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FOREWORD

This work is being conducted to provide a des ign too l tor use in est imat ing t he
aerodynamics of tactical weapons. This allows one to predict performance and to
conduct a static and dynamic stability analysis in the preliminary and intermediate
design stages without cost ly and time consuming wind tunnel te s ts . Support for the
wor k was provided by the Naval Sea Systems Command under Si 1\TASK
35A-~~ I /O9O-l/UF 32-323~5O5. Continuation ( I f  t his effort in FY 77 and beyond will
be supported jointly by Naval Sea Systems (‘ommand , Naval Air Systems (‘ommand ,
Office of Naval Research and Army Miss ile (‘omniand .

This report was reviewed and approved by Mr. II. P. (‘as te r , h ead , l:xter or
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IN’l ROl)tiCl’ION

Quite o tt en the aerod~ nam uic ust - w hen he wo rks ss ulh or icar a design group. is

laced ~ itli th task of est imating such important desigmi parameters as range . s ta t i c

marg in . mnaneuverab i lit~ - d~ nam ic stabil ity , time to half amplitude . etc.. for a giv en

coilligilration. Once the design engineer obtains the data lie is  seeking, the nex t
question the acrod vnainieist must answer is “how can I improve the con ! ig ural on Si)

its ;ii’rod ynamic propert i ’s are better ’’? Ultimatel y, an i terat ion c~ d c  ‘~ i l l  probably
he m ade in which several different configurations will he considered before the two
or three most optimum candidates are chosen for further stud y. The im po r t a n t

point to be made here is t hat for each of the above configurations. static ’
aerodynamics (lift , drag, and pitching moment), and dynamic aerodynamics (roll
damping, pitch damping, and mnagnus moment) must be estimated before questions
concerning such things as range . maneuverability and flying qualit ies can he
addressed.

To obtain the above set of aerodynamic coeft icients , the engineer can go one
of three directions : lie can conduct wind tunnel tests which will he costly and time
consuming and probably produce results which are more accurate than warranted for
prdiminarv and inte rmediate designs, he can perform hand calculations using
handlx)ok techniques tm and applicable experimental data but not have a good
accuracy estimate of the results , or he can develop a computer program based on
analytical tec hniques which is efficient and produces accuracies on the order of ’

~10 percent for most configurations. The latter alternative , although being more
cost ly  and time consuming initially, is t he best approach for long term use amid is
the procedure which is followed in this work.

To be of practica l use for tac tical wea pons , the theory must co mpute
aerodynamics for the Mach number and angle of attack range of most missiles and
projectiles, that is, 0 ~ M ~ 3 and 0 ~ a ~ 15 °, respectively. Also , quite genera l
body and wing geometries m ust be considered. This arises from the fact that
projectile noses may be pointed, truncated , or spherically blunt. Another contributing
t~ictor to t he complex projectile geometries is the high setback forces at launch
w hich means the wings and canards must be quite thick to survive the initial high
“g” loads. Moreover , t here may be two ogives on the nose ( in the case of a l u / c
or blunt seeker ) and a boattail present t’or drag reduction pur~o~es. Figure I
illustrates the general type of lact ica l Wea pon geom etries that are encountered on
nonairbreathing conligurations. By designing a computer program to handle such
comp lex geometries most missile and proj ectile configurations can he coiisidered .



I. Guided Missile/Projectile (Nonairbreathing)

Geom~~~

a) Body - Nose can he pointed. bI tint , or truncated with disconti nuities :ilouig
surface , with hoattail or flare allowed.

hI Wing Leading amid trailing edge can be sharp or blunt with general
modif ied double wedge or biconve x airfoil sections and up to t w o  sets of

I i t ’ti 1W SU rlaces allowed.

U. Guid ed Missile (Airbreathing )

(;eo iuiet r~- sa me as for nonairhreathing ea se except  inlets added to bod y or
wing.

I l l .  Spin Stabilized Projectiles . Bombs , Rockets , Other Ordnance

,eolnetrv no more general than t hat already considered for guided iuiissiles .

Fi gure 1. Tactica l Weapon Confi guration Requirements

sev era l ‘.~ OikS exis ted previously which could lul t i l l  portions ot the present goat
of ’ a general aerodyna m ic p rediction prog ram . hut none of w hich was sa t i s l ~icto rv in
i ts  em i t i r e ty.  The most notable of these is that due to W oodward.2 \V oodward uses
perturbation t hieor to com pu te the pressuire distribution on wi ng—bo d~ com binations
in subsonic and sui t ‘e rson ic flow. However, t lie bodies i i i  l i s t he i omri ted and the wi ng
leading edge sharp. Also . he does not calculate the base ami d s k im i— l ’rietiomi drag or
the nonlinear am igle of at tack e l f  L- c t s , \ toreosi ’r. no consideration is giv en to

transonic flow or to h u e  com iu putation of I he l~ muamni c den s a t i s es  ( ‘ouis iderati on wa s
e’~en to an approach such as that followed b~ W o n t ss ird amid others Ion lice in the
present ana l vsis to calculate ta t  ic aero dvu ia m uu ies on tJet I .  ;i I W c apo m is . I lowever . t lie



pane l m e t h ods , ss luk’ h are curr e nt ly in use b~ iuauis scie n t is t s  in t he f ield , lend to
wor k qu ite wel l  for predicting lif ’t and pi t c ’liiip! iuiomiien it but h ave limited accuracy
in predicting drag fo r \I ,ich numbers up to 2.~ o r 3.0 amid cone angles to 2S
Si mice d r ae  is at least as important as lilt for m’nost tactical wc ’aponl per forinai icc
ch.uracte r isf i cs . a d i f f e rent  ipproac li ss as followed for wing — body st a t ic  ;ic ’rod ynaniics.

Another miiethod available for calculating aerodynamics on w ing— hod~
c(un t ig urations is that of Saf ’fell . et al. 3 This procedure comp utes static ae rodvna mics
on low aspect ratio missile confi gurat ions. Its app licability to general aspect ratio
conf igurations is t hus questionable. particularly at small a. I’ uirthermore. drag was
ca lculated b~ handbook tec hn iq u es ’ and is also quite i naccura te  at small o- . Again.
no atte r i t  ion ss as givc - ri to the d ynamic derivatives.

l’he other method of practical use in projectile work is t h e  all emp irical ( 1
“Spinner ’’ program.4 This prograiii computes all six aerodynamic coeU’iciei ifs Si) a

clv iiamnic stabil it~ analysis can be conducted on a spin—stahi liied projectile without
uio ing to the wind tunnel. Its short comings are its lack of attem ut ion to guided
weapons arid limited use in body alone design due to its empirical nature. ‘lh;it is.
c f  ‘Le ts  of n ose bluntness. ogive s hape . boattai l s hape. or other ( hmsdon t i nui r fe s in s lope
cannot be estimated in detail. On the other hand, it does give total force
predict iomis which are reasonab lv ic curate on spin stal)ilized rounds which are similar
in shape to t h e  empirical data base.

I o sum marize the above sta te - ~uf—t he—ar t in aerodynamic prediction. i l is f a i r  Ii)

sa\ there are severa l analyt i ca l or empirical m e t  tioil~ ava ilable to corn putt .
partic u lar ht rce or moment in a g usc ’n \ lat. ~i n u m ber reg ime. I lo~s ese r . t hese niet luods
have riot been combined t o g e t he r  to t ’orni a useful d es igi b I ’  ol . ,illu tss m u g  one to  riot
oui lv est in i,ite aem ’odynann ics accnm’ aie lv. b u t  II) co nduct s 1 , u I i L  and cf ~ ulaiuu ic s t , u b ul i t v
ana l’ sis or t raj cctor~ simnuiat io iis on a g i 5 t ’ r )  i t i i t i t ’ t i r a t i ) n  os .’ u t he \ iac ’h number
range l’ronni 1 to 3 am id ;muiele of ’ a t t ut.’-k r.imi nt.- t ’ruuii U to 1 5~. It js the purp~~sc ’ lit

the present wonk to provide su ch a tool,

A N A LY SI S

STAt IC U ROt )YN A\ l l ( ’ S

l’lie sta t i c- i c  r u tu l v i u: i i iu ics h i i~ been co nipuitcd pmc ’s ious k ar id t h e  reader is

ref erre d to References S through () t n  (lie LILIJI ls  of ’ thai p in tion of t h i c ’ j b rcsc ’ ui t
sso r k . ( )nk a s\ n ulisi s ol that work will he included he r e f o r  cont inuiit\ Nrp tsd’s



Buds ~Iune ,-~~rods ir imuli cs

A suimnnlar\ of the various m uu ct liotIs for comuipuiting t)od v alone aerod vu inn ic-s

appears iii l’ igt ire 2. \ l l  fl ue methods arc ’ s tauu&l .ur ’~l in the li t em ’ atun ’e ( R ‘f c ren ces 10
through 1 5 1  ss i t hu the L’xc ept io rl of (lie ~m ui p inical sc lieiuies der ;sc ’ u h for inan so mu ic l i f t
ari d wa sc ’ drag and (lid’ coiui bimicd Newto nu ia n— per t u rhat i on u  t h i c o n~ or ca lcu ha t i u ie rinse

ase drag in supersonit.’ f It tv , I lie couuubinied Newtonr ;i i-pert urbat iuun i thut . -nn~ was
desehoped so reasonable results for static ae iorh~ ni a nuu ics could l)e Ol)ta ined at loss
supersonlic Mach i numuihers for blunt rinsed con liguirat ions. ( ‘omni par is umis ss it hu
exp enmerital data indicate this mus ’t hod accuirat eI~ predict s pressure coef f ic ients  arid
total force c oe l  f i c i e i u t s  doss ii to superson ic Machi numbers of ’ I 2.

NUMBER
COMPONENT \ REGION SUBSONIC TRANSONIC SUPERSONIC

Wu and AOYOMA 2nd
~~~~ R VAN

NOSE WAVE DRAG PLUS DYKE PLUS
EMPIRICAL MODIFIED

NEW TONIAN

BOATTAIL WAVE DRAG Wu and AOYOMA 2
nd

~~~~~R VAN
DY K E

SKIN FRICTION DRAG VAN DRIEST U

BASE DRAG EMPIRICAL

INVISCID LIFT and Wu and AOYOMA ISlE N ISt ORDER
EMPIRICAL

PITCHING MOMENT PUJS EMPIRICAL CROSSFLOW

VISCOUS LIFT and 
ALLEN and PERKINS CROSSFLO W

PITCHING MOMENT

Figure 2. Method s Used to Compute Bod y Alone Aerodyna ni ics
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Wing a n~_j e uce Aerod ynam ics

I he nnethuids used 10 compute the ss nun alone and in ter fe rence .it ’ro d~ ni an uu ic s
a rc  l is ted ru I’ igure 3 , , ’\na in the mel huods are stam idard iii the Ii t e r i t  lire
1 Ret ’ene r mce s I O t hrouglu 22 )  except bun t ine c’mnnpinica! Ieehneq uues used for ss mg-b itl
interfere n ce, trai ling edge separation dray , arid body base pressu re dlr.ig caused hu~
tail fins and ex cept lot I hue t heoretical compuitation of win g wave ul rag in sl ipers ulic
h ow, I-or the details of these techniques. the reader is anain referred to either
Ret ’crcnce s 7 or ~~~,

‘N.,, MACH NU MBER
COYPOPENT N.~~ REGION SUBSONIC TRANSONIC SUPERSONIC

INVISCID LIFT AND LIFTING SURFACE EMPIRICAL LINEA R THEORY
PITCHING MOMENT THEORY

WING-BODY INTERFERENCE SLENDER BODY THEORY AND LINEAR THEORY.
EMPRI CAL SLENDER BODY

THEORY & EMPIRICAL

WING-Th IL INTERFERENCE LINE VORTEX THEORY

WAVE DRAG 
— 

EMPIRICAL LI NEAR THEORY +
MODIFI ED NEWTOPIAN

SKIN FRICTION DRAG VAN DRIEST

TRAILING EDGE SE PARATION EMPIRICAL
DR AG

BODY BASE PR ESSUR E DRA G EMPI RICAL
CAUSED BY TAIL FINS

F igure 3. Method s Used to Compute Static Wing Alone and
Interference Aerodynamics
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ROLL l ) -~MplN(; ~1OMI-N1’

l’he bo~t~ alon e roll dauu ip i rig n ii om im e u if is e s t z i i m , i t e d  u e s i n e  Ilic ’ su n ne procedure is

t I re ‘‘S piminer ’’ proen’ain. m ‘[‘hat is , i f  one k n ows - 
~~~~ ~, as a f u n_ l i o n  t i  \1 ich i  nuiuu i h - ’ i

for a t,nsc ’ mu c o nh ig u inat iom u . t hen

= 

~~~~~~~

ss lucre t he subscri pt represents kniowm u data. Th is est imate should pros c’ reasor u tblt ’ s t
long as the data available is for a configuration ol si m ilar dime n sio n s to t h e
configuration for ~ hich data ns required.

For a wir ig—hody confi guration. t h e  wing co mui pk’te h~ dom inates t h e  roll dam uip inig
iuuonuue mit so it is of ’ priiuuar~ concern to h ave a good es t inna te  of ’ the wing alone rol l
damping.

I or supersonic and subsonic flow calc ulat u unu s . t h e  ss inn is assumed to be t h in
so that smal l perturbation theory can he enil)lut~ ed for flow—field calculatio n s. Iii
addition, (lie winug is ,issuirned to hias e zero camber s ith ic ’roe l ist ic ef iects being
snu u all . In tran sonic f low , empirica l methods arc used for roll danuping ci lc ulati onrs ,
Body interference is estimated us m nug slender hod~ t hueon ~ Tail liii to tail t i mu
interference is zero unless flue non-dimensional spin ~1/2 V is high enough so the
shed s ortice s im pinge on an :idjacent fin.

The individ ual nuiethods ILsed for calculating the w mn g roll daiuuping momuienit
coeff icient derivatives in subsonic. suipersonic. and tran usonic flow, along wit h flue
interfere n cc e ffects , are discussed below.

Subsoauic Flo w M, < M i 1)

‘l’he small perturbation equation for three—dimensional steady t1os~ is

— 

~~~ui~~i i  
- = 0 

( I )6



w h ere (Inc subscri pts 
~~ ~~~~

. ~ indicate Partial di f ter en ut ia t io n arid where the
se locil ‘~ pote mu t ial . ~~~, is mc hated to t h e pert urhal ion velocities b~

= i i  t~) % u 
= s , ~~ 

( 2 ,

l’he boun dary t. ondit nons are that t h e flos s is uinidmst u rhc h it an i nu fin u nte distin ct.’
trom the  surface • is tangential to the su ir f ict.’. and is nu tin uuou s it the v i  tin t rai h u g
edne, \Iatluenrr ati ca ll y. th ese hounudar~ comu ditions can he t rea ted  i n  respt.’~ t i s e  order

u i v w O  is~~~ x + s + ,’ —. cx ( 3a )

V VF = 0 (3b )

u~ [ ( x 11
)
1~ 

.y
~
,.’11 I = un

~ 
( (x 0 ~~~~ ~~~~ I

v
~ I (x 11 ~T i ,y 11 ~~~ 

I = v 5 
[( x 11 ~-r F ,

~~o .t~1 I ( 3c

w [( ~~ i ~~~~~ ‘1u = w ( x0 ,y 11 ,‘~ 
I

T h e boundary condition (3c) is simply a def’inition of t h e  Kutta conditiom u wh ich
requires t he velocity at tine trailing edge to be continuous fro m the upper to lower
surf aces , If the equat ion of the surf ’ace is def ined as i~ = h” ( x

~ 
.y 0 ). themu (3h)

imp lies

w( x11 ,y0 ) a F( x1,i ,y0 )
= a(x ,, .

~ 
(4 )

7



The angle of ’ a t t a c k, a( x 11 ~~ 
) cam i be expressed is

a( X 11 .v 0 ) = + h~~ u /V + I( x ii - x i ) 
~
‘ V .

where a0 
is the ang le of attack of’ t h e wi n g pha mifor r n . p~ ~/V is tIre inuduced angle

of attack at a point y () on t i re wing span duie to a stead~ roll rate p. and
q( xi) — x

~~1
)/V , is the induced angle of attack at a point x0 along t h e wing chord

due to a constant  pitch rate q.

Eq uat ion I is a linear partial diff ’erentia l equatio n so that superposition of
sol u tions is valid Theret’ore , t’or roll damping calculations , one call set a~ = q = 0
in Equation (5 ,) 5 )  t h e  boundary condition of interest is

py0 /V ,~ (6)

6’ i:q n,i~itionl ( I )  can be simp lified somewh at by using (
~~t hert ’s extension to t he

h’andtl Glauert t ransformation , Th is t ransf ’or mn ation is equivalent to

x = x
~ / f3~

y =

t = “i i

i~ ( x .v . t )  = 
~~~~~~~~~~~~~~ ~

w h ere ~~ ~J T- \12 
, Equation ( I )  t hen sim iu phi tie s to

~) + ( ~) + ( )  0\ s  t i  ii

h I m us. tI re corn pressible flow on a wing of given geo metry can be solved ton h~
if  fuuie l ~ rela ti run t he wing to annu t hie ,’ wing wit h t i re  pro perties of l’u iua t io nu I I , arid

sots mug for the flow field onu (Ire nuess wing at M , = 0 o n c e  t l u is is lone, t i re

‘s s l u r e  ct ic ’ f f i t ,’ i’ ’ i i t  it i un ~ point on (Ire ss i rug is: i (

1’t



( ‘
~~

( N ‘Y 0 ~~ 
I -

line ~olu i t  ii t I 
~ 
t u i t ion ~~) iii be shio~s ii to be: 1

1 ~~
(
~~~I x 1 \ I [ - 

~ u 1
= — 

~~~~~~~~~‘
- 

~ ,ll + —. —~~~~‘-~~~- — — - -, I dx ilv lO t
~ ~y 

~~ 
+ ‘ L ~~~~~~~ x 1 ~

- + (~ - 
~
- + 

~
-j I ‘ I

where ~~~ 
(‘ m’ — Cm . It is req u ired to deter nmn i nu e the pressure loadnng .~~( 

~
, os er

thud ’ entire s u u r i a c e ,  Following Chadwick ~ lqui atio ni 1 10) is first d i f ferent iated with
rCS I )d ’c’t to / arid t h e  limit as / —. 0 taken. The resuilt is the n equated to tire
bouu ndlar\ cc inìdition . I quatio ni (6 ) .  to obta in :

PY 1 £ C ~
(‘ n (x u .~~ I [ N — x 1 1

= -
~j J ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

( I I )

The cross on til e v integral indi cates a singularity at y . in whic h case
\lar ig lers principal—value tec h nique t ~ can be app lied. The detai ls of th’i e soluition of
tire integral Equation ( 10 )  for ~~~~ ,x ,y ) will not be repeated lucre as f f ue ~ are g ive n
in nuua nv refere n ces isee bar examp le . Refe rence 1 7) . Worth y of note . h uow c s t.’r . i s

the f~ict th at i’quation ( 1 I ) is an integra l equation for wh’iich the ss rug loading 
~~~~~~~

is to he fou n d as a linear t’uinictioni of ’ the induced angle of attac k. p~ ‘V

Once t he s p u  loading ~ O ‘
~~( x .~ ). due to roll , is know n over tire en utnre w ing.

tIre local rolling nuom uient coe f ficient at a g ive n spanss ’ i.se airfoil sect u or . is

S

c , = -‘

~

-

~~

‘—- 5 (~~(‘,,)~dx , l 2 )
c i  \

~

where the subscript I’ indicates tile loadim rg due to a roll rate p The total rollin g
mur omn ent on (hue em itire wimig is t hr em i

( ‘ = — ~ cc’ , dv ( 1 3 )
S J ~~~~ ‘

i t i



\ ss t i l u ruu i t ’  t ire n’o lh ir u g nn ouu ent is a lnuu ear lumi c ti om u of roll r u le . thr e roll t_ lunn i ~ti nig
miio iu i e ui t ‘oct f ic ie n ut d e r u s a t i s  e is

( , ~~ (l4

Supersoiuic l~ h iss ( \ l , ::~

I or su person ic flow g i s t  thr i mi  ss ’uu i n s  I qu matmo nu ( I ) us still app l i c ihilc ’ at t i l t  ss t h u
( lie associated boundary conud ntion I .~ii Suui ce t hit.’ flow is si pe u st o i l d , f u s t u i rbarrce s m r
ti lt.’ f low—fie ld  are irot felt upst rea nur of’ tIre ‘o uu i t  of  ( l is t u i rb i nu ce I lois , (h i ’ bouiuiu h, in ~
con dition 1 3a can he modif ied to.

u(0 .‘~ . z)  = v U - 
~y .i )  = ss (1) ,~~ ,, = 0 I I S i

where it is assu m ed the disturbance occurs at x = 0 It wil l be assunrued the wi n g
trailing e hge is supersonic (Macli numbe r normal to wing trailing edge is greater th an
one) so (f iat the K ut ta condition need not he applied . The solution to Eq u a t ion I I I
i s - ms

I f f a(y,~.y,1 )
= — 

~ J~
) .J(x 1 — 

~~~ 
)2 — Ø 2 (y 1 — 

~ 
~2 dx 1 dr 1 ( 16 )

where S~ is th’ic wing plantorm ’ir . The lifting pressure coefficient , due to a constant
roll rate p. is thren related to t h e  velocity potential ç5 th rough t he relation

(~~C~ )~ 
= - 4~ 

( 17 )

‘lire limits of integration of Eq nation (1( i ) are dependent on whether the
leading edge is subsonic or supersonic. Eac h of these cases will be considered
separately below.
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Ih s u iperso tu nc he nhu tme  ‘ lee , t r u e n mu e .uu t ’ . t l u ’ \ 1 i  I
nuu nn r bc r nu , t r nuu ih to (hu t.’ le nl u rig edge us en c i t  er t l ua u o n .  Re I i n t u i t ,  t i  f ueuu rt.’ 4 , t hu us
i m ur pl ies tI re \I ,mchr lir’ie em ur mnu ati nu g f ’romui thue r to m _ Ii rd - ( I  - l ies hx’Irinid (lit.’ ~s i i i

hcadinn edge, If the \ Iac hu line mn it e rse ~ t~ f lue ssun u g t ip is  s!i s s t i  i n Fieti r’ 1 (lucre

an e live hrs t inuc t  d isturbai rce nc ’gu im ls presemut .in u l hence . Ike di f teremut pert u urb i t  on
solutio n s . If tI re \ tac hr l imue i n r t e r s e c ( s  t Ime 55 i ung t1’.m i lul i f !  c du’e . the ii n st ei ’,i tis e cr ,i ? ’ l

b~ tire Mach line O )A i m p ingi n g an tire win e t u t ms e hmuuu inr a t c i so t hri t omuI ~ t our
pert urbat ior u sol utiom is ire needed

~~

A

4 —
A ‘

REfl ION AREA
x a

1 OPH
2 UHFG
3 A H[)
4 [HAl
5 A F T

F igure 4. FIat Plate Wing Planform With Supersonic Leading and
Trailing Edges; Mach Line Intersects Wing Ti p
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I c .‘enlc ’ iali i , ’ f  f i n  n i i i l , is f i r  t his ’ l i f t  m i t , ’ m’ t ssli re u ii~t m’nbt i t i  ols on a ss n u i e in
s t , i c I~ roll i re  deru sed inn Ref ’erer ree 2 1 ,  I or c oni se l iuc n u s e. t ire tn nua h e qu ia tm onus inc
repeated lucre I- t i n region I. t he Iltiss i s  two —d inm r en u si onu a l amid tIre re s i i l tm ime h u f t r r i u , ’
pressm r.’ is

[ 1 4rn ut 2 x 1 (mii
2 o I)

= 

~~V ( nnu 2 - 1 ) ~ ’~ 
( l a )

lii r ’gionr 2. (he tota l lil’ting pressure is:

F 1 4pmu’i 2 x~i Ii + m 2 o
I ~ ( ‘

~~ 
I
~
, I ~~

(‘
~ ~~ 

I = “—i’—-- , ,, ( I  + ni2 u) cos
L ,j 2 i~~ V , ( m r  — I F — L mu i( l + o )

[I — mi1 2 ,l
— ( I  — mui o )  cos I ( 19 )

Lrr r (l-o )J ~

The induced pressure caused by tire ti p Machr h u e  l)i is:

11 ~M 
- I = 

~~~~~~~~ 

~ 
[

~~~ L - - - cuis 
+ y~

( 2ni +

~ ir\ 
~
( m r  - I F ~~— ‘ a 2 mx a

- 

( 20)

I hue total  hi l t  m u g  pr’ ss uire m r  region 3 is then:

~~~~~~ 
) p = lL~~

’
~

)
~ I + I(,M ’1, )~, I~ 

(2 1 )

I hit. lifting pressure in region 4 is a co nu rhinatiomr of that in Regions 2 and 3. urns .
in Region 4:

= I(&’p )p I 2 + l(&’p ) p I 3 ( 2 2 )

12



i i . it ’ t Ire \ t , ic  Ii l u re ( ) .‘\ ui u t c ’ i s ec ts  I hut. ’ ss i t t ’  t i ’ m i lnnun c ’u lec ’ . I m u i t i  s I tin i t m ’,’ tm
22 ,illoss one to t.hetc ’r nuuu n u e thus ’ con uplete h if ’t in ug 0 s s r ’  d is~r ib u ntn im s e n  the s s l r e ’

s u irt ice. II t i re \ l i t . l i  hire ( ) \  i i r t e i s c ’ s ’ t s  fl ue ssuni g ti l t , , uuu it l re r  per ’t u i r I ’ t i t u ~ us r i f u n c ’e~
in (lit.’ flo ss f ie ld .  l Ine to t , i l  l i e s s i re d i f f e re n t ial  in regi i)nr ~ is t h e n :

4 pmnr ~ F in x b 1 / m n x /~J - v I — nu r I + h)
I~~

( 1 , = ——-- 
., I ——-~ + nur v ~ - - ( n r+ l I l ’os t

Inn - -- I )~ 
- L ~ 

‘
~~~ 2 ] iii x ~ + y + b

-2 in~~ ~~I nuu - I Hmu x -~~ + mri ~ + b) (23 1

Subso nic Leadin g Edge. If the \ i, icI r nunnler nor mnial to (hue lead j ug edge is less
(luau one (and tire tra i l im rg edge Mac - li m u m iurrhc r is greater t hu am i uric I, there are onl y
two f l ss regions to con sider. I howe v er , tire solution is com plicated sonuuc w l rat ~ t h e
leading edge singularity where tire seIu cit~ goes like I ~, 2 2 Ref ’erring to I ug u u re 5 ,
time pressu re hi f ’f ’erentia l of upper and lower suirt ’aces in Region I is :2 2

I)

LE

ii — I—

~~

.s n

-S
--S

D

--S S.-
-S. I

c ~‘ 
H

H ..,,
L

u 
•-S

S.-
R E G IOn A RE A

-.5
1 ODIG

2 ors

Figure 5. FIat Plate Wing Planform With Subsonic Leading Edge and
Supersonic Trailing Edqe
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211 nur 1pm 2 x~ ii= ) - ---

~
- ( 2 4 )

~~
- \ ‘  _

~-r ~~
-

s~ lie mc ’

211 — mu 2
1(m) = 

-( 2 —  nr )i’.(n r ) — nr 1 (m )

I h ur l = 
J ~~I 

- k 2 sin 2 OdO

dO
F( mu r ) =

~ 4 i - k s i n O

k = .~fi — m 2

Valu cs of the con u up lete elli ptic integrals ot ’ tire f i rst and second kind ( F( ml and
I - f  mu )) .  r espec t i ve ly )  have been tabulated and appear in standard mathematical
hrandhooks.

Region 2 , w hr ic lr is aff ’ectet.l by the wing t u p Mach cone , iras a lif t in g  pressure

differential gi s c i t  by

~ p n u m ~~~
- -

~~~~~~
—- [3 iii x 11 i’~ + v ( I - 2 r u r ) ”  b,. ’ 2( I + iii ) 1

= ‘—‘- 
~~ h’ - ‘

~~
‘ ‘—‘—— _ -~~

‘‘ —-- -~- i  4 2 5 )
L 34 I+ni )~~( I+nuu H ni\ 1~~ + \ )  J

I or a flow ss t t i r  a subson uic Ieadumig edge amid sui pe rso ut nc trailing c’ sI gc ’ . I quat uo n is 1 24 )

am i d ( 2 5 )  s l eter i u mi nts ’ t ire com rup letc l i ressuu nc ’ u l istruhutu oni due t i  a ste;it.l~ nuill . p.

‘Flue loca l roll moment , tota l ruu l l imu g nu r o mm ienut . and roll sla nui pmrug ni ronurent f ’or

both the sir bs m u  is ’ ,im i d sulpe rM m i  mc ha Lh im rg s’dgt.’ e, isu ’s c iii t ius ’ u i bc ~h’teruui ned by

I quat iom ’ i s Ii 21 . 4 1 3 )  an ti 1 14 ) .  ne s ps ’s t r s c ’l~ -

I r,,nsoiuic I’ l im ’,~. I 
~

1 u, \I < 1 , 2 1

‘l’lrere are c i i r re rr t l~ no smnu ip ls ’, a t . t .  i ir ,ute . i n r i l ~ t i c  .uh m m uet h u ods available f i n

~, n I c t i l a t u n r t . ’ t r . i n~~t u t ic r iht damuipiur g  V~ ut hi t b -  uns ’rt.’,:sed ‘ u n t h f r , u sus iii t r u n r s o n u r c
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.is ’n md v m u arrr ics in the l ust les s \ c i T ’s . it is i’mo pc ’s l a s inrup le t l ie t ’ t m c  il n nuet h i od ~ ill

bc’s- t i t us ’ ,is.uil ablt.’ wi t f u n  a rc ’ ist t n: ib ls ’ t u n e  t r , m nn i c ’ t i n  ( i t  that tinuu e , utile nun ust resort

10 thus ’ lull \,isic n St tkt.’~ equat ions ut nuuot ion or empirical tt.’c h u n u t i i c ’ s Siui ~ t.’ hue

f ’s n r mn us’r .mpproac hu is be~ t ur d f l i t .’ ‘cope I t huis ss nnk , tIne emp irical  appr t :ic ’ h i  ss ill be

fo llowet.I -

\ \ r t huut a theoret ica l muiodm,’l I t  ca lcu la te  t r un uso i r i c  roll i.la i u ip i mue . it m i s  bes’ii

currerut pr .ict ice bs son Ic eng ineers — ‘ to  c’st innate roll s l a muu pi mug uu sh red 1 ro por t u  i i

t i  the lift , I hat us

R N , 
t st

= 
~~~~~~~~~~ ~~ I 

(2(it

ft

ssbu ’rt.’ tire qui a nit i t ies (‘
~ 

~ 
and (‘

~~ are tota l cont igt. iration s ai mme s , I b u s  mlic ’am ls t hat i t

t he roll (ha nurpi nn g is kiuowui at s i \  \i = 0.8 amid 
~~~~~ 

us km iowm i t t t r o i g l i  t : i  1 the

tr am m st ) mi ic spet.’t.h regi mire , then tire roll t.Ianunpimug canu bc cst n iu u ate , I  ,iscord I iC to

I quiat i i t  (t I. I h i s  is the procedure used inn thue press’nit ani:il~ sis for ca ic u i l at i mn g roil

da rnping-

)ne of ’ t Ine ru in) problems in lue rs ’ mnt in calcu lat i rig traiu soriic aerod ni ;ui u n ucs is a

nus’ed 1 ’  acs ’ounit l’ur t h ick n ess , ami d in coins’ s’ isc ’s . ac t  • ~~~~ e f f e c t s  Au e nu uj i ur ica l

t 5 ’L h im uiq ue pr tposs ’t.i by h dmurouiul so n 2 4  to correct for  t l uickm us ’ .s ari d ,is ’nti c ’ Iastic I Is ’ s t ”

urn ret. t a m rgu lar wim ug s is

= (( ‘  4 ( I , ( i d 2 ~~‘ ‘ I

I p p m he  ci r ~

v li - n c ’ I/c is t ine osera l l  t f r i c k i ress  to ch ord ratio of (hue ss ne pl i n uformur . I lstss ’ s’ s s’r. tlu c

h r t .’scnut i , u h m i c ’s of I( ’~ 1iI ’ rs ui tr , mn uso nu is ’ f low are ca hc u ha ts ’s h bass ’s h on tIne huf f

curv e sI pt.- wi n ch h i s  ih rs ’ id~ is’s’ot imute d ton th ick ness ,  l it idt. hitnou i . inu t u i i t i s s ’I\ ,

would t.’s pest a M,ns h i urumnher ef Is ’ s’t to he present m u  1- u l t iat i o mi (27  4 , s inus ’s’ t hi is ’kr u c ’ss

is n nu u s t u mi rpo rt . i nut iii (ranusonic flow . I ‘ t im t lrese t s s t t  rs’ is& tn is , I u( ui it it. )mi m 2 ) ss as  mr ot

,ip 1ih nc ’d inn t ime prest.’ nit inua lvsis .

lnW rf ’ereiice 1’. (‘1 u,’ct s

l Irere are (hires ’ R his ’s it in itm ,’rt ’ert.’nce s’ f k’ c t s  w hich muced to he s’’s , uui u i u i s ’d mu ( hut. ’
process of 1 mr s ’ sh us t inig roll d a i r i t i m u ig .  ‘I his ’s are th u s ’ bod~ -f ’um’ m , t ail f’u ii t i  t i r l  t i n  and

i s



canard to tai l innt e rf ’cre mnce e f f e c t s , l Ine f ’ums t  ariss’s due to tI i~’ prs’ss’nuce of ’ t int.’ hoc k -

t ine second ,is ,i result of ’ ta il shed vort ices im uu padt i ng anit ll ’c s’r tai l  t )nu . amid lire t h ird
,ms a rc ’s ui lt of ’ c~iunar d s ired vort ices rn mip a ct n ng (lie tai l  l inus

I, s n ug s lender  bod~ t hn eon~ , t ime c’ff s e t of t h e  bod y m a c  been ca l s u i la tc -d h~
. \slams m ud I)uugan i 2 ~‘ fo r i)otiu planuar anud cmu s ’ i f o rnn w ing—hod ’. co nm u hi m iat io mi s I lie
rs ’sui lts i f

’ t hcur .alcul a ( ionus art.’ presented in I- igurc ’ 6 as a f ’uin rc ( ion u of t h e  pa ranuus ’tc ’ r

= r~, (r h + h’2)

It us seen that there is l i t t le dif’ference between tIne planar and cruc rf ’ornn ss nn m g
conhguratiomi and f’urt hemmore. that t lus’ body h a s  l i tt le et I s’c( urn t he roll d~unuu ping
for va luiec of ~ up to 0.4. Although ti rese recuRs are an ua l~ t u c a h , (luc y have bs’c mu
ser u l’ied qua l ita t nvs ’l~ by t Ine experi meuita i resuul ts presemited inn Ref ’ereruce I

C lp
(C 1 )r b = 0

CM ‘
~_ . ,Sl

(C M + 0

u .? — — — — —
1, 0 ~~~~~~~ — — —

5’ /
/

0 .8 — — -~~ —

0 ’  — — — 4— —

0,? — — .5
S

S

0 0.? 0 .4 , i : 8  1.0

i ,, / ( r ~ 1 , 2 )

Figure 6. Effect of Bod y Radius on Damping in Roll and Pitch for
Fixed Span
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‘I’ lus ’ s’ f f e s ’t of ’ tire nn um n n n b s ’r of ’ f ’inns (urn roll da mu u p i nie was at f i r s t  u ls ’ts ’ r t uu ins’ sI uns u nug
sls’ nuds ’r bod~ t lut.’or\ , 2 ‘~ I h u c ’ resui lts u n n sl uc ’ , ite , t ( h a l  f lue , i t hdi ( uo mn ii inns to  a u r u i s sm l s ’
,i~Isl’~ to ( lie sl a u uup umi g in ro ff  ml ~i s hec ’ rs ’ msr nng r a t s ’ , I httv , ’ s’vc ’r , s lemuder body thu c ’ t r ~
rc ’sui lts  are indeperut. le m ut iii Mach i nunihuer , \ lorc ’ t t s c ’n , lutist t a c t i c a l ss s ’apoils tl\ at
\I,is ’lu nu i mn ib s ’ r s  sus hi t h a t  (he nnonid inius ’nsiona l spun lt~~~~~

2\ ’  , i ’  Si) lose t l uat f a i l  f i n
st ie d ~oi’Iis ’c’s dun riot a f f ect  ot l r s ’ r tai l f ’u mns . hh c ’ T i t .  c , tai l t i n t  to  tail f u r  n i t e r t s ’reiues ’ f i r
iruuist pract ica l case s is 1cm. au us l is t in eref t  ti ’ s ’ nc’glecte sh lucre.

( ‘anard —tai i  imi ts ’rI ’s’rs’uu s - c’ ss ill runt be accou n ted fo r at t h us ( nu u is ’ . Sc ’vs ’ra l pc’ rsom umie l
are curreuuf l~ m ru s ih s c ’d inn cs tnnuu a t i t i g  iniducs’sl roll amid it u s hoped (hat this f t irm uu of
ink’rts ’ re nucs ’ can hi t.’ imu s ’orporat e d uni t ’ thus ’ cuirrent nnis ’t I r o dt th tg~ at  so nic ’ t’tm t i m rc ’ f i n n s ’,

~~ .\ L  S FOR( ’I~ ~\ I) ~lOMFi N IS

I hr c ’re hiase bee n Ss ’ 5 t.- ra h a r i d ’ , t nea l m t (si l l  pts at prc’t.I ret ung \ l.ign us Rs ’f ’s’ncns ’ c’s 2~
lrr t t uuu li  3 1 ) j i, ir,t~ t s ’ r i s trs ’s as a f ’ u u i i s t i T i of ( lie mmliii var iab les  it interest:  t h at js ,

\ 1,mc li mi ururher. Rc ’~ nutt l th s unrulier, l i i t c f ~ shape aiusl s :irnot iS properti es of ’ f lue l’iou imu t. lar\
la~ en. \ hl of t h u c s s ’ m m u c ’t hinds hi , is e e m s c’n soj ure st is ’ c’c’ss fur e isc ’ ml con i d i( iumi s . huit . as of
\ c ’t , t l m c r c ’ is sti l l  m o  as ’, ui r : m t , ’ am ua h v t i c ’ .i l mnuc ’t huot. I by whui cl u one ca in ca lcu la t e  \1: ieiumi s
as a f ’u r u ~ li ii i t  t t , m c ’ lr nn u rnuu h s ’ n a mu d bush~ s hu a ps ’ f inn  tv pe a l pr’o~ect i lc ’ iuu issihc ’
uin hm uau icc ’ , I i c  l , i tc ’st if t ire t hu s ’oret ical . i t t s ’ nn u h ’t ( s t i  pre dict \ t , i e n u u is  is cl u ie (ii

\ ‘ au ei i mi ,3 ‘UI) e s : m h t , m i ~’ ( Inc e. ip a hi l it \  of \‘auglr m u ’s muiet buod , ~c ’s a l protecti le
c i t i u f i g u i r a t m i n s  5 5 t . i c ’ s’imn is i c t ~ ne d i i i  ss ln nt. ’li h i t s  n m ns ’t hrit d seas c om pared wi t h  c’\pe i’i nu h ’ i l t , ut
t h . tj  ,mnd an a l l— em u ipirical prs’s l m L t i o n u  muuod t.’l ‘ ‘ Spn m un mc ’r ’’ ~ i i c u m n t . ’ 7 prs’ss’ ’ t s  ( tuc ’ s ’ s ui ht s
tnt ’ f h uc ’sc s’ ,i ls ’ i u h a t i on us  \ ‘. sc’s’mi uu t hus ’ insure , ( lie s’ nn upmr i t . ’ .m t nunos ls ’I us be t t , - r or
prt.’ sh is ’t imnn \1 , ie: i i is t h a n  time t h r c ’on’ t.’t i ca l ur tos le l of ’ \ ‘~iuug hnn u.  .Smuic ’ s’ nc’ r t luer approat.’Ir
(los’s s . - r~ 5¼e 11 ui gs ’ i uc ’ra l, it .up , ’’’a rs t i rs ’re us still ruuui ch u .m :iaI ~ t rt.’~m l ss irk t o  b5’ t.Iu mn ie
bc ’f t i r t .’ \ l,meuuui s l’t i r sc ’s and nuno rns ’ m nt s on pi’o c’ c ’ t i h s ’ ans I nussui c ’ o rt. fnn : m ius ’ c’ can
pre d i t . i  c i

Rt.’l.-n c ’ m uce 32 . it ts ’ ini p l t .’d fun gei it.’ r a hii c ’ t Ins ’ s’ iuipir ic. ml Sp mmuns ’r appn t ic ’In t i
u i ~~~rp t r ; i t e  bu~i t t a i h geou inet ry s a u  i ; m t i on u s nm t hus ’ pre dict ion s ,’ Iue murs ’, ( i ra ft ’ 2 et al,
louuu d ( m a t  onus ’ co uld c i n n s ’ h a t s ’ thus ’ mi rag ni us f t t r c ’ s’ amnt. l muo m u n eiu t as a linear l’umu t.-ti on

of t I ns ’ \1 , i i i ’ h ’r sa riahk’ , t j ,  w here ~ us deflnred b~

[S r 2 d~
- ~u t n
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Figure 7. Magnus Moment Coeffic ient Derivative for Four Projectiles

18



ss’hichi fur s’(i u ius ’:il hio :ut t ,iu hs mm rte y ’r :i t c ’s t o :

r / , / 2
I m~ ~ ~‘ r1 \ ‘

11 = . SS I + ( ~~~~~~~ + ( —~- (2’)I
[ \ r r .  t / \ r~5, 

-

. \ni entrpirit.’ .u l st.’ hns’ntit.’ sv,is t Inns t.ievu.’Iopct.l wI n ch mrnc luded boat tail sh’ra pe in addition
to Iemngth m u  thus ’ metj iodok gy. I however. wh iern t he rrnet lnod seas conrt iarcd to oilier

prediction techn iqut.’s for existing ordnan ce, it appeare(l tine method of Refe remnce 32
did not do significa mrtly better than the Spinmner lechnique. Sinice the method in
Rs’t ’s’rem ucc 32 was (imnhv f’or angles of attack up to I ”. tine Spinner program will he

uised t o es t imate  m urag nnu s et ’f ’ects omn sp in—stabilized ordnance.

For f ’ inu— stah i l iiemi wc’a pom ns it will be assu umT ued tine co nf igurat i o n rolls show

c’ mutiui g hi so nuagnm is eff ’cc t s  can he neglected.

Ii’I’CH i)AMPIN(; MOMENT

There art.’ two contributions to the damping in putc in. Threse are tine stead~
s t a t s ’ c le r is~i live (‘ .,~ 

~ 
( t Ine nion nem ut coeff’iciemu t (lure to steady pitc hn im ng veloent~ 4 amid

thus ’ unustead ~ s ta ts ’ or time dependent der iv at isc ’ (‘
~~ - (the mnnomn’ iennt coef ’ficicnt d ne

to a s’onstant serf is’~iI acceleration ) . Inn order to deteri nn irue t ire tota l da muu p mn ug of ’

missi le t.’v nnfi gui rati oni s . t Ire da m n piung of m nus i rv it. iuial t.’tu iunp on enn (s ( i.e.. hod~ . w un u e s , and

canard s I is calculated amid then tine w ing—b u idv imiterfer s ’ r ncc ’ is nm nc it.uded

‘l ine emu rpiric a l proee d tire of tire “Spmnm ner ’’ progranui us e murp hc. yes l to c ’~ t innate (Ia’
Iiti f~ —a lonc pitchu darui ping parauu ieter. Thus. t ine q t uant it ( ‘

~i + (‘~~ ,
. for a particular

hi id~ is related to tine danurping value for a d iruu enn sio rrall~ s imi lar hod hi~ a f ’i im ’uc ’t ron

of ’ t ire body le mu gt lu . hoattail length. and cs ’ m n (em o f gras if ~

l i re  l i ft ing s u i rf ’acc’s of ’ missiles I t.’a n’iard’bus lv — ta u l  com nf ”ugurat ionrs ) ansi t uui—s nab iiii ,cd

pr t t t c ’ c’t ihe s ( body—tail co m rf igur at io mi s I gs ’ n us ’ra hk represe n t t ire maj or co nit rihut ion il’ t hu c ’
to ta l daiuupirrg iii pitclr. T l neref t m rs ’ . it is itunporta m it to  Iuave a good s’ s ( l im na t t .’ of t ire

sv iiig—alonre puf cii darn pin g,

I or siu hisonuc arid s uips ’ m s -ur ic flow calcu h ut i t t n ms , on ucs ’ aga in a h u n t  ss m u g  is

; i s s muin ms ’u l so t h at ‘ n rua l h  f ns ’ r t u ir l ia ti omn thus ’c.tr~ i s  app licable. ‘\ Isti , is m u  t Ins’ se c t i o n  Roll

I ) a mm rp inue Mo mm ne n it .  tine ss m ug is ass iu i nied Iii h uase no c ,muu u h er or tss s t arid i rs ’e lrnu l i ls ’
aeroe lasl ic  s’f ’ f c ’c ts , u n  t rami s i tn u i s - h o w , c’ n rup i n ica l irret luods ars ’ Up h) Ims ’t h i i i  lo m rgit u idiun a l

t.I~imurp ing domn i h tu i ta t iO i rs  ‘I’hie ctmn ur p uius ’ iut i ruts ’ rt ’c rcu rs ’s’ s’l’f ’s’c (s are t Ius ’m i up p moxmmi iat e t l Ii~
:issuruniulg a slemnder both aund usirug t hus ’ app .m rt. ’ n t— nur a ss m nret inod of ’ l~n~ soui ~

I’)



Tine mm div Id ual procedures umse(l for calcuul at imng (lie wi mng I) itchu danniping nnomnient
coeff icient sh s ’ r is  at  vs ’s imn all fl igh t regi ru es u n d e r  counsidt. ’ rat ii on arid tire i i rterf ’t.’rence
ef ’fects are pre~emn t ed nun tIne to llowuing d isetussioni

Subsonic F low f.M , Mft

‘lint.’ sta bility derivative s 
~ u and (‘

~~ for a huin wine iii suhsonn uc flow ars ’
() t ,i

determi nined t’romn tine pressure distributio n ci irrs’sporu(Iinig f~i a sts’asl~ pi tc ln imng rats’ q

In thus ’ cast.’ of unconupressuble floss (lie prs’ss uire Va ria (momi is obtained h~ so ls m u g
I’ l l u iat i t im n 1 )~ tIn s’ sniali pert urhation eq tua (ion for t Iure s’—di mn remns ional stea d\ f ’li is s . vs i t hu
the appropriate boun dary s’ t imu ditio nn , I ’ni r st cad y stat e pitc h dam uiping calculat iomus tine
ii s’dt.’sSJ rv hounuslary co mrdit iom n is fou n d h~ ss’t ting 

~ 
= p 0 in I q ua t ionn I 5 I -

‘l inus .

= 
~ ~~ 

- 5’ r ’ i  ~~ ‘ 
(30 1

Moreover, tire pressure loading due to a co nnsta nnt pitch rate is realized hi~ so ls iuig
t h u s ’ integral equation giveun be i quation ( I I )  wi th p~ ‘V replaced with
qf ~ 

— x I ‘V . l’ius’ resu lting solution ~5 (he wim ug loadiung ~
( ‘

~~ 
- (‘onipress ible

suib s ‘nit. calculations :ire based upon tire imiconun pressibls’ so lution hi~ app lvirug
,u’u’t hnt.’rt ’s e \ t s ’ns ion to tine Prannd t l— ( ;lam uert rule, w h ic h is s’us cii aho nig wit ln th us’

c s pns ’ ss utnni for t ine prc’ssu urc ’ co ef f ic ient  
~

‘
I’ inn I’ t iu i ; i t iiins ( 1 )  and I I ) ) ,  rt. -s pc’ c’t iS’ s’ IV -

I noun t ire t. l u t t n t l s em s c ’ pressure ( Ius t n i hut io n.  (lie st.’s’t i nmn , i h n n u ) muu t. ’nnt , i bt tu i t  t luc ’ a’a s

t i f  rut ,uluin n if t int.’ vs inn due Iii q is dt.’ ( er nnni mn e d. specif i s- ,ill~

I J sI ~ sI ~ (3 I I
r t . l

vs i s i s  thus ’ ( I u i a m r t i t \  
~~~~~

‘
‘ 

u l i re- s i t s  t i ns ’ lo.i hm n ig thilt ’ t i  a p i t c h  rats ’ q. I his ’ to ta l
pu rs ’ h n im n g mu n omm u eu ut  dims ’ hi q urn t in ’ ’ e u u t i re  vs mug u’ u u s c ’ m u

2

~ 

~~~ 
J cc~ q dv ( 3 2 )
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. \ ssuu i i iu n ug thus ’ pitc h in g runom u ne n nt is a l imi e :mr f u u n u s t u i i n i  of 1t ils h i i i i .  . the s t s . t s I ~ st ilt.’
pitc h si a uu pi m u~ mn uo m u u e m ut c t t ,’ t  f ’i c ’ is ’n( derivat i v e is

i (‘~~( ‘  . 11 ( 3 3 )

fq~

\ lani~ of ’ tine recs ’ n u t devs’h t tpnm u e mu ts inn (lie f reid at’ wusi c’ ;uls as ’ r i t dvu uan uuu c ’s ( i.e,.
Rel’er c nucs ’s 34 and 35 )  indicate t huat osc il lato rs Iif ’tnng suu rf a cs ’ t ins’or~ rs ’pnc ’ ’.c ’ i m t  s tine

l ut i s t ua hlc’ approac lu iii (he predictionu of ’ iinsts ’ad~ su bson ic stabil i ty s lc ’ r n sa t  v s ’s I or
am’ bitrar~ ss’ imu g plan fo rnuus , I i ivs’ c’ s s ’r , ( hut.’ co m pu tational effort req uired b~ t h i s  t incur
I unh tami u  sui c ’hi sls’ r uv , i tuv s ’s prs’cluds’d the possibility of hs- im ng ab le to re . ih i l ~
mm icorp o nate ( he ies ’ lunniq ue inn (s ) thus ’ hirc ’sc ’ n ut s uu h iso mu uc c’:i Icunl ~u ti tin sc’hrem ne (steady l i f ’(im ng

siu r f ~ics ’ t inc tu re I. lvs o— dimn e rusi o nu al umnus ls ’’ ( l\ uu i s ’t hioui s ( i s , Rc ’ fs ’nc ’ mus ’s’s 3(t :irn s h 3” I f o r
s’sti mnatin ig (‘~ and (‘

~~ . , w luichi assume snurai l anur p l i l unds ’ t isci f i -at ioiis arid c’ t t r rs ’c ( for

t u t u  i t s ’ span cf ’f ’c’c t s . appear to he inadequate to hna mud lt.’ bas ic ’ vs rug plannf ornn ns ( i ’ s ’ -

rs’ctanng u lar . tn ianngular, tapered . swept bac k . etc . )  for a ctt nuup lete :islis’et ratio range .
-\lt lnou ig i’u a sin unp ie solutioni for (‘

~~ in (hue cast.’ o f a triangular wrung is i tb t a imne d h\

I th ,uk amid Lc’ss i mug in Ref ’erence 38 , t Ine muiat lnenuatica l intricacies asso c iated w i th  (Ire
n uu c t m d. w luic hn reduces an uius(ead y f low problenun to an (‘( huivalemnt stead ) f loss
prubiennu . proluihit similar simple solutio n s for otluer vs inng pkumi (‘arms ,

Inn tine prc ’se mn t tre at nue m nt of subsonic flow , t Ins’ conis (anut vert ical :m cs ’s’ Ierat ion
dc’ nnv at s c (‘

~~ tor tire wing alone is gnv s ’n its s lea d\ f ’low valt it.’ U . 01, Sins ’
t h e  primilarv concern here is tine predictiomi of dyna mnnic de r i sa ( nv es  tar l ;ui l — ht t dy i t r
vs inn-l it ‘ii v—tai l  s- t t nu figuratiom ns . this t.Iet’ic ieuicy doc ’s riot serious ly mnup a ir thus ’
prt.’ I innuim nar ~ t hs ’s ign u object iss ’ . It is intem ’c’sf rug to nuts’ ( lit.’ t lus’oretica l ~ir ’s’dic ’t i nns i t t

+ ~ , w h ich assu muis’ 
~~~~~ 

. = 0, b r  a delta vs m u g  ( /~ 
= 2.4 ) and a sss c’pth ’ tac k

ain d tap ered vs inig tI ’4~. 3 that are presem nted 1 m m h - i g nm rc ’ s 20 and . 1  . l’ luc ’sc ’ I mu ~ut’s ’ s

are (i isc ui ss c ’II in (hue results sectio n .

It on ly small amp litude osci hla t io mns art.’ considered i s ’ ., reduced f ’rc ’it t ns’nncv
c.)i~ 2\’ ‘~~ I ), and the flow i ts s’r t ine bode is :ussu imi nec l f o hi~’ m u  phrase vs it hr (Ire

r e m
Iii w iisc ’ r the tail (i..’ , , f lue t u n e  requured liv a clnm mnge inn hod~’ son Ic ’s stren rgllu Sil is ’
to a s’hnanu ge in angle of ’ attac k to travel to (lie tail is su ur a h l iii coin panuso mi to this ’
pe riod of ’ oscil lation), it is probably m’eas tnahle ((I ass uu ruue t h at th is ’ uuuu sts ’a d)
u ’ c’ni s . i ( i v c ’ 

~ sr is appro xi nnnateI~ iero l’or a ta il—body inn suhsonuic ‘loss , I loss s’V c ’I . t I r is

is not (Ire situation for a can nard—bod ~ —ta il c oni f igu i rat i o nu.  In part ic u lar’ , t hus ’ tai l
c’onut ri but iunn to thus ’ da uum pi nmg parau rut.’(s’r (‘

~~ resulting fmt u mm n the i l t iw un ut :ish m hag

2 )



phns ’ nmt i mm n c ’ n u t t u u  ,shnot iit. i be ~t nmsm ~ht.’ n t . - s i Suits ’s’ ( lucre us .u f lin ts ’ time rs ’ t l num rc ’si fo r the

sI vs us s ,is hr Im s ~ im.u rge ~h f r i  i i a in vs .i iii t m t t  t ime su urt ’acs’ to rs’ac hu (Ire t am I - it s i t u

s lnoss n1 ‘ t hu.i t t In s’ tai l c t unt n ibut i omn t i  vi is ,‘ is ii l iv

= 2 (
~

) 
~
(
~

)( 
~

) (\~) i q i

w here thue subscript 1’ mneanns t ine vahuis ’ associate d with (Inc tail , ami d s~ us t Ire
distance betwee n tine veinicie ce m nter of g r a v i ty  and thus ’ ce mutcr of ’ prc ’ssu ire ut t ine ta i l .
The downn w asir v a r m a t i o m i  witiu respect to a n g ie i t t  attack can he calculated f’ror un (hue
tail ef ’f ’s’ s ’ live mu s’ss parameter. That is .

( “ l  1 ’
~~ ’n\ da ,‘

and

t - ’I I V  Ii - r i T i’
I ‘ liT ‘ L ~~

w irere ( - is tine l i f t  cos’t ’f ’icis ’ ru ( for tire uneeativs ’ lift at tine tail sine to thus ’
1 I v  I

downwash imnduced he tine wi n g sired v u i r ts ’x , 
~~ L ~mn is (lie lilt coe l’t i c ns ’un t t i n  t his’

bode—tail conurbination . and ~ 
‘

~ 13 
is tine iit’t eoct ’f iciem nt for tine body a lo mu s’ - I )s’tan is

for conn putiung these quamit itis ’ s are giveur inn Rel’erennc e 7.

SnIpersocnic Flow (M~ ~~ 1,2 )

[‘hue pressure loadimng distr ibtutions to calcu late the pitch damnnping ( ‘
~~ +

ire oht,uimned by usiung i quation (17 ) .  To deter nnnimne the perturbation velocity
potent ial and tirus inn th at eqt uati on n tine umi steady wave eq uatio mn . which is

J~ (~_ + v .~_~)
2
~~= 

~~~~~~~~~~~~ 
( 3 5)

‘n -I



, m m u s i is sls ’ n ivs ’tl trom u n l iunean i is ’d -‘ muu ~iIl d is t u rbance (iueu ’in~ , us so lved , ( )un t h m ~’ h’si s us if a

t ’u r s t— i im d~ n f ’rc ’ t l u u s ’nue\ stt lum t i om u o tIne ,mbovc equation. a nn c ’ ’sprs ’ s s mt t n u  for t Ins’
hunnu s ’—t Is ’ps’ mrs ls’ m u t t.h u s tu rb umu s ’s’ vs ’ I,ts ’it~ poterut iai t’or a ss inng a s c s ’ls ’r~uti mnn siussn ussa rd ~u t  a

hu~ s u t u v e  a mu g fs ’ ‘ i t  . i t t , m c k  & t us cmv ii f iy

IM 2 
~v1 2 x 1

= 
~~~~~~~~ 

+ (
~

- ~~-)~=j’ I3( )

i_ s inu s ’ t hus ’ s . mn nn . ’ annal s ‘us it canu also he sinowmn that tine lit ’t m ng pressure (eva luated at

tumul t . ’ t (II us

~1
2
~ 4 1

~~~~~“c =L~ 
M (

~~
( p~~~i ~~~~~~~~~

(‘
~~ ), =~ 

‘

~~~

‘ 

~ t j  
(37 )

m ere Q 1 and I -~~~ 
‘

~~ ~ 
= 

are t he perturbation velocity poten tial and ( u s ’ prc ’ssu re

lo athu nu e . rs ’spc s’ t r v s ’ lv. due to unit ( posit ive ) steady pitcluinig velocity about ( ins ’ ~ —axi s

ami d where 9 = 
ana l -

~~~~

‘

~~ 
1 , are , ana logously. tine perturbation ve locut potential

and lircssuirs ’ loadinug , res l ” ectuvs ’ lv , due (5) unit (positive) angle of at tack ,  Th us. (hue

umr ns te .i d \ tiuss problem is reduced to an equivalent steady floW problem. amid it row

rennauru s to dets- runine t h e  sts ’as Iy quiaiutitie s just niientioned in order to obtaimn the

sIs ’smr ed stahi hit ~ de r ivat iss ’s ami d pitc h daminping.

I ronn tine rt.’ s u u ht s t i rat are given inn Ref’erences 40 arid 41 . Uns’ po te m utma l amid

currespu)mn di mng ~
( ‘

~
, due (a amig le of a t ta c k  are readil y de(ernnimuet. l l’or a (him w i n g  inn

smi ps ’ rs l in m ic f low. In part icu lar. I’( iua(ionn I I ). w it ichu is tire steat.lv f ’It tv s version of

I qu iat j oin I 35 ) .  us s,t lv s ’s l be I v s  ,mn s l ‘s sour ret.’ sheet mulct hoh 4 us iuig tIne appr utpri ats ’
h~ iunn dary s i t i dit ion I 9, = I l’iue so lutmo mn is  given iii I’quiation ( 16) . I-o r a coni s ta m it

rate if pitcir tine solutio n j us rs’ i’errc d to us again app licable vvnt in (Ire as’u’ie ua ts ’d

hounusiar s’Oni(iitiomi I ~~ , q ‘.. \ ‘ 
~

, ,~~s it h a s  heemn inud ic ates h prev iously, t int.’ iuu i i mt s of

j m nt ee r , i tm onu it t i’qu iat ioni  I 1 6 1  are dependent (On vs bu t. ’t hre r thus ’ is’adiing s’dgs ’ oh a gus s ’ nu

vs nrc i s  su ubso nuic ir sups’rsomn ic ,

~~~~~~~~~~~~~~~~~~~~~~~ A sls ’ss ’nipt ionu of (hue su upe n s t i m nmc leaduung edge c~usc ’ us

mzuven inn tire Sups’rsomr ic I eaul iiimi I tl gs’ for Roll I )amu u p imug Mo m uie m ut , Tine gemis’ra huied

t u r nunum las f i rm tire ii f t i u ig h) rs ’ssure di s ( r ihutm t inn s urn a wmm ig wut in a s’on ns ( a rn ( pitt.’ I r imug

ve locity or a con ns ta mnt ve rtical as- s’s’It.’ra( ion are derived , cx cc ’p t for rs ’giom r 5 . m u

Rel’ers’ nnc t .’s 3~
) am ud 40. Ref ’err inug to i ng uire 4 , tine flow i i i  region I is

two— dinnu enus iomiah , amrd t ire restml t umi g hitting t r s .ss uurc ’ us

23



4 i m n u t ” .
~~~~~ 

= I l _
~
(’

~
,I I = 

.~~~ ~~~~~ 
, ~m nn 2 + u i  ( 381

I i i ’ I

4o ’ ru x I - a )  tmuu ~ + i
I,M 1, ) ’ 

~~~~~~~~ 
= ‘~~~~~~‘ , “ ‘ ‘~ I I

Ia’ , I m r  l I~~~ \~~
‘- /

hr rs’ g ut tuu 2 . tIne to ta l l i f t i n g  prc ’ssu ure is

8qminx ~ ~~~~~~~~~ nun 2 - 2 a I I + mun 2 a
= lI-~

(’
~,~ J1 = -

~~~~
- - - -- - - + — — —

~
—- ‘- --

~
‘--

~ 
c it s

1T~3~ v ’ I I m r  h I  21 nin — I I’ nil I + in I

( nun 2 — 2+o I — inn 2 a
+ — ‘———-—-

~
— -

~
— cos I (40 )

2 ( m u  — — I )‘ ‘ — ini( I — a )  ~

4ax ~ 2M mir , , , -_

( (z ~(’ I’ I~ 
= 

~~~~
‘, ‘ ‘~~( I — muu ” o )(nii ” — I)

P a - V i i nr( miu 2 — i) ’ ” ~

iii f’ i + rn~ o I nu 2 u] ?
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I hue probls’ m nu if m o  simr ip le. accim r’ate a n a ly t ica l  im m et l nud to s’s t i n m na ts ’ i l v r u , i u m r i s ’

,is ’ n t ts h~ nia mnuic s’oef ’Ilcie mnt sls ’ r uv at ivs ’s is enn co uui uter e d :ig:uim n . ,\s in p n c ’ v n t t u m s  s , mss ’s . t int .’

tru ly v iable approach s’t ’t i i s m s tc ’uit wit in t ire prs’sc ’nut eor m npu u ( im t i o m ua l  cost e f t c ’s t i s c
t nbpe c ( n s s ’ us an em ’mnp ir ica l nine.

‘l’ine t’i rst step in tire approxi muration of this’ transom ’uic pi (cli dannup imig u s to

deter runine (Ire sal ine at tine force break Machr nuunu her he app lyinng t ine
af t i r en nr s ’ mn tio m nt.’d su u hi sstmi uc calcu latiom’u procedure. Theun . emniploy inng tine e mmr prr uca l
m nret hod duscussed in Ret ’erernce 7. sweep, Macin nununher , aspect rum ( io . anus i t ln ick ness
arc (ii kern int i acco umr nt. Thnat is
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() a a
t i 5 ’ i s  c’: . i f  thus ’ dam unpirng in pitcin is kmnow ii at tIne no m nnin al f o r c e  break Maclu

nu mu rher i . t 0.8 , and (\ is known tinroughout tine transomnic speed regi u nuc ’ . ann

s ’s t in nate t i f  ritciu daninpung in (ramuso n ic flow can he made wit h I t f ua t i om u ( 52

Interference Effects

.\s r n uc rut ma nne d earlier , once the aerody m na mn ic loadings ann tine co m nnp ouus ’m i t s i if
flig h t . i m f i g u r a ( iomi d ime to a particular kind of nnno (ion are s’ st i m unat s ’d . tine
i n uter l s’remr ce ef fe ct s  are t ineni deter mun imned iii order to obtain tin e total f t  ‘nec’s ari d
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il [ t r , ) x m r u t , i t m  t n t  f i r  aim mmr ts ’ r fs ’rs ’ m is ’s’ danup im n n ’ rs ’L i u m s I u i n n) f a ctor , w inic hu is def im ns ’d ,us tire
i , t u , i  i t tine 1 i mtc hi ui a m nn p im ig id a vs mnug — hm sl~ , i i nn n hm muat u i i n r  t j  tins ’ pi(c ln (iumni i~imi ug t t f ’ th is ’
t u t u  wunm un l i e , .  t ine t.’sp ’~’d vs ur ic m a i d s s’ x ts ’ mus led through the husk I. Tire var i a t io n
c i t  ( iris f , ic t i ) r  with rus i’e m t to t im e uut iu uu ,hi n n ut . ’ mns uo na hitt.’d bode radium ’s E. vs in ic lu us

hs ’im nnt’d mm ( Ire l nnts ’rt ’ m c - nct.’ I f f s ’s t s  t i n  Roll I) . im u t i i u n iuu  Monn nc ’nut , us p nes eum ts ’d inn
h igurs’ 6. I lii’s tnt ’ m u rt. ’  s h u t t ws ,u s ic ’ c n e , m s ’ inn ( Ins ’ t I , i i n : n nuue it ti ns~ l t t , u h ss n ru tu ,iS .1 result
at tire rs ’s s ’ nm c ’ t n t  Ilk’ hosl y \liirs’os s ’ m - t In s ’ dtmnnu ~iunig rs’dus ’ ( m u ‘ m u t a s ’tor nc ’ ,ic ’ hi s ’s a
mmnmn in num nu cc l  ,76 at  ~ t.’quual to .7 1 - -\ l t ’ r  lInus f , is ’tO~ is de (s’rmn n inrs ’d to t  , i

t c n i f l c ’ i u r . t t u i nm u , t ins’ lt it ~ I v~ mn r g — hod~ ds ’ n u v , m t u v c ’ s ( 
t 1 -

~ ~ vm ‘ ~
-
‘

~ 
, , amus i (‘

~~ ., auc ’ I i i i u iu l
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t ime s ’x poss ’ c,f body ’ m ’ s tine ss’s ’tu un of t in e bouly his ’y timi d thus . u ps’s il l tine wing
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~V lis’ n n ., ~t t n u f i u ’ uum’ a t ion u mn u s hiRls ’s burt ir I’om’ v e , ur s l ~m mud a l t  Iil’t imng surface pans ’ hs , t ine

imu duss ’d damu np i rn c iii p i t c h  sl u us ’ t t )  vs un ug — t . uu l  mnuter f ’ereru ce requunc ’’s ; m t te nl t ionn a lso , ‘[Ire
c t  s e t s  of t ime vs m ni c si rs ’ s,1 sort i es ’s am t ine tail corntr ibuu(ion to (lie fongit ud mn na l
s lamm up mmug s , u n u 1)1’ m.’a le u i l , mft . ’d i n  01)1’ tu l  tvs ’o vs ,uy ~

1 . i f  t i rc ’rc m ’ s cli i c ’ c ’t imiter iis ’ti onu betws ’s’nr tine a f t  hi l ’t imng surfa s’c’s and t lue
v i  ir tics ’s shr ed I’r i i n uu (he forward Iiftimn g surfaces ( h5,, /b 1. < I ,5 ), tire wir ’mg—t a m l
mnitertere m uce m’ s ap proximated b~

/ x .
~ 

V
± 2( __ !1__ I (( ‘

J 1 , 5 5  l v )
r e t

vs ius ’re 
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‘ i ,, is t ire nnc ’g;it i y s ’ l i f t  (tf (he tail sl ime to winig—ta ni
a 15 i s i

im r te r f ’s’rs ’mice . arid 5 r~ n ~‘s tire distance hetweeun One s s ’ lurch e ceniter if gravit y ’
.m nrd t ire center of ’ pressure of ’ t ire tail. lIre s mgrr ‘ ii t i ne above expre ss uo n us

nieg,it r y e  if ( h e r s ’ is pure pitching nm u o tm om i . anush it i s positive ml ’ there u s
c’nt m ca l as celer’at iomu mot noun.

2 If ( m e r e  is no s u m ei n s hir u ’ct innteraet i c i n  I h
15 

/b1 ~ I .5 I. tine wirug-tail
m u  I s’ rf ’e rs ’ ru ~c ’ ‘‘ ‘m, nhc ’s’ts’d.

\ iu(s’ , utn u ly anne ( ra iij mic v o r ts ’x is ~ns s uurnre d for ej s’h hinvs ursl I u l ’t u nn g “u urt ’ace ranus’l.

I iguure .8 su i nu r mru ,uri / s ’s t ins’ iniet h i nds t i ’ss’sI for cu mui pim limig tIne dv namuiic dc ’ rrv a I rs s’s
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Figure 8. Methods Used to Comp ute Dynamic Der ivati ve
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c’uis ’f f ’r t .u e m ut  sht.’n is ’ a t j vs ’ , iris h s,’c’li Ic ’i  of t ir s ’ ssi ur s ’ vs ithu s’\ ps ’ I ’ um ru s ’ m r ( as ,u l’um un ’  t i u n u  ut \1 u~ In
m u um nn hi c’n a n s i t’or o 1°. Recall f ’romni i’i guirs’ 3 t i rat l’o m’ M ‘ I .2 . t Ine l i f t  am id
ls ’’scs ’pt for bass ’ drag) vs ’a ’s ca lc umla t s ’d mru i mu ne ri c a l l y . w h us ’ns ’.us h u n  QJS < \i < I 2. this ’
thus ’uu r ~ s’su l is i s t s  of n i no st h y enrnpurical pri)ct.’d uures. I-a r M , ‘ -~ I) ~ t lts vs line h r l u  is
s’aletula k’sh ,m r ual v t is’all~ hut nnros( ot irer torce co mnnponreur ts arc c tnm m u h i u i ts ’d s’ m nu h i mrn c , u i  R
W i th  tIne except ion of tine nor m unaf fa res ’ eoeh’f ’iciemit slope ,ut \1 l ) .~ am ud (1 S~ . t ine
th eory is vve ll svit hni nn 10 percenut u t ’ e”,per irn is’ui(. line m nua x m m t nu i mnn c’ rro m urn s’ e , m tc n  m l
pressure for ( m is contigurat ion i’s _S percent of flit.’ lemngt hn or ha l f  a caliber.

[‘ins’ f ’imna l exan um p le chosen is a co mn r pls’x ca nnar(h—hod y—t ai l  cm m m uf mg uu rat mini , lime body
mru .tsc ’ is (nO pereenrt hlumut w if In two ogive ss’gu nns ’ unt s ami d a 0.7 sal her boat tai l  - l ine
can a r d h~is an aspect ratio of two wit h a sweep hack a m n g ls ’ of I 5’~ . It~ s hrape s’ t u i i sms ts
at ’ a s inarp wedge leading edgs ’ s c i t im a c on usta m nt  thnickns ’’ss ss’c t iomn l’oliusv mimi I Ins’
Ii _ u m imn ig edge us truuica(ed parallel to (hue leadin g eslge. Tine tai l has aim aspect nat (u u

tour vs it im c’~ lindrical leadimu g amis l (railirug s’s lges , TIre tail thickness to chord ratio a lso
urn s’s a long tine span. ‘[‘lie detailed canua rsi amid win ug geonius’t ry listed ahoy’s’ us riot

nueeds ’sh in calcul ati ng lift . h u t  it nuui ’sl he kniosv n l’or drag cflnil hiumta ( io r is , Tine rs’ s u mhts
if lbs s’a ls’u u lat io m ns for I him ’ s contig iuration are shown in F eurs’s I 2A an si 1213 .

I mgsu re I 2,\ gu y s ’s t he rior mmnal I orce arid cs ’ m i ts ’r of t iressure f’or M = 1 . b anud at
s ,urmous ;mng lc ’s o f at tack.  i:ouur c’unvs’s Irs s l mtts s ’ m i inn tire figu re : cam narsi — bos iv—t a ih w i t h
,.a uu , ins hs dt.’f lectes l up by I 0 ‘ . s’a mna r d—hod \ - tail \s itI n no canard deflect ionn. hock —ta i l .

~umud lmn ial ly , body alone, Sc ’s s I  :ul po imuts are sv t tnt b u y ut miote in tin s figure . I” irst ut a ll
I I c  hiocly a b u t . ’ s u iuti um n ,imir~’c’s vs ’ry vs elI w it in One imm npub lis Ired s’’vpt ’ rimeuntah data up
I (I = I (u ’ . Ab use (1 1 ( - thu s ,’ t Z ) s ,’u)r is Iu)w vs’hu ic li is prohahi~ due to nut t .mk nrc
nnn t i. u iu u nut Rey’ m olds uuinrbs ’r s’f t .‘c t inn ( lie body s’nut s st lovs’ drag eos’ f ’f ’ms ’ ms ’ rnt . l int.’
n e x t  ; io mmu t is t hn , u t for th u s s’ o n i f n e u m r ~m t u u r i nine ta i l  hif ’t is ah ittuit hO pence lu r t t o  Inig hu

~m mmsl tine c’ , i rm ~tr s i li l t ,m hou ut I S  ps’rs ’s’ r m t  t u i t i  loss s t  t hat (ire tota l  Iit ’t ai nL’c’s :m l u nu us t
per fs ’s’ t h~ ss iihr time t.’’s i e r n rnem uta l s I:u ta um ~’ to (hue tuiimi t ss’Iis ’ m ’ c’ s ta ll beg in’s to occ ur

c u ~~
‘ l4 ’~ ). l i nu s  inn tur u : ca u se ’s thu s ’ ct.’n nt c ’r ui Iiru,’sslu re tu u be imp to ap prox inm nat s ’ly

I i  75 cah ih t.’rs mumorc’ ns’arwarsl t h a n  t i r e  t.’x i is’r im u u s ’ mnl a l data suu g ui c ’st It us s i is ps ’e t s ’d ( m at

t ine theor y f icun i g  hi~’ b n for t hus ’ Imig hu as f is ’ s t r , i t iu u tail anu sh hiss hs i r  ( Ins ’ muio ds ’ nat s ’ usjies ’t

Z ul u t s’an u uu ru h m ’s di ms ’ ( i t  th e Iluwl’is’hd iunt t . ’ racl uonn i i  f ec Is I’rom ni tins ’ s’oirnhiie\

5 u u ur l ’nuiu uratm ui nn ,iun d will runt. m u  c’c ’ruer ,i l . bt.’ (rut.’ for ot huer case ’s . I loss s’\ c ’ E . it shuts ’s
m rus h uc at s ’ t h a t  tIre t h u s ’or ’ c iii ht.’ used quits’ s .f c c l  uve lv in c ie ’sngin . s’ss ’ nu f i r  quits ’
1i i nmi p ls’x win g— bun hv - t a i l  geouu ns ’ t i ’ ms ’s . h int.’ I’irua l poirut hu lie s’ruip lrasu,ed t r o rmm
I m ire I 2A m’ s (lit.’ f a s t  t l na t flu ) ,u t t el uu l tt h a s  hs’s’nr mm ma ds ’ to prt.’uli s ’l sta l l

c hm ; i r : m e ts ’ n ns tus ’s . \s ss ’s’n u in t h is ’ figurs’ ta m’ fIrms s’mi unt ’u gm ir ~ut momn . st a ll oeeuirs ~mr o u nu si
(I = IS ’ a t  %1 , I (u . h iunss c’ sc ’r . ii’ t his ’ st irug f i u i s ’ k ni s ’ss l it f m c ’ ,’st rs ’ann \i , m , ‘ m u i mnu ber
m ’s s hi.ui i cnc ’d, the sta i h im mg a mug is’ m l  a t tack will ,uhso c ln a mn n !c ’ ,
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l Ine drag s’In ;uras ’ t t .’r is t i c ’s f u r  th ins  s , m nmus ’ nu i u ss m ls’ are s h u t t v v nm inn I gun’ s’ 1213. [ hue
s ir ,ue is s h u s u s s i t  a’s a f umn is ’l ion mi t  \1,i~’ h u m iu um nu h s ’r an d a un aunu thu s ’ t u i l a l  f u m es’ u’s hm’ un ks ’ m u
doss ii u n to i t s  s’mnm nupo m us ’ni t ’s - h u s h ,  —a lt mi i i,’, h m d y  —ta i l . anis l s. in u a r sl— bo s hy —tai l .  ‘l ine
hod~ —al a r ms ’ s i ra m ’  is : ms ’c’c’p(ab ls’ in sumper somums ’ amid suhisoni c f ’l utw hut u ’ s uruac c s ’ptab i hs’ inn
t ran u s suu m ic t lu uvs vs Iuc ’rc - t Ine s’ mm np irieai niatu i re of tIre t im t .’ uu nv sloe’s not :1cc - a u n t  for n nu ms s ’
i ihuum n t me s s corrt.’et hy . ‘l’hne vs i  ing-a la unt.’ drag sl rowni at thus ,’ hat tomni f igumrs ’, m m ic lud ’’s tine
uu ms ’ns ’ ,usc ’ urn bass ’ s hi:ig ii tic’ t mi ta ils. ‘F irms eau ist. ’s tIne tail drag to he Inug lu bs’cau se t his ’
m hueon v prt.’s his ’ t s liii’s base d rag iiis’rc’ass ’ to he s ignifica mu( lv inughuer t i na m u tine
s’x ii c ’ r umu nemmt , m l u lat i ‘s uggs ’s t - I lowevt.’r . t ine hosly—tail drag us still wi t h in tIme I O—percs ’rr t

s’:uts ’ n.nory - Finally . tine eanuard drag sh own at tIne bo(torun liguire. is added to tire
hot ly—tai l  drag mind tine overpres liction of tail drag is cominpensated so mni c ’w inat by (hue
t inder predict iom ’i of camnard drag.

ROLL L)AMPING MOMENT

(‘ umunpa risoun With Exact Liunear Theory

lIr e miresemi t unietinod of cairn puti ing roll danin piuc nuonnenut iii supersonic flow m ’s
to cu ) m uupute t ire pressure coet ’f ’iciernts amid i mm tc ’grate t inese numerically over tine s’nnt ire
w ing plamniorrui (ass umnu ne vv immg ex (e mnd s through body). Tin s is as opposed to
eon nnput i ng ~~~~ 

~ 
for siruiple pla mit ’ornun geometries using very l s ’nng thy closed (‘arm

smi hui tion s , Tine advantage to the forruner approach is (Inat if om ne is im ’m ( eres ts ’ sh inn
; t n . ’ ssuu r s . coef ’f ’i ci s ’nnts and local wimu ui ioadirngs , iii additi on Ia roil da nirpmng cm ue l f i c ’ ien its .
it us s ’ : i s is ’ r t o numerically inn(s ’g rate t ine known pressu re coef t ucier uts ( m ann to programni
(lie lt.’mngt h u~ eq ua t ions l’or (

~ ~

In su bsonic flow, closest l’ornnn so lution s are niot possihie so nun eonnparisons with
exact tb u s’uu n ues earn he rurade. I however , (lie nnet irodolog\ used is hasis ’allv (i r ,m t of

Rc ie r s ’ ruee s 17 arid 44, wit hu mn minnor minodif icat ions . ami d s’ x fc ’ns ive ch eckout h as  been
performe d inn thr ust.’ re ferences.

I mn up iri c;uh m m uet iuu h’s are usesi l’or tine sianmipimug m un orunent s’ahcu mia( ionus inn (ranisonis

f l u is s s u n  tinat ctm n iparis om u with s’xperiniieii t will h ave to sut’t’ice for check—mit unf  tine
:i1i 1ir : m chm

I inns ’s’ ca ses ate con sidered as ls’st cases to co mnupare (hue rn ummu nerica i ‘solutionis
is t in c m u se s1 f ’orn un amia lyt ic~n I solu tion s sincli as presen ted iii Reh ’ereru c’s’s 21 amid 2 2 ,
hhs ’ss ’ ir ’mcl u ds’ a w m ug w it In snih ’sounic Is’adimig and supe rsonmit.- (raihimig eshgs’s amid a vs i lug

wit h sim p s-i s t n r n mc Is- .usi ru e amus l trai iiurg s’slges with tint.’ Macli l i nus ’ i u n (er s es ’ t imr g  t i ns ’ t i p
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ann d thus ’uu t ime tr :u i hi mu uz ednis’ , l achu t u f  ( mcxc c isc ’s is suulhi s u t ’ n uth y shm t t m , ’rs’m rt ‘so ‘u’s tin

s- m ee k the presenut nnuum une ri cal results s s mt i u this ’ s i u t s s ’sl f u u n n u i  u n u , i h v  tu e:u l s t u h u t ~ t m m ’ s I

ca ’st.’’s ,une press’rnte d inn l rgu irs ’s 13 . 14. arud IS , I Ins ’ res u l t s  are ~h ui m v i  in as tins ’ hu . ~ , uh
mno rm nu a h force coet ’f ’i c me m mt , 

~~~~ 
~~

. :us a f u u u u s t n s m n m  i f  t i re pos mt u mtmu  , u lu t m ug  t hus ,- vs min e
sem un isparn. ‘h int.’ local nnsn r nm n :u I force cact I m e m c ’ mr t mi iue to  ;u roliumng rat 5 ’ p is t it.’h umus’sl h ,

~ ~~~~~~~

c x = — I ~~ dx l~ 3 J
~‘ b -‘ pb 2 V‘s m _ i

As s’xps’ctecl . the mi ummu ierical results slump h ica t e the anialytmcia l ‘.mi huj t iou ’s inn all c ases ,

~ Y ~‘,r11 T lr,AL
~‘ ‘1 ‘, * ‘ : “ R I A L

fl ,6 -

~c

0.2 0 .3  0, 1 0 . 5 0- 6 0, 1 lii 0 , 1 1 . 0

v ’ ( t t /2 )

Figure 13. Win g With Subsonic Leading and Supersonic Trailing Edges
(c,~~ versus ylb/2)
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Figure 14. Wing With Supersonic Leading and Trailing Edges; Mach Line
Intersects Trailing Edge (c N 

~ 
versus y/b/2 )
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Figure 15. Wing With Supersoni” Leading and Trailing Edges ; Mach Line

Intersects Tip (cN~ versus ylb/2)
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t

\ I u u s ’ h n vs s~i k h a s  hes’nn cloni c in r n u e:i ’ s u m m u n ue nih uf.u mn ip ui i e . both vv il h u tel 5 ’t

poss s’rs’uf ts’s’hn im q ume s m u  t ine s’ i r f y  I ~)5O ’s ann u l r u t Ime last s w  y ear ’ s  vs thu  t !1s ’ wind

t u i nmn u c ’I. ( ‘omin h i ,tnus omi if t hs ’ss ’ s ’\ t ’ s e nuuu us’ n t t . m l n’s’ s nu l t ’ s  vs t In t l ms ’ 3—h ) t h u r  \ sm n m , ’ t l ms su r \  in

s u i j ~..’nsi ’ n mle floss ,u nucl l i t t u m i s ’ ‘sin f u s s ’ t lneam’ y nit su i b s t mn u s  f i l m s’s’ Ira ’s , in es-o cta l . s h n i tv s n

is ’ ,ust ni i, ih i ls ’ ,umirs ’ c’ m n ne m ut .  l int.’ t irs ’ uns t y~iic ’:u lly mt v s ’ rc ’s t r u n a ( s ’s ( u s ’ actt.m al ex l)enulnl c’uta l

ns ’ s ’ u lts t in vs r u es wlns ’ m s ,m~’ i i t s ’ l , is t ic  c’t’f ’e5- t’s mm’ s’ umni p tn rtam i (. l )art ieuiIa rl~ inn this ’ tr~uns c t nuic ’
, um u s l l tvs s m u p ’ r ~i i n u iL spees l rs’gn mni s ’s.

s ’ x m mui p les j u l  vs Iris - hr n ih  sl.nnuip imig hi.m ve hs’en ea hc u m l:m t c ’c i arc ’ -~h uow nm in

I i ’ n n~-s I(i , h”~. anut. I ~ h lm ! i i r c ’ l( m ’s ,u e i m n m h i , um’ i s u : t ill tIms ’ony ;unu d s’ ’sps ’ i ’mmni enit f ’or

t ins ’ de lta vs ing e onmligum r :u t i onm of’ Rel ’ m c ’ r m cs ’ 4 ’~ \ ‘s ‘ses ,’ mn mu t his ’ h u m u s’ , ( lie pts ’ss ’ nrt

mn us ’t bmu u d mu im un mv C u Ss ’ s r5 ’ : i s t t , u:mh i le .m nr . ’ s ’ n ’ , m ’ ,’ nmi  fun wmm m e t ‘ c sa hums ’s i t t  0 (~ 4 \pp:m rs’nit lv ,

ac - r , is’ias t i ,  c u t e s t ’ s  vsen s ’ i m u m pm t r ( annt l i t  t hus e m i u n l ug u r. mt m u n i  h i ’ t.’aui ’se t ins’ fiuiea r thneor~
v s . i s  i nmg hu e r th an t.’\ t’ e ;i rnne n ut by a’s nuuue i u a’s 2 .S ps’res ’ un t I hums is c muu’ , u s t cui t  s’. t h u  t Ire

rs ’ suu hts  r e p u t e !  urn Rt.’t ’s’ rs ’ unc es li’ s ami d 41) wh nmelu mn u d nc :mfs ’cI ae n i i~’ i , is t uc el ’f ’cs ’t s c ai n

reu ius ’e ru lh sh :mnm np irug iv up t I n  2~ 
.
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F igure 16. Comparison of Theory and Experiment for Roll Damping of a
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~s ‘ns’s u t nus l eo!1m ; i inuson m of t.’x ps’ninu ns ’nul am n d tine p ms ’’ss ’ n nt  miuet iuot.Iology is si mm w m m inn

I ien re  Js l i i i ’s case us ion t Ins’ n u u s u l t u n  inn v i u m ug— h ody \n n u n y ’ — N;uvv Fmn n m ms ’ n , vv liich is

~f l&m s t i  it cd mm I curs ’ l7~ Uus ’ m e f t t t e  , ( Ins’ u m ut e r l’c’rence tins’tu ry procedum S’s cant also be

emu n pIi i~ esh ( i n  ins m ui s ’rahis,’ experim inenut if shat a s’ x m st ’ s  fan thins cas t.’ at su personic speed ’s
Inn .u dd it morn. t ime q u ma sm —t vs o— cli nnue nms ion ual ,m PP~ 

macli es t f ’ \mcolaides 4 
~ arid ()hs’rk zunmn p f 4 ~

. m e  shu n is’s ru f o r  c i  ur~ u r , un ’m ’ s m mn i , l im e t lneon’ s’t ca l approaches are ah l wi t h in tine exp e rm m unemital

.1cc uira s , v , icnmd inie support ii  tI ns ’ Iinrear ited sup e rs o im mc flow t h e o r y  - Simice tinere were
no dat ,u .uv mih a his ,’ tar ( luis case u n  s u u h ’msomiic tlsw . t Ime prese n t theory c’oum id riot he
corn ) ~s .i red vs it Ii s’ xperi nuus’ mu t -

In I ig umre 17 i i  research cte ss’i u ipmnue m r ( nunodel of’ a heamrider projectile us xhovs’ n
u rn as iditionu to (Inc A nminv- ~ asy Finn nner , Since (hue present analysis for supersonmie flow
dos ’s riot tua n ns h hc’ imom nstre umiuw iSt’ (ups . (lie tips of tine beamrider are assummnme ch to be in

tine st ne ,mmnvs i’ss’ direction. Moreover , tine assumn ines i (up ch ords pass through the
nui us lc- huord point’s of ( h e  act u m uml tip chords , amid (hums the wing s m,mrt ac ’s’ area m ’ s
rnu ainu (am nued. lire sanatiomn in roll damp inug wit lu Mach m nuu um he r us given for ( him ’s
c m l  m n f ’igur.i tion inn Figumr t .’ ~ There are no available damump inng iii roll shata f’or time

sm m pt. ’rs oi muc re gio n . ‘l ine t h eoretica l prediction in this region conuupa rs’s t’avurahlv w ith
anm es t um nu a te  based U~~Ofl the experinm ental hif ’t and cemiter of pressure.

Pitch I~amnp im~g Moment

(‘om~~risomu With Exact Linear ~~~~~ 
For the reaso n indicated in tine roll

s lam unp imug section, Une pitch dampinig in supersonic f low is commi puited by imitegrating
tine pressure s l istrib s utions correspondi u ig to the two types of motuo rn associated w ith
kimug i tu dimma l danip imig. A cOfInpar~~)fl is Efl~de in Figures 20 th rough . .S betwee n tIne
nu u rnus ’nical and amna ly t ica l results for the spa mmwise variation of tIme sectio n al nnornual
f a res ’ der ivat ive dime to q umnotion and time sectional nmorniah l’orce derivative dime to ~
nunot ionn I hm ess ’ ~I 

uanntit ies are defined itt tine following wa \ ’

- — ~ ç T i  
(AC~~~) dx

— J —Q c i qcX L F  I—
2V

X T I
I I (~~~

(‘ p ~ dx
C N .  —

~ c ~‘ / a~‘ ii 1 ——-——--
~ 2V

whe re

is t he mean ~)erodynannic chord .
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l’ Inere ,Ir c’ nis’gl igibhs ’ & Iif ’f ’s’n’ s’ n u c s ’ ’s hc’ mn ,s eenn t hus ’ ur ra t \  f u rl ~mm u c t i uLmnnne n’ I~ a resul ts  in
II’ Ires ,

I Ins’ c l t n l m n i s ’I!t ’s  s- I ) m u s ’e r num m ur. i  su i l m s ~~r u i s ’ ft ‘n’, ,ii~i h t i , u nu ’ so i i i c’ f loss I h i t  Ii e 11 , 1 k’ IL

thc ’ gri ’ v mi t L i ’ s  sI~’ c’tIon a rc ’ a ls it ap: hie. m Ns ’ mu t Ine case i f  pit s- hi s laruipurrr ’

(u n’Ipimr lso n Wit l n 
~‘I~ !’’ !~!!1!

c’out ’ sc’qlis ’ mu s ’ s ’ of tIn s’ i~~l tio ni inn l i t r mc ’ I  u ud m n nu u l  daun ipmnig c ’’spc ’ris’n ’mc e s l h\ mruo s t
fl mghr ‘s s’ lurc ’ h s ’s tr a ’ s e h i m nc it t r . i r r s u m u ’ u c  “ft.’ c ’~I5 am nd uIn1 , f~’r .’i i uric sh ort period oscih hatno m us . a
miu m nnher of ’ ex perinuns ’ nnts v i e ni ’ s’I)nd u m s t n ,- st i n n time I )S~~’ to i uu v s ’s t u c i i t c ’ pitc h c lam nupu ric

~ss’ ’ sc’rah s’x per mnnen ita l ts ’ c’hnn u h ums ’s i.e.. ~s r u t  t um i m n i s ’ l , c ro umm nd lau mni c hied rocket ru im,Iels ,

full ‘seals’ lic hut t e s t s  vs c’tt.’ rinnIu, ~d ; ‘  , i b n ~,j ~ni uu c ’ , isu r re s l valuc ’s of ’ t ine cfam n i pinc iii
pitch. -\t tine prs ’ ’ss’ rut t i inns ’ u i is i m n I these It.’ ’s ts .urs ’ ps’rf ’on um nes l m m  (he w mi d t unuieh
u ms ir i e ei (hrer tine f ’rs’e or f i n  ce l l m se mi l , mn  i i i  ts ’e fnnnuc j ue. (‘o mn up a rusmtn ’ s ti rade bc-tv ’s c’’ ’Ii

t hi s ’’ss ’ data  amid time h i m i s ’a r prs’sh i c t u t r i  i m i e t iu os ts  Cf i ’c U’ s ’sc’sI herei n huav c’ sl u m i wn rs’asomiabie
agrcs’ m nu s ’ ru t .  Th,ut us , ( ns ’ r u t h’s arc ’ es r s r a l l v  pred mcts ’sh vs ’e hl , and n nm a gm mitu u s l e s are uu ’ suu , uhl y
predicted wnt hni ,n roughI~ -~2() percent .

Inn Figures ~~a anm d 2(tb the s ui bsm m r n ic ’ c urr at i ( nr m at t ine qni m t i t r t ~ 
(‘

~ 
~ 

‘8— (‘
~~ wi th

MacIn m n u m m nuher b r  two delta vy in g’s w inielu imav ’ c’ aspect ratios of two  ammd f’uuur.

rc ”sps ’ c t i ’ ss’l~ . are presented. Al tho ugh (here is stu bstammtm al scat ter  in (he da t a , t Ine
sts’ashy danimp ing ternin ( ‘

~~ 
~ 

is eonisidened to provide an acceptable s’ s t unui ate of t ine
total slanniping, Also , tine ea le umi at io mu of ’ ~~~ f ’or a sws ’pt hack ainsi tapers ’s! w inmg of
asps ’ c t ratio (hires anud taper ratio O,(t , which is shown inn I ‘icurt. ’ 27 agrs’s’ s I aurl y

well wut i n experunmuent in tine su i h s sm t u ui c - rs’g ioru - I hows ’vcr . (hue peakuuig of the pits - lu

sIauru ~’iim ug in time t ra misom i ic rs ’gR t nn m’s riot prectietc’d vc’r~ ss sI t ,  1 hi’s us e’s ’sc’ui tn a lh , due to

the a ppluc ’ u t i o n i  of au eminpirical caleumlatuon proeesI n~mre (hat us bass ’ s! uput mu l r r r c ’, r

t l ieit i ’~ an sI tine neglect of t ine r in i s te , us l v  ter m nn (‘ ‘ , , vv tr icin beco mu us ’’s iiil4i’c ’ m u m n p o r t a i u t

Ui th is ,’ t rausm Imu ic rc’ grmt ui

i ii  Ium r thi s ’r c’ ’ s . m lu i , ins ’ t ine prs’ss,’n n( m r ns ’t h mmiu i i i l m t gv  Ion s heter n unir nuuug tine pitc in sl . u rrr p u i r ~r
( Ins ’ h i  i h h r t s ’ s  rue t lm rs ’e wi rmg—h misi ~ eom ui h i m n at io r m s , v’s’ hu u c l u  are sh uoss ’ r u inn Figunnm,’s 2~ i’~ I 2~),
i l L ’ con’si&F’rs’d: ( I ) de lta us ulug —i ) mmml ’ m ~~ = 2) . > 2 )  del ta ‘ss ’ uruo!-bal hy = 4 > ,

I 3) ‘svs c’p thack .u ru d tapered w m uu c—h m is !\ ‘~~~ 3 , 
~ uic ’s’ th ic ”sc’ t h rRe  5’ u r r e  l’lm iu i\

s’ur nhg uiruut ioui s do m u tt n ’prs’’~s uu t  ,~c tum al tactical vs- capon ’s ( i s ’ , ,  tIns ’ i it c’ a t lm t m u 1 t f  this ’ ax is
of n i i t , u t u i t u i  f n m unn thus ’ n mut ’ s s’ of this ’ hot ly m m  ternuns m i t ’ pt.’res ,’uit h mi t s hv ls ’ n mgt hn is t . ’ i i

t ,  tin e basis eonnt ni hum( iamu to thus ’ t otal p it cl n i i , i r im ~m ur i n r  m’s a ( Iu s ’ m n retr s, a l  e s t t u r i r t i

ra t i ner  ( m ain the usual ennnpiricai ons’. h s’st data for ( ‘

~~~ ~ 
+ ( 

~ 
mc a f ’unet ioin

ii in utumber amid the corrc~pammd ing t Ineors’ I ical pred ict io mis ,m re prt.’sem m t eth f in In s’se
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( lures ’ c’Immi fj e Ir ,I t iris rim I m gu urc ’s ~( > t h u r I l r I e h r 32 .  I m m r  m U f inn s ’s ’ cases (hut. ’ , i r ’ r ’ ~s ’ m ri 1 ’ r i t
b~ tv s es ’ rr  t h i s ’O i\  ami d ‘ ‘sps’ r mmi n c ’ m m l us t . i u ; hv ‘ m m md in the .,IIIII r s m m n uk  spi ed nL ’ t ! m m rnu ’ , I h ic ’
Sr I bsm nis’ prs’sI us t m omu is r~’.us or u,m bls’ ur n - i ll is  ‘ ‘n ‘s i n se  the nina’s i n t l  mnnn the y it in inn us a i m  mmml
22 pci cs’ iu t .  m u  s’,I’sc ’ > I t ins’ t n , m r u ’ s i n r n i s ’ me ak ‘s ‘ i nu t ie m ’e s !u m nn a t c - m I , .Ir nd t h l I  ;ir ’ Ih i ued
f t .  ,‘ br~’ .u k \ l m s h  ni um i nnbc ’r is  h ims ’ l r s ’r Ib ma i n ( hat I IL ’ l llc t c ’ tI h~ t ine h , i ta i r e , .  t I ieo ry ’~~’ u y ~’s
me. ik at  \l — I - I I vs hule e \ps’rimi ns ’ni t c i y s ”s ps’ i L at \I . 

~
)8 ) . \ ‘ - nnn s ’nmt iunus ’s,l

j i ms ’ v m om u ’ s ly . t h nus  us a iI ’’s ii l t of ’ t lnc’ c ’ m u np i r is’a t mn at um ns ’ u t  t l ic ’ t F ; u u u s l i l u i c  s -.hls ’ m nns ’ mi n d tins ’
, Iss lmm mi i s l m & m n t hua l ~~ :

, 
i’s a~n p roxi n mrat s ’ ly /s ’rm t , (‘ on nf uemm r a t i m uu ’~ 2 >  and > 3 >  s,’ m ne it uj ul i -n a

rs’guonu i f  mn n ’ sta b uhit~ in tint.’ tranns onmie i’s’gionn . line uunet inos l um s~’ul lnerc ’ Iii uhl,irn pi tch
s lum nupi m u e m nnd i c ’ , u t c ’s ii a comi t ’igurationu is stahi c ’ on um mis tab lc ’ , winic ’ i u u’s su uf ’f i c ’is’ nnt w ith
nc ’ s l m i’ s’t t i m  eumrrs ’ m nt c t , u t 1 ’d ohjs ’s’ t iv ’ e’s , hut  it dos ’s nnot predict tInt.’ nnna guui t ud s ’ i f  (lie
i t i s t .u bm l it y

I m rua i lv , t i n s’ pi tc h dannpinm g of the Arnn ny’-Na vy Finnic’r arid a reseane ln
dcv elm m p m nie m mt mini mdc l of a h)c’amii rids’r pro,iecti Ic are e ‘sam m mcd . S in cc’ t hnc’ne arc’ iio
lii ic ml u dm una l dam n pmimg slata available t innough (hue total ti ighn t range f’or a iii se mi s’ c’ m n ter
C I I  era sit loc ,u (morn inn thus ’ sa ss’ of time basic Fu m ier . t iuc ’utr y ami d c’ \ j t s’ n ini nc ’nit are
cm ) unmpars ’d bin two dit ’t’erenut es’unter of ’ gravuty locations , i.e.. \~ ~~

• = o .h calibers amid
= ( m ,92 ca lihs,’r’s Good agreem iis ’m it u s c’xh mib i (ed inn Figumre 33a t’om’ tine sum p c ’rs (triu :

rem ir is ’ , Inn I ug u mre 33h (lie rap id she r’rease iii (lie sl zmm nipim - i g at t r au u ’ sImnn ue speed’s is riot
predicted Inn the ease of tine heamnnrider the pitc h dannnp iing i’s UI\c ’It in Figure 34,
l’Ius ’rs’ i s  a muu a x im nnun rn devia ( iomn of 23 percemit hetweem m exp s’r i m i u e r uta l  data ansi thn eo r\
l’Im s’ s ic’s rs ’ ms c ’ inn tine (ineoretic al 

~
‘sm 

~ 
+ 

~~ 
u n  (hue lower ,su mpc ’rsonlc ’ Maclu mitum niber

rarn ge us dtus ’ to time extension of ’ t he wimig tlnroiiud u tin t.’ hoshy inn ( u s ’ intt.’nfer s ’mi cs ’
cOrU pum ta tio nna i procesi Lure. TIna( is , t h ere is rc’sluetiomn in vs i m g  ti p t.’f ’f ’ec ts  bes’a ii ’s~’

( lie intcr ’ss’c’tu on i of t ime t i ps by (lie Macli lin es emi ia nmati m ug I’ronnn t ine ape x of ’ t h is ’ t tm t i  j
vs mug art.’ sluwnstreanun of ’ the intersections by this ’ Mash lines originia l i rig t rr ) nnm time
aps ’xes n if tine exposed wirng pan els. Tine minaxu nu um nn ned uct iom u urn total  slarn i pi rug. w ln is’h u
occurs at \1 = 1 ,2 - is approxinia(e ly H perceni(.

COMPUTER PROGRAM

A computer program . wiuicin utili,es (he t h eory sh ise ui ’ sss’d inn t lnis report ami d
Rel ’erennces (HI and (7) . imas heemm develope d to calculate hotiu (lie s t a t i c  amid ci) nua nu m ic
aerodynanni s’s I’or tactical wea pons to Macli nu iumui ber 3 and aungle of at tac k at ’ I 5 ’’ .
Ths’ priummary im mpu(s required by’ ( m is program to deter mmiimie this ’ :mero dvr namm ni cs of
give mn flight configuration are ge unum netrica l ommes . u s ’ ., hod)’ Is’mm g t h n , var iat iom n i i i  body

shape, wing planf ’ortni sh a pe u n  terms of ’ physica l di nne umsionu c . c’ tc .  Innnportant fc ’~mt um rs ’s
of this progranui are its fast s’x s ’cut iomi t um nue amid low cost . For c’xam p he , it takes
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,ibouut 5 mn m i n ann thu s’ (‘ I)( ’ n7(U) m m u~is’ Iu in ne ii a m is t  of ’ abu u ut “ 1 S( )  to det s ’ nnn nmm r c ’ t he
mc ’rody m na nnm i s ’ c o ’ f ’I’is’is ’ u t > s  ~m t to \ 1 m c l n uu nmni ihs ’r’, lot a coui fm gtm m - a ( i m m ru ‘ su me i n us (ins’
be~m n n nr i~ler, \ deta i led de’ss’n i i m t i t iu of t ine com nupu itc ’n p r l m e r a nun , ~m k mu ig svm t hu  sc ’ y c ’ra f
e’s . nmnm p lt.’ s’ass’s .m nnd ,m I t r ( ra m r i i s tmmn g  of t h us ’ ~)rm)g, r m i m u , are g u vc ’ l u  urn Part II r m f  thus ’
prs”ss ’ nut re~4o r t

CONCLUS IONS ANt ) RECOMMENDATIONS

1 - ,.\ geumera l rnmet hmod m a ’ s  heemm developed comisist inig of se v eral  t lneoretuca l amid

cmii pins -a l proet.’d turs’s to c’alcu lats ’ l i f t , drag. pits i n m mmg mornenit . n nm agnt. Is n ni o nn eu it , roll
damuipim ig m m uonu nen i t an ti pitc h da unup ing nnio m uus ’nut on wing—both —tai l  eont igun;mt norms f ’r i t rur
Mach miumimh u’r .‘ero to (Inns ’s’ and amig les at’ attack up to st ill,

2. (‘onnupa nisom i mtf ’ tIns ’ overall unuet huodo logy ss ’ it l n expe nimnmeuit for severa l c onifm gu m r a ( no mi ’ s
ins liea(t.”s t lnat accuracies of ± 10 pem’ cemi ( cam m be obta mm med for static force cu)ef f icue nts
of inmost conf igunnat ions. J)y’ m numu m ic  f ’orce amid m’nmomnnent coefficie mmts are wi hnim i
25 pencem i of ’ experim emmta l data t’or most cases. Th is is at a cost of ’ less th an SI 0
per Macb uiumber for ttie entire set of aeTOd~rnaflhic coethcients.

3. if roll s iam nnp ing is desired wit hni nm ± 10 percen t for inmost commtig uratio nis . t l nuckn u s ’ss
mud aeroelastic effects sh ould be accounted f’or.

4 Th ere is still mo go ts l method to compute magmius forces arid m inonmem its ann

t pical ordnnami c e.

S. T he prs’dictioni mnetho dology in tra nso mmic flow is alm’nost enm irely eniip irical due to
this’ s imrne mit s t ; mts ’—o f —thue— a r ( in sinmnp le ( bt mt ys’t accurate ) analytical niiethnods t’or use inn

flow computations. It is thus re”omu mmn nemided th at work be conn (iuuued in ( him ’ s Maclu
number regimu ne vs ith reaso mmab le c’mn m pluas is on s imn uple (echmii qt ues ,

6 , l)ue to inncr s ’iu’s ing penlormun a nnce reqtmirs ’nnu e mi (s I’or tact ical weapons . it n o w  appear’s

appropriats ’ to s’x tenm d tine presenmt design mnnethmodology to tuncarporate luighier \ ueh u
number , highis’r anugis ’ of attack , arid ;uirhrs’athnimng confi gur~mtio um s.
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