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ABSTRACT

The application of fli ghtpath accelerometers in performance
f l i g h t  t e s t i ng  has  been of continuing interest to the  Air Force
F’l iqht  ‘ lest  C e n t e r .  t iuch  p r a c t i c a l  e::peri.ence in  f l ig i i t ~~at n
acce le romete r technology was  g a i n e d  d u r i n g  h er f o rm an c e  tc~~t in j  of
toe Cessna A — 3 7 A  a i r c r a f t  at the Id F ’ l C .  F l i d~t t e st  tecel idu e s
u sed d u r i n g  t h i s  pro gram were  deC ~.g i c d  to take  a dv a nt a qc  of th e
ca ur ac ter i s tic s  of the  FPA . The r e se l t s  of t h i s  t o st i o e  show
t h a t  the  FPA can provide accura te , cons.u~t n t  det a  fo r  he u sin g
c o nst a n t  ~ ach drag po lar s , e x t e r na l  s tore  draq , ci iH- / accclor a t .io !
p ot en t i a l  a I d  can be used for  i n — i  l igh t  c a l i b r a t i o n  of j c . t cx —
:o iu s t  no~~z l c s.  The accuracy  and c o n s i s t en c y  of t he  ‘PT ~ da ta  is ,
howe ver , dependen t  on c o rr e ct i en s  f o r  m a n u f a c t u r i n g  e r r o r s , a~~ro-
dynam i  ub~.:asn , e r ro r s  caused b y a i r c r a f t  p i t cs  r a t e s  use  3cCC1-
o ra t i on s  and fo r  t h e  response  la~ of the  F’i’A / va ~~e un i t  d u r i s i~
r ap id  sjle of a t t a c k  c h a n g e s .  r ’ ’p ort .  cs~~laisr .  uo~i~ of
the problems e n c o u n t e r e d  w h i le  u s i n g  the  FP is  and t h e  c o r r m -:ct i  nu
~.‘~~ic1i were  dev i sed  to solve t h em .  It  e xu l a i n s  t h e  d a ta  d l n d l y s i s
metho d : ;  used and p resen t s  f l i g h t  t e s t  C Ut e  f c r  t he  m an e u v e r s
described.

l i i
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I te t .  be L l i i i  t~~on Un i  to

A uccv li~r aL i on  p o t e n t i a l  f t  p er  sec

i f ac ce le r u t i on  f a c t o r  d i m e n s i o n l e s s

AF’I”i’C A i r  Foi- ce 1-’ li q ht  Test  Cen t e r

A8 cnqi;ie exhaust nozzle area ft 2

C~ a i r p l a ne  to ta l  drag c o e f f i c i e n t  u im en s i o n le ss

C gross thrust coefficient dimensionlessg
CL a i r p l a n e  l i f t  c o e f f i ci e n t  d i m e n si o n l e s s

D d r ag lb

f f r eq u e n c y  cyc les  per second

F15 ene i i ;e  ram d rag lb

excess t h r u s t  lb

F gross t h r u s t  lbg
f~ n a t u r a l  f r e q u e n cy  cycles  per  SC .~o l J

F0 ne t  t h r u s t  compon ent  along t i le  lb
f 1 ig h tpa th

FPA f l i q ht p a t i  a c c eler o m e t e r

g a c ce l e r a t i o n  due to g ra v i t y  3 2 .~~7 4 U 5  L j o r  :.ee

h a l t i t u d e  f t

KEA S knots  e q u i v a l en t  a i r speed

KI A S k n o t s  i n d i c a t e d  a i r speed

d i s t a n c e  f rom the  FPA u n i t  to t h e  f t
a i r c r a f t  cunb e r of g r a v i t y

t r u e  load f a c t or  a long  tne  u l i q I t— di~ . C ; l C i c l : i i ’ s s
p at h

measured load factor along the d i r c l si on l e r s
f li g ht p at h

true load factor perpendicular to dimensionless
the fli gtitpath
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It em D e f i n i t i o n  U n i t s

measured load factor perpendicular to d i s . ’~ r : i e : ; l e : ; s
the  fl i g h tp a th

amh ien t  pressure in .flg

~ t 8 eng ine e x h a u s t  n o z z l e  to ta l  p r e s s u r e  iu . l l q

r clamping r a t i o  d i : , en : ;  i on ic-s. ;

R/ C ra te  of c l imb  f t  per un:

S/N s e r i a l  number

US/U-’ Un i t c u  Sta tes  Air  Force

V~ t rue  a i r speed  kt

W a i rp lane gross we ig h t  lb

ang le of attack dog

u ang le of attack increment dog

ambient pressure ratio dimensionless

Vane m i s a l i cj n r cn t  angle  clue to a clcg
c o m u i f l a t lon  of much al 1 cal r: ;i :;allqn—
m o nt , up u a~~h i , p i t ch  r a t e  an~ rcsconsc
Lag

p i t c h  rate about the aircraft center red per sec
of gravit y

0 pitch acceleration about the aircruft red per S u C~
center of g r a v i t y

y f l i qh t p a t h  ang le dog

reference ang le dog

nozzle pressure ratio parameter dimensionlosa

phase ang le dog

V
S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-~~~~~~~~~~~~~~~~~~ -



p ~~ ~~~~~~~~ - 

USE OF’ FL I G 1iTP1~TU A C C E L E R O  :TLRf ;  id p 1, -u ;~ IAi I C 1 .

I ’L IG !IT ’i LSTI :.d : ‘1~ .F’ i’ ’i’ i , C i h . I ’ . b ;h~ , L t ’ :’A A:.~~ey f ;I5
:h. -1 ii : , A :.u ‘.‘ Y l ’ I C i b RLSL ;L TF

i~. ’;’RODU cTI u:;

The dpp l i c at d on  of I l : : : . t:  , t tO  a c c e l e re~ ,eter s  in p e r f o r ma n c e
f l i g h t  t c s tr i cj hu~ beer .  U . i te ,, u t  c o n t inu in g  i n t e re st  to the

Air  Force F l i g h t  Test  C e n t e r  (AFF’ i  C )  . A l t~~oag b some r ep o r ts

nave been w r i t t e n  on t om sub j ec t t h e y  have gen e r a l l y t er ,de . i
t o w ar d  a u c t a d  led desc r i p t i o n  of the  op ur et l on  of Lee f l i gn:-
pa th  accelerometer , v it o  a f ew  s ug ge s t e d  a p o li c a ti c i ; s.

‘i’h
~~~ i n f o rm a t i o n  c o n t a i n e d  in th i s  r en o r t  is a r e s u l t  of

the p r a c t i c a l  exoer ience  ob ta ined  d u r i n g  the  A — 3 7 A  oer f or ; ’e i : c o

and s t a b i l i t y  and con t ro l  f l i g ht  t e s t i n g  at t : e  A1”F’kC.  It
inc ludes  the f l i g ht  tes t  t e c h n iques  uscu c lu r i n j  t~ h i: ;  rroqr . s ’
to ta~:e edv a nt a g e  of the c h a r a c t e r i s t i c s  of t he  f l ig l i t n a t h
acce L e r om et er  ( i ” P A )  ; i t  exp la ins  some cf toe u n i q u e  j r or l e n  :3

‘, ::iic: were  encoun te red  and the  co r rec t ions  degi~~ed to solve

t h e m .  I t  a lso e x p l a i n s  the  data  ana l y s i s  m et h o e s  used a nd

pr e se n t s  f l i g h t  tes t  da ta  fo r  the  m a n e u v e r s  u e o cr i uc d .

DE SCRIP ’f ION OF TEST IN STRU I1E NT A TI ON

The dual  axis f l i qh tpa th  acce le rometer  (F P A )  used d u r in e
the A—37A testing was a S y s t r o n— D o n n e r  I~1odel 4310.  This  accel-
erometer unit was mounted inside a 3—incu diameter test boom

which extended 8 feet in front of the aircraft nose. The

sensitive axes of the FPA were aligned w i t h  t he  r e l a t i v e  w i n d
(and therefore the flightpath) by a 16-uecjreo wedge vane located

on the side of the boom . The vane pivoted coaxial ly w i t h  the

1
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F’FA . ‘l’h e FPA/v a ne  u n i t  was  f r e e  to mov : tj rou~~, el  .1111 10  ot

u c gr ee s wi Lh r e sp e c t  to the boon (sc-c fi gure 1) . ‘I’hu I I ’d O’J~~: ’ 5t

(a  v o lt ug e  p r o p o r t i o n al .  to a c c e l e r at i o n )  ‘‘as r t . u u  u S t  On

o:. c~~l 1ocjraj .n  u s i ng  a V e r n i e r  r a n ge  e xt c n s ’r  . ‘i ’ :: r , I ; : :~ e .:‘~

e f f e c t i ve ly i n c r ea sed  the  e j u~. va le nt  t ru c e  ~~. f l e c t i o, ;  to 13d

lo uses f o r  ±0 .5 q ( l o n g i t u d i n a l)  a z u  ±8 g ( or:  a l  ) . I r e — :1,5

pus u . ligh t  zeros we re  o b t a in e d  b y a l ig n  i n j  t O ’  loi j t i n :  r ; a l  .i.. .~

n o rm al se ns i t i ve  axes  p a r a l l e l  ,::.d po rpe: ; . i m c u l u r , r : , :  c t  ~~~~~~~~~

to local g r a v i t . T h is  was  done by at t a ch i : .  a pe : :e n l n n  t. t he
vane  ann  s ing ing it to o ut a i n  a cr ~e.’i ty  1 : 1. 1.5 ’. t i er
was  made w i t h  ~~~~ ne ndu lus :  r e v e r s es  te u’.’~.’C u’ ;L  1 Lii  :UC , a1~~ Cci.

r s i sa l ic jnn ;en t .

eFPh ICAT1U. .S  Abs  ‘f LF’l’ ‘l’l:CII’ . if L L.S

j i b  us e of th e  FISh in p c r f o r m u i . c ’ .: f 1 . c : t  t u s t i:, c, is t s s c i i

01) t h e  rel a t i on :

Drag = JO — F0.,

‘..‘:CSL. 1’~~~ = ( F ~. — = 1’l

‘f ile a c c u r a t e  i n — f l ;  ‘S i t  n e e s l lr e l e n t  of I , . pe r n it s  t O e  c a l c u l a tio : .

of Cr a g  i l o r i : q  n on s t ea dy  S tat e  m a n e u v e r :  , t o r e ; ’ -  r c du c i r : . 1

s i g n i ti C a l I t l o  t h e  t est  t~~ne r e q u i re s  to o t u i l i  er a s  d at a .

T i e  f o l l o w i n g  p ar a g r a p hs c i e s c r i l e  some of the  ap p l i c a t i o ns
of t hi s  p r i n c i p le ann some of the test teci:niques devised to LSOC

a d v a n t a g e  of t i e  cha~~ac tc -r i st i c s  of t i c  FF1 .

C o n s t a nt _~~~~~t.~~~ ag_ P o l a ro

To obtain lift/drag data at constant N a c h  nuni : . cr , two

man e u v e r s  w e r e  u s e d —r o l l e r  c o a s t e r s  and w i n d u p  turns .

3
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R o l le r  coasters were  started from trimmed level flight

a t  t~ i~ ~. ‘ - o ’_ r e d  d ach  n u m b e r  and a l t i t u d e . ‘i n . - p i l o t  t h i n  var ic ’s

load f a c to r  c y c l i c a l ly foe::: +2 to 0 g :; L’y long;  t S S I n , l i  : ;tm c k

inp u t s .  ‘1’~~c r e su l t i ng  changes  ii; induced  drag  ‘,-.‘i - r e  ref l e c t’.. J

Dy cor r e s pon u in g  d e c e l e ra ti o n  and  a c ce le r a tio n  r eau i :L .m :  t r u , , i
the FPA .  The combi ned normal and long i t u u i n al  a c c ele r om et er
values yielded the shape and slope of Li’i e drag p o l a r  at tuc trim
:-lach numb er  throug h the f o l l o w i n g  e q u at i o n s

c. = 
Q O O 6 7 h (~~~C — F . : ~~~j j j j )  

( 1 )
“ a 0’ -

~

CD = 
0. 0 0 0 6 7 s  (0 9 con —

__
1’ ç~~~~~~~~ - :- ) ( . )

Ai r: ;peed changes  w e r e  g en e r a l ly  i nv e r s e~~v :‘ r . ’c ’ ’ ’r t . :  c n . : 1  to

• fr e :u en cy  of the  ma n eu v e r  ( cy c l i c  c::..in ;u of I : 1  ~a:t o) •
a t  low m a n e u v e r  r r e q u e l : uiu s  ( a :  p r u x i : .i t i - ~ 1/ ::  :‘‘c -.’r; , ’ :’ e i ej i u )

t h e  a i r speed  changes  w er e  s i g n~ f i t i S t  eno ’. ; : .

corrections to t u e  drag data . At  :‘.,ine: . v :‘ : r - : .  c c  e.; u :
t h a n  1/5 cyc les/ second , ~~~~~~~~~~ r - ’ .’ ’ i : . ’i sc - - t 5 ~~~~5 :  : : t’ ’ ~ :,

a hysteresis band in t he  .ira.t pol~t r .  . ‘ . . - s cc.

therefore limited to relativel y sou~ I l~ a • ‘ ‘ t i .:  c : : c : :

because  of these  two limitations.

W i n d u p  t u rns  were used to o bt a i n  t h e  :oc ’ i~~ c i  :‘. ; I: ‘0

provided by the roller coasters but at nlqut .-r I 0: f ac t ~ 5 : . .

‘L’nese maneuvers were al s o  s t a r t e d  t ocr :  t n :  ‘ , ‘~ ‘.i l ev I f I d ’s) :  , jL

the desired -Iach; ru : sbur  b u t  were h enri Sf0 f e e t  , i .  c . ’ - t o -  ci is

a l t i t u d e .  Once th u  t r i m  da t a  vu :;  ol. t ei  ,~‘J , t c ~iir -i’ . I. 0. :;

nosed down to increase a ir s pee d  a p p r o x i m a te l y I ’  to 20 ~‘.1 ’ .~:

above t r i m  speed.  The nose was  t I i e u i  p u l l e d  sp a ;’  j.~v:: t , .  . t ; o ;’i 5 : 5 ,

and as a i r speed  decreased to t r i m  Na ch  n u m be r  a I ’ u o h r , ” ’:
made to zero cj. As ~‘inch number apnro achc ’i l  t.: ie t n  is v t ’. 0 ’  • 0, ’
aircraf t was rolled into a turn and bac4I~ stic k was , tu ,~ - ’ I to

4
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increase load factor. Mach number ‘— ‘uS r a l 5 t a d n e - d  cons t a u t  cy
increasing rate of descent as load Luct ’;r we .; in cr ’2 u : ;e d .  ‘Inc

induced  drag increase wi th  g l oad ing  ~ as j u s t  u i ’f :;~~t ty  t iuc-

increase  in e f f e c t i v e  t h r u s t  r e s u l t i n g  f re t :  toe  r a t e  of do~~ce nt .

In  this m a n n e r  d rag  da ta  could be o bt u i ~~cd at  a p p r o x i mat e l y con-

s t a n t  Mach number up to either the l im i t  loud f a c t o r  of the
a i rcraf t or stall , whichever occurr cu first. For a typical 4-g

w indup turn , al titude loss was 500 feet.

Bo th the ro l ler  coaster and w i n d u p  t u r n  data  showed the
slope of the A—3 Th drag polars to be essentially constant ,

eve n at h igher Mach numbers , and yielded lines parallel to the

lo ’.~’ :lach polar bu t  displaced as a f un c t i o n  of t h e  d rag  r i s e  due
to compressibility . For the same ~1acii lul:-:uer and  CL range , the

two meth ods  gave i d e n t i c a l  drag polar : ; .

Ex amp les of ro l ler  coas ter an d w i n d u p  tu rn  data  ar e shown
in figures 2 and 3 , wits a speed power drag polar fairing inSluLh.’d

for comparison .

/ /
/ /

/ / /
CL / ~~

‘ 
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I n c r e me nt a l  U x t e r n a l  S to re  b r a g

‘inc drac; of several types of exter::al store:; was 5- . t - , : 1 :  . d O c

b y a na l y z i n g  the  f l i q ht p a t i ;  a c c e l e r a t i on  ~.h i c i ;  r e su l t e d  t tor i
dropp ing a p a i r  of s tores , one Cad ; fr o :n  syi:um. t n i cu l l y up’~ ’u:;iLe

wing  py lo n s .

- . 2ihe  store drag i n c r e m e n t  was  d e t e r m i n e d  f r o m  a b’ . V e S t u S

C~ plot as n::c’.ni in figur e 4. The p Oi f ltS  to t ons r t q h t  ir e  t ac  t r i o
po in t s  and the p O i n t s  to the left arc a short tuse J i i s t d rl ’ of C~~
versus Cu atter the drop . The slope of the fainings tnrc’u ’:i: t~~ ’
p o i n t s  was ue-ter:::~ r:ed from a roller coaster performed at tti.i:: C ’ .5~~

uitions . Drops could i.e made at s ev e r a l  a i r sp ee d s  a;’,u a l ti t u le:;
to d et e r m i n e  t he  v a r i a t i o n  of s tore  drag w i t h  M ac h  ;:w: ’b’er .

A n o t h e r  me thod  investigated was to p e r f o r m  ro l l e r  c o a s t e r . ’
b e f o r e  and a f t e r  the d r o p ,  r e s t ab i l i z iu ’ q at the  same Mac i ;  luus’ . nel
and altitude . h owever, this technique required that cosine thru st

be changed to compensate for the drag  change  and t h e r e f o re  was

dependent on a b s o l ut e  i n — f l i g h t  t h r u s t  v a l u e s  fo r  t he  i n c rem e n t a l
drag . W i t h  t he  stabilized drop method , the accuracy of t h e  t o tal
drag data  was s t i l l  l imi t ed  to the accu racy  of t he  t h r u s t  v a l u -.-n
used;  however , the  i n c r e m e n t a l  s to re  d rag  dependeu onl y u p on  t I n s
accuracy  of the  r e s u l t i ng  f l i g h t p at h  acce le ra t ion  anu  t h e  a i r c r a f t
wei g h t .  Data wer e obt ained by both methods , but the incremental

values obtained by th e stabilized drop method were consistentl y

more repeatable. Reference 1 contains the results of those tests

for 9 typical stores.

C l i m b/A c c e ler a t i o n  P o t e n t ia l

The f l i c jh t pat h  accelerometer  provided a r ap id , a c c u r at e
means of determining the  climb/acceleration potential of tlue

aircraft from maximum power level accclçrations . Consider this

following simp lified analysis.
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S e t t i n g  a su uiu ’nacion of forces a long the  f l i e h t p a t i 4  equa l  to mass
t i m es  acce l e ra t ion  along t I u c  f li g h t p a t : i  g i v e s :

- . P
( 1 5 — — ,‘. s i n  ~

) = —
C,; U -

or 1’ex = 
~~

‘-‘

~~ 

— D) = (W s i n  ~ + ~~~ ~~
_

p (sin -
~ + ~~~~~ ( 3 )

When the longitudinal accelerometer is tilted from the

horizon tal in the absence of any external acceleration , its out-

put is the  sine of the tilt angle. In a clirsi : , the  acce l e rome te r

is at an angle from the  horizontal equal to th e ch its anuic -
~

~;o the output is sin ‘s- . Any additional acceleration along tiuc

Lliqhtpath (dV/dt) is sensed as a l i n ear  a d d i t i o n  to t h e  f i r s t

value . ‘I’herefore , the output of the longitudinal i”PA is:

= ( s in  
~ 

+ 
dV~ /dt



The longitudinal FPA reading times the aircraft weight

at any flig h t condi tion , then , is equal  to the  ex cess thrust, or

F0 = . W (5)

- dh/d talso , sin  ~ =

dt dt dh

s u b s t i t u t i n g  in equa t i on  ( 3 )

F — ~~ (d h/dt  
+ 

dh/ dt  dV t ( 6 )CX 
~ g

solving for dh/dt = R/ C ,

Fe~~~Vt ( 7 }
E l  + Y.~ ~~~g dh

d e f i n i n g  (1 + Y.~ ~~~ ) as the acceleration factor A 1 (the correc-

tion to R/C for an acceleration 
~ç- •

R/C Fex . V~ (8)W

and from equation (3) with no climb rate ( y  = 0) , the aircraft
acceleration potential is:

;~~
_ Fex .  g ( ‘ i )w

A p lot of F
~x
/W versus Mach and altitude can be developed by con-

ductirug military power level flight accelerations at various alti-

tudes and loadings . (Reference 2 gives methods for correcting

test excess thrust to standard conditions.) with this plot , any
combination of climb rate and/or acceleration for a given weight

can easily be determined.

B 
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I n — F l i g h t  T h r u s t  Ca l ib ra tion

It is a w e l l  known fact that static thruet runs con-

duc ted at low altitudes do not calibrate the eng ine exhaust

nozzle for all values of nozzle pressure ratio , “t8/~ a’ 
attain-

able in f l i g h t .  In fact , the maximum static value of 
~t~

/
~~a 

is
usually far short of that attainable at hig h: altitudes and iu i gh

Mach numbers . ‘ihe flicjhtpath accelerometer provides a means of

extending the ground static thrust run to cover ui -fli ght vajues

of 
~t8

/
~ a 

in the f o l l o w i n g  m a n n e r .

Given the results of the ground t h r u s t  run , p r e s e n t e d  as
gross thrust coefficient C~ versus Pt8/Pa:

I &

and F = C ~ P Ag g g a 8

If two leve l accelera t ions  are p e r f o r m e d  t h r o u g h  the
sam e speed V~~, us ing  power s e t t i ngs  A and 13 , two d i f f e r e n t  va lues

of N >. w i l l  be ob ta ined .  The excess t h r u s t  at points  A ~ nd 13 is :

= N.< ,~ . WA (10)

(11)

and (F ex 13 
- FCXA ) is the change in net thrust between points A

and B . T h e r e f o r e , FN 13 FN A (F ex 13 - 1 ex~~
) ( 1 2)

Since the rum drag at each po in t  can be ca l cu l a t ed , the  second

9
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gross  t h r u s t  is also ava i l ab l e , and

= F~j13 + F013 ( 1 3)

Fg13Cg13 — 

f~~A 8 ~a) 13

A series of these  acce le ra t ions  can be conducted  to e x t e n d
the  l ine  in f i gure  6 to the des i red v a l u e  of P t 3/l’a . More d et a i l -~.

correct ions fo r  changes  in induced  drag  anu ang le of a t t a c k  arc
included in r e f e r e nc e  3.

DATA ANALYS I S M1~T1 LODS

I t  has been assumed in a l l  of the  d i s c u s s i o n s  in  t i : i: ;  re;. ’s r~..

t h a t  an a c cu r a t e  v a l u e  of N~ ano P., were  av a i la s le  f or  e at u  ro.:se-
tion. For this to he t rue , however , scr:eral er . r r ec t ic .ns  ‘ :

be made to the  :‘.:.: and P~ outputs read fr ’c:;. tue U S C 1 I  ~‘~o rn ~ .u• .
c o r r e c t i o n s  r e q u i re d  d u r i n e  t i e  A — 3 7 A  p ru . : ro : . c or e :

1. F s r  r , i s a h i cn r ; ’. : n t  o f  t u s ’  V . u : . e  .‘i u ;  a c e el e r ’ ,: ~cr  SL ; , : . i  ~. ly e

ux e ., .

2 . F o r  r’, i .~ . 1 l 1 r ; nr  - u t  of t;~ .- v a n e  a i s  ~~~~i ; ~ i t~~” . t t. :  SSe-  t ’  5 C ) ~~

C U;

3. r :;~ ~~~~~ i t t n  .‘ a r . i ’  e’ .i~~ ’ .- ‘ :  a i r c .i~~t p i t m  r ,~t .e.

4 .  C 1 54 r ‘ i . i l ‘ ‘ i i  c.tu’ . -ii i c  a i r  i . l ~ t p l C  Si  r a t
IL  .~~~~ . ‘ L

5. l r  C. - .  r • ’ s ~ ru :,e • ; ~~ C i ’ -  i~~ A ’ ~ct ; , .’ u i i ’ t e ar l s ;  ra~ ~~
a: • 1 • ‘ ‘~~~~~~~ . ‘~~~ ct . t ~~ _ ; -

Tue I r ~~~i .  ‘. • , ‘ T a  ~ r - i ~ :. . - . 9 C C : :  • ‘ i . c ’ ’ -~’ to ’ a ’ ~ e n - e m  a f f e c t  t he  f ; i u ~
ass . - .  ~

‘ ~ ; e  ‘ .‘ e . ’ OI  ‘ 1. - I l  ~‘ C ‘.‘Ot .  1 5 5  .t r . - app l i e d.
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M e c h an i c a l  FPA/ Vane  M i s a l i g nm e n t

A m i s a l i g n m e n t  of t l u e  FPA s e n s i t i v e  ax is  and t h e  vane
r e s u l t s  in a cons t an t  e r ror  in N~ a rid N z . The m a g n i t u d e  of
th i s  e r ror  can be de te rmined  f r om  the  pro— ~ nd p o s t i l i C u i t p s u i d u l u r i
swings descr ibed p rev ious ly .  The average of t h e  lorg i t u d~~i ;a l
accelerometer  o u t p u t  w i t h  the pendu lum mounted n o rm a l l y ,  and w i t h
it reversed , is the  vane level 

~x o u t p u t .  I f  t h i s  va lue  is
different from zero , its magnitude is equal to the mechanical

misa liqnn icn t  ang le in r ad ians . T h e  v a lue  of th i s  angle  f o r  the
A — 3 7 A  F’PA/vane u n i t  was 0 . 6  d eg r e e s ,  or 0 .0 1 0 5  r a d i an s .  Thi s
e r ror  is cons ide rab le , s ince fo r  a 10 , 0 0 0 — p o u n d  a i r p l a n e  at one
g ,  i t  r e s u l t s  in a c o n s t a n t  excess  t h r u st  r e a d i n g  of 105 pou ;us.

This error  is in c rea scu  in  p r o p o r t i o n  to n o rm a l  load f a c t o r .

Aerod y n a m i c  U~ w a s I i

Dur ing  st a b i l i z e d  speed power  t e s ts  i t  WaS f o u n d  t h a t
the l o n git u d i n a l  acce le romete r  ( co r r e c ted  b r  meci an i c a l  m . I s a l i r I ; -
m on t )  i i ud i c a teu  some va lue  of a c c e l e r a t i on , O V e n  th o u~;h a n a: r—
speed t ime h i s t o r y  showed dV/ dt  to he ;~ero . This error was

repea tab le  and sys temat ic  ai’ud was  a un ique  f u n c t i o n  of l i f t
c o e f f i c i e n t .  A i r c r a f t  c o n f igu r a t i o n  or a t o n e  load ing  had no

appa ren t  e f f e c t .  These e r r o n e o u s  P >. v a l u e s  wore  f i n a l ly
a t t r i b u t e d  to aerod y n a mi c  upwash  caused b y th e  f u s e l age , w in ~~n
and noseboom . The values  fo r  up wr i s h  e f f e c ts  g iven  in r e f e r e n c e
4 and ca lcu la ted  f rom r e f e r e n c e  5 show th e  same shape  curve  as
t h e  f li~; u i  6 tes t d a t a.  The up wash d a ta  cih  t . t i  : iecI  f ron t h i e  SI . l ’cU

power t es ts  is sh own in f i g u r e  5.

11
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These da ta  w er e  obtaincu by assurnir~ steh~~lizou

and t a k i n g  t h e  co r rec t ed  v a l u e  of ~P. as t h e  u r c s i z  of t~~i . : u p c a s n

ang le. Any  ang le of t he  V a n e  w i t h  r c s p L - c t  to t i le  n on  z on t a l  C lose

the long i t u d i n a l  E P A  to read a coi-.:polient of ac c e l er at i o n  due to

g r a v i t y . The fa i r i ng  shown ii1 f i g u r e  5 w ..la ’Jseu to co r rec t  a l l
FPA d a t u  f o r  upwas h i  as a f u n c t i o n  of l i f t  c o e f f i c i e n t .  Tha

dashed l ine  is the t h e o r e t i c a l  value from references 4 arid 5.

Note tha t  in some cases t h i s  error  was  an l a rge  a:; or j a r  -or  th~~
tha t  caused b y m e c h a n i c a l  m i s a l i g n m e n t .

P i t ch  Ra te  and P i t ch  A c c e l e r a t io n

D u r i ng  the ro l l e r  coaster  ari d w i n d u p  t u r n  m a n e u v e rs ,
acce le romete r  e r ro rs  were induced  by the  p i t ch  r at e  and p i t ch
a c c e l e r a t i o n  of the a i r c r a f t .  

-

The e r ro rs  due to pi tch  rat e were  t w o f o l d . The f i r s t
was a mi s a l ig n m e n t  of the  vane f rom the f l i g h t p a t h  r esult i : .q
f rom the ver t i c a l  ve l o c i t y  component  a t  t h e  van e .  The m a ; n i t u d e
of t h i s  m i s a l i g n m e n t  due to p i t ch  r ate  war ; c a l c u l a t e d  f i n:  the
following equation:

1?

— .~~ .~



C pj ~~= t an~~ (!~1 ~~~~~~~ ) ( 15)

The second fac tor was the  c e n t r i f u g a l  f o r ce  e f f e c t  oj i

the accelerometers . This er ror was proportional to the vane

length f rom the  cg of the a i rcraf t an d the sq u are of the  p i t ch ;
rate.

Addi tional errors  were caused by tangen tial accelera tions
at the FPA resulting from the pitch accelerations of the a i r c r a f t .

All of these errors and the errors caused by m e c h a n i c a l
m isal ignmen t and upw ash , were corrected using the following

equ a t i o n s :

.2
= 

~ z cos c + M x S lf l  C + ~ Si f l  ~~ 
— —

~~
— cOs ~ ( 16)in m g g

. -)

z 0
= 

~ x , cos c — 

~ z s in  c + — cos a + — —  s in  u ( 17)in In g C,

where :

‘ z ,  N~ = corrected values  of normal  and l o n g i t u d in a l  f l ~~s~it-
pa th  accelerat ion

Nz~~ Nx~ 
= indicated values of norm al and longi tudina l

f l i ghtpath  accelera t ion

c = misa l ignmen t ~ang1e due to a combination of mechanical

misalignmen t, upwash and pitch rate

= distance from the FPA to the cg of the a i r c r a f t  in f e e t

6 = pi tch  rate in rad/sec about the a i rc raf t  ccj

O = p i t ch  accelerat ion in rad /sec 2 abo’Ut the aircraft cg

13
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a

a = noseboorn re fe rence  line  ang le of a t t a c k

Derivation of these correction e q u a t i on s  an d ter:-~:; to

i n c l u d e  yaw and roll ra tes  are g i v e n  in  r e f e r e n c e  6 .

I’PA Vane  Response

As was mentioned previously, roller coaster data showed

a h y s t e r e s i s  band in the resulting drag polar. T h e  width of

tr i o  hys t e re s i s  band was p ropor t ional  to both the  amp l i t u d e  ( a n q l e
of attack excursion) and frequency of t he  m a n e u v e r .  A ty i . ic al
h ig h f r equency  ro l le r  coas te r  (l ,’3 cy c i u s ,’sec) w i t h  a l l  t~~e
previously described corrections made is sh own in  f i g u r e  6 .

c c

0 ~

-I. C
C L

—

0

0

C D
(,, ~~~~~~ ( .— . ,.~.t ~ ~. . o, ~‘~~ -~- ‘2c ‘ ‘ I ~

‘lhe h y s t e r es i s  band hero is q u i t e  ev iden t  and i n d i c a t e s  th i . -it an
a d d i t i o n a l  cor rec t ion  is requ i red  f o r  h i n h i  frequency r o l l e r

• coas ter data .

14 
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a

The a cce l e rome te r, vane , b e a r i n g  and a i r f l ow  c omb i na t i o n
can be cons ide red  a l i n e a r  second order sys tem . The s pr in q  con—
stin t is tr i e  aerod ynamic  r e s to r ing  to rque , p r o p o r t i on a l  to vs :i c
ang le of a t t a c k ;  the  damp ing  term is a combina t ion  of h e a r in g
fric tion and aerody n am i c  damp ing , and t ee  i n e r t i a l  t er m  is t :ie
r o tat i o n a l  moment of in e r t i a  of thi ~ a c c e l e r o m e t e r/ v an e/ s h a f t
co: :sj inat lon .

A p e r f e c t  vane would m a i n t a in  a zero ang le of a t t a c k  at
a l l  times , the reby fo l l owing  the f o r c i n g  f u n c t i o n  ex ac t l y ;
however , fo r  an ac tua l  l i nea r  second o ru er  sys t em t h er e ’  is a
f i n i t e  phase lag between the f o r c i n g  f u n c t i o n  and the  sy s t em  re-
sponse .  This  phase  lag is a f u n c t i o n  of the  damp i ng  r a t i o  of the
second order  sys tem and the r a t i o  of tr i o f o r c i ng  f r e q u e n c y  to
the s y s te m  n a t u r a l  f r e q u e n c y . Tests  conduc t ed  on t h i s  t ype  I ’ P i /
vane u n i t  in d i c a t e  a r e so n a n t  f r e q u e n c y  L et -, :ccn 10 and 15 cos ash
a damp ing r a t i o  of a p p r o x i m a te l y 0 .2  to 0 . -I . Ty p ica l  second
order phase rcs~.onse curves are shown in  f i g u re ’  7 .

— a

.4.

- 
I C \  
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~~~~~~~
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a

For a m a n e u v e r  f r e q u e n cy  = 0 . 5  cps , ass i.vne = 12 C~~S and r =

0 . 3 ;  f/ f ~ th er e f o r e  = . 04 , and .;. = 2 degrees.

I f a sinusoi dal va ri a tion in an g le of at t ack  is a ss u med
(and test  da ta  ind ica te  t h a t  t h i s  is a r e a s o n a ble  a s s u m p t i o n )

at r ue  = umax s in  ‘P

where  ~ is the r e f e r e n c e  ang le a long the s ine  ‘- ‘ave of a ve r sus
time .

W i t h  a phase  lag ang le ~~,

ci - . a s in  ( ‘ C —
ind ica ted  max

The vane lag angle c is then

C = ci — a.t rue ind i ca t ed

C a [ s in  ‘t — s in  (~ 
—max

assuming cos ~ = 1.0 and s u b s t i t u t i n g

sin ( ‘
~ 

— 

~
) = (s in  ~ cos ~ — cos ~‘ sin •~ )

C = a~~~ (cos ‘P S in  ~)

The phase angle c calculated from this equation can

then be used w i t h  equa t ions  16 and 17 to o b ta i n  correctcci  va ’i ues
of M x and :~~ . Since the n a t u r a l  f r e q u e n c y  and d a mp i n g  ratio of
the A—3 Th FPA u n i t  was u n k n o w n , phase  ang le ~ w as  v a r ie d  i n  ai~
i t e r a t ion  procedure  un t i l  min imum h y s t e r esi s  w.is ob t a i ne d .  ‘i he

rol ler  coaster  data shown in f i gure  6 was corrected in t . ;i i s

manner , the r e su l t s  are shown in f i q u ro~ 8. Some ’ (1 t u e  ~n : ’ a  i r i s :

16
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a

a

sca t te r  can uc a t t r ib u t ’.’u to a nun: ;  : iu so idal  v~~r 1at io n  in  a n n i e

of a t t a c k  d u r i n g  tue  m a n eu v e r  or tu  t :;e f a c t  t n a t  t e  b

u n i t  r e sp onse  was  not  e n t i r el y l ine . i u s c u : u  or u e r .

Cd~ CLUh IOh3

i’ l IC use of t l i gh tp a t h  acce ler c~a . t ’  i s  a : .  - : n i e r : , u : cc f l i g h t

t e s t ing  provides  a rap id , ac c u r a t e  r - ; et ; c J  o c : t i l : l i n q  c a a t.~ f o r

c o n s t a n t  M ach d rag  p o la r s  , e:~t~- rn a l  st or ’. -: ; Jr e~ a:u: ei er g ’-/

m an eu v e r a b i ty p lo t s , ama i t S  a p o t en t i a l  u s e  in cn~ ib r c t a : :;

j o t  engine ox::au:;t n o zs le s  in  f l i~;u t .  Se v er a l  co r rec t ion:;  to

t i le  ~licjiitp~~t ;  acce lu  r e m ot e r  o u tp u t  are r c e u i r L h  to ob t a im

a c c u r a t e  va lues  of a c c ei e r a ti o n  a l o n g  t he  fliq htpnt .

i..,. ~~~~~~~~~~~~~~~ •:c,~’~- ec ~-ec ~ ~c,r ‘~~~~~‘ - ‘- ‘~.
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