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FLOW-FiELD El?FECTS ON STATIC STABILITY AND CONTROL 

AT HIGH SWEZtSONiC MACH NMEERS 

3y Edward F. UInemn and Eerkert W. R idyad  

Recent  wind-tu-nnel investigations of a i rcraf t - type corTigurzztions 
et Mzch cumbers k .06 end 6.86 hwe  provided  data which show t h s t  ?low- 
f ie ld   in te r fe rence  is  of p r i m r y  importance i n   s t e b i l i t y  and control  
caiculztions  at   high  supersonic Mach nm5ers snd tlnat the  locat ion of 
s t s b i l i z i n g  and control  surfaces  that   give  nighest   effectiveness can be 
determined  by theore t ica l   s tud ies  of these Tlow I'ields. A method has 
been  derived which predicts   the  t rend of dokmesh arounc a c i r cu la r  body 
as zhe angle of a t t ack  i s  increased. A method hes zlso been  derived 
which gives good predictions of the t a i l  con t r ibu t ions   t o   l a t e ra l  ste- 
b i l i t y  through a considerable  angle-of-attack  range. 

iNTRODUCTIOB 

Tke ircportance of flov-field  iEterference  at   supersoEic Mzch numbers 
below 3.0 has  been  discussed  In  reference 1. These e f f ec t s  becorne increas- 
ingly LQportent a s   t he  Mach number i s  increased beyond 3.0. I n  tnis paper, 
sone i l h s t r a % i o n s  of t he   e f f ec t s  of these   f low  f ie lds  will be  presented 
and it will be shown t ha t ,   f o r   c lo se  coupled  conffgurations, it is pos- 
s i b l e   t o   p r e d i c t  some e f f e c t s  of flow-Tield  icterference on longitudinal 
and l a t e r a l   s t a b i l i t y  and controi.  

Figu-res l and 2 present  schlieren  photogrzphs of the  f low around a 
model that   has  been  elriensively  tested E t  Mach numbers 4.06 an6 6.86 i n  
the  Lzngley  11-inch  hypersonic  tunnel and the   M-gley  9- by  9-inch  bkch 
nurrber 4 blowdown jet (rer's. 2 t o  8) .  The model has a %apered wing and 
a c n c i f o m   t a i l  Errangement. Several  important  features of the  ? l o w  
eround t h i s  model can be seen i n   t h e s e  photographs. The fuselrge i s  
f a i r ly   b lun t  and the  resul tant   s t rong bow -mve cexses  total-gressure 
losses  that   reduce  the l i f t  of the -wing and the  tei l .  

In t he  side view ( f i g .  2) the  wing i s  obscwed by the  body but   the 
shocks from the  wing can be seen.  These  shocks  enclose  regions oI' grea t ly  
d i f fe ren t  dynsJnic pressure a 0  Mzch n-anber Ebove wd below the  wing. 
The v e r t i c s l  tails are  almost  caxzpletely  covered by these  regions at both 
Mach numbers but ,  as w i l l  be shown, t h i s  is n o Q e c e s s a r i l y  E bad s i tua t ion  



. 
i f  the  t a i l  sxrfaces  are  arranged  properly. It is obvious from the  photo- 
graphs  and frox  considerztions of shock-field  strength that these flow f i e l d s  
pse ncnisentropic m d  tht t h e i r   e f f e c t s  on the  tai l  surfaces  cannot  be 
acc-aately  predicted  by  potentiai-theory or linear-theory  nethods. 

It 4iOUl6 be rimed t l x b   t h i s   p p e r  ~511 not consider  the  vortex  type 
of interference.  A t  hign  supersogic X&ch T-uTTbeks, the  w5r.g t r a i l i n g  
vort ices  woll ld  not be  expected t o  3ave much ef fec t  on t h e   t a i l   s u r f a c e s  
for   c lose  coupled cocfiguratiom such as th& shown i n   f i gu re  1, which 
have  a :ring spa3  corsiderably  larger  than  the  tzi l   span. Th i s  supposition 
i s  sLpported by experimemal  data which gave  a t a i l  e f f i c i ency   ( r a t io  of 
the  l i f t -curve  s lope of tbe t a i l  in   the  presence of the  body t o  the  l i f t -  
curve  slope of the  tall in  the  presence or" the  body-wing configuration) of 
94 gercent a t  zero  angle of a t tack  and Mach nmber 6 . S  for the  trapezoidal 
ving model shown i n  f igure 1. 

SYMBOLS 

CL 

Cn 

C 
yP 

X 3  coef  f icierL%, - LI 1r-t 
qoos 

ktera l - force   coef f ic ien t ,  
Lateral   force 

%S 

pitching-Eome2t  coefficiel7-t  about  center of gravity,  

Pitching xmeert 
L S E  

yawing-moment coeff ic ient  about  center of gravity, 

Yawirg  mcnent 
a-Sb 

r a t e  of chmge of lateral-force  coefficier?';  with  angle of 
s ides l ip  

r a t e  of change o r  yawing-nonent coefficient with angle of 
s ides l ip  

increment i n  Cyp due to   the   addi t ion  of  one or more v e r t i -  

c a l   t z i l   s u r f a c e s   t o  2 configuration 

Increment i n  due to   the   addi t ion  of  one o r  more v e r t i -  

c a l   t a i l   s u r f e c e s  to a conffigxation 

. 
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a angle of atteck, deg 

P angle of s idesl ip ,  deg 

b  wing span 

C wing mean geometric  chord 

E effect ive downwash angle of the  horizontal  tail,  deg 

it horizontal-tail  incidence zngle, deg 

M Mach  num'oer 

9 dynmic  pressure 

R Reynolds number based on E 

S t o t a l  wing arez 

Subscripts : 

m free-stream v a h e  

U i n  shock f i e l d  Trom upper  surface of a wirq; 

L i n  shock f i e l d  from  lower surfece of a wing 

LONGITUDINAL STABILITY AND COIWROL 

Sone ef fec ts  of these f low f i e l d s  on the   longi tudina l   s tab i l i ty  and 
control ol" t h i s  model w i l l  be  considered first.  A very  important con- 
s iderat ion  regarding  longi tudinal   s tabi l i ty  is ,  of  course,  the  location 
of the   horizontal  t a i l  surfaces. Any e n e l y s i s   t o  determifie t h e  optimum 
locztion of the  horizontal  t a i l  must consider  the  local Synamic-pressure 
and Mach nmfoer va r i a t io l s   i n   t he   r eg ion  of the  tail,  the  do-m-wash vetocl- 
t ies ,  annd the  effects of the  viscous wake.  

A t  high  supersonic Nach nwbers ,   the   horizontal  t a i l  surfaces may be 
d i r ec t ly  affecte6 by t h e  compression and expamior   f ie lds  from the wing, 
since these f i e l d s  are swept back  sherply. Thus i7; is i n s t r u c t i v e   t o  
erm-ifie the  possible  veriations of dynamic pressure  in  the shock f i e l d s  
from E %trig through the Mach nmber  range.  In figure 3 t h e   r a t i o  of  t he  
dynm-ic pressure  in  the  f low  fields  influenced by the constant-thickness 
portion of a 4-percent-thick  vzdge-slab airfoil at an  angle ol" a t tack  of 
15O i s  presmted. Fro= the  f igure,  it is seen  that   the  dynemic pressu_re 
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i n   t h e  comgression f i e l d  from the  lower surface  increases  greztly  with 
Mach number, whereas tke  dynamic pressure  in  the  e:qansion  field frcm 
t h e  upper  suriace  becones so  lov 8 s  t o  be negl igible   a t  Mach numbers 
aro~;r?d 8 and I C .  Tie r a t i o s  of the  l i x ? t  coefficients of surfaces  in 
these  regions TO The l i f t  coefficients of the  sme s r f a c e s   i n   t h e  Zree 
strew vcuid be higher ir- the  coxpression f i e l d  and lower ir_ the expan- 
sion f ie ld  than  the  dynmic-pressure rztios i n  figclre 3 .  The reason  for 
t h i s  i s  -c_iet tke  lift-curve  slopes  ir-crease  in  the compression f i e l d  
because of t'ae lower loca l  Mech nm3er   in   th i s   reg ion  and decrease  in 
t h e  expznsion f i e l d  'jecacse of the   h igher   l sca l  Mach Ember. Fiow separa- 
t i o r .  r'rm t he  upper  surface of scch a wi-ng vould  becme a consideration 
a t  some acgle of a t tack  depending on the flow  conditions. I t  i s  of 
interest   to   note   thst   separat ion and the  condition of hi&! Ylch nmber 
m d  low Q'~lamic  pressure  vnich  exists above t h e  wing without  separation 
b o t h  ac t  t o  decrease  the  effectiveness of any aerodynamic surfaces 
loca ted   in   th i s   reg ion .  

A theoretical  exazqle of the   e f fec ts  of t'nese dynaic-pressure 
vs r i a t iom and the accompanyiw Mac:? Ember and dowmash varietions on 
t h e   s t a b i l i t y  and control  effectiveness of horizor-tal t a i l  surfaces is 
presented  in  figure k .  For simplicity of presegtation,  the two-dimensionel 
f low  f ie ld  aromd a f la t -p la te  wing i s  shown et a Mach nmber of b . 0 .  A c 

loo single-wedge horizontal t a i l  surface is  placed in   three  locat ions:  
i n   t h e  expa_rsion f i e l d  frm :he upper  surface of the wing, in  the  piane of 
%ke wing, and i n   t h e  compression f i e l d  from the  lower surfzce of the uing. 
A surfece a t  locatior- C ( i n   t h e  compression f i e ld )  w i l i  be in   the  region 
of high dpznic   pressure &s w a s  ind iza ted   in   f igure  3 ,  but  the do-mwash 
angle at iozztion C i s  eq-azl to the  zngle or" at teck of t he  wing, and 
d E / & a  = 1. Tnus, t he  t a i l  surfece k i l l  be at zero  angle of a t tack  t o  
the  local   f low and w i l l  produce EO lir? znd therefore 30 s tab i l iz ing  
moment, as i s  indicated  in  the ts3ie ir_ f igure 4. 

-, I'ne ssae downb~sh s i t m t i o n  w l l l  ex is t  at %a i l  location A, and the 
pitckiEg-nommt  contribution of a t a i l  s-srface  there i s  also  zero, as 
ind ica ted   in   the   t sb le .  A s tabi l izer   ioceted  in   the  region between the  
shock and the  expansion f ron   the  wing t r a i l i n g  edge (2s at locasion B) 
u i l l  be iz-~ a region of very smll upwash (abmt 0 .43 at th i s   angle  of 
z-L%eck ard Faeh nmber).  Tine dynami,- pressure w i l l  5e   c lose   to   the   f ree-  
strem value; ik/du will be  very  close t o  zero; and the t a i l  will pro- 
duce a stabilizing  nonent.  in  reference 1, Lcve has shown that, as 
wing thickness and leeding-edge b lmtness  ere increased,  there i s  a 
large  increase i n  cplresh velocity at wing t r a i l i n g  edges at high  zngles 
of &ttack. However, t h i s  upivzsh decreases  rapidiy  with  distance down- 
strean from the   k ra i l i rg  edge. T'ne coLfigwztions wnich will be dis-  
cussed ir, thls paper h&ve ch i3  wings and m a i l  leadirg-edge  bluntness 
E L I I ~  shoxld, therefore, produce cnly smli values of Lipwash at the tai l .  
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IF these  surfaces are considered t o  be all-movable  control  surZaces, 
their   effect iveness  &,/ait r e l z t i v e   t o   t h e   i n - l i n e  t a i l  at locat ion B 

. i s  indicated  in   the  table   as  (z)/(g)a. (See f i g .  4 . )  The control  

at locetion A vould be  only 0.6 as ezfect ive 8 s  t ha t  at B; a control  at 
location C would be three  times ES ef fec t ive   as  one E t  B; bEt the  zero 
s t sb i l i z ing  monent end the  obvious  diff icul t ies  -&th grow-d cleerance 
might vel1 preclude  the  use of t he  low t a i l  posit ion.  

Rowever, a t a i l  loca t ion   s l igh t ly  below t h e  wing chord p l w e  should 
be  used t o  keep the  t z i l  out of t h e  wing wake at low angles of e t tack,  
since z;t high Mach n-mbers end low Reynolds numbers %. th ick  boundary 
layer i s  formed on the  wing r e s u l t i n g   i n  a t h i ck  E k e  which causes  serious 
lo s ses   i n  te i l  effectiveness.  

F i g c e  5 presents  datz.  obtained on the  t rapezoidal  wing nodel which 
show the  sane  veriations of s tab i l i ty  with t a i l  location  in6icated by  %he 
simplified  analysis  presanted  in  Iigure 4. The var ia t ion  of pitching- 
momer?"i coefficient  with  angle of a t tack  i s  presented at M = 6.86 f o r  
the  t rapezoidal  wing model ( f i g .  1) with  three t a i l  errengements: a 

plus" t a i l   ET?^ high and low ta i ls  with lYQ dihedral.  A t  the   top  of 
f igure 5 ,  the   loczt ions of these %ai& surfaces  ere sho:,m re l a t ive  to t he  
flow f i e l d  from the  wing root  a t  an angle of e t t ack  of 2'. As discussed 
previously, z configur9;i;ion h a v i ~ a  a ta i l  surZace  located just belov  the 
wake should have the   h ighes t   s tab i l i ty ,  and t h i s  is conr"imed  by the  
experimerkal data - t he  plus t a i l  configuration being t h e  most s tzb le .  

Thus , it has  been shown that fo r   t h i s   con f igwz t ion   t he  trends of 
s t a b i l i t y  changes wi t ' ?  t a i l  location  can  be  predicted  from  considerations 
of  %he two-dirensional wing flow field.  But when actual  velues of the 
s t e b i l i t y  and control  pzrameters are required,   the body  ?low fie16  with 
i t s  upk+tsh, the  total-pressure loss czused  by the  bow  wave,  ar?d the l o c a l  
dynzTic-pressu-re  changes must be  considered. 

I1 

F i w e  6,compares  experimental  eWective downwash va lues   for   the  
complete-model  and the  body-tail  configurations  with a theore t ica l   p re-  
dict ion of l oca l  dow-wash angle at the  root chord  of the  horizontal  
s t a b i l i z e r .  It is  seer- that  both  the  body-tail  end t h e  complete-model 
corSigwations  produce upwash .=.t low an-gles of zt tack.  mese upwash 
values  decrease a t  noderate angles of a t t ack  snd change t o  downwash a t  
high  angles of a t tack.  

The theo re t i ca l  method i s  based on  body crossflow  theory and takes 
i n t o  account  the  lerge  decreases  in Ycle t o t a l   p re s su re  of the  crossflow 
which occur when the  crossflaw  velocity i s  supersonic. The method was  
dsed t o  est-te  the  local downwzsh an-gles at %he  body su-rface  and these 
values, shown as the  longdashe6  curve ilz f igure  6, ind ica te   the  same 
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trend wit3 angle of a t tack  as the  experineatal   effectcve damwash W l e s  
for  the body-tail  configuratim. 'The t rend i s  obviously TJite different 
fro= potential.  theory .Ir'nich predicts E. cccstantly  increasing uplJash w i t h  
angle of a t tack.  

In  order t 3  investigzte the nagnitude of the interference  effects f o r  
t h i s  configuraticn, t h e  l i f t  and Fitching-moment curves   for   the body-wing, 
the  body-tail ,  end the  body-wix-tail  combizetions are compared i n  f ig-  
ures 7 and 8 wiltk the  curves  obtained  by  taking khe sum of the   theore t ica l  

t h e  difference between tke  experi?neztel anc2  t'ne summatior theories  indicates 
t k s t   t he re  are fairly  large  interactions  in  certain  angle-of-zttack  ranges 
f o r  these  corfigurations. 

1' s ~ t s  E axd pitching noEents of the  appropriate components. For nost  cases 

Tke e f fec t  of tei: locazLon on lorgitu6Lnal  coctrol as obtained Tram 
tests of the  model with kigii end low horizontal   ta i l   surfaces   with  posi t ive 
ard negetive dihedral i s  skc-n i n  f i w e  9. The change in   p i tck ing  moment 
f o r  a t a i l  Oeflecticn oI" -10' i s  presented, and t3e lower t a i l  configura- 
t ion  shom much greeter  effecciveness as angle of a t tack  i s  increased, 
since the tail surfaces move i r to   the   reg ion  of higher  local dyzmnic 
press-ne and lover Mach nm3er produced by  the wing ES indiceted by the 
s implif ied  aralyeis   ( f ig .  4 ) .  

8 

The r e x t  of the F q e r  w i l l  be devoted t o  a discussior, of the 
effects of s'ncck-field  i2teraction on lateral  s t a b i l i t y  c3erLvztives and 
a mthoZ =rf predict t rg   these ef'f ec t s  . 

The e f fec t  of addip3 %he wig& cc tile body on the var ia t ion of the 
direct ional   s tzbi l i ty   paraneter  CI: w i t 2  angle of a t tack  for the test "F 
aLrp1a.x Podel zt Mzch nmber 6.85 is  presefited i n  figure 10. Tke data 
indiczte   thzt  a t  angles of etzack  greater  than 10' the  wing prcduces a 
sta5le  ircreEent of yawing  monent  due t o  the e f fec t  of the comFression 
fie12 Tram the xing lower surface on t h e  afterbody. D e t a  have a l so  been 
obtained or, hign End l o w  wing configurations  vhich show 2 greater  increase 
i E  Ccp with argle of a t tack for t he  high wing locetion, as would be 
expected. 

Figwe 11 preseccs the   e f fec t  of t a i l  arrzngernmt on the var ia t ion 
of ",e d i r ec t iona l   s t ab i l i t y  parameter  through the  zngie-of-actack  range. 
With n3   ver t ica l  t a i l s  presect  there i s  a considerable  increase  in sta- 
b i l i t y  as the angle of  ut+,ack i s  increased. 

The upper a112 lower ve r t i ca l  ta i ls  prochce about the s m e  increment 
i n   d i r ec t iona l  s t & i l i t y  et an  angle of EttacB oZ Oo, bct the  contribution 
of t i e  upser t e f l  decrezses  as'the  angle of attack  increases,  whereas 
+,hat of %he  lower t a i l  Increases. A t  an  mgle of a t tack of 16O, the  lower 
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t a i l  configurction 1h.m the sane vslue of as the  two-tat1  configu- 

r a t ioz ,  shoving t"mt an usper   ver t ica l   s tab i l izer  rrjaY became t o t a l l y  
ineffective at high  mch  nmbers  md  Mgh  angles 02 &tack. m e  S a e  
trends Irere a l so  f a d  at m c h  number 4 i n  tests of t he  sane 
(ref. 7 )  . 

CnP 

A method hzs been  derived t o  predict   these  effects  of angle of a t t ack  
on the  lzteral  s t zb i l i t y   pe rme te r s .  I n  &his  met3od the  sidewesh Zield 
groduced by yawizlg the  body gredicted by gotent is l   theory i s  sxperimposed 
on the  shock-expansion f i e l d s  from t h e   d n g ,  aGd the  forces  am6 mments 
on t h e  ver t ical- ta i l   surfaces   are   obteined by E strip-theory method. 
This  nethod  has  been  used to   ca lcu la te   the   increments   in  

dce to the  addition of' the   'ber t ica l  t a l l  sur faces   to   the   e i rp lane  con- 
figuretior,,  and = comparison of the   t heo re t i ca l  and experinental  vzlues 
of these  ixrements  zt Mach  number 4.06 is Presented i n  figure 12. The 
computed vzlues of LCyp through the mgle-ofdt tack  range axe in   excel-  
lent  agreexent  with the experixxental  values f o r   t h e  ti3Xee t a i l  m a n g e -  
ments. The predictions of  LCnp are a l s o  good f o r   t h e  conr"i&uretion 

with  upper  and low-er v e r t i c a l  tails, but   the   p red ic t ions   for   the  upper 
t a i l  alone and the  lower t a i l  alone are less accurate,  altho-ugh  the 
tren6  with  angle of a t tack  is given  correctly  for  the  lower tai l  con- 
f igmat ion .  These increxents have  been  obtained w i t h  and  without  horc- 
zontal tails on the  nodel, an& show very l r t t l e   e f f e c t  of the  horizontal  
t a i l  surfaces as would be predicted  by  the  t 'ieory. 

CnP cyP 

Figure 13 presents   the sme comparison a t  Mach  number 6.86. The 
trends  are  estimzted  very  accurately,  but the  absolute  values of t h e  
siose increments  are  usually too high. It was rea l ized   tha t   the  pre- 
dict ions %?'ere pro3a'oly too  high  because  the  total-pressure  losses  through 
the  body shock weve had not  been  considered. In order to check t h i s ,  
t he  f l o w  fielc.? arocnd  the body at zero  angles of a t t ack  and slfieslig w a s  
calculated by tke  method of chzrac te r i s t ics ,  end the  increments  in side 
force and yawing moment  on t h e   v e r t i c a l   s t a b i l i z e r s   i n   t h i s  f l o w  f ie ld  
vere computed. The r e su l t s  For the  configuration  with  both  upper and 
lower ta i ls  are  indicated by the   shor t   l i ces  on the  zero  angle-of-attack 
ordirmte and show better  agreement-with  experiment  than  the  results of 
the  rcethod which does  not  ccnsider  the  losses  tbxough  the body bow wave. 

Theoretical   calculations of 
cyP and CnB and the i r   va r i a t ions  

with  angle of a t t ack  have been mzde by t h i s  method for two o t h e r   c o n f i y -  
ra t ions zt M = 4.06. These configurations (fig. 14) hcve  wir?gs and ta i ls  
with  snzrp  leading  edges and wedge sl&b sections. A compzrison of t h e  
theo re t i ca l  znd ex-gerinental  results i s  presented   in   f igwe 15. The 
agreement w a s  bet ter   than  thzt   obtaiced for the   t rzpezoidzl  wing model, 
probably  because GI" the  sharp  leading-edge  ving and t a i l   a i r f o i l   s e c t i o n s  
m d  t k e  r ec t angu la r   pkn  form of the wlng. The agreement fo r   t he  model 
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with delta t e i i  surfeces w a s  zbollk e8 good as t h a t  shown i n   t h i s  figure 
for   the   t rapezoida l  t a i l  surfaces. 

COKCLUDING REMAnKs - 

The analysrs cf t?-e ea ta  presenked  here  has shown that  f low-field 
icterference i s  of p r i m r y   h p o r t a n - e   i n   s t a b i l i t y  and cofitrol  calcule- 
:ions a t  high  supersonic M&ch nmbers and tkt  the  locat ion of s tab i l iz ing  
a x i  control   amfaces  thet  give highest  effectiveness  cm be  determined by 
t t eo re t i ca l   s txa i e s  of these  flow fields. 4 method has  been  derive& 
which predicts  the  trenfi  01 downwash around a c i rcu lar  body as the  angle 
of e t tack  is  increased. A method has also been  derived which gives good 
prebict iom of t h e  t e i i  cor?tribu"lions 'uo b t e r a i   s t a b i l i t y  throug'r- a 
considerEble  ar-gle-of-attack  range. The nethod  used i n   t h e   i a t e r e l  sta- 
b i l i t y  case  considered  the  fwo-dimnsional flow f i e lds   f ron  tke wings 
but not tire vcr tex   f ie lds  fron? t h e  wing or  t h e  body. Further worK remins  
t o  be Bone OE longer, more sleneer  cor??"igurations for which the  vortex 
type of interference w i l l  probably be inportant. 

Langley  Aeronautical  Uboratoory, 
Natiopal Aavisorg Commietee f o r  Aeronautics, 

Laxley  Field,  Va . , November 2, 1955. 
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