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The heavy l i f t  a i r s h i p  s tmula t ion  models a  hybrid v e h i c l e  c o n s i s t i n g  

of a  c e n t r a l  h u l l  wi th  ae  many a s  four  l i f t - p r o p u l s i o n  u n i t s  (LPUs) 

a t t ached .  The LPUs a r e  n a c e l l e s  each having a  main l i f t i n g  r o t o r  and an 

a u x i l i a r y  p r o p e l l e r ,  and can be c h a r a c t e r i z e d  a s  modified h e l i c o p t e r s .  

The model includes  a  s lung  payload,  a  f l i g h t  c o n t r o l  system, lending 

gea rs  and a mooring point .  The c h a r a c t e r i s t i c s  of a l l  model e lements  

e r e  def ined i n  the  input  data .  

The s imula t ion  t akes  the  form of t h r e e  computer programs: 

H W S I Y  - models the  powered v e h i c l e  i n  f l i g h t .  

H M O K  - models t h e  unpowered v e h i c l e  con- 
s t r a i n e d  a t  one point  t o  a mooring mast. 

HLMAY -- models the  powered v e h i c l e  i n  f l i g h t  
with a s lung  payload. 

The ~ P O ~ ~ ~ R I S  a l l  use the  same b a s i c  a lgor t thm and l a r g e  p a r t s  of each 

use the same code and sha re  the  same d - t a  f i l e s .  

The mathematical model provides f o r  the  numerical  evaluat ior l  of the  . 
time r a t e  of change of a multi-element s t a t e  vec to r ,  S. The e lements  . 
of S - a r e  l i n e a r  and angu la r  a c c e l e r a t i o n s ,  l i n e a r  and angu la r  veloci -  

t i e s ,  and r a t e s  of change of c e r t a i n  f l i g h t  c o n t r o l  system v a r i a b l e s .  

111 yenera l ,  the  elements of 2 a r e  non l inea r  f u n c t i o n s  of the  elements 

of - S,  and the  input  commands and d i s tu rbances .  

The progr.lms each con ta in  a trimming a lgor i thm ( d i f f e r e n t  f o r  each 

of the th ree  programs) f o r  e s t a b l i s h i n g  a  s p e c i f i e d  s t eady-s ta te  condi- 

t i o n ;  c e r t a i n  elements of equal  zero.  They each c o n t a i n  an i n t e g r a -  - 
t i o n  rou t ine  t h a t  computes the  time h i s t o r y  of S us ing t h e  e s t a b l i s h e d  - 
t r im .IS an i n i t  t a l  cond i t ion .  F i n a l l y ,  the  t h r e e  programs each inc lude  



a l i n e a r i z a t i o n  a lgor i thm f o r  c a l c t i a t i n g  s t a b  . l i t y  and response de r iva -  

t i v e s  - ra t -  of change of elements of 5 with  the; elements of S and the  

inpu t  conunands and d i s  turbsinces . 

Simu.'.at i o n  docuulentat iou ,  a p a r t  from the  program l i s t i n g s ,  is i n  the  

form of t h r e e  manuals. I n  a d d i t i o n  t o  t h i s  Technical  Manual, t h e r e  is a  

User's Manual and o Programmer's Manual. 

This Technica.'~ --- Manual d e s c r i b e s  the  mathematical  models embodied i n  

t h e  s imula t ion  i n  c o n s i d e r r ~ b l e  d e t a i l  and wi th  suppor t ing  evidence f o r  

t h e  model forms chosen. I n  a d d i t i o n  i t  d e s c r i b e s  t h e  trimming and 

l i n e a r i z a t i o n  a l g o r i t h r l ~ ,  used i n  the  s imulat ion.  Appendices t o  t h e  

manual i d e n t i f y  re fe rence  m a t e r i a l  f o r  e s t i m a t i n g  t h e  needed c o e f f i -  

c i e n t s  f o r  the  input data  an.d provide example s imula t ion  r e s u l t s .  

The User'r; Manual pr*ovides tha  b a s i c  informat ion necessary  t o  run ---- 
t h e  programs,. This inc ludes  d e s c r i p t i o n s  of the  va r ious  d a t a  f i l e s  

necessary  f o r  the  pragram, the  var ious  ou tpu t s  from the  program and t h e  

op t ions  a v a i l a b l e  t o  the use r  when execu t ing  the  program. Addi t iona l  

d a t a  f i l e  i L ~ £ o r m a t i o n  is  conta ined i n  t h e  t h r e e  appendices t o  t h e  

manual. Thebe appendices l i s t  a l l  input  v a r i a b l e s  and t h e i r  pe rmiss ib le  

vaiues ,  an  example l i s t i n g  of these  v a r i a b l e s ,  and a l l  output  v a r i a b l e s  

a v a i l a b l e  t o  the  user .  

Tile Programmer's Manual is iu tecded f o r  the  maintenance programmer 

who w i 1 J .  suppor t  the  program. It c o n t a i l s  exp lana t ions  of the  l o g i c  

embodied L:i the  var ious  program modulea, a  d i c t i o n a r y  of pro,ram var ia -  

b l e s ,  a s u b r o ~ l t i n e  l i s t i n g ,  subroutine/commorr-block/cross-reference 

l i s t i n g ,  and a  c r i l l i n g / c a l l e d  subrou t ine  c r o s s  r e fe rence  l i s t i n g .  The 

manual doec not repeat  d a t a  a l ready  a v a i l a t l e  i n  t h e  User's Manual. 

Sec t ion  2 d e s c r i b e s  the  i n e r t i a l  and geometric modeling embodied i n  

the  HLA s imula t ion  a s  w e l l  a s  the  n o t a t i o n a l  convent ions ,  coord ina te  

t r ans fo rmat ions ,  e t c .  The h u l l  and a t t a c h e d  LPUs (as  many a s  f o u r )  a r e  



modeled a s  an  irlcerconnected s e t  of r i g i d  bodies s u b j e c t  t o  e x t e r n a l  

f o r c e s  descr ibed i n  l a t e r  s e c t i o n s .  The equa t ions  of motion model each 

body s e p a r a t e l y  s u b j e c t  t o  c o n s t r a i n i n g  f o r c e s  a c t i n g  a t  the  a t t a c h  

p o i n t s  t o  the  h u l l ,  a s  well as t o  the  e x t e r n a l  f o r c e s .  The s o l u t i o n  

a lgor i thm g i v e s  a c c e l e r a t i o n s  of each body and the  z o n s t r a i n t  f o r c e s  a t  

t h e  a t t a c h  po in t s .  A subse t  of t h e  a c c e l e r a t i o n s  of t h e  multibody sys-  

tem, the  payload a c c e l e r a t i o n s  (HLAPAY program only) ,  v a r i o u s  d i sp lace -  

ment r a t e s  of change, and c e r t a i n  f l i g h t  c o n t r o l  system v a r i a b l e s  make 

up 5, the  r a t e  of change of the  s t a t e  vec to r .  - 
The e x t e r n a l  f o r c e s  a c t i n g  on the  system can be c h a r a c t e r i z e d  a s  

aerodynamic o r  non-aerodynamic i n  o r i g i n .  The non-aerodynamic f o r c e s  

a r e  d iscussed i n  Sec t ion  3. This s e c t i o n  d e s c r i b e s  the  landing gear  

model ( a s  many a s  f o u r  l and ing  g e a r s ) ,  and t h e  payload suspension c a b l e  

model ( a s  many a s  f o u r ) .  The remaining non-aerodynamic f o r c e s  a r e  due 

t o  g r a v i t y  and d i r e c t  t h r u s t  (e.g., t u r b i n e  exhaus t ) .  The f o r c e s  a t  t h e  

mooring a t t a c h  po in t  a r e  c o n s t r a i n t  f o r c e s  included i n  Sec t ion  2 -- the  

HLAMOR program t r e a t s  t h e  mooring mast as an a d d i t i o n a l  c o n s t r a i n t  

between a po in t  on t h e  h u l i  and the  i n e r t i a l  r e fe rence  frame. 

The f l f g h t  c o n t r o l  system model d e s c r i b e  i n  S e c t i o n  4 incgrpora '  

t h e  sof tware  equ iva len t  of a  "mixer box" whereby t n e  many control  

f a c e s  of the  HLA (LPU p r o p e l l e r  and r o t o r  c o n t r o l s ,  movable f i n s  ?n r:le 

h u l l )  a r e  "organized" t o  provide s i x  approximately or thogonal  cor l t ro l  

p o i n t s  - one f o r  each degree of h u l l  motion freedom. The trim r o u t i n e  

o p e r a t e s  us ing these  s i x  equ iva len t  c o n t r o l s  i n  e s t a b l i s h i n g  the  trim 

f o r  powered f l i g h t  c o n d i t i o ~ s .  The f l i g h t  c o n t r o l  system a l s o  provides  

f o r  a  simple p ropor t iona l - in tegra l -de r iva t ive  (PID)  closed-loop c o n t r o l  

s t r u c t u r e  f o r  mainta ining a  t r i m  c o n d i t i o n  and f o r  respone:e t o  i n p u t  

commands. The s t r u c t u r e  of the  s i m u l a t i o n  is  p red ica ted  on a l lowing 

comparatively r o u t 1  ne modi f i ca t ion  t o  t h e  f l i g h t  c o n t r o l  system subrou- 

t i n e s  t o  s u i t  the  requirements f o r  i n d i v i d u a l  veh ic le  conf igura t ions .  

Thus r o t o r  rpm and t h e  LPU gimbal ang les  r epresen t  p o t e n t i a l  a d d i t i o n a l  

c o n t r o l s ;  v i r r u a l l y  any motion v a r i a b l e  is a p o t e n t i a l  feedback s i g n a l .  

The l a r g e s t  body of m a t e r i a l  i n  t h i s  manual p e r t a i n s  t o  the  model- 

ing of the aerodynamic f o r c e s  on the  HLA. l'he modeling inc ludes  h u l l  



buoyancy and t h e  so-cal led  apparent  mass terms, quasi-steady r o t o r  aero- 

dynamics, a  v a r i e t y  of aerodynamic i n t e r f e r e n c e  e f f e c t s ,  and p rov i s ion  

f o r  random and d e t e r m i n i s t i c  aerodynamic d i s tu rbances  having a  s p a t i a l  

d i s t r i b u t i o n  a p p r o p r i a t e  t o  t h e  l a r g e  s i z e  of the  veh ic le .  The reader  

is r e f e r r e d  t o  Sec t ion  5 f o r  a more d e t s : l e d  summary of the  v e h i c l e  

aerodynamics. Sec t ions  6, 7,  8, and 9 d e s c r i b e  t h e  models i n  d e t a i l .  

Sect1011 10 d e s c r i b e s  t h e  t r i m  c l g o ~ i t h =  used i n  each of these  t h r e e  

programs. For HLASIM and HLAPAY, che a lgor i thm determines t h e  si:r t r i m  

c o n t r o l  d e f l e c t i o n s  required f o r  v e h i c l e  t r i m .  I n  t h e  HLAPAY program, 

i t  f i r s t  e s t a b l i s h e s  t h e  t r i m  payload p o s i t i o n  and a s s o c i a t e d  suspension 

c a b l e  t ens ions  - t h e  l a t t e r  a r e  f o r c e s  e x t e r n a l  t o  tne  h u l l .  I n  t h e  

HLAMOR program, t h e  h u l l  a t t i t u d e  is  trimmed t o  n u l l  t h e  v e h i c l e  acce l -  

e r a t i o n s ;  the  landing gear  may o r  may not c o n t r i b u t e  t o  t h e  f o r c e s  acc- 

ing  on the  h u l l  depending on net  heaviness  of t h e  HLA. 

The l i n e a r i z a t i o n  a lgor i thm descr ibed i n  Sec t Ian  11 uses forward ,-xd 

backward p e r t u r b a t i o q s  about t h e  t r i m  cond i t tons  t o  approxjmate t h e  s t a -  

b i l i t y  and response d e r i v a t i v e s .  The d e r i v a t i v e  s e t  d i f f e r s  f o r  each of 

t h e  t h r e e  programs and does not  inc lude  t h e  closed-loop in f luence  of t h e  

f l i g h t  c o n t r o l  system. Auxi l iary  d e r i v a t i v e s  a r e  computed f o r  i n t e r n a l  

and e x t e r n a l  f o r c e  v a r i a t i o n s  wi th  per turbat ior ls  i n  t h e  s t a t e  v a r i a b l e s ,  

commands and d i s tu rbances  . These inc lude ,  f o r  example, t h e  cons t r a u t  

fo rces  a c t i n g  at  t h e  LPU a t t a c h  poince, the  cab le  t ens ions ,  e t c .  The 

p grams a l s o  computes the  eigenvnlues and e igenvec to rs  a s s o c i a t e d  wi tn  

t h e  c h a r a c t e r i s t i c  matrix.  

Appendix A provides a  cross-reference of experimental  and a n a l y t i c a l  

sources  f o r  t h e  c a l c u l a t i o n  of the  h u l l  and t a i l  a e r o d y ~ s m i c  inpu ts .  

Appeqdices B and C a r e  r e p r i n t s  of t e c h n j c a l  papers published dur ing t h e  

course  of the  resea rch  which a r e  intended t o  i l l u s t r a t e  t y p i c a l  heavy- 

l i f t  a i r s h i p  dynamics and c o n t r o l  c h a r a c t e r i s t i c s .  



SECTION 2 

ELA NITION EQUATIONS 

The equat ions  of motion f a l l  i n t o  two groups -. those  t h a t  desc r ibe  

t h e  motion of the  HLA i t ~ e l f ,  and those  t h a t  model t h e  motion of t h e  

payload. The t ens ions  i n  t h e  cab les  t h a t  connect t h e  HLA t o  t h e  paylofid 

depend upon t h e i r  r e l a t i v e  motion (Sec t ion  3) and repreF,ent e x t e r n a l  

f o r c e s  on both bodies. 

The payload is modeled a s  a s i n g l e  r i g i d  body; i t s  equa t ions  of 

motion a r e  s t ra igh t fo rward .  

The HLA i t s e l f  is modeled a s  an in terconnected s e t  of f i v e  r i g i d  

bodies. The c e n t r a l  body is  the  h u l l  assembly c o n s i s t i n g  of gas enve- 

lope,  t a i l f i n s ,  mooricg mast a t t a c h  po in t ,  landing gears ,  and the  i n t e r -  

connecting and support ing s t r u c t u r e .  The four  p e r i p h e r a l  bodies a r e  

l i f t - p r o p u l s i o n  u n i t s  (LPUs) c o n s i s t i n g  of a fus?lage ( a r  n a c e l l e ) ,  

i i f t i n g  r o t o r ,  and t?.rusting p r o p e l l e r .  These a r e  a t t ached  t o  t h e  h u l l  

s t r u c t u r e  a t  four  points .  Each LPU has t-tee angu la r  degrees of freedom 

r e l a t i v e  t o  the  h u l l  but i s  cons t ra ined  i n  t r a n s l a t i o n a l  motion a t  t h e  

a t t a c h  point .  

Equations of motion a r e  w r i t t e n  f o r  each of t h e  f i v e  bodies i n  iso-  

l a t i o n .  The fo rces  a c t i n g  on each Lnclude e x t e r n a l  f o r c e s  and con- 

s t r a i n t  fo rces ,  the  l a t t e r  a c t i n g  a t  the  a t t a c h  po in t s  i n  equal  but 

opposi te  d i r e c t i o n s  f o r  t h e  bodies on e i t h e r  s i d e  of t h e  a t t a c h  point .  

Because the c o n s t r a i n t  f o r c e s  a r e  unknown, the  a b s o l u t e  angular  and 

l i n e a r  a c c e l e r a t i o n s  cannot be evaluated d i r e c t l y .  

The t r a a s l a t i o n a l  c o n s t r a i n t s  e s t a b l i s h  kinemat ic  r e l a t i o n s h i p 8  

between the  motions of bodies on e i t h e r  s i d e  of an a t t a c h  point .  When 

w r i t t e n  i n  terms of angular  and l i n e a r  a c c e l e r a t i o n s  of the  bodies f o r  

a l l  a t t a c h  po in t s ,  t h e r e  r e s u l t s  a second set of equat ions .  This second 

set i s  solved s imul taneously  with the  f i r s t  t o  y i e l d  t h e  a c c e l e r a t i o n s  



of a l l  f i v e  bodies and t h e  c o n s t r a i n t  f o r c e s  a c t i n g  between p a i r s  of 

bodies. 

Because of the  c o n s t r a i n t s ,  not  a l l  of t h e s e  a c c e l e r a t i o n s  a r e  inde- 

pendent. Therefore  only a subse t  is  chosen f o r  incorpora t ion  i n  5, t h e  

r a t e  of change of t h e  system s t a t e  vec to r .  The subse t  is d i f f e r e n t  f o r  

each of t h e  t h r e e  programs. Any o t h e r  v e l o c i t i e s  and displacements a r e  

determined us ing a l g e b r a i c  equa t ions  desc r ib ing  t h e  cons t ra ined  rela- 

t i o n s h i p s  between t h e  v e l o c i t y  and displacement elements I n  t h e  s t a t e  

v e c t o r ,  S, - and the  dependent v e l o c i t i e s  and displacements.  

The remaining elements of a r e  obta ined from equa t ions  d e s c r i b i n g  

displacement r a t e s  of change i n  terms of v e l o c i t i e s  (kinemat ics) ,  and 

from c e r t a i n  f l i g h t  c o n t r o l  system v a r i a b l e s  (Sect ion 4) .  

During the  course  of program development t h e  s i m i ~ l a t i o n  requirements 

changed, e l i m i n a t i n g  t h e  imuediate need f o r  angular  degrees of freedom 

between t h e  LPUs and t h e  h u l l  assembly. This a s  been accommodated i n  

t h e  program code by zeroing t h e  angular  r a t e s  and a c c e l e r a t i o n s  between 

t h e  bodies a t  the  a t t a c h  points .  Tine r e s u l t  is  t h a t  t h e  h u l l  and LPUs 

behave a s  a s i n g l e  r i g i d  body. The s imula t ion  c a l c u l a t e s  t h e  torques  a t  

t h e  a t t a c h  po in t s  required t o  c o n s t r a i n  the  angular  motion. 

However, the  input  d a t a  requirements s t i l l  t r e a t  t h e  h u l l  and LPUs 

a s  i n d i v i d u a l  bodies. This f a c i l i t a t e s  da ta  a l t e r a t i o n ;  LPU l o c a t i o n s  

can be changed without r e c a l c u l a t i n g  i n e r t i a l  p r o p e r t i e s  f o r  t h e  assem- 

b l y  a s  a whole. Fur the r ,  re-es tabl- ishing t h e  angular  degrees of motion 

freedom I, a r e l a t i - ~ e l y  minor change should it be requ i red  by t h e  vehi- 

c l e  being modeled. 

B. NOTATION, COOBDINhTeS, GEOHETRY, AND UNITS 

The phys ica l  system modeled i n  t h e  s imula t ion  c o n s i s t s  of s i x  

bodies.  These a r e  the  h u l l  (body h )  t o  which a r e  connected four  l i f t -  

propuls ion u n i t s  (bodies  I; i = 1, 2, 3, 4 )  by means of t h r e e  a x i s  

gimbals a t  each a t t a c h  po in t .  The s i x t h  is t h e  payload (body p)  which 

is  a t t ached  t o  t h e  n u l l  by means of four  suspension cab les .  The h u l l  

inc ludes  the  gas envelope,  t a i l  f i n s  and t h e  support ing s t r u c t u r e  t o  



which the  LPUs a r e  a t t ached .  The LPUs each have a l i f t i n g  r o t o r ,  a 

t h r u s t i n g  p r o p e l l e r ,  and d i r e c t  t h r u s t  from j e t  exhaust .  For t h e  moored 

HLA s imula t ion ,  the  h u l l  is connected t o  a  po in t  i n  t h e  i n e r t i a l  r e f e r -  

ence frame 3y an i d e a l  th ree -ax i s  gimbal. 

1. Notat ion Convention 

The equa t ions  d e s c r i b i n g  t h e  motions of the  HLA use  t h e  n o t a t i o n  

convention summarized i n  Table  2-1. I n  t h i s  convention,  s u b s c r i p t s  

g e n e r a l l y  r e f e r  t o  vec to r  bases ( is an excep t ion)  aud underscored 

v a r i a b l e s  a r e  vec to r s .  The f i r s t  s u p e r s c r i p t  r e f e r s  t o  t h e  body, t h e  

second t o  t h e  po in t  i n  t h e  body. For economy i n  n o t a t i o n ,  when t h e  

po in t  i n  t h e  body is  t h e  mass c e n t e r  t h e  second s u p e r s c r i p t  is l e f t  

blank. I f ,  i n  a d d i t i o n ,  t h e  vec to r  b a s i s  is t h a t  f i x e d  i n  the  p a r t i c u -  

l a r  body (i .e . ,  f i r s t  s u p e r s c r i p t  i s  t h e  same a s  t h e  s u b s c r i p t ) ,  t hen  

t h e  f i r s t  s u p e r s c r i p t  is  a l s o  l e f t  blank. Thus t h e  v e l o c i t y  of LPU 

a t t a c h  po in t  i on the  h u l l  expressed i n  the  h u l l  vec to r  b a s i s  is denoted 
h i  

by LJ., , but the  v e l o c i t y  of the  h u l l  c e n t e r  of mass expressed i n  t h e  

h u l l  vec to r  b a s i s  is simply Vh. 

Addi t iona l  s u b s c r i p t s  a r e  used t o  denote the  o r i g i n  of f o r c e s  and 

torques .  Thus FJ,~ denotes  t h e  aerodynamic f o r c e  a c t i n g  a t  t h e  h u l l  

c e n t e r  of g r a v i t y  expressed i n  the  h u l l  vec to r  basis, whereas Eh denotes  

a  non-speci f ic  f o r c e  a c t i n g  a t  t h i s  same po in t .  

2. Coordinate  Systems and Traaeformtloae 

A l l  a x i s  systems a r e  orthogoilal  right-handed v e c t o r  bases  i n  which 

p o s i t i v e  sense  angu la r  r o t a t i o n s  a r e  right-handed r o t a t i o n s  about t h e  

r e s p e c t i v e  axes.  The i n e r t i a l l y  f i x e d  a x i s  system o r  r e f e r e n c e  frame is  

denoted by (xIyIzI)  where t h e  xI and yI axes  l i e  i n  t h e  h o r i z o n t a l  p lane  

and the  zI a x i s  i s  d i r e c t e d  downward, a long  t h e  g r a v i t a t i o n a l  v e r t i c a l .  

Addi t ional  a x i s  systems a r e  referenced t o  the  i n d i v i d u a l  bodies making 

up the  HLA. 



TABLE 2-1. NOTATION CONVENTION 

di = Force vec to r  a c t i n g  a t  po in t  i i n  body b expressed i n  t h e  ath 
v e c t o r  b a s i s  

= Linear  v e l o c i t y  of po in t  i i n  body b expressed i n  the  a t h 

v e c t o r  bas is .  

bi 
= P o s i t i o n  vec to r  from point  j i n  body a t o  po in t  i i n  body b !la j 

expressed i n  t h e  ath vector  bas i s .  When j is blank, t h e  post- 
t i o n  vec to r  emanates f r o =  t h e  o r i g i n  of t h e  a th  vec to r  b a s i a ,  
t h e  mass c e n t e r  of body a. 

b i 
T3 = Moment vec to r  a c t i n g  a t  point  i i n  body b expressed i n  t h e  .I 

t h 

v e c t o r  bas is .  

b = Angular v e l o c i t y  vec to r  of body b expressed i n  t h e  at" ve - to r  
bas i s .  

b 
= Eule r  ang le  r o t a t i o n  of body b wi th  respec t  t o  body a. The 

o r d e r  ~f t h e  r o t a t i o n  sequence is def ined s e p a r ~ t e l y  f - each 
a,  b pa i r .  

Lab = Direc t ion  cos ine  nmtrix such t h a t  ha = La$b, where A, and &, 
a r e  genera l i zed  vec to rs  expressed i n  the  a and bth v e c t o r  

bases ,  r ~ s p e c t i v e l y .  The t r a n s f  ormation is or thogonal ,  thus  

B ~ b a  = Nonorthogonal t ransformat ion matr ix  r e l a t i n g  t h e  Euler  ang le  

r a t e s  of body b t o  t h e  body a x i s  r a t e s  of body b r e l a t i v e  t o  

body a expressed i n  t h e  ath v e c t o r  bas i s .  Thus, 

(.) = I n d i c a t e s  time d e r i v a t i v e  of a v a r i a b l e  o r  time d e r i v a t i v e  
r e l a t i v e  t o  the  i n e r t i a l  v e c t o r  bas is .  

(O) = I n d i c a t e s  time d e r i v a t i v e  r e l a t i v e  t o  a non- ine r t i a l  v e c t o r  
b a s i s .  

( )T = I n d i c a t e s  t ranspose  (of a matr ix  o r  a vec to r ) .  
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a. Hul l  Assembiy 

The mations of the  HLA a r e  defined i n  terms of t h e  (xhyhzh) vec to r  

b a s i s  which is body-fixed wi th  its o r i g i n  a t  t h e  c e n t e r  of mass of t h e  

h u l l  assembly. The axes  are d i r e c t e d  as f o r  a n  a i r p l a n e  - forward, t o  

t h e  r i g h t ,  and down f o r  xh, yh, and zh, r espec t ive ly .  

The r o t a t i o n s  of the  h u l l  v e c t o r  b a s i s  r e l a t i v e  t o  t h e  i n e r t i a l  vec- 

t o r  b a s i s  a r e  expressed by t h e  usua l  sequence of t h r e e  Eu le r  ang le  ro ta -  

t i o n s  - yaw (+), p i t c h  (8), and r o l l  (# )  - i n  going from t h e  i n e r t i a l  

frame t o  the  body frame. The t ransformat ion of a v e c t o r  expressed i n  

t h e  i n e r t i a l  b a s i s  t o  the  same v e c t o r  expressed i n  t h e  h u l l  b a s i s  is 

denoted by 

where A., is a genera l i zed  vec to r  i n  the  (xhyhzh) vec to r  b a s i s ,  41 i c  a 

genera l i zed  v e c t o r  i n  the  (xIyIzI) bas i s  and 

wi th  

0 

-s in  + cos 41 

cos  0 0 - s i n  0 

L0 = 



cGL id 
,\ G \ ~  bL FK* 3F' 
.: p c ; ~ ~  Q g ~ ~ f i  

cos JI sin g  0 

L~ 

r cos 8 cos g cos 0 sin JI 

L h l  = I sin g sin 0 cos $ sin g sin 0 sin 9 - cos g sin g + cos I$ cos g  sin g cos 0 I 
cos 4 sin 0 cos + cos sin 0 sin g  

+ s1n 6 sin g cos 4 cos 0 - sin I$ cos $ I 
The transformation is orthogonal, so that the inverse of the direction 

cosine matrix $I is equal to the transpose: 

The order of the subscripts defines the "direction" of the transforma- 

tion. 

b. Lift Propulsion Unit 

The vector basis of the ith LPU (xiyizi) is fixed within the LPU and 

has its origin at the center of mass of the LPU. Its orientation is 

similar to that for an aircraft - forward, to the right, and down. 
The coordinate transformation from the hull-fixed vector basis to 

the LPU-fixed vector basis follows an unconventional Euler angle 

sequence chosen to allow large pitch rotations about an axis parallel to 

the yh axis without a singularity appearing in the equations relating 

the Euler angle rates to the body axis rates. The sequence is pitch 

(Qi), yaw (qi), and roll ($i). The transformation from the hull basis 

to the LPU basis is 



where h i  is a generalized vector i n  the  (xiyizi) bas i s  and 

with 

c o s e i  0 - s i n 8 1  

s i n  0 i  cos Bi 

so tha t  

cos 0 i  cos Jli s i n  'li -sin 0i cos $i 

s i n  0 i  s i n  41 cos ei s i n  41 
- cos Oi s i n  $i COS $i 'Os 'i 'OS 'i + gin  ei s i n  cos 

s i n  B i  cos $ i  cos e i  cos 'i 
+ cos 01 s i n  $1 s i n  4 i  

-=os 'hi sin $1. - s i n  ei s i n  $i s i n  4 i  

(2-13) 

1 
is the p i t ch  angle of the  i t h  LPU about a gimbal ax i s  parallel t o  

the y,, ax i s  of the h u l l ;  Oi and (i represent the subsequent yaw then 
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r o l l  r o t a t i o n s  of t h e  LPU r e l a t i v e  t o  t h e  h u l l .  The nominal orientaci .on 

( a l l  ang les  smal l )  r e p r e s e n t s  t h e  case  where t h e  l i f t i n g  r o t o r ' s  s h a f t  

is d i r e c t e d  upward a long the  negat ive  zi a x i s .  

To t ransform a genera l l zed  v e c t o r  i n  t h e  LPU vec tor  b a s i s  t o  t h e  

i n e r t i a l  vec to r  b a s i s  r e q u i r e s  m u l t i p l i c a t i o n  of t h e  d i r e c t i o n  cos ine  

matr ices .  Thus 

is t h e  t ransformat ion mat r ix  needed t o  r e l a t e  a vec to r  i n  t h e  LPU r e f e r -  

ence frame t o  t h e  i n e r t i a l  r e fe rence  frame. The t rans format ion  is  

orthogonal,  thus  

c. Payload 

The d e s c r i p t i o n s  of the  vec to r  b a s i s ,  t h e  angular  displacements,  and 

t h e  a s s o c i a t e d  coord ina te  t r ans format ions  a r e  i d e n t i c a l  f o r  t h e  payload 

and t h e  h u l l  wi th  a change i n  ( o r  a d d i t i o n  o f )  s u b s c r i p t s .  Thus t h e  

vec to r  b a s i s  i s  denoted by (x  y z ), t h e  Euler  ang le  sequence is  yaw 
P P P  

(Pp) ,  p i t c h  (Bp), then r o l l  (( ) t o  desc r ibe  i ts  o r i e n t a t i o n  r e l a t i v e  t o  
P 

t h e  i n e r t i a l  r e fe rence  frame. 

The t rans format ion  from the  payload vec to r  bas i s  t o  t h e  h u l l  v e c t o r  

b a s i s  r e q u i r e s  m u l t i p l i c a t i o n  of t h e  d i r e c t i o n  cosine  matr ices :  

The t ransformat ion is or thogonal ,  thus  



3. Geometry 

The equat ions  of motion which desc r ibe  t h e  angular  a c c e l e r a t i o n s  of 

the  va r ious  bodies a r e  w r i t t e n  i n  terms of moments about the  c e n t e r s  of 

g r a v i t y  (mass) of t h e  va r ious  bodies. These moments a r e  composed i n  
a i  a i  p a r t  02 vec to r  c r o s s  products of t h e  f o r .  Ea x ca where is t h e  

a i  
vec to r  p o s i t i o n  of point  is t h e  a p p l i c a t i o n  po in t  of t h e  f o r c e ,  Fa , 
r e l a t i v e  t o  the  mass c e n t e r  of t h e  body. Figure  2-1 i l l u s t r a t e s  t h e  

geometry of these  p o i n t s  and p o s i t i o n  vectors .  

The inpu t  d a t a  d e s c r i b i n g  t h e  l o c a t i o n  of these  p o i n t s  is g iven  i n  

terms of p o s i t i o n  r e l a t i v e  t o  a f i x e d  geometric re fe rence  po in t  wf t h i n  

t h e  body which i n  genera l  is not the  c e n t e r  of g r a v i t y .  Therefore  t h e  

d e s i r e d  p o s i t i o n  vec to rs  represen t  vec to r  d i f f e r e n c e s  between t h e  po in t  

i n  ques t ion  and t h e  c e n t e r  of ;-svity loca t ion .  

The numbering convention of the  LPUs, landing gear  a t t a c h  p o i n t s ,  

and c a b l e  a t t a c h  p o i n t s  is such a s  t o  put odd numbers t o  t h e  l e f t  and 

smal le r  numbers forward. Thus LPU-3 is the  l e f t  a f t  LPU. 

a. Hull  Assembly 

h 
The l o c a t i o n  of the  h u l l  c e n t e r  of g r a v i t y  is denoted by Rhcv, - t h e  

l o c a t i o n  of t h e  c e n t e r  of g r a v i t y  r e l a t i v e  t o  the  c e n t e r  of volume (cv) .  

The s e v e r a l  po in t s  of f o r c e  a p p l i c a t i o n  a r e  a s  follows: 

Hull  mass c e n t e r  t o  the  c e n t e r  of volume, cv  

hcv h 
Rh = - R h o  

Hull  mass c e n t e r  t o  i t h  LPU a t t a c h  point  ( i  = 1, 
2, 3, 4 )  

o Hull  mass c e n t e r  t o  t a i l  r e fe rence  c e n t e r ,  t 
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Hull Center 
of Volume \ C.V. 

Hull Mass Center 

Mass Center 

i th I-PU Attach Point 
(Point i on Hull, Point 

I s  h oc i t h  LPU) 
Payload Moss Center 

kth  Cable 
Poylood At tach Point 

---XP 

Note : Fo//owing Points on 
YP 

- 
i t h  LPU not Shown: 

f Fuselage Aerodynamic Center 
w e :  Payload Reference r Rotor Hub Location 

Center, pc, not Shown. p Propeller Hub Location 
e Exhaust Exit Point 

fc Fuseluge Reference Center 

Figure  2-1. Vector Geometry of H u l l ,  Payload and i t h  LPU 
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Hull  mass c e n t e r  t o  j t h  payload c a b l e  a t t a c h  po in t  
( j  - 1, 2, 3, 4) on t h e  h u l l  

Hul l  mass c e n t e r  t o  Lth landing gear a t t a c h  p o i n t  
( a  = 1, 2, 3, 4 )  

Hull  maas c e n t e r  t o  mooring a t t a c h  p o i n t ,  m 

b. L i f t  Propuls ion Unit  

The l o c a t i o n  of the  i t h  LPU c e n t e r  of g r a v i t y  r e l a t i v e  t o  the  r e f e r -  
i erlce c e n t e r  of t h e  LPU f u s e l a g e  ( n a c e l l e )  is denoted by !ifc. The 

s e v e r a l  p o i n t s  of f o r c e  a p p l i c a t i o n  a r e  g iven by: 

i t h  LPU mass c e n t e r  t o  f u s e l a g e  aerodynamic 
c e n t e r ,  f 

i t h  LPU mass c e n t e r  t o  r o t o r  hub, r 

e i t h  LPU mass c e n t e r  t o  p r o p e l l e r  hub, p  

i t h  LPU mass c e n t e r  t o  h u l l  a t t a c h  po in t ,  h  



i t h  LPU mass c e n t e r  t o  e r b ~  jt e x i t  p o i n t ,  e  

c. Payload 

The payload is t r e a t e d  as a body having g e ~ m e t r i c  p r o p e r t i e s  such 

t h a t  i t s  aerodynamic c e n t e r  and i t s  r e f e r e n c e  c e n t e r  a r e  one and t h e  

same. The c e n t e r  of g r a v i t y  l o c a t i o n  r e l a t i v e  t o  t h i s  c e n t e r  is given 
P 

by !ppc. The remaining p o i n t s  a r e  g iven by: 

Payload mass c e n t e r  t o  the  r e f e r r  w e  c e n t e r ,  pc 

Payload mass c e n t e r  t o  k t h  c a b l e  a t t a c h  p o i n t  
(k = 1, 2, 3, 4 )  on t h e  payload 

4, Units 

The s imula t ion  sof tware  is designed t o  o p e r a t e  wi th  Engl ish  u n i t s  
2 ( 1  lb f  = 1 s l u g  x 1 f t / s e c 2 )  I.: SI u n i t s  ( 1  newton = 1 kg x 1 rnlsec ). 

A 1 1  angu la r  u n i t s  a r e  de f ined  i n  r ad ,  r a d l s e c ,  r ad / sec2 ,  e t c .  The 

a c c e l e r a t i o n  due t o  g r a v i t y ,  g, i s  a user-specified value ,  wi th  u n i t s  

c o n s i s t e i ~ t  wi th  t h e  inpu t  data .  The user  s e t s  a "un i t s  f l a g "  t o  s i g n a l  

t h e  p r i n t i n g  of t h e  a p p r o p r i a t e  u n i t s  wi th  t h e  inpu t  d a t a  l i s t i n g .  Th i s  

f l a g  a l s o  s i g n a l s  the  a p p r o p r i a t e  c a l c u l a t i o n  of power ( i .e . ,  k i l o w a t t s  

f o r  S I  u n i t s ;  horsepower, hp, f o r  Engl ish  u n i t s ) ,  s e e  S e c t i o n  7, Subsec- 

t i o n  I. Except f o r  t h i s  one c a l c u l a t i o n ,  no u n i t  convers ions  a r e  com- 

puted by the  program. 

C. KINEM'rIC EQUATIONS 

The kinemat ic  r e l a t i o n s h i p s  between velocities and r a t e s  of change 

of angu la r  and l i n e a r  d isplacements  f o r  t h e  independent degrees  of 
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freedom a r e  given i n  t h i s  subsection. The r a t e s  of change a r e  elements 

I. Bull Assembly 

The angular  v e l o c i t y  of t h e  h u l l  is given i n  terms of the  body-axis 

r a t e s  

and t h e  Euler ang le  r a t e s  

where 

1 s i n  $ t a n  u cos  4 t a n  8 

cos  4 - s i n  4 

0 s i n  $/cos 8 cos  $/cos 0 1 
This is a nonorthogonal mat r ix  whose inverse  (no t  equal  t o  t h e  t r a n s -  

pose) is given by 

0 

B h ~ t ,  = 1: cos  4 c o l n s l n  $1 
-sin  4 cos 0 cos $ 

These r e l a t i o n s h i p s  a r e  t h e  s t andard  ones f o r  an a i r c r a f t ,  have been 

der ived elsewhere (e.g., Ref. 2-l) ,  and w i l l  not  be repeated here. 

* T 
The vec to r  n o t a t i o n  [ ] i s  used f o r  ease  of p r i n t i n g .  



Note t h a t  the  o rder ing  of tile Euler  ang le  r a t e s  i n  Eq. 2-32 is  such 

t h a t ,  f o r  small a n g l e s ,  t h e  f i r s t  angle  r e p r e s e n t s  a r o t a t i o n  about. t h e  

x-axis, t h e  second \bout t h e  y-axis, and the  t h i r d  about t h e  z-axis. 

The o rder ing  does no t  imply t h e  Euler ang le  r o t a t i o n  sequence. Th is  

convention r e s u l t s  i n  t h e  nonorthogonal B t ransformat ion mat r i ces  being 

i d e n t i t y  mat r i ces  when a l l  Euler  ang les  a r e  zero. 

The r a t e  of change of t h e  l i n e a r  displacemen;: of t h e  h u l l  is given 

b; : 

- h  
!I * L1hXh (2-36) 

The body a x i s  r a t e s  of t h c  i t h  LPU a r e  given by: 

The Euler  angle  (gimbal ang le )  r a t e s  a r e :  

The gimbal ang les  of the  i t h  LPU and t h e  Euler ang les  ( r e l a t i v e  t o  

t h e  h u l l )  a r e  i d e n t i c a l .  The corresponding r a t e s  a r e  r e l ? t e d  t o  the  

angular  r a t e s  of :he LPU l e s s  those  of t h e  h u l l  expressed i n  a common 

vec to r  b a s i s ,  i n  the  above equat ion,  t h e  h u l l .  

The nonorthogonal .-qnsf ormat ion mat r ix  BEih is  deri-.ed as f o l l o w s e  

F i r s t  the  r e l a t i v e  angular  r a t e s  a r e  expanded i n  terms of t h e i r  compo- 

nents  ( s e e  Fig. 2-2): 
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Figure 2-2. Gimbal Angle Rotee for i t h  WU 

here 1 3 ,  11,  and k , ~  are unit  vector's along the axes of tne LYU in  i t s  

successtve  yostt lone tn the Euler angle sequence, 81, Jy, and h. When 

expressed in the Xl,YI,Zh vector bas i s  tnesle unit  vectors lead to:  

I cos  O 1  c o s  $ i  0 s i n  81 

- R ~ I I  J1t 1 

I -8 in  f3t c o s  +i 0 c o s  O t  



Thus 

cos 0 
i 

s i n  

The i n v e r s e  i s  given by 

cos  JI 
i 

'4 i 

cos  $1 

s i n  Bi 

cos  0 i  

cos Bilcos $ i  0 - s in  Bi/cos $ i  

-cos 0 i  t a n  $ i  1 s i n  Oi t e n  $i 

s i n  B i  0 cos B i  

. i A similar a n a l y s i s  l e a d s  t o  t ransformat ion matrices r e l a t i n g  l h  t o  

the  d i f f e r e n c e  between t h e  LPU and h u l l  r a t e s  expressed i n  t h e  i t h  LPU 

vec to r  basis. Thus 



-cos g i  tan Jli s i n  $ i  tan $ i  

I c o s  $ i / c o s  Jli - s i n  g i / cos  $i 

The inverse is 

s i n  Jy 

- s i n  $ i  c o s  $y C O S  $ i  

3. Payload 

The angular v e l o c i t y  of the payload is given i n  terms of its body 

axis rates:  



and i n  t e n s  of its E u l e r  a n g l e  rates 
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The sequence  of payload  E u l e r  a n g l e  r o t a t i o n s  relative t o  t h e  i n e r t i a l  

r e f e r e n c e  ~rame ,q t h e  same as f o r  t h e  h u l l .  Thus BEpp and i ts  i n v e r s e ,  

B ~ ~ ~ *  
a r e  t h e  s a u e  as f o r  t h e  h u l l  (Eqs. 2-34 and 2-35) e x c e p t  f o r  

changes I n  s u b s c r ~ p t .  

The payload p o s i t i o n  of i n t e r e s t  is i ts  p o s i t i o n  r e l a t i v e  t o  t h e  

h u l l .  The rate of change of t h i s  p o s i t i o n ,  e x p r e s s e d  i n  t h e  h u l l  v e c t o r  

b a s i s ,  is e q u a l  t o  t h e  d i f f e r e n c e  i n  v e l o c i t i e s .  Thus, 

D. P A W  EQUATIONS OF mION 

The t r a n s l a t i o n a i  motion of t h e  payload is 7:ritten i n  te rms  of its 

own v e c t o r  b a s i s :  

where Fp is t h e  t o t a l  e x t e r n a l  f o r c e  r a t i n g  on t h e  payload  (body p )  

w r i t t e n  i n  t h e  p t h  v e c t o r  basis, M' is t h e  d i a g o n a l  mass ma t r ix .  g i r  

t h e  a n g u l a r  v e l o c i t y  of t h e  payload r e l a t i v e  t o  i n e r t i a l  s p a c e  e x p r e s s e d  

i n  t h e  p t h  v e c t o r  b a s i s ,  yp is t h e  l i n e a r  v e l o c i t v  of t h e  payload  r e l a -  
0 

t i v e  t o  i n e r t i a l  space  exp res sed  i n  t h e  p th  v e c t o r  basis, and Xp is  t h e  

time d e r i v a t i v e  of yp r e l a t i v e  t o  t h e  p t h  v e c t o r  b a s i s .  



The bodv a x i s  f o r c e r  and w l t r c i t i e r  can ba expreaaad i n  t h e  i n t r t i r l  

v r c t o r  baa i s  by p remul t ip ly ing  by t h r  d i r e c t i o n  c o l l n a  o r t r l x ,  LIP, 
P 

a.y., 11 LlpXp.  The i n e r t i a l  a c c ~ l a r u t t o n  of the  paylt-dd is '.vr-- 

hy : 

The z o t ~ t i o n a l  e q u r t i o n  af motion f u r  the  pryload is l ikewise  

w r i t t e n  i n  t e r n s  of its m bodv .Fikad vec to r  h a i r  havtng i t s  o r i y i n  a t  

the  payload c e n t e r  of mass: 

where 'I& is the  t o t a l  e x t e r n a l  moment vec to r  a c t  in8  an tho pay load 

(body p )  cxpraswhi i n  tlre pth vec to r  b r a i s ,  ti), La the a q u l a r  munarrtum 

of the  payload about t t e  maas c e n t e r  expressed i n  the  p th  vec to r  badis, 
3 

and ip is the  time d e r t v a t t v e  of tip r a l a t ? v a  t o  tlre pth vec to r  baaria. 

Tlra arrgular momentum i s  ~ i v o n  by: 

P where [ 1  I y  La tlrc paylord 's  Lner t ta  tetrrur about ttca c e n t e r  of mra Ln 

i t 4  body-fixed vec to r  h l a t s .  The time d e r i v a t l v a  ot' lip is given by: 

r)hr)rc? t l ~ e  ttma dr?rivnttvtr of tlld l n u r t t a  tanrrur is aeru  bd~jrtrrd the  body 

is r i g i d  and Secnuw t h ~  d e r t v a t t w  t s  de f ined  r s l a t t v a  t o  the  v e c t o r  

baala  of thu body. 

The tr:r~rsLiat iorrnl nrrd r o t a t  iotrcr1 dqrrat 1r>trd f mot (011 can kw 

r o ~ t r r ~ n g e d  ;IS f o l  lows: 

TH-I 151 -2-11 



The external forces and moments acting on the payload are discussed in 

Sections 3 (non-aerodynamic) and 9 (aerodynamic). 

Em MILTIBODY SOLUTION ALGORITHM 

This subsection describes the solution algorithm for the accelera- 

tions of the hull and attached LPUs. As indicated at the outset of this 

section, the algorithm involves the simultaneous solution of motion 

equations and constraint equations. 

The equations of motion for each body making up the HLA are written 

as if the body were in isolation. These equations are identical in form 

to Xqs. 2-56 and 2-57 for the payload with changes in subscript (h = 

hull; i = ith LPU, i = 1, 2, 3, 4 ) .  bong the forces acting on each 

body are the constraint forces acting at the attach point between the 

one body and the next. Because these forces are not necessarily 

expressed in the vector basis of the body and produce moments about the 

body's center of mass, coordinate transformations and cross products 

involving radius vectors to the attach points are invol.ved in accounting 

for the constraints. When the equations of motion for all bodies are 

collected and arranged, there results a vector matrix equatim of the 

form: 
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where 

H - I n e r t i a  mat r ix  inc lud ing  t r u e  i n e r t i a  terms 

and aerodynamic a c c e l e r a t i o n  d e r i v a t i v e s  * 
f o r  t h e  h u l l  

0 
V = Accelera t ion vec to r  - 
F = Applied f o r c e  vec to r  excluding those  accel-  - 

e r a t i o n  d e r i v a t i v e  dependent terms which 

are accounted f o r  by c e r t a i n  e l e a e n t s  i n  
M$ - 

TVC = Matrix r e l a t i n g  t h e  cor i s t ra in t  f o r c e  vec to r  

t o  the  a c c e l e r e t i o n  v e c t o r  

FC = Cons t ra in t  f o r c e  vec to r  express ing  t h e  
f o r c e s  and momeats a c t l n g  between component ** 
bodies due t o  i d e a l  c o n s t r a i n t s  

The f a c t  t h a t  the  bodiec a r e  fas tened  toge ther  a t  the  a t t a c h  p o i n t s  

means t h a t  the re  e x i s t  f c n c t i o n a l  r e l a t i o n s h i p s  between t h e  motioas of 

one body and the  motiorrs of t h e  body t o  which i t  is a t t ached .  These 

r e l a t i o n s h i p s  a r e  conr t r a i n t  equat ions .  When a l l  such r e l a t i o n s h i p s  a r e  

expressed i n  terms of the  a c c e l e r a t i o n s  of the  s e v e r a l  bodies and appro- 

p r i a t e l y  arranged,  t h e r e  r e s u l t s  a second vec to r  matr ix  equa t ion  of t h e  

f o m :  

where 

* 
C e r t a i n  of t h e  aerodynamic f o r c e s  a r e  dependent upon elements of 

1. These tcrms a r e  moved t o  t h e  7-eft-hand s i d e  of t h e  equa t ion  t o  
f a c i l i t a t e  the  s o l u t i o n ,  see  Sect ion 8. 

** 
Non-ideal c o n s t r a i n t s  a r i s e  out of modeling t h e  f o r c e s  between t h e  

bodies as  being dependent on, a.g., f l e x i b i l i t y  and damping z f f e c t s .  
Such fo rces  a r e  included i n  E. 
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TCV Matrix r e l a t i n g  the  a c c e l e r a t i o n  vec to r  t o  
the  r e l a t i v e  and requ i red  a c c e l e r a t i o n  vec- 
t o r s  

E - * Required a c c e l e r a t i o n  v e c t o r  needed t o  
e s t a b l i s h  t h e  c o n s t r a i n t  f o r c e s  (depends 
uporl va r ious  body v e l o c i t i e s )  

1 = R e l a t i v e  a c c e l e r a t i o n  v e c t o r  allowed ( 3 r  
s p e c i f  l e d )  by t h e  c o n s t r a i n t  

0 
To s o l v e  t h e s e  equa t ions  f o r  !! and Ec one starts by e l i m i n a t i n g  y. 

Equation 2-58 is  premul t ip l i ed  by t h e  i n v e r s e  of the  i n e r t i a  ma t r ix  M-' 

t o  y i e l d  an  express ion  f o r  ,he a c c e l e r a t i o n  vec to r :  

This express ion  is s u b s t i t u t e d  i n t o  Eq. 2-59 t o  g ive:  

This is arranged t o  g ive:  

which is an equa t ion  of the  form 

where the  matr ix  A = T ~ , M - ~ T ~ ~  15 known, &s is the  v e c t o r  

Equation 2-63 is solved numerical ly  f o r  F,c. The r e s u l t  is s u b s t i t u t e d  
0 

back i n t o  Eq. 2-60 t o  o b t a l n  J numerical  e v a l u a t i o n  f o r  

0 
Those elements of V which r e p r e s e n t  cons t ra ined  motions need not be - 

i n t e g r a t e d  f o r  t h e  corresponding elements of 1. This  is because they 

aze  motions completely determined (by v i r t u e  of the  c o n s t r a i n t s )  on t h e  
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0 
remaining elements of 1. Thus is a p p r o p r i a t e l y  t runca ted  t o  form part 

of t h e  s t a t e  vec to r  r a t e  of change. 

Expansion of Eq. 2-58, us ing  equa t ions  of t h e  forms given by 

Bqo. 2-56 and 2-57 (wit  A a change i n  e u b e c r i p t s )  is r t r a l 8 h t f o r w a r d .  

The e x t e r n a l  f o r c e s  and moments a c t i n g  on the  f i v e  bodies a r e  d iscus8ed 

i n  Sec t ion  3 (non-aerodynamic) and Sec t ions  5 through 8 (aerodynamic). 

Figure  2-3 shows the  vec to r  ma t r ix  expansion where t h e  a c c e l e r a t i o n -  

dependent aerodynamic f o r c e  t e r m  of t h e  h u l l  h a m  been accounted f o r  i n  

t h e  6 x 6 i n e r t i a  matr ix  i n  the  upper left-hand corner  of M. These 

aerodynamic terms a r e  not p resen t  i n  the  h u l l  e x t e r n a l  f o r c e  and moment 

terms,  f h  and Th, on the  right-hand s i d e  of the  equat ion.  'Zo complete 

t h e  mot ion equat  ions  r e q u i r e s  expansion of Tv~Ec. 

The c o n s t r a i n t  fo rce  a c t i n g  on the  h u l l  a t  the i t h  LPU a t t a c h  p o i n t  
h i  

is w r i t t e n  i n  the  h u l l  vec to r  b a s i s  as Ech. For the  mooring s i rnule t ion 
hm tllera 1s an a d d i t i o n a l  cotrstrai tr t  f o r c e ,  Ech. With four  LPUs assumed, 

the  c o n v l r a i n t  f o r c e s  can be w r i t t e n  as fo l lows:  

4 
• On tile t l t l l  1 : (C r?i)+ r$ 

i-l 

m On the  i t h  LPU: 
h i  

'Lih'~h 

In the  l a t t e r  equa t ion ,  the equal  and oppos i t e  (hclrce t h e  minus s i g n )  

c o n s t r a i n t  f o r c e s  a r e  resolved i n t o  the  i t h  vec to r  basis u s i y  the  d i r -  

e c t i o n  cos ine  mqtrix L lh '  

The c o n s t r a i n t  moment a c t i n g  a t  the  i t h  WU a t t a c h  point  is  w r i t t e n  

i n  t h e  h u l l  vec to r  b a s i s  as Iti The moaentr a c t i n g  a t  t h e  h u l l  c e n t e r  h' 
of gr:ivity a l s o  inc lude those  due t o  the  c o n s t r a i n t  f o r c e s  a c t i n g  on t h e  

l l i  hm moment ; a r m  K_h , i - 1, 2 ,  3, 4; end on the  moment arm Rh . The con- 

s t r i ~ i n t  moments CHII now be w r i t t e n :  
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On t h e  h u l l :  

On the  i t h  LPU: 
h i  i h  h i  

-LihTch - R i  LihFch 

I n  t h e  l a t t e r  equat ion t h e  s i a n  is negat ive  because t h e  c o n s t r a i n t  

f o r c e  on t h e  i t h  LPU has the  oppos i t e  s i g n  frcm t h a t  a c t i n g  on t h e  h u l l .  

The c o n s t r a i n t  f o r c e s  and moments a r e  arranged as shown i n  Fig. 2-4. 

To expand t h e  TyC matr ix  the  fol lowing i d e n t i t i e s  are used: 

A x B  = - 0 x A  - - - - (2-66) 

where 

and 

C. EULL AND LPU CONSTRAINT EQUATIONS 

The h u l l  and t h e  i t h  LPU a r e  both r i g i d  bodies which a r e  f a s t e n e d  

toge ther  a t  a  s i n g l e  po in t ;  point  h  on the  i t h  LPU a7.1d point  i on t h e  

h u l l  a r e  coincident .  The t r a n s l a t i o n a l  motion of t h e  LPU is a  dependent 

v a r i a b l e  i n  the  sense  t h a t  the  p o s i t i o n  and a t t i t u d e  of t h e  h u l l  and t h e  

LPU gimbal ang les ,  i .e . ,  anga la r  o r i e n t a t i o n  of the  5PU r e l a t i v e  t o  t h e  

h u l l ,  determine t h e  motion of the  LPU c e n t e r  of mass. 

I n  p a r t i c u l a r ,  t h e  LPU p o s i t i o n  r e l a t i v e  t o  t h e  h u l l  can be 

expressed i n  the  h u l l  vec to r  b a s i s  as :  
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I t  can a l s o  b~ expressed i n  terms of p o s i t i o n s  r e l a t i v e  t o  the  i n e r t i a l  

r e fe rence  frame: 

i 
When Rh is e l imina ted  between these  two express ions ,  t h e  LPU c e n t e r  of 

mass p o s i t i o n  r e l a t i v e  t o  the  i n e r t i d  r e f e r e n c e  frame is def ined  i n  

terms of thrt independent v a l i a b l e s  - h u l l  p o s i t i o n  and two d i r e c t i o n  

cos ine  mat r i ces  (no te  t h a t  LrhLhi = LIi): 

The v e l o c i t y  of the  LPU c e n t e r  of g r a v i t y  is l ikewise  cons t ra ined .  

Taking the  time d e r i v a t i v e  of Eq. 2-73 y i e l d s :  

The l i n e a r  v e l o c i t i e s  can be expressed i n  the  vec to r  bases of each 
i h  body by no t ing  t h a t  11 = L 1 i V i  and VT -- = LI~KI-,. Making the  s u b s t i t u -  

t i o n s  and p remul t ip ly ing  by LiI g ives :  

This express ion,  made p o s s i b l e  by the  e x i s t e n c e  of the  t r a n s l a t i o n a l  

constraint a t  the  LPU a t t a c h  po in t  t o  t h e  h u l l ,  a l lows  de te rmina t ion  of 

xi i n  the  s imula t ion  wi thout  i n t e g r a t i o n  of an  a c c e l e r a t i o n .  

However, the  c o n s t r a i n t  equa t ions  requ i red  f o r  simultaneous s o l u t i o n  

wi th  the  equa t ions  of motion must be & t a t e d  i n  terms of a c c e l e r a t i o n s .  

Accordingly, the  time d e r i v a t i v e  of Eq. 2-75 is taken,  the  d e r i v a t i v e  

being r e l a t i v e  t o  the  vec to r  bases of the  i n d i v i d u a l  bodies:  
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This  ,:quation is p remul t ip l i ed  by Lhi and rearranged t o  p1a;le a l l  t h e  

a c c e l e r a t i o n  terms on t h e  lef t -hand s i d e :  

This  is the  d e s i r e d  t r a n s l a t i o n a l  motion c o n s t r a i n t  equa t ion  p e r t a i n i n g  

t o  t h e  a t t a c h  po in t  betweer, t h e  h u l l  and the  i t h  LPU The right-hand 

s i d e  i e  an  eLement of E i n  Eq. 2-59. No r e l a t i v e  a c c e l e r a t i o n  is 

allowed and the  c o n t r i b u t i o n  t o  y re l  is a ze ro  element. 

The angu la r  motion of the  h u l l  r e l a t i v e  t a  the  LPU is t r e a t e d  as 

c o n s r r a i n t  mirtion. Again the  z o n s t r a i n t  is  *.':.-: ' :. terms of acce lo ra -  

t i o n s .  Thus t ak ing  the  d e r i v a t i v e  of Eq. 2-44 y i e l d s  

The d e s i r e d  equa t ion  is obta ined by p remul t ip ly ing  by BhEi and p l a c i n g  

t h e  body-axis a c c e l e r a t i o n  terms on the  left-hand s i d e :  

. 
The right-hand s l d e  of the  equa t ion  is a n  element of t h e  con t r ibu-  

t i o n  t o  E is a  ze ro  element. - 
I n  t h e  HIAMOR program the  moored f l i g h t  c o n d i t i o n  i s  s imulated by 

adding a n  a d d i t i o n a l  c o n s t r a i n t  between a  po in t  on t h e  h u l l  and t h e  

i n e r t i a l  r e fe rence  frame. The p o s i t i o n  of t h e  h u l l  mass c e n t e r  iu  g iven 

by : 
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tun 8: !!ih - L1hkh 

where &ih i a  the locat ion of the mooring ma. a t t ach  point ,  h, i n  th. 

i n e r t i a l  reference frame. 

The veloci ty  of the wss center  is obtained by takin, the der iva t ive  

with respect t o  tima (note t h a t  !ih 1. a constant) :  

h 
Noting tha t  11 - Lfhx., gives: 

This expression and Eq. 2-80 a re  used t o  determine the hul l ' s  ve loc i ty  

and pos'.tion, respect ively,  i n  the mooring simulation. 

Taking the time der iva t ive  of Eq. 2-82 r e l a t i v e  t o  the h u l l  vector 

basis gives: 

The desired cons t ra in t  equation ia  obtained by placing the acce lera t ions  

on the l e f t - h  .ud s ide ,  a l l  other t e r m  on the r igh t :  

0 o ' tm 
~s + (rs SF) - -% x (yh  + % sh 

The term on the r igh t  is nn element of E; there is no contr ibut ion t o  . 
!re I*  

The c o l ~ ~ t r t a i n t  equations .are arranged i n  vector-matrix form as shown 

fr. Fig. 2-5 (Eq. 2-85). The constrctint resac ia ted  with mooring is par- 

t i t ioned  from tliu remaining termbl by a dotted l i n e  a s  i t  I8 only present 

in  HLtWOR. 
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Careful examination of TCV rev2als that this matrix is the transpose 

of TVC shown in Fig. 2-4 (Eq. 2-70). The s a w  storage array can be used 

for both matrices. 

8. FORCE AUD MMBNT SllllUTIONS 

This subsection summarizes the external forces and moments acting on 

the several bodies making up the HLA. 

1. Bull Assembly 

The hull-tail assembly external forces originate in gravity, the 

landing gears, the payload suspecsion cables, and aerodynamics. The 

force summation is: 
1 

where the designations under each term note the equation where the term 

is defined. This practice is repeated throughou~ this subsection. 

The external moments acting on the hull assembly are: 

In these two equations the  HAD^ and THAD terms are the hull accelera- h 
tion-dependent portion of the total hull aerodynamic force and moment 

vectors, e-h and Qh, which have been moved to the left hand side, 

thereby augmenting the hull inertis. matrix, [1hIh, see Sec. 8, Subsec- 

tion I. 

Each LPU (i = 1, 2, 3, 4) has gravitational, aerodynamic and direct 

thrust forces rating on it. The force summation is: 



The moment summation is: 

T i  TAI + Tei 

3. Payload 

The payload has  g r a v i t a t i o n a l ,  aerodynamic and payload suspension 

cab le  f o r c e s  a c t i n g  on it. The f o r c e  summation is: 

The moment summatian is: 

I. STATI3 VECTOR RATE OF CZIANGE 

The elements making up t h e  s t a t e  v e c t o r  r a t e  of change, 8, d i f f e r  

f o r  each of t h e  t h r e e  s imula t ion  programs, as do t h e  s e t  of dependent 

v a r i a b l e s  which come about because of t h e  c o n s t r a i n t s .  Table  2-2 l ists . 
the  v e c t o r  elements of - S i n  o rder  i n  t h e  left-hand column t o g e t h e r  wi th  

t h e i r  sources  (MSA = Multibody So lu t ion  Algorithm) for t h e  HLASIM pro- 

gram. The column of dependent v e c t o r  v a r i a b l e s  on the r i g h t  f a l l s  o u t  

of the  t r a n s l a t i o n a l  c o n s t r a i n t s  between t h e  P U S  and t h e  h u l l .  This 

ve rs ion  of t h e  program has 42 i n t e g r a t e d  q u a n t i t i e s  p lus  spares ;  each 

vec to r  element has t h r e e  components. 

The number i n c r e a s e s  t o  54 plus  s p a r e s  f o r  the  HLAPAY program. The 

added elements i n  a r e  l i s t e d  wi th  t h e i r  source  equat ions  i n  Table 2-3. 



TABLE 2-2. I N T B G M T E U  AND DEPENDENT VARIABLES, 
HLASIH PROGRAM 

INTEGRATED 
V U f  ABLBS 

L 

0 

Vh 

0 

!!h 

* h  
61 

. h 
'11 

0 

i!? 1 

. 1  
' ~ h  

0 
W 9 
^ L 

.2 
Ilh 

O 

WJ 

. 3  
9 tl 

0 

$4 

- 4  
9 h  

XLNT 

~ I N T  

Spca re8 

Sparre 

DBPENDENT 
VARIABLES 

h 1 
Ec, 

h 1 
Tch 

!! 1 

1 
!h 

h 2 
Ech 

h2 
Tch 

!!!;! 

'> 
L 

!!h 

h 3 
ech 

h3 
Tch 

!3 

J 
!!h 

h4 
'c, 

h4 
Tch 

v 4  
4 

Ytl 

SOURCLS OR 
EQUATION 

MSA 

MbX 

2-36 

3 3 

MSA 

2-44 

MSA 

9-44 .. 

MS A 

1-44 

MS A 

2-44 

Sec. 4 

Sac. 4 

-- 
-- 

7 

SOURCE OR 
EQUATION 

US A 

MS A 

2-75 

2-7 1 

MSA 

MSA 

2-75 

2-7 1 

MSA 

MSA 

2-75 

2-71 

MS A 

MSA 

2-  75 

2-7 1 



TABLE 2-3. ADDED INTEGRATED VARIABLES, W A Y  PROGRAM 

TABLE 2-4. CHANGES TO INTEGRATED AND DEPENDENT VARIABLES, 
HLAMOR PROGRAM 

INTEGRATED 
VARIABLES 

0 

XP 
0 

-Wp 

1 

3 
L 

EQUATION 

2-56 

2-57 

2-50 

2-49 

DELETED 
INTEGRATED 
VARIABLES 

0 

V ,h 

*h  
!I 

IINT 

Spares 

SOURCE OR 
EQUATION 

MSA 

2-36 

Sec. 4 

-- 

ADDED 
DEPENDENT 
VARIABLES 

hm 
!ch 

Vh 

h 
RI 

7 

EQUATION 

MSA 

2 -82 

2-80 

I 



The mooring s imulat ion has no a c t i v e  control .  This removes the  

f l i g h t  cont ro l  system var iab les ,  iINT and $* from q i n  HLASIM. The 
h add i t i on  of the mooring mast cons t r a in t  makes Y., and It1 dependent var ia-  

hm b le s  and f u r t h e r  adds the mooring mast cons t r a in t  force  vector ,  Ech. 
These changes are l i s t 2 d  i n  Table 2-4. HLAMGR has only 30 in t eg ra t ed  

q u a n t i t i e s ,  

A f i n a l  modification was made t o  the program s t r u c t u r e  a s  a r e s u l t  

of changes i n  the  s imulat ion requirements. Spec i f i ca l l y ,  cont ro l led  o r  

f l e x i b l e  j o in t s  between the LPUs and the  h n l l  were no longer required. 

The following changes were made i n  the  program code,: 

The gimbal angle acce l e r a t i ons  ax= s e t  t o  zero i n  
Eq. 2-85 (Fig. 2-3), i.e., 

The value of toi returned by the i n t eg ra to r  is 
ignored. Instead the following equation, obtained 
from Eq. 2-40 by s e t t i n g  the  gimbal r a t e s  t o  zero, 
is used: 

The gimbal angle r a t e s  i n  a r e  l ikewise s e t  t o  
zero t o  avoid d r i f t  i n  the  gimbal angles which 
could conceivably occur due t o ,  ;or example, 
roundoff e r r o r s  i n  the  coordinate reso lu t ion .  
Thus, 

The r e s u l t  w k e s  the multibody system composed of h u l l  and c e n t r a l  

LPUs behave l i k e  a s i n g l e  r i g i d  body. However, the  s imulat ion s t i l l  
h i  h i  

c a l cu l a t e s  Fch and Tch, which a r e  i n t e r n a l  loads i n  the s t r u c t u r e  of the 

HLA. Reversing these chalges and incorporat ing an appropr ia te  model f o r  

t he  LPU gimbals is a l l  t ha t  is  required t o  model the  f l e x i b l e  five-body 

sys toa  envisioned a t  the  ou tse t .  
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This  s e c t i o n  d e s c r i b e s  a l l  of t h e  e x t e r n a l  f o r c e s  a c t i n g  on t h e  

s e v e r a l  bodies making up t h e  HLA and i ts s lung  payload except f o r  those  

due t o  aerodynamics ( t o  be descr ibed later i n  Sec t ions  5 through 9) o r  

a l r e a d y  accounted f o r  i n  t h e  i d e a l  c o n s t r a i n t  f o r c e s  and moments des- 

c r i b e d  i n  Sec t ion  2. These e x t e r n a l  f o r c e s  o r i g i n a t e  i n  t h e  fo l lowing  

sources  : 

G r a v i t a t i o n a l  a c c e l t r a t i o n  

Landing g e a r  

Payload suspension cab les  

e Direc t  t h r u s t  

The fol lowing subsec t ions  c o n t a i n  the  mathematical models f o r  t h e s e  four  

types  of e x t e r n a l  fo rces .  

B. GRAVITATIONAL FORCES 

The g r a v i t a t i o n a l  f o r c e s  a c t  a t  t h e  c e n t e r  of mass of t h e  r e s p e c t i v e  

bodies,  the  c e n t e r  of mass being regarded a s  f i x e d  w i t h i n  t h e  body. I n  

t h e  case  of the  h u l l ,  t h e  c e n t e r  of g r a v i t y  depends upon t h e  s t r u c t u r e  

and t h e  d i s t r i b u t i o n  of t h e  l i f t i n g  &as and bal lonet-conta ined a i r  

wi th in  the  envelope. The g r a v i t a t i o n a l  torques  a r e  zero. 

The g r a v i t a t i o n a l  f o r c e  is expressed i n  t h e  vec to r  S a s i s  of each 

body. Thus: 

1 )  Hul l  

rch = mhg~h1(0 0 llT 



2 )  I t h  LPU 

where mi i s  t h e  mass of the  i t h  LPU. 

3) Payload 

C. LANDING FORCES ANJI mNTS 

Landing gear f o r c e s  a:t on t h e  h u l l  when the  h u l l  p o s i t i o n  r e l a t i v e  

t o  t h e  ground is such a s  t o  br ing one o r  more landing gears  i n  ground 

con tac t .  The model is  a s i m p l i f i e d  r e p r e s e n t a t i o n  of t h e  dominant 

f o r c e s  a s s o c i a t e d  with a landing gear  having a swiveled wheel i n  ground 

con tac t .  The f o r c e s  a r e  due t o  landing gear s t r u t  compression, compres- 

s i o n  r a t e ,  and r o l l i n g  f r i c t i o n  over t h e  ground. 

The landing gear  s t r u t  is v e r t i c a l l y  o r i e n t e d  wi th  respec t  t o  t h e  

h u l l  vec to r  b a s i s  and loca ted  a t  a po in t  (= landing gear )  on t h e  h u l l .  

The l o c a t i o n  of t h i s  point  i n  the  i n e r t i a l  r e fe rence  frame is given by: 

where hQ is  the  a l t i t u d e  of po in t  & above t h e  ground p lane ,  s e e  

Fig. 3-1. 

The d i s t a n c e ,  It, between po in t  1 and the  ground plane measured 

p a r a l l e l  t o  the  h u l l  z-axis is given by: 

h E tQ = -- cos 0 cos I$ 

The bottom-most por t ion  of t h e  wheel o r  sk id  is Xocated at  po in t  g 

(- ground c o n t a c t ) ,  a d i s t a n c e  t below point  t when measured i n  t h e  
8 

h u l l  vector  bas i s .  When f u l l y  re laxed o r  extended, 
Ig 

= tog. Thus a 



Ground Plane 

Fip,ure 3-1. Landing Gear Model Geometry 
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comparison between lt and l determines whether o r  not t h e  landing gear  
0 g  

has contacted t h e  ground: 

I n  t h e  l a t t e r  case ,  po,int g  l i e s  i n  t h e  ground plane.  

The a x i a l  f o r c e s  i n  t h e  s t r u t  depend upon t h e  compression l eng th  and 

t h e  compression r a t e .  The s p r i n g  f o r c e  has  two g r a d i e n t s  ( p o s i t i v e  

s i g n ) .  The smal le r  of the  two, Kg, corresponds t o  t h e  s t r u t  8;)ring 

fo rce ;  t h e  l a r g e r ,  K corresponds t o  d e f l e c t i o n  of t h e  h u l l  s t r u c t u r e  
gfS 

i t s e l f .  Figure  3-2 p l o t s  f o r c e  ve rsus  d e f l e c t i o n  f o r  ze ro  d e f l e c t i o n  

r a t e .  The f o r c e  is nega t ive  because i t  a c t s  i n  t h e  nega t ive  z-axis 

d i r e c t i o n  on the  h u l l .  

The t o t a l  a x i a l  (2 -d i rec t ion)  f o r c e  a c t i n g  on t h e  h u l l  a t  po in t  g 

inc ludes  a  damping term and is given by: 

. 
The r a t e  of change of landing gear  d e f l e c t i o n ,  lg, is ze ro  f o r  L1 > !tog' 

and equal  t o  ig = it f o r  tk < log. il. is obta ined by d i f f e r e n t i a t i n g  

Eq. 3-6 wi th  respec t  t o  time and rea r rang ing  terms. Thus t h e  compres- 

s i o n  r a t e  f o r  kg < tog is given by: 

1 
E B  I cos 0 cos - $I [it + tp s i n  0 cos $6 + gg cos 0 s i n  ( 3-9 
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There a r e  o t h e r  f o r c e s  acti.-g at  po in t  g o r i g i n a t i n g  i n  t h e  i n t e r a c -  

ti011 of t h e  landing , jear  wi th  t h e  ground. I n  t h e  i n e r t i a l  r e fe rence  

frame, t \ e se  i n t e r a c t  i o n  f  orcea c o n s i s t  of a  normal f o r c e ,  a c t i n g  per- 

pendi:ular t o  t h e  p l a . ~ e  of t h e  ground, and a f r i c t i o n  force ,  q c t i n g  i n  

t h e  plane of the  g r ~ u n d .  The f r i c t i o n  f o r c e  is modeled aa a  Coulomb 

f r i c t i o n  f o r c e  p ropor t iona l  t o  t h e  normal f o r c e  and a c t l n g  a g a i n s t  t h e  

d i r e c t i o n  of motion. The t o t a l  f c r c e  vec to r  is gPven by: 

where uk is the  p r o p o r t i o n a l i t y  cons tan t  ( p o s i t i v e  s i g n ) ,  and 

is t h e  u n i t  vec to r  i n  t h e  d i r e c t i o n  of t h e  v e l o c i t y  of point  g, and 
hg hg F  ( 3 )  is  t h e  z-axis o r  normal component of the  fo rce .  FgI(3) is always 
'31 

negat ive  (aQ c t o g )  o r  .2ero ( I Q  > tog) .  

The l o c a t i o n  of point  g  i n  t h e  i n e r t i a l  r e fe rence  frame is given by: 

h  hll h &kg &I + L I ~ [ P  + !hi] (3-11) 

h where ghj[ - [0 llgIT. The v e l o c i t y  is obtained by taking t h e  f i r s t  

time d e r i v a t i v e :  
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The u n i t  vec to r ,  , is t h e  norm of t h e  v e l o c i t y  vec to r :  

A l l  t h a t  remains now is t o  determine the  normal fo rce .  Th i s  is 

accomplished by reso lv ing  ihg i n t o  the  h u l l  v e c t o r  b a s i s  where the  t h i r d  
hg 

-8 I 
component, Fgh(3),  is known and given by Eq. 3-8. The r e s o l u t i o n  ic: 

The t h i r d  component i n  terms of the  normal f o r c e  is: 

[;:gut(cos 4 s i n  9 cos  $ + s i n  ) s i n  $) 
X 

+ ;kg &(COB + 811-1 0 s i n  Y, - s i n  4 cos $1 
Y 

hg + cos  $ c o s  0]Fg1(3) 

hg When t h i s  express ion  is  solved f o r  FgI(3),  and the  r e s u l t  s u b s t i t u t e d  

i n t o  Eq. 3-10, the  t o t a l  f o r c e  a c t i n g  a t  po in t  g is def ined.  Equa- 

t i o n  3-16 then d e f i n e s  the  f o r c e  a c t i n g  a t  po in t  g. The moment a c t i n g  

on t h e  h u l l  is given by: 

The f o r c e s  and momena a r e  summed f o r  the  f o u r  l and ing  g e a r s  a s  

fo l lows : 
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D. SLING WPCES AND MltuWrS 

The payload is suspended below t h e  h u l l  on a serf-p of c a b l e s ,  as 

many a s  four .  These c a b l e s  a r e  a t t a c h e d  a t  p o i n t s  j on t h e  h u l l  and 

p o i n t s  k on the  payload. The c a b l e  f o r c e  a c t e  between p o i n t s  j and k 

and i s  modeled a s  a combination of t e n s i l e  and damping f o r c e s .  The 

t e n s i l e  f o r c e s  a><. p r o p o r t i o n a l  t o  cab le  s t r e t c h  f ro& i ts  re laxed  l e n g t h  

and t o  s t r e t c h  r a t e .  

The vec to r  d i s t a n c e  between point  j on the  h u l l  ar.d r s i n t  k on t h e  

payload i n  t h e  h u l l  vec to r  b a s i s  is: 

where the  f i r s t  term on the  right-hand s i d e  is given by: 

The d i s t a n c e  between p o i n t s  j and k is given by the  a b s o l u t e  value  

of the  vec to r  d i s t a n c e :  

The u n i t  vec to r  d i r e c t e d   fro^ j t o  k is given by th2 norm: 

The r a t e  of change of lljk is  given by the  dot  product of the  u n i t  

vector  and the  t iw d e r i v a t i v e  of t h e  vec to r  d i s t a n c e :  
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pk 
where E h j  is o b t a i n e d  by t a k i n g  the  time d e r i v a t i v e  of Eq. 3-21: 

The c a b l e  f o r c e  is g i v e n  by: 

where to is t h e  r e l a x e d  l e n g t h  c f  t h e  c a b l e  and KC and CC a r e  t h e  
j k 

s p r i n g  and damping c o n s t a n t s ,  r e s p e c t i v e l y .  

T h i s  f o r c e  magnitude is conve r t ed  i n t o  a \ rec tor  by t a k i n g  t h e  d o t  

product  wi th  t h e  u n i t  vec to r :  

h j pk 
!ch 'jk ' $ h j  

The e q u a l  and o p p o s i t e  force a c t i n g  a t  po in t  k on t h e  payload is: 

The t o t a l  c a b l e  f o r c e  a c t i n g  on t h e  h u l l  is: 



Thr m a a n t  about the  h u l l  c e n t e r  of maas is: 
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The t o t a l  cab le  fo rce  a c t l n g  on t h e  payload c e n t e r  of gv'avity l a :  

The moment about the  payload c e n t e r  of mass is: 

B. DIRECT TdRUST FORCES AND WYIBN'fs 

Each l i f  t - p r o p u l a i ~ n  u n i t  is ac ted  upon by d i r e c t  t h r u s t  f o r c e s  due 

t o  the f a t  exhaust  of i ts  t u r b o s h a f t  (or  e q u i v a l e n t )  eng ine (s ) .  The 

t h r u s t  acts  a1  :h y i n t  e  (- exhaus t )  and is d i r e c t e d  a long t h e  m g a t f v a  

x-axis of coord l~ha te  r e fe rence  Ernme which is o r i e n t e d  wi th  r e s p e c t  t o  

t h e  LYU r e t e r r t l c r  axes by a nega t ive  p i t c h  angle, B1,, and (1 subsequent 

p o s i t i v e  r o l l  ang le ,  XI,. This  p e c u l i a r  choice  is made f o r  compati- 

h i  l i t y  with Y imt l a r  dct  ln l  t ions  f o r  p r o p e l l e r  s h a f t  o r i a n t a t  ion  and f a r  

r o t o r  c o n t r o l  or  swclshplatt. rxes  d i scussed  i n  Sec t lon  7. 

The p i t c h  ang le ,  B,,, is i n  the  nega t ive  sense  about the  LPU y-axis; 

the  r o l l  ang le ,  Ale,  is i n  the  p o s i t i v e  sense about the new x-axis loca- 

t i o n  (Figure  3-3).  The pl tc l l  t r ans fo rmat ion  matr ix  is given by: 



Tei Direct 

\ yti 

Note : Posr'tive S,onse 
t Xei Angles S h ~ w n  
i 

Figure 3-3. Orientation of Direct Thrust Vector 
Relative to LPU Reference Axes 

The roll transformarion natrix is: 

0 

= [ j cos 41. sino/.le] 

-sin Ale cos Ale 
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s o  t h a t  

i 
COP B l e  0 s i n  B1, 

Le i  L A ~ ~ ~ * B ~ ~  I -s in  Bl ,  s i n  Ale cos A l e  cos B l e  s i n  Ale 

-s in  B l e  cos A l e  -s in  A l e  cos B l e  COS Ale 1 
This is an or thogonal  t r a n s f  onnat ion whence : 

-1 T 
Lie  a L e i  Le i  

The f o r c e  a c t i n g  on t h e  LPU is given by: 

The corresponding moment about t h e  LPU c e n t e r  of mass is: 

F. CAUTIONARY REMARKS 

The running c o s t s  f o r  the  s i a u l a t i o n  can inc rease  d r a n a t i c a l l y  i f  

t h e  i n t e g r a t i o n  r o u t i n e  Is forced t o  small s t e p  s i z e s  by t h e  presence cf 

high-frequency modes i n  t h e  system s t r u c t u r e .  Operat ion of t h e  t r i m  

rou t ine  (Sect ion 10) is a l s o  adverse ly  a f f e c t e d .  Among t h e  nonaerody- 

namic f o r c e s  t h e r e  a r e  two p o t e n t i a l  sources  of such high-frequency 

modes : 

1) Landing gear  

2) Payload s l i n g  

The u s e r  is t h e r e f o r e  caut ioned t o  e r r  on the  s i d e  of low frequen- 

c i e s  when working up a d a t a  s e t  t h a t  inc ludes  landing gear  and sz 



spring forces.  Verify the approximate frequencies associated with the 

spring constants chosen so a s  t o  not c a l l  for  very high frequencies 

inadvertently. Testing of the simulation t o  date has shown both of 

these potential sources of d i f f i c u l t y  to be manageable without v io lat ing  

physical rea l i ty  for such structures. 



The fligh';. c o n t r o l  system impleaented i n  t h e  s imula t ion  is a h igh ly  

s i m p l i f i e d  r e p r e s e n t a t i o n  of an  automat ic  feedback c o n t r o l  system t h a t  

e x e r c i s e s  c o n t r o l  over  a l l  s i x  degrees  of h u l l  motion freedom. It func- 

t i o n s  t o  mainta in  trimmed f l i g h t  c o n d i t i o n s  i n  t h e  presence of d i s t u r -  

bances and can execute  maneuver commands. However, its des ign does not  

a t tempt  t o  a n t h i p a t e  the  needs of a l l  u s e r s  o r  a l l  p o s s i b l e  H U  con- 

f i g u r a t i o ~ . ~ .  Rather,  the  goa l  waa t o  a l low source  code changes wi th  

minimal d i f  f  i c u l t y  t o  s u i t  t h e  requirements of i n d i v i d u a l  use r s .  

The genera l i zed  loop s t r u c t u r e  f o r  a l l  s i x  c o n t r o l  loops is t y p i f i e d  

by the  l o n g i t u d i n a l  v e l o c i t y  c o n t r o l  loop shown i n  Fig. 4-1. The system 

is of t h e  p ropor t iona l - in tegra l -de r iva t ive  (PID) type i n c o r p o r a t i n g  

l i m i t e r s  a t  t h r e e  p o i n t s  i n  t h e  loop. It is responsive  i~ commands from 

a command genera to r  a t  the  extreme l e f t  and a t e s t  inpu t  genera to r  a t  

t h e  r i g h t .  Control  is e x e r c i s e d  through a mixer box a t  the  extreme 

r i g h t .  The r e s u l t i n g  c o n t r o l  s u r f a c e  d e f l e c t i o n s  a r e  i n p u t s  t o  t h e  

remainder of the  s imula t ion ,  the  block l abe led  HLA Dynamics. The simu- 

l a t e d  motlon ou tpu t s  a r e  modified by the  f l i g h t  c o n t r o l  s e n s o r s  whose 

ou tpu t s  a r e  the  f e d b a c k s  t o  the  c o n t r o l  loop. I n  c e r t a i n  loops a posi -  

t i o n  feedback can be s u b s t i t u t e d  f o r  the  v e l o c i t y  command i n  the  command 

g e n e r a t o r ,  thereby c r e a t i n g  a p o s i t i o n  hold system. 

The remainder of t h i s  sec t io r .  d i s c u s s e s  t h e  va r ious  elements of 

Fig. 4-1 t h a t  make up the  f l i g h t  c o n t r o l  system. 

The mixer box f u n c t i o n s  t o  l i n k  the  numerous c o n t r o l  s u r f a c e s  i n t o  

s i x  equ iva len t  and approximately or thogonal  c o n t r o l  p o i n t s ,  one f o r  each 

degree of h u l l  motion f reedoc.  The s imula t ion  trim s t a t e  c a l c u l a t i o n s  
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(Section 10) a l s o  operate  through these  s i x  cont ro l  points.  Changes 

made t o  t h i s  pa r t  of the system must therefore  be made with care  because 

both f l i g h t  con t ro l  and t r i m  funct ions a r e  a f fec ted .  On the  o ther  hand, 

such changes a r e  r e l a t i v e l y  easy, being confined t o  a s i n g l e  rou t ine ,  

SUMCON, i n  the source code; tk-2 l i nk ing  is not a l t e r a b l e  through input 

da ta  changes. 

The pres-nt code is appropr ia te  f o r  an EELA having four  LPUs, two on 

e i t h e r  s i d e  of a c e n t r a l  buoyant h u l l  located anead and behind the  

cen te r  of gravi ty .  The LPUs have fore-and-aft t h rus t i ng  prope l le rs  i n  

add i t i on  t o  t he  l i f t i n g  ro tors .  The ro to r s  have longi tud ina l  and 

l a t e r a l  cyc l i c  cont ro ls ;  both r o t o r s  and prope l le rs  have c o l l e c t i v e  con- 

t r o l s .  Hull-mounted f i n s  have th r ee  cont ro ls  corresponding t o  the  con- 

vent ional  a i rp lane ' s  e l eva to r ,  a i l e ron ,  and rudder surfaces .  There a r e  
**i no l i n k s  t o  the  LPU gimbal angle  acce le ra t ions ,  TJ-,, the  LPU d i r e c t  

forces ,  Te, o r  t o  the ro to r  and prope l le r  speeds,  f+ and 9,. T h ~ s e  

v a r i a ~ l e s ,  while f ixed by input  da ta  spec i f i ca t i on  i n  the cur ren t  simu- 

l a t i o n ,  represent  add i t i ona l  con t ro l  p o s s i b i l i t i e s  i n  fu tu re  develop- 

ment s. 

The l i n k  equations were chosen t o  provide approxin- te ly  orthogonal 

responses and adequate con t ro l  power f o r  the  HLA configurat ion des- 

cribed. The ind iv idua l  LPUs a r e  i d e n t i f i e d  by the number i n  parenthe- 

ses .  The numbering convention has a l l  odd numbers on the l e f t  and even 

cn the r i gh t ;  lower numbers forward, l a rge r  numbers a f t .  

Propel ler  Col lect ives .  These a r e  cont ro l led  by accelera-  
t i on  commands h, and ic from the  longi tud ina l  ve loc i ty  and 
yawing ve loc i ty  con t ro l  loops: 
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Rotor C o l l e c t i v e s .  These a r e  c o n t r o l l e d  by a c c e l e r a t i o n  
commands, icS G,, and q;, from t h e  v e r t i c a l  v e l o c i t y ,  r o l l  
a t t i t u d e ,  and p i t c b  a t t i t u d e  c o n t r o l  loops,  r e s p e c t i v e l y :  

L a t e r a l  Cycl ics .  These a r e  c o n t r o l l e d  by a c c e l e r a t i o n  
commands from t h e  l a t e r a l  v e l o c i t y  c o n t r o l  loop wi th  no 
o t h e r  mixing; c o n t r o l  power is most l i m i t e d  i n  t h i s  a x i s :  

Longi tudinal  Cycl ics .  These c o n t r o l s  opera te  i n  p a r a l l e l  
wi th  t h e  p r o p e l l e r s  t o  i n c r e a s e  t h e  c o n t r o l  power f o r  
l o n g i t u d i n a l  and yawing a c c e l e r a t i o n :  

T a i l  Fin Def lec t ions .  These a r e  c o n t r o l l e d  by a c c e l e r a -  
t i o n  commands from t h e  a t t i t u d e  loop: 

C. TEST KNPUT FEATURES 

The s imula t ion  a l lows  t h e  u s e r  t o  increment any of t h e  s i x  l i n k e d  

c o n t r o l  p o i n t s  o r  any of t h e  c o n t r o l  s u r f a c e s  f o r  s i m u l a t i o n  test 



purposes. These increments a r e  added t o  the  s i x  c o n t r o l  loop ou tpu t s  o r  

t o  the  mixer box o u t p u t s ,  r e s p a c t j v e l y .  The u s e r  s p e c i f i e s  a s t a r t i n g  

t ime, an ending t ime, and t h e  s i z e  of the  increment. The r e s u l t  is t o  

p lace  a  f i n i t e  width pu l se  on the  p a r t i c u l a r  c o n t r o l  dur ing t h e  time 

i n t e r v a l .  

These c a p a b i l i t i e s  a r e  summarized i n  Table 4-1. Note t h a t  t h e  

s t a r t i n g  and ending t imes f o r  a p a r t i c u l a r  s e t  of c o n t r o l s  apply  t o  a l l  

t h e  p o s s i b l e  i n p u t s  of t h i s  s e t .  For the  r o t o r  c o n t r o l s ,  t h e r e  a r e  

twelve inpu t  p o i n t s  a l l  governed by t h e  s t a r t i n g  and ending t imes t l r  

and t2rb 

TABLE 4-1. TEST INPUT CAPABILITIES 

The s t r u c t u r e  of a l l  s i x  c o n t r o l  l o ~ p s  is the  same a s  shown i n  

Fig. 4-1. Commands from the  Command Generator ( s u b s c r i p t  c )  are d i f f e r -  

enced with the  s t a t e  feedback ( s u b s c r i p t  f )  t o  g lve  t h e  s t a t e  e r r o r  

( s u b s c r i p t  e) .  The d e r i v a t i v e ,  o r  r a t e  feedback ( a l s o  s u b s c r i p t  f )  is  

passed through a  r r t e  ga in  (symbol T) and s u b t r a c t e d  from the  s t a t e  

e r r o r .  The r e s u l t  passes  through the  p r o p o r t i o n a l  ga in  (symbol K) and 

through a  p a r a l l e l  combination of a  s t r a igh t - th rough  path  and an Cnte- 

g r a l  path (ga in  symbol KI). The sum becomes the  a c c e l e r a t i o n  command 

- 

i 

TEST INPUTS 
I 

hcC, Gc, GC, hic, A Z ~  
-- 

ABor(i); 1 a 1, 2, 3, 4  

AAlsr(i) i  i 1, 2, 3, 4 

ABlsr(i) ;  i - 1, 2, 3, 4 
---- -- 

Aeop(i);  i = 1, 2, 3, 4  

A&a, 66r 

END 

t 2 ~ c  
- 

t 2 r  

t?r  

t 2 t  

CONTROL POINT 

Linked c o n t r o l s  

Rotor c o n t r o l s  

- 
P r o p e l l e r  ccnt r o l s  

T a i l  s u r f a c e  

START 

t l ~ ,  

t l r  

t l ~  
-.- 

A 
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( a l s o  s u b s c r i p t  c )  i n  t h e  absence of any a d d i t i v e  test: i n p u t s  t o  t h e  

l i m i t e d  c o n t r o l  point .  

The c o n t r o l  loop s i g n a l s  f o r  a l l  s i x  c o n t r o l  loops  are l i s t e d  i n  

Table 4-2. With the  excep t ion  of t h e  yaw r a t e  loop,  where t h e r e  is  no 

rate feedback, a l l  elements a r e  p resen t  i n  a l l  loops. 

The parameters f o r  a l l  s i x  c o n t r o l  loops  are l i s t e d  i n  Table 4-3. 

Here t h e  limits a r e  symbolized t h e  same as i n  t h e  computer code. 

TABLE 4-2. CONTROL LOOP SIGNALS 

TABLE 4-3 .  CONTROL LOOP PARAMETERS 

t 

'ONTRoL 

Longi tudinal  
Veloci ty  

L a t e r a l  Veloci ty  

~ e r t i ~ : z l  v e l o c i t y  

Rol l  A t t i t u d e  

P i t c h  A t t i t u d e  

Yaw Rat- 

INPUT 
COMMAND 

uc 

vc 

0 c 

OC 

+c 

STATE 
FEEDBACK 

Uf 

Vf 

i f  

+ f 

CONTROL 
2 

ULLM 

VLLM 

HDTLLM 

PHILLM 

INTEGRATOR 
OUTPUT 

I 

v~ 

h1 

INTEGRAL INTEGRATOR 
GAIN I LIMIT 

I 
KI, I UILM 

I 
K ~ v  1 / VILM 

K ~ h  ' HDTILM 

I PHIILM K ~ *  I 

CONTROL LOOP 

I 

Loegi tud ina l  
Veloci ty  

L a t e r a l  Veloci ty  

V e r t i c a l  Veloci ty  

Rol l  A t t i t u d e  

CONTROL 
OUTPUT 

I 

fic 

f c  

i c  

Of 

i f  

STATE 
ERROR 

ue 

"e 

he 

+c 1 hc 

RATE 
FEEDBACK 

fi f 

6 f 

4f 

pf 

1 

K1 j, 

P i t c h  A t t i t u d e  

Yaw Rate 

RATE 
GAIN 

Taac 

Ttac 

T*,, 

T~ 

OC 

qe 

QROPOXTIONAL 
GAIN 

% 

% 
% 

K+ 

! 
Qf 

I - 

Tq I 0 
o K i  



1. Control b o p  ActIration and Trim Coatrol 

The u s e r  has the  op t ion  of deac t iva t i r ig  one o r  more of the  c o n t r o l  

loops.  Thi8 can be viewed a s  s e t t i n g  t h e  proyor t io tui l  g a i n  t o  zero.  

However, the  i n t e g r a t o r  remains, as i t  eerveo t o  provide  t h e  t.rim com- 

mand t o  the  c o n t r o l  su r face .  I n  t h e  longitudinal v e l o c i t v  c o n t r o l  loop,  

f o r  example, the  computed trim value  of Gc ( s e e  Sec t ion  10) is the  i n i -  

t i a l  c o n d i t i o n  placed on t h e  i n t e g r a t o r .  With t h e  1ongit.udl.nal v e l o c i t y  

loop i n a c t i v e ,  the  output  of the  i n t e g r a t o r  remains i n v a r i a n t .  

There a r e  t h r e e  k inds  of l i m i t i n g  a v a i l a b l e  t o  t h e  use r .  There a r e  

mechanical limits on each c o n t r o l  s u r f a c e  denoted by, f o r  example, 

(80r),, f o r  t h e  l i m i t  va lue  on r o t o r  c o l l e c t i v e  d e f l e c t i o n .  There a r e  

a l s o  limits o p e r a t i n g  on t h e  oirtput of eazh of the  s i x  c o n t r o l  loops ,  

and i n t e g r a t o r  l i m i t s  ( s e e  Table 4-3 f o r  symbology). 

The mechanical limits a r e  symmetric f o r  a l l  c o n t r o l s .  For i n v e s t i -  

g a t i o n s  of trim c o n t r o l  power under va r ious  f l i g h t  cond i t ions ,  t h e s e  

l i m i t s  a r e  t y p i c a l l y  opened up t o  p h y s i c a l l y  u ~ r e a l i s t i c  va lues  t o  

i n s u r e  t h a t  a  trim c o n d i t i o n  w i l l  e x i s t  ( s e e  Sec t ion  10). For o t h e r  

k inds  of inves t i .ga t ions ,  more r e a l i s t i c  l i m i t s  might be chosen. 

With r e a l i s t i c  l e v e l s  of mechanical l i m i t i n g ,  the  choice  of c o n t r o l  

l i m i t  can become important .  It g e n e r a l l y  should be s o  chosen as t o  not 

completely s a t u r a t e  a l l  a f f e c t e d  c o n t r o l  s u r f a c e s  when these  c o n t r o l s  

a r e  a l s o  used f o r  c o n t r o l  about some o t h e r  a x i s .  For example, o p e r a t i o n  

of the  l o n g i t u d i n a l  v e i o c i t y  c o n t r o l  loop should not s a t u r a t e  t h e  pro- 

p e l l e r  c o l l e c t i v e  and the  r o t o r  l o n g i t u d i n a l  c y c l i c s ,  f o r  i f  t h i s  were 

t o  occur the  only yaw c o n t r 3 1  c a p a b i l i t y  remaining around ze ro  would 

r e s i d e  i n  the  rudder. On t h e  o t h e r  hand, the  c o n t r o l  l i m i t  must be 

l a r g e  enough t o  al.low a  trim t o  k achieved.  Note t h a t  t h i s  l i m i t  is 

a c t i v e  i n  the  t r i m  func t ion  (Sec t ion  10;; i f  i t  is set too low a  t r i m  

may not be achievable .  

The t h i r d  l i m i t  i n  the  c o n t r o l  loop is on t h e  i n t e g r a t o r  output .  

The o p e r a t i o n  of t h i s  l i m i t  i s  d i f f e r e n t  from the  o the r s .  When an 



i n t e g r a t o r  output  l i m i t  i e  encountered,  t h e  l i m i t e r  func t ions  t o  remove 

t h e  i n t e g r a t o r  input  u n t i l  t h e  inpu t  chaages sign.  When t h i s  occurs ,  

t h e  i n t e g r a t o r  w i l l  promptly begin t o  decrease  below t t ~  : .mft, and pro- 

longed "hangup" a t  the  i n t e g r a t o r  l i m i t  i s  avoided. 

Choice of l i m i t  l e v e l  is important here  a s  elsewhere. Generally,  i t  

must be smal le r  than t h e  c o n t r o l  l i m i t ,  but should be l a r g e  enough t o  

accommodate any r e a l i s t i c  c o n t r o l  t r i m  condi t ion.  In  p a r t i c u l a r ,  f o r  

trim c o n t r o l  power s t u d i e s ,  i t  might be set t o  ~ l n r e a l i s t i c a l l y  high 

l e v e l s  t o  i n s u r e  t h a t  a mathematical trim e x i s t s .  Of course ,  i n  t h i s  

case  the  remaining l i m i t s  should l ikewise  be s e t  t o  very l a r g e  values.  

Em SENSORS - m01CE OF STATE FEEDBACKS 

The a c t u a l  s t a t e s  being c o n t r o l l e d  depend upon the  aensors  chosen. 

Here too a l i m i t e d  number of opt ions  has been provided, ae l i s t e d  i n  

Table 4-4. 

TABLE 4 - 4 .  SENSOR SIGNALS 

L a t e r a l  Velocity 

V e r t i c a l  Veloci ty  

Rol l  A t t i t u d e  

P i t c h  A t t i t u d e  
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I n  p a r t i c u l a r ,  t h e  u s e r  can s e l e c t  i n e r t i e l  speed o r  a i r s p e e d  f o r  

t . i n s l a t i o n a 1  v e l ~ ~ i t y  c o n t r o l .  I n  t h e  former case  the  speed i e  t h a t  

measured a t  thd h u l l  cente: of g rav i ty .  I n  t h e  l a t t e r  case ,  t h e  a i r -  

speed sensor  l o c a t i o n  a f f e c t s  t h e  s i g n a l .  Thus: 

has 
where Rhcv ?.s t h e  Location of the  a i r s p e e d  sensor  r e l a t i v e  t o  the  h u l l ' s  

c e n t e r  of volume. # CV is t h e  speed r e l a t i v e  t o  the  a imas s  as mea- 

sured a t  the  h u l l  c e n t e r  of volume; (ae cv/all)  accoun t s  f o r  c e r t a i n  

d e n s i t y  g r a d i e n t  i r f e c t s ,  gee S e c t i o n  8. 

The u s e r  can a l s o  s e l e c t  between t h e  body r L8 r a t e ,  r, and t h e  

Euler  ang le  r a t e ,  $, i n  the  yaw rate loop. 

The a l t i t u d e  r a t e  s i g n a l  is t h a t  ti .rasu~t.d at: the  h u l l  c e n t e r  of 

g r a v i  ty .  

The a c c e l e r a t i o n  s i g n a l s  a r e  g iven by: 

where 
hac = hac 

!h Rhcv ' !kc, 

i s  the  accelerometer  l o c a t i o n  r e l a t i v e  t o  the h u l l  c e n t e r  of g r a v i t y .  

The c o n t r o l  loop commands ( s u b s c r i p t  c )  a r e  a user-defined t a b l e  of 

d a t a  p o i n t s  ( s u b s c r i p t  COM) which e s t a b l i s h  the  command time h i s t o r y  i n  

each c o n t r o l  a x i s .  This inpu t  c a p a b i l i t y  a l lows execu t ion  of simple 

maneuvers by the  s imulated HLA. 

The use r  a l s o  has a p o s i t i o n  hold op t ion  t h a t  can k used t o  d e t e r -  

mine system performance i n  t h i s  mode of opera t ion .  The u s e r  s e l e c t s  

s t a r t i n g  ( tpH1) and ending ( t p ~  ) t imes f o r  t h e  p o s i t i o n  loop t o  be 2 
c losed .  During the  time i n t e r v a l  the  command t a b l e  is replaced b) a 
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p o s i t i o n  s i g n a l  i n  four c o n t r o l  axes where the  p o s i t i o n  is nraasured 

r e l a t i v e  t o  the  po in t  wheze t h e  accelerometer  was loca ted  i n  i n e r t i a l  

space a t  the  s t a r t i n g  time. Following t h i s  i n t e r v a l  the  coaunand t a b l e  

is resumed. This op t ion  is summarized i n  Table 4-5. 

TABLE 4-5. CdMPLAND SIGNALS 

A s  can bd seen froa Table 4-5, when the  p o s i t i o n  hold f e a t u r e  is 

a c t i v a t e d  the  HLA contra: loops a r e  commanded t o  hold the  e x i s t i n g  head- 

ing ,  t o  zero  the  p i t c h  and r o l l  a t t i t u d e ,  and t o  r e s t o r e  the  pos i t lo l l  t o  

t h a t  e x i s t i n g  a t  time t p ~ ~ .  The dyliamics of t h i s  p o s i t i o n  hold f e a t u r e  

depend, of course,  on the  p o s i t t o n  ga ins  chosen, 5, 5, $, and K*. 

When the  pos i t ion  hold feucure  i e  i n a c t i v e ,  the  system is a  v e l o c i t y  

command system i n  the th ree  t -  ? s l a t i o n a l  degrees OL freedom and i n  yaw; 

an a t t i t u d e  comaand s y s t e r  L? s cch end r o l l .  

POSITION HOLD 
(tpH1 C t G tpH2! 

b [ x ( t p ~ ~ )  - ~:.'(l)] 

K ~ [ Y ( ~ P H ~  ) - R : B ~ ( ~ )  I 

K ~ [ ~ ( ~ P H ~ ) + R ~ ~ o ) I  

U 

o 

K + [ " ~ P H ~ !  - $1 
1.. 

e 

CONTROL LOOP 

Longitudinal  Veloci ty  

L a t e r a l  Veloci ty  , 
V e r t i c a l  Veloci ty  

Rol l  A t t i t u d e  

Pi, - 4  A t t i t u d e  

Y ~ w  Rate 
> 

VELOCITY 
COMMAND 

'COM 

&OM 

~ C O M  

'COM 

$CON 



The in t eg ra t i on  rou t ine  used i n  the  simulation program w i l l  auto- 

mat ical ly  reduce i t s  s t e p  s i z e  t o  s a t i s f y  its e r r o r  c r i t e r i o n .  Running 

c o s t s  f o r  t i m e  h i s t o r i e s  a r e  s e n s i t i v e  t o  t h i s  s t e p  s i z e ,  which can 

become q u i t e  small  under the  following circumstances: 

1) Encountering a l j m i t .  

2) Accommodating high acce l e r a t i on  loop gains.  

The l a t t e r  w i l l  be reccgaized a s  an e f f e c t i v e  "algebraic  loop." The 

s imulat ion has been t e s t ed  with these loops closed. However, f o r  t he  

con£ igura t ions  examined thus f a r  , the  j a r e  not necessary f o r  sys  tern s t a -  

b i l i t y  and response. 



This  s e c t i o n  p r e s e n t s  an  overview of t h e  aerodynamic computational 

approach, and an o u t l i n e  of t h e  aerodynamic d i s tu rbance  and i n t e r f e r e n c e  

models. The d e t a i l e d  d e s c r i p t i o n s  and equat ion summaries f o r  s p e c i f i c  

models a r e  ?resented i n  Sec t ions  6 t h r o - ~ g h  9. Due t o  t h e  n o n l i n e a r i t i e s  

and complexity inheren t  i n  t h e  aerodynamics of t h e  va r ious  elements 

(i.e., r o t o r s ,  h u l l ,  t a i l ,  etc. ), t h e  previous vec to r  nocat ion is of t e n  

dropped i n  favor  of s c e l a r  equat ions .  Computer implementation of t h e  

aerodynamic models is i n  s c a l a r  form. A somewhat cumbersome n o t a t i o n  is  

adopted t o  p rese rve  important d i s t i n c t i o n s  between r e l a t i v e  v e l o c i t y  

[ la, airmass v e l o c i t y  [ lam, airmass inpu t  source  [ Isam, d i s c r e t e  a i r -  

mass input  [ ldam, uniform s teady  wind [ IW, and among v e h i c l e  elements 

(e.g., h u l l  center-of-volume [ la  CV, t a i l  r e fe rence  c e n t e r  [ Isam t ,  

e t c . )  

The s imula t ion  provides  t h e  c a p a b i l i t y  t o  i n v e s t i g a t e  problems 

gener ic  t o  t h e  HLA concept. This inc ludes  t h e  e v a l u a t i o n  of b a s i c  vehi- 

c l e  c h a r a c t e r i s t i c s  and t h e  importance of aerodynamic and dynamic pon- 

l i n e a r i t i e s  r e l a t i v e  t o  t h e  more f a m i l i a r  l i n e a r  phenomena. Emphasis 

was placed on determining dominant e f f e c t s  and ob ta in ing  g ross  loads  and 

motions, us ing aerodynanic models based on uniformly v a l i d  f i r s t  

approximations t o  a v a r i e t y  of e f f e c t s .  Input d a t a  requirements a r e  

minimized t o  f a c i l i t a t e  these  des ign t radeof f  s t u d i e s .  

A n a l y t i c a l  func t ions  a r e  used f o r  t h e  h u l l  and t a i l  loads  t h a t  a l low 

simu1a:ion over wide ranges of incidence,  speed, and a c c e l e r a t i o n  with- 

ou t  recourse  t o  Iookup t a b l e s .  Apparent mass e f f e c t s  a r e  c a l c u l a t e d  f o r  

both h u l l  and tai l .  The r o t o r s  and p r o p e l l e r s  on t h e  l i f t / p r o p u l s i o n  

u n i t s  (LPUs) a r e  t r e a t e d  wi th  combined momentum and blade element 

t h e o r i e s  i n  t h e  power-on cond i t ion .  I n  t h e  power-off (moored) condi- 

t i o n ,  they a r e  modeled by simple cross-flow drag r e l a t i o n s .  Various 

higher  o rder  terms i n  the  d e s c r i p t i o n s  of t h e  h u l l ,  t a i l ,  LPUs, and 

s lung load have been omttted.  

TR-1151-2-11 5- 1 
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The aerodynamic model equations do not "self  -estimaten the  bas ic  

aerodynamic proper t ies  from vehic le  geometry; they a r e  usc t  only t o  f i t  

estimated or  measured aerodynamic data.  For example, i t  Jill be shown 

t h a t  the bas ic  hull-alone a x i a l  f o r ce  model has the form: 

I n  t he  simulation s eve ra l  parameters which a r e  consra1.t fcir a given run 

a r e  lumped and entered a s  one precomputed cons tan t -  Thus Eqo 5-1 is 

f mplemented as:  

where 

U; CV = Hull x-axis components of r e l a t i v e  a i r speed  
a t  h u l l  center-of-volume 

~ I U I ~  = -(po/2)ShCAh is the  input constant i e t e r -  
mined by the u se r  

u = pip,, r e l a t i v e  a i r  densi ty  cor rec t ion  

To make c l e a r  the basic  aerodynamic models involved the de r iva t ions  

use the format of Eq. 5-1, while the  s imulat ion employs the  more e f f i -  

c i e n t  format of Eq. 5-2. The methodology f o r  est! .jating these  cons tan ts  

is presented i n  Appendix A. 

In keeping with the generic  multibody formulation of the eqaat ions 

of motion, the aerodynamic loads a r e  modeled separa te ly  f o r  each of t he  

LPUs, the hu l l - t a i l - s t ruc tu re  assembly, and the slung payload. Figure 

5-1 shows the computational flow a t  each time s tep:  

1) The vehic le  s t a t e s  a r e  accessed from the current  time 
s t ep ;  these include t r a n s l a t i o n a l  and ro ta ry  motions of 
each element, l o c a l  a i r  mass motions a t  each elenent  
(steady and turbulent  wind inputs ) ,  and seve ra l  con t ro l  
inputs .  
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2,3) These a r e  resclved i n ~ o  r e l a t i v e  air-to-element ve loc i ty  
components a t  each r o t o r  and prope l le r  hub, t he  U U  
aerodynamic cen te r ,  t he  h u l l  cen te r  of volume (c.v.) , 
the  t a l l  reference cen t e r  (usual ly  t he  aerodynsrnic 
cen te r  of e f f e c t i v e  tall-plus-fuselage ensemble), and 
the  slung payload aerodynamic cen te r ,  when the  payload 
is  present.  

4) These kinematic r e l a t i v e  v e l o c i t i e s  are ad jus ted  by 
various f a c t o r s  o r  increments t o  account f o r  l o c a l  velo- 
c i t y  in te r fe rence  due to: a )  h u l l  on ro to r s  and propel- 
l e r s ;  b) r o t o r s  and p rope l l e r s  on h u l l  and t a i l ;  c )  
ro to r s  on prope l le rs  and LPU fuselage (nace l les ) ;  and d)  
ground proximity t o  the  hu l l ,  t a i l ,  ro tors ,  and propel- 
lers. 

Thus the  ne t  r e l a t i v e  or  apparent  a i r  -.ielocities a r e  the  
vector  sum: 

V r e l a t i v e  v i n e r t i a l  motion , vin te r fe rence  - - - 
- vloca l  airmass - 

Analytrcal ly  ef f Fcient formulas a r e  used t o  f i t  and 
eva lua te  the  v a r i a t i o n  of aerodynamic forces  and moments 
with each element's ve loc i ty  and/or angle  r e l a t i v e  t o  
the l oca l  a i r  mass and t o  ro to r  and prope l le r  speed. 
In te r fe rence  e f f e c t s  which a r i s e  from changes i n  t he  
nature  of l o c a l  flow (e. g., r o to r s  introduce turbulence 
i n t o  the  h u l l  l o c a l  Flow) a r e  accounted f o r  i n  t he  
respect ive element's equations.  Buoyant forces  a r e  com- 
puted a t  the  C.V. from the normal atmospheric pressure 
grad ien t ,  and ho r i zon ta l  pressure grad ien ts  due t o  
changing wind v e l o c i t i e s  or convergent wind f i e l d s .  

6)  Net h c l l  forces  a t  the C.V. a r e  summed and t r ans fe r r ed  
t o  the h u l l  cen te r  of g rav i ty  (c.g.) along with t he  
tail-on-hull  forces .  Only a t  t h i s  s tage  a r e  the major 
p i tch ,  yaw and r o l l  s t a b i l i t y  c h a r a c t e r i s t i c s  of t he  
h u l l  and f i n  assemhly manifested. 

* 
We def ine  a pos i t i ve  i n t e r f e r ence  o r  l o c a l  airmass s t a t e  (e.g., 

l i n e a r  or  angular ve loc i ty ,  e tc . )  a s  one which causes atmospheric motion 
along the pos i t ive  body ax i s  d i r e c t  ion. 



7 )  The r o t o r ,  p r o p e l l e r ,  and LPU fuse lage  f o r c e s  are t r a n s -  
f e r r e d  t o  f o r c e s  and moments a t  each LPU c.g. f o r  use i n  
t h e  multibody equa t ions  of motion. 

8) Outputs of t h e  loads  on t h e  s e v e r a l  bodies are i n p u t s  t o  
o t h e r  p a r t s  of t h e  program. 

Th i s  s u b s e c t i o n  b r i e f l y  reviews t h e  background and s t r u c t u r e  of the  

aerodynamic d i s tu rbance  model. The d e t a i l e d  development is presen ted  i n  

S e c t i o n  6. 

The l o c a l  a i rmass  v e l o c i t y  ( s u p e r s c r i p t  "am") is represen ted  a t  each 

of s e v e r a l  l o c a t i o n s  by a c o n s t a n t  mean wind ( s u p e r s c r i p t  "w") p l u s  

varying components ( s u p e r s c r i p t  "sam"), superimposed i n  i n e r t i a l  coor- 

d i n a t e s  t o  g ive  t h e  power s p e c t r a  and rms l e v e l s  c h a r a c t e r i s t i c  of tu r -  

bu len t  winds : 

Local a i r  mass motions a r e  r equ i red  a t  each LPU's c.g., a t  t h e  t a i l  

re fe rence  c e n t e r ,  and at t h e  h u l l  C.V. and at  t h e  s lung  load r e f e r e n c e  

c e n t e r .  These l o c a t i o n s  a r e  f a r  enough a p a r t  t h a t  e x t r a p o l a t i o n  of 

p o i n t  gus t  values  and g r a d i e n t s  from a s i n g l e  po in t  g i v e s  i n a c c u r a t e  

r e s u l t s  (Ref. 5-1). 

A s  o r i g i n a l l y  noted by Skel ton (Ref. 5-2) and tiloroughly developed 

by Holley and Bryson (itef. 5-3) and E tk in  (Ref. 5-l),  t h e  degree of g u s t  

component c o r r e l a t i o n  between any p a i r  of l o c a t i o n s  drops o f f  as t h e  

space  between them i n c r e a s e s ,  s o  t h a t  a t  a hundred f e e t  a p a r t  t h e  corre--  

l a t i o n s  among t u r b u l e n t  components n e a r l y  vanishes.  A t  sma l le r  d i s -  

tancep (on the  o rde r  of a i r c r a f t  wing chords,  spans ,  and l e n g t h s j  t h e  

c o r r e l a t i o n s  may be s i g n i f i c a n t ,  but  a t  t h e  l a r g e r  s e p a r a t i o n s  )*:ween 

HLA r o t o r s ,  h u l l  l e n g t h s ,  and c a b l e s ,  such c o r r e l a t i o n s  a r e  cons ide red  

n e g l i g i b l e .  For a  convent ional  a i r c r a f t  t h e  approach is t o  put  i n  gus t  

i n p u t s  a t  wing and t a i l  l o c a t i o n s  which a r e  c a r e f u l l y  chosen t o  y i e l d  

" e f f e c t i v e "  gus t  magnitudes and g r a d i e n t s  about t h e  c.g., a s  b e s t  



e x p l a i r e d  by Etkin  (Ref. 5-1). I n  t h e  b a s i c  approach, both c o r r e l a t e d  

and uncor re la ted  components must be included t o  r e t a i n  t h e  i s o t r o p i c  

p r o p e r t i e s  of atmospheric turbulence .  

Here, a  s impler  e x t e ~ i s i o n  of t h e s e  concepts  was adopted;  t h e  h u l l  i s  

t r e a t e d  as a s p a t i a l  ave rager  of g u s t s  which are inpu t  a t  f o u r  p o i n t s  

around a meridional  p lane  (Fig.  5-2). The po in t  l o c a t i o n s  a r e  s e l e c t e d  

a s  s compromioe t o  be c l o s e  t o  t h e  r o t o r  hubs, t a i l  r e f e r e n c e  c e n t e r ,  

and hu l l ' s  e f f e c t i v e  l e n g t h  ( l i k e  the  e f f e c t i v e  span of a l i f t i n g  wing). 

The h u l l ,  t a i l ,  and each LPU e f f e c t i v e  l o c a l  airmass v e l o c i t y  is taken 

a s  t h e  mean wind p l u s  a p p r o p r i a t e  weighted average a m o q  t h e  f o u r  i n p u t  

l o c a t i o n s .  Hul l  and t a i l  a i rmass  t ime d e r i v a t i v e s  a r e  computed from 

nun,- r ica l  d i f f e r e n t i a t i o n  of t h e s e  v e l o c i t i e s .  

The e f f e c t i v e  g r a d i e n t s  (auam/ax, e t c . )  a long and a c r o s s  t h e  h u l l  

a r e  computed a s  t h e  l i n e a r  g r a d i e n t s  among t h e  f o u r  inpu t  p o i n t s ;  t h i s  

g i v e s  a  lower " e f f e c t i v e "  h u l l  g r a d i e n t  than t h e  l o c a l  gus t  g r a d i e n t  at  

a  po in t ,  a s  !t should (Ref. 5-1). The f w r - p o i n t  mer idional  gus t  model 

y i e l d s  s i x  p lanar  s p a t i a l  g r a d i e n t s  a t  the  h u l l  C.V. (none wi th  r e s p e c t  

t o  h e i g h t ) ,  which g i v e  r i s e  t o  e f f e c t i v e  gus t  r o t a t i o n  terms and a i rmass  

a c c e l e r a t i o n  terms. There a r e  s i x  more a t  t h e  t a i l  r e f e r e n c e  c e n t e r .  

The a i rmass  a c c e l e r a t i o n  terms ( s p a t i a l  and t ime dependent) g ive  r i s e  t o  

unsteady ("apparent mass") l o a d s  on both t h e  h u l l  and t a i l  acd t o  buoy- 

ancy terms on the  h u l l .  The a tmospher ic  v c l o c i t y  i n p u t s  must no t  

i n c l u d e  s t e p s  a s  t h e s e  g e n e r a t e  extremely l a r g e  a c c e l e r a t i o n s  i n  t h e  

s i m u l a t i o n  when the  d e r i v a t i v e  i s  computed; t h e  v e l o c i t y  r a t e  of change 

is  c h e o r e t i c a i l y  i n f i n i t e .  

For s i m p l i c i t y ,  t h e  a tmospher ic  d i s t u r b a n c e s  a r e  c a l c u l a t e d  a t  t h e  

LPU c e n t e r  of g r a v i t y  and a r e  not  modified t o  account f o r  t h e  v a r i o u s  

s p a t i a l  v e l o c i t y  g r a d i e n t s  a c r o s s  the  i n d i v i d u a l  LPU components. This  

po in t  approximation is  j u s t i f i e d  because of t h e  smal l  dimensions of t h e  

LPU compared wi th  t h e  l a r g e  dimensions of t h e  gus t  source  d i s t r i b u t i o n  

and t h e  h u l l .  This assumption a l lows  cons ide rab le  s i m p l i f i c a t i o n  of t h e  

aerodynamic models of t h e  i n d i v i d u a l  LPU elements,  as w e l l  as a  reduc- 

t i o n  i c  the  number of r equ i red  aerodynamic d i s t u r b a n c e  i n p u t  s t i i t e s .  
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Figure  5-2. Atmospheric Input  Model 

The v e n i c l e  a tmospher ic  model r e q u i r e s  a set of twelve i n e r t i a l  

v e l o c i t y  component t i m e  h i s t o r i e s  (usam, vSam, wsam a t  t h e  f o u r  i n p u t  

source  l o c a t i o n s )  t o  be de f ined  ahead of time. For computat ional  con- 

venience,  t h e  inpu t  p o i n t s  t r a n s l a t e  (bu t  do not r o t a t e )  wi th  t h e  h u l l .  

This  scheme a l lows  t h e  use  of a c t u a l  recorded gus t  records  (e.g., from 

ground-based meteoro log ica l  towers)  i n  o rde r  t o  s imula te  more p r e c i s e l y  

t h e  p e c u l i a r  pa tch iness  which is c h a r a c t e r i s t i c  of ground winds but  is 

otherwise  d i f f i c u l t  t o  s i m u l a t e  r e a l i s t i c a l l y  (Ref. 5-4). The precom- 

puted i n p u t s  can c o n t a i n  both c o r r e l a t e d  and uncor re la ted  g u s t  v e l o c i t y  

components. They may a l s o  emulate d i s c r e t e  d i s t u r b a n c e s  o r  s t e a d y  

g r a d i e n t  c o n d i t i o n s  (converging wind f i e l d )  by a p p r o p r i a t e  u s e r  i n p u t  

s e l e c t i o n .  

The l o c a l  a i rmass  v e l o c i t i e s  a t  t h e  s lung  load a r e  inpu t  as a addi-  

t i o n a l  s e p a r a t e  s e t  of l i n e a r  v e l o c i t y  components and v e l o c i t y  g r a d i e n t s  
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a t  a f i f t h  source point .  These a r e  s imi l a r ly  expressed i n  i n e r t i a l  

coordinates,  which a r e  then resolved i n t o  payload. coordinates.  

User-selected s c a l e  f a c t o r s  allow the  defined wind v e l o c i t i e s  a t  the  

f i v e  source loca t ions  t o  be amplified o r  a t t en tua t ed  t o  a r b i t r a r y  inten-  

s i t i e s .  

The time dependency of the gust inputs  (Eq. 5-3), which gives  rise 

t o  the  important ( h u l l  and t a i l )  airmass acce l e r a t i on  e f f e c t s ,  i s  not 

common t o  conventional a i r c r a f t  ana lys i s .  For example, neglect ing 

higher order terms, the  t o t a l  r e l a t i v e  a x i a l  airmass acce l e r a t i on  may be 

wr i t ten  a s  (Ref. 5-1): 

~ u a m  auam - = -  Guam 
~t a t  (5-4)*  

where the r e l a t i v e  v e l o c i t i e s  with respect  t o  the airmass a r e  given by: 

Ua = U - uam 

"a = v - 
The so  ca l led  "frozen f i e ld"  or  "Taylor's Hypothesis" assumes tha t  the  

time p a r t i a l  derivative ( a / a t )  may be neglected compared t o  t he  s p a t i a l  

dependency (a/ax, a/ay) f o r  most f l i g h t  condi t ions under the r e s t r i c t i o n  

(Ref. 5-1): 

However, f o r  low-speed LTA vehicles ,  where "nearly convected" f l i g h t  is 

possible  (u a uam), so ua 0, t he  f rczen  f i e i d  assumption is inappro- 

p r i a t e .  Therefore, both time and s p a t i a l  dependencies a r e  re ta ined  i n  

Eq. 5-3. 

This multiple-point gust  source approach is m c h  more co r r ec t  and 

v e r s a t i l e  than the  conventional aerodynamic dis turbance input  scheme 

(single-point gust source with extrapolated gradients) .  The m i s s i o n  of 

some small terms (e.g. second order terms i n  Eq. 5-4) should not d e t e r  

- * The z-gradients a r e  missing due t o  the assumed planar (two dimen- 
s iona l  spectrum) model and a r e  f e l t  t o  be of small e f f e c t  (Ref. 5-1). 



its use fu lness .  I t  is f e l t  t h a t  t h i s  f o u r  ( f i v e  i f  t h e  payload is  pre- 

s e n t )  point  wind inpu t  model can e f f e c t i v e l y  s imula te  n e a r l y  a l l  of t h e  

wind c o n d i t i o n s  faced i n  normal hovering and c r u i s i n g  opera t ions .  

There is a l s o  a p r o v i s i o n  i n  t h e  s imula t ion  f o r  d i s c r e t e  ( t e s t )  

i n p u t s  t o  be app l i ed  t o  s p e c i f i c  i s o l a t e d  v e h i c l e  elements (e.g., h u l l ,  

t a i l ,  LPUs). These i n p u t s  a r e  of a (1 - cos ine )  form and ~ l l o w  the  ~ 6 a r  

t o  e x c i t e  t h e  v e h i c l e  elements wi th  d i s tu rbances  of knowr. , : g n i t t l e  and 

d i r e c t i o n  (i.e.,  no s p a t i a l  i n t e r p o l a t i o n  is computed). Th i s  is espe- 

c i a l l y  h e l p f u l  i n  p re l iminary  assessment of c losed loop response  t o  

v e h i c l e  (and payload) s x c i t a t i o n a .  

A major o b j e c t i v e  of the  presen' e f f o r t  was t o  r e p r e s e n t  the  mri- 

ous aerodynamic i n t e r f e r e n c e  e f f e c t s  . Some l i m i t e d  wind tunne l  d a t a  

Ref. 5-5 suggest  s i g n i f i c a n t  non l inea r  r o t o r / h u l l  i n t e r a c t i o n s ,  not  

considered a problem i n  c l a s s i c  a i r s h i p s .  Addi t iona l  hul l /graund and 

rotor /ground i n t e r a c t i o n s  have been documented i n  a number of r e f e r e n c e s  

(e.g., Refs. 5-8 and 5-9). 

The e f f o r t  focused on reviewing t h e  a v a i l a b l e  l i t e r a t u r e ,  completing 

a d d i t i o n a l  numerical  e x p e r i a e n t s ,  and f i n a l l y  fo rmula t ing  models which 

ceuld  cap tu re  adequa te ly  t h e  f i r s t  o rde r  e f f e c t b .  E x t r a p o l a t i o n  and 

g e n e r a l i z a t i o n ,  based on f i r s t  p r i n c i p l e s  (e.g. p o t e n t i a l  f low so lu -  

t i o n s ,  l i n e a r  s i n g l e  dependency models, e t c . ) ,  a l lows  s imula t ion  over  

a l l  ranges of speed and inc idence  wi thout  recourse  t o  look-up t a b l e s  o r  

i t e r a t i v e  a lgor i thms.  The resulting models a r e  simple a n a l y t i c  func- 

t i o n s  of t h e  dominant parameters (e.g. ground h e i g h t ,  r o t o r  t h r u s t  , 
e t c . )  A 1 1  equa t ion  c o n s t a n t s  a r e  inpu t  d a t a  i n  t h e  s i m u l a t i o n  t o  a l low 

i n c o r p o r a t i o n  of c o n f i g u r a t i o n  dependent exper imenta l  da ta .  

The i ~ t e r f e r e n c e  e f f e c t s  may be ca tegor ized  according t o  two b a s i c  

types: 

A) Veloci ty  I n t e r f e r e n c e  - The phys ica l  mechanism is 
a change i n  l o c a l  a i rmass  mean v e l o c i t y  tc-gnitude 
and/or  d i r e c t i o n .  



B) Flow Proper ty  I n t e r f e r e n c e  - The p h y s i c a l  m c h -  
anism is a change 1-1 t h e  n a t u r e  of t h e  l o c a l  f low 
( e  .g., tu rbu lence  l e v e l ,  wake d i s t o r t i o n ) .  

Tbe va r ious  i n t e r f e r e n c e  e f f e c t s  a r e  t a b u l a t e d  below according t o  

t h e s e  two types  wi.th r e f e r e n c e s  t o  a v a i l a b l e  wind tunne l  da ta .  Some of 

t h e s e  e f f e c t s  g e n e r a t e  both kinds  of i n t e r f e r e n c e .  

A b r i e f  exp lana t ion  of t h e  dominant source  f o r  each i n t e r f e r e n c e  e f f e c t  

follows: 

REFERENCES 

5-5, 5-6 

5-5,  5-6 

5-7 

5-7 

5-8, 5-9, 
5-10, 5-11 

A 

A j  VELOCITY INTERFERENCE 

b 

1) Hul l  on Rotor,  Pro- 
p e l l e r ,  LPU-fuselage 
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5) Ground on Hul l ,  T a i l ,  

1. Hul l  on Rotor,  P r o p e l l e r ,  LPU-Fuselage (Sect lor ,  7) .  The 
immersion of LPU w i t h i n  t h e  h u l l  wake causes  a  r educ t ion  
i n  t h e  l o c a l  v e l o c i t y  of t h e  r o t o r ,  p r o p e l l e r  and LPU- 
f u s e l a g e  (Type A!. I n  a d d i t i o n ,  t h e  l o c a l  h u l l  wake t u r -  
bulence causes  a  r educ t ion  i n  t h e  r o t o r  and p r o p e l l e r  
b lade  l i f t  e f f e c t i v e n e s s  ( l i f t  curve  s l o p e )  which tends  t o  
reduce t h r u s t  c a p a b i l i t y  (Type B). 

B) FLOW PROPELTY 
INTERFERENCE 

Hul l  on Rotor and 
P r o p e l l e r  

Rotor and Pro- 
p e l l e r  on Hull  

Ground on Hull  

2. -. Rotor and P r o p e l l e r  on Hul l  and T a i l  (Sec t ion  8). The 
main e f f e c t s  a r e  due t o  the  h u l l  and t a i l  being sucked 
toward the  r o t o r s '  and p r o p e l l e r s '  e f f e c t i v e  "sink." I f  
a l l  a r e  t h r u s t i n g  eqt l l y ,  a  n e t  downward f o r c e  ( f o r  LPUs 
below h u l l  c e n t e r l i n e )  w i l l  r e s u l t  from t h e  s i n k s '  down- 
ward induced v e l o c i t y  (Type A).  There w i l l  a l s o  be a  f o r -  
ward and downward v e l o c i t y  increment a t  t h e  t a i l  due t o  
t h i s  "sink" e f f e c t  (Type A). 



I n  a d d i t i o n ,  t h e  shedding of r o t o r  and p r o p e l l e r  v o r t i c e s  
i n t o  the  h u l l  r e l a t i v e  f ree-s t ream causes  an  i n c r e a e e  i n  
l o c a l  turbulence ,  r e a l i z e d  by an a s s o c i a t e d  i n c r e a e e  In 
the  h u l l  c ross f low drag c o e f f i c i e n t  ( rype  B). The t y p i c a l  
HLA geometry makes t h i s  l a t t e r  e f f e c t  n e g l i g i b l e  i n  t h e  
case  of the  t a i l .  

3. - Rotor on P r o p e l l e r  (Sec t ion  7).  The o p e r a t i o n  of the  pro- 
p e l l e r  w i t h i n  t h e  downwash f i e l d  of t h e  r o t o r  cauees  
changes i n  t h e  p r o p e l l e r  l o c a l  free-stream v e l o c i t y  
(Type A). 

4. Rotor and P r o p e l l e r  on -2U-Fuselage (Sec t ion  7). The 
r o t o r  and p r o ~ e l l e r  wash over the  LPU-fuselage, a s  above, 
changes t h e  r e l a t i v e  f tee-b tream v e l o c i t y  (Type A) 
i n c r e a s i n g  t h e  power requirements f o r  most f l i g h t  condi- 
t i o n s .  

5. Ground E f f e c t s  on A l l  Elzments (Sec t ions  7, 8). SI e r a 1  
complex ground i n t e r a c t i o n s  a £  f  e c t  t h e  performance 02 t h e  
hyb;id a i r s h i p .  Tine dominant e f f e c t s  ' inc lude h u l l  f low 
r o t a t i o n  (Type A), h u l l  wake c o n r r a c t i o n  (Type B ) ,  ground 
induced ( r e f l e c t i o n )  v e l o c i t i e s  on t h e  r o t o r s  and propel-  
l e r s  (Type A), t a i l  downwash r e s t r i c t i o n  (Type A), ar2 
t a i l  l i f t  curve s l o p e  improvement (Type 0). 



This d e c t i  on desc r ibe8  t h e  models of t h e  atmospheric environment and 

p r e s e n t s  the  p e r t i n e n t  eque t i o n e .  

A MODEL TYPES AND BASIC &SIRIPTIONS 

Three d i s t i n c t  models of t h e  a tmospher ic  environment a r e  used s:Lmul- 

taneously  i n  o r d e r  emulate a v a r i e t y  of cond i t ions  

1 )  Steady wina 

2 )  Disc re te  (1 - c o s i n e )  gus t  i n p u t s  

3) Multiple-source in+erpo la , - ion  model 

There a r e  s e v e r a l  funciamental d i f f e r e n c e s  i n  t h e  assumptions asso- 

c i a t e d  wi th  each of the  above m o d ~ l s .  The fol lowing d i s c u s s i o n  o u t l i n e s  

t h e s e  b a s i c  d i f f e r e n c e s  a s  an  overview f o r  t h e  d e t a i l e d  discusrriori of 

each of t h e  t h r e e  models 

1. Steady Winli. The Steddy wind is s p e c i f i e d  by tho u s e r  
according to i ts  t h r e e  components i n  t h e  i n e r t i a ,  &fer-  
ence axes.  The s t e a d y  wind is assumed t o  be c o n s c ~ ~ i t  wi th  
r e s p e c t  t o  t h e  i n e r t i a l  (nonro ta t ing)  frame arid is con- 
t i n u a l l y  transformed i n t o  the  coord ina te  systems of the  
va r ious  elements (e.g., h u l l ,  t a i l ,  LPUs, and s l ~ n g  load) .  
This model is used i n  ca.t.ci,:atior.: f o r  a l l  phases of t h e  
s imula t ion  ( t r i m ,  s t a b i l i t y  der <-,rat ves ,  and time h i s t o r )  
c a l c u l a t i o n s ) .  The s t eady  w i t . '  c ~ n t r i b u t e s  t o  the  a i r  
mass a c c e l e r a t i o n ,  r e l a t l v e  t o  the  h u l l  and ta i l ,  due t o  
t h e  i n e r t i a l  r o t a t i o n  of the  veh ic le .  This  r e l a c i v e  
acceJ .era t  i o n  c o n t r i b u t e s  s i g n i f i c a n t l y  to t h e  unsteady 
( " a ~ , a r e n t  mass") loads  on the  h u l l  and tai l .  

2. Disc re te  ( 1  - cosine! Inpu t s .  These 1-. luts ,  which a r e  
in tended f o r  t e s t  purposes,  a c t  on i s o l a t e d  v e h i c l e  e l e -  - - 

ments (e.g., h u l l  only ,  t a i l  only,  load only,  e t c . ) .  They 
provide a means t o  e x c i t e  s p e c r f i c  v e h i c l e  elements with- 
o u t  s p a t i a l  i n t e r p o l a t i o n  KO t h e  r e m a i n i w  e1ement.s. 
These t e s t  inpu t s  a r e  assumed t o  - t r ans la te  and - r o t a t . ~  - -, wf h 
the  veh ic le .  I n  t h i s  way, the  va).Jehe a i raa t -T vb,.!.g- 

c i t i e s  r e l a t i v e  t o  a s p e c i f i c  element is d i r e c t l y  s k c b : . - f  i- 
a b l e  by a user .  Ur,Like the  s t e a d y  wind o r  4 po in t  model, 
these  i n p u t s  a r e  g iven i n  coor ' . - t e a  of each element 's  



l o c a l  r e fe rence  a x i s  system. Ar.slytLcal time d e r i v a t i v e s  
of t h e  ( 1  - cos ine)  g u s t  v e l o c i t i e e  a r e  c a l c u l a t e d  i n  
o r d e r  t o  o b t a i n  body a x i s  ( l ee . ,  r e l a t l v e  t o  t h e  r o t a t i n g  
frame) l i n e a r  and angu la r  a c c e l e r a t i o n s .  The (1 - cos ine)  
func t ion  is a l s o  used i n  o rder  t o  s p e c i f y  t e s t  values  of 
t h e  s p a c i a l  g r a d i e n t s  ( W a x ,  av/ay, e tc . ) ,  a l lowing f o r  
t h e  e x c i t a t i o n  of i n d i v i d u a l  buoyancy and unsteady 
("apparent ma-s") terms. 

3. - Multiple-Source Atmospheric Input Model. The jus t i f  i c a -  
t i o n  f o r  t h i s  model was descr ibed i n  Sec t ion  5, Subsec- 
t i o n  C. As noted, t h e  u s e r  i n p u t s  groups of t h r e e  l i n e a r  
- r e l o c i t i e s  a t  each of f o u r  v e h i c l e  inpu t  l o c a t i o n s ,  and 
Ehree l i n e a r  and t h r e e  angular  v e l o c i t i e s  a, t h e  f i f t h  
(payload) l o c a t i o n  when t h e  payload is present .  These 
inpu t  da ta  a r e  i n t e r p o l a c e d  f o r  t h e  c u r r e n t  s imula t ion  
t i m e  and a r e  m c l t i p l i e d  by user-provided s c a l e  f a c t o r s .  
The f o u r  v e h i c l e  inpu t  p o i n t s  form a r e c t a n g l e  whose 
dimecsions a r e  a l s o  u s e r  s e l e c t e d .  Th is  four-point  g r i d  
Is la tera l l :?  symmztric with respect  t o  t h e  h u l l  x-z plane 
of symmetry. The f i f t h  gus t  input  po in t  i s  loca ted  a t  t h e  
payload 'ynamic c e n t e r  and is d i s t i n c t  from t h e  f o u r  
point  veh model. 

A l l  of t h e  v e l o c i t y  i n p u t s  i n  t h ?  Ku-tiple Source Point  
A t ~ ~ s p h e r i c  Input  Model a r e  i n  coord ina tes  of a non- 
.o ta t ing  i n e r i i a l l y  o r i e n t e d  frame, which t r a n s l a t e s  but 
does not r o t a t e  wi th  t h e  vehic le .  S p a t i e l  and time i n t e r -  
po la t ion  is used t o  o b t a i n  a l l  t h e  necessary  veJ-ocity 
g r a d i e n t s  and a c c e l e r a t i o n s  a t  t h e  va r ious  aerodynamic 
reference c e n t e r s  (e.g., h u l l  c e n t e r  volume, t a i l  r e f e r -  
ence c e n t e r ,  LPU c e n t e r s  of g r a v i t y ,  s lung  payload aero- 
dynamic re fe rence  c e n t e r ) .  Since the  gus t  inpu t  veloci -  
t i e s  i n  t t is  model a r e  assumed t o  be i n  a frame which is 
non-rotating, the  c a l c u l a t e d  time d e r i v a t i v e s  w i l l  be with 
respect  t o  t h e  i n e r t i a l  r e fe rence  frame. A l l  of t h e  
resulting v e l o c i t i e s  and gradient  vectors  a r e  transformed 
i n  t o  the  l o c a l  element a x i s  systems ( i .e . ,  h u l l ,  LPU, and 
payload). 

The f ollcwing subsec t ions  p resen t  d e t a i l e d  discuss ior ,s  and equat ion 

d e r i v a t i o n s  f o r  the  t h r e e  atmospheric environment models o u t l i n e d  above. 

B. SrXADY WIND WDEL EQUATIGNS 

w 
The user  s e l e c t e d  s teady  wind vec to r ,  !I, is i n e r t i a l l y  referenced.  

The var ious  l o c a l l y  referenced vec to rs  a re :  
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The time derivative of v:, with respect to the rotating hull body 

axes (needed later for unsteady aerodynamic calculations) is: 

Since the steady wind is fixei in magnitude and direction, 

0 
W W 

V_h = - i&h X V_h 

We note that = 0 (inertially fixed) so 

0 
W 
, " D = Q  

C. DISCRETE TEST INPUT MIDEL 

The discrete test input model allows the isolated excitation of 

local airmass states, without spatial interpolation to the remaining 

vehicle states. These dl: crete test inputs have the common (1 - cosine) 
form (shown in Flq. 6-1): 
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Figure 6-1. D i scre te  Tesr Input (g) and Input 
0 

Derivative (g) Forms 
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g = one of the  48 d i s c r e t e  l o c a l  ainnass i n p u t  
s t a t e s  ( a l l  are denoted by the  s u p e r s c r i p t  
"dam" = d i s c r e t e  a i rmass )  

gmx = maximum value  of g 

t = presen t  s imula t ion  t i m e  

t l  = s t a r t  of ( 1  - cos ine )  d i s tu rbance  

t2 = end of (1  - c o s i n e )  d i s t u r b a n c e  

The fol lowing 36 l o c a l  a i rmass  s t z t e s  a c c e s s i b l e  by t h e  d i s c r e t e  

i n p u t  model are a s  follows: 

1)  Hul l  S t a t e s  (9) 

Linear  and angu la r  l o c a l  a i r -  
dam c v  dam cv 

!?!h !i?h 
mass v e l o c i t y  v e c t o r s  a t  t h e  
h u l l  c e n t e r  of volume (cv) 

~ u x i l i a r ~  * h u l l  grcidients 
a u a m  cv  dam c v  dam t 

auh am 

2) T a i l  S t a t e s  (9) 

Linear  and angu la r  l o c a l  a i r -  
dam t dam t 

Vh ' % 
mass v e l o c i t y  v e c t o r s  a t  t h e  
c a i l  aerodynamic r e f e r e n c e  
c e n t e r  ( t )  . - 

Auxi l i a ry  t a i l  g r a d i e n t s  

Linear  l o c a l  a i rmass  v e l o c i t y  dam i 
31 

vec to r  a t  t h e  LPU-center of 
g r a v i t y  l o c a t i o n s  ( i ) ,  f o r  each 
of the  LPUs; i = 1, 2, 3, and 4 

* 
The term "aux i l i a ry"  is adopted when r e f e r r i n g  t o  ,112 nonstandard 

a i rmass  g r a d i e n t s  au/ax, au/ay, av/ay. 
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4 )  Payload S t a t e s  (6)  

dam pc dam PC 
Linear  and angu la r  l o c a l  velo- xp B w  
c i t y  v e c t o r s  a t  t h e  payload 
aerodynamic zef e r e u c e  c e n t e r  
(PC) 

An a d d i t i o n a l  12 i n p u t s  a r i s e  from t h e  h u l l  and t a i l  l o c a l  airmass 

l i n e a r  and angu la r  a c c e l e r a t i o n  v e c t o r s  

0 0 0 0 

($" cv * !% dam cv,  $am t ,  _yl dam 

These a r e  needed f o ~  *:he aerodynamic c a l c u l a t i o n s  (unsteady and buoyancy 

e f f e c t s ) ,  and a r e  c a l c u l a t e d  using:  

A p l o t  of Eq. 6-8 f o r  a t y p i c a l  g ( t )  i s  shown i n  Fig. 6-1. 

D. WLTLPLE SOUR= LLRlOSPBEBlC INPUT mDEL 

The geometric o r i e n t a t i o n  of t h e  f o u r  po in t  v e h i c l e  ( r e c t a n g u l a r )  

i n p u t  g r i d  is shorn i n  Fig. 6-2. The v e h i c l e  inpu t  sources  (91-s4) a r e  

l o c - t e d  r e l a t i v e  t o  t h e  h u l l  center-of-volume (c.v.) by t h e  u s e r  sup- 
f a r  

p l i e d  s c a l a r  q u a n t i t i e s  Rx, Rx, Ry. The sources  are assumed t o  be posi-  
a -  r tiorled i n  a l a t e r a l l y  symmetrical  f a s h i o n  so ,  Ry = -Rye The payload 

inpu t  sc .Lrce  is l o c e t e d  a t  t h e  u s e r  s e l e c t e d  payload aerodynamic r e f e r -  
PC ence c e n t e r  (sp ). 

The t a i l  aerodynamic r e f e r e n c e  c e n t e r  is l o c a t e d  r e l a t i v e  t o  thk 
h L hcv 

h u l l  C.V. by t h e  scalar q u a n t i t y  < (i s h  ( 1 )  - Eth ( l ) ) ,  shown i n  

Fig. 6-2. F i n a l l y ,  t h e  center-of-gravi ty  of each LPU is l o c a t e d  r e l a -  
i i  t i v e  t o  the  h u l l  c e n t e r  of volune by t h e  two s c a l a r  q u a n t i t i e s  R,. Ry; 

where 
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LPU 3 
I Center 

Figure  6-2. Geometry f o r  Atmospheric Input  Model 

i h i  i h  hcv 
RX 1 )  - h i  (1) - (1)  

i h i  i h  hcv 
Ry - % (2 )  - Lhigi  ( 2 )  - gh (2) 

and i = 1,2,3, and 4 .  

The s p a t i a l  i n t e r p o l a t i o n  scheme o a t l i n e d  below a l lows  t h e  c a l c u l a -  

t i o n  of the  (3C) l o c a l  airmas, v e h i c l e  states and (6 )  l o c a l  a i rmass  pay- 

load s t a t e s  ( a l l  w i th  s u p e r s c r i p t  "sam" = s t a t i o n a r j  a i rmass ) .  The 4 



vehic le  input sources a r e  denated by superscr ip t s  ("sl-s4") and the pay- 

load input source by superscr ip t  ( "~5") .  

1) Four vehicle  input source vectqrs  i n  h u l l  cuordinates 

(gl. g2, g3* g4)* 
The four  vehicle  input  source vectors  appropriate  t o  the  

cur ren t  s imulat ion time ( t )  a r e  obtained by time interpo-  

l a t i o n ,  amplitude sca l ing ,  and coordinate transformation 

of the  user  supplied da ta  f i l e s .  For example, 

s 1 
!h L~I!? (6-9) 

where *** 

l t o  + ( t  - to) (6-10) 
t l  - t o  

anG 

denote the user  supplied vectors  f o r  input source s l  

appropriate  t o  s imulat ion time to, ti; respect ively.  

M,, is the user  supplied s ca l e  f ac to r .  Equations 6-9 
- - 

s2  93 
and 6-10, s imi l a r ly ,  a r e  used t o  ca l cu l a t e  xh , xh , 
..s4 

2) Hull l oca l  airmass l i n e a r  ve loc i ty  vector at the ten- 

t e r  of volume (ern - cv) 

where, 



3) Hul l  l o c a l  a i ~ m a e s  angu la r  v e l o c i t y  v e c t o r  at ; h e  cen te r -  

of -volume 

where, 

* 
The i n t  rp  d r o t a r y  a i rmass  components each have two terms 

t h e ~ r e t i c a l l ~ ~ - ~ ) ,  v i z . ,  

Salil CV 
,q? - avhsam " aurm cv (3rd component) I gam cv = -- - - - ax I !  

The 3uIay  term has n e g l i g i b l e  e f f e c t  on t h e  yaw rabe  quasi-steady aero-  
dynamics (Sec t ion  8) and is dropped from t h e  yaw gus t  Eq. 6-15 ( t h i r d  
component), but is r e t a i n e d  e x p l i c i t l y  f o r  i a t e r ~ l  buoyancy ~ a l c u l a -  
t i o n s .  The z-gradients  a r e  missing due t o  the  assumed p lanar  i n p u t  
model and a r e  f e l t  t o  be of smal l  e f f e c t .  
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where 

f a  yh, VJ, are given in Eqs. 6-12, 6-13, respectively and, 
a 

xn is given in Eq. 6-14. 

as shown in Ftg. 6-2. 



4 )  Hull loca l  airmass auxi l iary gradients Of?!plm;,l FA;::'.: - s 

OF PC02 CjUALi'W 

- Sam cv 

5 )  Tai l  loca l  airmass l inear ve loc i ty  vector at  the reference 

center 

where 

and 

6 )  Tail local  airmass angular ve loc i ty  vector at  the refer- 

ence center 



ORIGINAL PAGY; ;' 

OF POOR QUALIT 

where 

From Eq. 6-17 

From Eq. 6-18 

* 
As in Eq. 6-15, only the f i r s t  order terms are retained. 

TR-1151-2-11 6-12 



where 

II r x t ,  xt a r e  given i n  Eqs. 6-27, 6-28 respec t ive ly .  

7 )  T a i l  l o c a l  airmass a u x i l i a r y  g r a d i e n t s  

8) Local airmass l i n e a r  v e l o c i t y  vec to r  a t  the  LPUs' c e n t e r s  
Sam i 

of g r a v i t y  (xi , i = 1, 2, 3, 4). 

For i l l u s t r a t i v e  purposes, t h e  equat1oi.s p e r t a i n i n g  t o  

LPU-3 a r e  given below. Equations f o r  the  remaining LPUs 

a r e  obtained by d i r e c t  resymbolling ( i .  ?., rep lace  sub and 

s u p e r s c r i p t  "3" wi th  t h e  a p p r o p r i a t e  LPU number) of t h e  

fol lowing equations.  

sam 3 s a s  3 
!!3 .c L3h!h (6-37) 

where 



and 

where 

9)  Local airmass l inear and engular velocity vectors at  the 

payload aerodynscnic reference center 

sam pc s5 
% = LDIGI 

where 

s5 
s5  are the payload input source vectors, appropriate to  11 * WI 

the current silnulation time, t. These are obtained froa 
s 1 

Eq. (6-10) with YI replaced by y I s i  and _ys5, and 5 replaced 

by MV and M respectively.  
P UP* 
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10) The l i n e a r  and enqular  a c c e l e r a t i ~ l n  vec to rs  f o r  t h e  h u l l  

and t a i l  ( requ i red  f o r  t h e  aerodynamic c a l c u l a t i o n s )  a r e  

evaluated numerically with the  fol lowing c e n t r a l  d i f r e r -  

ence approximation: 

*sam cv 1 sam cv 
Vh = krrn - ~5 lt-bt I! h 1 1 t  (6-45) 

.sam cv 1 Sam cv Sam cv 
5 = T&w A t  - 9, (6-46) 

*Sam t .ccu t where A t  5 O.Cv^Ol, arid s i m i l a r l y  f o r  xh , 3 

The t h r e e  atmospheric models descr:bed above a r e  saperimposel t o  

a l low f l e x i b i l i t y  of d i s tu rbance  scenar ios .  The 36 l o c a l  zirmass velo- 

c i t y  s t a t e s  are given t y :  

I )  Hull  S t a t e s  (9) 

am cv dam cv 
= v;:+ VJ, 

Sam cv 
Vh + Vh 

am cv = dam cv 
% % + !!rm cv 

autm CV 
,. dam cv 
04, a G a m  cv 
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2) Tail States (9) 

amt dam t 
!!h - g + v J ,  + gmt 

dam t sam t 
% + %A 

3) LPU-States ( 1 2 ) ,  i = 1 ,  2,  3 ,  4. 

am i w dam i sam i 
vi vi + vi + vi 

4 )  Payload States ( 6 )  

am p c  w dam pc  sam p c  
VP = Yp + Vp + !!p 



The 12 h u l l  and t a i l  l o c a l  a i m a s  a c c e l e r a t i o n  rtater a r e  more com- 

plex. Aa w i l l  be shown l a t e r ,  t h e  aerodynamic loa& on t h e  h u l l  and 

ta i l  due t o  clirprpes a c c e l e r a t i o n  may be c a t e g o r i r r d  according t o  two 

types:  

Hull  and t a i l  uneteady ("apparent mass") loads  - 
these  depend on body a x i r  (i.e.,  r e l a t i v e  t o  
r o t a t i n g  re fe rence  frame) a c c e l e r a t i o n :  

a Hull  "buoyancy" loads  - t h e s e  depend on t h e  
i n t i  1 . .  , r e l a t i v e  to  non-rotat ing r e f e r -  

*am cv 
ence frame) l i n e a r  a c c e l e r a t i o n ,  Vh . 

The correspondence between time d e r i v a t i v e s  c a l c u l a t e d  i n  r o t a t i n g  

and n-n-rotat i n g  f rames of r e fe rence  is : 

vhere  

am cv am t 
!!h is a genera l  vec to r  (e.g., V_h , ) i n  

h u l l  c o o r d i n a t e s  

t h  denotes  time d e r i v a t i v e  c a l c u l a t e d  wi th  
r e s p e c t  t o  i n e r t i a l  (non-rota t ing axes )  

0 

Ah denotes  tima d e r i v a t i v e  c a l c u l a t e d  wi th  
r e s p e c t  t o  r o t a t i n g  e h u l l  r e fe rence)  
axes  

Wh is  the  body a x i s  angu la r  v e l o c i t y  vec to r  

Rcca l i  t h a t  the  s t eady  wind and m u l t i p l e  source  inpu t  model are ine r -  

t i a l l y  based, wh,le the  d i o c r e t e  r e s t  inpu t  modcl is body a x i s  based. 

Hakip& us? of Eq. 6-60 and the  previous  r e s u l t s ,  t h e  requ i red  l i n e a r  

a c c e l e r a t i o n  v e c t o r s  a re :  
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* cv Odam cv *Sam cv - X ($ + gm cV) + I h  + !h 

Likewise, the required t a i l  acceleration vector is: 

Odam t + g m  t - _Y, X (!I + ,vrm t,  + V_h 

The required angular accelerations are s imilarly obtained: 

The higher order angular terms for the t a i l  ar* ignored compared to the 

hu l l ,  giving: 



SECTION 7 

L I R  PPOWLSION UNIT ~ D ~ C  lOPQS M D  

Each L i f t  Propuls ion Unit (LPU) can be considered as a modified 

h e l i c o p t e r  having a  -in l i f t i n g  r o t o r ,  a h o r i z o n t a l l y  t h r u s t i n g  propel-  

l e r ,  and a  fuse lage  ( n a c e l l e ) .  The r o t o r s  and p r o p e l l e r s  &re d r i v e n  by 

one o r  more turboshaf t o r  f s n c t i o n a l l y  equ iva len t  engines.  The eng ines  

a r e  assumed t o  main ta in  cons tan t  (use r  s e l e c t e d )  s h a f t  angu la r  speed, 

s e p a r a t e l y  s p e c i f i e d  f o r  each r o t o r  and p r o p e l l e r .  

Without l o s s  of g e n e r a l i t y ,  t h e  main r o t o r  s h a f t  is assumed t o  be 

d i r e c t l y  p a r a l l e l  t o  t h e  LPU z-axis. When t h e  LPU gimbal ang les  a r e  

ze ro ,  t h e  LPU re fe rence  axes  a r e  p a r a l l e l  t o  the  corresponding axes  of 

t h e  h u l l ,  and the  main r o t o r  s h a f t  ( t h e  nominal r o t o r  t h r u s t  v e c t o r )  is 

d i r e c t e d  v e r t i c a l l y  upward. Thr p r o p e l l e r  s h a f t  and t u r b i n e  exhaust  

a x i s  (Sec. 3 E )  a r e  o r i e n t e d  a t  a r b i t r a r y  ang les  r e l a t i v e  t o  the  LPU 

re fe rence  a x i s  system. 

This  s e c t i o n  p resen t s  models f o r  c a l c u l a t t n g  f o r c e s  a c t i n g  on t h e  

LPU due t o  the  main r o t o r  aerodynamics, p r o p e l l e r  aerodynamics, and t h e  

LPU fuse lage  ( n a c e l l e )  aerodynamics. A v a r i e t y  of important  aerodynamic 

i n t e r f e r e n c e  e f f e c t s  among the  h u l l ,  ground, r o t o r s ,  p r o p e l l e r s ,  and LPU 

f u s e l a g e s  a r e  modeled. Addi t iona l  equa t ions  model t h e  f o r c e s  and 

moments on the  LPU f o r  a  power off  mooring condi t ion.  

The o r g a n i z a t i o n  of t h e  fo l lowing subsec t ions  fo l lows t h a t  of t h e  

c a l c u l a t i o n  sequence I n  t h e  s imula t ion  program. F i r s t  the  r e l a t i v e  

v e l o c i t i e s  with respec t  t o  l o c a l  a i rmass  a t  the  LPU c e n t e r  of g r a v i t y ,  

r o t o r  hub, p r o p e l l e r  hub, and LPU-fuselage aerodynamic re fe rence  c e n t e r  

a r e  a l l  c a l c u l a t e d  based on t h e  k inemat ic  motion of t h e  v e h i c l e  and t h e  

l o c a l  a i rmass  v e l o c i t y  a s  determined from the  atmospheric environment 

model. These e lementa l  v e l o c i t y  v e c t o r s  a r e  a d j u s t e d  f o r  h u l l  blockage 

of the  LPU r e l a t i v e  f r e e  s t ream according t o  a  (1 - c o s i n e )  func t ion  of 

the  l o c a l  flow ang le  at  each element. The e lementa l  v e l o c i t i e s  a r e  then 



reso lved  i n t o  the  coord ina tes  a p p r o p r i a t e  t o  each element,  e.g., r o t o r  

con t  ro l -u ind  axes. 

The r o t o r  t h r u s t  is determined from the  c o l l e c t i v e  p i t c h  s e t t i n g  and 

r e l a t i v e  f low cond i t ions ,  inc11:ding t h e  e f f e c t  of ground proximity and 

h u l l  wake turbulence  i n t e r f e r e n c e s .  An a u x i l i a r y  c a l c u l a t i o n  of t h e  

r o t o r  mean l i f t  c o e f f i c i e n t  and ang le  of a t t a c k  is completed i n  o r d e r  t o  

check t h e  v a l i d i t y  of t h e  l i n e a r i z e d  aerodynamic assumptions employed 

throughout the  r o t o r  and p r o p e l l e r  models. The r o t o r  f l a p p i n g  and con- 

i n g  ang les  a r e  c a l c u l a t e d  from t h e  t h r u s t  c o e f f i c i e n t  , blade c o l l e c t i v e  

r i t c h ,  and remaining dependent r o t o r  s t a t e s .  These ang les  a l low t h e  

c a l c u l a t i o n  of the  h o r i z o n t a l  f o r c e ,  l a t e r a l  f o r c e ,  and torque coef f i -  

c i e n t s  and requ i red  engine  power, thereby completing the  r o t o r  c a l c u l a -  

t i o n s  f o r  one LPU. This  procedure is then repea ted  f o r  t h e  remaining 

t h r e e  LPUs. 

A s  e a r l i e r  noted,  p r o p e l l e r  o p e r a t i o n  wi th  the  downwash f i e l d  of the  

r o t o r  causes  changes i n  the  p r o p e l l e r  l o c a l  f r e e s t r e a m  v e l o c i t y .  A t  

t h i s  s t a g e ,  c o r r e c t i o n s  a r e  made t o  t h e  p r o p e l l e r  l o c a l  v e l o c i t y  based 

on the  r o t o r  o p e r a t i n g  cond i t ions .  The p r o p e l l e r  t h r u s t  and r e l a t e d  

o p e r a t i n g  cond i t ions  a r e  c a l c u l a t e d  us ing  t h e  r o t o r  a lgor i thm.  A s  wi th  

the  r o t o r ,  the  p r o p e l l e r  t h r u s t  c a l c u l a t i o n s  i n c l u d e  t h e  e f f e c c s  of 

ground and h u l l  i n t e r f e r e n c e .  The c ~ n i n g  and f l a p p i n g  equa t ions  a r e  

ignored because the  p r o p e l l e r  is r i g i d  and n o n a r t i c u l a t e d .  The propel-  

l e r  c a l c u l a t i o n s  a r e  repeated f o r  t h e  remaining t h r e e  LPUs. 

The r e s u l t s  of t h e  r o t o r  and p r o p e l l e r  c a l c u l a t i o n s  a r e  used t o  

ad j u s t  the  r e l a t i v e  f rees t ream v e l o c i t y  of the  LPU f u s e l a g e s  t o  account 

f o r  r o t o r  and p r o p e l l e r  i n t e r f e r e n c e  e f f e c t s .  Once the  a d j u s t e d  f r e e -  

s t ream v e l o c i t y  v e c t o r s  f o r  each of the  LPU f u s e l a g e s  have been de te r -  

mined, the  a s s o c i a t e d  f o r c e s  and Yoments a r e  c a l c u l a t e d  based on s imple  

c r o s s  flow models. 

The f i n a l  s e t  of equa t ions  i n  t h i s  s e c t i o n  model t h e  f o r c e s  and 

inoments on the  LPUs f o r  the  pow I of f  moored f l i g h t  cond i t ion .  Here a l l  

i n t e r f e r e n c e  e f f e c t s  a r e  neg lec ted  except  those  due t o  h u l l  blockage of 

the  r e l a t i v e  f  reeetream veloc! ty. 



The r o t o r  t ransformpt ions ,  f o r c e  and moment equa t ions ,  and computa- 

t i o n a l  a lgor i thms  a r e  presented i n  t h e  fo l lowing subsec t ions  i n  d e t a i l .  

The p r o p e l l e r  c a l c u l a t i o n s  reuse  the  i d e n t i c a l  r o t o r  equa t ions  wi th  

minor s impl i fy ing  excep t ions ;  s o  t h e  p r o p e l l e r  equat ion8 w i l l  not  be 

e x p l i c i t l y  presented i n  the  t e x t .  The r o t o r  v a r i a b l e s  i n  t h e  ou tpu t  

l i s t i n g  c a r r y  t h e  s u b s c r i p t ,  r; t h e  p r o p e l l e r  v a r i a b l e s  c a r r y  the  sub- 

s c r i p t  p. Nei ther  s u b s c r i p t  is used i n  the  development except  where 

necessary  t o  d i f f e r e n t i a t e  between r o t o r  and p r o p e l l e r .  

B VELOCITIES BEIATIVE TO U)CCU. hIBnbSS 

The main r o t o r ,  p r o p e l l e r ,  and f u s e l a g e  ( n a c e l l e )  aerodynamics a l l  

depend upon the  LPU v e l o c i t y  r e l a t i v e  t o  l o c a l  airmass.  Th i s  l o c a l  

r e l a t i v e  a i rmass  v e l o c i t y  is determined from t h e  kinemat ic  motion of t h e  

p a r t i c u l a r  LPU a s  w e l l  a s  ou tpu t s  from t h e  atmospheric d i s t u r b a n c e  

mode 1s. 

The b a s i c  (non- in te r fe rence)  l o c a l  a i rmass  v e l o c i t y  a t  t h e  i t h  LPU 
am i 

center-of-gravi ty ,  xi , is  given by Eq.  6-57. Following t h e  s i g n  

convention adopted f o r  a i r  mass v e l o c i t i e s  (Sec t ion  5, Subsect ion B ) ,  

t he  b a s i c  LPU c.g. v e l o c i t y  r e l a t i v e  t o  t h e  l o c a l  a i rmass  is g i v e 1  by: 

The angular  v e l o c i t y  r e l a t i v e  t o  t h e  l o c a l  a i rmass  is given by: 

Reca l l ing  t h a t  t h e  angu la r  v e l o c i t i e s  and g r a d i e n t s  of t h e  l o c a l  

a i rmass  a t  the  LPUs a r e  neglected ( 4 .  ' r 0): 



The p o s i t i o n  v e c t o r s ,  l o c a t i n g  t h e  r o t o r  hub @ltr), p r o p e l l e r  hub 
i P  i f  (Iti ) , and f u s e l a g e  ( n a c e l l e )  aerodynamic c e n t e r  ( , R ~  ), with r e s p e c t  t o  

t h e  LPU cog.  r e fe rence  a x i s ,  a r e  shown i n  Fig. 7-1. The r e l a t i v e  velo- 

c i t i e s  of each i s o l a t e d  LPU element a r e  determined from t h i s  f i g u r e  and 

Eqs. 7-2 and 7-4: * 

The h u l l  i n t e r f e r e s  wi th  the  va r ious  LPU elements ( r o t o r ,  p r o p e l l e r ,  

and LPU fuae lage)  due i n  p a r t  t o  t h e  blockage (shadowing) of the  LPU 

r e l a t i v e  f  reesti'eam. Experimental d a t a  on t h i s  i n t e r f e r e n c e  e f f e c t  i s  

l i m i t e d  and somewhat anomalous, but seems t o  bear out t h r u s t  dec reases  

r e l a t e d  t o  t h e  blockage (shadowing) of t h e  LPU f rees t ream due co t h e  

e f f e c t i v e  h c l l  wake (Refs. 5-8, 7-5). A major problem i n  modeling t h i s  

i n t e r f e r e n c e  e f f e c t  is  t h e  d e f i n i t i o n  of t h e  wake region and its block- 

age e f f e c t  because of t h e  complex t h r e e  dimensional f low geometry. This 

problem is e s p e c i a l l y  complicated f o r  combined t r a n s l a t i o n a l  and r o t a -  

t i o n a l  mot i o n s  of the  veh ic le .  

* 
I n  o rder  t o  r e t a i n  t h e  p r e c j s i o n  of the  b a s i c  (nondis turbance)  LPU 

models, t h e  kinematic e f f e c t s  due t o  LPU angrllsr  v e l o c i t y  and LPU e l e -  
ment s p a t i a l  s e p a r a t i o n  a r e  r e t a i n e d .  
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LPG Fuselage ( nacelle) -/ LPU c.g. Reference Axis 

Figure  7-1. Geometry f o r  L i f t  Propuls ion Unit  (LPU) 

The b a s i c  model f o r  h u l l  on LPU v e l o c i t y  i n t e r f e r e n c e  is p resen ted  

f i r s t .  This  model is a p p l i c a b l e  t o  pure v e h i c l e  t r a n s l a t i o n  wi th  no 

i n e r t i a l  o r  r e l a t i v e  r o t a t i o n a l  v e l o c i t y  e f f e c t s .  A l l  of t h e  v e h i c l e  

elements exper ience  t h e  r e l a t i v e  f r e e s t r e a m  from the  same d i r e c t i o n ,  

thereby s impl i fy ing  t h e  wake geometry. This  model is then e l a b o r a t e d  t o  

account f o r  t r a n s l a t i o n a l  r o t a t i o n a l  motion. Here, the  h u l l  wake 

can be shed i n  d i f f e r e n t  d i r e c t i m s  a long the  l eng th  of the  veh ic le .  

1. Wake Model for Pure TransLatioaal Motion 

Here i t  is assumed t h a t  t h e  h u l l  wake is shed i n  a downstream d i r e c -  

t i o n  c o l i n e a r  wi th  the  h u l l  center-of-volume f r e e s t r e a m  ve loc j  t y  v e c t o r  

(g '"1. The wake geometry f o r  pure t r a n s l a t i o n a l  motion is shown i n  

Fig. 7-2. The o r i e n t a t i o n  of the  h u l l  shed wake is determined by the  

two r e l a t i v e  flow a n g l e s ,  B and A. The f i r s t  ang le  (B )  l o c ~ t e s  t h c  

e f f e c t i v e  h u l l  d i r e c t i o n  i n  t h e  x-y plane of symmetry of t h e  h u l l .  

The second a n g l e  ( A )  l o c a t e s  the  r e l a t i v e  d i r e c t i o n  of the  e f f e c t i v e  

h u l l  wake i n  the  y-z plane of symmetry of the  h u l l .  For pure t r a n s l a -  

t i o n a l  motion wi th  uniform atmospher ic  c o n d i t i o n s  (uniform wind w i t h  

no t u r b u l e n t  couponents) ,  t h e s e  wake ang les  d e f i n e  t h e  r e l a t i v e  
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Figure 7-2. Hull Wake Geometry for  Pure 
Transla t iorlal Mot ion 
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downstream flow d i r e c t i o n  f o r  t h e  h u l l  and a l l  of t h e  LPU elementr .  

They are, i n  t h a t  sense ,  analogous t o  t h e  convent ional  a i r c r a f t  a n g l e  - 

o f - a i d e s l i p  and angle-of-at tack parameters. However, u n l i k e  t h e i r  a f r -  

c r a f t  c o u n t e r p a r t s ,  theee  wake ang les  a r e  de f ined  over  t h e  p o s i t i v e  

range of 0 < 8,  X < 2r tad.  These d e f i n f t i o n s  reduce the  complexity of 

t h e  wake gaometry c a l c u l a t i o n e .  

At tenua t ion  of the  r e l a t i v e  f r e e  s t ream v e l o c i t y  a t  one o r  more of 

t h e  LPUs occurs  when they a r e  b lanketed by t h e  shed wake of the  h u l l .  

Experimental  r e s u l t s  can be used t o  d e f i n e  wake angle  regions  ( 8  and A) 

f o r  each LPU w i t h i n  which s i g n i f i c a n t  v e l o c i t y  a t t e n u a t i o n  f o r  t h a t  LPU 

occurs.  I n  t h e  absence of adequate  exper imenta l  d a t a ,  t h e s e  reg ions  are 

approximated from geomet r i ca l  c o n s i d e r a t i o n s  of t h e  r e l a t i v e  o r i e n t a -  

t i o n  of t h e  LPUs and t h e  h u l l .  The region of blockage is denoted 

s e p a r a t e l y  f o r  each LPU according t o  t h e  u s e r  supp l i ed  va lues  of t h e  

blockage region wake ang les  (61, 82 and A 1 ,  X2). An LPU is considered 

t o  be w i t h i n  t h e  wake of the  h u l l  w h e ~  t h e  values  of the  wake a n g l e s  

(6  and A )  a r e  wi th in  the  s p e c i f i e d  region f o r  t h e  LPU. 

When an LPU is wi th in  the  wake blockage (shadow) region of the  h u l l ,  

an  a t t e n u a t i o n  of l o c a l  f ree-s t ream v e l o c i t y  a t  each of the  LPU's e l e -  

mepts r e s u l t s .  Thes blockage is modeled according t o  a (1  - c o s i n e )  

functiorl  of the  wake ang le  of t h e  s p e c i f i c  LW w i t h i n  the  shadow (block- 

age)  region a s  follows: 

' - n(f i i )~[~i )$  (7-11) 
a *  

where ) denotes  the  LPU v e l o c i t y  r e l a t i v e  t o  t h e  l o c a l  a i rmass  

a f t e r  the  h u l l  wake blockage c o r r e c t i o n  has  been made and M is t h e  

(1  - cos ine )  d e f e c t  func t joa .  

The d e f e c t  func t ion  is given by: 

M(c) - 1. + [(M,, - 1.)(1.  - c o s  u)/2.]  , c1 < 4 < c2 (7-12) 

M(c) r 1 C < C ~  or C > C ~  
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where 

u - 2n(c - r,l)/(y2 - t l )  

and 

Here y l  and r;2 a r e  t h e  s t a r t i n g  and ending wake ang les  f o r  each c and 

bx is t h e  maximum v e l o c i t y  (blockage) d e f e c t  f o r  each I; wake r e g i o n  

( 0  < b, < 1 .). Thus, &, - 1. impl ies  no blockage and Lx = 0. 

impl ies  complete blockage. 

The d e f e c t  f u n c t i o n ,  M(y), de f ined  i n  Eqs. 7-12 and 7-13 is shown i n  

Fig.  7-3 f o r  t y p i c a l  values  of ~ 1 ,  ~2 and Mmx. When t h e  l o c a l  flow 

ang le  ( c )  is o u t s i d e  of the  assumed shadow region,  the  d e f e c t  f u n c t i o n  

is equal  t o  1 (no d e f e c t ) .  When t h e  LPU is completely w i t h i n  t h e  shadow 

of t h e  h u l l ' s  wake, and t h e  usc: input  maximum defec t  (Mmax) is equal  t o  

0, t h e  LPUs w i l l  be opera t ing  i n  an  e f f e c t i v e  ze ro  r e l a t i v e  v e l o c i t y  

cond i t ion  (I.@., hover).  The d e f e c t  func t ions  f o r  t h e  0 wake reg ion  

and X wake regions a r e  m u l t i p l i c a t i v e  (Eq. 7-11). 

Figure  7-3. Hul l  Wake Defect Function 
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The previous model assumed t h a t  the vehic le  was i n  pure t r a m l a t i o n ,  

and t h a t  the ambient atmospheric condi t ions were constant over the  

e n t i r e  vehic le  (i.e., uniform r e l a t i v e  wind). Modificatione t o  t h i s  

model a r e  required t o  account fo r  a r b i t a r p  t r a n s l a t i o n a l  and r o t a t i o n a l  

motion. For instance,  consider the  case when the  vehicle  is experfenc- 

ing pure pos i t ive  yaw r o t a t i o n  with no r e l a t i v e  wind ve loc i ty  a t  the 
a cv a cv 

h u l l  cen te r  of volume (xh = and xh > g). During such motion, 

LPi1-1 and LPU-4 w i l l  be operat ing i n  the  c ross  flow wake of the  hu l l .  

Unlike the previoue study t r a n a l a t i o n a l  case,  the  h u l l  wake is shed i n  

opposite d i rec t ion8  a t  the  f r o n t  and r ea r  of the vehicle.  To account 

f o r  a r b i t r a r y  motions which a r e  combinations of the pure t r a n s l a t i o n  

case t r ea t ed  above and the  pure r o t a t i o n a l  example, we define l o c a l  wake 

angles  f o r  the e th  element of the LPU as: 

where 0f , A; are the wake angles a t  the e th  element of each LPU, e.g. 

r o to r  ( e  = r ) ,  p rope l le r  (e = p), fuselage (e = f )  and, 

vhcre 1; is given by Eqs. 7-5, 7-7, and 7-9 as  appl icable .  

This model requires  the spec i f i ca t i on  of 72 input parameters, e.g., 

X1, X2, 81, 62, Mmx(8), &,(A) f o r  each of 12 LPU elements. 
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For pure translational motion (i.e., uni2orm relative wind), the 

results of Eqs. 7-14 and 7-15 will be the same for all elements. In 

that case the model reduces to that of Eq. 7-11, as it should. 

The corrected velocities, (!.$ '): are used in the conputation of the 

element aerodynamic f orces and moments. For notational eCEiciency , the 
prime ( )' is dropped. However, the corrected vector (Eq. 7-11) is 

implied in the following subsections. 

The rotor forces and moments are calculated in the "contralrind" 

axis system which is oriented by the axis of no feathering and the rela- 

t ive wind. 

The control or swashplate axes are oriented relative to the LPU axes 

by a pitch angle, B1,, in the negative sense about the LPU y-axis; and 

by a subsequent roll angle, AlS, in the positive sense about the x-axid. 

The pitch transformation matrix is given by: 

coe B1, 0 sin B1, 

L ~ l s  
= Isi: Bis cG~Bl.] 

The roll transformation matrix is: 

1 0 0 

L * l ~  = [: cos Als sin A s  

-sin Als cos AIS 
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s o  t ha t  

- Lci (7-22) 

L ~ l s L ~ l s  
I 

The usual p rac t ice  i n  formulating he l i cop te r  forces  and moments is t o  

replace t h i s  matrix by its small  angle  equivalent ( s ines  replaced by 

angles,  cosines by uni ty) ,  i n  whlch case the order of ro t a t i on  is 

immaterial. The la rge  angle form is retained here  because the  same 

matrix formulation is a l s o  used t o  descr ibe the  o r i en t a t i on  of the pto- 

p e l l e r  - much l a rge r  angles,  i n  general.  

.- 
cos B l s  0 s i n  B l s  

-sin B l S  s i n  A l s  cos A l S  cos B1, s i n  A l s  (7-21) 

-cos A1, s i n  B1, -sin A l s  cos B l S  cos A l s  - I 

The LPU body ax i s  r e l s t i v e  wind l i n e a r  and angular components a r e  

transformed i n t o  cont ro l  axes by 

where the superscr ip t  "a" on the r e l a t i v e  ve1ocit.j components has been 

dropped fo r  economy i n  notat ion.  

The azimuth angle of the r e l a t i v e  wind i n  the plane of no fea ther ing  

is  given by 
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where the subscr ip t  c has been at tached t o  the r e l a t i v e  ve lac i ty  compo- 

nents t o  ind ica te  the cont ro l  axis coordinate system. The azimuth angle 

def ines  the in-plane component of the  r o t o r  hub ve loc i ty  r e l a t i v e  t o  t h e  

a i r  mass. It a l s o  defines  the o r i en t a t ion  of the "con t ro l r ind"  a x i s  

system (subscr ip t  "cw") where 

and 

The appropriate  transformation matrix is given by: 
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The t r ans fo rmat ion  of a vec to r  expressed i n  t h e  i t h  LPU r e f e r e n c e  b a s i s  

t o  t h e  same vec to r  expressed i n  control -wind axes  is denoted by: 

where 

Lcwi = LcwcLci 

As wi th  o t h e r  or thogonal  t r ans fo rmat ions :  

The f o r c e s  and moments produced by the  r o t o r  on t h e  LPU a r e  computed 

i n  t h e  control-wind a x i s  system. Figure  7-4 i l l u s t r a t e s  t h e  s e v e r a l  

a x i s  systems cen te red  on t h e  hub. The rocor  t h r u s t ,  T, is d i r e c t e d  

o p p o s i t e l y  t o  wcw and t h e  r o t o r  h o r i z o n t a l  f o r c e ,  H, is d i r e c t e d  oppo- 

s i t e l y  t o  ucw; the  d e f i n i t i o n s  a r e  analogous t o  the  usua l  d e f i n i t i o n s  of 

l i f t  and drag on an a i r p l a n e ' s  wing. The r o t o r  s i d e  fo rce ,  Y, lies i n  

t h e  d i r e c t i o n  of T x H. The to rques  produced by t h e  r o t o r  on t h e  h e l i -  

c o p t e r ,  L, Pl, and Q, a r e  i n  t h e  p o s i t i v e  sense  about uCW, yew, and wcw. 

The control-wind a x i s  f o r c e s  a r e  expressed i n  LPU coord ina tes  by: 

The torques  a r e  r eso lved  i n t o  LPU coord ina tes  by: 
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Figcre 7-4. Rotor Coordinate Systems 

E. ROTOR FORCES AND TORQWS 

The modeling of the main ro to r  aerodynamics l a rge ly  follows t h a t  of 

Ref. 7-1. The key assumptions a r e  a s  follows: 

Constant induced veloci ty .  The rotor-induced 
ve loc i ty ,  win, is constant across  the ro to r  d i sk ,  
i s  quasi-steady, and is  described by momentum 
theory. 

Ground e f f e c t .  As  the ro to r  d i s c  approaches the 
ground (within 1.5 ro to r  diameters),  an induced 
upwash (by the ground plane) causes an increase  
i n  the ro to r  e f f ic iency .  This e f f e c t  is modeled 
by momentum theory, with approximate cor rec t ions  
f o r  non-hovering f l i g h t .  
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Rigid, planar  blades. The ro to r  blades are of 
untwisted rectangular  planfonn, a r e  r i g i d ,  and 
have a t i p  l o s s  f a c t o r  of unity.  The f lapping 
hinge is assumed located at the ro to r  hub, there- 
by s e t t i n g  the  ro to r  torques L and M t o  zero. 

Linear blade aerodynamics. S t a l l  and compressi- 
b i l i t y  e f f e c t s  a r e  ignored. 

Hull wake turbulence i n t e r f e r ence  on ro tor .  A s  
previously noted, t h i s  causes a decrease i n  the  
l i f t i n g  e f f i c i ency  of t he  r o t o r  blades. This 
e f f e c t  is modeled by an adjustment of the blade 
l i f t  curve s lope  according t o  a t h r u s t  loading 
dependency. 

Wasi-steady flapping. Only the  zeroth (coning) 
and f i r s t -o rde r  f lapping e f f e c t s  a r e  considered 
on a quasi-steady bas i s ,  i.e., no f lapping dyna- 
mics. 

Flat-plate  drag i n  vortex-ring s t a t e .  When the 
flow through the ro to r  d i sk  approaches zero, t he  
model is replaced by one which represen ts  the 
ac tua tor  d i sk  a s  a f l a t  p la te .  

The ro tor  speed is assumed constant.  

The cont ro l  inputs  f o r  the ro to r  a r e  the  c o l l e c t i v e  de f l ec t i on ,  go, 
and thc longi tud ina l ,  Bls,  and l a t e r a l ,  Als, cyc l i c  de f l ec t i ons  of the  

"axis of no feathering." The remaining inf luences are the  r e l a t i v e  
T T 

wind, [u, v, w],,, t h e  r e l a t i v e  angular r a t e ,  [p ,  q, rlCw, and ro to r  hub 

height above the ground. 

The ro tor  forces  and torques a r e  defined i n  terms of dimensionless 
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This subsect ion and the one following i t  present  the basic  equat ions 

f o r  t h rus t  coe f f i c i en t  and r o t o r  induced v e l o c i t i e s  with the necessary 

cor rec t ions  f o r  ground e f f e c t s .  These equations p a r a l l e l  those of 

Bramwell (Ref. 7-! ) , with ground e f f e c t  cor rec t ions  due t o  Heyson (Ref. 

7-2). The l i f t  curve s lope (a) ,  which is a f f ec t ed  by the h u l l  proximity 

and th rus t  loading ( t h r u s t  loading = t h rus t / d i sk  a rea) ,  i s  assumed known 

a p r i o r i  i n  the following development. Subsection G presents  an algor-  

ithm f o r  making t h i s  h u l l  turbulence cor rec t ion ,  a s  w e l l  a s  a model f o r  

non-hover ground e f f ec t s .  

The equations which follow represent  the aerodynamics of a s i n g l e  

ro to r  without reference t o  the LPU numbering system. The subscr ip t  i 

used previously is dropped.) Sca la r  equation forms a r e  adopted f o r  

no t a t i ona l  convenience. The subscr ip t  "in" s i g n i f i e s  ro to r  "self-  

induced" ve loc i ty .  

The t h r u s t  c o e f f i c i e a t  is given by: 

where the s eve ra l  constants  a r e  defined below: 

p = Air densi ty  

A = I T R ~ ,  a c tua to r  d i sk  a r ea  

R = Effec t ive  blade radius  (accounts f o r  t i p  l o s s  
f ac to r  i f  des i red)  

o bc/~rR, s o l i d i t v  r a t i o ;  b is the  number of 
blades and c the  chord length 

a = L i f t  curve s lope 
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The remaining variables in Eq. 7-36 are: 

a) Advance ratio, IJ 

b) Inflow ratio, X 

where 

win is the rotor self induced velocity, win > 0 for 
CT > 0 (i.e., thrust direction collinear with the 
negative control axis direction, Fig. 7-4). 

Aw ground induced velocity, Aw < 0 for CT > 0 and 
LPU upright. 

Dividing and multiplying by win, 

where 

Heyson (Ref. 7-2) has determined the dependency of AW/W~, on non- 
A A 

dimensional rotor height, h (h z rotor height/rotor diameter) from 

momentum considerations. Figure 7-5 presents a plot of GEF (= ground 
A 

effect) versus h based on Heyson's results for hovering flight. Cor- 

rections for non-hovering flight conditions are made later in Subsec- 

tion G. The data presented in Fig. 7-5 can be described analytically by 

the function: 



GEF 

0.6 

0.5 1.0 1.5 
Nondirnensional Rotor Height, R 

Figure  7-5. Rotor Ground E f f e c t  i n  Hovering F l i g h t  

where 

KGR = A user-supplied curve  f i t  cons tan t  de r ived  
from Fig. 7-5 o r  o t h e r  available da ta .  

The equat ion f o r  the  t h r u s t  c o e f f i c i e n t  n e g l e c t s  the  e f f e c t s  of t h e  

angu la r  v e l o c i t y  of t h e  control-wind r e f e r e n c e  frame wi th  r e s p e c t  t o  t h e  
* 

a i r  mass. Th i s  approximation is very good f o r  the  low speed,  low angu- 

l a r  r a t e  f l i g h t  c o n d i t i o n s  a n t i c i p a t e d  f o r  t h e  HLA where ppc,/Q << 1. 

The i n e r t i a l  gyroscopic  e f f e c t s  a r e  r e t a i n e d ,  a s  d i scussed  later i n  Sub- 

s e c t i o n  I. 

The induced v e l o c i t y ,  win, is given by (Ref. 7-3): 

- - -- - * 
The e a r l i e r  omission of the  a i rmass  angu la r  ( g r a d i e n t )  s t a t e s  a t  

the  LPU l o c a t i o n s  is c o n s i s t e n t  wi th  t h i s  approximation. 



where VR is the  r e s u l t a n t  v e l o c i t y  of the  r o t o r  hub given by: 

These equa t ions  f o m  t h e  b a s i s  of an  i t e r a t i v e  procedure f o r  determining 

t h e  t h r u s t  c o e f f i c i e n t  t o  be desc r ibed  i n  t h e  following paragraphs. 

1. Iteratfve Solution for ui, 

The a lgor i thm is somewhat more complex than t h a t  u s u a l l y  employed 

because CT and X f requen t ly  approach ze ro  i n  t h e  HLA a p p l i c a t i o n .  Rotor 

o p e r a t i o n  near  zero  t h r u s t  i s  t y p i c a l  f o r  t h e  t h r u s t i n g  r o t o r ?  near  

hover and f o r  t h e  l i f t i n g  r o t o r s  vhen opera t ing  i n  a n e u t r a l  buoyancy 

condi t ion.  The procedure involves  a p p l i c a t i o n  of a  Newton-Raphson pro- 

cedure t o  d e f i n e  win wi th  a check t o  v e r i f y  t h a t  t h e  proper s o l u t i o n  has  

been found. The i n i t i a l  guess t o  start t h e  procedure is determined from 

a s impler  bat  of equat ions  a p p l i c a b l e  t o  t h e  hover f l i g h t  cond i t ion .  

Along t h e  way the  flow condi t ions  implied by the  success ive  i t e r a t i o n s  

a r e  monitored f o r  proximity t o  t h e  vor tex  r i n g  s t a t e  where t h e  equa t ions  

a r e  no longer va l id .  I n  t h i s  e v e c t ,  t h e  a lgor i thm branches t o  a sepa- 

rate c a l c u l a t i o n  of CT and X based on approximating t h e  zero  flow condi- 

t i o n  by f l a t  p l a t e  drag. 

The equa t ions  f o r  the  Newton-Rapheon i t e r a t i o n  a r e  formulated a s  

follows. Equations 7-33 ( t h r u s t  c o e f f i c i e n t )  and 7-41 are combined t o  

y i e l d  an express ion f o r  the  t h r u s t  c o e f f i c i e n t  i n  terms of Vg, win and 

Aw: 

The previous express ion f o r  CT and Eqs. 7-38 and Eq. 7-41 a r e  s u b s t i -  

tu ted  i n t o  Eq, 7-36 on the  l e f t -  and right-hand s i d e s .  When a l l  term8 

a r e  moved t o  the  left-hand s i d e  t h e r e  r e s u l t s :  



The function F(win) is to be driven to zero by the Newton-Raphson proce- 

dure. This requires the deriva-ive of F(win) with respect to win, given 

by : 

The partial derivative on the right-hand side is obtained from Eq. 7-42 

as : 

Upon substitution into Eq. 7-45: 

Equations 7-44 and 7-47 are evaluated at the chosen value of win to 

estimate the change in win required to set E'(win) to zero. The itera- 

tion is repeated until the change in win is reduced to some appropri- 

ately low level. The iteration requires a beginning value for win. The 

initial guess is obtained as follows. 

2. Startfng Value for v i  

Assume the hover flight condition where ucw = wcw = 0. From Eqs. 

7-38 and 7-61 the thrust coefficient is determined to be: 
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C~ = ";over f o r  CT, go > 0 

= -212 f o r  CT8 8, < 0 
hover 

where 

Upon s u b s t l t u t l o n  i n t o  Eq. 7-36, two condi t ions  are ob ta ined  dependlr; 

upon t h e  s i g n  of 8, and Cy: 

aa(GEF) - aa(GEF) 8, 
$over - 8 Xhover 12 

= 0 %, 00 > 0 

ao(GEF) aa(GEF)B0 
12 + -- 8 Xhover + -  12 

= 0 
hover CT, 80 < 0 

For B0 > 0, t h e  f i r s t  of these  equat ions  a p p l i e s  and t akes  t h e  negat ive  

root .  For 8, < 0, t h e  second equa t ion  is solved f o r  t h e  p o s i t i v e  root .  

The i n i t i a l  guess f o r  win is then given by: 

This guess f s  used t o  start t h e  i t e r a t i o n  procedure f o r  determining t h e  

induced v e l o c i t y  us ing Eqs. 7-44 and 7-47 with Eq. 7-37 ( f o r  p) and 7-42 

( f o r  VR). 

The procedure can r e s u l t  i n  convergence on t h e  vrong root  f o r  win. 

To check f o r  t h i s  p o s s i b i l i t y ,  ano ther  equat ion f o r  win is solved us ing 

t h e  t h r u s t  c o e f f i c e n t  implied by t h e  i t e r a t i v e  s o l u t i o n .  The check 

s o l u t i o n  is developed a s  follows. 
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3. Occk Sol~ltloll for V& 

Define a normalizing v e l o c i t y ,  UT, a8 follows: 

(win )hover ' out  of ground e f f e c t  

Then d e f i n e  normalized va lues  of win, , wcw, and t:2 + w2 as follows: 
cw cw 

Equations 7-42 and 7-43 can be combined t o  e l i m i n a t e  CT and normalized 

t o  y i e l d  the  fo l lowing four th-order  equa t ion  i n  W i n :  

The coef f  l c i e n t s  of t h i s  equa t ion  a r e  eva lua ted  us ing  the  t h r u s t  coef f  i- 

c i e n t  implied by the  converged s o l u t i o n  f o r  win obta ined p rev ious ly .  

Figure  7-6 shows a s k e t c h  of the  p o s i t i v e  s o l u t i o n s  f o r  Eq. 7-53 f o r  

the  ze ro  forward speed c a s e  and no ground e f f e c t  (i.e.,  GEF = 1).  Posi -  - 
t i v e  wcw is t o  the  l e f t ,  thereby mainta ining t h e  same o r i e n t a t i o n  of t h e  

p l o t  a s  shown i n  t h e  u s u a l  t e x t s  (e.g., Refs. 7-1, 7-3, and o t h e r s )  

where the  s i g n  convention f o r  G,, i s  i n  t h e  o p p o s i t e  sense.  An exper i -  

mental  s o l u t i o n  is a l s o  sketched t o  i n d i c a t e  t h e  d i f f e r e n c e s  between 

theory and experiment i n  r eg ion ,  2 > GW > 0, nominally i d e n t i f  l e d  a s  

t h e  "vortex r i n g  s t a t e . "  



The s m a l l e s t  p o s i t i v e  t o o t  is t h e  c o r r e c t  one. k can be seen from 

t h e  ske tch ,  s o l v i n g  f o r  t h i s  r o o t  can break dovn i n  t h e  reg lon  near  - 
wcw - 2 as t h e  s lope  of the  curve becomes i n f i n i t e .  Fur ther ,  i n  s o l v i n g  

f o r  win uoing Eqo. 7-44 and 7-47, t h e  i t e r a t i v e  procedure can converge 

on t h e  wrong root  i f  t h e  f l w  condi t ione  p lace  t h e  roo t  i n  t h e  windmill  

brake s t a t e .  

The ske tch  a l s o  shows t h a t  the  d i f f e r e n c e  between thc t h e o r e t i c a l  

and exper imental  curves  i n  t h a t  p o r t i o n  of t h e  vor tex  r ing  s t a t e  where 

0 < Gcw < 1.5 is not se r ious .  Consequently, t h e  thcorecfr  .:luticn ie 

taken as the  t r u e  one o u t s i d e  t h e  crosshatched region b: d e p a r t u r e  

from t h e  experimental  curve is r e l a t i v e l y  l a r g e  and/or t h e l c  ace numeri- 

c a l  d i f f i c u l t i e s  i n  so lv ing  f o r  W i n .  When GEF - 1, t h i s  region marks t h e  

cond i t ion  where: 

When ground e f f e c t s  a r e  present  (GEF < 1). t h e  crosshatched region 

of Fig. 7-6 (vor tex  r i n g  s t a t e )  s h i f t s  t o  t h e  r i g h t  with decreas ing  

ground he igh t  (GEF decreas ing) .  Therefore,  as t h e  ground he igh t  

decreases ,  t h e  vor tex  r i n g  s t a t e  w i l l  be encountered with ~ m l l e r  

descent  r a t e s  than f o r  the  r o t o r  opera t ing  out  of ground e f f e c t  opera- 

t ion .  An a n a l y s i s  of the  s h i f t  of the  vor tex  r i n g  s t a t e  region (Eq. 

7-54) with ground e f f e c t  cons tan t  (CEF) y i e l d s  t h e  following approximate 

express ion def in ing  t h e  "vortex r i n g  ~ t a t e . "  

1.1 + GEF < ic, < 0.5 + GEE' (7-55) 

When the  c r i t e r i o n  of Eq. 7-55 is s a t i s f i e d ,  a change is made t o  an 

a l t e r n a t e  means of c a l c u l a t i n g  t h e  induced flow and t h r u s t  c o e f f i c i e n t  

based on f l a t  p l a t e  drag. 

I n  using the  smal les t  p o s i t i v e  root  of Eg. '-53 a s  a check on t h e  

i t e r a t i v e  s o l u t i o n  of 9q. 7-44, the  procedure is as follows. I f  the  two 

r o o t s  agree ,  the  c o r r e c t  root has been obta ined and both (+ and win have 

been determlned. If  they d i sagree ,  t h e  i t e r a t i v e  procedure is r e s t a r t e d  
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using the  smallest  posi:ive root  of Eq. 7-53 (which i o  not the co r r ec t  

answer because of the incor rec t  t h rus t  c o e f f i c i e n t  used i n  computing t h e  

polynomial coef f l c i r n t s  ) . Throughout the procedure the value of Gcw is 

monitored aga ins t  the c r i t e r i o n  of Eq. 7-55. I f  t h i s  condi t ion occurs,  

the program branches a8 indicated i n  the preceding paragraph, ~ n d  p r i n t s  

a message t o  the user.  

4. F l a t  P l a t e  Draq Solution 

Thie so l c t i on  approximates f o r  the  t h t u s t  coe f f i c i en t  and induced 

f i w  i n  the crosshatched region of Fig. 7-6  by assurntng tha t :  

( positive roots ) 77 

Windmill Vortex 
Brake Ring 
State Stcte 

Normal 
Operat ~ n g  

State 

Figure 7-6. Sketch of Normalized Inflow Velocity vs. Normalized 
Ver t ica l  Speed f o r  Zero Foward Specd 

GEF = 1 (No Ground Ef fec t )  

7-24 
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(GEF)win wcw 

meanin$ tha t  there i e  zero t o t a l  flow through the ac tua tor  disk. 

Because there is zero flow, the disk is modeled a8 a f l a t  p l a t e  having 

area equal t o  tha t  of the ac tua tor  disk. The t h r u r t  i m  given by8 

The th ru r t  coef f ic ien t  is therefore: 

where 

and from Eq. 7-56 

Th is  cquat tot1 provides the cor rec t  i imi t ing  case (au toro ta t ion)  r e s u l t  

for  CD - 1.23. For accelerated c r  non-axial motion, e r r t r s  a r e  in t ro-  

duced by the opproxiaat ion. 

An indicat ion of the operating regime of the ro tor  may be gained 

from the following approximate expression (Ref. 7-3) f o r  the ro tor  mean 

l i f t  coef f ic ien t  (EL): 

CT ?.a the converged thruut coef f ic ien t  r e su l t  of 
Eq. 7-36. 
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The assumption of l i n e a r  aerodynamics employed i n  the  blade element 

theory r e s u l t  of Eq. 7-36, requires:  

The ca lcu la ted  values of EL and provide important information on t h e  

v a l i d i t y  of the ro to r  (and prope l le r )  models i n  various f l i g h t  regimes. 

The r e s u l t s  of Eqs. 7-61 and 7-62 a r e  i nva l id  f o r  "vortex r i ng  state" 

operat  ion. 

6. ADDITIONAL INTERFERENCE EFFECTS 

This sec t ion  prescnts  models f ~ r  ro to r  ground e f f e c t s  i n  a non- 

hovering f l i g h t  condi t ion and h u l l  wake turbulence i n t e r f e r ence  on the 

ro to r  operation. These models a r e  f i r s t  be presented ind iv idua l ly ,  then 

followed by a discussion of t he  algori thm which permits the simultaneous 

ca l cu l a t i on  of these e f f e c t s  wi th in  the  simulation. 

1. Rotor Ground Kffect In bn-fiovering F l i g h t  Conditions 

The problem of determining the  mult i tude of groundlrotor vor tex  

i n t e r ac t i ons  i n  non-hovering f l i g h t  condi t ions has been thoroughly 

t r ea t ed  by Heyson (Refs. 7-2, 7-4). H i s  r e s u l t s  show a s i g n i f i c a n t  

decrease i n  ro tor  ground e f f e c t  with small forvard speed (or  e f f e c t i v e  

r e l a t i v e  wind). Such reductions i n  ground e f f e c t  a l s o  occur i n  hovering 

f l i g h t  with non-vertical wake o r i en t a t i on  due t o  vehic le  p i t ch  or  r o l l .  
* 

In  the  present model, these e f f e c t s  a r e  l a rge ly  r e f l ec t ed  by changes i n  

the ground induced ve loc i ty  (Aw), through its def in ing  r e l a t i o n s  (Eq. 

7-39 and 7-40). 

* 
We neglect the  remaining small grouud induced v e l o c i t i e s  about the  

other  axes. 



An approximnte e x p r e r r i o n  f o r  GISF 10 obta ined from the theory of 

Ref. 7-4 which l e l d r  *r 

where 

n 

h ,  f f i H  have bean p rev ious ly  de f ined  (Lq. 7-40) 

and 

Xa t h e  e f f e c t i v e  wake o r l e n t a t l o n  ang le  wi th  n r p e c t  

t o  the  i n a r t t u l  v a r t l c a l  a x i r .  

Thio a f f e c t i v e  waka r n g l e  account* f o r  t h e  d i e t o r t i o n  of the  geometr ic  

wake rngle ( x )  a t  the  r o t o r  due t o  wake r o l l - u p  e f f e c t s .  It m y  be c a l -  

c u l a t e d  from the  f o l l o v i n y  equa t ion  (Haf. 7-2): 

.2 t a c  xu - 7 t a n  x 

whe ra 

as i n  Figure 7-7 (tarken from Ref. 7-2). Whence, 

eu aw aw 
The i n u r t i a l l y  referenced r o t o r  wake v s l o c i t l a r  (uI  , v~ , wf ) of 

Eq. 7-65 are determined from: 

* 
For u y r t g h t  hover (xe  - 0),  Rq. 7-63 raducer t o  Bq. 7-40 a e  i t  

rhou ld . 
TW-1151-2-11 7 4 ' 7  
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Rotor Tip Path Plane 

Figure 7-7. Rotor Wake Geonetry for Non-Hovering 
Fl ight;  from Ref. 7-2 

where 

and 

where 

ucw, vcW, wcw, are determined from Eq. 7-26 

w i e  determined from the i t era t ive  proceea of in 
Eqs. 7-44  and 7-47 .  
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The computa t iona l  implementa t ion  of Eq. 7-63 p r r r s n t a  a n  i t a r r t i v e  

problem: 

a )  CEP f (k)  , Bg. 7-63 

While i t  v ~ u l d  be y o s s i b l a  t o  Lnc-rporata t h e  i n t e r n t i v e  computa t ion  of 

CSF w l t h i n  t h e  p rev ious  Newtun Raphaon procedure  ;Subsac t ion  F) t h e  f o l -  

l c v l n g  approximate  scheme was implemented: 

a )  Set CEF - 1 (out  of ground e f f e c t )  

b)  I t e r a t i v e l y  c a l c u l a t e  win,  C+, Eqs. 7-L4, 7-0.1, 
7-43 

c )  C a l c u l a t e  x,, GKF, Eqs. 6qs. 7-b5, 7-63 

d )  l t e r a t i v a l y  r e c r l c u l a t e  win,  C y ,  Bqs. 7-44, 7-47, 
7-4 3 

T h i s  "two pass" s ra lu t ton  has  proven t o  be w i t h i n  tlre o v e r u l l  l e v e l  of 

accu racy  of t h e  a imula t  ion.  

2. Hull  Wake Tbrbulence  I s t a r f e n a c e  oa the Rotor 

Wind t u n n e l  tests on HW c o n f i ~ u r p r t i o n s  have shown a s i g n i f i c a n t  

duc rause  tn  r o t o r  t h r u s t  ( a t  c o n s t a n t  c o l l e c t i v e  p i t c h  s e t t i n g )  due t o  

h u l l  proximity i n  both Irovertug and forward f l i g h t  c o n d i t i o n s  ( R e f .  

7 .  Th i s  e f f t w t  is most s i g n i F i c a n t  (20 p e r c e n t  t h r u e t  d e c r e a s e )  a t  

lower t h r u s t  l u v e l s ,  and less imyortolrt  a t  t h e  higlrer  t h r u s t  l e v e l s  

wt14:e r o t o r  i ~ ~ d u c e d  f lows become b e t t e r  de f ined .  The r o t o r  p lecements  .. 
a r c  daf inud by t h e  no~:lmensional  parameter ,  L r  i ( l a t e r a l  s e p a r a t i o n  

between r o t o r  hub and h u l l  c r n t e r l i t r e ) / h u l l  d i ame te r .  Aa expec ted ,  

hul l /wnke t u r b u l e n c e  i n t e r f e r e n c e  dec rou ;~eo  w i t h  incrclused s e p a r a t i o n  
a 

betwaen tho  h u l l  and r o t o r  ( i n c r e a s i n y  Lr). 

The data df Ref. 7-5 a r e  r a p l o t t e d  i n  Fig. 7-8 to rhow t h e  depen- 

dance of t h r u s t  r a t  t o  ( r o t o r  t h r u s t  in  t h a  presence  of t h e  h u l l / l e o l a t e d  



Isolated Rotor 
KHRA 
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0.8 - 
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Figure  7-8. Hul l  Wake Turbulence E f f e c t   or^ Rotor Thrust  

r o t o r  t h r u s t )  on r o t o r  d i s k  loading ( i s o l a t e d  r o t o r  th r l l s t /d i sk  a r e a )  
A 

f o r  t h r e e  r o t o r  l o c a t i o n s  (Rr). The t rends  demonstrated i n  t h i s  f i g u r e  

suggest  t h e  fol lowing form f o r  t h r u s t  r a t i o  based on i s o l a t e d  d i s k  load- 

ing: 

T - I 
To 

1 - ( ~ R A  - I T ~ I / A ) K H R B  , ITol/A < KHRA 

where 

T = t h e  r o t o r  t h r u s t  i n  the  presence of the  h u l l  
i n t e r f e r e n c e  



To = the  i so l a t ed  ro to r  t h rus t  

A = ro to r  d i s c  a r ea  

I W ,  KHRB = input  constants  ( separa te  values f o r  each r o t c r )  

The data  of Fig. 7-8, appl ied t o  the model form of Eq. 7-68, show the  

parameter KHRA t o  be constant with ro tor  placement, while KHRB decreaees 

with increasing hu l l / ro to r  separat ion.  The dependence of KHRB on h u l l /  
A 

r o t o r  separa t ion  ( f i r )  is shorn i n  Fig. 7-90 

The exact cause of the in te r fe rence  e f f e c t  of the h u l l  on the ro to r  

a t  zero s i d e s l i p  has not been establ ished.  Calculat ions have shown t h a t  

the  mean ve loc i ty  magnitude and d i r e c t i o n  of the  ro to r  f reestream is not 

Figure 7-9. Variat ion of Hull In te r fe rence  ?arameter 
KHRB with Rotor Placement 



s i g n i f i c a n t l y  d i s to r t ed  by the h u l l  f o r  the  ro to r  loca t ions  which were 

inves t iga ted  during the wind tunnel  test program, Ref. 7-5. The s i g n i f -  

i c a n t  decrease i n  r o t o r  t h r u s t  c a p a b i l i t y  ( a t  a constant c o l l e c t i v e  

p i t c h  s e t t i n g )  may therefore  r e l a t e d  t o  the  impinging of the  h u l l  wake 

on the  ro tor  inflowing freestream. The i n f l u x  of hull/wake turbulence, 

a s  i n  the case of f r e e  stream turbulence e f f e c t s  on a wing, causes a 

reduct ion i n  the ro to r  blade l i f t  curve s lope  (a). We may, therefore ,  

i n t e r p r e t  Eq. 7-68 t o  be an i n t e r f e r ence  co r r ec t i on  on the  i s o l a t e d  
* 

r o t o r  l i f t  curve s lope (ao:. 

The ca l cu l a t i on  of the ro to r  blade e f f e c t i v e  l i f t  curve s lope  from 

Eq. 7-68 requi res  a knowledge of t he  i s o l a t e d  r o t o r  t h r u s t  loading 

(To/A). Once the i so l a t ed  ro to r  condi t ions a r e  ca lcu la ted ,  the l i f t  

curve s lope i n t e r f e r ence  co r r ec t i on  can be made, and the so lu t ion  f o r  

ro to r  condi t ions including in t e r f e r ence  e f f e c t s  can be determined: 

a )  Set a au  

b) I t e r a t i v e l y  ca l cu l a t e  i so l a t ed  ro to r  condi t ions 
win, CT, Eqs. 7-44, 7-47 

d )  I t e r a t i v e l y  r eca l cu l a t e  $, win, Eqs. 7-44, 7-47 

Aa i n  the case of the algorithm f o r  ca l cu l a t i ng  non-hover ground 

ef f  ec tu ,  the present scheme f o r  h u l l  and ro to r  in te r fe rence  ca l cu l a t i ons  

requires  a two pass process. Also, the ro tor  ca lcu la t ions  including 

non-hover ground e f f e c t s  should be evaluated before the h u l l  on ro to r  

i n t e r f  erence e f f e c t s  a r e  determined. Such a process would requi re  four  

passes through the Newton-Raphson algorithm f o r  each ro tor  (and each 

prope l le r ) .  In  order  t o  reduce the  computational requirements and s t i l l  

r e t a i n  a s u f f i c i e n t  ove ra l l  l e v e l  of accuracy, the following two pass 

algorithm is implemented: 

a )  Set GEF = 1 
Set  a - a. 

* 
The symbol f o r  the i so l a t ed  ro to r  l i f t  curve s lope (ao) should not 

be confused v i t h  t ha t  f o r  the ro to r  coning angle (Eq. 7-69). 
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b) I t e r a t i v e l y  c a l c u l a t e  vin, CTD Eqs. 7-44, 7-47 

c)  C a l c u l a t e  h, CEF, Eqs. 7-65, 7-63 

d )  C a l c u l a t e  a - ao(T/To), Eq. 7-68 

e )  I t e r a t i v e l y  r e c a l c u l a t e  win, CTD Eqs. 7-44, 7-47 

The r o t o r  coning  and f l a p p i n g  a n g l e s  are needed i n  t h e  c a l c t r l a t i o n  

of t h e  remaining  f o r c e  and t o r q u e  c o e f f i c i e n t s .  

The r o t o r  f l a p p i n g  angle, B, is p o s i t i v e  f o r  b l ade  d e f l e c t i o n s  above 

t h e  p l a n e  of no f e a t h e r i n g .  0 is a f u n c t i o n  o f  6, t h e  az imutha l  pos i -  

t i o n  of t h e  b l ade  as i t  advances around t h e  r o t o r  d i s k  ( s e e  Fig.  7-l),  

s t a r t i n g  a t  the  downwind p o s i t i o n .  Thus: 

P($) = a, - a1 c o s  g - b l  s i n  $ (7-68) 

where t h e  f l a p p i n g  c o e f f i c i e n t s  a r e  g iven  by t h e  fo l lowing :  

1. Coning Angle, a* 

4 
a, = k e 0 ( 1  + p 2 )  + y  A 

T h i s  e x p r e s s i o n ,  l i k e  t h a t  f o r  t h e  t h r u s t  c o e f f i c i e n t ,  n e g l e c t s  t h e  

dependency on pCw (Ref. 7-1). It a l s o  n e g l e c t s  t h e  i n f l u e n c e  of grav:ty 

a c t i n g  on t h e  b l a d r  mass ( t e n d s  t o  reduce a, f o r  l i f t i n g  r o t o r s ) .  The 

v a r i a b l e  y is t h e  Lock number, g iven  by: 

where 1s is t h e  b lade  moment of i n e r t i a  abou t  t h e  Lub. 
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2, Lo@tudinrl Flappiug Angle, a1 (Ref ,  7-6) 

where a1 is  defined a s  pos i t i ve  f o r  t i p  path plane 
t i l t i n g  backwards (pos i t i ve  sense ro t a t ion  about Y, 
oee Fig. 7-1). 

3. lateral Flapping Angle, bl ( R e f .  7-6) 

where bl i s  defined pos i t i ve  f o r  t i p  path plane tilt- 
ing t o  the r i g h t  (when viewed from the r ea r ) ;  thus a  
pos i t i ve  ro t a t ion  about X (Fig. 7-1). a. is given i n  
Eq. 7-69. 

The horizontal  force  coe f f i c i en t ,  CH, is given by (Ref. 7-1): 

The blade drag coeff i - . ient ,  6, is ca lcu la ted  by the following quad- 

r a t i c  funct ion (Ref. 7-3) of mean blade angle of a t t a c k  (<) 

where 

6,, 6br  6c a r e  input constants  

- 
a is given i n  Eq. 7-62 
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2 
This equation neglect8 terms i n  I?, b l ,  pew, and qcw which a r e  

judged i n  Ref. 7-7 t o  be negl ig ib le .  However, there  remains an l ~ p l i c i t  

dependence on pCw and qcw through a l e  The r e su l t i ng  dependence on qcw 

is  exact  f o r  hover (Ref. 7-1) and q u i t e  adequate f o r  lw speed f l i g h t .  

T5e drag coe f f i c i en t  funct ion is used t o  allow near-zero t h r u s t  l eve l s ,  

where the  standard value of 6 = 0.012 is no longer accura te  (Ref. 7-3). 

The hor izonta i  fo rce  c o e f f i c i e n t ,  Cy, is given by (Ref. 7-1): 

where bl is the l a t e r a l  f l apping  coe f f i c i en t ,  pos i t i ve  f o r  the  t i p  path 

plane t i l t i n g  t o  the  r i gh t  (pos i t i ve  sense about ucw). This equation 

approximites the l a t e r a l  fo rce  c o e f f i c i e n t  a s  being e n t i r e l y  due t o  

:.stera1 f lapping and r e t a i n s  the  major r o l l  damping e f f e c t  c i t e d  i n  

Ref. 7-6. 

The torque c o e f f i c i e n t ,  Cg, is given by (Ref. 7-1): 

where the f i r s t  term is the cont r ibu t ion  of p r o f i l e  and induced drag and 

the remaining terms a r e  due t o  t h rus t .  The torque a c t s  i n  a pos i t i ve  

sense about wcw, a s  the d i r e c t i o n  of ro to r  ro t a t i on  is assumed counter- 

clockwise (as  viewed from above). 

The power required (Preg) t o  maintain a constant ro tor  angular speed 

i s  : 

where 

Q is obtained from Eqs .  7-76 and 7-35. 
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The power required is converted t o  horsepower (Eaglish u n i t s )  by 

dividing Preq by 550, o r  t o  Kilowatts (S.A. Units) by dividing Preq by 

1000. 

3. PeOPBLtgP FORCES AH0 TORQUES 

The equations f o r  the  prope l le r  fo rce  P' and torque dip a r t  * Ji 
i d e n t i c a l  t o  those used f o r  the ro to r  except f o r  neglect ing f lapping and 

coning degrees of freedom. The assumptions t ha t  a r e  out l ined i n  Eec- 

t i on  E concerning the development of the ro to r  models apply t o  the  pro- 

p e l l e r  a s  well. The prope l le r  forces  and moments depend on the l o c a l  

r e l a t i v e  wind, 1; a t  t he  prope l le r  hub ( including h u l l  and r o t o r  

i n t e r f e r ence  e f f e c t s )  resolved t o  " c o n t r o l r i n d "  axes (e  .go, Eq. 7-23 

and 7-24) f o r  the propel ler .  The angles  A1,, Bls now def ine  the orien- 

t a t i o n  of the prope l le r  ro t a t i on  vector  (s) ( a l s o  the  pos i t i ve  t h rus t  

d i r ec t i on )  r e l a t i v e  t o  the LPU reference a x i s  (Figure 7-10). 

An add i t i ona l  s t e p  i n  the  ca l cu l a t i on  of p rope l l e r  forces  and 

tarques,  is t o  co r r ec t  the l o c a l  r e l a t i v e  wind a t  the prope l le r  (from 

Eq. 7-16, e = p) f o r  ro to r  in te r fe rence .  The r e l a t i v e  l oca l  f ieestream 

ve loc i ty  of the  prope l le r  hub is adjusted t o  account f o r  the r o t o r  

induced downwash: 

where 

8 

(6 ') denotes V? - fro" Ep. 7-7, corrected f o r  h u l l  

ve loc i ty  blockage with Eq. 7-11, and a l s o  corrected 

f o r  ro to r  i n t e r f e r ence  

KRP is an input  constant f o r  each LPU t ha t  accounts 

fo r  the r e l a t i v e  proximity of the ro to r  and prope l le r  

(0  < KRP < 2.0) 
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rotation 
ve:tor,Slp 
is in the 
negative Zpi 
direction 

Note: Positive Sense 
Angles Shown 

i 

Figure 7-10. Orientat ion of Propel ler  Shaft  Axes Relat ive 
t o  the LPD Reference Frame 

and 

with GEEr aa i  w i n  obtained from the previous ro to r  ca l cu l a t i ons  f o r  r 
t he  respectLve LPU (e.g. r o to r  1 fo r  ro to r /p rope l l e r  i n t e r f e r ence  on 

prope l le r  1 ). 

Havir,g obtained the r e l a t i v e  l s L a l  flow ve loc i ty  a t  each of the pro- 

p e l l e r  hub. i n  coordinates of the  LOU c.g. reference axes, (d ')', 
the  ro tor  equations a r e  entered s t a r t i n g  with the axis transformations 

and ve loc i ty  reeolut lons (Eq. 7-19 t o  7-31). The ca l cu l a t i ons  of pro- 

p e l l e r  ground e f f e c t s  a r e  re ta ined  i n  order t o  allow f o r  v e r t i c a l l y  
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or ien ted  propel lers .  For ho r i zon ta l l y  t h rus t i ng  prope l le rs ,  t he re  

effen,ta w i l l  be neg l ig ib l e  (x, 2 90 deg, GEF a 1). The h u l l  wake turbu- 

lence in te r fe rence  on the prope l le r  is calc:rlated, a r  before,  with a- 

adjustment on the prope l le r  e f f e c t i v e  l i f t  curve slcrpe. A l l  second 

order  e f f e c t s  of hu l l / ro to r /p rope l l e r  wake i n t e r a c t i o n  a r e  ne. lected.  

Next the  prope l le r  hor izonta l  fo rce  is ca lcu la ted ,  with the  f lapping  and 

coning coe f f i c i en t s  a l l  equal t o  zero because the  prope l le r  is assumed 

r ig id .  Thus, t he  l a t e r a l  fo rce  c o e f f i c i e n t ,  C y ,  i s  a l s o  neglected 

(Eq. 7-75). The p i tch ing  and r o l l i n g  moments of the prope l le r  hub are 

neglected i n  comparison with t he  moments g+nerated by the  p rope l l e r  

t h r u s t  fo rce  t r a n s f e r  t o  the Lt'U center  of gravi ty .  This is cone is ten t  

with t he  s imi l a r  assumption of neg l ig ib l e  r o t o r  hub moments ( f lapping  

hinge a t  the  ro tor  hub) i n  comparison with the ro to r  t h r u s t  t r a n s f e r  

moments t o  the LPU center-of-gravity. 

The forces  and moments on the  LPU fuse laae  a r e  ca lcu la ted  from 

simple models which depend on the r e l a t i v e  l o c a l  airmass ve loc i ty  ~f t he  

fuselage aerodynaniic reference center.  The r e l a t i v e  . -3oci ty  vector ,  

which is ca lcu la ted  from vehic le  kinematics,  locar  . - iuu~.~hcrz  environ- 

ment s t a t e s ,  and hul.1 ve loc i ty  blockage e f f e c t s ,  i s  corrected fo r  raker 

and prope l le r  downwash in te r fe rence :  

,in r - in (7-80) ( 1 '  = G - i w r  ! ( ~ ~ ) ( ~ i c w )  Vcw 

where 

f  ' ( ] denotes V: corrected f o r  ro to r  aud propel- 
l e r  in te r fe rence-  

' is obtained from Eg. 7-9 and corrected fo r  h u l l  
ve loc i ty  blockage with Eq. 7-16 

KRf, KPP a r e  input cons tan ts  f o r  each LPU t h a t  
account for  the r e l a t i v e  proximity of the ro to r ,  pro- 
p e l l e r ,  and fuselage (0  < KRF, KPF < 2.0) 
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is from Eg. 7-31 

( L ~ ~ , , ) ~  is from Eg. 7-31 w i t h  t h e  a p p r o p r i a t e  d e f i n i -  
t i o n  f o r  AlS and BlS a8 g iven  i n  t h e  p rev ious  Subsec- 
i i o n  

,,in r . .  is from Eq. 7-79 

and 

w i t h  GEPp and w i  ~ b t a i n e d  from t h e  p rev ious  p r o p e l l e r  c a l c u l a t i o n s  f o r  
"P 

t h e  r e s p e c t i v e  LPU. 

The r e l i a t i v e  v e l o c i t y  f o r  LPU-fuselage 1 is c o r r e c t e d  o n l y  f o r  

i n t e r f e r e n c e  by r o t o r  1 and p r o p e l l e r  1. Second o r d e r  e f f e c t s  betweer, 

LPUs a r e  neg lec t ed .  

The fo l lowing  f u s e l a g e  model g iven  h e r e  is taken  from Ref. 7-6, but 

assumes no c o n t r i b u t i o n  from aerodynamic s u r f a c e s  on t h e  f u s e l a g e .  The 

small f u s e l a g e  aerodynamic moments a r e  n e g l e c t e d  i n  comparison t o  t h o s e  

r e s u l t i n g  from t h e  r o t o r  and p r o p e l l e r  models. The f o r c e s  a c t  a t  t h e  

f u s e l a g e  aerodynamic r e f e r e n c e  c e n t e r  and a r e  o r i e n t e d  i n  t h e  d i r e c t i o n  

of t h e  LPU r e f e r e n c e  axes .  

f #  
The components of (3 ) a r e :  

where t h e  primes on t h e  i n d i v i d u a l  components which denote  i n t e r f e r e n c e  

c o r r e c t i o n  have been dropped. The a x i a l  f o r c e  is modeled a s  c r o s s f  low 

drag:  



where the derivative X l , l u  is a function of a ir  density, reference area, 

and the appropriate drag coefficient.  

The vertical  and side force have the same form: 

aud we neglect the pure moments, 

The force and moment vectors about the LPU center of gravity due to the 

fuselage aerodynamic loads are: 
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These equations,  while highly s impl i f ied ,  a r e  f e l t  t o  be w e l l  wi th in  

the prec is ion  required f o r  represent ing the fuselage aerodynamic con t r i -  

bution. 

This subsect ion presents  the  aerodynamic models f o r  the ro to r s ,  pro- 

p e l l e r s  and LPU fuselages (nace l les )  when the  vehic le  is i n  a power of f  

(moored) f l i g h t  condition. I n  t h i s  condition, the various LPU elements 

cont r ibu te  mostly t o  the  drag of the  vehicle .  To r e t a i n  consis tency 

with the  fuselage model, the  small  c i r c u l a t i o n  l i f t  of s t a t i ona ry  ro to r s  

and p rope l l e r s  and the pure aerodynamic moments about t he  hub a t t a c h  

points  a r e  neglected. Typical ca l cu l a t i ons  f o r  the  power off condi t ion 

show the ro to r  and prope l le r  f o r c s s  t o  be exceedingly small. Therefore,  

the e r r o r s  introduced by s implifying the  power off models a r e  of negl i -  

g ib l e  importance t o  the o v e r a l l  mooring simulation. 

A l l  t h r u s t  r e l a t ed  i n t e r f e r ence  e f f e c t s  a r e  e l iminated f o r  the  

powered off condition. Only the  h u l l  on LPU ve loc i ty  i n t e r f e r ence  model 

(Section 7, Subsection C) is retained.  The equations f o r  the forces  on 

the  s t a t i ona ry  ro to r  a r e  presented f i r s t ,  with add i t i ona l  notes on the  

ca l cu l a t i on  of p rope l le r  and fuselage forces.  

1. Stationary Rotor Aerodynamics 

Tne following simple crossflow model provides the  ro to r  forces  i n  

coordinates of the  cont ro l  wind reference axes (cw) based on the re la -  

t i v e  ve loc i ty  of the airmass a t  the ro to r  hub (Eq. 7-26): 

ycw = 0 
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where 

uCw, wCw a r e  from Eq. 7-26 

ba defined i n  Eq. 7-74 

'cz r 
= 1.2 (Ref. 7-8) 

Note t ha t  a f ixed value of 1.2 is used f o r  the  ro to r  blade crosswind 

drag c o e f f i c i e n t  (cCZr) i n  Eq. 7-89. This value, which is roughly con- 

s t a n t  f o r  a l l  high aspect  r a t i o  surfaces ,  is s u f f i c i e n t l y  accura te  t o  

preclude the requireuent f o r  d i f f e r e n t  inputs  f o r  each r o t o r  ..and pro- 

pe l l e r ) .  

The power 3ff ro to r  force  is resolved i n t o  the LPU reference axes, 

giving 

The corresponding moment ac t i ng  a t  the ro tor  hub is zero, thus, f o r  

the power off condition: 

where Licw is obtained from Eq. 7-31, noting: A l s ,  B l s  Z 0. 

2. Sta t ionary  R o p e l l e r  Forces and l b w u t a  

i p  A s  before, equations fo r  the prope l le r  force ,  hi, and moment dp 
is 

a r e  obtained by d i r e c t  resymboling of the  appropr ia te  eqaat ions f o r  the 

rotors .  In  t h i s  case,  the  prope l le r  equations a r e  i d e n t i c a l  t o  Eqs. 

7-87 t o  7-91 above, except t h a t  the e a r l i e r  d e f i n i t i o n  of p rope l l e r  

s h a f t  o r i en t a t i on  angles  (Als, B l s  as i n  Sect ion 7, Subsection J)  is 

retained.  In the power off f l i g h t  condi t ion,  ro to r  i n t e r f e r ence  on the 
i n  T 

prope l le r  free-stream ve loc i ty  is ignored (yew = 0). 



i f  The d e t r c r l p t l u n  of t h e  fune l a&e  aerodynamic f o r c e ,  hi, and m ~ n t ,  

3:, prenen ted  i n  r u b a e c t l o n  7-K l a  r e t a i n e d ,  n o t i n y  t h a t  t h e  second and  

t h i r d  t r m n  of t h e  Rq. 7-80 i n v o l v t r y  wtor and p r o p e l l e r  induced -10- 

c i t i e s  a r e  aero .  SO, 

The t o t a l  n e r o d y n r a l c  f o r c .  n c t l q  a: t ha  i t h  LPU c a n t e r  of g r a v i t y  

(i  - 1, 1 ,  3 ,  4 )  1s y lven  by: 

where t h e  Lndlv ldual  co t r t r l b t r t l ona  n r a  f u r  t h e  power on (HLASIIY and 

HLAPAY a inul . t t  1011 programs) ar  power o f f  (HtAH1)K ~ l m u l a t t o t l  program) as 

r y p r o p r t n t a .  

The t o t a l  nerodytramic mcment a c t i n g  on tlra t t h  LPll 1s ~ i v e n  by: 

uharr, t h e  vr r iouu  tdrmu a r e  f o r  tlrc? power 011 o r  power o f f  cond l t l o r l  r s  

a p p r o p r l a t a .  



A. BASIC ASSIrnIOWS 

The h u l l l t a i l  assembly is composed of e c e n t r a l  buoyant h u l l  enve- 

lope of quas i -e l l ipso ida l  shape and a t a i l  assembly equipped with mov- 

ab l e  cont ro l  surfaces .  The t a i l  assembly is l a t e r a l l y  centered on the  

h u l l  x-z plane of symmetry, wi th  longi tud ina l  and v e r t i c a l  l oca t ion  

spec i f i ed  by user  inputs.  This allows f o r  a v a r i e t y  of synmetrical 

(x- ta i l s )  and unsymmetrical con£ igura t ions  (y- ta i l s ,  v - ta i l s ,  and 

t - t a i l s ) .  The c e n t r a l  h u l l  envelope is considered t o  include a l l  

ex t e rna l  support s t r u c t u r e  r e l a t e d  t o  the l i f t  propulsion u n i t s  (LPUs), 

payload cable  attachments, mooring mast attachment, landing gears ,  and 

tail.  

The approach used i n  the following development considers  the aero- 

dynamic loads (:.em, forces  and moments) on the  h u l l  assembly and t a i l  

assembly separately.  The h u l l  assembly models a r e  based on the motion 

of the h u l l  c en t e r  of volume (superscr ip t  "cv") r e l a t i v e  t o  the l o c a l  

airmass, with cor rec t ions  f o r  the various ro to r ,  p rope l le r  and ground 

in te r fe rence  e f f e c t s .  The t a i l  assembly aerodynamic models a r e  based 

upon the motion of the t a i l  reference cen te r  ( superscr ip t  "t") r e l a t i v e  

t o  the l o c a l  airmass, with cor rec t ions  f o r  ro tor ,  p rope l le r ,  and ground 

in te r fe rence  e f f ec t s .  

The h u l l  and t a i l  aerodynamic models cons is t  of a n a l y t i c a l  funct ions 

which allow continuous s imulat ion of vehic le  f l i g h t  dynamics over a l l  

ranges of speed and flow incidence without recourse t o  lookup tab les .  

The methodology f o r  es t imat ing the  uecessary input  parameters is  des- 

cr ibed i n  Appendix A. Using t h i s  methodology, a l t e r n a t i v e  configura- 

t ions  can be s tudied without requir ing add i t i ona l  data.  This elemental 

approach allows f o r  the incorporat ion of the 4 point  atmospheric d i s tu r -  

bance input model, and provides a mechanism f o r  changing vehic le  geome- 

t r y  without l a rge  associated changes i n  the vehic le  data  base. 



In te r fe rence  models account f o r  the  s i g n i f i c a n t  e f f e c t s  of ro to r ,  

p rope l le r ,  and ground proximity t o  the h u l l  and tail.  These models a r e  

based on experimental wind tunnel da ta  (Ref. 8-1) and computed aero- 

dynamic r e s u l t s  (Ref. 8-2). They have been implemented i n  a scheme 

which does not require  i t e r a t i v e  computation procedures. This is made 

poss ib le  by neglect ing second order  hull/rotoripropeller/ground wake 

i n t e r a c t i o n  e f f e c t s .  

The ca l cu l a t i on  of h u l l  and t a i l  aerodynamic loads uses mathematical 

models which a r e  l a rge ly  undocumented elsewherc. In  order  t o  make c l e a r  

the  der iva t ion  of the m3ny new aerodynamic models, the organizat ion of 

t h i s  s ec t i on  w i l l  follow a progression of increasing aerodynamic flow 

complexity, r a the r  than the  computational sequence used i n  the  simula- 

t ion  and r e f l ec t ed  i n  the Sect ion 7 discussion of the l i f t  propulsion 

un i t  aerodynamic models. Spec i f i ca l l y ,  t he  discussion of the quasi-  

steady aarodynamic models where the loads a r i s e  from r e l a t i v e  airrnass 

v e l o c i t i e s  is separated from the discussion of the unsteady aerodynamic 

models where the loads a r i s e  from r e l a t i v e  airmass acce le ra t ions .  

F i r a t ,  the vector equations a r e  presented i n  Subsection B f o r  a l l  of 

the per t inen t  r e l a t i v e  airmass v e l o c i t i e s  and acce le ra t ions ,  including 

the various ve loc i ty  in te r fe rence  e f f e c t s  (Type A) due LO ro to r ,  propel- 

l e r  and ground proximity. Next, the aerodynamic equations a r e  derived 

fo r  the h u l l  and t a i l  quasi-steady flow forces  and moments. The quasi- 

steady h u l l  and t a i l  models a r e  compared t o  published a i r s h i p  ex;eri- 

mental data  (Ref. 8-3) t o  show typ i ca l  aerodynamic c h a r a c t e r i s t i c s  and 

model l imi ta t ions .  

The proximity of the t ~ r b u l e n t  wakes of the ro to r  and prope l le r  t o  

the h u l l  causes an increase  i n  the t o t a l  h u l l  crossflow drag coe f f i -  

c ien t .  Hull  proximity t o  the ground causes a decrease i n  the  h u l l  

crossfiow drag force;  t a i l  proximity t o  the ground causes an increase  i n  

the t a i l  l i f t  curve slope. Models a r e  presented which co r r ec t  the  

respect ive hu l l  and t a i l  equation parameters f o r  these (Type B) i n t e r -  

feren e e f f e c t s  i n  Subsection C. 



The quasi  steady aerodynamics of the h u l l  a r e  presented i n  Subsec- 

t i o n  D; of the t a i l  i n  Subsection E. Their combined e f f e c t s  a r e  i l l u s -  

t r a t e d  and compared with published da ta  i n  Subsection F. Cer ta iu  

add i t i ona l  in te r fe rence  e f f e c t s  (Type B) which a f f e c t  the  quasi-steady 

forces  and moments a r e  presented i n  Subsection G. 

Aerodynamic equations f o r  unsteady (accelerated motion) loads on t h e  

h u l l  and t a i l  a r e  derived i n  Subsection H. The loads a r i s i n g  from vehl- 

cle unsteady i n e r t i a l  motion a r e  d i s t inguished  from those a r i s i n g  from 

airmass unsteady i n e r t i a l  motion. As w i l l  be shown, each of these 

motions produces d i f f e r e n t  r e s u l t i n g  forces  and moments. 

Due t o  the  dependence of the  aerodynamic loads on vehic le  i n e r t i a l  

acce le ra t ion ,  a problem a r i s e s  i n  computing the  acce l e r a t i on  needed f o r  

nrmerical solut ions.  An organizat ion of the s teady and unsteady aero- 

dynamic force  and moment equations is presented i n  Subsection I which 

provides f o r  the ca l cu l a t i on  of the required acce le ra t ions .  

By way of summary, Subsection J presents  example time h i s t o r i e s  of 

the  various cont r ibu t ions  t o  the t o t a l  load experienced by an HLA con- 

f i gu ra t i on  during a gust encounter. 

There is an e s s e n t i a l  d i f fe rence  between the organizat ion of the 

equation development and tha t  of the computer program. In  the former 

case,  the models a r e  organized according t o  airmass motion type (e.g., 

quasi-steady, unsteady), with h u l l  and t a i l  equations considered 

together.  In  the l a t t e r  case,  the organizat ion is according t o  the cal-  

cu la t ion  of h u l l  loads or  t a i l  loads,  witb d i f f e r i n g  airmass motion 

types t rea ted  together.  A nore i n  depth appreciat ion of the organiza- 

t i on  of the s imulat ion aerodynamic ca l cu l a t i ons  can be gained by r e f e r -  

ing t o  the software manuals. 

For c l a r i t y  of presentat ion,  the  f i gu re s  i n  t h i s  s ec t i on  depic t  

angular q u a n t i t i e s  i n  u n i t s  of degrees ana degrees/sec,  e tc .  while - a l l  

the simulation equations assume angular u n i t s  of radians and 

radians/sec,  e tc .  
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Z D m d L B l U S s  

The h u l l  and t a i l  aerodynamic models depend on the ve loc i ty  and 

acce lera t ion  vectors a t  the respect ive reference ceiiter locat ions.  The 

h u l l  reference center  loca t ion  is defined a s  the h u l l  center-of-volume 

(cv) ,  which f o r  e l l i p s o i d a l  configurat ions is a t  the in t e r sec t ion  of the  

major and minor axes. The reference center  fo r  t a i l  c a l ca l a t ions  ( t )  is 

defined by the  user ,  and typ ica l ly  corresponds t o  the nominal wind 

tunnel wing aerodynamic center  (e.g., t a i l  25 percent chord loca t ion) .  

The basic  (non-interference) r e l a t i v e  ve loc i ty  and acce lera t ion  vec tors ,  

a t  the respect ive reference locat ions,  a r e  determined from the i n e r t i a l  

motion of the vehicle  and outputs from the atmospheric dis turbance 

model. Following the s ign  convention adopted f o r  airmass q u a n t i t i e s  

(Subsection 5-B), the h u l l  and t a i l  v ~ l b c i t y  vectors  r e l a t i v e  t o  the  

l o c a l  airmass a r e  given by: 

a cv hcv am cv 
% 9.l - %  

$ t - , t  V_h 

a t  h t  a m t  
% 2 5 - 2 %  

where 

a r e  given in  Eqs. 6-47, 6-48, 6-52, 6-53 rcspect ively.  The remaining 

vectors i n  the above  equation^, a r e  determined from the r i g i d  body motion 

of the h u l l  center-of-gravity (xh, and the vehicle  geometry 

(Fig. 8-1): 
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L €" T SIDE VIEW 

LPU-11 
Hull c.g. 

Figure 9-1. Hull Geometry Vectors 

hcv I 

!!h !h + +(L !eV) 
hcv 
3 = kk 

The ef f ec t  i v e  acceleration of the hull  center-of -volume re lat ive  to 

the local  airmass, with respect to  rotating body axes is given by: 
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where t h e  airmass v e l o c i t y  d r a d i e n t  matrix is given by 

oam cv a cv  and !., , I., a r e  ob ta ined  from Eqs. 6-62 and 8-1, r e s p e c t i v e l y .  

The elements of ma t r ix  Eq. 8-10 a r e  obta ined from Eqs. 6-48, 6-49, 6-50, 

6-51, and the  a i rmass  angu la r  v e l c c i c y  d e f i n i t i o n  Eq. 6-15. Note t h a t  

t h e  t h i r d  column terms (a /az )  a r e  a l l  zero  according t o  t h e  assumed 

p lanar  model (Sect ion 5, Subsect ion C). 

The x-axis terms i n  t h e  b racke t s  of Eq. 8-9 correspond t o  Eq. 

5-4 and s i m i l a r l y  f o r  t h e  y-axis terms. The f i r s t  term i n  b r a c k e t s  

(p ") is the  time d e r i v a t i v e  of the  l o c a l  a i rmass  v e l o c i t y ,  which 

corresponds  t o  t h e  f i r s t  right-hand-side term of Eq. 5-4. The second 

term i n  t h e  b racke t s  of Eq. 8-10 is  a compact m a t r i x l v e c t o r  n o t a t i o n  

form f o r  t h e  r e l a t i v e  a c c e l e r a t i o n  of the  l o c a l  a i rmass  due t o  s p a t i a l  

v e l o c i t y  g r a d i e n t s .  These e f f e c t s  a r e  r epresen ta ted  ( f o r  x-axis t e rms)  

by the  l a s t  two right-hand-side terms of Eq. 5-4. 

The f i r s t  term i n  Eq. 8-9 is the  kinemat ic  a c c e l e r a t i o n  of the  h u l l  

center-of -volume wi th  r e s p e c t  t o  t h e  r o t a t i n g  body r e f e r e n c e  axes  

The angu la r  a c c e l e r a t i o n  vec to r  of the  h u l l  center-of-volume r e l a t i v e  t o  

the  l o c a l  a i rmass  !with r t s p e c t  t o  the  h u l l  r o t a t i n g  r e f e r e n c e  a x e s )  i s  

given by: 
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where 

and 

oam cv 
!tt. is given i n  Eq. 6-65 

The corresponding equat ions  f o r  t h e  t a i l  e f f e c t i v e  a c c e l e r a t i o n  vec- 

t o r s  can be obta ined by d i r e c t  resymboling of t h e  preceding r e s u l t s  

(Eqs. E-9 t o  8-13), viz. ,  

"dm t 
where Yh , 1; a r c  obta ined from Eqs. 6-64 and 8-3, r eabec t ive ly .  

The second :em i n  t h e  bracket  of Eq. 6-14 is i d e n t i c a l  t o  Eq. 8-10 

except t h a t  the  s u p e r s c r i p t  "am t" is implied. The c o r r e ~ p o n d i n g  matr ix  

elements - ~ e  s i m i l a r l y  obtained from Eqs. 6-53, 6-54, 6-55, 6-56 and the  

angular  v e l o l i t y  d e f i n i t i o n  of Eq. 6-30. Again t h e  t h i r d  column e l e -  

ments ( 5 1 3 2 )  a r e  a l l  zero.  

The f i r s t  term or Eq. 8-14 is obtained d i r e c t l y  from Eq. 8-11 as :  

The angu la r  a c c e l e r a t i o n  of the  t a i l  r e fe rence  c e n t e r  r e l a t i v e  t o  

the  loch1 airmass (wi th  respect t o  the  r o t a t i n g  h u l l  body axes )  is: 

where 

3am t. 
and WJ, is given i n  Eq. 6-67. 
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F i n a l l y ,  f o r  h u l l  buoyancy c a l c u l a t i o n s ,  t h e  a c c e l e r a t i o n  of t h e  

l o c a l  a i rmass  a t  t h e  h u l l  ceuter-of-volume with  respec t  t o  non- ro ta t ing  

i n e r t i a l  r e fe rence  qxes is required.  Here only t h e  i n e r t i a l  motion of 

t h e  l o c a l  airmass is considered,  and t h e  i n e r t i a l  motion of the  v e h i c l e  

i t s e l f  is disregarded.  The t o t a l  e f f e c t i v e  i n e r t i a l  a c c e l e r a t i o n  of t h e  

l o c a l  alrmass is comprised of a time dependent por t ion  and a s p a t i a l l y  

dependent por t ion  according t o  t h e  equation: 

.am CV 
ax? CV 

") + am cv  
T o t a l  

= Yh a, Xh 

a m c v  * a m c v  
where I h  , yh a r e  obta ined from Eqs. 6-47 and 6-63, r e s p e c t i v e l y ,  

and ae c v / a ~  i s  given i n  Eg. 8-10. 

C. BUU AND TAIL RELATIVE VgLOCITY 
INTERFERENCE EFFECTS 

The major sources  of v e l o c i t y  (Type A) i n t e r f e r e n c e  on the  h u l l  and 

t a i l  a r i s e  from r o t o r ,  p r o p e i l e r ,  and ground proximity.  The r o t o r s  and 

p r o p e l l e r s  a c t  a s  aerodynamic s i n k s  which induce i n t e r f e r e n c e  v e l o c i t y  

increments on t h e  h u l l  and t a i l .  This produces a change i n  t h e  n e t  

vt.ocity vec to rs  re la . t ive  t o  t h e  l o c a l  a i rmass ,  and causes the  h u l l  and 

t a i l  t o  be drawn towards t h e  r o t o r s  and p r o p e l l e r s .  The magnitude of 

t h e  i n t e r f e r e n c e  v e l o c i t y  i.tcrements v a r i e s  l i n e a r l y  wi th  t h e  r o t o r  and 

p r o p e l l e r  t o t a l  induce'  v e l o c i t i e s  and i n v e r s e l y  with LPU/hull and LPU/ 

t a i l  separa t ion .  

Addi t ional  v e l o c i t y  i n t e r f e r e n c e  increments a r i s e  from the  h u l l  and 

t a i l  proximity t o  the  ground. I n  both cases ,  the  c l o s e  presence of t h e  

ground causes a r o t a t i o n  of t h e  l o c a l  a i rmass  flow d i r e c t i o n  without 

a t t e n u a t i n g  the  magnitude of the  r e l a t i v e  v e l o c i t y  vector .  

The model f o r  r o t o r  on h u l l  ve loc iCy  i n t e r f e r e n c e  w i l l  be presented 

f i r s t  wi th  l a t e r  g e n e r a l i z a t i o n  t o  acccrlnt f o r  r o t o r  and p r o p e l l e r  on 

h u l l  and t a i l  i n t e r f e r e n c e  e f f e c t 3 .  Then a lnodel fo r  y o u n d  on h u l l  

v e l o c i t y  i n t e r f e r e n c e  e f f e c t s  w i l l  be presented.  
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Addi t iona l  ground on h u l l  and t a i l  (Type B) I n t e r f e r e n c e  effects a r e  

d i scussed  i n  Subsect ion G. 

1. Rotor Oo Bull Velocity Interference 

The o p e r a t i o n  of one r o t o r  near  tht  h u l l  causes  an induc t ion  of f low 

around the  h u l l  towards the  ro to r .  A t y p i c a l  flow p a t t e r n  f o r  t h e  h u l l  

wi th  one t h r u s t i n g  r o t o r  is shown i n  'ig. 8-2 r e p r i n t e d  frcw Ref. 8 4 .  

I n  i d e a l i z e d  aerodynamic terms, the  r o t o r  a c t s  a s  a 3-dimensional f low 

s ink .  The s t r e n g t h  (K) is de f ined  as t h e  induced volune flow r a t e  

through t h e  ro to r :  

i K = -  (8-19) 
P 

where 

K = r o t o r  s i n k  s t r e n g t h  (induced volume flow r a t e )  

= induced mass flow r a t e  

p = ambient a i r  d e n s i t y  

and 

where A is t h e  r o t o r  a c t u a t o r  d i s k  a r e a  and (GEF)wln is a s  determined i n  

3ec t ion  7. 

The a b s o l u t e  value func t ion  of Eq. 8-20 is necessary  because the  

aerodynamic s i n k  is omnid i rec t iona l ,  and depends only on t h e  F l c  r r a t e .  

Therefore ,  a s  a model f o r  r o t o r  Flow induc t ion ,  Eq. 8-20 does not d i s -  

t i n g u i s h  between pos i  t i v e  o r  negat ive  t h r u s t  cond i t ions .  This  assurnp- 

t i o n  is s u f f i c i e n t l y  a c c u r a t e  f o r  r o t o r  placements which do not cause 

l a r g e  d i r e c t  impingements of the  r o t o r  wake on the  h u l l  (Ref. 8-2)" 

The magnititde of the  s i n k  induced v e l o c i t y  a t  the  h u l l  center-of-  

volume U: due t u  one r o t o r  is  c a l c u l ~ t e d  from p o t e n t i a l  f low theory 

(Ref. 8-5): 
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___t 
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Figure 8-2. Rotor-Induced V e l c c i t i e s  on HLA Hull in  Hover; 
Thrust Loading (T/A) = 8.26 l b / f t 2 ;  from Ref. 8-4 



where K is obta ined from Eq. 8-19, and d  is t h e  r a d i a l  d i s t a n c e  from t h e  

h u l l  C.V. t o  the  r e s p e c t i v e  r o t o r  hub. S u b s t i t u t i n g  Eqs. 8-23 and 8-24 

i n t o  8-25, and adopt ing t h e  fo l lowing d e f i n i t i o n s :  

z (GEF)win, t o t a l  r o t o r  indtrced (win )TOT 
v e l o c i t y  ( s e l f  -induced p lus  ground 
induced ) . 

- 
d  z d/2R, nondimensional r o t o r / h u l l  

s e p a r a t i o n  d i s t a n c e ;  R = r o t o r  
r ad ius .  

There r e s u l t s  

The express ion  f o r  s i n k  induced i n t e r f e r e n c e  v e l o c i t y  g iven i n  

Eq. 8-22 shows the  sLrnple t h e o r e t i c a l  dependency on t o t a l  r o t o r  induced - 
v e l o c i t y  (win)TOT and nondimensional r o t o r / h u l l  s e p a r a t i o n  d i s t a n c e ,  d. 

The v e l o c i t y  i n t e r f e r e n c e  of the  r o t o r  s im drops off  wi th  the  square  of 

the  s e p a r a t i o n  d i s t a n c e ,  becoming a  n e g l i g i b l e  f r a c t i o n  of f o r  

s e p a r a t i o n s  g r e a t e r  than t h r e e  r o t o r  diameters.  For a  g iven HLA con- 

f i g u r a t i o n ,  t h i s  i n t e r f e r e n c e  e f f e c t  w i l l  be most s i g n i f i c a n t  when t h e  

r o t o r s  a r e  o p e r a t i n g  a t  a  maximum induced v e l o c i t y  c o n d i t i o n  (e.g. 

heav i ly  loaded, hovering f l i g h t  c o n d i t i o n  ou t  of ground e f f e c t  1. 

The p o t e n t i a l  flow theory s o l u t i o n  f o r  the  r o t o r  on h u l l  i n t e r f e r -  

ence v e l o c i t y  v e c t o r ,  !knt , is obta ined from Eq. 8-22 and t h e  geometry 

of Fig. 8-2: 

theory  
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"i r where shcv is the unit vector locating the respective rotor hub (super- 

scr ipt  "ir") from the hu l l  c.v.  (subscript "hcv"). From Fig, 8-2: 

i r  
^ i r  Bhcv 
Shcv = 

and 

In terms of its components, the unit vector is given by 

When Eqs. 8-22 and a-27 are substituted into 8-23, there re su l t s ,  

1 -- 
potential  
theory 16z2 



Extensive  ana lyses  us ing t h e  Nielsen Engineering and Research Aerody- 

namic Flow Computations Model (Ref. 8-2) suggss t  t h e  presence of impor- 

t a n t  v iscous  (non-potent ia l  f low) phenomena. I n  o r d e r  t o  accommodate 

such e f f e c t s ,  the  fo l lowing  genera l i zed  r o t o r  on h u l l  v e l o c i t y  i n t e r f e r -  

ence model was implemented: 

where KRHC, KRHD, KRHE a r e  u s e r  supp l i ed  cons tan t s  ( f o r  each r o t o r ) .  

These a r e  c a l c u l a t e d  from Eq. 8-28 and a d j u s t e d  a s  hecessary  f o r  t h e  

v iscous  e f f e c t s .  

So f a r ,  c o n s i d e r a t i o n  has  been given only t o  i n t e r f e r e n c e  v e l o c i i y  

increments a t  the  h u l l  center-of-volume due t o  the  r o t o r s .  The e f f t ~ -  

t i v e  g r a d i e n t s  which a r i s e  from d i f f e r e n c e s  i n  the  induced v e l o c i t y  of 

the  va r ious  r o t o r s  a r e  neg lec ted  as being second o r d e r  e f f e c t s .  Sample 

c a l c u l a t i o n s  show t h e  major i n t e r f e r e n c e  e f f e c t  t o  be a t r i m  down load 

due t o  roughly uniform r o t o r  induced v e l o c i t y  i n t e r f e r e n c e  i n  the  v e r t i -  

c a l  d i r e c t i o n .  For most symmetrical f l i g h t  cond i t ions ,  and t y p i c a l  LPU 

conf i g u r a t i o n s ,  t h e  v e l o c i t y  i n t e r f e r e n c e  increments i n  t h e  a x i a l  and 

l a t e r a l  d i r e c t i o n s  w i l l  approximately cance l ,  l eav ing  only the  v e r t i c a l  

i n t e r f e r e n c e  v e l o c i t y  f o r  r o t o r  l o c a t i o n s  below t h e  h u l l  x-y p lane  of 

symmetry. 

2. P r o p e l l e r  on Elull Veloc i ty  I n t e r f e r e n c e  

The p r o p e l l e r s  l i k e  the  r o t o r s  a c t  as s i n k s  which induce i n t e r f e r -  

ence v e l o c i t i e s  a t  the  h u l l  center-of-volume. The model adopted f o r  

') 1s i d e n t i c a l  t o  t h a t  p r o p e l l e r  on h u l l  v e l o c i t y  i n t e r f e r e n c e  (yh 
d i scussed  above f o r  r o t o r  on h u l l  i n t e r f e r e n c e .  The interference 
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c o n s t a n t s  of Eq. 8-29 a r e  r edef ined  f o r  each p r o p e l l e r  (KPHC, KPHD, 

KPHE). We note  from t h e  p o t e n t i a l  f low s o l u t i o n  of Eq. 8-22 t h a t  f o r  

r o t o r  and p r o p e l l e r  placements i n  roughly t h e  same l o c a t i o n ,  t h e  pro- 

p e l l e r  i n t e r f e r e n c e  c o n s t a n t s  a r e  approximated from t h e  r o t o r  c o n s t a n t s  

and t h e  r a t i o  of p r o p e l l e r  and r o t o r  d i s k  areas according t o  the  follow- 

ing  r e l a t i o n s :  

KPHC (KRHC) (A) (8-30) 

where 

- A P r o p e l l e r  
A 5 

ARotor 

3. b t o r  and Propeller on Tail 

It is assumed t h a t  t h e  t a i l  is not i n  t h e  core  of the  r o t o r  o r  pro- 

p e l l e r  s l ips t ream.  The r o t o r s  and p r o p e l l e r s  a g a i n  a c t  a s  aerodynamic 

s i n k s  and induce i n t e r f e r e n c e  v e l o c i t i e s  a t  the  t a i l  r e f e r e n c e  c e n t e r  
i n t  p  int and yt (!t , r e s p e c t i v e l y ) .  The form of Eq. 8-22 is a p p l i c a b l e ,  

wi th  the  nondimensional d i s t a n c e ,  d,  now r e p r e s e n t i n g  t h e  s e p a r a t i o n  

between a r o t o r  o r  p r o p e l l e r  and t h e  t a i l  r e f e r e n c e  c e n t e r  ( t ) .  Thus 

the  r o t o r  on t a i l  v e l o c i t y  i n t e r f e r e n c e  model r e q u i ~ e s  t h r e e  geometr ic  

c o n s t a n t s  (KRTA, KRTB, KRTC) corresponding t o  (KRHC, Kp.HD, W E )  of 

Eq. 8-29. The p r o p e l l e r  c o n s t a n t s  (KPTA, KPTB, KPTC) a r e  obta ined by 

a p p r o p r i a t e  resymboll ing of Eqs. (8-30, 8-31 and 8-32). I n  t h e  c a s e  of 

the  t a i l ,  v iscous  e f f e c t s  a r e  not very s i g n i f i c a n t ,  e s p e c i a l l y  i n  t h e  

low ang le  a t t a c k  range. Therefore ,  t h e  p o t e n t i a l  f low s o l u t i o n  of 

Eq. 8-22 can be a p p l i e d  d i r e c t l y  t o  determtne t h e s e  c o n s t a n t s  wi thout  

the  need f o r  expei-imental c o r r e c t i o n  a s  is t h e  c a s e  f o r  t h e  h u l l .  
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C a l c u l a t i o n s  stiow t h a t  v e l o c i t y  i n t e r f e r e n c e  e f f e c t s  a r e  s i g n i f i c a n t  

only f o r  r o t o r  and p r o p e l l e r  placements w i t h i n  t h r e e  ( r o t o r  o r  propel-  

l e r )  diameters.  Therefore ,  only  r o t o r s  3 and 4 (Fig. 8-2) have s i g n i f i -  

c a n t  i n t e r f e r e n c e  e f f e c t s  on t h e  t a i l .  I n  genera l ,  t h e  p r o p e l l e r s  do 

not  have dominant v e l o c i t y  i n t e r f e r e n c e  e f f e c t s  on e i t h e r  t h e  h u l l  o r  

t h e  t a i l .  

4. Surrry  of &tor d Propeller Velocity 
Interference Effects 

This  a r t i c l e  summarizes the  above r e s u l t s  and p r e s e n t s  the  g e n e r a l  

equa t ions  f o r  the  h u l l  and t a i l  r e l a t i v e  v e l o c i t y  vec to r s ,  inc lud ing  t h e  

i n t e r f e r e n c e  e f f e c t s  of a l l  the r o t o r s  and p r o p e l l e r s .  These g e n e r a l  

equa t ions  a r e  obta ined from the  s u p e r p o s i t i o n  of t h e  va r ious  s i n k  

induced i n t e r f e r e n c e  v e l o c i t i e s .  Second o r d e r  e f f e c t s  due t o  i n t e r a c -  

t i o n  among the  va r ious  s i n k s  a r e  ignored.  The v e l o c i t i e s  a r e :  

a cv - i n t  p (dDt - (!h ITotal 

i n t  r i n t  p (f '1' - (!t - (!!t 

where the  prime 0' n o t a t i o n  i n d i c a t e s  t h a t  the  r e l a t i v e  v e l o c i t y  vec- 
a cv t o r s  have been c o r r e c t e d  f o r  r o t o r  and p r o p e l l e r  i n t e r f e r e n c e  and yh 

a t  is glven i n  Eq. 8-1, ilh is given i n  Eq. 8-3, and 

4 
i n t  r i n t  r )i (a I,,,, C ( ~ h  

i l l  

i n t  p 
)To ta l  
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4 
i n t  r 

(% ) r o t a 1  s x (p r)i  
i=l 

i n t  p n t  p i 
(3 I),,,, C (& 1 

where &nt r ,  $t P , !tnt ', and !int a r e  c a l c u l a t e d  f o r  each LPU 

from t h e  genera l i zed  express ion  i n  Eq. 8-29. 

5. Ground on Hull Veloci ty  I n t e r f e r e n c e  

I n  l a r g e  s i d e s l i p  f l i g h t  cond i t ions ,  h u l l  proximity t o  t h e  ground 

causes  an upward r o t a t i o n  of t h e  c ross f  low f rees t ream v e l o c i t y  vec to r  

w i t t  no a t t e n u a t i o n  of the  v e l o c i t y  magnitude. This upward flow ro ta -  

t i o n  y i e l d s  a corresponding increment of h u l l  l i f t  vrhich has been shown 

t o  be s i g n i f i c a n t  f o r  ground handling opera t ions .  This s e c t i o n  f i r s t  

p r e s e n t s  a model i3r the  flow r o t a t i o n  e f f e c t  due t o  ground proximity 

f o r  a 90 deg s i d e s l i p  f l i g h t  cond i t ion  (crossflow).  Then a model i s  

presented which accounts f o r  ground on h u l l  i n t e r f e r e n c e  f o r  a r b i t r a r y  

flow and v e h i c l e  o r i e n t a t i o n  angles .  

a. Flow Rotat ion Model f o r  Pure Crosswind F l i g h t  Condit ions 

The veh ic le  is assumed t o  be s t a t i o c a r y  i n  a l e v e l  a t t i t u d e  

( 0  = 4 = 0) with the  f rees t ream crossf low v e l o c i t y  vec to r ,  IW, d i r e c t e d  

a long the  p o s i t i v e  y a x i s  of the  h u l l .  The r o t a t i o n  of t h i s  wind vec to r  

due t o  ground i n t e r f e r e n c e  is depic ted i n  Fig. 8-3. Based on wind 

tunnel  da ta  of t h e  a i r s h i p  Akron (Ref. 8-3) it is assumed t h a t  t h e  f r e e -  

s t ream v e l o c i t y  magnitude is not a f f e c t e d .  The flow o r i e n t a t i o n  ang le  

(A') is measured r e l a t i v e  t o  t h e  h u l l  z-axis ( s e e  Ffg. 8-3) and is 

assumed always t o  he wi th in  a small d e v i a t i o n  of 90 dog. 

The fol lowing equa t ions  f o r  t h e  h u l l  l o n g i t u d i n a l  (x-axis) ,  l a t e r a l  

(y-axis)  and v e r t i c a l  (z-axis)  aerodynamic f o r c e s  on t h e  h u l l  a r e  

developed i n  Subsect ion D: 



1 Ground Plane 
////////////////////// / /  / /  7- 

Figure 8-3. Ground-on-Hull Vt loc i ty  Interf ererice Model 

X U : U l h u I u I  (8-40) 

where from Fig. 8-3 f o r  pure crossf low 

Vyz = V; = r e l a t i v e  horizontal  crosswind v e l o c i t y  

W 
" -!!(2) 
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The body-axis components are: 

u - 0  

v =  sin^* 

w = v; cos A *  

For cos A '  n/2 - A' (small angle of ground induced flow rotation, A' 

i n  radians), 

When substituted into Eqs. 8-40 through 8-42, there resul ts :  

2 
z = z ~ l ~ l h  (vW) Y (n/2 - A') 



Equations 8-50 and 8-51 show t h a t  the h u l l  x and y f o r c e s  a r e  unaf fec ted  

by ground induced v e l o c i t y  r o t a t i o n  e f f e c t s .  Equation 8-52 shows t h a t  

t h e  h u l l ' s  z f o r c e  w i l l  i n c r e a s e  l i n e a r l y  wi th  the  h u l l  flow r o t a t i o n  

ang le  (A'). 

The dependency of t h e  f low r o t a t i o n  ang le  (A') on ground proximity 

is shown i n  Fig. 8-4, which was obta ined by reducing t h e  wind t u n n e l  

d a t a  of Ref. 8-3. The wind tunne l  d a t a  was c o r r e c t e d  i n  o rde r  t o  remove 

t h e  e f f e c t  of the  v e l o c i t y  v a r i a t i o n  wi th  a l t i t u d e .  The r e s u l t i n g  d a t a  

are referenced t o  t h e  l o c a l  f r e e s t r e a m  v e l o c i t y  a t  the  h u l l  c e n t e r  of 

volume, i n s t e a d  of the  f r e e s t r e a m  v e l o c i t y  a t  t h e  r e f e r e n c e  wind t u n n e l  

l o c a t i o n .  The r e s u l t s  of Fig. 8-4 suggest  t h e  fo l lowing form f o r  ground 

induced flow r o t a t i o n  a n g l e  a s  a f u n c t i o n  of nondimensional h u l l  
1 

h e i g h t ,  h ( h  z he igh t  of h u l l  c .v. /null  diameter):  

where 

KGHA = a u s e r  supp l i ed  curved f i t  cons tan t  der ived from Fig. 8-4 

o r  a v a i l a b l e  wind tunne l  data .  

The form of Eq. 8-53 is p l o t t e d  along wi th  the  exper imenta l  d a t a  i n  

Fig. 8-4. The model r e s u l t s  compare favorab ly  wi th  t h e  exper imenta l  

d a t a ,  a ~ d  i n d i c a t e s  t h a t  ground e f f e c t s  w i l l  be s i g n i f i c a n t  f o r  h u l l  

c e n t e r  of volume l o c a t i o n s  wi th in  two h u l l  d iameters  of the  ground 
.L 

plane ( h  < 2). 

b. A r b i t r a r y  Vehicle and F r e e s t  ream O r i e n t a t i o n s  

The previous  model i s  g e n e r a l i z e d  i n  t h i s  subsect ion.  A s  can be 

seen from Eq. 8-53 the  ground-induced flow r o t a t i o n  ang le  is dependent 

only upon the  v e r t i c a l  h e i g h t  of the  h u l l  c e n t e r  of volume. The angu la r  

o r i e n t a t i o n  of the  h u l l  i s  important  only t o  the  e x t e n t  t h a t  the  velo- 

c i t i e s  used i n  the  f o r c e  equa t ions  of Eqs. 8-40, 8-41, and 8-42 a r e  body 

a x i s  based. I n  o rde r  t o  employ the  model of t h e  Eq. 8-53, the  fo l lowing  



h 
Nondimensionol Hull Height, hs - D 

Figure  8-4. V a r i a t i o n  i n  Ground Induced Flow Rotat ion 
Angle ( A ' )  wi th  wondimensional Hull  Height (R) 

t r ans fo rmat ions  a r e  used t o  c a l c u l a t e  t h e  equ iva len t  h o r i z o n t a l  c ross -  

wind v e l o c i t y  and c o o r d i n a t e s  of the  v e r t i c a l l y  o r i e n t e d  HLA heading 

referenced a x i s  system (xvB yvB zv) shown i n  Fig. 8-3: 

where ($ Cv) '  is the  r e l a t i v e  v e l o c i t y  vec to r  of the  h.ull c e n t e r a f -  

volume r e l a t i v e  t o  the  l o c a l  airmass (eq. 8-34), inc lud ing  t h e  r o t o r  and 
a  cv p r o p e l l e r  i n t e r f e r e n c e  c o r r e c t i o n s  of Subsect ion 4, above. Yv i e  t h e  

r e l a t i v e  v e l o c i t y  v e c t o r  of t h e  h u l l  center-of-volume r e l a t i v e  t o  the  

l o c a l  airrnass i n  coord ina tes  of the  v e r t i c a l l y  o r i e n t e d  HLA heading 

referenced a x i s  system; i n  t e r m  of Fig. 8-3, 

i'R-1151-2-11 8-20 



and 

s i n  6 s i n  $ s i n  8 cos  $ 

cos  4 - s in  + (8-56) 

cos 8 cos  4 

where 8 and $ a r e  the  p i t c h  and r o l l  Eu le r  ang les  of t h e  h u l l .  The com- 
a cv 

ponents of yv 

a cv w where vv = - Vy of Fig. 8-3. 

These components ace cor rec ted  f o r  the  f low r o t a t i o n  as follows: 

where the  prime (') su :>ersc r ip t s  i n d i c a t e  t h a t  the  r e l a t i v e  v e l o c i t i e s  

have been corec ted  f o r  ground on h u l l  v e l o c i t y  i n t e r f e r e n c e .  



The equa t ions  f o r  the  l a t e r a l  and v ? r t i c a l  r e l a t i v e  ve:ocities 

(given above) a r e  c o n s i s t e n t  wi th  those  of Eqs. 8-47, 8- ' and 8-49. 

The a b s o l u t e  value  f u n c t i o n  i n  Eq. 8-60 i e  necessary  i n  o rde r  t o  a l low 

f o r  a r b i t r a r y  v e h i c l e  and wind motion. Equation 8-58 assumes t h s t  t h e  

a x i a l  v e l o c i t y  ( p a r a l l e l  wi th  t h e  h o r i z o n t a l  p lane)  is unaf fec ted  by 

ground proximity t o  t h e  h u l l .  This  is c o n s i s t e n t  wi th  the  wind t u n n e l  

d a t a  of Ref. 8-3, and is  s u f f i c i e n t l y  a c c u r a t e  f o r  most conven t iona l  

h u l l s  whose f i n e s t  r a t i o  ( h u l l  l e n g t h l h u l l  d iamete r )  exceeds two and f o r  

smal l  p i t c h  a t t i t u d e  ang les  181 < 25 deg. 

Equations 8-58, 8-59 and 8-60 a r e  transformed back t o  coord ina tes  of 

t h e  h u l l  body axes  t o  a l low a  c a l c u ~ a t i o n  of t h e  aerodynamic f o r c e s  on 

t h e  h u l l :  

The double prime (If) denotes  c o r r e c t i o n  f o r  t h e  p r o p e l l e r  and r o t o r  

i r l ter f  e rence  (Eq. 8-34) and f o r  ground proximity. The t r a n s f  orr ia t ion 

matr ix  is given by: 

Equation 8,-61 provides  t h e  r e l a t i v e  v e l o c i t y  v e c t o r  ac t h e  h u l i  

center-of-volume inc lud ing  a l l  r o t o r ,  p r o p e l l e r ,  and ground i n t e r F e r e n c e  

e f f e c t s .  Any s e c ~ n d  o rder  e f f e c t s  a r i s i n g  from the  ground induced flow 

r o t a t i o n  a t  the  r o t o r s  and p r o p e l l e r  l o c a t i c n s  a r e  neglected.  Theue 

e f f e c t s  a r e  f e l t  t o  be unimportant .  

Do QUASI-STEADY HULL AElODYNAnICS 

I n  t h e  next Few s e c t i o n s  we exp la in  t h e  assumptions and equa t ions  

used t o  r epresen t  the  h u l l  aerodynamics i n  r e c t i l i n e a r  and c u r v i l i n e a r  



s t e a d y  f l i g h t .  The model f o r  h u l l  r e c t i l i n e a r  aerodynami..t f o r c e s  and 

momercs folLows t h a t  of Al len  a?d Perkins  (Ref. 8-12) f o r  a  s l e n d e r  body 

of r evo lu t ion  wi th  ze ro  b e e  area .  The d i s c u s s i o n  of h u l l  f o r c e s  which 

o r i g i n a t e  i n  combinations of r e c t i l i n e a r  and c u r v i l i n e a r  ~ r o t i o a  g i v i n g  

r i s e  t o  c e n t r i f u g a l  a c c e l e r a t i o n s  is defe r red  t o  Subeection (pending). 

The drag parameters used i n  t h e  h u l l  aerodynamic model are a f f e c t e d  

s i g n i f i c a n t l y  by r o t o r ,  p r o p e l l e r ,  and ground i n t e r f e r e n c e  (Type B) 

e f f e c t s .  I n  the  d i s c u s s i o n  t h a t  fo l lows,  it is assumed t h a t  t h e s e  para- 

meters a r e  known a  p r i o r i .  Cor rec t ions  f o r  the  va r ious  Type B i n t e r f e r -  

ence e f f e c t s  a r e  presented i n  Subsect ion G. 

1. Rectilioear P l i g h t  

The aerodynamics of a n  a i r s h i p  h u l l  mag be deqcribed i n  terms of two 

over lapping angle-of-at tack regimes. I n  ?he f i r s t  regime (low i n c i -  

dence, f r e e  s t ream angle  of a t t a c k  l e sv  tnan 5 deg) t h e  flow is l a r g e l y  

a t t ached ,  and the  l o c a l  ang le  of a t t a c k  a long the  h u l l  is twice f r e e -  

s t r eam value.  This  l o c a l  s t r e a m l i n e  c u r v a t u r e ,  known LS "2-aipha flow," 

is a  r e s u l t  d e r i v a b l e  from non-viscous p o t e n t i a l  flow theory (Ref. 8-6). 

I n  the  r e a l  v iscous  f low case ,  the  boundary l a y e r  s e p a r a t e s  from t h e  

leaward s u r f a c e ,  g iv ing  r i s e  t o  small l i f t  f o r c e s .  The drag f o r c e  is 

predominently due t o  s k i n  f r i c t i o n  even f o r  ].ow f i n e n e s s  r a t i o  h u i l s  

(Ref. 8-7). 

C u r t i s s '  review (Ref. d-8) of the  l i t e r a t u r e  p e r t i n e n t  t o  t h e  calcu- 

l a t i o n  of low-angle-of - a t  tack h u l l  l i f t ,  concluded t h a t  p r e s e n t l y  a v a i l -  

a b l e  techniques inadequate ly  p r e d i c t  h u l l  l i f t ,  This  may l a r g e l y  k ?  a 

r e s t i l t  cf non l inea r  s e p a r a t i o n  l i n e  movements and s t r o n g  Reynolds number 

dependencies. The p resen t  s imula t ion  model n e g l e c t s  t h e  low-angle-of- 

a t t a c k  "2-alpha" l i f t ,  r e s u l t i r a  i n  a s l i g h t  underes t imate  of t h e  h u l l -  

a l o n e  l i f t  fa t h a t  regime. The s k i n  f r i c t i o n  drag important  f o r  trim 

and performance c a l c u l a t i o n s  is determined from the  axial  dynamic pres-  

s u r e ,  1/2(pu2),  and a x i a l  drag c o e f f i c i e n t ,  ah. ay u s h g  t h e  a x i a l  

component of v e l o c i t y  ( i n s t e a d  of the  more u s u a l  t o t a l  v e l o c i t y )  i n  com- 

pu t ing  dynamic p ressure ,  the  d a t a  ahow t h a t  the  a x i a l  c o e f f i c i e n t  C A ~  



becomes more t r u l y  a cor,etant. Th i s  approach g r e a t l y  s i m p l i f i e s  t h e  

s imula t ion  and was used thrcdghout t h e  aerodynamic model development. 

The second h u l l  regime (angle  of a t t a c k  g r e a t e r  than 5 dcg) is char- 

a c t e r i z e d  by l a r g e r  a r e a s  of s e p a r a t i o n  which causes  a breakdown of t h e  

"2-alpha" flow, and t h e  appearance of l o n g i t u d i n a l  v o r t i c e s  (Ref. 8-9). 

The r e s u l t a n t  aerodynamic f o r c e  lies v i r t u a l l y  normal t o  t h e  s u r f a c e .  

Th i s  f o r c e  is propor t iona l  t o  t h e  p r p e n d i c u l a r  o r  "crossflow" dynamic 

p ressure  [ ( 1 / 2 ) ~ w 2  o r  ( 1 / 2 ) ~ v 2 ]  and tile "crossf  low" drag c o e f f i c i e n t  

The genera l  express ions  f o r  t h e  body a x i s  f o r c e s ,  r e fe renced  t o  t h e  

h u l l  c e n t e r  of volume, a r e :  

where, from Eq. 8-61 dropping t h e  double prime n o t a t i o n  f o r  s i m p l i c i t y ;  

and a 5 pIpo is the  r e l a t l v e  a i r  d e n s i t y  cor rec t ion .  The v e l o c i t y  per- 

pend icu la r  t o  the  x a x i s  is 



The c o e f f i c i e n t s ,  X,,l,lh, Y v i v l h ,  and ZLvlv lh  a r e  inpu t  paraaeters de te r -  

mined by t h e  user ,  These are r e l a t e d  t o  the  convent ional  aerodynamic 

q u a n t i t i e s  according t o  t h e  d e f i n i n g  equations:  

The h u l l  r e fe rence  a r e a ,  Sh, is t h a t  which is c o n s i s t e n t  wi th  t h e  cor- 

responding drag c o e f f i c i e n t s ;  CAhs CcYh, Cczh. The r e l a t i v e  a i r  d e n s i t y  

c o r r e c t i o n ,  a, is equal  t o  one when t h e  des i red  a i r  d e n s i t y  (p )  corre-  

sponds with t h e  re fe rence  a i r  d e n s i t y  used i n  t h e  inpu t  parameter calcu- 

l a t i o n s  (po)- 

The moment c h a r a c t e r i s ~ i c s  of bare  h u l l s  i n  i d e a l  s t eady  flow have 

been der ived from p o t e n t i a l  flow theory by Munk, (Ref .  8-10), Zahm, 

(Ref. 8-11) and o thers .  The t h e o r e t i c a l  p i t ch ing  moinent has been shown 

t o  fol low t h e  r e l a t i o n  f o r  a l l  ahcV: 

I n  t h i s  express ion,  Vo i s  t h e  r e l a t i v e  f r e e  stream v e l o c i t y  magnitude, 

Ka, Kt,, K, a r e  t h e  -3-called t r a n s l a t i o n a l  "apparent mass" c o n s t a n t s  

alorlg the  h u l l  x, y, and z axes,  r e s p e c t i v e l y ,  P is t h e  volume of air  

d i sp laced  by t h e  h u l l ,  and ahcv is t h e  h u l l  angle-of-attack a t  t h e  

c e n t e r  of volume, given by: 

For r ? a l  flow, where leeward s e p a r a t i o n  decreases  t h e  t h e o r e t i c a l  

moment obta ined from Eq. 8-71, Z a h  (Ref. 8-11) sugges t s  a  c o r r e c t i o n  

f a c t o r ,  nm, obta inab le  from wind tunne l  r e s u l t s .  Genera l i z ing  t o  t h r e e  



dimensions, t h e  express ions  f o r  t h e  h u l l  aerodynamic moments i n  terms of 

t h e  h u l l  center-of-volume r e l a t i v e  v e l o c i t i e s  a r e  g iven by: 

where L-, %, and Nu% a r e  i n p u t  parameters determined by t h e  user .  

These a r e  r e l a t e d  t o  t h e  coaven t iona l  aerodynamic q u a n t i t i e s  according 

t o  t h e  d e f i n i n g  equat ions:  

and r ~ ,  nM, q~ a r e  t h e  s e p a r a t i o n  c o r r e c t i o n  f a c t o r s  which a r e  t y p i c a l l y  

i n  the  range 0.6-0.8. 

2. C u r v i l i n e a r  F l i g h t  

C l a s s i c a l  a i r s h i p s  d e r i v e  70-90 percent  of t h e i r  t o t a l  r o t a r y  damp- 

ing,  a t  ze ro  forward speed,  from the  h u l l  envelope (Ref. 8-13). As t h e  

f l i g h t  speed i n c r e a s e s ,  t h e  r e l a t i v e  importance of t h i s  c o n t r i b u t i o n  is 

reduced due t o  t h e  sha rp  r i s e  i n  t a i l  damping wi th  v e l o c i t y .  I n  addi-  

t i o n ,  heavy- l i f t  a i r s h i p s  d e r i v e  cons ide rab le  r o t a r y  damping i n  p i t c h  

from the  r o t o r s  a t  c r u i s e  cond i t ions .  However, r o t o r  damping t y p i c a l l y  

drops  t o  50 percent  of its c r u i s e  value  i n  hovering f l i g h t  (Ref. 8-14). 

Therefore ,  t h e  a c c u r a t e  modeling of hull-envelope damping becomes impor- 

t a n t  i n  hovering and low-speed f l i g h t  regimes. Beyond t h e  low-speed 

range (Vo > 20 f p s ) ,  t h e  t a i l  and r o t o r  c o n t r i b u t i o n s  dominate the  over- 

a l l  damping c h a r a c t e r i s t i c s .  



A s i g n i f i c a n t  consequence of the po t en t i a l  flow theory ana lys i s  

of a i r s h i p  h u l l s  i n  cu rv i l i nea r  f l i g h t  is the  conclusion t h a t  no 
r e su l t an t  moment a r i s e s  t ha t  is proport ional  t o  steady angular -4elocity 

(Ref. 8-11). As a r e s u l t ,  h u l l  ro ta ry  damping must a r i s e  f roa vi(rcous 

flow e f f ec t s .  A " s t r i p  theory" so lu t ion  f o r  huiI damkin3 can be 

obtained by considering the lengthwise v a r i a t i o n  of "crossf low drag" f o r  

p i tch ing  motion: 

rn +~/3 
I 

nh(qh,. ~ h , )  = - P C C , ~  (8-79) 

where 

L Airship h u l l  length 

w Relat ive crossflow ve loc i ty  a t  the h u l l  cen te r  
of volume 

9 Relat ive p i tch ing  ve loc i ty  

XI Lengthwise coordinate  

dS Sect ion reference a rea  

and f o r  e l l i p s o i d s  of revolution: 

where 

where 

i 5 ( h u l l  l ength /hul l  diameter) E h u l l  f ineness  
r a t i o  

The expansion ar.d evaluat ion of the above i n t e g r a l  is an involved 

proceduie, complicated by the  need f o r  piecewise (non-c1ose.i-f orm) cal-  

culat ions.  An approximate so lu t ion  tha t  produces s u f f i c i e n t l y  accurate  

r e s u l t s  can be obtained by considering the  superposi t ion of two l imi t i ng  

f l i g h t  conditions.  
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For hovering f l i g h t  (w = O), the rotary hul l  damping is  given from 

Eq. 8-79 as: 

When the re lat ive  angular rates are small compared to  the re la t ive  

crossflow velocity lqal < lwl, Eq. 8-79 yields:  

The combined three-dimenslonal result  for rotary pitching moment i s :  

where 

M q l q l  and Mqlwl are user supplied inputs given i n  the 

parentheses of Eqs. 8-82 and 8-83, respectively.  

and 

- a cv 
= _y, given i n  Eq. 8-2 
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The remaining moment equations a r2  

where 

Nrltlhp N r l v l h  a r e  user  supplied input constants  
obtained by replacing CCZh with CC i n  Eqs. 8-82 and 

yh 
8-83 

L p l p l  and Lplul a r e  user supplied input constants  which can be cal-  

culated by s t r i p  theory analysis .  Test  case ca l cu l a t i ons  show these 

terms to  be of neg l ig ib l e  importance when compared t o  the r o l l  damping 

Erom the t a i l  and ro tors .  

Theore t ica l ly ,  the  viscous forces  due t o  r o t a t i o n  of a symmetric 

h u l l  a r e  zero. However, the s imulat ion code r e t a i n s  terms i n  Y r l r l h P  

Yr Z q l q l h  and Z q l w l h  t r  account f o r  the small ro ta ry  forces  which 

can a r i s e  due t o  asymetric flor* separat ion.  Ordinar i ly  these can be 

neglected i n  comparison with t he  l a r g e r  unsteady aerodynamic forces  

(Subsection H) and the t a i l  fo rces  a r i s i n g  from vehicle  ro ta t ion .  

3, Sumnary of Hull-Unly Quasi-Steady Aerodgnanics 

The force vector ac t i ng  a t  the h u l l  cen te r  of volume due to  quasi-  

steady aerodynamic e f f e c t s  is comprised of the th ree  components given i n  

Eq. 8-63 t o  8-65 a s  wel l  a s  ro ta ry  force  terms normally neglected: 
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This  fo rce  inc ludes  v e l o c i t y  i n t e r f e r e n c e  e f f e c t s  (Type 6 )  and t h e  

Type B i n t e r f e r e n c e  e f f e c t s  t o  be discussed  subsequent ly  i n  Subsec- 

t i o n  G. 

The moment vector  a c t i n g  a t  t h e  h u l l  c e n t e r  of volume due t o  quasi-  

s t eady  aerodynamic e f f e c t s  is given by: 

Here t h e  re levan t  equat ions  are Eq. 8-73 t o  8-78 and Eq. 8-84 t o  8-86. 

Again, Type A and Type B i n t e r f e r e n c e  e f f e c t s  a r e  included. 

9. QUASI-STEADY TAIL (ON HULL) AERODYNAMICS 

The c a l c u l a t i o n  of ta i l -on-hul l  quasi-steady aerodynamic loads  i s  

based on t h e  assumption of s t eady  r e c t i l i n e a r  motion of t h e  t a i l  a t  

l a r g e  l o c a l  ang les  of a t t a c k  and s i d e s l i p .  These incidence ang les  a r e  

de r ived  from t h e  r e l a t i v e  l o c a l  v e l o c i t y  f i e l d  a t  t h e  t a i l  aerodynamic 

re fe rence  c e n t e r ,  which inc ludes  those  kinemat ic  motion e f f e c t s  due t o  

curved f l i g h t .  T a i l  loads  aue t o  r o t a t i o n  about t h e  t a i l ' s  r e fe rence  

c e n t e r  a r e  n e g l i g i b l e  except f o r  r o l l i n g  e f f e c t s .  

I n  low incidence flow t h e  f i n  f o r c e s  a r i s e  from c i r c u l a t i o n  and edge 

vor tex  e f f e c t s ;  t h i s  is c a l l e d  t h e  "pre-s ta l l"  regime, wherein f o ~ c e s  

depend on dynamic pressure ,  t a i l  l o c a l  ang les  of incidence ( a  and 8) ar.d 

t a i l  s u r f a c e  d e f l e c t i o n s .  A t  h igh incidences ,  near *90 deg, the  f o r c e s  

a r i s e  from separa ted  flow e f f e c t s .  This is c a l l e d  t h e  "crossflow" 

regime. Between these  is the  " s t a l l  t r a n s i t i o n "  regime. 

The fo rces  f o r  af  t-quadrant flow d i r e c t i o n s  (e.g., incidences  from 

*90 t o  *I80 deg) a r e  assumed t o  be mi r ro r  images of t h e  forward f low 



fo rces .  This  assumption is roughly t r u e  f o r  low a s p e c t  r a t i o ,  sha rp  

edged, f i n s  on s l e n d e r  bodies,  and it g r e a t l y  reduces t h e  number of 

inpu t  parameters. Should g r e a t e r  p r e c i s i o n  be d e s i r e d  about a g iven 

a n g l e  of a t t a c k  o r  s i d e s l i p  t r i m  cond i t ion ,  the  form of t h e  equa t ions  is 

s u f f i c i e n t l y  f l e x i b l e  t o  p e n i t  f i t t i n g  it t o  more l o c a l i z e d  aerodynamic 

p r o p e r t i e s ,  as obta ined by test o r  semi-empirical methods. 

Addi t iona l  i n t e r f e r e n c e  e f f e c t s  bes ides  those  t h a t  were t r e a t e d  i n  

Subsect ion C arise from ground proximity t o  t h e  t a i l .  This  causes  a n  

i n c r e a s e  i n  the  t a i l  l o c a l  ang le  of a t t a c k  (Type A i n t e r f e r e n c e )  and an 

i n c r e a s e  i n  t h e  t a i l  l i f t i n g  e f f i c i e n c y  (Type B i n t e r f e r e n c e ) .  These 

1n te r ; s rence  e f f e c t s  can be important  i n  t h e  low incidence regime, but  

w i l l  be l e s s  important  i n  t h e  c ross f low and s ta l l  t r a n s i t i o n  regimes. 

I n  the  development of the  t a i l  f o r c e  models we assume t h a t  t h e  t a i l  l i f t  

parameters a r e  known a p r i o r i .  The c o r r e c t i o n s  f o r  t h e  va r ious  h u l l  and 

t a i l  Type B i n t e r f e r e n c e  e f f e c t s  w i l l  be presented i n  Subsect ion G. 

Before con t inu ing  wi th  t h e  d e t a i l e d  equa t ions  f o r  quasi-steady t a i l  

loads ,  we p resen t  the  d e f i n i t i o n s  f o r  ang le  of a t t a c k  and ang le  of s ide -  

s l f p  s i n c e  they w i l l  be needed i n  the  fo l lowing s e c t i o n s .  Here we a l s o  

p resen t  c o r r e c t i o n s  t o  t h e s e  l o c a l  incidence ang les  a r i s i n g  from ground 

on t a i l  v e l o c i t y  i n t e r f e r e n c e  (Type A) and t a i l  c o n t r o l  s u r f a c e  d e f l e c -  

t ions .  

1. T a l l  Aerodynamic Inc idence  Angles 

The d e f i n i t i o n s  f o r  aerodynamic ang le  of a t t a c k  and ang le  of s i d e -  

s l i p  commonly used i n  h e l i c o p t e r  l i t e r a t u r e  have been adopted i n  o r d e r  

t o  a l low a continuous d e s c r i p t i o n  of aerodynamic loads  f o r  a l l  ang les  of 

incidence.  The d e f i n i t i o n  f o r  a n g l e  of a t t a c k  is  the  s t andard  one which 

is used i n  a l l  a i r c r a f t  a p p l i c a t i o n s .  However, t h e  ang le  of s i d e s l i p  is  

determined by t h e  p r o j e c t i o n  of t h e  r e l a t i v e  flow vec to r  on the  x-y 

plane  of the  h u l l .  The a l g e b r a i c  equa t ions  f o r  t h e s e  ang les  a r e  g iven  

I n  terms of the  l o c a l  v e l o c i t y  v e c t o r  a t  the  t a i l  aerodynamic r e f e r e n c e  

c e n t e r  as: 



where, u, v, and w a r e  t h e  t h r e e  components of (Vf, t ) '  given i n  Eq. 

8-35. 

The t a i l  r o l l i n g  moment due t o  r o l l i n g  v e l o c i t y  is c a l c u l a t e d  from 

t h e  l o c a l  ang le  of a t t a c k  a t  t h e  nominal t a i l  t i p  l o c a t i o n  [ a l s o  

r e f e r r e d  t o  a s  t h e  non-dimensional r o l l - r a t e  i n  t h e  l i t e r a t u r e  (Ref. 

8-15)]. 

where bt is t h e  re fe rence  t a i l  span and p is t h e  f i r s t  component of 
a t  y, , from Eq. 8-4. 

2. T a i l  Surf ace Def lec t ion  and Ground 
E f f e c t  V e l  t t y  I n t e r f e r e n c e  

The l o c a l  t a i l  aerodynamic ang les  of incidence a r e  a f f e c t e d  by 

d e f l e c t i o n s  of t h e  t a i l  c o n t r o l  s u r f a c e s  and ground proximity (Type A 

i n t e r f e r e n c e ) .  The d e f l e c t i o n  of the  t a i l  s u r f a c e s  causes a change i n  

t'le l o c a l  angle  of a t t a c k  (due t o  e l e v a t o r ) ,  l o c a l  s i d e s l i p  (due t o  

rudder) ,  and l o c a l  r o l l i n g  ang le  of a t t a c k  (due t o  a i l e r o n s ) ,  which is 

c a l c u l a t e d  by a simple model based on t h e  t a i l  d e f l e c t i o n  ang le  (6 )  and 

a c o n t r o l  s u r f a c e  e f f e c t i v e n e s s  parameter (r) .  Ground proximity causes  

a reduc t ion  i n  t h e  induced ang lc  of a t t a c k  a t  t h e  t a i l  aerodynamic 

c e n t e r  due t o  the  s t r a i g h t e n i n g  e f f e c t  of t h e  ground plane. 

For smal l  ang les  of d e f l e c t i o n ,  t h e  change i n  l o c a l  t a i l  inc idence  

due t o  t a i l  c o n t r o l  s u r f a c e  d e f l e c t i o n  is l i n e a r l y  r e l a t e d  t o  t h e  

d e f l e c t i o n  ang le  wi th  a c o r r e c t i o n  f o r  movable t a i l  s u r f a c e  geometry. 

When the  d e f l e c t i o n s  become l a r g e  ( g r e a t e r  than 60 deg), t h e  e f f e c t i v e -  

ness  of the  movable t a i l  s u r f a c e s  becomes severe ly  l imi ted .  The follow- 

i n g  model accounts f o r  t h e  change i n  t a i l  s u r f a c e  e f f i c i e n c y  wi th  

inc reas ing  d e f l e c t i o n  ang les  an+ was taken from Ref. 8-6: 
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B' 8 + ~r s i n  dr (8-93) 

where t h e  primed n o t a t i o n  he re  i n d i c a t e s  t h a t  t h e  aerodynamic a n g l e s  

have been c o r r e c t e d  f o r  t a i l  s u r f a c e  d e f l e c t i o n s ,  and 

6,, 6,, 6a a r e  t h e  e l e v a t o r ,  rudder,  and a i l e r o n  
d e f l e c t i o n s ,  r e s p e c t i v e l y  

Ten T r ,  Ta a r e  t h e  t a i l  s u r f a c e  e f f e c t i v e n e s s  
parameters f o r  the  e l e v a t o r ,  rudder,  
and a i l e r o n s ,  r e s p e c t i v e l y  

The values  f o r  t h e  t a i l  e f f e c t i v e n e s s  parameters a r e  u s e r  i n p u t  con- 

s t a n t s ,  determined from t h e  movable s u r f a c e  planform and t h e  a r e a  of t h e  

r e s p e c t i v e  movable s u r f a c e s  a s  percentages  of the  f i x e d  t a i l  a reas .  

The c a l c u l a t i o n  of the  v e l o c i t y  ground e f f e c t  (Type A) on a  l i f t i n g  

wing is based on a p o t e n t i a l  f low modcl of the  ground plane  a s  a 

r e f l e c t i n g  vor tex  system. The s t r e n g t h  of t h i s  r e f l e c t i n g  v o r t e x  is 

dependent upon the  l i f t i n g  e f f i c i e n c y  of the  t a i l  ( l i f t  curve s l o p e )  and .. 
the  nondimensional he igh t  of t h e  t a i l  above the  ground p lane  h t  E (ver-  

t i c a l  l o c a t i o n  of the  h o r i z o n t a l  t a i l / b t ) .  This  ground e f f e c t  d e c r e a s e s  

wi th  the  inverse  square  of the  nondimensional t a i l  he igh t ,  becoming neg- 

l i g i b l e  f o r  t a i l  l o c a t i o n s  g r e a t e r  than t h r e e  t a i l  spans  above t h e  

ground. A s  a  r e s u l t ,  t h i s  c o r r e c t i o n  w i l l  k unimportant  except  f o r  

mooring and r o l l i n g  takeoff  c a l c u l a t i o n s .  The fo l lowing  approximate 

model is based upon the  equa t ions  g iven by E tk in  (Ref. 8-15): 

( a ) '  (T1AC)a ( 8 -95 )  
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(a)'  deno tes  t h a t  t h e  t a i l  ang le  of a t t a c k  has been 
c o r r e c t e d  f o r  ground e f f e c t s ,  and 

a c g i / a c i s  t h e  r a t e  of change of t h e  ground- 
induced downwaah angle  wi th  r e s p e c t  
t o  the  ta i l - induced downwash a n g l e  

ac /aa  is t h e  r a t e  of change of t a i l - induced  
downwash ang le  wi th  r e s p e c t  t o  t a i l  
Ereestresm ang le  of a t t a c k  

and a r e  g iven by: 

I n  these  equa t ions ,  

KGTB i s  an inpu t  constant  

"t h t /b t ,  t h e  he igh t  of t a i l  aerodynamic 

r e f e r e n c e  c e n t e r  normalized. 

z 2 is a an  inpu t  parameter de f ined  i n  Eq. 8-144 
aV t of the  fo l lowing subsec t ion  

The e f f e c t s  of ground proximity on the  l o c a l  t a i l  a n g l e  of s i d e s l i p  

and r o l l i n g  aqg le  of a t t a c k  a r e  neglected a s  being small i n  comparison 

wi th  the  preceding t a i l  s u r f a c e  d e f l e c t i o n  and ground-induced downwash 

c o r r e c t i o n s .  



The equat ions  f o r  the  l o c a l  t a i l  incidence angles ,  inc lud ing  t h e  

e f f e c t s  of t a i l  s u r f a c e  def 1 e c t i ; n s  and ground proximity,  a r e  given by: 

(a)' = [a + ( T ~  s i n  Ge)](TIAC) 

(8) '  = B +  ( T ~  s i n  6,) (8-100) 

where t h e  primed ( ) ' n o t a t i o n  now i n d i c a t e s  t h a t  t h e  t a i l  aerodynamic 

incidences  have been cor rec ted  f o r  both t a i l  s u r f a c e  d e f l e c t i o n  and 

ground proximity e f f e c t s .  

The r o l l i n g  ang le  of a t t a c k  c o r r e c t i o n  of Eq. 8-101 is used i n  t h e  

model f o r  t a i l  r o l l i n g  moment due t o  r o l l  r a t e .  However, a i l e r o n  

d e f l e c t i o n  does not a f f e c t  the  genera t ion  of s i d e  fo rce  due t o  r o l l  

r a t e ,  which is  a l s o  indexed t o  t h e  r o l l i n g  angle  of a t t a c k .  For t h i s  

case  t h e  uncorrected r o l l i n g  angle  of a t t a c k  (a ) given i n  Eq. 8-91 is 
P 

used and w i l l  be d i s t i n g u i s h e d  from t h e  ad jus ted  va lue  by t h e  second 

s u b s c r i p t ,  "0": 

In the  d i s c u s s i o n  t h a t  fo l lows ,  the  t a i l  l o c a l  incidence a n g l e s  

r e f e r  t o  the  f i n a l  cor rec ted  values of Eqs. 8-99 t o  8-102. 

3 Definitions for Large Aqgles of Incidence 

The fol lowing d e f i n i t i o n s  'gr r e f l e c t e d  (supplementary) ang les  of 

Incidence a l low the  use  of single-quadrant equat ions  i n  t h e  t a i l  sero-  

dynamic modeis: 
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I n  these  equa t ions ,  the  s i n g l e s  on che r i g h t  hand s i d e  a r e  de f ined  

by the  primed q u a n t i t i e s  i n  Eq. 8-99 t o  8-101. Fur the r ,  the  s i g n  func- 

t'on is given hy: 

The t h r e e  t a i l  inc idence r e g l u e s  I e . ,  p r e - s t a l l ,  t r a n s i t i o n ,  and 

c ross f low)  u::=8 in each of the  aerodynamic f o r c e  and moment models 

(except: f o r  a x i a l  f o r c e )  a r e  def ined ir. terms of s i x  parameters ( a l ,  a2, 

61, $2 ,  a p l ,  ap2 ) a s  follows: 
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TABLE 8-1. TAIL AERODYNAMIC REGIMES 

4. T a i l  Potces 

I 

Pre-S t a l l  

S t a l l  

T a i l  f o r c e s  a r e  modeled f o r  t h e  cc,sbination of f i n s  on the  h u l l ,  s o  

l l f  t ca r ryover  and mutual h u l l l f  i n  i n t e r f e r e n c e  e f f e c t s  a r e  subsumed i n  

t h e  ne t  t a i l  coef f  i c i e n t a .  "or s i m p l i c i t y ,  t h e  t a i l  f o r c e s  a r e  assumed 

t o  pass  through ze ro  a t  Aern incidence.  A t  low ang les  of inc idence  

( p r e - s t a l l )  t h e  ncrmal f o r c e s  (Z and Y) a r e  modeled by a sum . l i n e a r  

e f c e c t s  p ropor t iona l  t o  (or ' ,  B ' ,  $1 and l ead ing  edge v o r t e x  e f f e c t s  

p ropor t iona l  t o  a ' ,  0 '2#  4 2 ) .  

a' 

l a ' /  < a1 

I n s t e a d  of the  convent ional  p rac t i c ;  of r - - i t i n g  Z as a product of 

t o t a l  dyna.nic p r e s s u r e  (a v:) and c o e i f i c i e r ' s  .ependent on a' and B ' ,  

we have found i t  more e f f i c i e n t  t o  use the  dynasic  p ressure  perpendicu- 

l a r  t~ the  r e l e v a n t  span (- ~ 4 , ~ ) .  By doing t h i s ,  the  Z-force s l o p e  

CZ becomes nea r ly  cons tan t  f o r  a l l  6'.  S i m i l a r j y  f o r  l a t e r a l  f o r c e s ,  
a 

re fe renc ing  t o  v2 a l lows  t h e  use  of a s i n g l e  s lope  Cy , w h i ~ h  is n e a r l y  
X Y t  d 

cons tan t  f o r  a l l  a'. This  a g r e e s  wi th  skewed-wing theory (Ref. 8-6), 

m a ~ c h e s  d a t a  we l l ,  and s i m p l i f i e s  the  s i m ~ . l a t i o n  of l a r g e  incidences .  

A t  l a r g e  ang les  of a t t a c k  ( p o s t - s t a l l ) ,  t he  t a i l ' s  normal f o r c e s  a r e  

modeied by a n  ex tens ion  of the  h u l l  crossf iow theory cove:e? c-.ove, 

with  CC and CC being t h e  crosswind drag c o e f f i c i e n t s  of the  : .-.:.' (on 
Y t  =t 

h u l l j  assembly. I n  the  s t a l l  t r a n s i t i o n  r .  >irne, t h e  t a i l  force.y a r e  

T r a n s i t  i o n  a1 < l a ' l  < a2 

Crossf low a2 < l a ' !  < n/2 

8' 

18'1 < 81 

-- 
4; (and $o) 

141 < Qpl 

01 < 18'1 < B2 

8 2 < l 8 ' l < n / 2  

41 < < 4 2  

92 C 141 < n/2 



l i n e a r l y  in te rpola ted  between those a t  al and 42; B1 and B2:' and and 

respect ively.  

The t a i l  a x i a l  fo rce  is c lose ly  proport ional ,  over a l a rge  angle  

range, t o  a constant (oredominantly sk in  f r i c t i o n )  coe f f i c i en t  times t h e  

a x i a l  component of r e l a t i v e  ve loc i ty  (u) squared: 

where h lul t  is an input  parameter determined by t he  user.  It i s  

r e l a t ed  t o  the conventional aerodynamic q u a n t i t i e s  according t o  t he  

dcf ining equation: 

The t a i l  reference a r ea ,  St, is  t ha t  which is cons is ten t  with the  

a x i a l  drag eoef f i c i e n t ,  C A ~ .  

The t a i l  s t a t i c  Y-force model shown i n  Fig. 8-5 is defined by the  

following equations: 

Pre-Stall :  i 8'1 < 01; a l l  a and cp - 

Crossflow: $2 < 16'1 < n/2 ; a l l  a '  and 6 -- 

Y t ,  = a Yvlvltv Vyzt 



Figure 8-5. Tail Static Y-Force Mod21 

vhere 

Transition: 01 < 0'  < 02; a l l  a' and a; 

where y t ( f i l j  is determined from Eq. 8-110 w i t h  B' f3;, and 



where 

13; 2 01 sgn 13 

B; 02 sgn B 

Neglecting some higher-order e f f e c t s  of over lapping a, 6, and 4 
regimes, t h e  dynamic Y-f o rces  (i.e., those  d11e t o  r o l l i n g  v e l o c i t i e s  

about t h e  t a i l  aerodynamic re fe rence  c e n t e r )  a r e  c a l c u l a t e d  s i m i l a r l y .  

Note t h a t  ap0 r a t h e r  than a is  used, s4nce t h e  a i l e r o n s  do not con- 
P 

t r i b u t e  t o  the  dynamic Y-forces. 

Pre-Sta l l :  ~ a I ; ~ j  < a l l  a' and 5' 

Crossf low: %, < < n/2; a l l  a' and 0' 

Trans i t ion :  opl < 6 < a l l  a' and 8' 

and 

ytd (a;io) Is determined from Eq. 8-120 with do = 



The tail z-forces are given by: 

Pre-Stall* la'l < al; all 0' and 6 

Zt u[zav2 t a' + Za2v2t a' la' I]V& 

where 

Crossflow: a2 < la'! < r/2; all 0' and 6 

Zt = aZwlwltw Vyzt 

Transition: a1 < a' < a2; all B' and C$ 

2, z zt(a;) + (a' - a ; )  
a2 '"1 

where zt (a;) is determined from Eq. 8-128 with a' = a ,  and 

%(a;) = 6 w2 Vyz2%1wlt 



where 

a2 = a2 sgn a 

w2 = vXzt sin a; 

In the preceding equations (Eq. 8-108 to 8-136), the coefficients, 

X ~ ~ ~ ~ t ~  Y B V ~ t ,  Y02v2t. Y p ~ p ~ t  YapV2 , 2v2 D Y V ~ V I ~  Z a v ~ t ~  Z2v2t, and 
t 9 t  

ZWl,lt are related to the conventional aerodynamic quantities according 

to the defining equatio~; : 



The nondi .mensional parameters of Eq. 8-137 through 8-146 (e.g., 
C ~ t  J 

a r e  obtained from ava i l ab l e  wind tunnel data ,  see Appen- 

5. T a i l  Htmente 

The normal (Yt a n i  Zt) and a x i a l  (s) forces  computed a t  the t a i l ' s  

aerodynamic reference center  a r e  t ransfer red  t o  the h u l l  cog. t o  y i e ld  

net quasi-steady s t a t i c  aercdynamic forces  and wments there.  The small 

pi tching and yawing moments which a r e  measured about the tail 's own 

aerodynamic reference center  due t o  pi tching and yawing angular veloci-  

t i e s  a r e  neglected i n  comparison with the la rge  analogous momeats on the  

h u l l  (Eqs. 8-84 and 8-86). S igni f icant  t a i l  r o l l i n g  moments a r i s e  due 

t o  s t a t i c  s i d e s l i p  (dihedral  e f f e c t )  and r o l l  r a t e  (%). Since the h u l l  

s t a t i c  and dynamic r o l l i n g  moments a r e  t yp ica l ly  neg l ig ib l e  (Subsec- 

t i on  D, a r t i c l e s  . and 2) ,  the analogous t a i l  moments a r e  retained.  The 

t a i l  r o l l i n g  moment de, o-ndency on r o l l  r a t e  (a' ) is a.ssumed t o  follow 
P 

the same model as  was used f o r  the t a i l  dynamic s i d e  force  (i.e., s i n g l e  

dependency on a' ). However, the model f o r  t a i l  s t a t i c  r o l l i n g  moment P 
due t o  s i d e s l i p  is more conplicated, involving a generalized model which 

is dependent on both angle of a t t ack  and s ides l ip .  This is necessary to  

account fo r  the inherent  asymmetry of the t a i l  s t a t i c  r o l l i n g  moment 

cha rac t e r i s t i c s .  

The pitching and yawing mments about 132 t?.il aerodynamic reference 

center  due to  pi tching and yawing ve loc i t i e s  and the t a i l  X and Z forces  

due to  t a i l  angular ve loc i t i e s  a r e  second-order terms and a r e  ncglected. 

However, the t a i l  r o l l i n g  moment due t o  r o l l i n g  aagle  of a t t ack  (8)  is 

retained,  s ince it contributes the dominant r o l l  damping of the h u l l /  

t a i l  system. The model f o r  t h i s  moment is  d i r e c t l y  analogous t o  t h a t  

used for  the ca lcu la t ion  of the dynauiic Y-force. Since the t a i l  r o l l i a g  

moment generated by r o l l  r a t e  it: th2 same as  t h a t  due t o  an equivalent  

a i l e ron  def lec t ion ,  the t a i l  r o l l i n g  augle of a t t ack  used i n  the follow- 

ing ca lcu la t ions  is tha t  which was corrected f o r  a i l e ron  de f l ec t ion  

e f f e c t s  (Eq. 8-101). The r e su l t i ng  model fo r  t a i l  dynamic r o l l i n g  

moment is presented 5elow: 
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Pre-Stall: 161 < b l ;  a l l  a' and 8' 

6 + Laiv2, I"&t 

Crossflow: ap2 -- < l $ l  < 7112; a l l  a 'and 8' 

'td a ' 4 p l p l t  PIPI  

Transition: opl < $ < Q P ~ ;  a l l  a' and 8' 

where Ltd($l) i s  determined from Eq. 8-147 with $ = $1, and 

and 

with Vpt given in  Eq. 8-127 L . L~ l p  are related to  the 

conventional aerodynamic to  the defining equations: 
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The genera t ion  of t a i l  s t a t i c  r o l l i n g  moment due t o  s i d e s l i p  (dihe- 

d r a l  e f f e c t )  depends upon both ang le  of a t t a c k  (a ')  and s i d e s l i p  (8 ') .  

Th i s  r e s u l t s  from t h e  change i n  t h e  r o l l i n g  moment due t o  s i d e s l i p  

d e r i v a t i v e  (L8) with changes i n  ang le  of a t t a c k ,  which a r i s e s  from ta i ls  

wi tn  swept-back q u a r t e r  chord l i n e s .  Even f o r  ze ro  angle  of a t t a c k ,  

l a r g e  d i h e d r a l  e f f e c t s  may e x i s t  a s  a r e s u l t  of tai ls  which a r e  nonsym- 

m e t r i c a l l y  disposed on the  h u l l  (e.g., vee- o r  t e e - t a i l s ) .  Surveys of a 

wide range of d i h e d r a l s  e f f e c t s  a t  l a r g e  angles  of incidence l eads  t o  

t h e  following five-regime flow model (Fig. 8-6), which is a g e n e r a l i ~ a -  

t i o n  of the  previous three-regime models: 

 re-Stall: la'] < a1 and 18'1 < $1; a l l  a; - 

Crossf low: la'l > a2 and/or 18'1 $2; a l l  6 

Lts = Q = ~ " ~ v l ~ ~  Vyzt 

a - S t a l l  Trans i t '  a1 < la'l < a2 2nd I F ' '  < 81; a l l  6 - 

Linear i n t e r p o l a t i o n  between a i  and a; along cons tan t  8' 



Figure 8-6. Flow Regimes for T a i l ,  R o l l i n g  Moment 
S t a t i c  Model 
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$-Stall Transition: la'l < a1 and 01 < 18'1 < 02; all 6 - 

Llnear interpoiation between 0; aud 8; along constant a' 

a and 0 Stall Transition: a1 < la'l < a2 - and 01 < 18'1 < 02; all c$ 

Linear interpolation between al and a2 along constant 0' 

Lt Lt(a;. B')~ + # 
(a' - a;) (8-161) 

a2 - a1 
8 ' 

where Lts(al, $ ) is determined from Eq. 8-157 with a* = a;. and 

Lts(a', 8;) is determined from Eq. 8-157 with 8' - 6;. and 

~~,(ai, 6;)* is determined from Eq- 8-157 with a' = ai and v2 and Vyz2 

are given in Eqs. 8-118 and 8-119, respectively. L0V2t. L0GV2ts and 

LVlvlt are related to the conventional aerodynamic quantities according 

to the defining equations: 
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The preceding express ions  f o r  the  d i h e d r a l  e f f e c t  may seem complex. 

However, they a r e  t h e  minimum complexity required t o  represen t  t h e  

s t r o n g l y  nonl inear  v a r i a t i o n s  i n  r o l l i n g  moment a s  a  func t ion  of ang le  

of a t t a c k  and s i d e s l i p  which occur w i t h i n  and beyond t h e  conven t iona l  

a t t ached  flow regime. For example, i t  is wel l  known (Ref. 8-16) t h a t  

X-oriented f i n s  g i v e  s t a b i l i t y  ( r e s t o r i n g )  d i h e d r a l  e f f e c t  a t  l a r g e  a 

and small B, and u n s t a b l e  (d ivergen t )  d i h e d r a l  e f f e c t  i f  r o l l e d  a t  

s5 deg t o  g ive  equa l  a and B. The above equat ions  c o r r e c t l y  model t h i s  

e f f e c t .  When t h e  HLA t a i l  opera tes  i n  t h e  f u l l y  separa teu  c ross f low 

regime, t h e  d i h e d r a l  e f f e c t  v a r i a t i o n s  become very i d i o s y n c r a t i c  func- 

t i o n s  of p a r t i c u l a r  f i n  geometry, and t h e  a n a l y t i c a l  model may not  

a c c u r a t e l y  represen t  s p e c i f i c  d e t a i l s .  

6. Surary of Tail-Only Quasi-Stea' &rodymaics 

The fo rce  vec to r  a c t i n g  of t h e  t a i l  c e n t r o i d  due t o  the  quasi -s teady 

aerodynamic e f f e c t s  d iscussed i n  t h i s  subsec t ion  is given by: 

where the  v > r i ~ U s  f o r c e  terms a r e  taken from a r t i c l e  4  (Eq. 8-108 t o  

8-146). 

The moment vector  a c t i n g  a t  t h e  t a i l  cen t ro id  con ta ins  only r o l l i n g  

moment c o n t r i b u t i o n s  f o r  a r t i c l e  5 (Eq.  8-146 t a  Eq. 3-166): 

In  both cases  the  e f f e c t s  of vel \?c i ty  in terferenc- .  (Type A) and t a l l  

s u r f a c e  d e f l e c t i o n  a r e  accounted f o r ;  the  Type B i n t e r f e r e n c e  e f f  ts 

a r e  i m p l i c i t  i n  the  c o e f f i c i e n t s .  



This  subsec t ion  sums ttre quasi-steady f o r c e r  and moments of the  h u l l  

and t a i l  a t  t h e  c e n t e r  of g r a v i t y  cf t h e  h u l l  assembly. The r e s u l t i n g  

model 's then c o r r e l a t e d  wi th  wind tunnel  d a t a  f o r  a c l a s s i c a l  a i r s h i p  

design. This  s e r v e s  t o  expose t h e  g e n e r i c  form of a i r s t h i p  aerodynamic 

f o r c e s  and moments. The aerodynamic f o r c e  and moment v a r i a t i o n s  of t h e  

h u l l  and t a i l  components used i n  an example HLA conf igura t ion  are a l s o  

presented t o  i l l u s t r a t e  f u r t h e r  the  h u l l  and t a i l  equa t ions  developed 

above. This  p a r t i c u l a r  v e h i c l e  conf igura t ion  was used throughout t h e  

s imula t ion  development. 

1. Force and Moment Sumation 

The quasi-steady aerodynamic f o r c e  a c t i n g  a t  t h e  h u l l  c e n t e r  of 

volume is given by t h e  sum of the  h u l l  only f o r c e  (Eq. 8-87) and t h e  

t a i l - o n l y  fo rce  (Eq. 8-167), 

The quasi-steady aerodynamic moment is more complex i n  t h a t  allow- 

ance is made f o r  the  t a i l  c e n t e r  of p ressure  not a t  the  t a i l  r e f e r e n c e  

c e n t e r .  The r e s u l t  is expressed a s  a reduct ion i n  the  ta i l  c e n t r o i d  

l o c a t i o n  r e l a t i v e  t o  t h e  h u l l  c e n t e r  of volume ( t y p i c a l l y  by 10 t o  

40 percen t )  is due t o  the  mutual i n t e r f e r e n c e  e f f e c t  of the  t a i l  and 

h u l l  (Ref. 8-17). This i n t e r f e r e n c e  e f f e c t  is modeled by inc lud ing  cor-  

r e c t i o n  r a t i o s  i n  the  moment arm r e l a t i v e  t o  the  c e n t e r  cif volume- Thus 

i f  t h ~  geometric moment arm is  given by: 



then the  modified matr ix  f o r  expanding t h e  vec to r  c r o s s  prodact is: 

where t h e  ha t  (*I  denotes t h e  modif icat ion and t h e  X's a r e  t h e  correc-  

t i o n  r a t i o s .  

I n  the  present  model, t h e  l a t e r a l  o f f s e t  of the  t a i l  c e n t r o i d  from 

t h e  h u l l  c e n t e r  of volume Is assumed zero. Fur the r ,  t h e  v e r t i c a l  c e n t e r  

cf p ressure  c o r r e c t i o n  r ~ t i o s  f o r  r o l l i n g  and p i t c h i n g  a r e  assumed 

equal ,  t h a t  is 

Xzp = Xzq 

^h t  
Only t h e  value  of Xzq need be s p e c i f i e d ,  whence R x ]  is 



The r e s u l t i n g  quasi -s teady aerodynamic moment about t h e  h u l l  aasem- 

bly  c e n t e r  of g r a v i t y  is given by: 

hcv hcv hcv hc hcv zqsh = T Q S ~  + ,Rh E Q S ~  + T Q S ~  + 

h t  "ht  h t  
E Q S ~  + [%CV XI P Q S ~  

I m p l i c i t  i n  t h e s e  z e s u l t s  (Eq. 8-163 and 8-174) a r e  bl,rh yrpe A and 

Type B i n t e r f e r e n c e  e f f e c t s .  

2. Validation of t&aei-Steady M e 1  

The h u l l  and t a i l  aerodynamic models were vs- t d a t e d  ngains t exten- 

s i v e  wind tunne l  d a t a  f o r  t h e  a i r s h i p s  "Akron," "Shenandoah," "R101," 

and the  "Goodyear Z e y ~ e l i n s "  (Refs. 2-3, 8-13, 8-18, 8-19, 8-20). 

S t a t i c  l i f t ,  d r a ~ ,  and p i t c h i n g  moment dat.a f o r  t h e  "Akron," wi th  a  

f i n e n e s s  r a t i o  of 6, are p l o t t e d  i n  Fig. 8-7. Also shown a r e  the  f i t t e d  

s imula t ion  model equa t ions  converted t o  wind ax..!,,, components. 

The s imula t ion  model drag r e s u l t s  a r e  w i t h l n  5 p e r c e z t  of t h e  

exper imenta l  d a t a  over  a  l a r g e  range of incidences .  As expected,  t h e  

p red ic ted  h u l l  l i f t  is dr f i c l e n t ,  i r k  romparjvon t o  the  da ta .  tiowever, 

t h e  e r r o r  is l e s s  than 10 percent  whr.!~ the  h u l l l t a i l  c o n f i g u r a t i o n  i s  

considerea .  Bare h u l l  p i t c h i n g  moment c b a - a c t e r i s t i c s  natch f a i r l y  ~e'l 

when a  s e p a r a t i o n  f a c t . > r ,  %, of P.75 is uacd. P i t ch ing  momer)t c o r r e l a -  

t i o n  wi th  the  t ii on is not s o  good, due t o  the  rearward s h i f t  of the  

t a i l  c e n t e r  of pressure .  Hove-?e:, thc low inc1der . c~  i c s t a b i l i t y  and 

h igher  incidence s t a t i l i t y  . o t y p i c a l  ct a i r s h i p s  .we matched. Addi- 

t i o n a l  c o r r e l z t i o n s  wi th  ' igh  incidence and osci1.l a tory (darnping) d a t a  

i n d i c a t e  t h a t  the  h u l l  and t a i l  a e r o d y r . n i c  f o r c e s  a r e  % a ~ c * i r a l l y  v a l i d  

t o  witt.in abouc 25 percent  accuracy over  t h e  e n t i r e  HI4 .zperationaL 

f l l d h ?  envelope. C m s i d e r i n g  :.hat n e . r l y  a l l  of the  TiLA aerodynamic 

charac: rer ia t ica  r e q u i r i n g  c o n t r o l  can be s imulated,  furt:ie. :clnplexity 

i n  t h i s  gener ic  model is hard to j u s t i f y .  
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Figure 8-7. Comparison of Akron Airship Data with 
Quasi-Steady Models 



The qvasi-steady aerodynamic (model) c h a r a c t e r i r t i c s  f o r  t h e  ba re  

h u l l  and h u l l l t a i l  assembly of t h e  example s imula t ion  test c o n f i g u r a t i o n  

of Fig. 8-8 a r e  presented i n  Fig. 8-9 f o r  a cons tan t  f l i g h t  speed of 50 

f t / s e c .  The h u l l  p r o p e r t i e s  are aseumed equa l  i n  p i t c h  o r  yaw, and t h e  

ta i l -on-hul l  p r o p e r t i e s  f o r  t h e  45 deg v e e - t a i l  are assumed t o  be t h e  

same i n  p i t c h  o r  yaw, except  f o r  t h e  r o l l i n g  moment. Semi-empirical  

methods (Refs. 8-6, 8-7, 8-21, 8-22) were used t o  e s t i m a t e  t h e  b a s i c  

aerodynamic c h a r a c t e r i s t i c s .  The s t a t i c  Z(Y)-force (Fig. 8-9a) is seen 

t o  be dominated by the  bare  n u l l ,  as a r e s u l t  of the  small t a i l  exposed 

a rea .  The s t a t i c  p i t c h i n g  (yawing) moment c h a r a c t e r i s t i c s  (Fig. 8-9b) 

shov t h a t  t h e  small s t a b l e  t a i l  c o n t r i b u t i o n  is completely over r idden  by 

the  l a r g e  u n s t a b l e  h u l l  c o n t r i b u t i o n ,  thereby render ing  t h e  v e h i c l e  

s t a t i c a l l y  u n s t a b l e  (metacen t r i c  s t a b i l i t y  not included) .  The p r e s e n t  

t e s t  case ,  which has a v e e - t a i l ,  e x h i b i t s  l a r g e  nega t ive  r o l l i n g  moments 

due t o  s i d e s l i p  ( p o s i t i v e  d i h e d r a l  e f f e c t  ). Figure  8-9c shows s i g n i f i -  

c a n t  n o n l i i r e a r i t i e s  i n  t h e  m d e l  f o r  ang les  of a t t a c k  of +35 and -35 

deg, owlng t o  the  assumed breakdown of a t t a c h e d  f lw i n  t h e  s t a l l  t r an -  

s i t i o n  regimes. The bare  h u l l  damping c h a r a c t e r i s t i c s  f o r  a x i a l  and 

non-axial f Light a r e  present?d i n  Fig. 8-9d. While the  o f f s e t s  i n  

moments a t  zero  angular  r a t e  ( q , ~  = 0) a r e  due t o  the  s t a t i c  h u l l  moment 

c h a r a c t e r l s t  i c s ,  the  s i g n i f i c a n t  i n c r e a s e  i n  damping mome.lt wi th  angu la r  

r a t e  r e s u l t s  from the  wh and vh dependency i n  Eqs. 8-84 and 8-86. 

C. ADDITIONAL INTgRFERMCE WF8CrS 

Subsections C and E,  a r t i c l e  2 t r e a t e d  the  var ious  v e l o c i t y  (Type A) 

i n t e r f ~ r e n c e  e f f e c t s  on the  h u l l  and t a i l .  Addi t iona l  important  i n t e r -  

f e rence  e f f e c t s  a r i s e  from the  proximity of the  r o t o r s  and p r o p e l l e r s  t o  

t h e  h u l l ,  and the  ground ro  the  h u l l  and t a i l .  These e f f e c t s  may s i g -  

n i f i c a n t l y  a l t e r  the  drag and l i f t  parameters of the  h c l l  and t a i l  (Type 

B lnr - . t r lerence) .  For most s t andard  c o n f i g u r a t i o n s  wl.ere the  r o t o r  and 

p roye i l cv  wakes do not d i r e c t l y  impinge on the  t a i l  s u r f a c e s ,  t h e  Type B 

TP-I 1 5 ~ - 2 - L I  8-53 
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Hull 

Length 

Diameter 

Volume 

Tail  Area 

Weight 

L i f t  Propulsion Unit (LPL') 

Rotor Diameter 56 f t  

Propeller Diameter 13 f t  

Engine Horsepower 
(One per LPU) 

Weight (Each LPU) 9 x lo3 1b 

Composite Vehicle Unloaded Loaded 

Weight ( l b )  125,000 165,000 

Buoyancy Ratio 0.92 0.70 

Figure 8-8. Siniulation Test Configuration 
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c l  Stot~c Ro//iho Moment 

Alone 

M ,-N 16' 
(ft-lb) I 7 Hu! l Alow 

No Interference 

Toil 
Assembly 
Alone 

d l  Danpmg Moment 

M(N) 10" 

400 :Ty) = 5 deg 

static 
Moment 

-100 
Static 

Moment 0 deq 
I 

- 500 

- 600 -5 deg 

Figure 8-9. Quasi-Steady Aerodynamic Characteristics 
of the Test Configuration 



wake in te r fe rence  e f f e c t s  on the t a i l  crossf  low drag c o e f f i c i e n t s  w i l l  

not be important. I n  addi t ion ,  the e f f e c t  of ground proximity on t h e  

tail crossflow drag coe f f i c i en t  's neglected i n  comparison t o  the s i m i -  

lar e f f e c t  on the hul l .  

The rotor-on-hull in te r fe rence  model is based on the HLA wind tunnel  

da ta  of Ref. 8-1. The model is general ized t o  represent  the  similar 

e f f e c t s  of the prope l le r  i n t e r f e r ence  on the hu l l .  The model of ground 

e f f e c t s  on the h u l l  is drawn from wind tunnel  experiments on a model of 

the  a i r s h i p  Akron, described i n  Ref. 8-3. The grcrlnd-on-tail i n t e r f e r -  

ence model is based on wind tunnel da ta  (Ref. 8-6) and a p o t e n t i a l  flow 

so1 ; t i on  (Ref. 8-15). 

1. Potor-on-Eiull In te r fe rence  

The data  of Ref. 8-1 show a s i g n i f i c a n t  increase i n  h u l l  crossflow 

drag coe f f i c i en t  (CC ) with the ro to r  t h r u s t  increase, fo r  operat ions i n  
yh 

t h e  la rge  angle of s i d e s l i p  regime. This is probably due t o  the  i n t e r -  

ac t i on  of ro to r  and h u l l  wakes. For the  maximum ro to r  t h rus t  s e t t i n g s ,  

the  h u l l  crossflow drag c o e f f i c i e n t  increases  by 80 percent f o r  the  

nominal ro to r  spacing, with small reduct ions f o r  more outward ro to r  

locat ions.  

The ro tor  thrust-velocity-squared (uT) (with ilT given Eq. 7-51) 

is represen ta t ive  of the ro to r  self-induced flow energy, the dominant 

source of rotor-on-hull Type B in te r fe rence .  A measure of the induced 

flow energy from a l l  four ro to r s  is obtained from the following de f in i -  

t i o n  of the t o t a l  thrust-velocity-squared: 

The r a t i o  of the h u l l  crossflow d r c ?  coe f f i c i en t  with ro to r s  off t o  t ha t  

obtained with a l l  r o to r s  on is designate3 (cC )'/cC where the  ( )' 
yh yh 

nota t ion  ind ica tes  t ha t  the h u l l  crossflow drag c o e f f i c i e n t  has been 

corrected fo r  the in te r fe rence  e f f e c t  of a l l  rotors .  The va r i a t i on  of 

t h i s  h u l l  crossf  low drag coe f f i c i en t  r a t i o  with t o t a l  thrust-veloci ty-  

squared is shown i n  Fig. 8-10. The data  were obtained from Ref. 8-1 f o r  
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O Data from Ref. 8-1 

Figure 8-10. Rotor In te r fe rence  Ef fec t  on Hull Crossflow 
Drag Coef f ic ien t  f o r  Outward Rotor Locations 

(i 1.5) 

the nominal nondimensional r o t o r / h u l l  separa t ion  d is tance  (?I of Subsec- 

t i on  C1) equal to  1.47. 

A s  can be seen i n  Fig. 8-10, the va r i a t i on  of the drag c o e f f i c i e n t  

r a t i o  with th rus t  ve loc i ty  follows near ly  a  square law fo r  t h i s  configu- 

ra t ion .  However, f o r  more outward ro to r  locat ions,  the  wind tunnel data  

shov a  more l i nea r  dependency on t h r u s t  ve loc i ty .  I n  order t o  accommo- 

da te  a r b i t r a r y  ro tor  loca t ions ,  the following general  model has been 

adopted: 

(CC 1' 4 ro to r  i 
1  + [ ( ~ I U T I )  + (MB &)I (8-176) 

C ~ y h  i s 1  
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where UT i s  def ined i n  Eq. 7-51, and KRHA and KRHB a r e  user-supplied 

c o n s t a n t s  f o r  each r o t o r  obta ined from a v a i l a b l e  vind tunnel  data .  Th i s  

h u l l  crossf low drag c o e f f i c i e n t  c o r r e c t i o n  is r e f l e c t e d  i n  t h e  h u l l  

crossf low drag parameter a s  follows: 

where (Ylv lvh) '  denotes t h a t  Y l v l v h  of Eqs. 8-64 and 8-69 has  been cor-  

r e c t e d  f o r  r o t o r  i n t e r f e r e n c e .  

2. P r o p e l l e r o n - i i u l l  I n t e r f e r e n c e  

The p r o p e l l e r s ,  l i k e  t h e  r o t o r s ,  can cause  s i g n i f i c a n t  changes i n  

t h e  h u l l  crossf low drag c o e f f i c i e n t  due t o  wake i n t e r a c t i o n .  The model 

adopted f o r  propeller-on-hull  Type B i n t e r f e r e n c e  is i d e n t i c a l  t o  t h a t  

d iscussed previously  f o r  t h e  rotor-on-hull  i n t e r f e r e n c e .  The i n t e r f  er- 

ence cons tan t s  of the  Eq. 8-174 a r e  redef ined f o r  each p r o p e l l e r  (KPHA, 

KPHB). When t h e  p r o p e l l e r  and r o t o r  hubs are i n  roughly t h e  same loca- 

t i o n ,  t h e  p r o p e l l e r  i n t e r f e r e n c e  c o n s t a n t s  (KPHA, KPHB) a r e  use r  

a p p r o x i m t e d  from the  r o t o r  c o n s t a n t s  and t h e  r a t i c  of t h e  p r o p e l l e r  and 

r o t o r  d i s k  a r e a s  according t o  t h e  fol lowing r e l a t i o n s :  

 propeller 
where (x)i  3 f o r  t h e  i t h  LPU (same a s  Eq. 8-37) 

ArOtor ' 

3. Cround-on-Hull I n t e r f  e r e n c e  

The da ta  of Ref. 8-3 show a s i g n i f i c a n t  decrease  i n  t h e  h u l l  cross-  

flow drag c o e f f i c i e n t  (CC ) f o r  c r o s s f l w  condi t ions  where t h e  h e i g h t  
yh 

of t h e  h u l l  above t h e  ground is reduced t o  wi th in  one h u l l  diameter.  

This decrease  i n  t h e  crossf low drag c o e f f i c i e n t  wi th  decreas ing ground 



height  is due t o  changes i n  the leeward h u l l  wake a s  the ground is 

approached. The data  of Ref. 8-3 are p lo t ted ,  i n  Fig. 8-11, i n  terms of 

the  drag coe f f i c i en t  r a t i o  ( C ~ ~ ~ ) ' I C ~ , , ~  where the primed ( )' nota t ion  

denotes t ha t  the crossf low drag coe f f i c i en t  has been corrected fo r  

ground-on-hull interference.  These da ta  a r e  p lo t t ed  a s  a funct ion of 
CL 

normalized h u l l  height  h (1 height  of the  h u l l  cen te r  of volume above 

:he ground/hull  diameter). The data  of Fig. 8-11 i nd i ca t e  t h a t  the 

c r o s s f l w  drag coe f f i c i en t  cor rec t ion  becomes neg l ig ib l e  when the  height  

of the h u l l  cen te r  of volume exceeds one h u l l  diameter. As shown i n  

t h i s  f i gu re  the wind tunnel da ta  follow an exponential  funct ion of nor- 

malized h u l l  height ,  approximated i n  the following equation: 

where K is the curve f i t  constant.  When the h u l l  o r ien ted  upright  

(with I# - 0 = O), the Y-force model is given by: 

where ( )' denotes t h a t  Yh has been corrected f o r  ground in te r fe rence .  

Yh is given i n  Eq. 8-64 including the ro tor  and prope l le r  i n t e r f e r ence  

e f f e c t s  on Y V l v l h ,  and 

with Vy as i n  Eq. 8-43. When the h u l l  p i t ch  angles  a r e  small, the  

dependency on normalized h u l l  height accounts fo r  d i f fe rences  between 

the ground in te r fe rence  e f f e c t s  along the length of the  hu l l .  The 

e f f e c t  of h u l l  r o l l  angle 1s accounted f o r  by the  genera l iza t ion  of the 

s ide  force cor rec t ions  of Eqs. 8-181 and 8-182: 

( x ~ ) '  = Xh (no in te r fe rence  e f f e c t )  (8-183) 
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Figure 8-11. Ground Interference Ef fec t  on Hull 
Crossflow Drag C o e f f i c i e n t  

and \, Yh, Zh are g iven i n  Eqs .  8-58, 8-64, and 8-65 a n j  are corrected 

For rotor and propel ler  in ter ference  according to  Subsection G,  A r t i c l e s  

1 and 2. - 

where 

V$ t i s  g iven i n  Eq. 8-57 



The presence of the  ground plane  causes  a n  i n c r e a s e  i n  t h e  t a i l  cir- 

c u l a t i o n  and l i f t  e f f e c t i v e n e s s  (2 2 ) due t o  t h e  favorab le  i n t e r f e r -  
av t 

ence of the  ground plane  on t h e  three-dimensional  flow c h a r a c t e r i s t i c s  

of t h e  t a i l  (Ref. 8-6). The fo l lowing  s i m p l i f i e d  exponen t i a l  model 

bksed on nondimensional he igh t  of the  t a i l  above t h e  ground h t  (= t a i l  

he igh t ,  h t / t a i l  span,  bt) was developed from d a t a  g iven i n  Hoerner 

(Ref. 8-6): 

where ( )' denotes  t h a t  t h e  t a i l  c i r c u l a t i o n  l i f t  parameter (2 2 ) has  av t 
been c o r r e c t e d  f o r  ground e f f e c t s ,  and 

TCLC 

1 

I n  t h i s  express ion ,  h t  z t a i l  he igh t  above t h e  ground divided by bt r 

user-suppl ied  e f f e c t i v e  ta i l  span (same va lue  a s  i n  Subsect ion E, A r t i -  

L'U I ) ,  and KGTA is a user-supplied inpu t  cons tan t .  

The e f f e c t s  of r o l l  aild p i t c h  a w ' e  on t h e  t a i l  ground e f f e c t  calcu- 

l a t i o n s  a r e  ignored i n  a d d i t i o n  t o  t h e  unknown e f f e c t s  of ground prox- 

imi ty  on the t a i l  vor tex  l i f t  e f f e c t i v e n e s s  (Z&v2 ). 
t 

H. UNSTEADY AERODPHbnICS AND BilOYAMX 

The a i r s h i p ' s  low r e l a t i v e  d e n s i t y  (buoyancy force/weight)  makes i t s  

s t a t i c  buoyancy f o r c e  c o n t r i b u t i o n  very s i g n i f i c a n t  and g ives  r i s e  t o  

t h e  a i r s h i p ' s  r e l a t i v e  s e n s i t i v i t y  t o  unsteady aerodynamic loads ,  

n e i t h e r  of which a r e  g e n e r a l l y  of g r e a t  importance f o r  convent ional  a i r -  

c r a f t .  This  s e c t i o n  p r e s e n t s  equa t ions  f o r  these  e f f e c t s  whl le  making 

c a r e t u l  d i e t  i n c t i o n  among the  s e v e r a l  c a t e g o r i e s  of loads  involved. 

The va r ious  loads  can be c l a s s i f i e d  i n  t h r e e  c a t e g o r i e s .  The f i r s t  

ca tegory of loads  a r e  those  which a r i a e  from momentum changes i n  t h e  



l o c a l  flow due t o  a c c e l e r a t i o n s  of the  v e h i c l e  o r  t h e  airmass.  These s o  

c a l l e d  "apparent masa" e f f e c t s  impart  l a r g e  f o r c e s  and moments t o  t h e  

h u l l  and t a i l .  

The second ca tegory  of loads  a r e  those  which a r i s e  from 

dependent b u i l d  up of t h e  bound-vortex p a t t e r n s  accompanying 1 s i n g  

s u r f  aces .  The importance of t h i s  ca tegory of loads ,  so-ce l i e d  "circu- 

l a t i o n  lag" e f f e c t s  depends upon t h e  l i f t i n g  c h a r a e t e r i s t i c s  of the 

i n d i v i d u a l  elements.  

Buoyancy loads  a r e  i n  t h e  t h i r d  ca tegory and a r i s e  from p r e s s u r e  

g r a d i e n t s  i n  the  atmospher surrounding the  HJA. The v e r t i c a l  p r e s s u r e  

g r a d i e n t  induced by the  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  produces the  s t a t i c  

buoyancy of the  a i r s h i p .  Accelera ted  ambient f low f i e l d s  a l s o  have 

p r e s s u r e  g r a d i e n t s  which g ive  r i s e  t o  loads  which a r e  analogous t o  t h e  

s t a t i c  buoyancy fo rces .  These a r e  of t e n  termed "hor izon ta l  buoyancy" 

f o r c e s  a l though the  s u r r  unding a i rmass  can a c c e l e r a t e  v e r t i c a l l y  a s  

wel l .  More p r e c i s e l y  they a r e  termed "buoyancy p r e s s u r e  g r a d i e n t "  

fo rces .  These loads  depend on the  i n e r t i a l  a c c e l e r a t i o n  of the ambient. 

flow, and the  d i sp laced  volume of the  h u l l .  The t a i l  does not exper i -  

ence buoyancy loads  s i n c e  i ts  d i sp laced  volume is n e g l i g i b l e .  

Figure  8-12 taken from Ref. 8-23 shows a t y p i c a l  time h i s t o r y  of t h e  

f o r c e s  imparted t o  a two-dimensional ( i .e . ,  i n f i n i t e  span) wing dur ing  a 

s t e p  up gus t  encounter.  The i n i t i a l  ( i n f i n i t e )  impulsive f o r c e  a r i s e s  

from the  ( i n s t a n t a n e o u s )  momentum change i n  the  l o c a l  I .ow which accomp- 

a n i e s  the  abrupt  a l t e r a t i o n  of the  s t eady  s t ream l i n e s .  This  is t h e  
*I apparent  mass" e f f e c t .  Following t h l s ,  a  bleedoff  i n  the  impuls ive  

f o r c e  occurs  with the fo rce  l e v e l  approaching t h a t  g iven by the  quas i -  

e teady model. The l a g  i n  the  bleed-off of the  impulsive f o r c e s  r e s u l t s  

from the  time requ i red  f o r  the  bound vor tex  t o  reach a s t eady  s t a t e  con- 

d i t i o n .  

The c i r c u l a t i o n  l a g  e f f e c t s  on an a i r s h i p  h u l l  a r e  very small s i n c e  

i t  exper iences  only small c i r c u l a t i o n  l i f t  f o r c e s  (Subsect ion D). To be 
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Figure  8-12. Typical  T a i l  V e r t i c a l  Force '.ime His tory  During 
a  Step Up-Gust Encounter (From Ref. 8-23) 

c o n s i s t e n t  wi th  the  previous omission of the  heu11 l i f t  f o r c e s  at low 

ang les  of a t t a c k  (2-alpha flqw),  these  a s s o c i a t e d  c i r c u l a t i o n  l a g  

e f f e c t s  a r e  omitted.  However, t h e  -pparent  mass e f f e c t s  a r e  very appre- 

c i a b l e  f o r  the  h u l l ,  c o n t r i b u t i n g  the dominant source  of v e h i c l e  loads  

f o r  unsteady mot ion. 

The t a i l  exper iences  loads  due t o  both c i r c u l a t i o n  l ag  and apparent  

mass e f f e c t s .  The former is h igh ly  s e n s i t i v e  t o  the  e f f e c t i v e  t a i l  
2 aspec t  r a t i o  (b t /S t ) ,  wi th  a  value  of 1 o r  2 being t y p i c a l  of a i r s h i p s .  

For quasi-steady flow, the  t a i l  f o r c e s  c o n t r i b u t e  only a  smal l  f r a c t i o n  

of the  t o t a l  ( h u l l  t a i l )  aerodynamic f o r c e s  due t o  the  t y p i c a l l y  smal l  

r e l a t  ive  t a i l  s i z e .  This was demonstrated i n  t h e  quasi-stevdy r e s u l t s  

of Subsect ion F. The c i r c u l a t i o n  l a g  e f f e c t s ,  which a r e  only a smal l  

f r a c t i o n  of the  t y p i c a l l y  smal l  quasi-steady t a i l  f o r c e s ,  w y  be 

neglected i n  comparison wi th  t h e  l a r g e r  t a i l  &baarent  mass loads.  



I n c l u s i o n  of t a i l  c i r c u l a t i o n  l a g  e f f e c t s  should be considered f o r  con- 

f i g u r a t i o n s  with unusual ly  l a r g e  t a i l  s u r f a c e s  of h igh aspec t  r a t i o .  

Summarizing t h e  above s i m p l i f i c a t i o n s ,  t h e  unsteady aerodynamic 

e f f e c t s  which a r e  modeled i n  t h e  s i m u l a t i o n  are: the  apparen t  mass 

e f f e c t s  on the  h u l l  and t a i l ,  and t h e  buoyancy presgure  g r a d i e n t  e f f e c t s  

on t h e  h u l l .  These models a r e  based on t h e  p o t e n t i a l  f low s o l u t i o n s  of 

Refs. 8 - l i ,  and 8-24 t o  8-27. The a ~ s o c i a t e d  e f f e c t s  of r o t o r ,  propel-  

l e r  and ground i n t e r f e r e n c e  a r e  anknown and t h e r s f o r e  neglected.  The 

unsteady aerodynamic f o r c e s  and moment3 which a r i s e  from flow momentum 

changes (apparent  mass e f f e c t s )  are considered f i r s t .  

F i r s t ,  a model is presented f o r  determining t h e  unsteady loads  on 

t h e  h u l l ,  with l a t e r  g e n e r a l i z a t i o n s  t o  allow the  c a l c u l a t i o n  of c o r r e s -  

ponding t a i  1 loads.  

As o u t l i n e d  above, unsteady loads  r e s u l t  from t h e  energy which an 

a c c e l e r a t i n g  body must impart  t o  t h e  surrounding f l u i d  t o  cause changes 

i n  an otherwise  s t e a d y  flow f i e l d ,  o r  t h e  energy imparted t o  a trimmed 

v e h i c l e  by a n  acce le ra ' ing  f low f i e l d  (e.g. a g u s t ) .  The o r i g i n a l  d e r i -  

v e t i o n  of a c c e l e r a t e d  motion f o r c e s  a r e  due t o  Kelvin, Ref. 8-24 and 

Lamb, Ref. 8-25 and were based on equa t ions  f o r  imparted f l u i d  k i n e t i c  

energy. These c m c e p t s  were a c c u r a t e l y  a p p l i e d  by many B r i t i s h  and 

I .  . i r i c a n  s c i e n t i s t s  working on the  a i r s h i p  problem i n  the  e a r l y  p a r t  of 

t h i s  century .  Most no tab le  a t  a  p u b l i c a t i o n s  by Munk, Ref. 8-26 and 

Imlay Ref. 8-27. 

An a l t e r n a t e  approach t o  t h e  k i n e t i c  energy s o l u t i o n  is glven by 

Zahr. (Ref. 8-11), who considered the  ti= r a t e s  of change of the  l i n e a r  

and angu ia r  momentum of the  l o c a l  flow. r<.llowing t h i s  approach, t h e  

l i n e a r  momentum v e c t o r  of the  l o c a l  flow duc t o  h u l l  motion is given by: 
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where & Cv is given i n  Eq. 8-1 (i.e., excluding i n t e r f e r e n c e  e f f e c t s ) ,  

and 

where K,, Kb, and Kc a r e  t h e  so-cal led  h u l l  "apparent mass" c o n s t a n t s  

which a r e  shape f a c t o r s  determined i n  p a r t  by the  f ineneos  r a c i o  of t h e  

h u l l  (Ref. 8-11). Cor rec t ions  f o r  s e p a r a t i o n  e f f e c t s  ( t y p i c a l l y  a 

reduc t ion  of l e s s  than 20 pe rcen t )  a r e  d i scussed  i n  Ref. 8-28. 

The h u l l  f o r c e s  imparted hy the  surrounding f l u i d  a r e  equa l  and 

oppos i t e  t o  the f l u i d  f o r c e s  i a p a r t e d  by the  h u l l .  They a c t  a t  the  h u l l  

c e n t e r  of volume and a r e  determined from Newton's Law by the  i n e r t i a l  

r a t e  of change ~f the  body referenced flow momentum vector :  

hcv .a Oa a 
F M C ~  - Eh " - Eh - (fi ~ h )  

where t h e  subscr ip '  MC s t a n d s  f o r  momentum change and - A  is given i n  

Eq. 2-31. Since the  mat r ix  [KIh is referenced t o  t h e  body a x i s ,  i t s  

time d e r i v a t i v e  r e l a t i v e  t o  r o t a t i n g  body axes  i s  zero.  So, 

where 3 Cv is plven i n  Eq. 8-9. The r e l a t i v e  a c c e l e r a t i o n  is dependent 
0 

upon t h e  a c c e l e r a t i o n  of the  h u l l  c e n t e r  of volume, !kcv, g iven i n  
0 

Eq. 8-16 wnich i n  t u r n  c o n t a i n s  the  unknown q u a n t i t y  V_h a f u n c t i o n  of 
Oa cv the e x t e r n a l  f o r c e s  i n  Eq. 2-58. For the  p resen t ,  the  q u a n t i t y  LJh is  

assumed t o  be known a p r i o r i ;  t h e  equa t ions  w i l l  be rearranged i n  Sub- 

s e c t i o n  1, following t o  accommodate the  c o m p u t a t i o ~ a l  d i f f i c u l t y .  



Expanding Eqs. (8-133) and (8-194) i n  3ca la r  form y i e l d s :  

0 0 0 
where u, v, and w a r e  components of the  r e l a t i v e  a c c e l e r a t i o n  v e c t o r  

T i e  angular  v e l o c i t i e s  c a r r y i n g  t h e  s u b s c r i p t  h ,  a r e  components of the  

angu la r  v e l o c i t y  of t h e  h u l l  r e l a t i v e  t o  the  i n e r t i a l  r e f e r e n c e  frame 

( r e p e a t s  Eq. 2-31): 

k h i l e  t h e  s u b s c r i p t e d  angu la r  v e l o c i t i e s  a r e  elements of t h e  angu la r  
a cv 

v e l o c i t y  r e l a t i v e  t o  t h e  a i r  mass, i.e., of _y, (Eq. 8-2). 

Equation 8-195 t o  Eq. 8-197 can be expressed i n  t h e  form: 
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0 
where t h e  parameters XuhB XqwhB Zquh, e t c .  a r e  s imula t ion  inpu t  parame- 

terr. There a r e  r e l a t e d  t o  t h e  coastants of Eqr. 8-195 through (8-197) 

by the  d e f i n i n g  equat ions:  

The h u l l  moment equa t ions  a r e  obta ined by a s i m i l a r  a n a l y s i s  of the  

angular  momentum which is imparted t o  t h e  surrounding f l u f d  by h u l l  

motion. As discussed  i n  Refs. 8-11 and 8-29, l i n e a r  h u l l  motion g i v e s  

r i s e  t o  an angular  momentum vec to r  as a r e s u l t  of t h e  curva tu re  of the  

l o c a l  s t r e a m l i n e s  around the  h u l l  e l l i p s o i d .  The i n e r t i a l  time r a t e  of 

change of t h i s  momentum v e c t o r  r e s u l t s  i n  quasi-steady aerodynamic h u l l  

moments of Subsection D, a r t i c l e  1 (Eqs. 8-73 t o  8-75). When t h e  h u l l  

exper iences  angu la r  v e l o c i t i e s  it impar ts  angu la r  momentum t o  the  l o c a l  

flow according t o  the  fo l lowing r e l a t i o n :  
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a cv where gh is given i n  Eq. 8-2 (i.e., excluding in te r fe rence  e f f e c t s ) ,  

and 

where G ,  Ki, and a r e  the  so-called h u l l  "apparent i n e r t i a "  cons tan ts  

which a r e  shape f a c t o r s  determined by the f ineness  r a t i o  of the  h u l l  

(Ref. 8-11). KA is s e t  t o  zero because of the  assumed c y l i n d ~  :a1 sym- 

metry of the hul l .  

The moment vector experienced on the h u l l  due t o  angular motion is 

obtained from the i n e r t i a l  time of change of the angular momentum vector  

of the l oca l  flow: 

A s  before, the matrix [K'Ih is body a x i s  referenced; so ,  

Oa cv where tub is given i n  Eq. 8-12. Again, the r e l a t i v e  angular accelera-  
Oa cv o 

t i on  vector ,  gh , contains  the unknown quant i ty  _q, (Subsection B) ,  

which i n  tuirr depends on the  ex t e rna l  moments a s  i n  Eq. 2-58. A s  
Oa cv before,  we  assume the quant i ty  % is known a p r i o r l ,  and d e i a i  the 

computational problem t o  Subsection I, following. 

P 
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Expanding Eqs .  (8-214) and (8-215) i n  scalar form yie lds:  

Lh -PV(G~ + g q h r  - q r h p )  (8-216) 

0 0 0 where p ,  q an2 r are comFonents of the re lat ive  angular acceleration 

vector 

and the corresponding re lat ive  angular rates are: 

Equatft-n 8-216 to 8-?18 can be rewritten as: 

0 0 
Lh a[Lyhp + Lirhqhr + L~qhrhql  
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where the subscript ) denotes the iner t ia l  angular ve loc i ty  within the 

parameters Lirh,  e t c .  These parameters are simulation inputs which are 

related t o  the constants of Eqs. 8-216 t o  8-218 by the defining equa- 

t ions : 
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The ca l cu l a t i on  of t a i l  fo rces  and moments which a r i s e  from changes 

i n  the l o c a l  flow momentum d j  r e c t l y  follows the above development f o r  

the hu l l .  Input parameters a r e  r e l a t ed  t o  the c i r cumcr ibed  a rea  of the 

t a i l  chord and span i n  l i e u  of t h e i r  nonexistant volume. For t y p i c a l  

a i r sh ips ,  the forces  which a r i s e  from the t a i l  apparent mass e f f e c t s  a r e  

s i g n i f i c a n t l y  smaller than the  analogous h u l l  forces.  However, the 

r e su l t i ng  t a i l  moments about the h u l l  can be important due t o  the typi- 

c a l l y  long t a i l  arms. Therefore,  we r e t a i n  t he  f i r s t  order  e f f e c t s  

which depend on the l i n e a r  and angular acce le ra t ion  terms ( the  f i r s t  

t e r n  of Eqa. 8-200 t o  8-202 and 8-220 t o  8-222) and neglect  the remain- 

ing ve loc i ty  product terms. This approximation is within the  ove ra l l  

l eve l  of accuracy of the hul l -plus- ta i l  aerodynamic model. The r e su l t -  
h t  ing equations f o r  the force ,  b c h  , and moment, vectors  a t  the 

t a i l  aerodynamic reference cen t e r  a r e  given by: 

where Y : ~ ~  y i t  gt8 gt, gt 4t, and a r e  s imulat ion input parame- 

t e r s  which a r e  determined by the t a i l  (on h u l l )  geometry (Refs. 8-23 and 
0 0 8-28). The Y p t  and Lvt coe f f i c i en t s  account f o r  poss ib le  v e r t i c a l  

separat ion between the t a i l  cen t ro id  f o r  apparent mass e f f e c t s  and the  

h u l l  cen te r l ine .  In  these equations the r e l a t i v e  l i n e a r  acce l e r a t i ons  

from Eq. 8-14 are:  



and (from Eq. 8-16): 

2. Buoyancy Reasure Gradient Effects 

The s t a t i c  buoyancy f o r c e ,  i.e., wi thout  a i rmass  a c c e l e r a t i o n  

e f f e c t s ,  depends upon t h e  geometry and d e n s i t y  of t h e  a i r  d i sp laced  by 

t h e  h u l l .  It a c t s  a t  the  c e n t e r  of volume of t h i s  d i sp laced  a i r ,  which 

is t h e  geometric c e n t e r  of t h e  e x t e r i o r  envelope. The f o r c e  is r l v e n  

by : 

where g is the  a c c e l e r a t i o n  due t o  g r a v i t y  and LhI is  t h e  d i r e c t i o n  

cos ine  matr ix  def ined i n  Eq. 2-6. 

Dynamic buoyancy f o r c e s  a r e  imparted by f l u i d  p r e s s u r e  g r a d i e n t s  

required t o  a c c e l e r a t e  the  flow. These f o r c e s  a r e  i n  a d d i t i o n  t o  t h e  

momentum change f o r c e s  and mouents d i scussed  above. The p r e s s u r e  

g r a d i t n t  vector  a r t s i n g  from t h e  a c c e l e r a t e d  flow cond i t ion  is given i n  

h u l l  r e fe rence  axes by: 
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.am cv 
where (!h is given i n  Eq. (8-18) 

The f o r c e  vec to r  e x e r t e d  on the  h u l l  is obta ined by i n t e g r a t i n g  over  

the  envelope volume, 

Y 
hcv am cv I D B ~  - - 111 b dxdydz 

0 

where dxdydz c dY. The dynamic buoyancy forcd vec to r  is t h e r e f o r e  g iven 

by : 

!$;; = p~(g 
T o t a l  

Because the  t o t a l  e f f e c t i v e  a i rmass  a c c e l e r a t i o n  c o n s i s t s  of both  

a c c e l e r a t i o n  and g r a d i e n t  terms, the  dynamic buoyance can be w r i t t e n  as 

the  sum of a gus t  a c c e l e r a t i o n  term and a gus t  g r a d i e n t  term, viz: 

hcv hc v hcv 
E D B ~  = F C A B ~  + E C C B ~  

where the  gus t  a c c e l e r a t i o n  term is: 
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and the  gus t  g r a d i e n t  term is: 

The t o t a l  buoyancy f o r c e  a c t i n g  a t  t h e  h a l l  c e n t e r  of volume is t h e  sum 

of  t h e  s t a t i c  and t h e  two g u s t  terms: 

hcv hcv hcv hcv 
b h  = Fsgh + F G A B ~  + F G G B ~  

I. COKPUTATIONAL CONSIDgaATIONS AND EXAMPLE 

This  subsec t ion  c o l l e c t s  and summarizes t h e  s e v e r a l  c o n t r i b u t i o n s  t o  

t h e  aerodynamics a c t i n g  on t h e  h u l l / t a i l  assembly of the  HLA. C e r t a i n  
0 0 

of t h e s e  terms a r e  f u n c t i o n s  of t h e  h u l l  a c c e l e r a t i o n s ,  l., and %, mean- 

ing  t h a t  these  unknowns appear  on both s i d e s  of the  matrix equa t ions  of 

mot l o n e  This in t roduces  a computational  d i f f i c u l t y  which is resolved by 

moving these  terms t o  t h e  lef t -hand s i d e ,  thereby augmenting t h e  h u l l  

assembly i n e r t i a  ma t r ix ,  [ I ~ ] ~ ;  s e e  Sec t ion  2, Subsect ion F. The sub- 

s e c t i o n  concludes wi th  an  i l l u s t r a t i v e  example of the  aerodynamic load 

c o n t r i b u t i o n s  dur ing  a gus t  encounter ,  thereby providing an i l l u s t r a t i v e  

example of the  r e l a t i v e  ?-mportance of che s e v e r a l  load c o n t r i b u t o r s .  

1. Laad Term Surary and Equation Arrangererut 

a. Hull-Only a t  t h e  Hul l  Center of Volume, CV 

When the  quasi-stedy and momentum change f o r c e s  a r e  summed, t h e  

r e s u l t  can be s e p a r a t e d  i n t o  a r e l a t i v e  a c c e i e r a t i o n  dependent term and 

a term dependent upon s t eady  flow e f f e c t & ,  e.g., products  of v e l o c i t i e s ,  

e t c .  For the  h u l l  only ,  the  r e s u l t i n g  summation y i e l d s :  



0 
hcv hcv I hcv 

E M C ~  + E Q s ~  M ~ F  1Ph + E S F ~  

where t h e  l e f t  hand s i d e  terms a r e  def ined i n  Eq. 8-193 and 8-87, and 

Mhll i s  a diagonal  matr ix  given by: 

The sready flow f o r c e  vec to r ,  PSHEV, is given by: 

where the  second vec to r  on the  r i g h t  hand s i d e  is taken from the  velo- 

c i t y  dependent terms i n  Eq. 8-200 ~ h r o u g h  8-202. 

A s i m i l a r  equat ion holds f o r  t h e  hull-only moments 

hcv hcv = Oa cv hcv 
%ch + T Q S ~  I ~ T ~ - W ~  + T , s F ~  

where the  l e f t  hand s i d e  terms a r e  given i n  Eqs. 8-214 and 8-88, and 

IhTl i a  a diagonal  matr ix  given by: 
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The s teady flow moment vec to r  is given by 

where the second vec to r  on the  r i g h t  hand s i d e  is taken from t h e  angu la r  

v e l o c i t y  dependent terms i n  Eq. 8-220 through 8-222. Reca l l  t h a t  t h e  

v e l o c i t i e s  ca r ry ing  t h e  s u b s c r i p t ,  h, i n  Eq. 8-250 and 8-253 a r e  rela- 

t i v e  i n e r t i a l  space;  those  without a s u b s c r i p t  a r e  r e l a t i v e  t o  the  mov-- 

ing  airmass.  

The r e l a t i v e  a c c e l e r a t i o n  dependent term i n  E q .  8-248 is  expanded by 

s u b s t i t u t i n g  Eq. 8-9 f o r  the a c c e l e r a t i o n  a t  t h e  c e n t e r  of volume: 

0 a cv = 0 hcv 0 am cv avim cv 
M ~ F  l,Vh MI IF^!!^ ' M h ~ ~ l h  + % F ~  a R  $ cv 

hcv hcv hcv 
= + H G A ~  + F a h  



The t h r e e  terms on the  r i g h t  a r e  r e e p e c t i v e l y  t h e  a c c e l e r a t i o n  dependent 

term, t h e  g u s t  a c c e l e r a t i o n  term, and the  gus t  g r a d i e n t  term. The e l e -  

ments of the  m a t r i x  have t h e  dimensione of mass. The second two 
1 

terms i n  t h e  s imula t ion  p r i n t o u t  are i d e n t i f i e d  as g u s t  d e r i v a t i v e  

terms: 

hcv I hcu hcv 
L G D ~  F a h  + Fwh 

The s t eady  flow and gus t  d e r i v a t i v e  terms are a l s :  . led s e p a r a t e l y  

I n  t h e  p r i n t o u t :  

hcv hcv hcv 
F S F G D ~  E S F ~  + E G D ~  

F i n a l l y ,  a l l  the  hull-only aerodynamic f o r c e s  a t  t h e  h u l l  c e n t e r  of 

volume a r e  summed from Eq. 8-257, 8,-255, and 8-247 (buoyancy f o r c e ) :  

hcv hcv hcv 
= E S F C D ~  + Sh + Wh 

A s i m i l a r  development holds  f o r  the  hull-only moments a t  t h e  h u l l  

c e n t e r  of volume. Thus, the  r e i a t i v e  a c c e l e r a t i o n  dependent term ?! 

Eq. 8-251 is given by 

hcv hcv hcv 
= T k h  + T c ; A ~  + Tab 
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where the  h u l l  only gus t  g r a d i e n t  dependent moment is i d e n t i c a l l y  ze ro  

a t  the  c e n t e r  of volume ( T C G p V  E 0). Thus t h e  gus t  d e r i v a t i v e  moment. 

are: 

hcv I 

T G D ~  T G A ~  +* 

The s t eady  flow and gus t  d e r i v a t i v e  terms a r e  s e p a r a t e l y  summed: 

hcv hcv hcv 
T S F G D ~  = T S F ~  + T G D ~  

A l l  t h e  h u l l  only aercdynamic torques  a c t i n g  a t  the  h u l l  c e n t e r  of 

volume a r e  g iven by: 

hcv hcv hcv 
Qt: = T S F G ~ ~  + TAD,., 

b. Tail-3nly a t  the  T a i l  Centroid ,  t 

Equations 8-248 t o  8-263 ? e r t a i n  t o  t h e  aerodynamic f o r c e s  and 

moments of the  h u l l  a lone  a c t i n g  a t  the  h u l l  c e n t e r  of volume. A s i m i -  

l a r  development holds f o r   he t a i l - o n l y  f o r c e s  and moments r a t i n g  a t  the  

t a i l  cen t ro id .  The momentum change and quasi-steady f o r c e s  nre summed: 

h t  h t  a t  Oat h t  0 

EMch $ F Q S ~  = M t ~ l V h  + K ~ F ~ %  + F S F ~  

where the  l e f t  hand s i d e  terms a r e  def ined i n  Eq. 8-232 through 8-236 

and 8-167. There a r e  two matr ices .  The f i r s t  c a r c i e s  the  d inens ions  of 

mass and Le given by: 
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The ,econd h a s  t h e  d i m e n s i o n  of mas8 times l e n g t h  and is g i v e n  by: 

S i n c e  t h e r e  a r e  no v e l o c i t y  d e p e n d e n t  t e r m s  i n  t::e momentum c h a n g e  

f o r c e s ,  t h e  s t e a d y  f l o w  and q u a s i - s t e a d y  f o r c e s  a r e  t h e  same: 

As f o r  t h c  h u l l ,  t h e r e  is a s i m i l a r  development  f o r  t h e  t a i l - a l o n e  

moments. The momentum change  and q u a s i - s t e a d y  momenta are summed y i e l d -  

ing :  

h t  h t  o a t  o a t  h t  
I r ~ .  'ai TMch + T Q S ~  - + KLT~!,!~ + T S F ~  
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where the  l e f t  hand s i d e  terms a r e  given i n  Eq. 8-235 through 8-237 and 

Eq. 8-168, r espec t ive ly .  The f i r s t  matr ix  (moment of i n e r t i a  dimen- 

s i o n s )  is giver. by: 

The second matr ix  has the  dimensions of mass t imes lenqth:  

There a r e  no v e l o c i t y  dependent mmentum change terms whence: 

The r e l a t i v e  a c c e l e r a t i o n  dependent terms i n  Eq. 8-264 a r e  given by: 

0 0 
@it 

0 a t  Oat h t  am t 
H ~ F ~ V ~  + K ~ F ~ , w ~  ( H ~ F ~ v ~  + K ~ F ~ %  ) - ( M ~ F ~ v ~  + ~tqz 

amt 
aVt, at 

+ MtF1 -r Vh 

TR-I 151-2-11 
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Ae befo re ,  t h e  t h r e e  r i g h t  hand u i d e  te rms are d e f i n e d  as t h e  accelera- 

t ion-dependent ,  t h e  g u s t  a c c e l e r a t i o n  and g u s t  g r a d i e n t  terms. The 

second two terms are suamed s e p a r a t e l y  i n  t h e  s i m u l a t i o n  p r i n t o u t  as t h e  

g u s t  d e r i v a t i v e  terms: 

ht  h t  h t  
F G D ~  + Z G G ~  ( 8 - 2 7 4 )  

The s t e a d y  f low and g u s t  d e r i v a t i v e  terms are s e p a r a t e l y  summed as w e l l :  

F i n a l l y ,  a l l  t h e  t a i l - o n l y  aerodynamic f o r c e s  a r e  summed a t  t h e  t a i l  

c e n t r o i d :  

The t a i l  on ly  moments a r e  s i m i l a r l y  handled.  Tne r e l a t i v e  a c c e i e r a -  

t i o n  dependent  terms of Eq. 8-268 a r e :  

Oat 0 Oht 0 a t  h t  
I tT l% + Kt~l!h ( I ~ T ~ S  + Kt~l!!h ) 



where t h e  r i g h t  hand s i d e  terms a r e  the  accelera t ion-dependent ,  gust  

a c c e l e r a t i o n  and g u s t  g r a d i e n t  dependent terms, r e s p e c t i v e l y .  The 

aecond two terms a r e  s e p a r a t e l y  summed as the  gus t  d e r i v a t i v e  terms: 

The s t eady  f l w  and gus t  d e r i v a t i v e  tenus  a r e  a l s o  s e p a r a t e l y  summed: 

A l l  r a i l  only moments a r e  sunmed a t  the  t a i l  c e n t r o i d  giving: 

c. Hull and T a i l  a t  the  Hull  Center of Gravi ty ,  h  

In  Eq.  8-258, 8-263, 8-276 and 8-281 the  a c c e l e r a t i o n  dependent 
0 

terms ( s u b s c r i p t  AD) are f u n c t i o n s  of the  h u l l  l i n e a r ,  Yh and a n g u l a r ,  
0 
gh a c c e l e r a t i o n .  Tt e fo rce  samrnation is: 

hcv ht F H A D ~  = E A D ~  + bwh 

Upon s u b s t i t u t i n g  Eq. 8-11, 8-13, 8-15 and 8-17 f o r  tne  l i n e a r  and angu- 

l a r  a c c e l e r a t i o n s  t h e r e  r e s u l t s :  
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!HAD,., = ( ~ h ~ l  + N t ~ ~ ) ! h  

where use  is made of the i d e n t i t i e s  expressed i n  Xq. 2-66 througn 2-69. 

The moment summation about the  center-of -gravi ty  is g i v e n  by: 

Upon s u b s t i t u t i n g  i n  f o r  the  angular and l i n e a r  v e l o c i t i e s ,  the fo l low-  

ing  express ion  r e s u l t s .  



These c o n t r i b u t i o n s  t o  the  aerodynamic loads  af t h e  h u l l  assembly a r e  

s u b t r a c t e d  from both s i d e s  of t h e  equa t ions  of motion fo r  t h e  h u l l  

assembly. When c o e f f i c i e n t s  a r e  combined on t h e  l e f t  hand s i d e  an 

e f f e c t i v e  6 x 6 i n e r t i a  mat r ix  r e s u l t s :  

I 
A l l  a e r o  

f o r c e s  and 
moments less 

h u l l  a c c e l e r a t i o n  
dependent terms 

where t h e  e f f e c t i v e  i n e r t i a  mat r ix  is: 

and the  i n d i v i d u a l  3 x 3 p a r t i t i o n s  are: 



0 0 
and M l l ,  K12, KZ1, and 122 a r e  given by the coe f f i c i en t s  oC Eh and -% i n  

Eq. 8-283 and 8-286. 

Summarizing the above development, unsteady aerodynamic terms 

involving kinematic acce l e r a t i ons  of the  h u l l  assembly do not appear 

e x p l i c i t l y  i n  the righthand s i d e  force  sunnnation, F, af Eq. 2-58. They 

a r e  s h i f t e d  t o  the left-hand s i d e  of Eq. 2-58 t o  f a c i l i t a t e  so lu t ion  f o r  
0 

the  acce le ra t ion  vector ,  V. - In  t h i s  sense,  these unsteady forces  and 

moment terms appear a s  "apparent mass" e f f e c t s  because they increase tile 

e f f e c t i v e  mass c h a r a c t e r i s t i c s  of the h u l l  assembly port ion,  [ I ~ ] ~ ,  of 

the o v e r a l l  i n e r t i a l  mass matrix,  M, i n  Eq. 258. However, they do not 

appear i~ the cen t r i fuga l  o r  g rav i ty  terms of the appl ied force  vector  

(F). Incor rec t  formulations have a t  times been obtained when at tempts  

were made t o  simply augment i n e r t i a l  m3ss terms i n  aerodynamic equations 

of motion. Such a case was reported by Flax, Ref. 8-30, who c o r r e c t l y  

i den t i f i ed  t h i s  source of confusion. 

The remaining h u l l - t a i l  assembly aerodynamic terms which do appear 

i n  - F of Eq. 2-58 a r e  a s  follows. The hull-only r i gh t  hand s i d e  force  

terms a r e  given by 

Itcv hcv 
= FSFGD,, + F B ~  
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The corresponding moments about t h e  h u l l  c e n t e r  of g r a v i t y  a re :  

hcv hcv 
T H A B ~  = T S F G ~  + ,Rh !nuh 

The ta i l -on ly  r i g h t  hand s i d e  f o r c e s  a re :  

The corresponding moments ( r i g h t  hand s i d e )  a re :  

where ;he e f f e c t i v e  moment arm adjustments  of Eq. 8-i74 f o r  the  quasi -  

s t eady  t a i l  only f o r c e s  have been accounted f o r .  

The h u l l  and t a i l  r i g h t  hand s i d e  terms a r e  summed a s  follows. For 

t h e  fo rces :  

For the  moments : 



Equations 8-298 and 8-299 c o n s t i t u t e  t h e  h u l l  assembly aerodynamic f o r c e  

c o n t r i b u t i o n  t o  - F i n  Eq. 2-59. 

4 Typical Eull/Tail Aerodynamic Cbaractaristice 
Duriog a Gust Bocounter 

A time h i s t o r y  of the  f o r c e  component buildup is shown i n  F i s .  8-13 

i n  o rde r  t o  i l l u s t r a t e  t h e  r e l a t i v e  o r d e r s  of magnitude of the  v a r i o u s  

quasi-steady and unsteady aerodynamic c o n t r i b u t i o n s .  

The v e h i c l e  is trimmed f o r  a 44 f t / s e c  a x i a l  f l i g h t  cond i t ion ,  w i t h  

t h e  c o n t r o l  system disengaged (open-loop). A t  t he  s t a r t  of the  time 

h l s t o r y  ( t  = O), the  v e h i c l e  is s u b j e c t e d  t o  an  ob l ique  up-gust, tuned 

t o  e x c i t e  the  n a t u r a l  o s c i l l a t o r y  of p i t c h  and r o l l  motion ( see  Appen- 

d i x  C f o r  an exp lana t ion  of the  ob l ique  up-gust geometry). 

The s o l i d  curve (Cl)  of Fig. 8-13 is t h e  t o t a l  I l u l l / t a i l  2-force 

(excluding h u l l  s t a t i c  buoyancy which is approximately cance l l ed  by t h e  

v e h i c l e  weight)  a c t i n g  through the  h u l l  c e n t e r  of volume. Th i s  t o t a l  

f o r c e  is comprised of t h e  fo l lowing  components, a l s o  shown i n  t h e  

f i g u r e :  

C2 Quast-steady l iu l l  and t a i l  f o r c e ;  sum of quasi-steady components 
due t o  r e l a t i v e  veh ic le /a i rmass  l i n e a r  and angular  v e l o c i t i e s  

C3 Hull  unsteady flow f o r c e ;  componenis due t o  r e l a t i v e  h u l l /  
a i rmass  l i n e a r  and angu la r  a c c e l e r a t i o n  inc lud ing  buoyancy pres-  
s u r e  g r a d i e n t  e f f e c t s  

C4 - T a i l  unsteady flow f o r c e ;  compdnents due t o  r e l a t i v e  t a i l /  
a i rmass  l i n e a r  and angu la r  a c c e l e r a t i o n .  

C 5  T o t a l  h u l l  and t a i l  unctesdy flow f o r c e ;  sum of C3 and C4 show- 
 in^ the  ne t  c o n t r i b u t i o n  of v e h i c l e  u n s t e a d  flow f o r c e s  t o  t h e  
t o t a l  Z-force C1. 

The r e s u l t s  of Fig. 8-13 show t h a t  t h e  h u l l  and t a i l  unsteady f o r c e s  

(C5) comprise a major f r a c t i o o  e t h e  t o t a l  z-force,  @ I ,  dur ing  t h e  

e n t i r e  time h i s t o r y .  I n  f a c t ,  f o r  the  p resen t  example, the  quasi -s teady 

c o n t r i b u t i o n s  could be neg lec ted  e n t i r e l y  wi thout  i n c u r r i n g  l a r g e  
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errors. One implication is that, because circulation lag co:rections 

are generally a small percentage of the quasi-steady forces (which are 

themselves small), the omission of these corrections is probably justl- 

fled. 

More importantly, structural loads are dominated by the unsteady 

flow forces. Design loads would be significantly underestimated if only 

quasi-steady force (C2)  or gust (lee., no gust accelerations) models 

were used. HLAs will be especially susceptible to the unsteady effects 

during mooring and stationkeeping operations. Previous authors (8-31) 

incorrectly estimated critical 10~3s due to gusts when they ignored the 

effects of gust accelerations on vehicle buoyance and "apparent mass" 

loads. 



SECTION 9 

P A W A D  SRODYNLIlIICS 

A. BASIC ASSUMPTIONS 

A review of s e v e r a l  r e f e r e n c e s  concerning the  aerodynamics of pay- 

load (cargo)  c o n t a i n e r s  and payload modeis f o r  dynamic simulatd.ons was 

completed (Refs. 9-1, 9-2, and 9-3). References 9-2 and 9-3 d e s c r i b e  

s t a t i c  wind tunne l  r e s u l t s  and t h e i r  use  i n  p i l o t e d  s imula t ion  models. 

Reference 9-1 d i s c u s s e s  I n  d e t a i l  s t a t i c  and dynamic payload aero- 

dynamics models and t h e i r  incorpora t ion  i n  numerical  s imula t ions .  

The major conclus ion t o  be drawn from t h e  aerodynamic d a t a  of 

Ref. 9-2 is t h a t  payload (cargo c o n t a i n e r )  wind tunnel  d a t a  a r e  h i g h l y  

con£ i g u r a t i o n - s e n s i t i v e ,  wi th  s t r o n g  asymmetries r e s u l t i n g  from asym- 

m e t r i c  vor tex  shedding nnd dependency on corner  geometry and const ruc-  

t i o n  p rec i s ion .  The gener ic  modeling of the  extreme n o n l i n e a r i t y  of t h e  

d a t a  would r e q u i r e  many parameters t o  d e s c r i b e  f o r c e s  i n  t h e  v a r i o u s  

f low regimes (analogous t o  the  t a i l  parameters al, a2, e tc . ) .  The 

e x t e n s i v e  ana lyses  conducted i;l Ref. 9-1 suggest  t h a t  the  t y p i c a l  pay- 

load l i m i t  c y c l e  motion is not o b t a i n a b l e  from numerical  ~ i m u l a t i o n  

without the  incorpora t ion  of complex h y s t e r e s i s  models of t h e  l o c a l  f low 

f i e l d  s e p a r a t i o n  c h a r a c t e r i s t i c s .  

Because of the  s e v e r e  c o n f i g u r a t i o n  dependency of t y p i c a l  payload 

aerodyrlamic d a t a ,  a s im9le  crossf low model has been adop. ~ d .  Ccnsis-  

t e n t  with t h i s  approach, a l l  i n t e r f e r e n c e  e f f e c t s  on the  payload a r e  

neglected.  However, the  so f tware  s t r u c t u r e  a l lows f o r  the  i n c o r p o r a t i o n  

of more complex aerodynamic models t h a t  p e r t a i n  t o  a s p e c i f i c  payload 

geometry. 

B e  VBIACITIES REUTIVE TO TEE IACAL AIR PUSS 

The payload aerodynamic model dcpcnds on t h e  l i n e a r  and angu la r  

v e l o c l  t y  v e c t o r s  a t  t h e  payload aerodynamic re fe rence  cen te  c (pc )  . 
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These vec to r s  a r e  determined from t h e  I n e r t i a l  motion of the  paylotid and 

t h e  ou tpu t s  from the  a tmospher ic  d i s tu rbance  model. Following t h e  s i g n  

convention adopted f o r  a i r  mess q u a n t i t i e s  f P - c t i o n  5, Subsect ion B\, 

t h e  payloar' v e l o c i t y  v e c t o r s  r e l a t i v e  t o  t h e  l o c a l  air mass a r e  g iven  

am pc am pc 
where Ep , _wp a r e  g iven i n  Eqs. 6-58 and 6-59, r e s p e c t i v e l y .  The 

remaining unknown v e c t o r s  i n  t h e  above equa t ions  a r e  determined from t h e  

rigid-body motion of t h e  payload c e n t e r  of g r a v 4 . t ~  (Yp, u+) and t h e  
PC l o c a t  '.on of the  payload aerodynamic re fe rence  c e n t e r  (ltp ) : 

and I$ is the  vec to r  t h a t  l o c a t e s  the  payload aerodynamic r e f c r e c c e  

c e n t e r  wi th  respec t  t o  t h e  payload c e n t e r  of g r a v i t y ,  Eq. 2-29. 

C- PAYLOAD AERODYNAMIC FORCES AND W N T S  

The s i m p l i f i e d  payload aerodynamic model is d i r e c t l y  analogous t o  

t h a ~  used f o r  the  h u l l .  This  model is s u i t a b l e  f o r  payloads where t h e  

f n e r t i a l  f o r i c s  dominate t h e  aerodynamic f o r c e s  and the  x-axis is t h e  

s l e n d e r  a x i s  of the  payload wi th  an a s s o c i a t e d  low drag c o e f f i c i e n t  as 

compared with the  y- and z-axis c o e f f i c i e n t s .  

The s t a t i c  aerodynamic f o r c e s  and moments fo l low d i r e c t l y  from t h e  

q u a s i  s teady h u l l  aerodynamics giver, i n  Sec t ion  8, Subsect ion D. The 

s t a t i c  aerodynamic f o r c e s  and moments a r e  g iven by: 
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where Vyz = /v2 + w2 and the linear velocities are given by: 

The dynamic moments are 



where 

X u l u l p s  Y v l v l p ,  Zwlwlp  a r e  i n p u t  parameters d e t e r m i n e d  by t h e  u s e r .  

These are r e l a t e d  t o  t,he c o n v e n t i o n a l  ae rodynamic  q u a n t i t i e s  a c c o r d f  ng  

t o  t h e  d e f i n i n g  r e l a c i o n s  of Eqs. 8-69, 8-70, and 8-71, w i t h  t h e  a p p r o -  

p r i a t e  pay lcad  a r e a  and t h e  c o r r e s p o n d i n g  p a y l o a d  d r a g  c o c f f i c i e n t ~ .  

Mq 1q l p  and N r l  , l p  a r e  o b t a i n e d  From t h e  a n a l o g o u r  e q u a t i o n s  f o r  t h e  

h u l l  clyndmic moments (Eq. 8-82),  i n s e r t i n g  t h e  r e s p e c t i v e  d r a g  coef  f i- 

c i e n t s  and geometry p a r a m e t e r s .  The dynamic r o l l i n g  moment p a r a m e t e r ,  

L p l p l p ,  c a n  be c a l c u l a t e d  from s t r i p  t h e o r y  b u t ,  l i k e  t h e  h u l l ,  i t  i e  of 

n e g l i g i b l e  import  ence  t o  t h e  p a y l o a d  dynamics.  

For  t y p i c a l  c a b l e  g e o m e t r i e s  and c a r g o  c o n t a i n e r s ,  t h e  s t a t i c  r o l l -  

i n g  and p i t c h f n g  moments w i l l  be n e g l i g i b l e  i n  c o r n p a r i s o i ~  t o  t h e  c a b l e  

moments a b o u t  t h e  pay load  c e n t e r  of g r a v i t y .  These  p a r a m e t e r s  have  becu 

s e t  t o  z e r o  I n  t h e  i n p u t  ~ u b r o u t f n e s ,  a l t h o u g h  t h e y  a p p e a r  i n  t h e  pay- 

l o a d  aerodynamic s u b r o u t i n e s  s h o u l d  t h e i r  future? i n c l u s i o n  be d e s i  red .  

The s t a t i c  i\t!tociyitdmi~ p a y l o a d  yawir~g  moment p a r a m e t e r  (Nu, ) h a s  been 
P 

r e t u i n e d  a s  a u s e r  i n p u t  c o n s t a n t ,  s i n c e  i t  w i l l  p l a y  a n  i m p o r t a n t  r o l e  

r n  determLning t h e  c h a r a c t e r i s t i c  mot ion  of t h e  pay load .  T h i s  i n p u t  

c o n s t a n t  is r e l a t e d  t o  t h e  c o n v e n t i o n a l  ae rodynamic  q u a n t i t i e s  a c c o r d i n g  

t o  t h e  f o l l o w t n g  d e f i n i n g  e q u a t i o n :  
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where 

tp, Sp are payload reference length and reference 
area, respectively 

CN8 is the payload s ta te  yawing wment derivative 
with  respect to  s ides l ip  angle (8, radians) 

The force and moment vectors a t  the payload aerodynamic center are 

summed according to: 

They are the3 transferred to the payload center of mass: 
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The purpose of the t r i m  funct ion i n  the s imulat ion programs is t o  

ca l cu l a t e  the required values of c e r t a i n  s imulat ion var iab les ,  c a l l ed  

cont ro ls ,  which e s t a b l i s h  a user-specified force and moment balance con- 

d i t i on ,  ca l l ed  a t r i m  s t a t e ,  i n  the independent degrees of motion f r ee -  

dom of the vehicle.  When used a s  an i n i t i a l  condi t ion i n  t i m e  h i s to ry  

ca lcu la t ions ,  the t r i m  s t a t e  permits t rans ien t - f ree  s t a r tup .  It a l s o  

serves  as  an operat ing point about which the  s t a b i l i t y  and response 

der iva t ives  a r e  computed, see Sect ion 11. 

The three  simulations have th ree  d i f f e r e n t  sets of cont ro ls  and 

degrees of motion freedom. In  the mooring simulation the con t ro l s  a r e  

the  th ree  h u l l  Euler angles;  the  t r i m  s t a t e  has zero Euler angle  

acce le ra t ions .  This is the  s implest  t r i m  function. The vehicle-alone 

s imulat ion uses the s i x  l imi ted  cont ro l  input points  a s  the controls .  

The t r i m  sta:e cons i s t s  of spec i f ied  Euler angles ,  Euler angle r a t e s ,  

and l i n e a r  ve loc i t i e s  r e l a t i v e  t o  the airmass. 

i h e  most complex t r i m  funct ion I.s used f o r  the vehicle-plus-slung- 

payload. Here the payload is trimmed f i r s t ;  the cont ro ls  a r e  the pay- 

load Euler angles and i ts  loca t ion  r e l a t i v e  t o  the hu l l .  The t r i m  s t a t e  

is  payload force and moment equi l ibr ium a t  the  spec i f ied  Euler angles ,  

Euler angle r a t e s  and l i n e a r  v e l o c i t i e s  r e l a t i v e  t o  the airmass of the  

hu l l .  This t r im e s t ab l i shes  the cable  tensions ac t i ng  on the h u l l  which - 
a r e  added to  the remaining  force^ i n  ca l cu l a t i ng  the s i x  l inked con t ro l  

inputs  for  the hu l l .  The trim algorithm f o r  t h i s  two-body s imulat ion is 

i n  two s tages .  

The basic  algorithm proceeds from an i n i t i a l  crude es t imate  of the 

cont ro l  values needed f o r  t r i m ,  and i t e r a t i v e l y  solves  f o r  the t r i m  

solut ion.  Along the way i t  may encounter various l im i t i ng  condi t ions 
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which a r e  flagged t o  t e l l  the  s imulat ion user  of trim d i f f i c u l t i e s .  

These d i f f i c u l t i e s  a r e  usua l ly  of the  s o r t  where the t r i m  algorithm runs 

out of cont ro l  "power," e.g., c a l l i n g  f o r  excessive ro to r  c o l l e c t i v e  

pitch. Other tiaes they a r e  due t o  one or  another form of numerical 

d i f f i c u l t y ,  most t yp i ca l l y  encountered when spr ing  fo rces  f i g u r e  

prominently i n  the o v e r a l l  veh ic le  forces  and moments. 

The trim algorithm used i n  the s imulat ion is a genera l iza t ion  of the  

second method f o r  the so lu t ion  of a simultaneous set of nonlinear alge- 

b r a i c  equations. It is pat terned a f t e r  t h a t  used i n  Refs. 10-1, 10-2, 

and elsewhere. Its basic  ideas  can be i l l u s t r a t e d  with a s i n g l e  dimen- 

s ion  examp?-e . 
A so lu t ion  is sought f o r  the nonlinear a lgebra ic  equation 

f o r  which there  a l ready e x i s t  two approximations, ul, and u2. The geo- 

metry is sketched i n  Tig. 10-1. When a secant  is projected through the  

funct ion evaluat ions F(ul) and F(u2), i t  est imates  a b e t t e r  approxima- 

t ion ,  une,, given by: 

This so lu t ion  can then be t e s t ed  fo; so lu t ion  improvement, f o r  formulat- 

ing a new est imate ,  e t c .  



Figure  10-1. Sketch of Secant Approximation 

The process  can be formal ized f o r  the  one dimensional  case  as f o l -  

lows. A s o l u t i o n  v e c i a r ,  3 = [ql  c321T is sought t o  s a t i s f y  the  simul- 

taneous s e t  of l inear equa t ions  

then p r e d i c t i n g  une, according t o  

The problem t h a t  a r i s e s  is t h a t  F(une,) may be g r e a t e r  than F(u l )  o r  

F(u2) o r  both. That i s ,  too l a r g e  a s t e p  is taken and the  s u c c e s s i v e  

ap?roximation a lgor i thm implied e a r l i e r  w i l l  f a i l  t o  converge. To g e t  

around t h i s ,  Eq. 10-3 is reformulated a s  
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where Fmin is the  smaller of t h e  two e v a l u a t i o n s ,  and equa l  t o  F(ul)  i n  

t h e  example ske tch  of Fig. 10-1. The s o l u t i o n  v e c t o r  is given by: 

As K approaches ze ro ,  q l  approaches 1 and q2 approaches zero.  The 

r e s u l t i n g  va lue  of uheW (Eq. 10-4) approaches ul. Thus the  new e s t i m a t e  

f o r  u is c l o s e  t o  t h a t  e s t i m a t e ,  ul i n  t h i s  example, which r e s u l t s  i n  

t h e  s m a l l e s t  value  of F(u). The new approximation cannot "jump" f a r  

away from the  b e t t e r  of the  two previous  approximations.  For small Ks 

t h e  success ive  approximations slowl;. approach the  d e s i r e d  answer. 

However, the method can s t i l l  f a . 1  i f  F(u) has  a l o c a l  minimum which 

is not a s o l u t i o n ,  e.g., a s  i n  Fig. 10-1. I n  t h i s  event ,  the  i t e r a t i o n  

procedure must be r e s t a r t e d  from a d i f f e r e n t  s e t  of i n i t i a l  approxima- 

t i o n s ,  ul and u2. 

The foregoing process  is extended t o  t h e  mul t id imensional  case as 

follows.  F(u) is now a m ~ l t i d i m e n s i o r ~ a l  f u n c t i o n  v e c t o r  of a mul t i -  

dimensional  c o n t r o l  v e c t o r  E; t h e  number of elements being t h e  same f o r  

F and For the  HLA vehic le-a lone s i m u l a t i o n  H has  s ix  eleme~ts: - 



The c o n t r o l  vec to r  corresponds t o  t h e  s i x  l i n k e d  c o n t r o l s :  

For the  g iven t r i m  c o n d i t i o n  s p e c i f i c a t i o n  (HLA v e l o c i t y ,  a l t i t u d e ,  

a t t i t u d e ,  e t c .  ), a va lue  of -, u is c a l c u l a t e d  which approximates s e t t i n g  P 
t o  zero. I n  the  program t h i s  e s t i m a t e  is very crude i n  o rde r  t o  avoid  a 

requirement f o r  a configuration-dependent o r  a user-suppl ied  i n i t i a l  

e s t ima te .  Then s i x  a d d i t i o n a l  - u's a r e  computed by s u c c e s s i v e l y  mlti- 

p ly ing  each element of u by a small cons tan t ,  K << 1. This  r e s u l t s  i n  a 

s i g n i f i c a n t  d e p a r t u r e  from t h e  f i r s t  e s t i m a t e  a long each of the  s i x  con- 
* 

t r o l  "coordinates." I f  the  element is a l r e a d y  ze ro ,  i t  is set t o  K. 

For each of the  seven values  of u whicn r e s u l t ,  t h e  correspoqding 

f u n c t i o n  vec to r ,  F - is c a l c u l a t e d .  To a s s e s s  the  r e l a t i v e  magnitude of 

t h e s e  vec to r  func t ions ,  a modified Euclidean norm is c a l c u l a t e d  accord- 

ing  to: 

where F1, F2, and F3 a r e  the  HLA l i n e a r  a c c e l e r a t i o n 6  and F4, F5, and F6 

a r e  the  angu la r  a c c e l e r a t i o n s .  The f a c t o r  of 10 m a n s  t h a t  1 f t / s e c 2  
2 ( o r  1 mete r l sec  ) is weighted the  same a s  1 r a d / s e t 2  i n  angu la r  acce l -  

e r a t i o n .  The norms, S(u) are used t o  o rde r  the  F(u) from Gin t o  Faax. 

- - 

* 
K = 0.001 i n  the  program. 
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where the  elements on the  right-hand s i d e  a r e  taken from the  E(2) cor re -  

sponding t o  the  minimum va lue  of S(u) ,  t h e  modified Euclidean norm. The 

s o l u t i o n  f o r  1 is used t o  e s t i m a t e  a b e t t e r  value  of 5 according to :  

The new e s t i m a t e ,  is used t o  c a l c u l a t e  ! (sew) and S(u_,,,). The 

norm is used t o  make d e c i s i o n s  on how t o  proceed: 

a )  If Sne, > S,,, t hen  t h e  s t e p  was too l a rge .  Cut 
K i n  hal f  and r e s o l v e  f o r  q. 

b) I f  Snew < Sma,, then gnew r e p r e s e n t s  an  improve- 
ment over  gm,. Replace t h e  corresponding column 
on t h e  left-hand s i d e  of Eq. 10-10; r ep lace  t h e  
right-hand s i d e  as w e l l  i f  sne < Smin, and re-  
s o l v e  f o r  q; double t h e  value  o r  K (up t o  a maxi- 
mum of 1.0) each time two success ive  improvements 
i n  the  t r i m  s o l u t i o n  a r e  made. 

A s  the  s u c c e s s i v e  approximation process  proceeds,  the  s u c c e s s i v e  

values  of F(u) a r e  teeter! a g a i n s t  a p r e s e t  t o l e r a n c e  f o r  t r i m .  I f  K -- 
becomes l e s s  than some p r e s e n t  sin, a l o c a l  mintmum has been found and 

the process is r e s t a r t e d  us ing the  b e s t  value  of u (corresponds t o  Smin) 

determined up t o  t h e  time t h e  r e s t a r t  d e c i s i o n  is made. 



The trim c a l c u l a t i o n  w i l l  f l a g  t h e  occurrence of l i m i t i n g  i n  t h e  

c o n t r o l  v a r i a b l e s .  For t h e  v e h i c l e ,  t h i s  corresponds t o  l i m i t i n g  i n  t h e  

r o t o r  c y c l i c s  o r  c o l l e c t i v e s ,  t h e  p r o p e l l e r  c o l l e c t i v e s ,  o r  the  t a i l  f i n  

d e f l e c t i o n s .  For t h e  payload, i t  corresponds t o  c a b l e s  going slam - a 

f u n c t i o n  of the  geometry - s e e  the  User's Manual, Sec t ion  7. 

The reader  w i l l  recognize  t h a t  t h e  occurrence  of one of t h e  condi- 

t i o n s  does not  n e c e s s a r i l y  mean a p h y s i c a l l y  u n r e a l i z a b l e  s t a t e .  What 

i t  u s u a l l y  does mean is t h e  c l o s e  approach t o  an  untrimmable s t a t e ,  ce r -  

t a i n l y  a s t a t e  where i t  would be i m p r a c t i c a l  t o  trim the  v e h i c l e  because 

of t h e  proximity t o  c o n t r o l  s a t u r a t i o n  about a t  least one a x i s .  It a l s o  

impl ies  a requirement f o r  a configuration-dependent l i m i t - d e t e c t i n g  

a lgor i thm i f  p a r t i a l  l i m i t i n g  i n  t h e  c o n t r o l s  is t o  be al lowed. Such 

compl icat ion was not f e l t  t o  be warranted,  bes ides  being i m p r a c t i c a l  i n  

a genera l ,  a s  opposed t o  s p e c i f i c ,  v e h i c l e  s imulat ion.  

The mooring s imula t ion  r e p r e s e n t s  a s p e c i a l  c a s e  i n  a number of 

ways. For one th ing ,  t h e r e  a r e  g e n e r a l l y  t h r e e  equ i l ib r ium heading 

ang les  caused by the  f a c t  t h a t  most h u l l  c o n f i g u r a t i o n s  a r e  u n s t a b l e  i n  

yaw a t  z e r o  yaw ang le  r e l a t i v e  t o  the  wind. Zero yaw angle  corresponds  

t o  a po in t  of u n s t a b l e  equi l ibr ium.  The o t h e r  two p o i n t s  a r e  s t a b l e  

equ i l ib r ium p o i n t s  and occur  a t  yaw ang les  on e i t h e r  s i d e  of zero.  The 

program w i l l  converge t o  one o r  t h e  o t h e r  of these  when the  u s e r  e n t e r s  

an  a p p r o p r i a t e  i n i t i a l  guess  f o r  t h e  yaw ang le  a s  p a r t  of the  trim s t a t e  

specification. 

I n  ze ro  wind mooring t h e r e  ts no yaw c o n s t r a i n t ,  and t h e  ua,: must 

s p e c i f y  a heading. For t h i s  c o n d i t i o n  the  program i n s e r t s  an  a r t i f i c i a l  

yaw s 2 r i n g  s o  t h a t  t h e  same t h r e e - c o n t r o l l e r  ve r s ion  of the  t r i m  a l g o r -  

ithm can be used. However, i f  t h e r e  is a s i n g l e ,  of f -center  l and ing  

g e a r  touching t h e  ground, t h e  v e h i c l e  w i l l  adopt a yaw d e f l e c t i o n  

a g a i n s t  t h i s  s p r i n g  - an a r t i f i c i a l  trim s t a t e .  Off-center  s i n g l e  

landing gear  l o c a t i o n s  a r e  not allowed i n  t h e  mooling s i m u l a t i o n  i n  t h e  

no-wind cond i t ion .  
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The simulation programs include a set of routines for linearizing 

the motion equations of the vehicle exclusive of its fl-dht control sys- 

tem feedbacks. These equations describe the open-loop dynamics (i. e., 

no flight cont~al system loops closed) of small motion perturbations 

about a selected operating point or trim condition. They are useful for 

various linear systems analyses, in particular for the synthesis of 

f light control laws. 

The equations consist of a simultaneous set of first-order differ- 

ential equations of motion and a set of auxiliary equations for certain 

dependent variables. In addition, the eigenvalues and eigenvectors of 

the system cat te :  computed as 3 quick check of the characteristic modes 

of vehicle response. The primary purpose of the routines is to provide 

data for the user's own l'near systems analysis routines. 

B. EQUATIONS OF K I T I O N  

The linearized equations of motion are given by: 

where the various vectors differ ft~r each of the three simulations: 

1) State vector, 2 



b) HLAPAY 

2 )  Linked control vector, :tC (HLASIM and HLAPAY only ) 

:LC - [GC tC GC bc 9c fc lT 

3)  Control vector, u_c (HLASIM and HLAPAY only) 

where for i = 1 ,  2, 3, 4, (LPU controls): 

E ~ C  - [eor!i) Als ( i )  B l s ( i i  + ( i )  eop( i )  $ ( i l l T  (11-7) 

and ( t a i l  surf ace controls):  

4)  Disturbance vector, gg 

a) HLAPAY 

sam pc 
V-P 
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where t h e  g r a d i e n t  v e c t o r s  are g iven  by: 

b) HLASLM and HLAMOR - same as HLAPAY, d e l e t i n g  payload 
Sam pc 

gas t i n p u t s ,  V-P and 

I n  Eq. 11-1, t h e  A m a t r i x  is the c h a r a c t e r i s t i c  m a t r i x  of s t a b i l i t y  

d e r i v a t i v e s  f o r  t h e  v e h i c l e .  For t h e  HUMOR s i m u l a t i o n  i t  is a 6 x 6; 

f o r  U S I M ,  12 x 12;  and f o r  HLAPAY, 24 x 24. 

The B', B, and C m a t r i c e s  have dimensions co r re spond ing  t o  the  s i z e  

of t he  s t a t e  v e c t o r ,  t h e  two c o n t r o l  v e c t o r s ,  and the  g u s t  vec to r .  Thus 

t h e  C m a t r i x  of r e sponse  d e r i v a t i v e s  f o r  t h e  HLAPAY s i m u l a t i o n  is  24 

rows by 48 columns, wher t a s  t h e  B' m a t r i x  f o r  HLASIM is 12 rows x 6 co l -  

umns. The 0' and B m a t r i c e s  f o r  HLAMOR are n u l l  m a t r i c e s  - no c o n t r o l s  

i n  t h i s  s i m u l a t i o n .  

C. AUXILIARY EQUATIONS 

The a u x i l i a r y  e q u a t i o n s  r e l a t e  a s e l e c t e d  s e t  of dependent  v a r i a b l e s  

t o  t h e  s t a t e  v e c t o r ,  t h e  c o n t r o l  v e c t o r s ,  and t h e  g u s t  vec to r .  I n  t h e  

t h r e e  programs, c e r t a i n  of t he  l o a d s  i n t e r n a l  t o  t h e  v e h i c l e  a r e  chosen. 

The load  v e c t o r  is symbolized by E. The a u x i i i a r y  m a t r i x  e q v a t i o n  is :  

where A,, B;, Bas  and Ca a r e  a u x i l i a r y  m a t r i c e s  of response  d e r i v a t i v e s  

of  column dimensions depending on t h e  dimensions of g, ggc, s, and gz 

i n  t h e  t h r e e  s i m u l a t i o n s .  The row dimension depends bpon t h e  s e l e c t e d  

e l emen t s  i n  F. Thus: - 



1 )  For HLASIM, 

Here Is t h e  column v e c t o r  of c o n ~ t r a i n t  f o r c e s  and 

moments a c t i n g  on t h e  h u l l  a t  the  f o u r  LPU a t t a c h  po in t s .  

has 24 elements f o r  HLASIM. 

2) For W A Y  - Saae a s  above, adding the  cab le  f o r c e  mag- 

n i tude ,  F j = k = 1, 2, 3, 4  ( f o u r  e lements) ,  making 
jk' 

28 elements i n  a l l .  

3 )  For U Y O R  - Same a s  f o r  HLASIM, adding the  landing gear  
hg a x i a l  f o r c e  magnitudes, Fgh(3),  s u p e r s c r i p t  g = 1, 2, 3, 4  

(;our e lements) ,  a l s o  making 28 elements i n  a l l  f o r  F. - 

For ana lyz ing  the  vehic le-a lone gus t  response,  i t  is sometimes more 

u s e f u l  t o  use d v e c t c r  composed of the  t h r e e  gus t  components a t  each of 

t h e  f o u r  gus t  sources  - a  twelve-element vec to r .  The r e l a t i o n s h i p  

between t h i s  vec to r  and u_g de f ined  above f o r  HLASIM is obta ined through 

the  use of a  post-processing r o u t i n e ,  s e e  t h e  User's Manual (Vol. I I I ) ,  

Sec t ion  10. 

A l l  of the  matr ix  elements a r e  p a r t i a l  d e r i v a t i v e s  of a  lef t -hand 

column vec to r  element (element of 6 o r  F) wi th  r e s p e c t  t o  an  element of - - 
t h e  p e r t i n e n t  rip',-hand s i d e  vec to r  (element of u_, u_gc, gc o r  u_g), 

holding a l l  o t h e r  v a r i a b l e s  f i x e d  a t  t h e  o p e r a t i n g  po in t  cond i t ion .  The 

d e r i v a t i v e s  a r e  a p p r o x i m t e d  by incrementing the  left-hand s i d e  v e c t o r  

element forward and backward, d i f f e r e n c i n g  t h e s e  two values ,  and d i v i d -  

ing by two times the increment: 



where f i  is an element of 4 o r  I' and u is an element of u, $4, !c!c, o r  
;1 

9) 

The s i z e  of the  increment is set wi th in  the  p r0g .d  source  codes. 

The c u r r e n t  ve r s ion  increments l i n e a r  v e l o c i t i e s ,  l i n e a r  p c r i t i o n s ,  and 

gue t  g r a d i e n t  terms by 0.014 ft!a,:, f c ,  o r  red. A l l  angu la r  v e l o c i t i e s  

acd ang les  except c y c l i c  d e f l e c t i o n s  a r e  incremented by 0,008 r a d l s e c  o r  

rad. The c y c l i c  def lec tLon,  AAs " l d  B19, ace  incrementt*d by 0.0525 rad. 

The program a l s o  checks f o r  pronounced n o n l i n e a r i t i e s  i n  the  v ic in -  

i t y  of the po in t  about which the  d e r i v a t i v e  is  es t ima ted ,  s e e  the  User's 

Manual, Sec t ion  10. 

B e  EIGBNVAWgS AND d I C E m B S  

An MSL l i b r a r y  r o u t i n e  is used f o r  c a l c u l a t h g  t h e  e igenvaluee  and 

e igenvec to r s  of t h e  A matr ix ,  s e e  t h e  User's Manual, S e r ~ t i o n  10. The 

e igenvalues  a r e  l i s t e d  i n  terms of the  r e a l  and imaginary p a r t s  of a 

complex number. They correspond t o  t h e  r o o t s  of the  c h a r a c t e r i s t i c  

equa t ion  of the  vehic le .  The eigenvec:ors a r e  ~ l s o  complex numbers, i n  

genera l ,  and a r e  l i s t e d  f o r  each e igenvalue  and s t a t e  v a r i a b l e .  These 

numbers corree;.ond t o  the  modal response c o e f f i c i e n t s  f o r  the  syatem. 
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This  appendix is a c ross - re fe rence  of exper imenta l  and a n a l y t i c a l  

s o u r c e s  f o r  the  c a l c u l a t i o n  of t h e  h u l l  and t a i l  aerodynamic inpu t s .  I n  

some c a s e s  t h e  c i t e d  r e f e r e n c e  does not  r e l a t e  d i r e c t l y  t o  t h e  s p e c i f i c  

parameter,  but  r a t h e r  provides  guidance f o r  e s t i m a t i n g  an inpu t  q u a n t i t y  

based on d a t a  f o r  o t h e r  v e h i c l e s .  An e x c e l l e n t  r e f e r e n c e  which should  

be consu l t ed  f o r  more d e t a i l e d  e s t i m a t i o n  methods is t h e  Air Force 

S t a b i l i t y  and Cont ro l  Data, "DATCOM," by D. E. Hook and R. DO Finck. 

Volum I V  c o n t a i n s  a t a b l e  of d e f a u l t  inpu t  values .  These d e f a u l t  

v a l u e s  a r e  nor a u t o m a t i c a l l y  s e l e c t e d  by t h e  computer, bu t  r a t h e r  a r e  

u s e r  loaded i n t o  t h e  d a t a  f i l e s  a s  normal i n p u t s  t o  e l i m i n a t e  t h e  

o therwise  u n c e r t a i n  aerodynamic terms. 
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G h  

yth 

4, 
G h  

4 h  

Gh 

y:t 

ct 

gt 

=;t 

4t 

Gt 

' u ~ u ~ h  

Xqvh 

X r ~ ~ h  

' v ~ v l h  

VARIABLE 
NAME 

XUDOTH 

YVDOTH 

ZWDOTH 

LPDOTH 

MQDOTH 

NRDOTH 

YMOTT 

ZWDOTT 

DEFINING 
EQUATION 

8-203 

8-206 

8-209 

8-2 1 3 

8-226 

8-229 

8-2 3 3 

8-234 

LVDOTT 

LPCOTT 

MQDOTT 

NRDOTT 

XUUABH 

XQm 

XRVH 

YWABH 

8-235 

8-235 

8-236 

8-237 

8-68 

8-204 

8-205 

8-6 9 
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tvy, 

L%h 

L:qh 
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N:ph 
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A-9, A-11 

A-1, A-2, A-3 

VARIABLE 
NAME 

YRRABH 

YRUH 

YRVABH 

ZQQABH 

ZPVH 

ZQutI 

ZQWABH 

LPPABH 

LPUABH 

LVWH 

LQBRH 

LRBQh 

MQQAB H 

MUWH 

MRB PH 

DEFINING 
EQUATION 

-- 
8-8 7 

8-208 

8-8 7 

8-8 7 

8-210 

8-2 i 1 

8-8 7 

8-8 5 

8-85 

8-76 

8-224 

8-225 

8-84 

8-7 7 

8-227 
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Z AVS QT 

ZAS VST 

L n1?A T 

LPPABT 

LAPVST 

LBVSQT 

LB AVST 

LAPS VS 

I.AMl XQ 

LAMT m 

DEFINING 
EQUATION 

8-144  

8 - 1 4 5  

8-6 6 

8-156 

8-1 54 

8-1 6 4  

8-1 6 5  

8-1 5 5  

8-1 71 

8 - 1 7 1  

LAMTXQ 

AL 1T 

AL 2T 

BETA l T  

BETA 2T 

8-1 7 1  

T a b l e  8-1 
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ENGINEERING 
SYMBOL 

a 
P 1 

a 
p 2 

a 

= e  

r 

8 1' 

8 2' 

Mmax (d 

A l r  

A 2' 

%ax (A'] 

i 

+ 
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A-10, A-18 

A-10, A-18 
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A-10, A-11, A-12, A-14 
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VARIABLE 
NAME 

A L P  I T  

A L P 2 T  

TAUA 

TAUE 

TAUR 

BWKlRl  
BWKlR2 
BWKlR3 
BWKlR4 

BWK2R 1 
BW K2R 2 
BWK2R3 
BWK2R4 

MXBDR 1 
MXBDR 2 
MXBDR 3 
MXBDR4 

LWKlR 1 
LWKlRZ 
LWKlR3 
LWKlR4 

LWK2R 1 
LWK2R2 
LWK2R 3 
LWK2R4 

MXLDR 1 
MXLDR 2 
MXLDR 3 
MXLDR4 

D E F I N I  NC 
EQUATION 

T a b l e  8-1 

T a b l e  8-1 

8-94 

8 -92  

8-93 

7-14 

7-1 4 

7-1 2 

7-14 

7-1 4 

7-1 2 
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KHRA 

KHRB 

KCR 

d 1P 

8 2P 

Mmex (BP ) 

A l p  

\ 2P 

VARIABLE 
NAiW 

KHRA 1 
KHRA 2 
KHRA 3 
KHRA4 

KHRB 1 

KHRB 2 
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HEAVY LIFl  AIRSHIP DYNAMICS 

* 
Nark B. T i s c h l e r ,  Robert F. Ringland and Henry R. J e x  

Systems Technology, Inc . , 
Hawthorne, C a l i f o r n i a  90250 

A b s t r a c t  

A non l inea r ,  multibody, six-degrees-of-freedom d i g i t a l  s imula t ion  has  been 

developed t o  s tudy  gener ic  heavy l i f t  a i r s h i p  @LA) dynamics and c o n t r o l .  

The s lung payload and f l i g h t  c o n t r o l  system models a r e  descr ibed,  and a  review 

of the  aerodynamic c h a r a c t e r i s t i c s  of an example v e h i c l e  is  presented.  Trim 

c a l c u l a t i o n s  show the importance of c o n t r o l  mixing s e l e c t i o n ,  and suggest  per- 

formance d e f i c i e n c i e s  i n  crosswind s t a t ionkeep ing  f o r  the unloaded example 

HLA. Numerically l i n e a r i z e d  dynamics of t h e  unloaded v e h i c l e  e x h i b i t  a  d ive r -  

gen t  yaw mode and an o s c i l l a t o r y  p i t c h  mode whose s t a b i l i t y  c h a r a c t e r i s t i c  1s 

s e n s i t i v e  t o  f l i g h t  speed. The v e h i c l e  with s lung payload shows s i g n i f i c a n t  

coupl ing of the  payload modes with those  of the  b a s i c  HLA. The accuracy of 

decoupled l i n e a r i z e d  models is s e n s i t i v e  t o  t h e  s i z e  of dynamic excusions  and 

the  v e h i c l e  loading condi t ion.  A cons ide rab le  improvement i n  the  v e h i c l e ' s  

s t a b i l i t y  and response is  shown us ing a  s imple ,  mul t i -axis  closed-loop c o n t r o l  

system opera t ing  on the r o t o r  and p r o p e l l e r  b lade  p i t c h  c o n t r o l s .  

Nomenclature 

A l t i t u d e  

Aercdynamic moments about x, y , z  r e f e r e n c e  axes ,  r e s p e c t i v e l y  

- - - 

* 
S t a f f  Engineer, Research, )!ember AIAA; P r i n c i p a l  S p e c i a l i s t ,  Associa te  

Fellow AIM, and P r i n c i p a l  Research Engineer,  Member AIAA; r e s p e c t i v e l y .  
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P I Q D ~  Components of angu la r  v e l o c i t y  about x,y,z r e f e r e ~ c e  axes ,  

r e s p e c t i v e l y  

s Laplace t ransform o p e r a t o r  

1 / 4 ,  1/Th, l/Tsyl, l/Tsy2 -- Surge, heave, and sway/yaw inverse  time 

c o n s t a n t s ,  r e s p e c t i v e l y  (time-to-half-ampl'tude = 0.6931; 

T Tsr Ths Tsyls Tsy2) 

Components of v e l o c i t y  along x ,y,z axes ,  r e s p e c t i v e l y  

Orthogonal. right-hand coord ina te  ;xes; p o s i t i v e  z is down 

Aerodynamic f a r c e s  along the  x ,  y ,z  axes,  r e s p e c t i v e l y  

T a i l  angle  of a t t a c k ,  a 5 t a n  -1 (wta/uta)  

Value of a f o r  s t a l l  o r  v o r t e x  breakdown 

Value of a f o r  s t a r t  of predominantly crossf low regime 

-1 T a i l  angle  of s i d e s l i p ,  6 2 t a n  (vta/uta)  (nonstandard d e f i n i -  

t ion)  

6,,6,,6w,68,60,69 -- S ~ r g e ,  sway, heave, p i t c h ,  r o l l ,  and yaw c o n t r o l  de f l ec -  

t i o n s ,  r e s p e c t i v e l y  

5p,Cr P i t c h  and r o l l  mode damping r a t i o s ,  r e s p e c t i v e l y  

C l a t r  Clan L a t e r a l  and l o n g i t u d i n a l  slung-payload pendulum mode damping 

r a t i o s ,  r e s p e c t i v e l y  

<y" 
Y3w v i b r a t i o n  slung-payload mode damping r a t i o  

cS,C , Hea-re, r o l l ,  and p i t c h  slung-payload v i b r a t i o n  mo4.e damping 
rv Pv 

r a t i o s ,  r e s p e c t i v e l y  

w ,W Pi tch  and r o l l  mode undamped n a t u r a l  f r equenc ies ,  r e s p e c t i v e l y  
P = 

W 1 3 t ,  U l o n  L a t e r a l  and l o n g i t u d i n a l  slung-payload pendulum mode n a t u r a l  f r e -  

quencies ,  r e s p e c t i v e l y  

W 
Yv 

Yaw v i b r a t i o n  slung-payload mode n a t u r a l  frequency.  

W h v ~ W r V ~ W ~  Heave, r o l l ,  and p i t c h  slung-payload v i b r a t i o n  mode n a t u r a l  £re- 

quencies ,  r e s p e c t i v e l y  



T i s c h l e r ,  Ringland, Jex OR!Gl?JllL P;iZE (S 
OF POOR QUALITY 

Subscrivt~ 

a Apparent, r e l a t i v e  t o  l o c a l  a i rmass  

c Command 

c .g Center of g r a v i t y  

c OV. Center of volume 

h Hul l  

o Reference v a l u e  

Payload 

T a i l  

S u p e r s c r i p t  

( 1 Time d e r i v a t i v e  wi th  r e s p e c t  t o  nonro ta t ing  axes 

I- I n t r o d u c t i o n  

Recent f e a s i b i l i t y  s t u d i e s  have shown t h a t  the  heavy- l i f t  hybr id  a i r -  

s h i p  (HW) is an e f f i c i e n t  and c o s t - e f f e c t i v e  v e h i c l e  f o r  l i f t i n g ,  t r a n s p o r t -  

i n g  over s h o r t  d i s t a n c e s  (200 kn), and p o s i t i o n i n g  massive loads  ( t y p i c a l l y  up 

t o  100 t o n s ) .  These s t u d i e s  suggesr t h a t  because of its economic advantages 

t h e  HLA m y  se rve  i n  an important  f u t u r e  r o l e  i n  thr  a r e a s  of logging,  con- 

t a i n e r  s h i p  o f f load ing ,  remote s i t e  supply and c o a s t a l  p a t r o l .  

While many economic s t u d i e s  a r e  found i n  the  l i t e r a t u r e ,  only l i m i t e d  

a n a l y t i c a l  t rea tment  of the  engineer ing problems a s s o c i a t e d  with o p e r a t i o n  of 

t h e s e  v e h i c l e s  i n  t h e i r  intended r o l e s  has been published.  ( 4 9 5 )  m e  s t u d i e s  

of convent ional ,  and more r e c e n t l y  heavy l i f t ,  a i r s h i p  dynamics and c o n t r o l  

have used the  c l a s s i c a l ,  l i n e a r i z e d ,  smal l  p e r t u r b a t i o n  approaches. However, 

the  v a l i d i t y  of using such techniques  f o r  the  s tudy  of the  HLA, a  r e l a L i v e l y  

new c l a s s  of v -  i c l e ,  has ye t  t o  be e s t a b l i s h e d .  

Unlike the  l igh te r - than-a i r  v e h i c l e s  of t h e  p a s t ,  the  heavy-lif  t a i r s h i p  

w i l l  have l a r g e  thrust- to-weight r a t i o s  and low f i n e n e s s  r a t i o s .  As a  r e s u l t ,  
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s i g n i f i c a n t  t ~ o n l i n e a r  r o t o r / h u l l  aerodynamic i n t e r a c t i o n s ,  not  considered a 

prob;em i n  c l a s s i c  a i r s h i p s ,  have been Also,  un l ike  i ts  pre- 

decessors ,  the  HW w i l l  t y p i c a l l y  be used i n  missions r e q u i r i n g  p r e c i s e  

c o n t r o l  through f l i g h t  regimes encompassing l a r g e  and rap id  changes of speed,  

inc idence ,  and i n e r t i a l  p r o p e r t i e s -  The response  of these  v e h i c l e s  t o  gus ty  

env i ronnen t s  has  become an important  i s s u e ,  r e c e i v i n g  only l i m i t e d  a n a l y t i c a l  

t r ea tment  i n  the  p a s t .  (8-10) H i s t o r i c a l l y ,  the  l ack  of c o n t r o l  over  gust -  

induced motions has proven the  undoing of many d i r i g i b l e s  and blimps. The 

modern HLA, wi th  i ts  g r e a t l y  Inc reased  c o n t r o l  power ( r o t o r s  and p r o p e l l e r s ) ,  

has  the  chal lenge of and p o t e n t i a l  f o r  so lv ing  these  t r a d i t i o n a l  problems. 

An a c c u r a t e ,  non l inea r ,  nm-real - t ime six-degrees-of-freedom (6 DOF) s inu-  

l a t i o n  t o  i n v e s t i g a t e  the  t e c h n o l o g i c a l  pz3blems of the  buoyant quadrotor  

(BQR) concept (Fig.  1 ) .  S p e c i f i c  a r e a s  of concern a l ready  noted a r c  aero- 

dynamics, f l i g h t  dynamics, and f l i g h t  c o n t r o l s .  The s imula t ion  is intended 

f o r  use a s  a b--LC design s y n t h e s i s  and a n a l y s i s  t o o l  f o r  e v a l u a t i o n  of 

competing des igns .  

The exanple conf igura t ion ,  used f o r  so f tware  development and s imula t ion  

demonstra t ion,  is r e p r e s e n t a t i v e  of a c l a s s  of low f inenees  r a t i o ,  quadro to r  

HLAs having smal l  f i n s  and designed f o r  e f f i c i e n t  low speed c r u i s e  and hover 

f l i g h t .  The assumed geometric and i n e r t i a l  p r o p e r t i e s  of t h e  loaded and 

unloaded v e h i c l e  a r e  given i n  Fig .  1. 

The s imula t ion  provides  the  capah i l i t y  t o  i n v e s t i g a t e  g e n e r i c  p r o p e r t i e s  

and b a s i c  v e h i c l e  c h a r a c t e r i s t i c s .  It a l s o  permits  the  eva lua t ion  of the  

r e l a t i v e  importance of aerodynamic and dynzimic n o n l i n e a r i t i e s .  Throughout the  

program, emphasis was placed on determining dominant e f f e c t s  and o b t a i n i n g  

g r o s s  loads  and motions, using models based on uniformly v a l i d  f i r s t  approxi-  

n a t i o n s  to  a  v a r i e t y  of e f f e c t s .  Also recognized was the  need t o  minimize 

inpu t  da ta  ~ e q u i r e m e n t s  t o  f a c i l i t a t e  des ign t r adeof f  s t u d i e s .  
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A comprehensive d e s c r i p t i o n  of the  s imula t ion  models and t y p i c a l  r e s u l t s  

was given i n  an ex tens ive  paper a t  the  1981 AIM Ligh te r  Than Air (LTA) Con- 

f erence.  ( I1 )  Tl~a presen t  paper h i g h l i g h t s  the  d i s c u s s i o n  of the  f l i g h t  con- 

t r o l  system model and example v e h i c l e  aerodynamics with emphasis placed on the  

p r e s e n t a t i o n  of performance and dynamic c h a r a c t e r i s t i c s .  The s lung payload 

model is desc r ibed ,  and a  p re l iminary  a n a l y s i s  of the  coupled veh ic le lpay load  

dynamics is presented.  The v e h i c l e  d e s c r i p t i o n  i n  Fig. 1 has been c o r r e c t e d  

from the  o r i g i n a l  paper. (11) 

I I. Descr ip t ion  of Simulat ion 

This  s e c t i o n  w i l l  review the  s imula t ion  c a p a b i l i t i e s  and desc r ibe  t h e  

aerodynamic, s lung payload, and f l i g h t  c o n t r o l  system models. The aerodynamic 

c h a r a c t e r i s t i c s  of the  examplc c o n f i g u r a t i o n  a r e  presented t o  provide i n s i g h t  

i n t o  the  physics  of the v e h i c l e  dynamics d i scussed  i n  a  l a t e r  s e c t i o n .  The 

r e s u l t s  presented here  employ the  b a s i c  (non- interference)  aerodynamic models. 

Simulation C a p a b i l i t i e s  

The tTbSA/STI s imula t ion  is composed of f o u r  computer programs: v e h i c l e ,  

payload, vehic le /payload,  and mooring. 

Simulation c a p a b i l i t i e s  inc lude  the  c a l c u l a t i o n  of :  t r i m  cond i t ions  

(opera t ing  p o i n t s )  and the  a s s o c i a t e d  opera t ing  po in t  e q u a t i o r ~ s  of motion; 

normal mode response pa~.ameters ;  and l a r g e  amplitude (non l inea r )  motion time 

h i s t o r i e s .  The t r i m  s o l u t i o n  (unmoored) is an i t e r a t i v e  c a l c u l a t i o n  of con- 

t r o l  p o s i t i o n s  required t o  n u l l  v e h i c l e  (and payload) a c c e l e r a t i o n s  a t  

s e l e c t e d  o r i e n t a t i o n s ,  v e l o c i t i e s ,  and l o c a l  wind d i r e c t i o n s .  This c a p a b i l i t y  

is very  u s e f u l  f o r  i d e n t i f y i n g  c o n t r o l  power requirements,  o p e r a t i o n a l  

envelopes,  and performance t r a d e o f f s .  Small p e r t u r b a t i o n s  about s e l e c t e d  t r i m  

p o i n t s  a r e  used t o  genera te  numerical ly  t h e  open-loop (i .e . ,  con t ro l s - f ixed)  

system c h a r a c t e r i s t i c  matr ix ,  and the  c o n t r o l  and gus t  inpu t  ma t r i ccs  f o r  
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l i n e a r  systems analyses .  These mat r i ces  can be used t o  e v a l u a t e  the  v e h i c l e  

open-loop t r a n s f e r  f u n c t i o n s  f o r  f l i g h t  c o n t r o l  system s y n t h e s i s ,  inc lud ing  

time and frequency responses.  

F u l l y  non l inea r  responses  of the  HLA and payload t o  a  v a r i e t y  of c o n t r o l  

system commands and gus t  i n p u t s  a r e  genera ted f o r  open- and closed-loop 

s t u d i e s .  Control  system commands, feedbacks,  g a i n s ,  and l i m "  a r e  .eiermi:.ed 

from u s e r  inpu t s .  Over 1000 s t a t e s ,  component loads ,  and o t h e r  dependent 

v a r i a b l e s  can be accessed a t  each time s t e p  and p l o t t e d  o r  t abu la ted  a s  

des i red .  This c a p a b i l i t y  can provide  v a l u a b l e  i n s i g h t  inLo the  importance of 

many non l inea r  aerodynamic and dynamic terms. 

The fol lowing subsec t ions  p resen t  summaries of the  aerodynamic, s lung pay- 

load and f l i g h t  c o n t r o l  system models. The reader  is r e f e r r e d  t o  d e t a i l e d  

d e s c r i p t i o n s  (  l 2  l 3  of the  aerodynamics models, dynamic equat ion formula- 

t i o n  and sof tware  a r c h i t e c t u r e .  

Steady Aerodynamics %idel  of Example Vehicle 

The quasi-steady aerodynamic c h a r a c t e r i s t i c s  f o r  the  ba re  h u l l  and h u l l /  

t a i l  assembly of the example c o n f i g u r a t i o n  of Fig.  1 a r e  presented i n  Fig. 2 

f o r  a  cons tan t  f l i g h t  speed of 50 f t / s e c .  The h u l l  p r o p e r t i e s  a r e  assumed 

equal  i n  p i t c h  or  yaw axes ,  and the  t a i l -on-hu l l  p r o p e r t i e s  f o r  the  45 deg 

v e e - t a i l  a r e  assumed t o  be the same i n  p i t c h  o r  yaw, except f o r  the  r o l l i n g  

moment. Semi-empirical methods ( I 4 '  15' 16' 17) were used t o  e s t i m a t e  the  b a s i c  

aerodynamic c h a r a c t e r i s t i c s .  The s t a t i c  Z(Y)-force (Fig. 2a) is  seen t o  be 

dominated by the  ba re  h u l l ,  a s  a  r e s u l t  of the  smal l  t a i l  exposed a r e a .  The 

s t a t i c  p i t c h i n g  (yawing) moment c h a r a c t e r i s t i c s  about the  cenLer of tolume 

(Fig.  2b) show t h a t  the  smal l  s t a b l i z i n g  t a i l  c o n t r i b u t i o n  is  completely nver- 

r idden by the l a r g e  uns tab le  h u l l  c o n t r i b u t i o n ,  thereb: render ing the  s t a t i c  

v e h i c l e  aerodynamically uns tab le  ( m e t a c e n ~ r i c  s t a b i l i t y  not  inc luded) .  The 

p resen t  t e s t  case ,  which has  a  "vee - ta i l , "  e x h i b i t s  l a r g e  nega t ive  r o l l i n g  
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moments due t o  s i d e s l i p  ( p o s t i v e  d i h e d r a l  e f f e c t )  Figure  2c s h o w  s i g n i f i -  

can t  n o n l i n e a r i t i e s  i n  the  mode- f o r  ang les  of a t t a c k  of +35 and -35 deg, 

owing t o  the  assumed breakdown of a t t a c h e d  flow i n  the  s t a l l  t r a n s i t i o n  

regimes. The hull-alone damping c h a r a c t e r i s t i c s  f o r  a x i a l  and non-axial 

f l i g h t  are presented i n  Fig. 2d- The of f  s e t s  i n  moments a t  zero  angular  r a t e  

(q,r - 0) a r e  due t o  t h e  s t a t i c  h u l l  moment c h a r a c t e r i s t i c s .  The s i g n i f i c a n t  

i n c r e a s e  i n  damping moment wi th  angu la r  r a t e  f o r  non-zero a o r  0 r e s u l t s  from 

the  and vha dependency i n  the  h u l l  damping model (11). 

Slung Payload k d e l  

A s lung  payload model was developed i n  o rde r  t o  s tudy the  gener ic  problems 

of hul l /payload dynamic coupl ing and performance. A v e r s a t i l e  s l i n g  geometry 

was implemented which al lows t h e  connection of the  payload sna h u l l  by four  

(or l e s s )  e l a s t i c  cab les .  Attach p o i n t s  on the  h u l l  and payload a r e  use r  

s e l e c t e d  t o  f a c i l i t a t e  t r adeof f  s t a d i e s  among va r ious  s l i n g  c o n f i g u r a t i o n s  

(e-go, pendant, " inver ted  vee," e t c . )  Each cab le  is descr ibed i n  terms of 

s p r i n g  s t i f f n e s s  and damping c o n s t a n t s ,  w i th  s l i n g  mass and aerodynamic 

p r o p e r t i e s  neglected.  

For the  p resen t  s imula t ion ,  a  simple quasi-steady payload aerodynamics 

model was isplemented which is s u i t a b l e  f o r  t r i m  performance and low speed 

dynamic ana lyses  of high d e n s i t y  c o n t a i n e r s .  This  nodel ,  which is e s s e n t i a l l y  

i d e n t i c a l  t o  the  h u l l  ( t a i l  o f f )  quasi-steady aerodynamic model, accounts  f o r  

p o t e n t i a l  flow moments, and v i scous  drag and damping loads.  The model 

n e g l e c t s  the  c o ~ p l e x  d i s c o n t i n d i t i e s  ( h y s t e r e s i s ,  s e p a r a t i o n  bubbles,  e t c . )  

and unsteady aerodynamics known t o  be s i g n i f i c a n t  f o r  d e t a i l e d  assessment of 

s t a b i l i ~ y  boundaries and f u l l  s c a l e  f l i g h t  c o r r e l a t i o n  ( 1 8 ) .  Future s i n u l a t i o n  

u s e r s  can e a s i l y  adapt the  p resen t  aerodynamics model f o r  s p e c i f i c  p a y l o ~ d  

c o n f i g u r a t i o n s  should a  d e t a i l e d  assessment be requ i red .  
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The payload used a s  an exanple is a  r e c t a n g u l a r  cargo c o n t a i c e r  suspended 

by an "inverted-vee" s l i n g .  The c o n t a i n e r  is suspended 3 d e g r e c ~  nose-down 

f o r  improved dynamic s t a b i l i t y  c h a r a c t e r i s t i r s .  ( l a )  The payload and s l i n g  

geometry is shovn i n  Fig. 1. The s t i f  Lness cons tan t  is t y p i c a l  f o r  s l i n g  

c a b l e s  and was obta ined from Sampath. (18) The damping cons tan t  was s e l e c t e d  

t o  y i e l d  a  heave v i b r a t i o n  mod< damping r a t i o  of about 0.2. As i n d i c a t e d  i n  

Fig. 1, the  payload weight 1 4  20 tons  Aerodynamic parameters were obta ined 

from cargo c o n t a i n e r  wind tunne l  d a t a  (18).  

F l i g h t  Can t ro l  System 

The f l i g h t  c o n t r c l  s y s t e s  implemented i n  the  s imula t ion  e x e r c i s e s  c o n t r o l  

over a l l  s i x  degrees of h u l l  motion freedom. It f u n c t i o n s  t o  maintain t r i a a e d  

f l i g h t  cond i t ions  i n  the  presence of d i s t u r b a n c e s  and t o  execute a-nt  ~ ~ r e r  

commands. 

Control  Xixing. With four  l i f  t -propuls ion u n i t s  (LPUs) , each having a  

r o t o r  and a  p r o p e l l e r ,  and t h r e e  f i n  d e f l e c t i o n  c o n t r o l s ,  t h e r e  a r e  a  t o t a l  of 

27  p o s s i b l e  c o n t r o l  po in t s .  S ix teen  of t:iese a r e  a c t i v e  i n  the exanlple HLA, 

four  on each of the  four  LPUs- These a r e  t h e  p r o p e l l e r  and r o t o r  c o l l e c t i v e s ,  

and the  r o t o r  l a t e r a l  and l o n g i t u d i n a l  c y c l i c s .  Each of these  is e f f e c ~ i v e  

betveen user-se t  l i m i t s  corresponding t o  mechanical l i m i t s  a t  the  c o n t r o l  

s u r f a c e .  The remaining c o n t r o l  p o i n t s  a r e  the  r o t o r  and p r o p e l l e r  rpms, which 

a r e  f i x e d  a t  user-se t  va lues  i n  the  p resen t  s imq~la t ion .  The th ree  f i n  d e f l e c -  

t tons a re  f ixed  a t  zero. 

The s imula t i ?n  incorpora tes  t h e  so f tware  equ iva len t  of a  "mixer box" t o  

l i n k  t h t  a c t .  e  c o n t r o l  s u r f a c e s  i n t o  s i x  approximately or thogonal  c o n t r o l  

inpu t  p o i n t s ,  one f o r  each degree of freedom. An inpu t  t o  one of these  p o i n t s  

is equ iva len t  t o  commanding an acce l . e ra t ion  i n  one of the  P ~ X  degrees  of f r ee -  

d m .  The s i x  l inked c o n t r o l  p o i n t s  e s t a b l i s h e d  by tire mixer box a r e  used t o  

compute the ,rim ~ p e r a t i n g  p o i n t s  f o ~  the  v e h i c l e ,  f o r  c a l c u l a ' i n g  l i n e a r i z e d  
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c o n t r o l  response d e r i v a t i v e s ,  and f c r  s imula t ion  f l i g h t  c o n t r o l  when computing 

time h i s t o r i e s .  

In  the  p resen t  model, ?he s i x  a c c e l e r a t i o n  commend p o i n t s  a r e  r e l a t e d  t o  

the  l inked  c o n t r o l  s u r f a c e s  aa follows: 

p i t c h ,  6 0  - Fore-and-ait d i f f e r e n t i a l  r o t o r  c o l l e c t i v e s  

R o l l ,  6+ - Side-to-side d i f f e r e n t i a l  r o t o r  c o l l e c t i v e s  

Yaw, 6 - Side-to-side d i f f e r e n t i a l  p r o p e l l e r  c o l l e c t i v e s  and d. ifferen- '4 
t i a l  r o t o r  l o n g i t u d i n a l  c y c l i r  

Surge,  b, ,  -- P r o p e l l e r  c o l l e c t i v e  and r o t o r  l o n g i t u d i n a l  c y c l i c s  

Sway, hV - Rotor l a t e r a l  c y c l i c s  

Heave, 6, -- Rotor c o l l e c t i v e s  

The scheme mixes r o t o r  l o n g i t u d i n a l  c y c l i c s  and p r o p e l l e r  c o l l e c t i v e s  t o  

a s s u r e  adequate c o n t r o l  power f a r  hovering with and without a payload, i - e . ,  

over  a wide racge of cpe ra? ing  r o t o r  t h r u s t  cond i t ions .  The mixing r a t i o  is 

user-se lec ted.  The l a t e r a l  c y c l i c s  a r e  used e x c l u s i v e l y  f o r  s i d e  f o r c e  (sway) 

c o n t r o l  because t h i s  a x i s  is most c o n t r o l  power l i m i t e d  - :. . p r o p e l l e r s  a r e  

d i r e c t e d  forward i n  the example HLA. 

Fl i r ,h t  Control Loops. Upstream of the  mixer-box a r c  the i t td iv idua l  f l i g h t  

c o n t r o l  loops ,  one f o r  each of t h e  e c c e l e r : . ~ S c i  c o n t r o l  p o i n t s .  The p i t c h  

c o n t r o l  loop,  a r y p i c a l  example, is shown i n  Fig. 3. It incorpora tes  feedback 

of p i t c h  i l t t i t : ~ d e  and body a x i s  p i t c h  ra:e and conta'ns p r o p o r t i o a a l  and 

i n t e g r a l  paths in  the forward loop. The a t t i t u d e  and body a x i s  r a t e  f e b  0 .  -ks 

provide  conmand response and s t a b i l i t y  augmentation, whi le  the  fo rwar l  loop 

i n t e g r a t o r  ( i n i t i a l i z e d  by the  trim condi;fon c a l c u l a t i o n  a t  the  s t a r t  of t h e  

run) i n s u r e s  zero s t eady-s ta te  a t t i t u d e  e r r o r .  h e  user  dete;.:ir.?s the  g a i n  

cho ices  based upon a n a l y s i s  of the  c o n t r o l  requirements.  3-. -,:~u.it. is 

l i m i t e d  by a user-se t  va lue  a s  i s  the  i .nteera:  term. The output  l l m i t  

p reven t s  the  p i t c h  channel from using a l l  ta.e c o n t r o l  a u t h u r j t y  t h a t  might 
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othervise he available at one or more of the rotor collectives. The integra- 

tor limit similarly prevents the trim term from saturating the pitch control 

channel; the combined proportional-plus-derivative signal can always influence 

the pitch control, 68. Upon encountering the limit, the integrator input is 

removed until it changes sign, when it is restored. 

The control-augmented airframe constitutes an attitude-conmand/attitude- 

hold syst.a, which is a favorable characteristic for low speed and hovering 

flight operations. (19) Such a system, while not hishly maneuverable for "up 

and away" flying, allows for lisited periods of unattended operation in con- 

trolling pitch attitude which will likely be required during payload pickup 

and drop, especiaily In gusty environments. 

The sisuloti~n varr organization is structured so as to confine 

control system changes to a limited number of subroutines, thereby making it 

easy for tbc user to reprogram for a particular HLA configuration under evalu- 

atlon. Among the paraaeters suited for study using the flight cottrol system 

model are: requirements for co~r-rol power as a function of task and f ,t 

~ondirion; control gdin and limit schedules; crossfeeds between channels 

(e.g ., for turning flight in cruise); and sensor location and orientation. 

111. Typical Simulation Result? 

This sect ion presents so,,,e results of the simulation to illustrate the 

orogram Punctions and to show the motion dynamics for one class 3f HLA, the 

example configuration of in Fig. 1. 

Trimmed night Conditions 

A series of trimmed flight conditions covering a wide range of speed and 

.,icidences bas  --~;..lted in order to trvestlgate the control authority require- 

ments ~ n d  flight envelope boundaries for both the unloaded and loaded configu- 

rations. The example payload aerodynamic forces are very small compared to 
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its weight,  and s o  the r e s u l t i n g  e f f e c t s  on performance were found t o  be 

correspondingly  smal l  (i.e., l e s s  than 2 p e r r e n t  a t  44 f t / s e c ) .  Far t h e  trim 

a n a l y s i s  g iven he re ,  the  payload aerodynamics were neglected.  Payload aero- 

dynamics and s l i n g  dynamics are considered i n  the  coupled vehic le /payload 

a n a l y s i s  d i scussed  l a t e r .  

Power Requirements- Figure  4 shows the  t o t a l  v e h i c l e  power requirements 

a s  a  func t ion  of sea  l e v e l  a x i a l  f l i g h t  speed f o r  the  unloaded and loaded con- 

f i g u a t i o n s .  Power is required a t  hover,  even when unloaded, because t h e  buoy- 

ancy r a t i o  is l e s s  than un i ty .  Based on a  t o t a l  a v a i l a b l e  power r a t i n g  of 

6100 hp, the  maximum unloaded c r u i s e  speed is 152 f t / y e c  (103 mph), compared 

t o  145 f  t / s e c  (99 mph) f o r  the  loaded v e h i c l e .  

These r e s u l t s  show the  importance of t h e  l o n g i t u d i n a l  c o n t r o l  c ross feed  

between p r o p e l l e r  collective and r o t o r  p i t c h  z y c l i c .  I f  the  l o n g i t u d i n a l  

c ross feed  ga in  is kept the sane f o r  the  loaded and unloaded c o n f i g u r a t i o n s ,  a s  

i t  vas  i n  the  p resen t  case ,  r o t o r  t h r u s t  c o n t r i b u t e s  a g r e a t e r  p ropor t ion  of 

c r u i s e  propuls ion when   he v e h i c l e  is loaded-  Rotors ,  a s  a r e s u l t  of t h e i r  

l a r g e  d i s k  a r e a s ,  a r e  i n h e r e n t l y  more e f f i c i e n t  f o r  l o v  speed c r u i s e  pro,3ul- 

s i o n  than a r e  p r o p e l l e r s .  Therefore ,  the  power requirements f o r  the  loaded 

and unloaded v e h i c l e s  a r e  e s s e n t i a l l y  the  same a t  maximum speed. Scheduling 

the  c ross feed  gain  t o  optimize r o t o r  and propel-ler  usage f o r  changing load ing  

conc.,~ions w i l l  g r e a t l y  improve o v e r a l l  v e h i c l e  performance. 

m e  speed f o r  maximum range and speed f o r  maximum endurance, c r : t i c a l  

des ign parameters f o r  HLAs, a r e  seen t o  be 80 and 30 f t / s e c  f o r  the  u n l o ~ 9 d  

and 105 and 75 f t / s e c  f o r  the  loaded v e h i c l e ,  r e s p e c t i v e l y .  These parameters 

can be tail ore^ t o  des ign s p e c i f i c a t i o n  by s y s t e m a t i c a l l y  e x e r c i s i n g  t h e  simu- 

l a t i o n  trim func t ion  f o r  a  range of conf igura t ions .  

Crossvtnd Movr-. The o p e r a t i o n  o f  HiAs i n  crosswind hover c o n d i t i o n s  is  

an irnport3nt des ign cons ide ra t ion .  Figure  5 p r e s s n t s  t h e  rel juired u n i f o r ~  

r o t o r  l a t e r a l  c y c l i c  f o r  upr igh t  trim (ze ro  r o l l  ang le )  a s  a  f u n c t i o n  of 
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crosswind v e l o c i t y  f o r  the  loaded and unloaded v e h i c l e .  For a t y p i c a l  l a t e r a l  

c y c l i c  l i m i t  of 212 deg, t h i s  f i g u r e  i n d i c a t e s  a maximum crosswind c a p a b i l i t y  

of 8 f t / s e c  ( 4 . 7  k t )  2or the  unloaded v e h i c l e .  The loaded c o n f i g u r a t i o n ,  

which trims with l a r g e r  r o t o r  t h r u s t s ,  has  a crosswind c a p a b i l i t y  of 18 f t / s e c  

(10.7 k t ) .  Trinmisg a t  non-zero r o X  ang les  would genera te  l a r g e r  l a t e r a l  

r o t o r  f o r c e s ;  however, s i g n i f i c a n t  r o l l  c o n t r o l  (6 ) would be requ i red  t o  o f f -  
$ 

set the  v e h i c l e  me tacen t r i c  r o l l i n g  moment, and/or  a  more complex load- 

hand l ing  suspension cab le  c o n t r o l  system would be requ i red  t o  a l low s teady  

r o l l  ang les  under load.  

Small Pe r tu rba t ion  Dy-namics - Veh'Lcle Alone 

The c o e f f i c i e n t s  f o r  the  l i n e a r i z e d ,  smal l  p e r t u r b a t i o n  equa t ions  of 

no t ion  were numerically determined f o r  a  nunber of trimmed, con t ro l s - f ixed ,  

f l i g h t  cond i t ions  without a  payload. Addi t iona l  cases  were c a l c u l a t e c  f o r  a  

r i a i d l y  a t t ached  payload, t h e  s lung  payload a lone ,  and t h e  HLA with s lung 

payload. The c h a r a c t e r i s t i c  r o o t s  of t h e  system, each being a s s o c i a t e d  wi th  a  

p a r t i c u l a r  dynamic mode of response,  were c a l c u l a t e d  f o r  the  var iou? f l i g h t  

cond i t ions .  

In d e s c r i b i n g  the  c h a r a c t e r i s t i c  modes 02 response. we use a  shorthand 

n o t a t i o n  f o r  Laplace t ransform f a c t o r s .  Thus, ( 1 1 ~ )  denotes  the  f a c t o r  

2 ( s  + 1/T), while [i, w] denotes  [s2 + 25ws + w I .  These common met r i c s  i n  the 

frequency donain a r e  r e l a t e d  t o  the  common time c!~m.~'n met r i c s  a s  follows: 

Tine-to-halE-amplitude = 3.6931 ( r e a l  r o o t s )  

= 0 . 6 9 3 1 ~ ~  (complex r o o l s )  

J-52 Complex root  l o c a t i o n  = 'cw f j w  1 
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Table 1 summarizes the  c h a r a c t e r i s t i c  r o o t s  f o r  s e v e r a l  cases  a t  

44 f t / s e c .  This  cond i t ion  is r e p r e s e n t a t i v e  of blimp-like opera t ions .  A d i s -  

cuss ion  of t h e s e  r e s u l t s  is presented below. 

The unloaded v e h i c l e  (Table 1, Line a)  e x h i b i t s  t h e  fo l lowing f i v e  b a s i c  

modes : 

Surze Subsidence ( l /Ts) .  This  s t a b l e  mode is a 1 DOF motion, c o ~ p r i s e d  

of v a r i a t i o n s  i n  a x i a l  speed (uh ) About 50 pe rcen t  of the  su rge  damping 

a r i s e s  from v e h i c l e  drag,  whi le  t h e  remaining p o r t i o n  a r i s e s  from r o t o r  and 

p r o p e l l e r  e f f e c t s .  This motion is l a r g e l y  decoupled from t h e  o t h e r  modes 

because H,, and ZU a r e  smal l  i n  t h i s  f l i g h t  cond i t ion .  

Heave Subsidence ( l /Th) .  This s t a b l e  mode is prec'ominantly composed of 

v e r t i c a l  motion and d e r i v e s  most of i t s  damping from the  r o t o r s .  The r o t o r  

f l a p p i n g  dynamics induce some cot , ) l ing  between heave, sway, and surge  motions,  

t h e  nodal  response r a t i o s  being: 

S i g n i f f - a n t  coupl ing between the heave and p i t c h  motions, measured i n  terms of 

t h e  h u l l  p i t c h  ang le  t o  h u l l  angle-of-at tack modal r a t i o :  

a r i s e s  from the t a i l  l i f t  response t o  - ~ e r t i c a l  v e l o c i t y .  Barring t h i s  

coupl ing,  the  HILA heave mode resembles the  heave mode e x h i b i t e d  by V/STOL a i r -  

c r a f t .  (20) 

Pi tch  O s c i l l n t i o n  ( 5  
P'  

. The o s c i l l a t o r y  p i t c h  mode 1s comprised of 

v a r i a t i o n s  i n  uh 
c g s  %cg' 

and 8h. The e igenvec to r  phasing shows t h a t  0h 

v a r i a t i o n s  lead vh and uh by 25 deg and 273.3 deg, r e s p e c t i v e l y .  Although 
c g cg 

somewhat resembling the  c l a s s i c a l  a i r c r a f t  phugoid mode i n  f -.quency and damp- 

ing,  the  p resen t  motion e x h i b i t s  l a r g e  changes i n  h u l l  ang le  of a t t a c k ,  

-- -- - --- 
. . . -- - ---- 

1 ' ' I  
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F u r t h e r ,  the  frequency of o s c i l l a t i o n  (w ) is determrned by t h e  u e t a c e n t r i c  
P  

h e i g h t  (of c  .v. above c  .g .) , the  s t a t i c  aerodynamic p i t c h  i n s t a b i l i t y  ( e f  fec- 

t i v e  H, of t h e  t o t a l  v e h i c l e  i s  p o s i t i v e ;  Fig. 2b), and the  t o t a l  v e h i c l e  

e f f e c t i v e  p i t c h  i n e r t i a .  The l i g h t  o s c i l l a t o r y  damping (C ) is provided by 
P 

t h e  h u l l ,  t a i l ,  and r o t o r s .  For t h e  44 f t l s e c  f l i g h t  cond i t ion ,  the  r o t o r s  

genera te  about 70 percent  of the  v e h i c l e  e f f e c t i v e  p i t c h  damping. 

Coupled Svav-Yaw (l /Tsyls 1/Tsy2). Th i s  mode is comprised of coupled 

va r i a t i0 r . s  i n  s i d e  v e l o c i t y  (vh ) and yaw angle  (h). The modal i n s t a b i l i t y  
c  g 

a r i s e s  from the  u n s t a b l e  s t a t i c  aerodynamic yawing moment c h a r a c t e r i s t i c  of 

t h e  h u l l l t a i l  assembly (Fig. 2b). The u n s t a b l e  roo t  ( l /Tsyl)  and s t a b l e  

r o o t  (LITsy2) l o c a t i o n s  depend on the  yawing moment c h a r a c t e r i s t t c s  a d  the  

l a t e r a l  drag and r o t o r  damping. The coupled yaw-sway mode is s i m i l a r  t o  the  

u n s t a b l e  s p i r a l  mode i n  convent ional  a i r c r a f t .  

Ro l l  O s c i l l a t i o n  (cr, ur ) .  The s t a b l e  o s c i l l a t o r y  r o l l  mode is a  w e l l  

damped 1 DOF "pendulum motion" composed o t  v a r i a t i o n s  i n  s i d e  v e l o c i t y  (vh ) 
cg  

and r o l l  ang le  (Oh) The modal response r a t i o s  i n d i c a t e  t h a t  the  e f f e c t i v e  

c e n t e r  .,f r o t a t i o n  is 3 f t  below the  h u l l  c e n t e r  of volume and above the  

unloaded - ~ e h i c l e ' s  composite c  , due l a r g e l y  t o  apparent  mass and i n e r t i a  

e f f e c t s .  The n a t u r a l  frequency (w ) is c o n t r o l l e d  by the  metacen t r i c  he igh t  r 

and e f f e c t i v e  r o l l  i n e r t i a ,  whi le  the  damping (Cr) 1s generated by the  r o t o r s  

and t a i l .  

Dynamic modes of HLAs and c l -ass ica l  a i r s h i p s  have been c a l c u l a t e d  by pre- 

v ious  au thors .  The HLA l o n g i t u d i n a l  a n a l y s i s  completed by Nagabhushan and 

~ o n l i n s o n ( ~ )  showed the  e x i s t e n c e  of the  su rge ,  heave, . and p i t c h  o s c i l l a t o r y  

modes, rcsemblin, those  presented here .  The l a t e r a l  and l o n g i t u d i n a l  open- 

loop r e s u l t s  presented by P e l a u r i e r  and ~ c h e n c k ( ~ )  a r e  i n  correspondence wi,h 

the  f i v e  nodal r c sporses  d i scussed  here .  Blthough s p e c i f i c  damping r a t i o s  and 
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f requenc ies  vary  (depending on t h e  con£ i g u r a t i o n  under s t u d y ) ,  the  mode shapes 

and r e l a t i v e  e igenvalue  l o c a t i o n s  a r e  very  similar.  

Effect of Payload on System Dynamics 

The loaded v e h i c l e  ( r i g i d l y  a t ~ a c h e d  payload) has  t h e  c h a r ~ c t e r i s t i c  

r o o t s  shown i n  Table 1, Line b. The added payload weight r e s u l t s  i n  a s i z e -  

a b l e  i n c r e a s e  i n  the  t r i m  r o t o r  t h r u s t  and r e l a t e d  r o t o r  b lade  coning and 

f l app ing .  This produces s i g n i f i c a n t  coupl ing between the  l o n g i t u d i n a l  and 

l a t e r a l - d i r e c t i o n a l  degrees of freedon.  The su rge  mode now has  s u b s t a n t i a l  

sway motion and has b e c ~ m e  s l i g h t l y  u n s t a b l e .  Except f o r  minor changes i n  the  

o s c i l l a t o r y  f requenc ies  due t o  inc reased  metacen t r i c  h e i g h t  (above the  lowered 

c.8.) the  remaining v e h i c l e  modes a r e  e s s e n t i a l l y  unchanged from the  unloaded 

v a l u e s  i n  Line a .  

The vehic le /s lun<-load c o n f i g u r a t i o n  has  e leven c h a r a c t e r i s  t i c  modes of 

r e sporse .  The f i r s t  f i v e  of these  correspond t o  those  of the  b a s i c  v e h i c l e .  

These b a s i c  v e h i c l e  modes of response induce in-phase payload motion of almost 

equal  magnitude. For example, the  (coupled) v e h i c l e  p i t c h  o s c i l l a t i o n  modal 

r a t i o s  are :  

This s t r o n g  coupling i n t o  payload motions is due t o  the  s l i n g  geometry which 

with inver ted  vee s l i n g s  both forward and a f t  on t h e  payload (Fig .  I )  causes  

i t  t o  move v i t h  the  hul.1. The coupled system responds a s  a s i n g l e  r i g i d  body, 

with nea r ly  the  same modal c h a r a c t e r i s t i c s  a s  the lozded v e h i c l e  ( r i g i d l y  

aLtached payload) case.  The a s s o c i a t e d  coupled system r o o t s  a r e  shown i n  

Table 1, Line c ,  and very c l o s e l y  match those  of the  loaded v e h i c l e ,  a s  

expected . 
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The c h a r a c t e r i s t i c  r o o t s  of t h e  s lung  payload only system ( i n  i s o l a t i o n )  

a r e  l i s t e d  i n  Table 1, Line d ,  and r e v e a l  s i x  modes of response.  The two 

lovest-f  requency modes a r e  a s s o c i a t e d  wi th  l o n g i t u d i n a l  [C ulonl  and 

l a t e r a l  [GIat, Wlat] pendulum modes. These have ve ry  low damping r a t i o s  

because of the  smal l  aerodynamic damping i n  t h i s  f l i g h t  cond i t ion .  The next  

h i g h e s t  frequency mode [GYv, 9 V l  is a s s o c i a t e d  wi th  yawing motions of the  

payload. Here the  arrangement of the  s l i n g  is such t h a t  cab le  sp r ing  f o r c e  

and damping c o n t r i b u t e  s u b s t a n t i a l l y  t o  a h igher  frequency and damping 

r a t i o .  The t h r e e  highest-frequency v i b r a t i o n  modes a r e  dominated by the  c a b l e  

s p r i n g  and damping cons tan t s .  

The vehic le /s lung- load modes, which correspond t o  the  i s o l a t e d  s lung 

p6  ad modes, a r e  presented i n  Table 1, Line e .  A comparison of the  r e s u l t s  

iLLnes d and e )  shows t h a t  the  c h a r a c t e r i s t i c  r o o t s  a r e  e s s e n t i a l l y  

un . ~ f  f  ec ted .  However, the payload motion now induces s i g n i f i c a n t  out-of-phase 

I r?hicle motions. The magnitude of the  v e h i c l e  response i n  each mode is n e a r l y  

equal  t o  the r a t i o  of the  payload mass (or  moment-of-inertia) t o  the  

a p p r o p r i a t e  ef i e c t i v e  v e h i c l e  mass or  moment-of-inertia ( i ' e . ,  i nc lud ing  h u l l  

apparent  mass and moment-of-inertia e f f e c t s )  o r  the  dominant degree-of- 

f  reedon. 

For example, consider  the  coupled heave v i b r a t i o n  mode: 

Payload Mass 
1 0 . 1 7 9 :  11 L 0.175 

E f f e c t i v e  Vehicle 
Mass f o r  Z-AXIS 

Mot ions  

These r e l a t i v e l y  high frequency out-of-phase coupled modes could be  important  

i n  the  dcs izn  and a n a l y s i s  of in ter -e lement  s t r u c t u r a l  members. Also, r o t o r  
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e x c i t a t i o n ,  inc lud ing  higher-order dynamics no t  modelled i n  the  p r e s e n t  

s imula t ion ,  could be s i g n i f i c a n t  a t  t h e s e  f requenc ies .  

The p resen t  example a n a l y s i s  of t h e  coupled HLAIslung-load dynamics shows 

t h a t  while the  c h a r a c t e r i s t i c  r o o t s  of the  s e p a r a t e d  v e h i c l e  (Line b) and 

payload (Line d l  modes a r e  e s s e n t i a l l y  unchanged i n  t h e  combined v e h i c l e  

(Lines c  and e) , s i g n i f i c a n t  dynamic coupl ing between t h e  bodies exists .  

Adequate c o n s i d e r a t i o n  of t h e  coupled vehic le /s lung-payload l o v  frequency 

modes v i l l  be e s s e n t i a l  f o r  load p o s i t i o n i n g ,  and of t h e  nigh frequency modes 

f o r  minirnizlng s t r u c t u r e 1  mode e x c i t a t i o n s .  Analogous low frequency problems 

wi th  heavy- l i f t -he l i cop te r s  have requ i red  s p e c i a l  f l i g h t  c o n t r o l  system 

c h a r a c t e r i s t i c s ,  inc lud ing  feedbacks of t h e  c a b l e  angle  r a t e s  t o  r o t o r  con- 

t r o l s ( 2 1 ) .  lhis remains an  a r e a  f o r  f u t u r e  HI*\ study.  

The coupled veh ic le lpay load  dynamics resemble i n  c h a r a c t e r   he h e l i c o p t e r 1  

s lung  load r e s u l t s  of ~ a r n ~ a t h ( ' ~ ) .  However, the  p resen t  payload aerodynamic 

model i acks  t h e  d e t a i l  r equ i red  t o  c a p t u r e  t h e  o s c i l l a t o r y  n o n l i n e a r i t i e s  and 

s t a b i l i t y  s e n s i t i v i t i e s  repoyted i n  t h a t  r e fe rence .  

Ef fec t  of F l i g h t  Speed on Unlaaded Vehicle Dptamics 

The l i n e a r i z a t j o n  a n a l y s i s  f o r  the  -unloaded v e h i c l e  was extended over 

a range of irimned f l i g h t  speeds from 0 t o  140 f t l s e c  (a = 0 ) .  The migra t ion  

of the  5 nodes with a x i a l  speed is shown i n  Fig. 6. The surge  (1 IT,) and 

s t a b l e  sway/yav (1/Tsy2) time c o n s t a n t s  i n c r e a s e  f a i r l y  l i n e a r l y  wi th  speed.  

The uns tab le  9- . mode time constqnt  (1/T ) i n c r e a s e s  due Lo t h e  i n c r e a s i n g  
-- Y 1 

h u l l  i n s t a b i l f t y  with f lLgh t  speed. 

As expected from h e l i c o p t e r  dynamics, ( 2 2 )  t h e  heave lamping ( 1 1 ~ ~ )  

improves v i t h  inc reas ing  speed. Since  both the  r o t o r  and t a i l  e f f e c t i b e n e s s  

i n c r e a s e  with speed,  the  r o l l  mode becomes more s t a b l e ,  reaching a  damping 

r a t i o  of 0.53 a t  the  f l i g h t  speed of 140 f t l s e c .  Forward f l i g h t  speed reduces  

the  frequency and u l t i m a t e l y  d e s t a b i l i z e s  t h e  p i t c h  o s c i l l a r l o n  mode, due t o  
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t h e  h u l l ' s  l a r g e  aerodynamic i n s t a b i l i t y  and the  smal l  t a i l  a rea .  Howevs 

t h e  p i t c h  damping of the  r o t o r s  improves wi th  i n c r e a s i n g  a i r s p e e d ,  s o  t h e  mode 

is margii ial ly s t a b l e  up t o  60 f t l s e c .  A t  t h i s  speed,  the  dominance of t h e  

envelope aemdynamics aver  me tacen t r i c  s t a b i l i t y  causes  t h e  osc!.llation t o  

become uns tab le .  Ul t ima te ly  t h e  mode becomes two a p e r i o d i c  d ivergences  a s  t h e  

speed f u r t h e r  inc reases .  

The s e n s i t i v i t y  of t h e  dynamic modes t o  forward f l i g h t  speed is a very 

important  c o n s i d e r a t i o n  i n  conf igurat ior ,  and f l i g h t  c o n t r o l  s y n t h e s i s .  The 

p resen t  ana lyses  show the  unaugmented, unloaded example HLA c o n f i g u r a t i o n  t o  

be b e s t  s u i t e d  f o r  low-speed and hover f l i g h t  c o n d i t i o n s  (V < 60 f t j s e c ) .  
0 

Inc ressed  f l i g h t  speed can be achieved by i n c r e a s i n g  t h e  t a i l  s i z e  and h u l l  

f i n e n e s s  r a t i o ,  o r  by i n c o r p o r a t i n g  an a c t i v e  s t a b i l i z i n g  f l i g h t  c o n t r o l  

system* 

Comparison of Nonlinear and Decouoled Linear  Models 

F l i g h t  mechanics and c o n t r o l  ana lyses  commonly a r e  based on the  smal l  per- 

t u r b a t i o n ,  l i n e a r i z e d  dynamics of v e h i c l e  motion where t h e  l o n g i t u d i n a l  

( p i t c h ,  surge ,  and heave) and l a t e r a l  ( r o l l ,  yaw, and sway) degrees-of-Er3edom 

a r e  assuned decoupled. The v a l i d i t y  of employing such assump' ans f o r  HLA 

ana lyses  was checked by comparing the  s t e p  response  of the  non l inea r  and 

decoupled l i n e a r  models For the  44 f t / s e c  f l i g h t  c o n d i t i o n ,  wi th  and wi thout  a 

s lung  payload. 

Figure  7 shows the  open-loop p i t c h  a t t i t u d e  response of t h e  v e h i c l e  t o  

smal l  and l a r g e  s t e p  commands i n  su rge  c o n t r o l  (6,). 

The unloaded v e h i c l e  p i t c h  ang le  i n  respoqse t o  a smal l  s t e p  command of 

s u r g e  c o n t r o l  (6,, = 0.16 deg) is shcwn i n  Fig. 7a. The non l inea r  and 

decoupled l i n e a r  system responses  compare very  we l l ,  thereby v a l i d a t i n g  tile 

approximations.  When :he command is inc reased  t o  6, = 2.0 degrees ,  Fig. 7b, 

the  d iscrepancy between the  system responses  becomes more n o t i c e ~ b l e ,  i n d i c a t -  

ing the  e x i s t e n c e  of response n o n l i n e a r i t i e s  f o r  l a r g e r  motions. Howeve*, the  
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c h a r a c t e r  of the  response is w e l l  represenLed f o r  t h i s  c a s e  where d e r i v a t i v e  

d i s c o n t i n u i t i e s  i n  the  aerodynamic d a t a  f o r  t h e  t a i l  (Fig. 2) a r e  not encoun- 

t e red .  

The 6-degree-of-freedow non l inea r  and the  decoupled 3-degree-of-freedom 

l i n e a r  responses of v e h i c l e / s l u n g  payload systems a r e  compared f o r  a  smal l  

coamand (6, = 0.2 deg) and a  l a r g e  command (6, ' 10-0 deg) i n  Figs.  7c and 

7d, r e s p e c t i v e l y .  During the  f i r s t  15 secs ,  the  comparison is good, wi th  t h e  

l a r g e  command response e x h i b i t i n g  some non l inc  r i t y ,  a s  before .  T h e r e a f t e r ,  

the  response of t h c  l i n e a r i z e d  system d ive rges  from t h e  non l inea r  system. 

This divergence was t r aced  t o  t h e  coupl ing between l o n g i t u d i n a l  and t h e  

l a t e r a l - d i r e c t i o n a l  degrees  of treedom - a  f a c t o r  which is not r ep resen ted  i n  

the  decoupled l i n e a r  model. As p rev ious ly  noted,  t h e  loaded v e n i c l e  e x h i b i t s  

s i g n i f i c a n t l y  increased coupi ing due t o  t h e  inc reased  r o t c r  f l app ing  asso- 

c i a t e d  with the  l a r g e  trim t h r u s t  l e v e l s .  

These r e s u l t s  a r e  t y p i c a l  f o r  s i m u l a t i o n s  of r o t o r c r a f t  where s u b s t a n t i a l  

response  n o n l i n e a r i t y  and coupl ing between l o n g i t u d i n a l  and l a c e r s l -  

d i r e c t i o n a l  degrees  o i  freedom e x i s t s .  The comparisons show t h a t  c c n t r o l  and 

response coupling c h a r a c t e r i s t i c s  need t o  be taken i n t o  account i n  the  

a n a l y s i s  of H U  dynamics and t h e  s v n t \ e s i s  of f l i g h t  c o n t r o l  s y s t e m  f o r  t h e s e  

veh ic les .  

Vehicle Cunt Response 

The unloaded example c o n f i g u r a t i o n  was trimmed a t  the  44 f t / s e c  f l i g h t  

cond i t ion  and then sub jec ted  t o  an i s o l a t e d  v e r t i c a l  t a i l  gus t  i n  o rde r  to  

study the dynamic responses.  The gus t  inpu t  was a  one-minus-cosine shaped 

v e r t i c a l  downdraft with a  maxinum v a l u e  of 5 f t / s e c  and s d u r a t i o n  of 4 s e c -  

The s e l e c t i o n  of an i s o l a t e d  t a i l  g u s t  (no h u l l  g r a d i e n t s )  was made i n  o rde r  

to  e x c i t e  the  - ~ e h i c l e  p i t c h  mode wiLh a  s imple  d i s t u r b a n c e ,  not  n e c e s s a r i l y  

r e p r e s e n t a t i v e  of a r e a l i s t i c  gus t  environment. 
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Open-Looo Resoonse. The l o n g i t u d i n a l  response of the  open-loop v e h i c l e  t o  

t h e  t a i l  gus t  inpu t  is shown i n  the  s o l i d  time h i s t o r i e s  of N g .  8. (Note . 
t h a t  the  r a t e  of cl imb, hh no t  y, is p r e s e r t e d  here.) The open-loop 

C& c !3* 
behavior is dominated by t h e  p i t c h  mode. The frequency of o s c i l l a t i o n ,  

phasing,  and r e l a t i v e  response r a t i o s  correspond very  w e l l ,  a s  expected,  wi th  

the  previous  l i n e a r i z e d  r e s u l t s .  

Closed-Loop Response. The f l i g h t  c o n t r o l  system was c losed i n  a l l  s i x  

degrees-of-hull-freedom i n  o rde r  t o  compare open- and closed-loop unloaded 

v e h i c l e  response t o  the  gus t  input .  D e t a i l s  of the  p i t c h  loop c l o s u r e  were 

presented i n  Reference 11. 

The l o n g i t u d i ~ a l  closed-loop response t o  t h e  t a i l  down gus t  is p l o t t e d  

(dot ted  l i n e s )  i n  Fig. 8. Thr d is turbance-suppress ing c h a r a c t e r i s t i c s  of t h e  

6 DOF f l i g h t  c o n t r o l  system a r e  c l e a r l y  apparent .  Fur the r  s t u d i e s  a r e  needed 

t o  determine v e h i c l e  response t o  t u r b u l e n t  environments, u t i l i z i n g  the  Eour- 

point -gust  model (I1) with  r e a l i s t i c  tu rbu lencz  i n p u t s  and the  aerodynamic 

i n t e r f e r e n c e  models. 1 1 3 )  

IV. Conclusions 

An .ample HLX conf igura t ion  with a low f i n e n e s s  r a t i o  h u l l  and a smal l  

vee - t a i l  was analyzed to  expose b a s i c  aerodynamic and dynamFc p r o p e r t i e s -  

Some of thc  s i g n i f i c a n t  conclus ions  t o  be drawn from t h i s  s n a l y s i s  and a 

comparison with pas t  a i r s h i p  d a t a ,  a r e :  

I )  For the  example conf igura t ion ,  the  t a i l  s i z e  is not s u f f i c i e n t  t o  

s t a b i l i z e  the  v e h i c l e  i n  c r u i s e  f l i g h t .  

2 )  The choice  a r ~ d  schedul ing of c o n t r o l  mixing between r o t s t s  and propel-  

l e r s  has a s i g n i f i c a n t  e f f e c t  on v e h i c l e  ,lerformance. For the  example 

c o n f i g u r a t i o n ,  the  loaded and unloaded v e h i c l e s  e x h i b i t e d    out t h e  same 

maximum speed because the  f ixed  c ross feed  v a l u e s  L s u l t e d  i n  h igher  p r o ,  

p u l s l v e  e f f i c i e n c y  f o r  the loaded col ld i t  ion .  
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3: The trimming c a p a b i l i t y  of t h e  unloaded HLA is s e v e r e l y  l i m i t e d  when 

hover ing i n  crosswinds due t o  l ack  of :Lateral  f o r c e  genera t ion  capa- 

b i l i t y .  

) Numerically l i n e a r i z e d  smal l  p e r t u r b a t i o n  dynamic a n a l y s i s  of t h e  

unloaded example con£ i g u r a t i o n  showed t h e  e x i s t e n c e  of f i v e  charac te r -  

i s  t i c  response modes : 

Surde subsidence ( s t a b l e )  

Heave subsidence ( s t a b l e )  

P i t c h  o s c i l l a t i o n  ( s t a b l e )  

Coupled sway-yaw (unst .  - l e )  

Rol l  o s c i l l a t i o n  ( s t a b l e )  

Resemblance of some of the  HLA modes t o  those  of c l a s s i c a l  a i r c r a f t  and 

V/STOLs is apparent .  The q u a l i ~ a t l v e  c o r r e l a t i o n  of these  modes wi th  

t h e  r e s u l t s  of o t h e r  i n v e s t i g a t o r s  was noted. 

5) Analysis  of the  vehicle/slung-payload dynamics shows s i g n i f i c a n t  

coupl ing of the  payloac! dynamics with those  of the  b a s i c  HLA. 

6) The p i t c h  and uns tab le  sway-yaw (unloaded v e h r c l e )  modes were d e s t a -  

b i l i z e d  wfth inc reas ing  a x i a l  f l i g h t  speed,  whi le  the  o t h e r  modes became 

more s t a b l e .  

7 )  Conparison of ncn l inea r  and decoupled l i n e a r  s o l u t i o n s  f o r  the un1oad.d 

v e h i c l e  showed c l o s e  agreement f o r  smal l  motions, wi th  some n o n l i n e a r  

e f f e c t s  f o r  motrons Thrger than a few degrees.  'I, loaded v e h i c l e  

e x h i b i t s  s t r o n g l y  coupled c h a r a c t e r i s t i c s  due t o  the  r o t o r  f l app ing  

dynamics. 

3) Open- and closed-loop responses  of a 5 f p s  (one-minus-cosine) down-gust 

on the L a i l  showed t h a t  e x c e l l e n t  improvement i n  the  veh ic le ' s  dynamic 

behavior can be a t t a i n e d  with the  incorpora t ion  of simple f l i g h t  con- 

t r o l l e r  having p r o p o r t i o n a l ,  r a t e  and i n t e g r a l - e r r o r  feedbacks. 
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Hull  - 
Lsng t h 

Diaaet e r  

Volune 

Tail Area 

\;sight 

240 f t  

103 f t  

1.5 x l o 6  i t 3  
7 

3520 f t -  

3.89 x 1~14 ib 

L i f t  Pronuls lon t in i t  (LPLy) 

Rotor Diameter 56 f t  

P rope l le r  Dianeter  13 it 

Engine l!or sepower 1574 hp 
(One per LPU) 

IJeFght (Each LPC') 9 x lo3  l b  

Convosite Vehicle  Vnloaded Load ed 

Weight ( l b )  125,000 165,000 

Buo ynnc y kt i o  0.92 0.70 

Figurc  1.  Example Ouadrotor HLA and S lung  Payload 
Used in  P r e s e n t  Simulat ion 



(11-lbl 2000 1 /-Hull Alone 

Tail Assembly Alone 

Hull Alone 

Total 
Tail 
Assernbl y 
4l0iie 

No Interferertce 

hlomrnt 

Slo11c 
Moment -200 0 deq 

I 

-630 
-5 dcg 

F i r  2 .  S;lmples of Simulutrd Forces nrld Elements 
f o r  Exnrnplc Casc of Fig. 1 



ORIGINAL. PAGE lS 
OF POOR QUALi'rT 





ORIGINAL PAdE 18 
OF POOR QUALlW 

Crosswind Velocity (kt) 

40 

Figure 5 .  Trimming for IIover In a S t e a d y  Crosswind 

- 

Unloaded 
- 

30 - 

- 

20 - 
Loaded 
Vehicle - 

\\\\\\\\\\\\ 

0 5 10 15 20 
( f t l s e c )  



Mode 

Pitch 
Mode 

OR\GlNAL PAG< ;S 
OF POOR QUALiw 

I - 
-E+LQ I v A w n 

d - 
1.0 .8 .6 .4 

(radlsec 1 
Figurc  6 .  1fCgrntion of Unloaded H1.A Modes with Cruise Speed 



IJNLOADED VEHICLE VEHICLE I SLUNG - LOAD SYSTEM 

F igurc 7 .  Compar ison o f  6-Degree-of -Fretkiom Nonl Cnear and Decoupled 
3-Dcgrcc-of -Fretdom 1,incsr Opcn-Loop Responses t o  Axial Control S tcps 



Response 

- 4 

cl L3r:,7/ L'r:c-;?c:fy 

v 
I 

Figure J. Comparison of Open- and Closed-Loop Respunses to Tail-Down Gust . 
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"c b a w  e x i s  c o n t r o l  d e f l o c t i ~ n ;  wc - 
1 degree  I dmsrmo of n e g r t i v o  c o l -  
l . c t : . r  p i t c h  on u c h  r c t o r ,  deg Tho r e s p o n u  oL a  &adro tor  Hoavy L i f t  Ai rah ip  

t o  atmoapherlc tu rbulenco  is eva lua ted  u e i q  l 
)-point lnput  model. Reaut t r  show i n t e r a c t i o n  
b e t w e n  s u e t  i n p u t s  and t h e  c h a r a c t e r i a t l c  w d e e  
of t h e  v e h l c l e ' r  re rponr r .  Example loop clomuree 
demonstrate t r a d o o f f r  becveun rasponre  r e g u l a t i o n  
and r t r u c t u r a l  loads.  Vehicle reaponeem t o  a  
tuned d l a c r e t e  wave f r o n t  compare favorab ly  w i t h  
t h e  l i n e a r  r r r u l t a  and l l ~ u e t r a t e  c h a r a c t e r i a t l c  
H U  motion. 

ti1, v'p2, Cur t  w l o c i t i a a  a i o q  t h e  i n e r t i a l  x- 
e x l a  a t  l n p u t  . o u r f e e  14 ,  re8pec t ive-  

43D 1y; p o o i t i w  domw*rd, ft/r.c 

C P .  5 P i t c h  oscillation mode drmping r a t i o s  
f o r  t h e  open-loop ( h r e  a i r f r a m e )  and 
cloeed-loop ( c o n t r o l  * y r t e n  engaged) , 
v e h i c l e ,  r e a p a c t i v e l y  

P i t c h  a d  r o l l  Euler  a n g l e r ,  respec-  
t i v e l y ;  r a d  (d.8) 

a &  A c c e l r r a t i o n  of  t h e  h u l l  c e u t e r  o f  
g r a v i t y  along t h e  p o s i t i v e  (downward) 
x-body a x i s ,  f t / a e c  (g)  

Root-man-square v a l u e  ( m a )  

Root-man-squared ( m e )  l e v e l  of h u l l  
a c c e l e r a t i o n  (a,) c.8. Center  of g r a v i t y  of  t h e  h u l l  (1.e.. 

c n v e l o p e / t a i l / s u p p o r t  s t r u c t u r e  oraem- 
b l y ,  exc luding  LPUs) Root-meen-squared ( m a )  l e v e l  of v e r -  

t i c e l  c o n e t r a i n t  f o r c e  a t  LPU-1 
(Fcr 1) % Traveling upgust wave c e l e r i t y .  i .e., 

i n e r t i a l 1  y re fe renced  c r e a t  v e l o c i t y ,  
f t / roc  I n t e n s i t y  i e v e l  ( m a )  f o r  t u r b a l e n c e  

along t h e  i n e r t i a l  x-axis, f t i s e c  
dB Decibe ls  [- 20 loglO (gain11 

Power a p e c t r a l  d o n a i t v  f u n c t i o n  and 
t r u n c a t e d  p o w r  a p e c t r a l  ~ e n s l t y  func- 
t i o n ,  reepe$cively,  f o r  v e r t i c r l  t u r -  
bulence,  f t  */ra&aec) 

?cLl 
C o n r t r a l n t  f o r c e  e x e r t e d  on t b s  h u l l  
suppor t  a t r u c t u t e  a t  the  iatt..;hment 
p o l n t  of LW-I, a long  t h e  p o s i t i v e  
(downward) z-body a x i s ,  l b  

L  PU L l f t  p ropuls ion  u n i t ;  each u n i t  l a  
cor p r i s e d  of one r o t o r ,  one p r o p e l l e r .  
and one n a c e l l e ;  numbering aystem 
s5own in  Ftg. 2  

Haave c o n t r o l  system bandwidth; de- 
f i n e d  aa t h e  -3 dB frequency (Fig. 3). 
r a d / s u  

C h r r a c t e r l s t t c  s c a l e  length  f o r  v e r t i -  wc Butterworth f i l t e r  c u t o f f  frequency,  
1 ' tu rbulence .  i t  rad /aec  

$w T r a h ? l i n g  upaust encounter  a n g l e  
(Fig. 21, dog 

up. W; P i t c n  o e c l l l a t i o n  mode f r e q u e n c i e s  f o r  
tho  oper-loop b e  a i f r a m  and 
clored-loop ( c a n t r o l  myatem engeled)  
v e h i c l e ,  r e e p e c t i v e l y ;  rad /sec  

S u p e r s c r t p t a  

- Average v a l u e  

( * )  Tine d e r t v a t i v e  with r e s p e c t  t o  nonro- 
t a t l n g  axes  

I. I a t r d u e t l o n  

The e f f e c t a  of a t m a r p ~  i c  t u r b u l e n c e  on t h e  
a i r s h i p  l a t i o n s  and a t r u c t u r e e  fire a  c o n t i n u i n s  

Lsplace t ransform o p e r a t o r  

Heave node Inverse  t l n e  c o n s t a n t s  f o r  
t h e  open-loop (bare  airframe) and 
closed-loop ( c o n t r o l  s y r t e r  engat,ed) 
v c h i c l e .  r e s p e c t i v e l y ;  r a d l s e c  (time- 
t o - h ~ .  C-mpl l tude  - 0.6937; T - Th, 
Ti 1 

r e f e r e n c e  r e l a t i v e  a i r a p c e d ,  f t / m c  

Reference L n e r t i a l  v e l o c i t y  along t h e  
r - b d y  a r t s  (ground apeed) ,  f t / s e c  

Veloc l ty  of tho h u l l  c e n t e r  of g r a v i t y  
a lun#  the  p o s i t  l v e  (downward) P-\oJy 
ar1*,  't/a.c 

- 
' s t a f f  Enclncer,  Research, Member AIM; and h i n c l p a l  Rerearch Encineor,  k a o c l n t r  Fellow AIM. 



concern. 'o2o1 Low speed and mooring o p a r a t i o n a  
a r e  e s p e c i a l l y  d i f f i c u l t  s i n c e  t h e  reduced c o n t r o l  
p o w r  and ground c l e a r a n c e  i n ~ ~ e a 8 e  the  v o h i c l e * a  
w11nerabtli:y t o  turbulence.  Recently,  bo th  t h e  
8 r l c i s h  AD-500 and Goodyear Columbia hw s u f f e r e d  
c o n s i d e r a b l e  damage i n  mooring a c c i d e n t s  which sre 
l a r g e l y  a t t r i b u t a b l e  t o  8JVerc tu rbulence .  

Curren t  dea ign  concepta emphaalze requi rements  
of  p r e c i s i o n  v e h i c l e  c o n t r o l  and g u s t  reaponse 
auppreasior. i n  low s p s d  and hover f l i a h t  opera-  
t ions.*sS m e s e  r e g u i r e s m t s  a r e  especially 
f o r r i d a b l e  f o r  t h e  Heavy L i f t  Ai rsh ip  (HLA) log- 
s i n g  o o a f i a u r ~ t i o a b  and t h e  Maritime P a t r o l  M r -  
s h i p   PA).* The u t i l i t y  of  t h e s e  v e h i c l e a  de- 
pends on t h e i r  a b i l i t y  t o  o p e r a t e  i n  a11  w a t h e r  
cond l t  ions. 

s t u d i e s  by ~ . t . a u r t e r '  on t h e  e f f e c t s  of atmo- 
spheric turbulence  on convent iona l  a i r s h i p s  ahowed 
t h e  e a i a t e n c e  of s1;nif icant  coupl ing  b e t m a n  a i r -  
s h i p  p i t c h  dynamics and v e h i c l e  s t r u c t u r a l  loads.  
Maxinum w h i c l e  response and a t t e n d e n t  l o a d s  were 
found t o  occur  where tu rbulence  wave l e n g t h s  
corresponding t o  thoae of t h e  a i r s h i p s '  normal 

. modes. ~ a ~ a b h u s h - n ~  analyzed t h e  e f f e c t s  of 
closed-loop c o n t r o l  on the hovering performance of 
quad-rotor  HLA. i n  crosswind f l i g h t  c o n d i t i o n s  
A l s  a n a l y r l s  shoved t h a t  c o n s i d e r a b l e  improvement 
i n  t h e  r a d i u s  of hover could  be achieved by feed- 
backs of i a e r r i a l  v e h i c l e  p o s i t i o n  t o  t h e  r o t o r  
c y c l i c  c o n t r o l s .  The associated e f f e c t s  on t h e  
s t r u c t u r a l  loads  of HUs were no t  investigated. 

An a n a l y s i s  of t h e  dynamics and performance of 
a  g e n e r i c  quad-rotor  heavy l i f t  a i r s h i p  (Fig.  1 )  
u s i n g  t h e  STICIASA s imula t ion  was d i s c u s s e d  i n  
Refs. 7 and 8. One s i g n i f i c a n t  conc lus ion  ws 
t h a t  g u s t  a c c e l e r z t i o n s  have a  c o n s i d e r a b l e  impact 
on the  loads  expr r ianced  by a i r s h i p s  due t o  appar-  
e n t  r u s s  e f f e c t s .  This  v i l l  be e s p e c i a l l y  impor- 
t a n t  f o r  t h e  HU logging mission where l a r g e  and 
r a p i d  changes ln  t h e  l o c a l  atmospheric cond:. i o n s  
r e s u l t  from t h e  geographic surroundings.  

In  t h i s  paper. we f u r t h e r  develop a n a l y s i s  of 
tu rbulence  e f f e c t s  on quad-rotor heavy l i f t  con- 
f i g u r a t i o n s  v t t h  t h e  use of t h e  four  p o i n t  atmo- 
s p h e r i c  input  nodel  o u t l i n e d  i n  Refs. 7 m d  8. 
This  n u l t i p l e - i n p u t  model a l lows  a  m r e  a c c u r a t e  
d e s c r i p t i o n  of Zust g r a d i e n t  e f f e c t s  than is ob- 
t a i n a b l e  v l t h  a  more convent iona l  s i n g l e  p o i n t  
a i r c r a i r  codel.' An assessment of t h e  e f f e c t s  of 
atmospheric tu rbulence  on t h e  v e h i c l e  dynamics was 
made v l c h  an a d a p t a t i o n  of deaign m i l i t a r y  g u s t  
s p e c i f  l c a c i o n s  f o r  p i l o t e d  a i r c r a f t ' '  (MIL-F- 
8185C) .  This paper p r e s e n t s  an o v e r v i e v  of t h e  
four-polnt  . i tnospher ic  lnput  modrl, a  d iacusa ion  
of i t s  range or v a l i d i t y ,  and an a p p l i c a t i o n  of 
t h a  N i l  Spec f o r  a  t y p l c a l  low speed unloadrd 
f l l g h t  condi t lon .  I h e  r e s u l t s  show t h e  e f f s c t s  of 
closed-loop c o n t r o l  on vehic?a tu rbulence  response 
and ~ s a o c i ~ t e d  s t r u c t u r a l  loads.  

11. Atmospheric Iavut  We1 

Analyses of tu rbulence  e f f e c t a  on a i r c r a f t  a r e  
g e n e r a l l y  based on t h e  assumption t h a t  t h e  l d c a l  , atmosphere l u y  be repressn ted  by g u s t  v e l o c i t i e s  
and l i n e a r  ~ r a d l r n t s  a t  a  s i n g l e  p o i n t  (nominally 
t h e  a t r c r a f t  c c n t c r  of g rav i ty : ,  then cx t  a p o l a t e d  
outward t h r r c f r o o .  A. noted by ~ t k i n . '  c h t s  l e a d s  
t o  r l ~ n i f l c n n t  overestimation e r r o r s  f o r  l a r g e  
r l r c r a f t  and smal l  gus t  wavelengths. Airships, 

OF POOR QUALITY ,6==b. 

Length 

DQmeter 

Volwne 

T a i l  Area 

Weight 8.8"  x 104 l b  

L i f t  Propuls ion  Unit  (LPI!1 

Rotor Diameter 56 f t  

P r o p e l l e r  Diameter 13 f t  

Erlg i n e  Horscpouer 
(One per  LPU) 

Weight (Each LPU) 

Cunposite  Vehic le  3nloaded Laded 

Weight ( l b )  125,000 165.000 

Buoyancy P a t i o  0.92 0.70 

Fig.  1. Generic quadro tor  heavy l i f t  a i r s h i p  
used i n  p r e s e n t  s t u d y  

w i t h  t h e i r  n e a r l v  . l c u t r a l  bouyancy, l a r g e  dinen- 
s i o n s  and r e l a t i v e l y  l o v  c r u i s e  speeds.  a r e  espe- 
c i a l l ,  s e n s i t i v e  t o  l a r g e - s c a l e  atmospheric gra-  
d i e n t s  and a c c e l e r a t i o n s .  A mul t ip le -poin t  i n p u t  
model a l l o v s  t h e  c a l c u l a t i o n  of t h e s e  g r a d i e n t  
e f f e c t s  a t  s m a l l e r  wavelengths ( a t d  l a r g e r  a i r -  
c r a f t  s i z e )  than 1s p o s s i b l e  with a  s i n g l e - p o i n t  
model. This  r e s u l t s  from t h e  s p a t i a l  i n t r r p o l a -  
t i o n  scheme which i a  uaed t o  c a l c u l a t e  average  
g r a d i e n t s  and v e l o c i t i e s  from t h e  v o l o c i t i e a  a t  
t h e  v a r l o u s  i n p u t  sourcea .  b s s d  on t h e s e  con- 
s i d e r a t i o n s ,  w have iaplementsd a  four-point  
a tmospher ic  i n p c t  m d a l .  This  model, which is an 
e x t e n s i o n  of t h e  vork of Holley and Bryson," and 
~ t k i n , '  is d i s c u s s e d  i n  d e t a i l  i n  Refs. 7 and 8. 

Flgure 2 shows t h e  l o c a t i o n  of tha four i n p u t  
s o u r c e s  f o r  t h e  p r e s e n t  a n a l y s i s ,  which a r e  se- 
l e c t e d  a s  a conpromism t o  be cl01e to t h e  more 
d i s t a i  v e h i c l e  components, 1i.e.. h u l l  ends,  t a i l  
surfaces, and l i f t / p r o p u l s i o n  u n i t s  (LPUs)] . 
These s o u r c e s  a r e  assumed to  be  a t a t t s t t c a l l y  
u n c o r r e l a t c d  becausa of  t h e i r  l a r g e  s e p a r a t i o n  
r e l a t i v e  t o  pure  c h a r a c t e r i s t i c  l e n g t h s  a t  low 
a l t i t u d e s .  Hence, l i n e a r  o u ~ e r p o s i t i o n  can  be 
used Lo docermtne t h e  t o t a l  ( C a u s s i ~ i \ )  tu rbulenca  
response of t h e  vchicl .  by sunning t h e  i s o l a t e d  
responses  of t h e  v r h l c l e  t o  ?ndiv idua l  guat  wlo-  
c i t y  sources .  Each i n p u t  8 i v e a  r i a *  to e r f e c t i v a  
g u s t  a c c e l e r a t l o n ~ ~  v e l o c i t i e s ,  and g r a d i e n t s  a t  
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Fig. 2. Atmospheric input  model 

t h e  hu!l, t a i l ,  and LPUs. These, i n  t u r n ,  a r e  
used to calcul .cte o c r ~ d y n a m i c  f o r c e s  and moments 
f o r  use i n  t h e  dynamic e q u a t i o n s  of no t ion .  The 
many l n t e r p o l a t i o s  f o r r ~ u l a s  and e q u a t i o n s  f o r  t h e  
a s s o c i a t e d  aerodynamic f o r c e s  a r e  presen ted  i n  
Ref. 7 and a r e  not  repeated here.  

D i s c r e t e  v a w  f r o n t s  a r e  genera ted  by t a i l o r e d  
sequencing aoong t h e  input  sources.  Them vsves 
c a n  be tuned t o  t h e  v e h i c l e ' s  dynamic modes t o  
e v a l u a t e  c r i t i c a l  non-Crussirn phanomena. The 
four-point  nodel is v a l i d  f o r  a l l  d i s c r e t e  d i s t u r -  
bances v l t h l n  the  assumption of l i n e a r  i n t e r p o l r -  
c i o n  of l o c a l  y u r t  v e l o c i t y  between input  sources.  

I 

The use  of a  four-point  atmospheric model 
a l lows  t h e  calculation of g r a d i e n t  e f f e c t s  t o  
s h o r t e r  gus t  vavc lengths  than is p o s s i b l e  wi th  a  
s l ~ ~ < L e - p o i n t  node l ;  hovevrr .  a  lover  g u s t  uave- 
l e n y t n  l i -~i t  e u i s t s  on the  v a l l d i t y  or' t h e  model 
i n  a i n u l a t l n g  t h e  responae t o  s i n u s o i 0 a l  i n p u t s .  
Rls  resu:ts  fro13 the  a3sunptlon of gust  v r l o c l t y  
l i n e a r  lntcrp01.1t lon becveon t h e  v a r i o u s  input  
source*.  and t!re use of a  cloacd-form h u l l  acro-  
dynanic nd.iel dependent only on t h e  r r l a t i v e  
n o t i o n  betvccn t h e  h u l l  c e n t e r  of volume and a l r  
class. 

Analyrcq 113Lng a rnul:lple segment h u l l  modrl l  
show t h a t  t h e  response pover s p e c t r a  f a l l  o f f  
r a p i d l y  f o r  gus t  wavelengths s h o r t e r  than t v l c e  
t h e  h u l l  lengch ( 2 % ) .  This  is due t o  t h e  prns- 
s u r e  rver.lqing c f f r c t  of t h e  h u l l .  I n  t h e  preeent  
s t n z l a - p n l n t  t ~ ~ l c l ,  t h e  s ~ e c t r n l - p a v e r  r e d u c t i o n  
1s nodoled v t t h  .I th i rd-order  But te rvor th  f i l t e r .  
Tho f i l t e r  b r c a i  frequency correspond8 t a  a  vave- 
l e n g t h  of !Ih. t h e  assumed l i m i t  of t h e  four-point  
i n p u t  nodel. 

k % i l e  the  nor*, a c c ~ l r a t e  m u l t i p l e  ?regrent model 
0 nCCQJlACy t o  cvaludtt? d l n t r i b u t r d  s t r u c t u r a l  
load*  .ilonq t h e  . t l r ,h lp  h u l l ,  t h e  n i m p l i f i e d  ap- 
proach adopted here  is f e l t  t o  be a ~ r f f i c i e n c  f o r  
d p r a l e s  .inJ c u n t r o l  a n a l y s e s  of henvy l i f t  a l r -  
r h l p s ,  uhere  t h e  lordm b e t w e n  widely s e p a r a t e d  
e l c n e n t s  a r e  of prime importance. This  approach 
a l l o u r  t h e  r a s y  lncorpora t lon  of menaurcd rtmo- 
r p h r r l c  d.rt.8 (c.8.. a t  four covers more than 
100 1t  np.*rt) and 1s v e l l  s u l t e d  for  t h e  s tudy  of 

v e h i c l e  responses  t o  d i s c r e t e  urveformr,  ruch a 8  
t r a v e l l ~  Oust "waves" end thermal c u r r e n t s .  A 
comprehensive exper imenta l  e f f o r t  v i t h  an l n r t r u -  
mented f l i g h t  v e h i c l e  vould be needed t o  v a l i d a t e  
t h e  p r e c o d i l y  arsumpt ions.  

The p t e l e n t  s n a l m i s  procedures a r e  broadly  
basad on the  NIL-I-878% tu rbulence  r e q u i r e -  
ments." This  s p e c l l l c e t i o n  r t g u l r e a  a n a l p l a  of 
bo th  continuous rendom (Gsussisn)  s t a t i n t i c a l  t u r -  
bu lence  and d i s c r e t e  (non-Caussian) dlmturbances.  
As noted by ~ t k i n , ~  t h e  Gaussian s t a t i s t i c a l  
a n a l y s e s  a-count t h e  k u s a i a n  loads  of up to  30 ,  
important  f o r  f a t i g u e  assessment. The d i s c r e t e  
t u r b u l e n c e  ( n v e  f r o n t )  m a l y s l s  accounts  f o r  t h e  
c r i t i c a l  loads  vhich occur  i n  t h u n d e r s t o m  u i t h  
f a r  g r e a t e r  frequency than  t h e i r  S e u s s i ~ n  proba- 
b i l i t y  (Pr 4.50 - 7 x lo6! w u l d  ind ica te .  A , 
discussion of t h e  a p p l i c a t i o n  of t h e r e  a n a l y s i s  
technique$ t o  t h e  four  p o i n t  a t m a p h e r i c  model is 
presen ted  below. 

S t a t i s t i c a l  Turbulence h l p l r  

The l o n y i t u d i n a l  g u s t  response t r a n s f e r  func- 
t i o n q  f o r  each tnput  source  (e.p.. O/vjl ,  a z / w i l ,  
O/w:'. e t c . )  a r e  genera ted  by e x e r c i s i n g  t h e  
numerical  linearization o p t i o n  of t h e  STKhASA 
Heavy L i f t  Ai rsh ip  s i ~ a u l a t i o n . '  These t r a n r i e r  
f u n c t i o n s  provide v a l u a b l e  i n s i g h t  i n t o  t h e  dyna- 
mics of HLA g u s t  responses.  C o n s t r a i n t  f o r c e  
t r a n s f e r  f u n c t i o n s  g i v e  the  gust-imparted loads  i n  
t h e  suppor t  s t r u c t u r e  betveen t h e  c e n t r a l  buoyant 
envelope ( h u l l )  and the  l i f t  p ropuls ion  u n i t s  
(LPUs). S t a t i s t i c a l  in format ion  is obta ined  
through a n ~ l y s i a  of t h e  g u s t  t r a n s f e r  f u n c t i o n s  
and t h e  r e l e v a n t  s tmospher ic  s p e c t r a .  In t h e  
p r e a e c t  a n a l y s i s  w used a  s i m p l i f i e d  form of t h e  
Dryden model1' u i t h  t h e  h Q h  frequency spectrum 
t r u n c a t e d  f o r  uave lengths  s h o r t e r  than twice  t h e  
h u l l  l ength  ( 2 4 ,  - 480 I t ) .  The t u r b u l e n c e  
model's s c a l e  length  and i n t e n s i t y  parameters  were 
ob ta ined  from Ref. 10. Open-loop (bare  a i r f r a m e )  
and closed-loop ( f l i g h t  c o n t r o l  system engaged) 
s t u d l e s  were conple tud  t o  i n v e s t i g a t e  t radeof  f r  
b e t w e n  rcquirementa f o r  r e s p r n s e  suppress ion  and 
s t r u c t u r a l  i n t e g r i t y .  

D i s c r e t e  gus t  r e s p o n m s  show t h e  v e h i c l e  r e r c -  
t l o n  t o  non-Gausslsn d ia t . l rbances .  A tuned upgurc 
vave f r o n t  was developed based on t h e  N I L  Spec 

This wave c o n s i s t s  of seg?enced 
(1 - cos ine)  d i s c r ~ . t e  vsves,  one a t  each of t h e  
f o u r  input  source  l o c a t i o n s ,  designed t o  e x c i t e  
t h e  v e h i c l e  st i ts  n a t u r a l  f requenc ies  of motion 
about  t h e  p i t c h  and r o l l  axes. The r e s u l t i n g  
l a r g e  ampli tude time h i s t o r i e s  provide Information 
on c r l t i c a l  loads  and motions. 

The oprn-loop l i n r * r l s e d  and decoupled lonpi -  
t u d i n a l  t r a n s f e r  f u n c t ~ o n s  v e r e  c a l c u l a t e d  f o r  s 
f l l g h t  condition of 44 fpa (13.4 d m )  ( a x i a l  a i r -  
speed) ,  which corresponds t o  t h r c  anelyead i n  
Ref. 8. I h e  p r a s e n t  model inc ludes  t h e  e f f e c t  of 
aerodynamic l n t e r  f e r e n c e  amon8 tlte v e h i c l e  compo- 
n e n t s  ( e . ~ . ,  h u l l l r n t o r ,  r o t o r / ~ s L 1 ,  e t c . ) .  .\ 
comprrtson of the  presen t  t r a n s f e r  f u n c t  tons wi th  
thnnc of Ref. 8 rhovs i n t c r f e r r n c e  c f f e c t n  on t h e  



vehic le ' s  t r a n s i e n t  dynamics t o  be smal l  t o  neg- 
t l y i b l e .  k noted in Ref. 7, t he  dominant e f f e c t s  
a r c  changes t o  veh ic l e  t r im con t ro l s  and p o w r  
condltlons.  

Closed-loop t r ans f  e r  functions n r e  ca l cu l a t ed  
f o r  t he  nominal f l i g h t  con t ro l  system described i n  
kt. 8.  Feedbacks of a t t i t u d e ,  and i n e r t i a l  
l i n e a r  and angular v e l o c i t i e s  t o  t he  r o t o r ,  pro- 
p e l l e r  and t a i l  con t ro l  su r f ace r  stabilize the  
veh ic l e  agains t  unwanted motion and ~ a i n t a i n  t h e  
comaad+.d f l i g h t  path. A forward loop i n t e g r a t o r  
is used i n  each a x i s  t o  insure  zero s teady-s ta te  
e r r o r .  

Figure 3 rhous t h e  v e r t i c a l  ve loc i ty  response 
(v) t o  v e r t i c a l  command inpu t s  (we) f o r  t h e  open- 
loop (feedbacks disconnected) and closed-loop 
(feedbacks connected) vehicle.  The open-loop 
response is 'characterized by t h e  dominant heave 
mode frequency (l /Th - 0.22 rad/sec) .  t h e  p i t c h  
o s c i l l a t i o n  m d e  frequency (up - 0.27 rad/sec) .  
and t h e  -3 dB heave bandwidtt. (w - 0.36 r ad /  
a t e ) .  Uhcn the  nominal feedback g a A s  a r e  used. 
t h e  p i t ch  oscil!ation mode is v e l l  damped, and 
t h e  qugmentcd heave mode frequency i s  increased 
(l /Th - 0.85 rad/sec).  The associa ted  increased 
heave bandwidth (qd - 0.8 rad/sec) implies im-  
proved comaand fo l lobing and dis turbance  suppres- 
s ion  c h a r a c t e r i s t i c s .  Attendant e f f e c t s  on gus t -  
induced s t r u c t u r a l  loads vas a c e n t r a l  ques t ion  of 
t h e  present  study and is diocussed i n  t he  follow- 
l e g  sec t ions.  

Additional Increases  i n  the  v e r t i c a l  v e l o c i t y  
feadbact gain r e s u l t s  i n  higher bandwidth systems 
(Fig. 3) with f u r t h e r  improvements i n  t he  dynamic 
cha racce r i r t l c s .  Increased gains  r e s u l t  i n  l a r g e r  
con t ro l  de f l ec t ions  vhich may cause surface  l i m i t -  
ing  i n  heavi ly  l o r d ~ d  conditions.  Mwever, f o r  
the  present unloaded f l i g h t  condi t ion  t h i s  is not 
a problem, even f o r  very hlgh bandwidth systems 
(uY+ - 5 r ad l r ec ) .  

The gus t  t r a n s f e r  funct ions  examined i n  t he  
study were: p i t ch  a t t i t u d e .  8; ver t ica l .  accel -  
e r a t i o n  a t  the  h u l l  center  of g rav i ty ,  a,; and 
v a r c l c a l  c o n s t r ~ i n t  force exer ted  on the h u l l  
s t r u c t u r e  .it the  attachment point  of LPU-1. Fc 
These v a r l ~ b l ~ s  cxenplify t h e  motions and 10%; 
which ore  c h a r ~ c t e r i s t i c  of the  veh ic l e  longi tu-  
d i n a l  rcsponse to  turbulence. 

H t c h  At t i tude  Response 

The open- and (nominal) closcd-loop p i t c h  
a t t i t u d e  responses t o  v e r t i c a l  gus t s  on input  
Source I. O/W:~, a r e  shnvn in  Fig. 4. The vehi- 
c l e  p l tch  re&onre ro input Source 1 is represen- 
t ~ t l v e  of the  rcsponse oE the  veh ic i e  t o  t h e  

Fig. 3. Vcr t l c r l  ve loci ty  response to  
heave cowand inputs  

Fig. 4. Pl t ch  a t t i t u d e  response t o  gus t  i npu t s  
a t  Source 1; O I ~ P ~  

g 

o t h e r  gus t  input  sources  (wg2, wg3, s4). Thi s  
r e s u l t s  from the  assumed symmetrical d i s t r i b u t i o n  
of t h e  gus t  input sources  aboct the  h u l l  cen te r  of 
volumc, t h e  hul l ' s  f o r e / a f t  synnnetrg, and t h e  
r e l a t i v e l y  smal l  t a i l  compared t o  the  hu l l .  The 
t r a n s f e r  funct ions  f o r  gus t  irlputs Sources 3 and 4 
have a a l i g h t l y  h igher  gain in  the  high-frequency 
region. This is due t o  t he  unsteady t a i l  f o rces  
which a r e  predominantly influenced by t h e  rearuard  
sources (53. 94). 

Referr ing  t o  Fig. 4, we note  t h a t  the  open- 
loop dominant p i t ch  response is a t  the. damped 
n a t u r a l  p i t ch  o s c i l l a t i o n  frequency (0  up) a s  
expected. These r e s u l t s  agree v i t h  those  of 
DeLaurier . ' who a l s o  shoved marimun gust  responses 
a t  veh ic l e  dar7ed p i t c h  na tu ra l  frequencies.  The 
peak closed-laop response is s i g n i f i c a n t l y  reduced 
from the  open-loop c a r e  due t o  t he  des i red  func- 
t i o n  of t he  p i t ch  a t t i t u d e  con t ro l  system. In  the 
frequency range above the  nominal clostd-loop 
bandvidth (r highes t  closed-loop pole. I n h ) ,  t h e  
open- and closed-loop t r a n s f e r  funct ions  a r e  iden- 
t i c a l ;  t he re fo re ,  t he  i n i t i a l  t i m e  responses 
(1.e.. s lopes )  f o r  both cases  w i l l  a l s o  match. 
For lov-frequency inputs  the  a t t i t u d e  response 
asvmvtot ica l ly  approaches zero  due t o  t h e  in- 
s t a l l e ;  trim in t eg ra to r .  These l i n e a r  r e s u l t s  
c o r r e l a t e  wel l  with nonlinear t i n e  h i s t o r i e s  of 
Ref. 8 and those presented in the  next sec t ion .  

Ver t i ca l  Accelera t ion  &spouse 

A s  with the p i t c h  response,  t h e  v e r t i c a l  
a c c e l r r a t i o n  (a,) t r a n s f e r  funct ions  a r e  q u i t e  
s imi l a r  among the Eour input sources. This again 
is due t o  the symmetrical o r i en t a t ion  of t he  
sources about the  h u l l  cen te r  of volumt and the  
smal l  r e l a t i v e  s i z e  of the  t a i l .  The accelera-  
t i o n  response t o  a v e r t i c a l  gus t  on input Source 
1 (a,/*') is shovn i n  Fig. f f o r  t he  open- and 
closed-goop systems. 

Ignoring the e x c i t a t i o n  of t he  p i t ch  o s c i l -  
l a t i o n  mode (3) .  ve 0b:ain. from Fig. 5, t h e  
following approximate r e l a t i onsh ip  between the  
veh ic l e  open-loop v e r t i c a l  acce l e ra t ion  response 
and the gus t  acce l e ra t ion  a t  input source 1: 

The approximately i d e n t i c a l  r e s u l t s  of t h e  
remaining input sources  give: 



Fig. 5. V e r t l c a l  . icceleracion response t o  g u s t  
i n p u t s  a t  Source I ;  a,/vJpl 

where 
$5 1  + ;;2 + ;;3 + Gsg4) - 6 

Gg - 
4 (3)  

Equation 2 1ndtc. i tes  t h a t  t h e  ~ p t r r l o o p  vehi -  
c l e  is s u b J c c t  t o  pure  convective motion. This  
r e s u l t s  t r o o  t h e  near -neut ra l  buoyancy r a t i o  
cond!tlon (0.92 of t h e  p r e s e n t  v e h i c l e .  Analyses 
by ~ e L a u r l e r '  and sagabhushan2 v e r i f y  t h i s  conclu-  
s i o n  l o r  ocher  n e u t r a l l y  buoyant v e h i c l e s .  Con- 
c e p t u a l l y ,  t h e  epen-loop v e h i c l e  aay be cons idered  
a 8  a  soap bubble o r  p a r t i c l e  i n  t h e  a i r  raass, con- 
v e c t i n g  with che l o c a l  motion. 

T h i s  r e s u l t  is e s p e c i a l l y  imporrant  f o r  moor- 
l n g  and o t h e r  power-off f l i g h t  c o n d i t i o n s ;  a t -  
t e n p t s  t o  r e s t r a l n  t h e  v e h i c l e  vill r e q u i r e  the 
a t tachnenc  S C ~ U S C U ~ C S  betveen t h e  h u l l  and LPU t o  
absorb  the l a r g e  energy of  t h e  l o c a l  a i r  moss 
o o t i o n s -  Piis e x p l a i n s  t h e  h i s t o r i c a l  p o l i c y  of 
r l l o v i a g  a i r sh i?Y t o  f l o a t  f r e e l y  away from the  
a o o r i n p  =st i n  s e v e r e  t u r b u l e n c e  c o n d i t  ions  . 3  
Also. cur reRt  h o d y e a r  p o l i c y i 3  is t o  a l l o v  the  
moored a l r s h l p  t o  f r e e l y  "kite ."  thereby  r e l i e v i n g  
t h e  o t h e r v i s e  l a r g e  a i r  mass f o r c e s  a s s o c i a t e d  
wi th  c o n s c r ~ l n i n ~  t!re v e h i c l e  a g a i n s t  i ts  n a t u r a l  
convect  ive  w t  ion.  

R e  closed-loop response b e l o v  t h e  augmented 
heave node ( l / T h )  i s  s i g n i f i c a n t l y  reduced from 
t h e  open-loop c s s e  due to  t h e  d e s i r e d  f u n c t i o n  of 
t h e  (nominal) v e r t i c a l  a x i s  c o n c r o l  system. The 
p i t c h  a x l r  c o n t r o l  system damps t h e  prev ious  exci-  
t a t i o n  of t h e  apen-loop p i t c h  mode (op). Addi- 
t i o n a l  incrensea  In t h e  v e r t i c a l  loop bandvidth 
a r e  shovn Ln t l g .  5 t o  f u r t h e r  reduce t h e  v e r t i c a l  
a c c e l e r a c l o n  c u s t  response. T h i s  is expected from 
t h e  Lmproved command response c h a r a c t e r i s t i c s  
shown Ln Fig. 3. Asain. the  htgh-frequency charac- 
C e r l s c l c s  (.1b03re l / t i )  a r e  unchanged s i n c e  the  
uns teady  (.iccelc.r.lted flow) aerodynamics of the  
r o t o r s  .are n e ~ l e c t c d .  

The r e t e n t l o n  of s i g n l f t c a n t  a c c e l e r a t i o n  
responses  ouc t o  high f r e q u e n c l e s  s u g g e s t s  poten- 
t l a l  l n t c r a c c l o n  between t h e  acce le rometer  mea- 
surements .a114 - a t r u c t u r n l  (high-frequency modes), 
p o r r l b l y  c n ~ ~ s l n g  degrada t ion  of t h e  c o n t r o l  system 
c f f e c t t v c n c ~ r  and r c s u l c i n g  g u s t  suppress ion  

performance. C a r e f u l  a t t e n t i o n  w i l l  have t o  be  
p a i d  t o  i n s u r e  t h a t  t h e  acce le rometers  a r e  l o c a t e d  
a t  a p p r o p r i a t e  p o i n t s  r e l a t i v e  t o  t h e  mode shapes  
of t h e  dominant s t r u c t u r a l  modes f o r  a p p r o p r i a t e l y  
t a i l o r e d  c o n t r o l  s y s t e a / s t r u c t u r e  i n t e r a c t i o n .  . 

Comtr.int Force k a p o w  

I h e  frequency response of v e r t i c a l  c o r s t r a i n t  
f o r c e  betveen t h e  h u l l  and LPU-I due t o  g u s t  
i n p u t s  a t  Source 1. (Fc /%I),  is shown i n  Fig.  6 
f o r  t h e  open- and c l o s ~ h - l o o  v e h i c l e .  The hiph- 
frequency response of Fc t o  each of  t h e  o c h e r  
remaining g u s t  input  sou&s is n e a r l y  i d e n t i c a l .  
a g a i n  due t o  t h e  s y m e t r j  of t h e  i n p u t  s o u r c e s  
about  t h e  h u l l .  t h e  r e l a t i v e l y  smal l  t a i l  and t h e  
c o n s c s n t  h u l l  response t o  gust a c c e l e r a t i o n s -  
However, t h e  low-frequency c h a r a c t e r i s t i c s  of  t h e  
remaining t r a n s f e r  f u n c t i o n s  a r e  q u i t e  d i f f e r e n t .  
e s p e c i a l l y  near  t h e  open-loop p i t c h  mode (a). 
T h i s  r e s u l t s  i rm t h e  coupl ing  of t h e  c o n s t r a i n t  
Corce and p i t c h  mode responses  due t o  t h e  r o t o r  
danping f o r c e s  

F igure  6 shows a  s t g n i f t c a n t  t n c r e a s e  i n  t h e  
c o n s t r a i n t  f o r c e  loads  from t h e  use of  closed-loop 
c o n t r o l  t o  r e g u l a t e  h u l l  motion a g a i n s t  turbu- 
lence .  For t h e  c l o s u r e  s e l e c t e d  i n  t h e  p r e s e n t  
s t u d y ,  t h e  old-frequency load response i n c r e a s e s  
by a  f a c t o r  of 6. Fur ther  i n c r e a s e s  i n  t h e  ver-  
t i c a l  g a l a  i n d i c a t e  an i n v e r s e  r e l a t i o n  be tveen  
v e r t i c a l  acce :e ra t ion  response s u p p r e s s i o n  (a,/ 
v  and cons t ra in :  f o r c e  responge a m p l i f i c a t i o n  
( f C  lug) .  The l i m i t i n g  c o n d i t i o n  of a  v e r t i c a l l y  
conz t  r a i n e d  v e h i c l e  is being approached v i t h  t h i s  
h i z h  bandvidth case.  

The i n c r e a s e  Sn c o n s t r a i n t  l o a d s  a: - l aced  
v i t h  t h e  h i g h e r  bandwidth c o n t r o l  systems is due 
t o  the  at tempt of t h e  r o t o r s  t o  r e s t r a i n  the  h u l l  
i n  t h e  presence of l a r g e  -st a c c e l e r a t i o n  loads.  
Reductions i n  quas i - s teady  ( i .e . ,  v e l o c i t y  depen- 
d e n t  c ross f low)  f o r c e s  vh ich  a r i s e  from t h e  
closed-loop ( s t a b i l i z e d )  h u l l  motion a r e  over-  
shadoved by t h i s  e f f e c t .  ~ e ~ a u r t e r ' * ' ~  c i t e s  such 
r e d u c t i o n s  in  s t r u c t u r a ?  loads  on c l a s s i c  a i r s h i p s  
w i t h  f n ~ r e a s e s  i n  c o n t r o l  e a i n  s i n c e  t h e  g u s t  
a c c e l e r a t i o n  dependent t e r n s  v e r e  no t  inc luded  i a  
h i s  dynamic model. 

An important  conc lus ion  uf t h i s  a n a l y s i s  is 
t h e  e x i s t e n c e  of a  d i r e c t  t r a d e o f f  be:ween re-  
quirements f a r  p r e c i s i o n  c o n t r o l  and s t r u c t u r a l  
i n t e g r i t y .  This  v i l l  be e s + e c i a l l y  i n p o r t a n t  f o r  
t h e  hover and near-hover p r e c i s i o n  c o n t r o l  t a s k s  
vhich a r e  e s s e n t i a l  t o  the  Heavy L i f t  Ai rsh ip  log- 
g i n g  and payload p o s i t i o n i t , g  r o l e s .  Design and 
performance s p e c i f i c a t i o n s  f o r  t h e s e  v e h i c l e s  need 
t o  inc lude  t h i s  t r a d e o f f .  

V. S t a t  1st t c a l  Response t o  Turbulence  

The s c a t i s t t c s  of t h e  v e r t i c a l  a c c e l e r a t i o n  
(a,) and v e r t i c a l  c o n s t r a i n t  f o r c e  a t  LPU-1 (Fc ,) 
response t o  s t a t l d t  i c a l  tu rbulence  v e r e  e v a l u a t e d  
f o r  t h e  open-loop ( c o n t r o l  system not  engaged) and 
s e v e r a l  closed-loop systems. These a n a l y s e s  were 
based on the  l i n e a r i z e d  decoupled l o n g i t u d i n a l  
t r a n s f e r  f u n c t i o n s  of t h e  prev ious  s e c t i o n  f o r  
a  f l i g h t  c o n d i t i o n  having an airspea: (V ) of 
44 f t / s e c  (30 nph),  with a  headwind of 30 f t / s e c  
(20 mph). r e s u l t i n g  in  a  groundspeed (Vo) of 
14 f t l s e c  (LO mph). The s t a t i s t i c a l  a n a l y s i s  was 
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20 s o u r c e s  i e  obtalnod by rupurpos l t  ion.  a s  oxpla lned  
o s r l i o r .  For example, tho  t o t a l  v e r t i c a l  a c c e l e r -  

F l d .  6. LPU-llhull v e r t i c a l  c o n s t r a i n t  f o r c e  a t i o n  r m  rosponse (or,) to  calculated from: 
rosponao t o  g u s t  inputr a t  sources  1; 

caapl  . t ed  us ing  t h e  f o l l o v i n g  s i m p l i f i e d  f i r s t  
or4uf apyroxl?at lon of tho Dryden spoctrua:12 

1 
(4)  A s t a t i s t i c a l  a n a l y s i s  of v e r t i c a l  accole ra -  

0 t l o n  and c o n s t r a i n t  f o r c e  rosponse t o  t u r b u l e n c e  

Tho f o l l o v l n ~  n n n e r l c s l  va lues  were s e l e c t e d .  
bared on t h o  g u l d e l l n e s  g iven  in  Ref. 10. f o r  t h e  
g iven  f l l g b c  c o n d l c i ~ n  a t  an a l t i t l ~ d c  of 2000 f t :  

- I n t e n s i t y  l e v e l  f o r  
"noderate tu rbulence"  

- Turbulence s c a l e  l e n g t h  , 

.b p u e v l o u ~ l v  .scusaed. t h e  assumed a p p l i c r -  
b t l t t ! ,  o; t h e  four -poin t  a t n o s p h e r i c  input  z e d e l  
i a  1 t : : l t r d  t o  turbt l lcnr  u a v c l e a g t l ~ e  not exceeding 
NU bady longthr .  In order  t o  r e s t r i c t  t h e  calcu- 
lac lo l \  of s t a c l 9 r l c s  t o  wavalcngths w i t h i n  t h i s  
l l a l t ~ c l o n .  r r t a n d t r d  t h i r d - o r d e r  B u t t e r w r t h  
f i l r o r  v.19 used t~  t r u n  + t a  t h e  input  pover spec- 
t r a l  & - n ~ l t y  f u t i c t t ~ > n  o t  Eq. 4. For t h e  p r e s e n t  
f l l y h t  cond1:~on.  t h e  B u t t c r v o r t h  cu tof f  l rcqurncy  
i , '  - 0 7 . I  ' c  Note t h a t  t h i s  
c u t o t f  fr4 qucncy is a  k ' .cada above t h e  break f r e -  
quency of t h e  ($1. ' : : ' . d )  Dryden input  power 
s ? e c t r . ~ l  t : e n j l t y  I t l t ~ r ;  hence. tho  t ru : ica t ion  of 
tho  rpo..trua u l .  no t  r e p r e s e n t  a  s e v e r e  r e s t r l c -  
t l n t ~  of  e"\ . . ~ ~ y s e r  for  t l ~ t s  f l l g h c  c o n d t t i o n .  
The f o l l o v l n g  t r u n c a t e d  input  pover a p e c t r a l  
den*l ty  ~ n c t l o n  is obta ined  by combining t h r  
s l n p l l :  , J  0ryJ11n nodal  v l t h  t h e  But te rwor th  
f t l t * ~ :  

uhor* r ' +  i t e c l a k  dcnotc* t h a t  t h e  input  pover 
s p e c t r v r  \ a s  beon t r u n c a t e d .  

l 

.he out(1ut rliot moan square  (rmsi va1110 f a r  a  
aqponse a . ~ p ~ c i f t c  gus t  input  s t % t ~ r c e  1s ob- 

t a l n e d  J S  l u l l o v s :  

was completed. The output  rms l e v e l s  m r o  nor- 
mal i rad  by t h e  tu rbulence  i n t e n s i t y  (%-) and 
conver ted  t o  dacibeLs (dB) t o  a l l o v  easy s C a l i n g '  
t o  o t h e r  i n t e n s i t y  l e v e l s .  These r o s u l t s  a r e  
shown i n  Fig. 7 as a  functiolr  of t h e  heave c o n t r o l  
sys tem bdndvidth,  9~ 

h '  

A s  cxpacted from t h e  prev ious  t r a n s f e r  func- 
t i o n  r e s u l t s .  t h e  v e r t i c r l  accel .rat ion rms re-  
sponse d e c r e a s e s  w i t h  i n c r e a u i n g  closed-loop band- 
width.  Associated v t t h  t h i s  acceleration response  
r e d u c t i o n  i a  an i n c r e a s e  in  t h e  c o n s t r a i n t  f o r c e  
response.  As t h e  g a i n  (and a r s o c i a t e d  bandwidth) 
of  t h e  heave c o n t r o l  system is increased .  t h e  
a c c e l e r a t i o n  response a s y m p t o t i c a l l y  approachrs  
xoro a s  t h e  c o n s t r a i n t  f o r c e  rosponse approaches 
a  c o n s t a n t  valuo. These a s y n p t o t i c  v a l u e s  a r e  
r e p r a s e n t a t l v c  of a  v c r t t c a l l y  cons?ra inod  condi-  
t i o n  ( i . c . ,  i n f i n i t e  closed-loop bandwidth). 

The assumption of a  c o n s t r a i n e d  condlc ion  
would provtdu a  s i n p l i f i e d  approach f o r  a p o c i f v l n g  
extreme random l o r d  d e s l ~ n  r a q u t r e n c n t s .  a * $ . .  
f o r  f a t i g u e  and f a i l u r e  node ana lyses .  Such 
a s s u n p t l o n s  have been prev ious ly  used t o  a c t e r -  
mine s t n t c t u r s l  loads  on c l a s s i c a l  a i r ~ h i p s . "  
One p o s s i b l e  d r ~ l g n  requirement might be t h e  20 
cc7ns t r s in t - io rcc  l e v e l .  vh ich  could be expec ted  
rouyhly 2 percent  of tho tlmo in  a  g iven  turbu- 
lence  f l i g h t  condi r ton .  For tho p r e s e n t  f l i g h t  
c o n d l t i o n ,  t h e  4 7 . 7  dB r a t i o  of uFC, /aw shovn 
i n  Fig. 7 i n d i c a t e s  a  20 requi reuknt  of 
3100 l b  (abovo t r i m ) .  This  c r i t e r i o n  does not  
appear  t o  be an ovor ly  c o n s c r v a t i v o  o s t l n a t e  of 
t h e  nominal closed-loop l e v e l  f o r  s t a t i s t i c a l  
loads  a n a l y s e s .  Hovever, t h e  r e s u l t s  i n  t h e  next  
s e c t i o n  show c h a t ,  f o r  d l s c r e t o  tu rbulence  encoun- 
t e r s ,  a  deaign requirement based on c o n s t r a i n e d  
n o t i o n  would be very s t r l n d e n t .  l e a d i n g  t o  an 
u n d e s i r a b l y  heavy s t r u c t u r e .  

t h e  r e ~ u l t q  of t t ~ e s e  s t a t i s t i c a l  ana lyaea  
roemphaslze tha prev ious  t r a n s f e r  f u n c t i o n  results 
concorn lnp  t h e  t r a d e o f f  betveon requi rcmants  f o r  
reqponse supprcnaion and r t r u c t u r a l  integrity. A 
a i p n l f i c a n t  increane  In t h e  c n n s t r n l n r  Cnrccs 
o c c u r s  wi th  tho Implementation c f  any i n e r t t a l l y  
re fe renced  closed-loop c o n t r o l  systems.  Thls  
auggescs t h a t  t h e  low speed and p r e c i s i o n  hover 
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a t r a h i p  .cenarla8 h.8 been proposed.' I h e  8r lec-  

C . W  t l o n  n t  M appropr ia te  thunderstorm peak v a l ~ t r  and 
w h l c l e  ponet ra t lon  a l r rpeed  18 c r u c l a l  t o  the 

-* 'h, r**uktln(: load r e q u l r o w n t s  end depends l r r & * l y  nn 
the a p e c l t l c  m l8 r l on  and r l l o u e b l a  operaclonal  
r r rather condlt1ona. For the  pmaent aener lc  

CRI-I &WI~,-~I r t udy ,  an m a l y s l a  of e r t r e r  aust encounterr has 
Cwi+ra,nt t',w,w mot  be^ corpl* ted;  hoururr .  t h r  trend8 o b t a t n d  

u l n a  the r a l c r a t r  13.4 f t / r e c  guot are  ropreren- 
t a t t w  o f  tho  n 8 u l t 8  t h a t  NV b* r x p e c t d  f ~ r  
.or* n w r e  l u 8 t  1evoLs. 

I h e  open-loop p l t c h  (6)  and r o l l  ( 4 )  r'.8pnnre8 
(da.h.J l l n e r  i n  F b s .  Pa and 9b) t o  th .  13.4 f t /  
n c  m a t  u p g w t   ah.^ t h a t  the bvh l c l e  18 belng 
e x c l t d  a t  I t 8  damp& n a t u r a l  trequenclmr. As 
mxpected frm the I l n r r r t a e d  romponsrs, the  a t t i -  
tude and acco le r r t l on  excuralon8 ( t i as .  Qa-Jc) a re  
~ l r n l t t r a n t l v  redneed due t a  t h r  deslrad wera tLon  

L --.A -... L ..- rrf the  r l o r o d - l o q  t l i l h t  c o n t r o l  r y s t m .  S t r l c t -  -63 
01 Ceca Id hI0 I y  speak ins. the obi ique up lus t  p a r a w t e r r  8huul.i 

I w b. r o t u n d  t o  the  elored-lorrp n a t u r a l  Cr.qurnc'le8, 

-r idnth.1 Swrtern hlnuwlh. i r ~ \ *  but t h l s  -8 not done here. 

trrb.8. which requ i re  l a r yo  f l l f h t  c t ~ n t r n l  hrnd- 
d d t h r .  rrr c r l t l c a l  f a r  bo th  dlaturban'e su(.pres- 
s1,w and structrrr.r l  load c m r  tdarat  lhttrs. r u r t h e r  
A~J~YIII aro r t p u l r e d  t.9 exam1110 the n o r c d  f l l p h t  
condtt ton.  where tar<* nose Ioadn are  expected t u  
occur ;roo the ,.rrt1.111v c ~ ~ n n t r a l ~ t * d  zondtt lan.  

Tho J i r c r r t e  fus t  input t n  de*igno\l t o  o x c l t u  
the \ v h l c l c  at It. n r t t ~ r a l  r l t z h  and r o l l  m d e  
frrquonct.8 t u  pr,>:ldo l n l , *m* t l an  ,t!r ' r t t i c a l  
w t l n n s  and lords.  Thin 1s , - t tn\vntcnt ly dtme by 
havinq the v r h i z l e  rnzosurtrr an c h l l q t ~ c l v  ~ t r l o~ . :od  
t ravo l tn l (  uyyuat ur\.c, wh~%re z e l o r l c v  ( l n r r t l a l l v  
re loroncod z r r r t  r e l r s l t v \ ,  w a \ r l e n ~ t h ,  and r o l a -  
t l v e  headtnk. are r d ] i ~ * t d  t,> ~ \ t m a l l v  anlj r i a n l -  
t r nouu r l v  v ~ z l t e  tho p i t c h  a d  rail mrrton. ttero. 
?he w.iv* l r  rl..rul i t e J  bv a r r l v l n p  r trtnrd r e r l + *  
0 1  (1 - r.**lne) &r l r ts  r t  the t.311r L I ~ F I I ~  *.~rtr\'os. 
and 5v i r r t *pr r lv  relc; t lnf i  the v a \ . c l a ~ ~ $ t h  and 
t lnt t rg.  n e  ~r . - ; rdur r  I* s~nrnrearlahl i n  Flu. 8 .  

FI@ present f I !.:ht c,>n,ll; lot \  t *  *I! alr*i-ee%i 
,.I 4- t  c , . ~ ~ ~  . l t t 5 ~  ,* ,\I t o  r t  .'re,-; the  
n.ttur.11 frcs:~~cn,-t,*r .ire I).:'! t.14 $e,. ~ I I  pl;<h an.( 
O...r: t.td;*ec I n  r o l l .  U l t h  t h r  r y s l . t r l z r L  
100 I t  qp.iclnt ,'I :hr Ipurt lnystt *tntr&'v*. the 
procedure ytr.l.18 an apparent waw ont't*r~c\Ler (Ow) 
anale t>f ? ?  drq I r a n  the no** (Fin. 2 ) .  crent  
~ ~ $ 1 - * r l t r  iC,) .rc 1 .4  f t j r r c  (Fty. 2 ) .  and (rwer- 
1.17ptq1) tnpr~ t  p r r t ods  or 1 sec f o r  each r,ourcr 
I ? T\e r e l r c t a d  peak puat ugnt t r tdw 
11.4 ( t l aec  n q u l t *  l n  the four gust tn fu ta  (one 
rt each input *ontree\ u:rt,*h a r r  aht-m l n  F ls .  d .  
I)rlr p.*aq ,:u.t \ . r l t~o  I* I 7  percant r - t  rho ma l l  
w I t ~ d + p v ~ d  ,*t 111 I tiq.2. I t  uas ah r . i l nd  f r ~ u a  the 
' t i1 qpec reqtctr~..r*ntr t't he c,rnrtr,ten? v l t h  tho 
prevtou% q t ~ ~ t i ~ t t z ~ l  r*. l e v e l  f o r  f ree  a l r  trcrbw- 
lence. 

h r k  (I - rnmlno) val~cet. e l r pc tod  l a  th i~nder -  
qturm rnct$unters bv rirnvonti1ln.11 a i r c r a f t  a re  
rpv r l ( 1eJ  a* r !~tn*.tlt-n trI . ~ l r $poad  itr tho Y l l  
Spec. An a l te rn . t t e  pe*k value b a * $ l  on typi,-a1 

I n  tha upon-loop crate, the wrt l e a l  c o n s t r r l n t  
f o r c e  t n  1.Rt-l (F t l .  9d) n l p ~ n d *  a t  the r a r e  frr- 
quencv (but ror~&hlv  II*) rteg out of phase) as t he  
(open-Loop) p i t c h  reaponre. A r l pn tC l can t  I n -  
c rerso I n  the r ' o ~ r r t r a l n t  fo rce  exeuralnns and trr- 
qurncv r e r u l t r  from the ,%prrrt l<rn of the  c l o w d -  
iusp r v s t w  w i t h  the t rans ten t  for\-08 r f r -  t r i m  
va lue r )  r l r i n $  from about el)\) t o  over 2301) Lb. 
Thls I s  l a r p c l y  due t o  the  attempt uf the rotor. 
t o  n s t r a i n  the \d r l ' l e  l n  the prraencd o I  l a r ~ e  
r o l a t i \ v  r l r - t o - h w l l  accelerrtt,rn loads an t h r  
h u l l .  m e  i n p n r t r n t e  OK the*. wrrt.adr a e r d y n r -  
mic' load*. cwal~arod u l t h  the q u ~ s t - s t e a . l ~  to rsas  
( t h ~ e e  due t o  r o l a t l v t  w l , ~ c i t t e r ) .  has been pre- 
v l ous l y  J i s t - u s s d  and dam-n,trrte,l.* The aradrral 
r l r e  111 tho tryen-l,*np c o n r t r a l n t  fo r re .  a t  the end 
o f  the t t l c  h i r t u r v .  arlse_r from the r t e r d r  i n -  
creaar i n  r r l a t l v o  \ w r t i z a l  r l r n p e d  dr~w t o  un r r r -  
h l o  v r h i c l o  l a t e r a l  z h r r r c t r r i a t l c j u  rr r r i 1 c c t r . t  
i n  I'lsr,. Ja and '4b. 

k dlasur red e a r l  l e r  herv ln .  Increalr lng chr 
t l sh t?oaa (bandutdth) of the  c l o ~ o d - l ~ ~ ~ p  s y r r r n  
cattarn the c n n r t r a i n t  f o r zc r  to  rppt ,'ar.h the 
1  i n t t  l ny  value* f a r  an l n o r t i a l l y  r e r t r a i n e d  
1 1  R o n  t h r  fo rcer  a t e  Just thrWo t h r t  
a r i s e  Ir.-m the gust inputs. Far tho * r l * c t o d  
C l  tdh t  + r'n,ltt l trn and d l s r r e t *  gu r t  tnput r .  t h l r  
l ! n l t  1% caze v t r l d s  a  manlnna canut r a l ~ r t  f o r c r  
I.trd of 19, %Ot j  lh. The l t r ' rcnrn t r l  load of 
I),t'th) I b  (ah,we t r i m )  t r  f i v e  t lrraa eha; 
(:Jik) l h )  ohtz lned f o r  the non lna l  c o n t r o l  avs- 
t o  h 'h l le the c u n r t r r i n e d  veh i z l a  rpy roa i r r t 1 ,~n  
pr,rvldea r r rauunrh lo  eat l aa te  f e r  a ta t  t d t l c a l  
turhwlonce anrlysos, t h l r  appr \ ix iaa t inn  t s  seen t n  
he tavor:v c t *n*orvr t lv*  f a r  the actalysl* of 41.- 
Crete $urr  enrkruntors, thereby l e a d l q  t a  r n  over- 
Jrnl&ned s t ruc ture .  Bsp.etrlly u t ~ r * a l i r t i c  load* 
a n  t~ be expected trm a i r l l a r  an r l y ren  of thun- 
. l r r r t a r h  l eve l  . l iscroce nuat mcountrrm d w r e  pe.tk 
( I  - co* lnc i  valuer, erz.ed jJ. f t i r r c .  "IQ 

The c r r n r t r r i n d  \mhiu le  calcu!at lnn sn~aws ts  
t h r t  la rue lo rds  m u l d  be 1mpa;td to  \.chlclo l n  
a  f u l l y  n r t r r i n e d  g a r i n *  conJic lc~n. m e  nocea- 
a l t v  u t  a l l o w l t ~ g  u n r o r t r a l n d  4ngvkrr  m- t lon  t o  
rrl lev*  the rr thurvtau lard. nure m n t n  * ~ r ~ ~ e s t m  
the a r l van t r~aa  I>( u t  i l l r i n ( :  a  m w r l n y  syqtna vhic'lr 
a l  l o r n  irrcrcascd. hut p rap r r  l y  i n p c -  d, 1  itrear 
mot i o n  t o  r e l i e \ *  tho .tauoclrtH1 n o w  turcos. 
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Gust Input h n t s  

L R L R  
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1. SELECT 

a. -3.: "Semi-diagonal* upgusc; r o l l  f r equency  2 x p i t c h  f requency  

b. Dominant P i t c h  Period:  Tp - 2 r / d p  (open-loop; wp + 5 f o r  c loaed- loop)  

c. Peak Magnitude: wgepk - f ( u e a t h e r  c o n d i t i o n ) ,  e.g., Mil-F-8785-C. Para. 3.7 

o r  - 
f o r  0. l g  of  v e r c i c a l  a ir-mass a c c e l e r a t i o n :  wgBpklO. lg 3Tl ( f t l s e c )  

d.  T l i g h c  Condi t ion :  Ai r speed  - V, ( f : / sec ) ;  Groundspeed a l o n g  r b o d y  a x i s  - Vo ( f t l s e c )  

a. O v e r a l l  P i t c h  :[ode Per iod :  5Tl - $ 

b. Rlse  T i m  '. Peak s p a c i n g :  Tl 0.4 n/w P 
1 

c. Onset  T iaes :  c l  - 0 ; t2  - TI  ; t3 - 2T1 ; t4  - 1  

e. T r ~ n s i c n C  Conputa t ion  Per iod :  2Tp t 10Tl 

3. O ~ L I Q I f E  KA'nT. ??()PEPTIES ( n o t  r e q u i r e d  f o r  s i m u l a t i o n ) :  

a. Pncounter  a n g l e  from nose: $,, - tan'l (AxIAy) (dag)  

where Ax - 0 . 5 ( ~ 1  - x]) ; by - y2 - Yl ( f t )  

x l ,  y 2  ~ r a  p o s f t i v e  q u a n t i t i e s  as s h o r n  above;  and x3, y l  a r e  n e g a t i v e  q u a n c t c i e s  
JS ShoWI , b o w  

b. Apparent v.rve c e l e r i t y  ( c r e s r  v c l o c i t y  w i t h  r e s p e c t  t o  HLA; n e g a t i v e  means t r a v a l l n g  
b4ckvards p a s t  h u l l )  

- ( -dx /Tl )  c o r  $, 

e.  I n e r t t ~ l  wlvc c e l e r i c y  ( c r e s t  v e l o c i t y  d c l ~  r e r p e c t  t o  ground;  p o s i t i v e  means t r a v e l i n g  
r a n  direction p a s t  h u l l  a r  Vo) 

Fig. 8. Tuned o b l i q u e  t r a v c l t n u  upgust  r e l a c t o n s h t p s  

8 
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The n o n l i n e a r  t ime h i s t o r y  responses under- 
score t h e  r e s u l t s  of t h e  prev ious  l i n e a r i z e d  
a n a l y r i r .  The rc rponrer  v e r i f y  t h e  e a r l i e r  con- 
c l u s i o n  t h a t  a  (closed-loop) r e d u c t i o n  i n  a c c e l e r -  
a c i o n  response due t o  g u s t  i n p u t s  i r  ga ined  a t  t h e  
expense of s i g n i f i c a n t  t r a n s i e n t  i n c r e a s e s  i n  t h e  
c o n s t r a i n t  f o r c e r  between t h e  LPUa end t h e  h u l l .  
P u r t h c r  i n c r e a a e a  i n  c o n t r o l  system t i g h t n e s s  
accentuace  t h i s  pena l ty .  The i n c r e a a e  i n  t h e  con- 
s t r s i n t  f o r c e  frequency c h a r a c t e r i s t i c s  r e f l e c t s  
h i g h e r  loop  bandvid thr  and impl ies  i n c r e a s e d  
f a t i g u e  l o a d s  i n  t h e  LPU and h u l l  s u p p o r t  s t r u c -  
t u r e .  There f u n d a s e n t a l l y  opposing t r e n d s  r e q u i r e  
c o n s i d e r a t i o n  i n  t h e  f l i g h t  c o n t r o l  syatem p e r f o r -  
u n c e  and d e s i g n  load s p e c i f i c a t i o n  process.  

An a n a l y s i s  of t y p i c a l  quad-rotor  h e a v y - l i f t  
a i r s h i p  m t l o n s  and l o a d s  due t o  atmospheric d i s -  
tu rbance  was coapleced.  The r e s u l t s  p r e s e n t e d  i n  
t h i s  paper r e v e ~ l e d  t h e  f o l l o v i n g  conc lus ions :  

1. Vehicle r o t l o n s  due t o  g u s t  responses  were 

The vork r e p o r t e d  i n  t h i s  paper van sponrorcd  
by t h e  Nat iona l  Aeronaut ics  and Space Adminiatra- 
t i o n  under Cont rac t  NASZ-10330. The P r o j e c t  Uoni- 
t o r  m a  P e t e r  D. T a l b o t .  

' ~ e ~ a u r i e r ,  J. 0. .  and K. C. K. Hui, "Air- 
s h i p  S u r v i v a b i l i t y  i n  ~ t m o a p h e r i c  Turbulence,"  A 
C o l l e c t i o n  of Technica l  Papers:  Pruc. of AIMI 
Liphter-Than-Air Systems T e c h n o l o ~ y  Conference,  
Annapolis ,  MD, 8-10 J u l j  1981, pp. 48-61. 

' ~ a ~ a b h u s h a n .  B. L., and N. P. T o r l i n s o n ,  
"Dynamics and C o n t r o l  of a  Heavy L i f t  A i r s h i p  i n  
Cross ,  Wind Hover," A C o l l e c t i o n  of  T e c h n i c a l  
Papers:  Proc. of AIM Lighter-Than-Air Systems 
Technoloav Conference. Annapolis. M), 8-10 J u l y  
1981. pp. 90-95. 

% r o l l e r .  T. H.. "Airships i n  Gusts: Appre- 
hens ions  and Assurance ," Proc. of AIM Li,..\tcr 
Than Air techno lo^^ Conference,  AIM Paper 75-951, 
15-17 J u l y  1975. 

mxiaum a t  f r e q u e n c i e s  cor responding  t o  t h o s e  %iailey,  David 8.. and Harold K. R,ppoport. 
of t h e  a i r s h i p ' s  n a t u r a l  no t ions .  Maritime P a t r o l  Ai rsh iv  Study (HPAS), NADC-80149- 

2. Loads betveen t h e  r o t o r  u n i t s  and h u l l  a r e  60, 19 H J ~ .  1980. 
dominated by s t a t i c  ( t r i o )  loads  and t h e  
uns teady  aerodynanic h u l l  f o r c e s  due t o  i t s  
a c ~ e l e r r t i o n  r e l a t i v e  t o  t h e  g u s t i n g  a i r  mass. 

3. Iap lementa t ion  of a  mul t i -ax is  closed-loop 
c o n t r o l  s; stem causes  a s i g ~ i f i c a n t  r e d u c t i o n  
i n  t h e  v e h i c l e  dynamic mot ior  t o  s t a t i ~ t i c a l  
and d i s c r e t e  g u s t  i n p u t s ,  but  a l s o  c a u s e s  
l a r g e  i n c r e a s e s  i a  t h e  t r a n s i e n t  c o n s t r a i n t  
f o r c e s  between t h e  h u l l  and LPUs. ' 

4. The loads  computed by assuming t h a t  t h e  
v e h i c l e  is f u l l y  c o n s t r a i n e d  by t h e  l i f t /  
p ropuls ion  u n i t  arms a r e  o v e r l y  c o n s e r v a t i v e  
f o r  c r u i s e  c a l c u l a t i o n s ,  but  s u g g e s t  t h e  
advantages of a  coopl ian t  mooring a y s t e n  which 
would a l low sone l i n e a r  no t ion ,  impeded i n  a 
proper  manner. 

5. An e x t e n s i o n  of t h e  a i r c r a f t  EUl Spec d i s c r e t e  
tuned (1  - c o s i n e )  g u s t  input  f o r  l o a d s  
r e q u i r e a e n t s  is suggested.  I t  s i n u l a t e s  t h e  
e f f e c t s  of an o b l i q u e  t r a v e l i n g  upgust  wave. 
tuned t o  s i 3 u l t a n e o u s l y  e x c i t e  bo th  p i t c h  and 
r o l l  d o n i n ~ n t  nodes, f o r  which c o n s t r a i n t  
f o r c e s  a r e  worst .  

6. The e x i s t e r ~ c e  of t r a d e o f f s  betveen t i g h t  vehr- 
c l e  response and r e s u l t i n g  i n c r e a s e s  i n  vehi -  
c l e  constr .1lnt  f o r c e s  s u g g e s t s  t h a t  c l o s e r  
a t t e , i t i o n  than u s u a l  needs t o  be pa id  t o  oper-  
a t l o n s  i n  t h e  low speed and hover f l i g h t  
rc$ ioos  where g u s t  responses a r e  most s i g n i f i -  
c a a t .  Fu ture  v t u d i e s  should focc-s on: 

a. Opening up of motion t o l e r a n c e s  f o r  p re -  
c i s l o n  hover and load handl ing ,  e.g., by 
different load handl ing  techniques .  

b. P l i g h t  c o n t r o l  l a v s  t h a t  a l l o v  some high- 
frequency v e h i c l e  a t t i t u d e  and l i n e a r  mo- 
t i o n s  whl le  c o n a t r a i n i n g  t h e  low-frequency 
l i n e a r  motions. 

c. Hull  and t . l i l  g u s t  load r e l i e f  (e.g., v i a  
t a l l  c o n c r o l s  respons ive  t o  h u l l  g u s t  
.infiles o r  loads.) 

'~ rdema,  Nark D.. Vehic le  Concepts and Tech- 
noloav Requirements f o r  Buoyant Heavv-Lift Svs- 
t e n s ,  NASA TP 1921. Sept .  1981. - 

% r i e s ,  Cordon H.. and John J. S c h ~ e i d e r ,  "HLH 
and Beyond," SAE Paper 791086, p resen ted  a t  Aero- 
space  Veeting.  Los Angeles, Dec. 1979. 

'Ringland, Robert  F., Mark 8. T i s c h l e r .  Henry 
R. Jex, e t  a1.. F l i g h t  Dynamics Analys i s  and Sinu- 
l a t i o n  of Heavy L i f t  A i r s h i u s ,  Systems Technology, 
Inc., IR-1151-2, forthcoming. 

% i s c h l e r ,  M. B., H. R. Jex,  and R. F. Ring- 
land.  "Simulat ion of Heavy L i f t  Ai rsh ip  Dynamics 
over  Large Ranges of Inc idence  and Speed," A Cal- 
l e c t i o n  of Technica l  Papers; AIM Linhter-Than-Air 
Syscens Annapolis. MD. 8-10 
J u l y  1981, pp. 96-115. 

9 ~ t k i n ,  Bernard. "The Turbulence Wind and I t s  
E f f e c t  on F l i g h t , "  UTIAS Revlev 44. Aug. 1980 
(AIM I l r igh t  Bro thers  L e c t u r e ,  1980; summarized i n  
AIM Paper 80-1836). 

1 0 ' l ~ l y i n g  Q u a l i t i e s  of P i l o t e d  Ai rp lanes ,"  HIL- 
F-8785C, 5 Nov. 1980. 

" ~ o l l e y .  Will iam E.. and Ar thur  E. Bryson. 
Jr.. Wind : l o d e l i n ~  and L a t e r a l  A i r c r a f t  Cont ro l  
f o r  Automatic Landing. S tanford  U.. Rept. SUDMR 
No. 489. Jan. 1975. 

l Z ~ e v e l l ,  Wayne F., Gust ReS~onSt  of t h e  Super 
Kina Air 200 A i r c r a f t ,  Systems Technology, Inc .  
TR-2139-ZR, Oct. 1981. 

1 3 ~ r e l i m i n a r y  Study of Ground Hsndl inr  Charac- 
t e r i s t i c s  of Buovant Quad Rotor (BQR) Vehicles.  
NASA CR-166130, J u l y  1980. 

1 4 ~ u r g e a s ,  C. p., A i r a h i ~  Deslan,  New York, 
Ronald Press  Co., 1927. 

l s ~ e l . u r i e r .  J. D., D. U. Schenck, and C. K. 
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