area S 0.28 m.
Hecrizental Tail Area Sy 0.05 m.
Vertical Tail Ares Sy 0.034 m.
Fuselage Length F 0.6 m.
Fuselage Diameter W 0.13 m.
Bcem Length 1y 0.43 m.
Short Wing Leng Wing
Aspect Ratic AR 6 12
Span b 1.29 m. 1.82 m.
Cherd c 0.22 m. 0.15 m.

Twc wings have been planned; an aspect ratic of 6 and
an aspect ratic cf 12. The low aspect ratic wing is a
ccnservative wing, strconger and mcre stable (as will be

shewn 1later), althcugh with lower perfcrmance. It will be
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used first tc prove cut the glider and then the lecnger wing

will be used t¢ cbtain a lcnger range.

_l Materials Selecticn

1) Wing

As in the Glider - Mark I a foam ccre fiberglass-epcxy
skin wculd be used. This is strcnger, lighter and simpler
than a built up wing. The foam is 30 kg/m°  density blue
ccnstructicn insulaticn styrcfcocam. The fiberglass used is

0.2 kg/ml 90 degree weave clcth, with Hobbypexy 2 epexy.

The ailercns are heavy balsa wcecd, as are the wing
tips. Pine blccks under the SKin are used as fuselage

attachment pcints.

2) Fuselage

Standard mcdel aircraft censtructicen techniques were
chcsen feor simplicity and familiarity reascens. Spars wculd
be spruce, while the bulkheads wculd be plywocd. The frame
woculd be skinned with 1/16" balsa sheet and then ccvered
with cne layer cf fiberglass-epoxy. The ncse and tail
ccnes wculd be carved frem the styrofcam insulaticn and

then ccvered with cne layer c¢f fiberglass-epcxy.
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3) Tail and Booms

The tail (bcth hecrizental and vertical stabilizers)
wculd be shaped frem hard balsa and then ccvered with cne
layer c¢f fiberglass-epoxy. This provides mcre than

adequate strength and stiffness, and is simple tc build.

The bccms wculd be aluminum tubes, chosen for their
stiffness. Fiberglass~-epcxy tubes wculd be better (having
a higher stiffness tc weight ratic) hcwever they weren't
available at constructicn time. The penalty was a little
weight. The bccm tubes would have pine plugs in them at

areas cf stress ccncentration.

_l Structural Analysis

The structural analysis ccncerns the main aircraft
ccmpenents, i.e. the wing, fuselage, bcoms, and tail. It
uses simple beam thecry and torsion thecory, alcng with
idealized simplificaticns of the actual structure.
Hewever, all the simplificaticns 'and idealizations are
censervative cnes, giving results lower in strength and

stiffness than will actually be the case.

Wing Strength

Using the Data in Table 2, Table 10 and the mcdeling
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in Figure 10; follewing through the analysis given in
equations cne thrcugh eight in Chapter 1V, a maximum
velceity at CLMax is cbtained for beocth the lcng and shert

wings. These maximum velccities are:

shert wing: Vg = 85 m/sec (7210 mph)

leng wing: Vg, = 80 m/sec (7200 mph)

The maximum allcwable velccity frcm tersicnal mcements 1is
fcund using Figure 11 and equaticns nine thrcugh 11 (in
Chapter 1IV). These maximum velccities are:

shert wing: V e 400 m/sec (7900 mph)

max

leng wing: V, . = 375 m/sec (=850 mph)
Because these have been very ccnservative estimates cf the
strength c¢f the wing in bending and in tcrsion, it is seen
that the glider can withstand any planned velccity even at

Lmay

) Wing Stiffness

—

Using the formulaticn given in Chapter IV equaticns 12
thrcugh 15, the divergent speed and maximum twist cof the

wings are fcund. These are:
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shert wing: Vp = 400 m/sec (~900 mph)
Cey = 2.6 degrees € 80 m/sec
leng wing: V, = 350 m/sec (7780 mph)
Omax = 2.5 degrees @ 80 m/sec

Again, the wing stiffness is adequate for any reachable

velccities.

) Fuselage Strength

The fuselage stringers must be capable c¢f withstanding
the full accelerative fc¢rces rthe glider will feel while
being launched. Tc¢ be ccnservative, it is assumed that the
stringers Will see the full weight ¢f the glider at 100
gees with a safety factcr cf twc. Spruce prcperties are
listed belcw:

g = 450 kg/m

E = 0.6 gPa

FTM = 69 mPa
The tctal area fcr the stringers is given by

A= (16)




where F is the total
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ferce. In this case

F= ani S.Ei a7
SC
A= W3/}7;'—S'E‘ (18)
Tu

substituting:

A = 23 mm*
‘With eight square stringers, each must be 4.7 mm. cn a
side.
4) Beem Strength and Stiffness

Stresses in the
frem the aercdynamice
lcads applied by the

weight 1is assumed

tail becems will be produces by mcments
fcrces ¢f the tail and by accelerative
launcher. If the tctal bccem and tail

te be 1/10 the grocss weight c¢f the

glider, then with the fcllowing properties in Table 11,
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TABLE 11
Aluminum Bcom Dimensicns
e = 2800 kg/m. lV = 0.43 m.
E, =72 gPa 0.D. = 2.86 cm.
F. = 440 mPa wall thickness = 0.89 mm.

TH

w6+-r: = 5-6 Nt.

the stress due tc acceleraticn is:

;= |%,3 mPa
And the stress due tc tail ferces, assuming CLmax
and V = 80 m/sec:

0, = 45 mPa

Becth c¢f these are well belcw the yield stress c¢f aluminum

cf 440 mPa.

It was required tc keep the bending ¢f the tall bccms
as lcw as pcssible tc minimize the unwanted angular
deflecticns ¢f the tail. A deflecticn cf cne degree at the.
tail was allcwable. The deflecticn c¢f the tail (mcdeled as

a clamped cantilever beam) frcm simple beam thecry is:

3
f =__.E_g.v___ (19)

where F is the dcwn (cr up) fcrce from the tail and I is

the mcment ¢f inertia c¢f bcth beoems.
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F=%0.V2C,. § (20)
& LTO»/ H

¢
[ - pfeR) - (A2l hetus) ] o

Substituting (20) and (21) intc (19), after inserting the

prcper values we getb:

f.'"ax = 0075 cm.

cver the 43 cm. 1length ¢f the bcems this is a deflecticn

cf apprcximately cne degree, and as such is acceptable.

) Tail Strength

The tail must withstand the 1inertial accelerative
fcrces impcsed upen it by the launch, and also the maximum

aercdynamic lcads that might be enccuntered.

The maximum 1ift (either pcsitive cr negative)

prcduced by the herizental stabilizer is:
F = 200 Nt.

sc¢ the 1ift distributicn is:
wy = B47 Nt/m.

The maximum mcment will be where the cuter secticns c¢f the

stabilizer meet the tail bcoms. then:

by
3
M’max = V/” 2 = 4.96 Nt-m.
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Fer the fiberglass-epoxy ccvered hcecrizental stabilizer, the

mcment c¢f inertia abcut the Y-axis is:
I =800 x 107" n¥

Then the maximum stress in the stabilizer will be:
d, = MY/I = 30 mPa

This is well belcw the ultimate strength ¢f the fiberglass

¢f 200 mPa.

Frcm acceleraticn, the maximum mcment will be:

The mcment c¢f inertia abcut the Z-axis is:

' I =8.5%x 107 !

Then the maximum stress will be:

d} = 30 mPa

A similar analysis is carried cut for the vertical
stabilizers, and gives a maximum stress frocm aercdynamice

lcads cf:
Oa = 20 mPa

And a maximum stress frcm inertial lcading cf:
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O'_.; = 21 mPa

It is seen that all c¢f these stresses are well belcw the

maximum allcwable stress in the fiberglass of 200 mPa.

This analysis has shown that all the major structural
compecnents are capable c¢f withstanding any and all lcads
that may be encountered either be aercdynamic lcading cr by

inertial lcading.

E) Stability Analysis

1) Lengitudinal Static Stability

Using the same methcds as for the Glider - Mark I, we
use the aircraft characteristics given in Table 10 along

Wwith the following data in Table 12:
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TABLE 12

empty weight grcss weight
h, 0.356 0.231
h, 0.225 0.225
a(leng wing) 5.4 5.4
a(shcrt wing) .71 4.71
a, 3.0 3.0
ay 2.0 2.0
Tr 0 0
o€
Sa 0.2 0.2
Cm -001 "001

¢

We can ncw cempute h, (the stick fixed
short wing: hy, = 0.372
lcng wing: h, = 0.392

And the Static margin K, :

empty weight

neutral pcint):

grcss weight

leng wing: Kn 0.016

shert wing: Kh 0.036

All c¢f these are pcsitive, so the
lengitudinally statically stable with

empty ¢r at grcss weight.

0.141
0.161

aircraft will

67

be

either wing, either
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2) Lengitudinal Dynamic Stability

The lcngitudinal dynamic stability derivatives and

dimensicnal parameters (as derived in Appendix D) fer the

Glider - Mark II with either wing at gress weight and at

empty weight are given in table 13.

TABLE 13

shert wing lcng wing

Derivative empty grecss empty gress
a 4.71 4.71 5.4 5.4
Cy 5.13 5.13 5.8 5.8
Cmd -0.075 -0.664 -0.086 -0.761
C%; -5.13 -5.13 -5.8 -5.8
Cx“ -0.03 -0.03 -0.03 -0.03
Caq -1.962 -1.962 -1.986 -1.986
Cm$ -3.90 -3.90 -3.95 -3.95
C?a -0.393 -0.393 -0.393 -0.393
Cm y -0.78 -0.78 -0.79 -0.79
ig 65 408 430 1070
M 60 150 85 213
1 0.108 0.108 0.076 0.076



Page 69

short wing

empty gross

25 m/sec 100 m/sec 25 m/sec 100 m/sec

cL 0.2 0.013 0.51 0.031
Cy, 0.08 0.005 0.204 0.013

C2, -0.0012 ~0.0013 ~0.0032  ~-0.0031
X 0.00432 0.00108 0.00432 0.00108

leng wing
empty grcss

25 m/sec 100 m/sec 25 m/sec 100 m/sec

c, 0.2 0.013 0.51 0.031
Cy, 0.135 0.0088 0.345 0.021

Cay ~0.0012  -0.0013  -0.0032  -0.0031
¥ 0.00304  0.00076  0.00304 0.00076

Using the approximate scluticns in Appendix E, values for
the natural frequency, damping raticn, pericd, halving time

and cycles tc halve are c¢btained.
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i) Phugcid Mcde

shert wing

empty gress

25 m/sec 100 m/sec 25 m/sec 100 m/sec

w, (rad/sec) 0.0023 0.00015 0.0024 0.00015
5 0.053 0.815 0.021 0.342

T (sec) 11.75 78 11.75 u8

LT (sec) 24.4 6.1 59.6 14.9

N s 2.1 0.08 5.1 0.31

lcng wing
empty grecss

25 m/sec 100 m/sec 25 m/sec 100 m/sec

w, (rad/sec) 0.0017 0.00011 0.0017 0.0001
5' « 0.053 0.816 0.02 0.342
T (sec) 1.5 75.1 11.25 49.1
L6 (sec) 23.8 5.84 61.7 14.9

N‘\GIF 2-1 0008 505 0-3

70
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ii) Shcrt Pericd Mcde

shert wing

empty grcss

gé m/sec 100 m/sec gg m/sec 100 m/sec

W, (rad/sec) 0.038 0.038 0.042 0.042
5 0.929 0.929 0.338 0.338
T (sec) 0.073 0.018 0.068 0.017
thf (sec)  0.083 0.021 0.21 0.052
Ny i 0.86 0.86 0.31 0.31

leng wing
empty gross

25 m/sec 100 m/sec 25 m/sec 100 m/sec

w, (rad/sec) 0.014 0.014 0.026 0.026
5 0.U495 0.495 0.327 0.327
T (sec) 1.59 0.398 0.77 0.19
L par (sec) 0.3 0.076 0.247 0.062
thf 0.19 0.19 0.32 0.32

It is seen that the aircraft is stable in becth the
Phugcid and Shert Pericd Mcde oscillations at either speed
with either wing. This cenfirms the 1lcngitudinal Dynamic

Stability.



Page 72

3) Lateral Dynamic Stability

The 1lateral dynamic stability derivatives and
dimensicnal parameters (as derived in Appendix D) for the
Glider - Mark II with either wing at grcss weight and at

empty weight are given in Table 14.

TABLE 14
shert wing lcng wing

Derivative empty grecss empty gress

%7 -0.233 -0.233 -0.233 -0.233

9? 0 0 0 0

Q% -0.23 -0.23 -0.36 -0.36

9% 0. 155 0.155 0.113 0.113

M 10 25.1 7.3 18. 36

1 0.645 0.645 0.91 0.91

iA 0.707 1.767 0.317112 0.778

ie 1.162 2.904 .U68 1.17

ig 0.025 0.064 0.011 0.026
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shert wing

empty grcss

gé m/sec 100 m/sec 25 m/sec 100 m/sec

Crg 0.0573 0.057 0.059 0.057
C gy -0.038 -0.029 -0.054 -0.030
Cn,e -0.059 -0.058 -0.063 -0.058
Cg, - 0.014 0.009 0.022 0.010
Cap -0.0013  0.008 -  -0.017 0.007
¥ 0.026 0.0065 0.026 0.0065

leng wing
empty gress

25 m/sec 100 m/sec 25 m/sec 100 m/sec

Cop 0.041 0.040 0.042 0.040
Cfp -0.205 -0.201 -0.215 -0.201
Cny -0.032 -0.032 -0.034 -0.032
Cq, 0.059 0.008 0.145 0.013
Cnp -0.006 0.004 -0.021 0.003
¥ 0.0364 0.0091 - 0,0364 0.0091

Using the exact scluticns in Appendix E for lateral
mcticn, a characteristic equaticn is obtained for each set
cf derivatives (the glider with each wing at each
velccity). Using the rcots of these characteristic
equaticns tc cbtain the flight characteristies, the bericd,
halving time, and <c¢ycles to halve are determined. These

are given in Table 15.
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TABLE 15

short wing

empty gErcss

gﬁ m/sec 100 m/sec 25 m/sec 100 m/sec

Dutch Recll

T (see) - 0.73 0.18 1.1 0.15
Lhatf (sec) 0.72 0.16 3.24 0.47
th§ 0.99 0.86 2.94 3.12

Spiral Mcde

tAdF (sec) 2.1 79.5 13.7 80

Relling Mcde

tAdF (sec) 0.05 0.013 0.12 0.03
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leng wing
empty gress

25 m/sec 100 m/sec 25 m/sec 100 m/sec

Dutch Roll

T (sec) 0.727 0.199 33.5 0.55
Lpue (sec) 0.857 0.17 1.0 0.313
NpF . 1.18 0.85 33.5 1.74

Spiral Mcde

thdf (sec) 7.5 16.1 36 18

Rclling Mcde

tﬁdf (sec) 0.02 0.005 0.05 0.013

Frem these figures it is seen that the aircraft is
laterally stable in 2all modes with either wing at either

speed.

These calculaticns confirmed the stability, bcth
lengitudinal and 1lateral, of the Glider - Mark II. The

next step was ccnstruction.



VI. GLIDER - MARK II1 CONSTRUCTION

A) Wing

The wings were built using the fcam ccre,
fiberglass-epcxy skin technique. We didn't have fcam ccres
already, as we had for the Glider - Mark I, soc we had tc
cut cur owﬁ. This was dcne by making aluminum templates of
the mcdified NACA 65 - 418 wing secticn that we were
using, fastening them to¢ the ends cf the uncut foam slab
and then using a taut, het nichreme wire te cut the fcam,
using the templates o¢n either end as a guide. Since a
balsa leading edge and ailercn were tc be added, the fcam

was cut sans leading edges and ailercns.

The leading edges were shaped frem 1light Dbalsa ‘and
epoxied to the fcam cores. This was done since the hot
wire cutter cculd nct cut the sharp curve o¢f the 1leading
edge, but the balsa cculd easily be carved toc the cerrect
shape. Pine blccks were installed in the frent and rear cf
the center section ¢f bcth wing cores. These woculd later
have holes drilled in them and be used tc mcunt the wings
on the fuselage. The short wing (AR 6) was then laid up
with cne layer cf fiberglass-epcxy, the same as wused c¢n
Glider - Mark 1I. The long wing (AR 12) was laid up with
two layers cf fiberglass-epcxy from the wing rcct t¢ the
half-span pcint and cne layer from there cutward te the

tip. The crientaticn of the weave on bcth wings 1is shcwn
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in Figure 6.

Fer each wing a set cf ailercns 'was made frcm hard
balsa. Balsa wingtips were carved and epocxied tc the tip
cf each wing. A cutcut in the bettom c¢f the center of each
wing was made tc hold the ailercn servec in place. The wing
was primered and painted with pclyurethane paint, and then
the ailer&n hinges were epcxied 1in place, A "Kavan"
ailercn hinge line fairing was dsed between the wing and
the ailercns *t¢ reduce drag. The ailercns were then
installed, aleng with their pushrcds froem the serve. This
ccmpleted the censtructicn c¢f the twe wings, shown in

Figure 18.
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FIGURE 18

WINGS
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An adapter was made frcm plywced and balsa sc that the
lcng wWing cculd fit in the shcrt wing fuselage saddle s¢

bcth wings cculd be installed in the same fuselage.

B) Fuselage

The fuselage frame was ccnstructed from spruce
stringers and plywocd bulkheads. The twe rear bulkheads
(numbers three and fcour) were cut frocm three quarter inch

plywced and the twc frent bulkheads (numbers cne and twe)
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were cut from three eigths inch plyweccd. The spruce
stringers were one quarter inch square. These were cut to

length and the frame was epcxied tcgether. This framewerk

is shcwn in Figure 19.

FIGURE 19

FUSELAGE FRAME

WING SADDLE

BOOM !
CUT-0UTS_
SERVO h
RAILS —\
PUSHER

BEAM —a

Next the 3/4" bulkheads had cutcuts made for the
tail-bcems tc nest in, and hcles fer the tail-bcem mcunting
bclts were drilled. A wing nocunting saddle was installed
between them on tcp, alcng with wing hcld~dcwn belt nuts.

Servc mcunting rails and electrcnics mcunts (all made c¢f
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1/4" x 1/2" spruce rails) were epoxied in. The pusher beam
was epcxied intc place directly under the wing behind
bulkhead three, abcve stringers numbers five and six. The
pusher beam was 1/2" x 1" spruce laminated with twc pieces
cf 1/16" G-10 (fiberglass-epcxy compoesite) tecp and becttem.
A piece of spruce was epoxied cn the bottem o¢f the frame
between bulkheads c¢ne and two, and two and three. This
wculd later be used as a tewhocok and skid support. Al1
these c¢an be seen in Figure 19 abcve. This completed the

majcr fuselage structure.

Next came the fuselage ccvering. The first step was
tc epexy a skin of 1/16"™ light balsa ccmpletely cver the
fuselage except for the wing and tail bocm mounting areas.
One 1layer of fiberglass-epcxy was then laid up cver the
balsa except ¢cn thé bcttom, where twc layers were used for
abrasicn protecticn during 1landings. The tecw hcok and

landing skid were then installed.

The ncse and tail ccnes were carved frem fcam and
ccvered with one layer ¢f fiberglass-epcxy which cverhung
the fcam cne centimeter in the rear. This overhang fitted
arcund the fuselage, and twc screws were screwed thrcugh it

tc secure each of the ccnes tc the fuselage.
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TAIL and BOOMS

An explcded view ¢f the tail and bcems 1is seen in

Figure 20.

FIGURE 20

TAIL _AND BOOMS

VERTICAL STABILIZER(S)
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The hcrizontal and vertical tail compcnents were
carved frem light balsa and covered with cne layer cf
fiberglass-epcxy. Only cne c¢f the vertical stabilizers had
a rudder. This simplified <constructicn and ccntrol

linkages. The horizcntal stabilizer was an all mcving
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type, piveting cn a music wire in a brass tube hinge. This
simplified constructicn and the contrcl linkages alsc, but

mcre impertantly increased the stabilizer effectiveness.

The tail bccms were lengths ¢of 1.25" diameter 1/32“
wall thickness aluminum tubing. These had pine plugs
epcxied inside them in three places; the twe tube-fuselage
mcunting pcints and the hcrizental stabilizer hinge line.
These suppocrted the tube at c¢oncentrated stress areas.
Hcles were then drilled fer the mcunting belts, stabilizer
hinge, vertical stabilizer mcunting 1lugs, and tail skid
mcunting lugs. The fiberglass-epcxy covered tail skids
were epcxied tc the becttcm of each beem, and a vertical
stabilizer was epcxied tc the top of each bcom. Hcles were
then drilled in the booms for the ccntrcl cable guides to
pass thrcugh. The braided steel ccntrcl cables and their
guides were installed and then the bccems were attached teo
the hcrizental stabilizer by sliding the music wire hinge
thrcugh the stabilizer, cne bcecm, the stabilizer center
secticn, the other bcom, and then the final secton of the
stabilizer. Twc screw ccllars kept the musiec wire in

place. This completed the tail and bocm assembly.

A view of the ccmpletely assembled Glider - Mark II is

seen in Figure 21.
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FIGURE 21

Bl Centrel System

The ccntrcl system 1included the battery pack,
receiver, antenna, three heavy duty servcs, and all the
centrel linkages. The rudder and herizental stabilizer
servcs were installed on the servec mcunting rails directly
under the wing by screwing them dcwn. The braided steel
cecntrcl cables (twe for each serve) entered their guides
inside the rear c¢f the fuselage and then ‘went inside the
tail bccms. The rudder cables were inside the left bccm

and the horizental stabilizer cables were inside the right
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bccm (as seen frecm the frent). At the rear ¢f the becems
the cables exited and were ccnnected t¢ ccntrecl heorns on
either side c¢f each ccntrcl surface (rudder and hcrizental

stabilizer).

An ailercn servc was mcunted in the bcttem c¢f the
center c¢f each wing, and connected tc each ailercn by bent

music wire rcds.

The battery pack and receiver were wrapped in fcam
rubber and installed in the frcnt cf the fuselage between
bulkheads cne and three and the electrcnics mcunts. The
antenna exited the fuselage by the frecnt ccne and was
fastened tc the fuselage with siliccne RTV. It ran back
under the wing and then up tc the tep ¢f the vertical

stabilizer.

_l Ycke

The ycke for the Glider - Mark II was an aluminum
frame that bolted toc the frecnt and rear ¢f the bucket. A

schematic is shcwn in Figure 22.



Page 85
FIGURE 22
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There were fcur identical aluminum struts that were bclted
tc the bucket via the bucket's threaded rcds. A 1/8" wall
thickness V-secticn aluminum beam was welded tc the tcp of
the front struts. A 1/8" thick aluminum plate fcur inches
wide was welded to the side of each frent strut and to the
side c¢f each V-secticn beam. Each plate‘was then screwed
intc cne drilled and tapped rear strut tc hecld the whele

system tcgether. An L-bracket was screwed intc the frent
¢f each frent strut as part c¢f the glider pusher-beam

cecnstraints.
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The glider rested c¢cn the ycke with the pusher-beam
held by the L-brackets and the V-secticns. The tail bcem
skids rested in the tcp ¢f the V-sections. As the bucket

accelerated, the frent struts pushed c¢n the pusher-beam,

while the dcwn lcad cn the bcems was transferred to the
rear struts via the V-secticns. The frent V-secticns and
L-brackets transferred any up or dcwn lcads on the frent of‘
the glider to the front struts. When the bucket
decelerated, the glider slid cut of the yoke, while the

V-secticns guided the becems, keeping them and the tail

clear cf any cbstructicns cr the frent cf the yoke.



VII. FLIGHT TESTING

A) Ccnventicnal Launches

The same prccedure was used fcr flight testing the
Glider - Mark II as was used fcr the Glider - Mark I. When
the cecnstructicn was ccmpleted in JUly 1981, the glider was
assembled. The ailercns, rudder, and elevatcr were then
trimmed by eye. Adrian Nye, Osa Fitch, Whitney Hamnett and
I teck the aircraft, radic centrel set, and Hi-Start
launcher cut cntc Briggs field. Because c¢f the weight c¢f
the aircraft and its high stall speed (725 mph) a hand
launch was impcssible, since nc-cne cculd threw it that
fast. A Hi-Start 1launch was therefcre attempted. The
plane accelerated slcwly and then began tc climb, reaching
an altitude e¢f 50 meters befcre it released from the
Hi-Start. Adrian flew a left turn, straightened ocut and
then turned intc the wind fer a smcoth landing. Because cf
the slcw acceleraticn and lcw altitude gain, we decided tc
prccure another Hi-Start and use two ¢f them in parallel

fcr any subsequent launches.

With the dual Hi-Start, the 1launchings became much
smccther and quicker, with scmewhat mcre altitude gain. It
was determined that the ailercns were tecc sensitive tc
centrel mcvements and the rell contrcl was peer. The

sensitivity was reduced, and the later flights were very
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satisfactory. A few hard landings attested tc the strength
cf the fuselage and the tail, with even an upside docwn
landing causing no damage. Adrian was able tc set up all
the trim settings fer the three ccntrecls, and then the

aircraft was deemed ready for an electromagnetic launch.

B) Electrcmagnetic Launches

No electromagnetic launches have been attempted yet,
because c¢f minor prcblems with the launcher. Hcwever, the
glider and ycke assembly are ccmplete and have been fitted
te the 1launcher bucket. An electrcmagnetic 1launch is

expected within twc weeks.



VIII. CONCLUSIONS and RECOMMENDATIONS

) Cocnclusicns

Frcm the werk decne with the Glider - Mark I,’the main
ccneclusicn that c¢an be reached is that it is pcssible te
launch an aircraft frem an electrcmagnetic launcher at high
acceleraticns. It is pessible te launch a small, cheap
glider at up tc 100 gees and six times its glide velccity
while having ccmplete <contrcl cver it the whcle time.
There dc nct seem tc be any basic difficulties with the
prccess althcugh a full 1launch tc 80 m/sec has nct been
accomplished yet. I believe that if an aircraft is built
tc withstand the rigers ¢of a 100 gee launch alecng with a
very high 1launch velceity, there are nc strange
interacticns or transients that cccur in the very short

launch interval which would inhibit ncrmal flight.

It seems as thcugh a glider fer electromagnetic
launching purpcses can be built tc have a paylcad ratioc c¢f
at least 50% with the simple c¢onstructicn methods and
censervative design principles used in this report. It is
my belief that this ratic cculd be raised tec ~75% (alcng
with a higher glide ratic) by wusing less ccnservative
design principles, lower safety factcrs, and by gcing to

mcre advanced materials and censtruction prccesses.
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gl Reccmmendaticns

of ceourse, my first reccmmendaticn is that
electrcmagnetic 1launches with the Glider - Mark II be
tried, bcth with the shert wing and the 1leng wing, at
velccities up tc 80 m/sec. Next, I believe that a full
scale Cargc Glider shculd be built aleng with a full scale
launcher for it. Frcem there, wcrk can be dene tc increase
the perfcrmance (glide ratic) while maintaining stability,
and decrease the empty weight (increase the paylcad ratic).
These may be dcne by using Kevlar and graphite ccmpesites
fcr a great deal cf the structure, allcwing lcnger wings

and lighter ccmpcnents.

There are cther cenfigurations af the aircraft that
have nct been examined here because c¢f time ccnstraints.
Scme c¢f these are: a canard, a fclding wing fer 1launch, a
fclding wing canard, and an inflatable wing which inflates
after launch. It may be that higher glide distances may be
achieved and higher paylcads may be carried with these
cenfiguraticns. I believe that there is much werk left to

dec in these areas.
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1. Introduction

The purpose of this phase of the program was to determine
the vehicle and launch configuration that would produce the
maximum range for a given initial velocity at the exitrof the
- electromagnetic accelerator. The glider characteristics avail-
able for modification were the wing aspect ratio (AR) and the
wing loading.' Given the launch velocity, the only launch
parameter that could be varied was the launch angle, although
the glider angle of attack was assumed to be' controllable (if
desired) during flight.

The limits for allowable aspect ratios and wing loadings
were calculated by the glider design group, as were all the
other vehicle parameters. Maximum launch weight and velocity
were given by the accelerator group. Table 1.1 summarizes

the relevant information.

4Parameter Value {(or range)
CD .03
P

m 23kg

C 27

£

e _ .95

s .2m? > .65m?
AR 6 to 13

Vi 88m/sec

Table 1.1 Glider Data



The basic procedure was to numerically integrate the equa-
tions of motion to obtain the flight path, and maximum range,
varying AR, yi and m/s in a heuristic fashion until the maxi-
mum range was achieved. No attempt was made to formally opti-
mize the glider.

Since the philosophy was to design as simple a glider as
possible the emphasis was on gimple vehicle controls, unless a
large gain in range, commensurate with the increase in complex-
ity, could be obtained. The cases studied were the fixed angle
of attack case and the ballistic launch case, where the wing
produces 1lift only once the trajectory peak is reached.

This report is divided into three parts detailing the
equation of motion, the numerical techniques and the results
respectively. Copies of the computer code are included as an

e

" appendix.



2. The Equations of Motion
The equations of the motion were written in the flight

path axis, as illustrated in Figure 2.1, by the balancing of

forces. The equations are:
m.@E: -D - i
It ng sin y
(2.1)
mv dy _ -
a‘E-L mg cos Yy

where vy is the angle to the horizontal, m is the glider mass,
v its velocity, g the acceleration of gravity, D the total
drag and L the total 1lift.

The drag is defined by the equation

N
D = PV A CD

2 (2.2)

-y

where p is the air density, Cp the drag coefficient and
A is the drag reference area. The 1lift is similarly defined

as

_1l 5 o
L =3pv 8 C | (2.3)

where S is the lifting surface area and CL is the 1lift

coefficient.



mg

2.1 Flight Path Axis



The drag coefficient is composed of two elements, one

is the 1ift independent drag and the other the drag induced
due to lift.

2
e’
D Dp meAR (2.4)

The 1lift coefficient is derived from thin airfoil theory4

and is
C = _CLX
L -+ CLY o
TAR . L (2.5)
CLaz 2T

The air density is assumed to be an exponential function

of altitude and is given by

e—h/634l

i

p = 1.2

(2.6)
with p in kg/m?



3. Numerical Methods
A fourth order Runge-Kutta method was used to integrate
the equations numerically. The four equations of motion are

arranged as follows

du _ —D/m -g sin vy
dt
dy _ L -9/, cos ¥
dt mv
(3.1)
dv _
Jg = V cos ¥
dv _ .
FE = vV sin vy

The right hand sides are functions of V, vy and y.

The algorithm used is an extension of the ﬁwo first order
equation case as given in Hildebrandt.2 The error is on the
order of (At)4. For the trajectory analysis At = 1 sec and
the algorithm was implemented on a PDP 11/.0 using single

precision arithmetic.

4. Results and Conclusions
4.1 Introduction
In order to establish a baseline vehicle a wide variety of
vehicle configurations were simulated on the computer. The
cases can be grouped into three general types; ballistic, fixed
angle of attack and variable angle of attack. Maximum ranges
and optimum launch angles were calculated for all the cases and

the results used to choose a configuration for actual construc-

tion.



4.2 The Bllistic Vehicles
The simplest case was the ballistic projectile with no

lifting surfaces. With a drag coefficient of CD = .03 and
P

a launch angle of 45° the range was 644m. With CD = .001
this range increased to 804 m. Essentially, this ig an artillery
shell with no controls and the simplest structure, due to the
absence of wings.
4.3 The Constant Angle of Attack

The constant angle of attack configuration was the next
simplest design with the wing preset at a given angle of attack
and no active controls. The improvement in range over the
ballistic case (with equal Ch ) was 113 m for an aspecf ratio
of 6 and 192.4 m for an aspecg ratio of 13. The reason for
this relatively poor performance is the need to maintain stable
flight over a wide velocity range and duiigg the very steep
climb. Unless the angle of attack at launch is kept well below
the angle for optimum L/D the glider will loop. Besides the

short range, this configuration has very high landing velocities

unless provisions are made for a flare at landing.



4.4 The Variable Angle of Attack

Since it is difficult to obtain good range in a vehicle
designed for a high velocity boost and for gliding, the ob-
vious step was to separate the two flight conditions and opti-
mize for each with some simple control system providing the
transition. The result was a combination of the previous two
cases with a ballistic launch and lifting glide. The wings
are deployed on launch but are set to provide no lift. At the
peak of the trajectory an actuator sets the wings at the angle

of attack for maximum L/D as determined by the relationship.

0Lmax L/D

TeAR CD (4.4.1)
c, 2P
Lo
If the air density does not vary significantly this will

produce the maximum glide distance. Thefgiide distance for

the constant angle of attack is3 . '
C v, 2-v_2
- _L _ i £

(4.4.2)

where h is the altitude and v the velocity. Since p varies
less than 5% in all the analyzed trajectories, this relation-

ship is good for the cases of interest.



The free parameters for this analysis were taken to be
Yi' the launch angle, AR and s, the wing surface area. Ys
determines the peak height of the trajectory and the cross-
range during the ballistic flight while the latter two, along
with the trajectory peak, determine the gliding range.

The procedure was to find an optimum combination of yi
and s for every given AR, then to compare the optimums at
each AR with each other. |

Figures 4.1 and 4.2 give maximum ranges vs. wingloading
for AR = 6 and 13, respectively. Each maximﬁm is achieved at
a given optimum launch angle which is given in figures 4.3 and
4.4. For each AR there is a winglcocading that gives maximum
total crossrange. The peak range is achieved with wingloadings
on the order of 9.5 to 10 lbs/ft?. The roll off in range
after the peak is due to the increase in.drag during ballistic
flight which reduces the trajectory peak and the ballistic
crossrange.

Figure 4.5 gives the maximum ranges versus AR for AR rang-
ing from 6 to 20. The variation with AR is nearly linear.
Theory predicts that for gliding flight at optimum L/D the
range should vary as AR. This proves to be the case when

the ballistic crossrange is subtracted from the total range

and the increase in peak trajectory height is accounted for.
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4.6 Conclusions

Table 4.1 gives a summary of the data for all the cases
examined. Figure 4.6 showé representative trajectories for
the ballistic, constant angle of attack and variable angle
of attack cases.

The best configuration is the variable angle of attack
design with as large as aspect ratio as possible, The only
limit to aspect ratio would be due to structural considerations.
The wing loading should lie between 9.5 and 10 lbs/ft? and
launch angles will be in excess of 70°. Any limits due to
diminishing returns on AR will only occur for very large AR
when the AR law begins to reassert itself as Y; reaches a
limit. A further limit may be that the high angles of attack

needed for optimum L/D at large AR may be difficult to realize.
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Table 4.1 Summary of Results

Case Yi S a max range
Deg m? Deg m
ballistic (CD = ,001) 45 0 0 808
ballistic (CDp = ,03) 45 0 0 644
fixed a °
AR = 6 0 .2 8.9 757
AR 13 0 .3 5 836

variable a, ballistic launch

AR = 6 N 65 .50 8.9 3744
10 ” 70 .45  10.5 4940
13 70 .45 11.4 5715
16 70 .50 12.3 6362

20 70 .50 13.4 7155
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APPENDIX: The Computer Program

TYFE IM.O!TRJ.FOR
C THIS FROGRAM USES THE RUNGE KUTTA INTEGRATION
0 TECHNIQUE TO SOLVE THE LONGITUDINAL EQUATIONS
C  OF MOTION FOR AN ELECTROMAGNETICALLY LAUNCHED
¢ GLIDER
REAL Ly MyLOVERD
COMWUN/AFROFK/(DFyLIGIrHyorﬁhyhyﬁrﬁthPHAyﬁUNDFn
10 FORMAT (40H INFUT COFsCLALFHAsARE»M FOR THE GLIDER)
11 FORMAT (40H CDPF IS THE LIFT INDEFENDENT DRAG COEFF.
1/2&H ClLALFH IS THE LIFT COEFF.,
2/22H 8§ IS THE SURFACE AREA
3/728H AR I8 THE WING ASFECT RATIO
4/19H E I8 THE AERO. EFF
G714H M I8 THE MASS
&722M & I8 THE FRONTAL AREA)
TYFE 11
TYFE 10
PI=3,14159
14 FORMAGTIGFLIZ,4)
135 FORMAT C4F12.4)
READCS, 140 CHOFyCLALFHy AR E s M
CLALFH=CLALFH/ (L CLALFH/ (FTEARD )
20 FORMAT (26H INFUT OT IN SECSyY0yXO0»V0)
TYFE 20
REALCSy18) UT»Y1,X1I»V]
151 FORMAT(23H INFUT DEFLOYMENT GAMMA)
TYRE 151
REALCS,118) GAMMAD
GO TO 150
147 FORMAT(29H INFUT ANGLE OF ATTACK IN DEG)
150 TYFE 147
READCEy118) ALFPHIN
ALPHIM=ALPHINX3.,14159/180,
IF(ALFHIN JGE. 0.0 GO TO 167
ALFHIN=GQRT (FIXEXARYXCOFP/CLALPHXX2,)
TFCALFHIN JOT. J2792) ALFHIN=,2792

113 FORMAT(F12.4)

1865 FORMAT(L7H ANGLE OF ATTQCK=rF8.375H DEG.)
TYFE 135353, ALFHINX180./F1

160 FORMAT(6F12.4)

157 FORMAT(52H INPUT LIMITS»81.8F yDELTASyCAMMAL

: 1 GAaMMAF Yy DELTA GAMMA)
1467 TYFE 1357
READ(Ss160) SLySFyDELSyGILyGF»RELG
GI=FINGI/180.
GF=FIXKGF/180.



175

170

185

G
o
-
200
210

555

TELG=FIXDELG/180,

$=GI-DELS

$=8+DELS

A=S

GAMI=GI-DELG

IF(S +G6T. SF+NELS/2.) GO TO 1000
FORMATC(LSH WING LOADING =+F8.3,8H LERS/FT2)
TYFE 170yM/8%.2044

CAMI=GAMI+DELG

TF(GAMI GT. GF+OELG/2.) GO TO 175
X=X1

Y=YI

Y=T

GAM=GAMI

T&=0

THESE ARE THE RUNGE KUTTA SUBROUTINE CALLS

THE HORIZONTAL DISTARNCEs Y THE ALTITULE
GaM IS GaMMA THE FLIGHT PATH ANGLE
ALPHA=ANGLE (Y- GaM ALFHIN: LA » GAMMATD
VO=DTRFI(Y »Vy GAM)

GAMO=TTHF2(Y »Vy GAM)

XO=0TkFI3(Y Ve GAM)

YO=DTREACY o Vo GAMD
V1=0TRFLIC SV U 5RVOy GAMA » DXRGAMO)
GAML=ITRF2Y+, 5870y Ut . 5RVOy ANt BREAMO)D
XL=DTHF3 Y+ SRY0 Ut 5EV0 GAMt . SXEAMO)
Y1=UTREFA O SRY0 U4, 5VQy GAML s THEAMO)
V2=DTHFLY 4, S8Y 1,V 3V s GAMY . SGHEAML)
GAMR=DUTEF2CYH, 9%V Ly U+ GRUL » GAOMA . OREAML)
X2=DTRF3CYH %YL o U4 ORVL » GAME L GRGAML)
Y2uDTRFAY L GRY LV 5V Ly GAME . SROAML)
VZ=DTRF LY +Y2y VEV2y GAMEGAME)
CANZ=DTRF2(Y+Y2,VHVU2,GAMLGAM2)
XE=UTHFIYVHY2 s VHVE » GAMTGAME)
YI3I=0TRFACYEY2,VrVEy GAMFGAME)

Va4l o /76, X (V02 VL + 2. %V24V3E)

GAM=GAM+1 .76 « N (GAMO+2 s AGAML+2 . XGAM24+GAM3)
X=X+t1e /60X (XOH2 ORXLH2 s HX2HKS) ’
Y=Y+1,/786 R YOT2 XY 1+2.XY24+Y3)

IFCY +GTs Ol +AND. UV WGT. 1) 6O TO 200
LOVERD=WLIFT(Y»VsSsCLALFHyALFHA)Y/

IORAG(Y sV COF s CLALPH Ay ALFHASARYE5O4)
TYPE S535yGAMIXIBO0./FLrSy Xy LOVERD, Vs UXEINIGAM)
FORMAT(LSH GAMMA INITIAL=»F4.0y11H WING AREA




1=y F&.2y3H X=yFb 1lySH L/T=yFé6.2¢3H VylFbdelraH VUY¥=eF6,1)
GO TO 185
1000 ENI .
{ THESE ARE THE RIGHT SIDES OF THE DIN/DX=
C FOR Nt UsGAMsXe Y
FUNCTION F1(Y»VsGAM)
REAL ™
COMMOMN/AEROFR/7CTIF s CLALFHsSrARsErAsMrALFHA» AUNIER
(G=9.,8
D=0RAG(Y yVrCOFyCLALPHyArALFPHAY AR s E v AUNDER)
Fl=-D/M-GX8IN(GAM)
RETURN
END
FUNCTION F2(YsVrGAM)
RiZAL Ml
COMMON/AEROFR/CIFyCLALFH s Sy AR E»Ar My ALFPHA» AUNDER
G=%.8
LWL IFTOY s Vs Sy CLALPHy ALFHA)D
Fa=l /mM/VU-0/0%C08 (GAM)
RETURN _
END
FUNCTION F3Y3iVyGaM)
FR=URl08 (GAM)
RETURN
END
FUNDCTION FacY»VyGAM)
FAa=UXSIN(GAM)
RETURN
END
G THIS FUNCTION COMRUTES THE DRAG
FUNCTION DRAG(Y»VCOFsCLALPHY Ay ALFHAY AR Ey AUNDER)
RHO=DENS{Y)>
CR=CnP+CL (AL FHA Yy CLALFH Uy Y2 3X2/73.14132/E/70R
DRAG=  GERHOKVREKD RAKCD
RETURN
EN
C THIS FUNCTION COMPUTES THE LIFT
FUMCTION WLIFT(Y VS CLALFHALFHA)
RHO=DENS{Y)
WLLIFT= SURHOXVXX2 . XSXCL (ALFHA Yy CLALFH Uy YD)
RETURN
END



FUNCTION DENS(ALT)
DENS=1 . 2¥EXF(-ALT/6341 )
IFCALT LT, +01) DENS=1,2
RETURN
END
C THIS FUNCTION COMFUTES THE LIFT COEFFICENT ...
FUNCTION CLC(ALFHACLALFHV,Y)
REAL MACH
RHO=NENS(Y)
A=291 , LO2%BART (RHO )
MACH=V/A
TFMACH T 28 +aNDe MACH (GE. Q.2 GO TGO 20
TYFE 1%»VUsrayMACH
15 FORMAT(3H Ve F12,.453H A=yF12,436H MACH=,F12.4)
STOR :
20 COEFF=1.,/80RT (1. ~MACHXX2)
ClL=ClLALFH¥*aLPHARXCOEFF
RIZTURN
END

STYRE DLLOTANGOFALFOR
FURCTION ANGLECY yGAMy ANGINy LAy GAMMAL
TFCras JEQ. 1) GO TO 20
TFGAM JLE. GaMMALK3,1415%/7180.) GO TO 20
TH=0 .
ANGILE=0 .

) RETURN
20 ANCLE=ANGIN

T
RETURN

ENI



B. Wing Mcment Fcrmulaticn

Frem Figure 10 we have:

CANTILEVER BEAM MODEL
OF  WING

M2

" ' b
since S = b x ¢ = and = C
g "

b= l//R;' [\M,/: (1)

The 1ift distribution is assumed tc be cocnstant alecng the

wing (a ccnsevative estimate) and is
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W, = (2)

[ Wa s
The maximum mcment cn a cantilever beam with a unifcrmly

distributed lcad cccurs at the rcot and is

1

me: % | (3)

In this <case q = w, x n, X S.F.' H l = b2 so
substituting these intc (3) and ccmbining with (1) and (2)

gives

‘[‘W,/—]

n SFf (4)

'mu

The fcrce distributicn that creates M is the inertial
lcading frcm the mass ¢f the wing under acceleraticn. This

is given by

W, = Wo . W (5)
Yh A
W/
Assuming that the wing is uniform. Then with
qQ =W, xn x S.F., an 1 = b2

AT

1mu



C. Longitudinal Static Stability Determinaticn

The derivaticn c¢f the lcngitudinal static stability is

taken frcm reference 6.

Horizontal.Tail Lift

= Cm., J:Lﬁ:;r Vij‘é * (/’t "Ao)C Z_
Ly

(1
7&‘0";?. Tm/)

Herizental Tail Lift Cecefficient

_ [T(Aarfz %) (2)

= 77 z o7
LT(hor'l’:'. 7;:/) /1 &»— ‘/ A);

The tail incidence angle is given by

o< = nggu.‘f.’) — a:., (3)
T a, a, 1
Where ‘7 , the Elevator angle to trim, is given by

- (1 +f>CLT(h.7) i %(i‘gf)cc ~4 (4)
1 4,

F , a correcticn factor, is given by

Sk
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The stick-fixed neutral pcint is given by

}’),,= /’),,'f' 3’#‘,}“(1‘%9 (6)

V-S4 7

and
Frem this the Static Margin can be determined

¢, =(h-h,)

Fcr the aircraft tc be 1lecngitudinally statically stable,

Kp > 0.



D. Dynamic Stability Derivative Formulaticn

The fcrmulaticn fer the dynamic stability derivatives . is
taken frcem reference 7, and has been mcdified tc take inte

account that the glider has no engine.

1) Lengitudinal Stability Derivatives

a - lift curve slcpe ¢f the wing, given by
4=y (a + AR )
Where g, is the thecretical 1ift curve slcpe c¢f a

2-dimensicnal wing, normally taken as a s 2 x Ir .

(DL* - lift curve slope c¢f the aircraft as a whcle
o3 - afir F o0
g, 9ol IL
(3”d - change in mcment coefficient with angle of
attack

-4 = alh-h,) = -ak

C - change in X-directicn (drag) ferce with angle cof

1o
Cup® P CL (1" ;{C“)

attack
TR €,
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where €, is a wing efficiency facter, here taken as 0.95

Cé - change in Z-directicn force with angle c¢f attack
oA
;C
L
C&u - change in the X-direction ferce with change in

fecrward velccity and 1is, as such, the "speed damping"

derivative.

"

Cy, = ﬁ%—‘ -2,

Cé - change in 1lift due tc the pitching velccity

24

(3mi - change in mcment ccefficient with pitching

C gz% -2al

velccity

.90~ 4
Cmi-ai Cii-at

- change in Z-directicn force with rate c¢f angle

2

(3m - change in mement ccefficient with rate ¢f angle

&
()C

cf attack changes

Zs
c¢f attack changes

.. b

29 C

Gy

2) Lengitudinal Dimensicnal Parameters
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1 - characteristic length

1=

ncn-dimensicnal mass

M
M fur S A

=

g* - characteristic time

t¥ = g4>
éB ~ ncn-dimensicnal mement ¢f inertia abcut the Y-axis
(Piteh axis) . 5

(‘ ] Fm};j?

) Lateral Stability Derivatives

C%/ - change in sidefcrce due tc sideslip angle
(i
S . 5
C = - T CL 2
Yo If L(verteal Tal) S
C& - change in rolling mcment due tc sideslip angle

0p= 82 <R f ] Lo, B3 ¢
[ 1]

This derivative is the dihedral effect, and 1is the majer

determinant ¢f directicnal stability.
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- change in yawing mcment due tc sideslip angle,
"F

kncwn as the weathercccking derivative.

- C% ” L; yi }70Qm4&5 %Amm%] JC; 2 |
Cn/g‘ég-ﬁ- -[CL“(VT)F-‘TV]_[I.B W5 +[—A’C_}£C2

C&p - change in Y-directicn fecrce with rcll rate, in
these cases negligible
C
=_5__2’z0
Cre Ip
Chf - change in yawing mcment due tc rell, and is the

cause ¢f the cre¢ss ccupling ¢f rcll and yaw

C/i,o 3/8 [2 C‘-Lm)?f ?] [ ‘]

C&f - change in rclling mcment with rcll, and is kncwn

as the roll-damping derivative. It 1is «c¢cbtained frem

reference 7, pg. U487

C
Cy :Ji—! = - conftbﬂ%
ror
Cb, - change in Y-directicon fcrce with yaw rate

_ 96 S 4
Crar 20y 5T

Chr - change in rolling moment due to yaw rate, and is

ancther cause ¢f yaw-rc¢ll cross-coupling.

29[, 2] [3E .|

C%r ~ change in yawing mcment due to yaw rate, and 1is

the yaw damping derivative

o35 [C/rﬂy][ “cf-[03 G
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4) Lateral Dimensicnal Parameters

\l - characteristic length
- %
{72
/U - ncn-dimensicnal mass
Il
/(1 &/?‘,.571
t* - characteristic time
t* — g/&
iA - ncn-dimensicnal mcment of inertia abcut the X-axis

(rcll axis).

joa A
A .S A

(¢ - ncn-dimensicnal mcment cof inertia abcut the Z-axis

(yaw axis).

. C
be s I°

CE - non dimensicnal precduct of inertia abcut the Y-axis

(pitch axis).

[ = —5
E- A S



E) Dynamic Stability Determinaticn

1) Lengitudinal Dynamic Stability (Stick Fixed)

a) Exact Scluticns:

The equaticns cf meticn used here were developed in
reference 7, as Was the characteristic matrix resulting

frem the equaticn ¢of metion.

The characteristic matrix fer lengitudinal moticn is:

(1}1)- Cxu) - sz C. |

(2¢.- G,) (W‘Ca)'cz) Nap + C;,) = 0

~Cm, (6 *G,)  (()- C”’7A>

This is the stability determinant and gives a fcurth crder
characteristic equation c¢f the dynamic system. Expansion

¢f this leads tc

A+ o) s s Es o0
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>

where

i 2/‘“'/3 (2/”— C*:L)

joe]

< =204 (G+ G ) F 4 G Gy - 2N (C*zc"“ A C*d)

_.qfll(cml'fCFi>

(@]

¢ (6 Gy~ Gyle,) + 2p(C Gy G G FGCy
+Cony G = (417G, ) = €, (6ry Coy= Gy Go)
120, C

= =2 CFCpry +2M(Cy, Gy~ GG, #C.Con,)

(G Cay- Gy Ch> 'CM (G, C*y il C“z Q«)

- ClGna G = Co, Cn,) =2, Gy G

= "CL[C”‘,L(ZCL 'Cfu) 7 C'"“ Czd,]

o

[¢2]

Sclving the characteristic equaticn for .h gives twc pairs

cf ccmplex ccnjugate roctis

. . _ : —
PR R TERK AR ):,4 =, T, V15

The first set c¢f rcots, )11 , is a leng periocd, 1lightly
?

damped mcde and is called the phugcid mcde.

The seccnd set c¢f rcots, )34 , 15 a shert pericd,
7
much mcre heavily damped cccillaticn, and is kncwn as the

‘'shert pericd mcde.
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B) Apprcximate Scluticns:

Apprcximate scluticns fcr the phugeid and the short

pericd mcde are given by the fcllewing equaticns:

i) Phugcid Mcde:

Y =S, tm IS
!

L2

where

C,
C

C _
W= i J i

The apprcximate values for the phugcid mcde are accurate tc

5

within 20% c¢f the exact values.

ii) Shert Pericd Mode:

Y = -5, T (SIS

34

‘Wwhere

[~ Cgfxf; Lo fo

“f 2 . Zﬁ“;gfldch+3/16;£ 1
-3 [’ : _
21U, G0 )]
The apprcximate values for the shert pericd mecde are the

same as the exact values t¢ within the accuracy cof the

calculaticn.

Fer beth the phugeid and shcrt pericd mcdes the peripd
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cf c¢scillations, amplitude halving time, and cycles to

halve are the impcrtant parameters. These are given by:

PERIOD T =Whﬂ r*

HALVING TIME © Tpe =~ — t°

That
Nhal‘f =

CYCLES TO HALVE: 2

2) Lateral Dynamic Stability (Stick Fixed)

Again, the equaticns cf mcticn and resulting

characteristic matrix used here were develcped in reference

7.

The characteristic matrix fer lateral mcticn is:

(z/u) - C/vp) ‘(Cyf} + CL) (3 - Cy.)

O

- Cl,a (iﬂ)‘—- C/T)) "([:e) +C1r)

’Cn/@ -((, )‘+C,/,)) (C)- C"r)

This stability determinant gives a fcurth crder
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characteristic equaticn c¢f the dynamic system. Expansicon

leads tc:

AW+ BY +CAN « DN +E =0

where A = lﬂ (LA éc‘égl> |
s G 6)- 3t el

€= szu[clerIf‘C?o C‘r *C:‘ C‘lg 1"25 C_%]f'é;(gfca,. —Cﬁ 9,)

+6 G- Gy ) Gy G e G G)

D = C)',g (Cz, C"lg - C‘rclp) s Q’f (C_? Coy C’ﬂ C‘k)
Hu - g,)(ctf Cp-Gy fo) -G, G, e Cn/s)

E = CL[Cg/, C”r‘ C‘F Clr]

Sclving the characteristic equaticn [either by computer
prcgram (ACCESS) c¢r 1lcng divisicn] gives twe real rects

plus cne pair c¢f ccmplex ccnjugate rccts.

) )z >‘34 - —5‘3&(/,,3-!: ¢ Uny: jvjrf

The first rcct, )' y 15 the smaller real rcct and defines

b J
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the spiral mcde. It has a steady decay, with a halving

time given by:
t - O,G‘?f#’
half P

i

The seccnd rccot, , the 1larger <c¢f the real rccts,
defines the rclling mecde. It alsc has a steady decay, with

a halving time given by:

¢ 0.61 ¥

-
half h
&

The ccmplex cecnjugate pair defines the lateral
c¢scillatiens, alsc kncwn as dutech rcll. It has a pericd,
halving time, and cycles tc halve given by:

| ) _ er’ &
PERIOD : T =w =

HALVING TIME ! Gt = ¢

CYGLES TO HALVE : M= —p —



X. BIOGRAPHICAL NOTE

The authcr was bern during August, 1957 in ncrthern
Manhattan, and lived there till the age ¢f six. Along with
his parents and sibling(s) he mcved tc Englewccd, New
Jersey fcr the remainder c¢f his fermative years, attending
Dwight Morrcw High Scheel in the process. He left the
cemferts of upper middle class suburban life in September
1975 tc attend the Massachusetts Institute ¢f Technclcgy in
Cambridge, Massachusetts, with the intent toc study Physics
and/c¢r Mathematics. Ccming to his senses 1late in his
scphecmere year, he majecred 1in Aercnautical Engineering,
while alsc taking many ccurses in the Mechanical
Engineering Department. He was graduated in December 1979
with a 4.55/5.0 G.P.A., having cnce wecn the "Wunsch Silent
Crane and Heist" award fer cutstanding design ¢f an Algal
Harvester, fcr design werk accomplished in a Mechanical

Engineering design ccurse.

Fer three summers the authcr werked at "Kevar
Engineering Services", a precisicn machine shecp, and became
prcficient ¢cn the miller, lathe, surface grinder, and many
cther machine tocls. He enjcyed werking with his hands and

felt it indispensible fecr an engineer to know and

understand machine shcp practices.
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Mr. Zeitlin began attending graauate schecl at M.I.T.
in _the Aercnautiical Engineering Department in February
1980 and prcmptly wen ancther "Wunsch Silent Crane and
Hcist" award fer cutstanding desing c¢f a Glare Screen
Mcunt, fer werk acccmplished in an advanced Mechanical

Engineering design ccurse.

After he is graduated (again) in August 1981, Mr.

Zeitlin plans tc live and work in the Becstcn area.
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