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Praface

Qespite very rapid developments in asrodvnamic theory and the
areat improvements in the ussuge of this theory throuch the develop-
ment of modern computer faclilivias, much of the desiar work on unusual
confliqurations is a trial and error process that utillizes approximate
mathematical models of the confiquration to ald the dasianer in the
analysis of these confliaurations, Tha followina thesis demonstrates the
application of this desian process to a specific design requast from
the Alr Force Avionics Laboratory. The trial and error process would
have heen more error than trial were it not for the help of Mr, Russel
Osborna, an enalneer for the Alr Force Fliaht Dynamics Laboratory. |
would also like to thank my thesis advisor for his patience and for
providinn soma neressary direction, Additional thanks ao to the Ailr
Force Institute of Technoloay Model Shop for their patience in bulldina
and frequentiy repairina the test models necessarv for *hls investiaation,
It qoes without sayina that | owe much to my wife, Scotty, for insulating

ma from the ocutside world while writing this report,

Phillip L. Abold
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Abstract

An unpowered, unquided vehicle to bs deployed from » 4,7%" tla~e

tudbe was dasiqnad, The dasian criteria wers:

1) six cublc inch, to pound pavlicad

2) minimum qlide speed of 50 knots

3) glide ratio In oxcess of tive

4) stable with particular emphasis on

heading stabliity

Two basic contiqurationt were considered in the analvsis: the tirst wes
8 tailless vohicle, and the second was a conventionally tai!led vehicle.
It wes found that the tailloss vehicle could not meet the stabliity re-
quirements and thus the tailled vehicle was chosen to meet the desliagn
criteria, The analysis brocoduro consisted of a computer model to analyze
vehicle stability, wind tinnal tests tc calculate aerodynamic deriva-
tives, and fliagh* tests to demonstrate pertormance, The tinalized vehicle
had a folding wing and a tlexible taii-boom to meet the packaging re=
quirement, The resul ting vehicle had a qlide ratio sliqghtly in excess of
25 and was very stable In heading, while meoting all other design

requirements,
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DESIGH OF A DEPLOYARLE wING GLIDER

1. Introducticen

The Problon
In an era of aver changina aerial tactics and countertactics, a

constant search for new weanons is malntainod, Tha desion of ane such
weapon ayatem is the subiect of this thenis, The Alr Fcrca Avionics Labe
oratory recuested the aesian of an unpoawerea, unauidea, alr ~rne vehicle
capable of carrvina o six cublc irzh pavimad weinghina tws nounds at
a8 mini~um allde speed of 50 knots, To achieve masirun dispersal capabile
ity, anch vahicle must maintain It doanlovrant no-wing heading, and rus¢
ba of minirum volure sa that mayimum A)=ners may bn carried hy the care
rier vehicle, To eliminate the need for davalopmant andt rualiticaticn
of a new stora, the nroresal reauired that the vehicle be able to te
carried in a 4,75 inch tlare tute, thus prosentina a sianificant pockaq-
Ina nroblem, In surmary the nrantem presented was to deslan a vehlcle
sub ject to the tollowira constraints:

1) unrowered and unayider

2) six cutic inzh, two pound pavioad capacity

3) minirum alide speed o¢ 5O knots

4) alide ratic in excess of five

5) stable with narticutar erphasis on Peadina stahitity

A) minimum size and nackyaenble In a 4,75 Inch tude,

1
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The Analysis Procedure

As In any design study, the method used to create the final resuit
was one of iteration among . best solutions to each of the design crite-
ria. This analytic process used the most simple inethods suitable tc the
complexity of the yi.roblem and testing methods utilizing the best avail-
able equipment, The procedure used in this design effort was divided Into
four parts: ar extensive |iterature search to #ind the most suitable con-
figuration for the required mission; the creation of a useable mathemati-
cal model to describe the chosen configuration; wind tunnel tests to de-
termine the required aerodynamic coefficients; and flight tests of the
various test vehicles,

Iferation among each of the latter three areas was accomplished to
enable the chosen configurations tu be optimized for the mission. This
particular type of design process allowed the cnnfiguration to be mcdi-

fled during the process with little interruption of the test sequence.

Limitations and Assumptions

The design process did not include certain areas that would be of
interest in further studies of the design., These areas include deployment
aerodynamics and stability, and a structural analysis designed to deter-
mine the construction materials which prov'de the best compromise between
weight, strength, and flexidility. These two areas were beyond the scope
¢t this study due to limitations in the available faciiities and time,

The major assumptions in the analytical modeling concerned linearity
of the aerodyr imics and of the equations of motion used in the stability

analysis. Both of the assumptions are normally made in the preliminary

s e s st k. it e
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desian phase, and are narticulariy valid for a qlider desiqgned to maine
tain a symmatrical eaquilibrium fliqht condition, The assumption of |inear
aerodynamics made the stabilitv analysis possible since the stability
derivatives were then possible to evaluate as functions of the planform
and equilibrium fiiaht condition, Further assumptions concerning each

particular confiauration will he discussed &s they arisa,

Order 21 Discussion

The report first discusses the cholice of confiqurations to be con=-
sidered, and then describes the entire analytic process for each of the
chosen confliaurations, Although all of the phases for each confiquration
were carried out simultaneously, the description of the entire analysis
procedure for one confiquration at a time leads to a more understandable
1 "esentation, Specific conclusions concerning each confliquration are
presented at the end of the discussion of that particular confiquration,
while aeneral conclusions and recommendations are presented at the end

of the report,
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i1, THE CONFIGURATION

Confiaurations

The initial choice of confiqurations to be considered was important
because it rrovided direciion to the entire desiqn process, |t was pos-
sible to rap!diy eliminate some confiqurations from further study because
of thelr inherent Iimitations. in particular, both balloons and pari=
chutes could not meet the requirement for a forward velocity of 50 knots
and were therefore eliminated from consideration, All parafoll devices
had to be eliminated due to glide ratios possible, alttough in avery
other respect they nresented an excellent solution, |t was nossible that
a hybrid vehicle, part balloon and part riaid wing, could have met the
desiqn requirements, but storaae difficulties for such a vehicle elimin-
ated it from consideration, As a result of the ahove aliminations, only
rigid wina vehicles were studied further,

Three possihle confiaurations ware evaluated for possible study and
two with their modifications were chosen to be studied, The three confian-
urations studied were: an all-wing, a wing-body, and a conventional
tailled vehicle.

The all-wing vehicle was first considered to represent the best pos-
sible solution to the overall problem, After studyina possible ﬁlan-
forms; however, it was found that an excesslvelv‘large vehicle would be
necessary to provide sufficient useable payload volume, Such a 'arge
vehicle presented a formidable packaaina problem, and the foldinqg mech-
anism was excessively complex. For these reasons, the all-wing design

was not considered further,
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The wina=body was considered to be the next best solution, This
vehicle was more sasi!y packaqged than the all-wina Vohlclo, had the poten-
tial for higher performunce than the conventional confliquration duve to
lower expected draa, and provided a i{ess complex foldina nroblem than the
conventional vehicle and was thus expected to be mere reliable, The
critical desian point for this confiouration was the stadbility require-
ment, This point was expected to present problems since 3 study of avail=
able literature, in particular reference |, indicated that tallless
vehicles were often only weakly stable, If stable at all, in some tilght
modes, |f this desian recuirement could be met, then this confiquration
sppeared to present the best soluflgn to the desian oroblem.

The least desirable confiquration from preliminary estimates was the
conventional vehicle, The desian was the most complex mechanically and
thus prodably the most unreliable of the two possible configurations,
it did have certain advantaces; however, it sresented the most stable
confiquration, and had the advantane of beinq Yetter known sc that the

desiaqgn process could be better analvzed.

Confiquration Geometry

After the two basic confiqurations were decided upon, the basic
planform parameters were obtalned from an analysis of the packaging prob-
lem, The more complex packaaino probiem was the conventional vehicle and
so It was chosen to determine the qross dimensions, To facilitate the con-
struction and testina of the wind tunnel and flinght test models, and to
ald In the comparison of the two contiqurations, as much commonality as
was possible was maintained between the vehicles, Afiar many cut-and=try

"naper doll" models, the final aross dimensions shown in fiqures | and 2

were chosen,
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Flg. 2. Wina-Body-Talil Confiauration
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Althouah the chosen airfoil section, an NACA 4412, did not represent
tho optirum solutton to the wina=nody oroblem, it did present a ready so-
lution to *he folding problem as a result of its nearly flat bottom sur-
tace. A wing toldina mechanism was designed for this wina by Mr, Lance
Llook of LOM Comnany under contract from the Alr Force Flight Dynamics Lab=-
oratory. Through use of a simple tension spring system, 1he wing was
folded at two points on each semi-span as shown In fiaures | and 2,

A low drag wina tip shape was developed using Information from ref-
erence 2, The horlzontal cross section of the body wes chosen to ve syme
metrical with the point of maximum thickness located at the body midnoint,
This protile was used rather than a more streamlined shape in an attempt
to ensure that the body center of pressure was behind the center of agrave
Ity for the entire static marain ranae so that directional stability
would not be a problem,

The one remaininn pararster to be established was the wing sweep,

In the conventi: 13! vehicle, a wing sweep angle of 0 degrees was chosen
to provide maximum 11ft at lower anqles of attack and thus to reduce the
draq, In the wing=body, wing sween was a necessity to ensure sufficient
static marqin range to provide lonaltudinal sfablllfy; Wing sweep moved
the aerodvnamic center att and allowed areater l|atitude in payload loca-
tion, After makina the assumption that the wing aerodynamic center was at
the .25 mean aerodynamic chord and that this chord was located at the
area center of the semi-span, a qocd assumption in view of the method of
reference 3 in locatina this chord, It was found that & sweep ancle of
15 deqrees wouid provide a static marain ranje in excess of .30 while
presentina the least possible compromise with performance,
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111, THE WING=BODY DESICN

Alrtol) Deslan

All tilght vehicles must satisty the follow'ng three requirements to
be able to achiove stable, trimmed fliqght: a positive c“o’ 8 negative
GMG. ond a Cy=0 at some angle of attack qrester than 2ero (Ref 4), In
order to provide this capability, a modification of the basic NACA 4412
alrfoll section had to be developed since a positive!s cambered airfol!
could nor provide the required positive c"o and no other airfoll section
could be tound to provide the required serodynamic cootficiaents and meet
the requirement that the bottom surface be flat for packaging purposes.
Several soiutions to this problem were available among which were util-
izing acacmetric twist, upward deflected tlaps, or a reflexed camter line,
The simplest solutions were either flaps or a reflexed camber |ine since
twist would require construction of a new wing, while the other solutions
only meant sectioning the wing, The bast solution from the packaqging
standpoint was the reflaxed camber |ine so this solution was used.

One major assumption was made in the development of this wing; that
creating an airfoli soction with sufficient reflex would provide suffi-

client accuracy, ianoring al! three dimensiona! effects, so that the actual

wing camber line could be reflned In the wind tunnel without reconstruc-
tion, Resulting wind tunnel tests proved the validity of this assumption,
The theory of thin wing secticns used in the alirfoil design (Ref 5)
was iterated over several profiles until the desired properties were ob-
tained, The nocessary wina G, obtained from a summation of moments about
the aerodynamic conter assuming a static margin of ,20 and neglecting drag

eftects on the moment balance, was ,1450, This G, ylelded a vehicle Cy=d 5
9 i
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st an arbitrary 10° snale ot attack, Making the assumption that the

alrtol) could be representod as shown delow in fiqure 3,

Fig. 3 Retfiexed Camber Alrtoil

and that line A was parabolic in shape, |ines B and C were straight, the
equations for each |ine were soived by matching boundary conditions at

points (p‘,mi) and (pz,mz). The slopes of the lines at these same points
were obtained In qereral terms as:
- -p 2
dy (2x pl)(Ti?l-mlpz) 4 ml(nlp3 P\ )

dxp P, 2(py=p,)
dy m -m‘
-8 (2)
dxg  P=P)
dy m
-— e (3)
d'c Pz"
Aftter uti!lizing Glavert's equation for the Four'!er coeff!cients:
n
= 2 | dn cos n0O dO 4)
Ml
where: (5)

x = 1/2 (cos 0 +1)
10
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the Fourier coatticients nocessary to calzulate C, and CM ware:

2 ﬂ’ 2‘”
A e ol c0s"1(2p, 1) ¢ (cos“(ZD “l) = cos"‘(?p =1))
U PR 2 PP, 2

(mp-mp )lep ) ¢+ m (p p_=p 2)
¢ Al 2 A L2 L (u-cos'l(Zpl-l))'* 6)

LR

+ "L'L—u(-sln(cos-l(Zp‘-l))ﬂ

2
A= -—-‘ sinlcos=1(2p «1)) + J—‘(sln(cos"(?p -l))-sln(cos"l(i!p =1)))
bowlpy= 2 PaPy
. 2
(1= pl)(m o =MD, ) m (pzp )

1}
+

(=sintcos™1(2p. =1)))
‘p?__—(pz'p,) ™ n

mPy~Mby f - -
(= = cos 1(2p =1) 4 (sinlcos (20 =1)))

P‘ <Pa‘9‘) 2 - 1

]

m -nl(sln(2co;:‘i(2pl-l))-sln(2cos'l(2p2-l)))

2|‘m2 sln(2cos--(292-i)) 2
2 ! +
o U2 2 P2"P, 2
l=p )¢ Yém ( ~p <) (=sinl2cos=2(2p ~-1)))
N ‘ p} AT _m3 PP . (8)
2 -
® <02 °1’ 2

+

2 -p ) N
P, (r,-P. 2 6

(mp -mp )[—sln(cos-l(h -1))  Sin(3cos=1(2p -l))]]
21 12 1 1




e s ) o A, -~

GAE/MC/ 14D~

wheores
C, = 2n]a- Mwoﬂd C_ =g A Al (9)
' m O
? 2
Now using *he . .. uf C' and Cm in tarms of these coeftficlents for an

srditrary 10° angle of attack and for no reflex angle, vha values of the
costficients became:

C) = 1.8405

Cm " «,1297
while reference 5 showsd values of:

C' = },5500

Cp = =.1000
which demonstrated that the proposed model of the airfoll section wus
accurate enough for the purposes of this desigr, Atter numerous |terations
of the equations to arrive at a shape that ylnlded the desired properties,

the final result was an airfoll section with a reflex angle of 13° that

sterted the reflex at the .8 chord point as (llustrated In fiqure 4.

(.4,.12) (.8,0.)
( e — e '13'. X

Fia, 4 Reflexed Airfoil
Although the above section characteristics could have been extended
to the tinite wing, It was unnecessary since wind tunnel results would

yleld more accurate results and would be readv for the stability analysis,
12
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Staditvity Analvsis

2
1 b o S S T J

The stahiillty analysis rested on *ha fact that the lonqgltudinal
stabiiity analysis co.ld ve separated from the lateral analysis, The

equations of motion used in the analysis wore devaelopea In referonce 4

o LA e i

and the assuiptions that allow tha lonagitudinal motion to be tenare’ad
trom the latoral motion are discussed at lonath thero. For the purposes

of the tollowina analysis, all cf the assumptions were valld,

Lonqitudinal Analysis, Since static longitudinal stadbliiity could be

? normally achlieved by ensuring thot CMu is neqativo, tho analysis of the

: dynamics of the vehicle also included static stability, The solution to
the resulting elarnvalue problem ylolded al! of the reoquired inforration
concerning dynamic stabllity, The charactoristic matrix resulting trom

the equations of motion as devoloped in roference 4 and atter oliminating

. .

both thrust and specd dorivative torms was:

E - -
E c, sinv, c, - S ~C, cosy,
; L ) a 0 8
E u o v
E zch cosve CL° + Co. u = C -Cw. slnY.
E . Yu + LL. ® ! u o+ “L !u "y EL 2" ry CL
, a a & 8
s
p
|
E 1 Cy = 7{ Cu +
| | (=Cyy, M(2C,, cosyq ty a Y qQ -CM& Cwo siny
{ a e
F o (C, + Cy ) (2 -C -
| 'y e €, A M L iyt + ¢ )
| 2u+ C AT *
4 (.' a
0 0 | 0
L e
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The assumption that tho speed derivatives were negligible was warranted
by the very low speud that the aesign criteria required,

The major ditticulty In the snalysis was to find relisble forms of
the derivatives in terms of the planform paramaters, The forms that
fol low are based on the assumption that the effects of the wing and body
can be separated and added, This assumption remained valid throughout
the ranae of |inear asrodynamicc considered In the analysis. Throuahout
the analysis where the derivatives depend on parameters that are detined
oniv qraphically in the referencei, those derivatives will be expressed
&s functional relationships, Where static marqin was a parameter, 8 value
of .25 was used for the derivative value shown,
¢
2 This derivative represented the chanqe in (Ift with chanqing angle
of attack, The theoretical value of 2n was assumed and corrected for finite
wing effects using a corraction factor presented In reference 6,

CL = tly,, AR) an
a

C, = 4,23368

ta

%

2. This derivative represonted the chanqe in drag with changes in angle

ot attrack,

Cp = f(Cp cLo...AR) (Pet. 7) (12)
a

C, = .509
DQ

14
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a, This dorivative ropresented the change In the momint ccetficient
with channes in anqle of attack, |t ropresented the primary tactor in

static stability and as such had to be neqative to ansure static atabllity,

Gu = kn CL (Ret. & (I3
a

. =) 0058‘2
c“ﬂ

¢ G,

_Eﬁ- _0_"_{__9_. These derivatives wore assurmod to be neqligible In & tail-
less design since the primary contribution to the magnitudes ot the “er-

ivatives was a result of the lag in downwash reaching the tail (Ret, 4)

and thus was absent in this confiquration,

c _
_:g, This dorivative resulted from the change In 1ift due to plitching

velocity.,

L
q

C = 4,23368

C, = tkn, CLQ’ (Ret. 1)  (14)

Cu

—q. This derivative resulted from tho change in pitching moment due to
changes in the pitching velocity., It reprasented the primary Jdamping

force for short period osclllations,

Cy = f(A, cL“ o Ko AR) (Ref, 8) (15)
qQ

CMq = -,993186

The equilibrium {light condition used in the stability analysis was:

L 0

Cc = 86815 C = 1200 Yy = -7.9*
e e e
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The characteristic matrix, eigenvalues, and eigenvectors were calculated

by a digital computer program written for this purpose and Arqgand diagrams

of the elgenvectors are presented in Appendix A, A root locus of the

eigenvalues for a range of static margin from .05 to .30 for the short

period is presented in figure 5a and for the phugoid in figure 5b. It can

be seen that the longitudinal modes were both stable and thus represented

satisfactory solutions to Iongifudlnél stability.

k_ = ,30

100 &

. 5.0
L 4.0
L. 3.0

. 2.0

1.0

1\
T T ] T T T LANERY
22 =21 =,20 =,'9 =,18 =-.,17 =.16

T‘ 1005
ol

Fig. 52 Root Locus Wing=-Body = Short Period
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Fig. 5b Root Locus for Wing-Body ~ Phugoid

Lateral Analysis, The lateral equations of motion from the same reference
as for the longitudinal equations were utilized in the analysis and after

making the same assumptions as in the longitudinal case the characteristic

matrix became:

Cc C = CcoS
CVB y Yo MR v, e
2u m 2u Zu
C c
| ] !
8
T — :';r' 0
X { lx
c c
n n n
| 4 ! 2 2
| |
0 AR AR Tanvg 0
17
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Utilizing the same equilibrium conditions as in the longitudinal case, the
lateral derivatives were calculated in the following manner,

CY

8. This derivative represented the chanqe in side force due to sideslip.
The major contributions were from body effects with small effects from

the wing. The best representation for this derivative was created by
summing dihedra! and body effects from reference 8 with the wing effects

presented in reference 7,

C = §(r,5~,, S, C;, ,A ,AR)
yB 0 Le

C = .324182
Yg

a7n

Although typical values of this derivative are negative, these values
arise from tail effects which overcome the destabilizing effects of the

body and are not present in this configuration,

flg, This derivative was of paramount concern In this déslgn since it
was the major determinent of directional stability; one of the critical
design points, The major influences in this derivative were from wing
sweep, dihedral, and aspect ratio. The form used for this derivative was

a summation of body and dihedral eftects from reference 8 with the wing

effects from reference 7,

(24
"

= f(A, T,AR, b, d, C, , Zw) (18)
e

O
'

= -,12885
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C
N3, This darivative provided the yaw stiffness to the vehicle and a

such had to be positive or the vehicle would hava been statically un=
stable in yaw, Normally the effects of the body would have outweighed
the effects of the wing because of a larqe body 3rea ahéad'of the center
of gravity; however, In this case the wing effects outweighed the body
effects and caused the value to favor static stability. Contributions
from the body were evaluated using the methods of reference 8 while wing

effects were calculated from methods cf reference 7,

Co = H(S, 1, €4 AR, kp)

8

-3
C = 8,8073x10
s

(9

c
VE. This derivative represented the change in the sideforce with the

change in wing=tip helix angle (Ref. 3)., The wina contributed the major
effacts to this derivative and since experimental evidence indicated that
the body effects were negliqible (Ref, 3), only wing effects were cal-

culated.

cyp = £(C,, AR, )
C = .158657
p

(Ref, 7) (20)

_:g. This derivative represented the yawing moment caused by roll and
caused the close coupling of roll and yaw (Ref, 3). in the case of

this confiquration, these effects were more closely coupled than normal,
which made any lateral instabilities difficult to analyze and correct,

19
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In this case experimental evidence aliowad the effects of the body to be

neglected (Ret, 3),

C, = tUR, A, ky, C) (Ref. 7) (21)
P

C, = -.14163
P

it should be not:d that Cn varlies with CL as shown in reference 3 and

P .
therefore cou'd have been of either sign., The negative sign in the pra-

sent case was dastabilizing and no method of changing Its sign could be
found without flying at a CL that was unacceptabie from a performanc

consideration,

C
yr. This derivative represanted the change in sideforce wih variations

in yawing velocity,

Cyr n f(CL,
C, = -.03324

e

A, AR, k) (Ref. 7)  (22)

c
_:k} This derivative represented the effects of asymmetrical Iift and drag

distribution over the wing during yaw (Ref. 3), in the present case the
effects of the body were possibly significant (Ref, 3), but no known
method of calculating these effects was known (Ref, 3), The value of thils
derivative was similar to values in reference 9 so the value was assumed

to be approximately correct,

c, =t AR, k., C A) (Ref. 7) (23)

L.

;
C, = -.030108

r

’
De
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c
_:jp This derivative represented the change in rolling moment coefficlient

with the change in wing=tip helix angle and In this cnse experimental

evidence indicated that body effects were negligibie (Ref, 3),

(Ret, 7) (24)

C,

= «,405159
p .

c A
'r. This derivative represented the rolling moment due to yaw rate,

Fuselage effects could also be neglected in this case (Ref, 3)

(Ret. 7) (25)
C, = .2399%
r

The equilibrium conditions for the lateral analysis were the same as
those used in the longitudinal analysis. A root locus for the dutch
roil for a static marqgin range from ,05 to .30 is shown in figure 5c.
Argand diagrams for the static margin range are shown in Appendix B,
As shown In the root locus below, the vehicle was found unstable in
dutch roll, No method was found to stabilize the analytical model of the
vehicle from changes in the vehicle parameters, such as wing configur-

ation, mass, moments ot inertia, or bouy shape,

2\
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Fig. 5¢c Root Locus for Wina-Body = Dutch Rolli

Wind Tunnel Tests

Wind tunnel tests were performed In an attempt to validate the
analytical model, find possible corrective measuras for the apparent
lateral instability, and to provide information in areas not covered by
the analytical model, The tests were performed in the AFFDL one-meter
low speed wind tunnel; a closed loop, constant speed tunnel. All data
runs were conducted at the tunnel airflow maximum speed of 75fps.,
which closely simulated the analytical model's 84 fps, Runs were made to
measure both |ift and drag, with moment data unaveilable due to equip-

ment malfunction. Curves showing the dota are presented in figure 6.

22
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Fig. 6 Wing-Body Lift and Drag Curves

As seen in figure 6, both C, and Cp are within 20% of that pr;dlc*ed by
the theoretical model, Three further studies were performed to Investi-
gate mode| performance and to partially validate the fhéore?lcal model .,

The first of these runs was perfcrmed after tufting the model to
investigate the airflow around the model. This test was performed at
nqgles of attack of 10°, 15°, and 20° to valldate the analytical model
In flight conditions around the equilibrium position, Very smooth air-
tflow was observed over the surface of the entire vehicle, in particular
around the wing body juncture, This area of smooth flow helped to vali=-
date the assumption that body and wing effects could be calculated

separately and added tocether,

The second run was performed in a one-degree of freedom mount (Fiq.7)

to test longitudinal stabitity,

23
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This run enabled both the trim angle of attack to he found for this dynam-

; . ic pressure and the reflex anqle chosen for the camber line to be tasted,
As the airflow was started, the model trimmed at an angle of attack of 12°
and was vory stabls in pitch. Motions induced by interruptions in the air-

flow were damped out rapidly as predicted by the short period aigervalue

- "‘tvm'!"”‘,‘l"‘r?' T

analysis, in this case both the refiax anqle predicted and the short
period response were validated by the experimental evidence,

The third test was conducted in a similar manner to that of the short

T

period test with the exception that the mode! was mounted in a fitting
that allowed freedom pround the z-axis (Fig. 8), Although friction in the
' mounting bearing could have affected the dampina, it could not have pro-
% vided a restoring force so this run demonstrated the directional stabil-
ity of the vehicle, since the model trimmed stralight ahead and any por-
turbations were damped out rapidly. None of thc closely coupled modes

of the analytical mode! were able to be completaely validated due to &

s o - R g = 13

lack of sutficient deqarces of freedom in the tunnel mounts,

The major conclusions provided by tha wind tunne! tests were the

24
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i1ttt and 3rag data, &nd partial validation of the analytical model, In
T particular, the lonalitudinal short period mode was validated as was the
airfoll design. No tests could be devised with the avallable equipment
to test the unstuble lateral mode, so no conclusions could dbe made con-
cerning total vehicle stability or methods to correct the lateral Insts-

bitity predicted by the analytical model,

o
j
%
|
: P Model
f Pivot Rotational
{ Axis
B Airfiow
| Into l

Paper

W

Fig. 8 One Degree of Freedom Lateral Mount

; Moment of Inertia Calculation

The following method of moment of inertia calculation was discussed
: extensively in reference 10, For inertia measurement about the y-exis,
8 pivot was inserted into the model fuselane at right angles to the
x-axis and vertically above the longitudinal center of qravity position.
: The mode! was then suspended from this pivot at a Jistance | from the
center of ~-evity so the model oscillated about an axis parallel to the
y-axis. The moment of inertia ahout the y-axis was then:

I e Tl = wi (26)
wWom g

e - e i — e g
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lW was also a principal momont aue 10 the x-2 plane of svmmetry, The
period was determinad to an accuracy of ,|% by timing 50 osciliations
with a stopwatch,

To determine the principal axes oriantation, the model was set at a
series of small nitch anales to the horizontal and the rolling moment of
inertia was detormired at cach attitude by the above method, The minimum
rolling moment of inaertia obtainaed in this manner was the principal
rolling moment of Inartia and the anqle with the horizontal qave the
orientation of the principal axes, The rosults of this calculation indi-
cated that the y-z plane was also mass symmatric, thrrefore all three
axes wvere orinclipal axes,

The yawina moment of inortia was determined by swinging the model as
4 torsional penduluvm, usina 3 bi=filar suspension, The two wires were
attached to the x-axis an enual distance fore and att ot the center of

qravity, Then the yawlng moment was:

Y2z = TRIT N

These inartias ware corrected for center of gravity location for the
varfous static marains and non-dimansional!zed using the non=-dimansion-
allization from reference 4 so that they would be compatibie with those

equations, For a svatic marqir of ,2% the input inertias wera:

' = 33,209
x

-— ey
x

' a
vy 770,120

-

= 35,112
22
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Flight Test
This portion of the analysis was pertormed by hand launch from @

hellcopter moving at a forward velocity of 60 knots and flying ot en
tititude of 750 ¢tt, These tests showed that *he vehicle was very un-
stable, In what appeared to be the dutch roll mode, although this ob-
servation was very subjective. Since those tests contirmed that the
vehicle wes unstable as predicted by the analytical model, scme type of

vehicle moditication was required to achleve stabilllity,

New Conflaurations

Three types of modifications were tried in an attempt to stabilize
the vehicle., The first of these was the addition of a verti.al stabil-
lzer to the rear of the model. This confliquration was tunnel tested and
it appeared to damp out the perturbations in sideforce more rapidly than
the basic vehicle, When this vehicle was t|ight tested very little im=
provement was noted, so without a longer tail moment arm this moditica-
tion was Insufficient, The next two attempts were similar In intent,
in an attempt to prevent the vehicle from enterinqg the oscllilations,
two type: of draq devices were tried. The first was a ribbon parachute
2" wide and 12" long, The second device was a conical rigid parachute
2" in dlaneter attached by a 12" thread to the rear of the vehicle on an
axis through the center of gravity. In both cases the additional drau was
so larae that tha weiqht component was insufficient to provide flying

alrspead.

Conclusions

After the last tests of the vehicle, it was decided that this

27
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. contiquration would not be further investiqgnted, |t was unlikely that o

stable form of this conflquration could be developed, and ever |t marginal

Nkl i,
"
N
e I il o S N
)
f
H

stability were achieved, it would not be as satisfactory 8 confiquration

! a8 the conventional vehicle.
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IV, THE WING=HODY=TAIL DESIGH

As major stability problems began to appear in the wing=-body analy-

sis, more emphasis was placed on the winqg-body=-tal! design study, The

first step in the desian process was to define In exact terms the plan-

form parameters for the first iteration of the wing-body=-tall analysis,

ﬁ : Tall Desian
l The best location trom stabllity considerations of the tall-boom

body juncture was high on the body (Reft. 11), This study of a simller {

WO

confliguration found that the vehicle had qreater lateral stabitity with

the tall-boom located high on the body,primariiy due to the elimination

"

of body=tail interference at some hiagh anales of attack., Therefore, the

tall-boom was mounted just below the winn tralling edne as shown in fig-

ure 2, It was seen in the wind tunnel tests of this contiguration that

this location did eliminate body-tail interference as desired.

1 The spacific detalls of the talil design were arrived at from an
t
evaluation of the packaaina prob'en, The first tall-boom folding mechan- ;
i
* ism considered was a pivot at the body=boom juncture with the boom beling P

constructed from a material wlith sufficlent flexibilitv to allow it to bte

wrapped around the circumference of the body. The only practical ver-

tical tail planform useadble with this tall-boom desiqn was a twin vertical

tait with the varticol stablilzers located at the extreme ends of the hor-

izontal stabilizer, To provide the maxirum avallable horizontal stabii-
izer span, the span was chosen so that the vertical stsbiiizers vould
fit outside of the wings when folded,

Tail=bocon lenqth was chosen as a compromise betwean boom flexibility
and tall sensitivity, Since the tail-boom was to be flexible, the shorter

29
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the taili-boom within the limits of stability, the less sensitive the
vehicle would be to tall deformation, For this reason, a tail-boom length
of 9" was chosen as the starting point in the design process. Both hori-
zontal stabillizer chord and vertical tail area were chosen to provide a
tai! volume of slightly over .5 since the tail volume of the configuration

in ~eference || was approximately thjs value,

Stabitifty Analysis

The same assumptions made in tne wing-body analysis were necessary
in developing this egnalytic model, except where less stringent assumptions
were allowable as noted in the analysis. One further assumption was made
concerning flow at the tail. It was assumed that the tall w.s located In
an area of undisturbed fiow except for the downwash effects on the tail
angte of attack, The evidence of reference |l indicated that this was a
valid assumption. The same equations of motion and the same resulting
characteristic matrix as used in the wina=body analysis were used in this

analysis and therefore will not be repeated.

Longitudinal Analysis. The equilibrium conditions used in this analysis

were similar to those used in the wing-body analysis and are not repeated.
Where the stability derivatives are a function of static margin, a static
margin of .25 was chosen for demonstration purposes. All of the following
derivatives and those in the lateral analysis were calculated using the

methods of reference 8.

Qe

C, =fR, S, C ,C ) (28)
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©

“Theory

CL
uwlnd tunne!

= 4,524

= 4,756

The value of 2n was assumed as the horlizontal stabilizer C| because of

o

the endplate eftects of the vertical stabllilizer, As seen from the wind

tunnel test data the resulting value was quite good using this assumption,

Cp
[+ 3

cD
%Theory

€

a
“ind tunnel

The predicted value was not very

= £(C\, C ,» AR)

(29)

= ,64848

= ,1203

good in this casa, Since the forms of

the derivatives used in this analysis were empiricsl curve fits to conven-

tional data sets, it Is possible

resulted in an artificially high

c
My,
CM“
c
MG
¢
. O
c
Iq
C
q

that the lack of a conventional fuselage

value being predicted.

£C , k) (30)
a

-1,1890

n* VH) (31)
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C
M
.
Cy = f(C c k., V.., AR)
L 271 * "n® "W
q L o, (32)
Cy * «19,157
q
CL
__&. The value for this derivative could only be calculated for the
tail effects and was thus multiplied by a factor of I.! (Ref, 4),
C, =fc, ,V, §5> (33)
8 a7 :
CL = 2.5222
&
CM.
—a.
CM = £(C V' de
P’ )
o " @@ (34)
C, = -7.115
Ma

The value of the pitching moment was calculated by the same methods used

for the wing hody.

T = 2499.4
Y

The resulting eigenvalues and eigenvectors for a static margin of .25 :

Short Period:

A
V:
as
A
q:
0

Phugoid:

OHR <>

s o m

-6.7864x10™>+ 2.1198x1072 |

2.6008x1073 + 1,5650x107%
4,5040%10"_ ¥ 5,5652x10™" 1
1.0215x10™2 ¢+ 1,1705%102
3.6909x10™! = 5,9744x10™" i

=5.5226x1075 + 7,7737x10" %
4.5196x10_) ¥ 3,7087x107! i
-8.6222x107, *5,3903x10731
5.0104x107} ¥ 3,8555x107 11
=5.3904x10"" +6,0623x10”" i
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The root locus for a static margin range of ,05 to ,30 for the short

: T period is shown in figure 9a and for the phuqoid in flaure 9b, Argand
5 diagrams for the static marqin rangé are presented in Appendix C. As
3 L
shown, the vehicle was stable in both longitudinal modas; however, the 1
phugoid was weakly damped so further studies were made of the sensitivity
[ '!
E of the analytical medel to changes in the derivative values,
-
L
K i e e
E ’-3.0
| {
2.5 1
; k = .30
i n
P 025
{:P .'o -'.5
[ .
i
s . 05 ~1.0
) .-
? ? 1 1 ) | i 1 ] | 1004
o “.784 =72 =70 =.68 =.,66 =.64 =.62 -.60 0.0 |

é 2 Fig. 92 Root Locus for Wing-Body-Tail - Short Period
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[ e o R
kn = .30
25
o .
5
pum 2.0
10
= '05
p— '.0
05
~: 0.5
! T T T | E— | — ™ l 1004

-.057 -.056 -,055 -,054 -,053 -,052 -,05) -,050 -,043 0,0

Fig. 9 Root Locus for Wing-Body-Tail - Phugoid

Lonqgitudinal Sensitivity Analvsis, Two results were obtained from this

analysis: 1) the sensitivity of the mode! to errors In the derivatives
was evaluated, and 2) possible methods to increase phugoid damping were
found. The changes in each derivative and the resulting eigenvalues are

shown in Appendix O,

It was seen from this analysis that the model was relatively insen-

sitive to derivative errors since only small variations in response oc-

curred and the model remained stable for all variations. The only derive

ative that made noticeable changes in the phugoid was G,y (other than

q
C_ which could not ve easily chanqged) and even this derivative made only

minor changes in the phur, id. However, as a result of this possible im=-
provement in response, two different attempts were made to Increasc

34
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phugoid damping. The tirst chanqe was an increase In the horizontal

stabliiizer chord to 3", The second change was to increase tall volume to

«8, which atthough similar to chanqing the chord, could be arrived at by

other means including lonathening the tall-boom, or increasing the hore

izontal t..i span, Neither of thase two chanqes made a noticeabls change

in the phugoid response.

One completely different anaiysis was made by assuming that the

phuaold response was simply an enerqgy transfer between the pctential and

kinetic energies (Ref. 4), Using this reprasentation of the phugoid, it

was possible to see one further channe that would definitely increase the

phugoid dampina. The chanqga was to increase the drag of the vehicle,

which although undesirable from a performance standpoint, could easily be

adopted if necessary. The results of increasing the drag coerficient to

.12 and reducing the lift coefficient to .7 to increase the flight path

angle so that thu weight component would balance tye increase in drag were:

Short Period:

DR O

Phugoid:

DL <

-6.,7859x10™>

2.5799x|o‘§
4,4371x10”
n.osssxuo'f
3.5384x10"

11523104

5.7758x10_)

-8,2241x10
5.1707x10

-1.8358x10"!

2.1195%10™2§

1 0985x10™ |
5.60175%10"" i
1.1583%107<§
6.0175x107 1

6.2474x10™ 4

8.8540%10 2,
2,6877x107
2,4096x1077§
7.9044x%10™ " §

= ,3049

L= ,18064

As shown, this chanqe resulted in a major change in the phugoid response;

however, the qlide ratio was reduced by 502 to 5.8. This qllde ratio was

acceptable to meet the performance requirements if that large of a trade-
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off In performance was necessary to obtain the desired response, As a
resuit of this study, it was daecided that the original phugoid response

would be retained unless fiight tests shcwed that It was unacceptabie.

Aeroelastic Analysis, Thc infiuence of tail-boom flexibility was consi-

dered to have a major impact on vehicle stability because of the proposed

tall packaging concept. The following analysis was conducted under the

assumption that the tail flexibility could be represented by assumina k
that a torsional spring located at the pivot provided all of the flex-
Ibility to the boom, whiie the rest of the boom was assumed to be rigid. :
This assumption was valid because the only siqgnificant change occurring
because of tail flexibility was a change in the angle of attick of the
tall relative to the vehicle, and no significant effects were caused by
the boom itself, The following analysis follows that of reference 4
closely, Assume that Va, = -kL, where k is the flexibility of the tor-
sional spring located at the pivot., The fiqure below illustrates the

assumed model,

-
[

.—"
- -t~ -kl
= = ‘ '

Pivot spring (k)

\A

Fig. 10 Aeroelastic Model
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fot: a* = Claf (QNB - g = kL*) (35)
QL
then: C, = % riaid tayn = ¢ ) (36)
L TTRL 5oy "o
L"f rigid

and the tall effectiveness has been raduced by a factor of:

! (37)
TWCT (.50

% rigid

After this tactor was substituted into the appropriate places !n the
stability analysis, the following reductions in static marqin were found

for the flexibility values shown at the basic static margin of .25:

kbaslc = ,05906 (flight test model flexibiilty)
ak, = .06

k= ,08818 (1.5 k )

basic
Akn = 08

k = ,03937 (k / 1.5)

basic
Akn = 04

The changes in the static margin were significant for the case where
elther paylos:' raqui. nts required a tow static marqin to meet the
packaging requirement, or the choice ot a material for the tail-boom

had more flexibility than evaluated in the above analysis thus resulting
in & qreater decrease static marqin than predicted. The solution to

this problem will be further discussed in the iteration phase.
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Laterai Stability Analysis, The same equilibrium conditions used in the

longitudinal analysis were usod in tho following analysis,

(38)

(40)

(41)

(42)

CVB.
C. = #(S., S, S, C )
y’ o. ’ v YQV
where: °v = t(AR, , Av v CL )
8 t+ ¢ &,
v t
C = -,80262
Ya
®y
C, =f#(C, ,AR,z,,1,C I'y A, a)
IB Lve ve ty y’v. o Mo (39)
c' = 12442
8
c
X
c“B = ‘(SB. S... 'v. Zv. cya » G)
v
C_ = ,05487
s
c
e,
c. =z, l,, C, , a)
Yp v ysv
C = ,0249%
Yo
c, »
L c' = #(bys 2,5 Sy S» cy )
P a,
C, = -.42050
p
38
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c
n
L
c_ = ¢(C C,, o 2,,C, ,a) (43)
I 7L v Ty
ﬂp P, Vav
C_ = =,1246)
"
c
yl’o
c, =tu,z,C ,a (44)
vt TvP Y
Ye 8,
Cyr = 446060
c
.
C = '(CL. lv, 2 Cy s @) (45)
r By
c = ,22013
Ve
c
.
Cnr = NCL, CDO, lv, L Cygv. a) (46)
*r
The resulting eigenvatlues for this analysis were:
Dutch Roll Rol ling Convergence Spiral
- 4 -
4.0907x10" Y £ 8,1172¢10 1 «4,4639x10™ -2,7798x10"*

The resulting root locus for the dutch roll mode is shown in fiqure ||,
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1004

.32 -y kn L .30
Bl -
+80 —

79 -

78

..
|

1 U | | | | |

0.00 .038 ,040 ,042 ,044 ,046 ,048 ,050 ,052 (100A

Fig. |l Root Locus for Wina=Body=Tail tor Dutch Roll 1 w

Arqand diagrams for the static marqlin ranqe are presented in Appendix E.
As shown in the response, the dutch roll was unstable, To find possidle
solutions to the instablliity other than an excessively larae static

margin which would have required the addition of wing sweep and to eval=- i

vate mode! sensitivity to derivative errors, a sensitivity analysis of
the effaects of the variation of the individua) derivatives on the lateral !

response was made, _ s

i
Latera: Sensitivity Analvsis, The amount of derivative variation and the b
i {

resulting eligenvalues is shown in Appendix F, The results of this analy=-

sls showed that the error sensitivity was minimal oxcept in the case of

~

u|B and that this derivative was the only derivative within the variation

40
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studied that caused vehicle stabllization,
The result obtained from tha sensitivity analysis was contfirmed by

the spproximate solution to the dutch rol! (Ret, 4)

- 24

/2 roooy T Py
DRapprox "V [: 2 v ' ' c \i

A

n
o, 2 le e ') an
4

approx = a1736x10""

>

-4
analyt = 4,0907x10

This approximation siso indicated that increases in CVB » c"r' and C“B
would result in a stable dutch roll mode. After investigating the func-
tional dependence of eack of the concerned derivatives, It was determined
that a chanqe in vertical stabillzer chord would cause the dasired varia-

tion in all of the necessary derivatives. Therefore, in increase in chord

to 3" was evaluated, The resulting algenvalues and eiqenvoctors were:

Outch Rolil Rol lina Converaance Spliral
-2.6063x10™%  8,9179x10™1 -3.8532x107 -2,6755x10™4
g: 3.5547x10”  4,5351x10]}1 -4.64|3xl0:§ |.10|3x|o:§
g: 1.9794x107;,  3.0243x10_i =2,0062x10_5 ~1.1998x10_3
t=1.9655x10_  1,R271x107 1 2,0508x10 2,9588x10
8: 6.592Ix10™ 4, 7111x107 | 9.9872x10"! 9.9993x10™!

The resulting root locus for the entire static margin range is shown in

flguro 12,
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Fig. 12 Root Locus for Wing-Body-Tall - Dutch Roll 2

The rasulting response was stable as desired and, although the dutch
roll was of long period, it was satisfoctory to meot the design re-

quirements, The response for the static marg!n range |s pressnted in
Appondix G.

The effects of altitude which were important In this design were
discussed at length in reference 4 and since they mainly enter throuqgh
the non=dimensionalization of the terms, they were not studied explicitly,
As discussed in reference 4, the effocts of altitude varlation were main-
ly to reduce darping as altitude was increased and to increase the period
of both the phuqoid and the dutch roll modes. Althounh these effects were
undesirable, the only correction for these effacts was to make the final-

ized vehicle as heavily damped as possible in these two modes without
sacrificirg stability in the remaininn modes.
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Wind Tunnnl Tests

The same set of wind tunnel tosts were run for the winq«body-tail
confiquration as were run for the wina-body contiquration, Both |ift and
drag were measured, and the other tests to evaluate the analytical model
and the assumptions necessary in its davelopment were run, The |itt and

dreq curves that resulted are shown In figure 13,

——— =

12 =
1.0 -
0.8 =
“ 0.6 -
%

T 1 | |
5 10 5 20
a (deqroes)

Fig. 13 Wing-Body=Tail Litt and Drag Curves

The airflow tests in this case were accomplished throunh the use of a
bubble genorator which dispersed neutrally bouyant oubbles Into the air-
stream, This method allowed better evaluation of the airflow around the
tail than was possible with tufting, The flow around the body was expected
to be very similar to that around the body of the wing-body vehicle since
the bodies were identical, and thus would not nave to be studied as

43
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carefully as tufting would have aliowed, The flow around the tall was of
major interest since any tail blockage within the normal angle of attack
range would have introduced some type of instablility into the model dy-
namics and would also have invalidated the analytical model in the affect-
ed range. The resulting streamlines showed no tall blockage at any anqgle
of attack from -10° to +20°,

In this case as in the tailless case only thie short period mode and
the directional stability could be evaluated using the one degree of free-

dom mounts, In both cases, the modes wera very stable and well damped.

Flight Tests

The flights, conducted in the same manner as the wing-tocdy tests,
resulted in demonstrating that the model was stable in 21l modes. The
ma jor problem that appeared could have been either siow damping of the
leunch perturbations from the helicopter rotor wash, or a weal:ly damped
dutch roll mode with large amplitude convergent oscillations that resem-
bled an exagqurated dutch roll oscillation. This problem could not be
further evafuafed in the flight test program since the vehicles were not
of sufficient size to see at an altitude that would allow fiight dura-
tions of sufficient length to see these perturbations damp out., Although
this design did meet 21l of the design criteria, certain problems still

existed that a further iteration of the design process would solve.

Design lteration

Three major probiems needed to be solved if the desian was to be
very successful: |) the tail packaqging problem needed a b2tter solution
so that the trade-off between packaging and stability would not be as

great, 2) the tail flexibility problem had to be eliminated so that less
44
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i iimitation on payioad center ot qravity location was necessary, and
3) the oscillations in the dutch roll mode as predicted by the analytical
. 3 . model and seen in the fiight tests needed to be reduced. The first two

problems could be reduced or eliminated by a different tail foldinq mech-

G

anism, and the dutch roll mode could be Increased by an increase in the

vertical talil effectiveness as shown in the sensitivity analysis, The

i ettt ol

tail modification presented in fiqure 14 was developed to solve all of

the problems,

SIDE VIEW

[

%

DU I\ | e

.
P 2,00" ;

1
- 2,00

LN

3 A
vttt Ll Lol

g
o b L MRS o i

-

. 9.00" -
a

Both Vertical and Horizontal Surfaces are Symmetrical

Fig. 14 Cruciform Tail Desiqgn

. e

The resulting tai!l-hoom was desianed so that the vertical surface folded

flat against the horizontal surface and the flat surface formed then wrap-

e antau

ped around the circumference of the body. ithen unfolded, the vertical and
horizontal surfaces formed a symmetrical cross that was riqid in the hor-
' fzontal and vertical planes, thus eliminating the flexibility problem,
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Although torsional rigidity was reduced with this form, the elastic axis
of the tail-boom extended through the axis of symmetry of both the hor=
tzontal and vertical surfaces thus creating a symmetrical load distribu-
tion In symmetrical flight, Asymmetrical loadlings could not be analyzed
using the available model and therefore'pending wind tunnel analysis were
assumed neqligibte, The response of the resulting modification using the

dimensions lllustrated in figure 14 was:

longitudinal: Short

-3.9622x10

Period

+ 2.0363x10™2

Phugoid

| =5.5374x10™°
t

7.8522x10

- .’ - -l
Ui -2,0747x1077 £ 3.5663:107 | 2.5306x10_,  5.2263x10_]
ai  2.8357x10], * 6,5245xI07, | =3,6446x10_  4.3088x10 i
g =1.3605x10_7 * 5.2340x107 | 3,0338x107  5.6603x10]]1
e 3.7237x10 5.9558x10™ 1 -7,0412xI0 3,2994x10” '
Lateral: Dutch Roll Rolling Mode Spiral

=1.1909%10™°  1.2965x1072 | =2.2526x10°% =2.8964x10"%

g: 11339107 7.1615%10T) | 2,0262x1073 =6,6366x107>
s =4.3672x1073  6.2010x1073 | -1,1620xI0 ; 1.3168%10™3
Ps 4.8779x107¢  3,6520x1073 | 2.9664x107°  <2,9440%x10~3
b:  =3,1064x107%  6,9405x10™" |  9,9993x10”' =9,9997x10"!

In this analysis the inertial properties were assumed duplicated in the
modified vehicle due to tack of sensitivity to inertia variation demon-
strated in the sensitivity analysis., As seen in the root locus for these
modes the response is significantly improved over the baselline vehicle.

Figure 15 illustrates the root locus for each oscillatory mode.
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Figqe 15b Root Locus for Cruciform Tall - Phugoid
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Fig. 15¢ Root Locus for Cruciform Talil - Dutch Roll

Wind Tunnel Tes*s

All of the wind tunnel tests run on the other two configurations

were rapeated for this mnodified version, The only significant differ-

e i

ence from the results already discussed for the baseliine tailled vehicle

Gk,

were the lift and drag curves presented in figure 16, |t should be noted
that the glide ratio improved greatly over the baseline vehicle, This
improvement was due to the reduction in base drag which was a result of

{ the new tall-boom aercdynamicaliy fairing in the body so that aerodynam-

; ically it seemed longer than it was really.

PP

PP
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Fig. 16 Cruciform Tal! Lift and Drag Curves

Fliaht Test Analysis

No aircraft support was available to provide an airborne platform
to launch the vehicle from, so this set of flight tests had to be hand-
taunched from the top of a building., Since there was no similarity in
the post-launch disturbances between this vehicle and the previous vehi=-
cles, direct comparison was impossible, Even so, it was easily observed
that this vehicle was more stable than the other vehicles tested and thus

the desiqn was partially proven by this set of tests,

Iteration Conclusions

As a result of this limited set of tests and the other data on the
confiquration, it was decided that this vehicle was a satisfactory design
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to submit to the Avionics Laboratorv, The next ctep In the analytic

procedure was to evaluate the ftinal vehicle's performance,

Performance Analysis

In order to evaluate the performance of the vehicle without
arbitrarily fitting the drag to a parabolic polar, the method of ref-
erence 12 was used in the performance analysis. |t was shown in this
reference that it was possible to evaluate the coefficient of 11tt
and thus the angle of attack for both maximum endurance and maximum
range from a qraph of CL vs. Cp in the first instance and 832 vs. Cp

in the second instance. The two curves are shown in fiqure 17a and |7b,

1.25 =
~—e
1,00 =
0.75 =
cL
0.50 =
0.25 =
l T | L I | | T T
025 ,050 ,075 100 ,125% .,150 .175 .200
c
D

Fig, 17a Maximum Range Calculation
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Fig. I7b Maximum Endurance Calculation

As presented in the reference, the point of maximum range occurs at
the point on the CL vs, Cp curve where a |ine drawn from the origin
is tangent to the curve, In a similar fashion, the point of maximum

endurance is found on the second curve, The performance points are:

Maximum Range: CL = ,8500
= 8,5°

Maximum Endurance: C, = 1,0000

L
= 10,5°

One further factor had to be taken into account before the trim
anglie of attack could be set, At speeds below the speed for L/Dmax

50
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an aircraftt |s unstable and any disturbance will cause the vehicle to

e decrease speed and to eventually stall, therefore the trim anale ot

attack had to be a comprumise between speed stability and maximum ranqge,
Since the exact function of the payload will probably vary during any
production |ite of the vehicle, a trim anale ot 7° was chosen to repre-
i sent a solution close to both the optimum angles for best range and

best endurance and was still a speed stable angle of attack,
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V. CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The major conclusion arrived at from the analysis was that the
cruciform tall design was the best design to submit to the Air Force
Avionics Laboratory in response to their design request, The design
meets all of the packaging requirements and exceeds all of the per-
formance requirements by a significant marqin,

A secondary conclusion was that tailless vehicles as a class
should be excluded from further consideration as a possible contfigur-
ation to meet the desired desiqn requirements. This class of vehicles
has major stability problems and at least in the ahove analysis, no
possible solutions to these problems were available, |t appeared that

if the launch dynamics of this class of vehicles were considered, the

stabil'ty problem would pe insolvable.

Recommendations

It Is recommendec that further analysis of the proposed vehicle

be conducted into the areas excluded from the above analysis. In par-
ticuiar, the launch dynamics need to be carefully studied because it is
possible that the perturbations from the launch would cause the vehicle
to stabilize into some undesirable tiight condition., To study this area,
an extensive set of wind tunnel tests needs to bo conducted to determine
the vehicle dynamic stabllity derivatives so that a six degree of free-
dom non-|lnear analysis can be conducted., Finally fliqght tests of the
vehicle on a fully instrumented test ranqe under simulated operational

conditions need to be conducted,
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In the appendices that follow the longitudinal data is normalized

with6= 1,0, nd the lataral data is normalized with ¢ = |,0 , The dashed

vectors indicate a mognitude too small to be visible,
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Anpondix A

Lonaltudinal Respansa ata Far The Minas=lodgy Conflauraticn

0
Phuaoid Short Period
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Appendix B

Lateral Resronsa Data Foar The Wina=9ndy Conflauration

Dutch Roll Mode

p
e |7
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¢
r
A Y
N ",D
p
L J
r
\
N _
3
¢
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Rol |l Ing Mode

ve - 1529:1:,1215
t= |:,6160:,0730

Spiral lode

d:v = ,0062:1:-4,4730
p:f = |:-,0409:,4728

Rolling Mode

Y % =« 1995:1:,1701
s = 1:,5040:,0830

Spiral Mode

v = 0060:1:-4,9176
th = |:=,0321:,4847

Rol i ing Mode

pir = 1:,4263:.0914

8:
8:
Spiral Mode

¥ ® . 0059:1:-5,2871
F = }.-,0255:,4928
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Appendix C

Lonaitudinal Response Data For The Wina=Dody=-Tall Conflauration

Phugoid Short Period
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3,

,Q’
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Derivative:

C. + 20%
C - 20%

C, + 50%
Ls
Cc, - 50%

Appendix O

B 'A;w_m’t'f.ffffmwum__fjw

Longitudinal Derivative Sensitivity Analysis

Short Period:
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-2
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2.1314x1072
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2.2300x1072 |
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Phugoid:

-5.,4882x 102

~5.5868x 10"

-5.5222x10"°

-5.5230x10"°

-5.5224x10"
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Appendix E
Lateral Response Data for the Wina-Uody~Tail Confiquration i
.' . ‘
L _ Dutch Roll Mode ;
F :
! Rolling Mode ]
3 a
} M Bié:y =-.0695:|:-,0568
> ‘ B:p:F = 1:,3370:=-.0190
f k, = +10
b ' Spliral Mod
‘ ral Mode
? ¢ \p >
‘ i
p B:o:¥ = ,0089:1:-2,2869 i
F B:p:f = 1:-.1236:.332 ;
]
4
:. |
|
? Rol ling Mode 3
| |
E‘ b
: 7 Bid:y ==,0674:1:~,0592 j
E ,’ k = ,20 Bipst = 1:,3468:-,0204 ?
i R
: ) Spiral Mode i
¢
E
: B:ffsh = [:-,1342:,3305 ;
i
-; é
Ro!ling Mode !
p B
R B:d:y = -, 0654:1:-,0615 D
b Kk = .30 Bp:r = 1:,3565:~,0218 i
' N pr n ¢ ;
r -~
‘ Spiral Mode
: '
b.
' By =.0090:1:-1,9798
B:pst =1:-,1450:,3290 ‘
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Derivative:

C + 50%
- 50%

C + 50%
C, - S0%

C, + 50%
c, - 50%

C, + 50%
c, - 50%

C + 50%
C, =~ 50%

c, - 50%

C + 509

c. - 50%

-1.3113x10

Appendix F

Lateral Derivative Sensitivity Analysis

Dutch Rol!l Mode
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Rollina Mode
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Spiral Mode
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inertia:
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Dutch Rol! Mode
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Rolling Mode
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Appendix G

Lateral Response for Modifiad Winn=Body=Tail Confiauration

Dutch Roll tode
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Rol ling Mode

B= .VI = ‘00552:':‘00946
B:p:t =

0.
p: 1:,3738:-,0353
Splral Mode

w & 00l06:|:-2024l8
f = |:=,1061:,2783

Rolllng Mode

-.0478:1:-,0999
1:.,4236:~,0422

Spiral Mode

g = L0109:1:-2,1634
it = 1:-,1080:,2718

Rolling Mode

=.0452:1:=,1051

R3]
tper 1:.4410:-,0462
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Splral Mode

v = W0H11:1:-2,0012
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Lonaitudinal Reaponse Data ¢$or tho Crucltorm Tall Conflinuration

Appondix H

Phugold
\
o 8
G\\
A
v
e
a
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22>
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= .10
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4 Appondix |
’ T e Lateral Response Data for the Cruciform Tall Conflauration
t
Dutch Roll Mode
]
Up Rolling Mode
{
Bid:yp = .0018:1:-,2512
Bp:p = 1:-6,3512:1,6080
r k. = .10
P - n
L Spiral Mode
‘ . Bidy = ,0066:1:-2,0008 1
i B:p:f = 1:-,1949:,4477 |
i ;
b oup
. Rolling Mode
. t '
E Bié:y ¢ +0020:1:-,2526 ;
, * sfsp a2 1:+5,9322:1.5105
; r k = ,20 B:p:f . .
: p} - el n
% Spiral Mode
; Bi¢:y = ,0066:1:-1,9629 :
f B:p:f = 1:-.1988:.4465 |
‘ j
|
! - :
; Rolling Mode
E B:6:9 = .0021:1:=,2541
L‘ r k= .30 g:p:r = 1:=5.5077:1,4106
i p" 3 n
{
i Spiral Mode
Bsdsw = .0067:1:=1,9153
g:p:f = 1:-.2014:,4397
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