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SUMMARY 

Wind s h e a r s  can create havoc during a i r c r a f t  t e rmina l  area o p e r a t i o n s  and 
have been c i t e d  as t h e  primary cause of s e v e r a l  major a i r c r a f t  acc iden t s .  A 
simple senso r ,  p o t e n t i a l l y  having a p p l i c a t i o n  to t h e  wind-shear problem, has  
been developed t o  r a p i d l y  measure a i r c r a f t  t o t a l  energy r e l a t i v e  to  t h e  a i r  
mass. Combining t h i s  sensor  with e i t h e r  a variometer or a rate-of-climb ind i -  
cator provides  a t o t a l  energy-rate  system which has been s u c c e s s f u l l y  app l i ed  
i n  soa r ing  f l i g h t .  The measured ra te  of change of a i r c r a f t  energy can poten- 
t i a l l y  be used on d i s p l a y / c o n t r o l  systems of powered a i r c r a f t  to reduce gl ide-  
slope d e v i a t i o n s  caused by wind shea r .  

Th i s  paper d e s c r i b e s  t h e  experimental  f l i g h t  c o n f i g u r a t i o n  and e v a l u a t i o n s  
of t h e  energy-rate  system. Two mathematical  models are developed: t h e  f i r s t  
desc r ibes  o p e r a t i o n  of t h e  energy probe i n  a l i n e a r  design r eg ion  and t h e  second 
model is f o r  t h e  nonl inear  region.  The c a l c u l a t e d  t o t a l  energy ra te  is compared 
with measured s i g n a l s  f o r  many d i f f e r e n t  f l i g h t  tests. Time h i s t o r y  p l o t s  show 
t h e  two curves to be almost t h e  same f o r  t h e  l i n e a r  o p e r a t i n g  region and very 
close f o r  t he  nonl inear  region. 

INTRODUCTION 

A simple sensor  has been developed to  measure a i r c r a f t  t o t a l  energy wi th  
r e s p e c t  to t h e  a i r  mass. (See refs. 1 to  4 . )  This  sensor  c o n s i s t s  of a cy l in -  
d r i c a l  tube or probe i n s e r t e d  i n t o  t h e  a i r  stream. With a small o r i f i c e  l o c a t e d  
on t h e  downstream s i d e  of t h e  c y l i n d e r ,  t h e  probe provides  a pressure source 
s e n s i t i v e  to  both s t a t i c  and dynamic pressure.  The s ta t ic  p r e s s u r e  v a r i e s  
i n v e r s e l y  with a l t i t u d e  (and t h u s  p o t e n t i a l  energy) while  t h e  dynamic p r e s s u r e  
v a r i e s  with t h e  square of t he  v e l o c i t y  (and t h e r e f o r e  is p r o p o r t i o n a l  to  k i n e t i c  
energy) .  The sensor p r e s s u r e  c o e f f i c i e n t  Cp is de f ined  as 

Psensor - P s t a t i c  

qc 
cp = 

where qc is t h e  dynamic p r e s s u r e  and P is t h e  p re s su re .  Probe c o n s t r u c t i o n  
d e t a i l s  are contained i n  r e f e r e n c e  2, and t h e  r e l a t i o n s h i p  of Cp to p h y s i c a l  
design t r ade -o f f s  are given i n  r e f e r e n c e s  3 and 5. The p h y s i c a l  design cri teria 
inc lude  probe diameter ,  o r i f i c e  s i z e ,  o r i f i c e  l o c a t i o n  along t h e  probe l eng th ,  
and i n c l i n a t i o n  of t h e  probe to t h e  a i r  stream. The probe is used f o r  t o t a l  
energy measurement, and i n  o rde r  to g e t  equal weighting for both t h e  s ta t ic  and 
dynamic p r e s s u r e s ,  Cp  must e q u a l  -1. Data developed i n  t h e  r e f e r e n c e s  inc lude  
r e s u l t s  from wind-tunnel tests which i n d i c a t e  t h a t  t h e  d e s i r e d  
ach ievab le  with r e l a t i v e  i n s e n s i t i v i t y  to s i d e s l i p  ang le s .  

Cp = -1 is  
Combining t h e  to ta l  



energy-probe p r e s s u r e  source w i t h  either a variometer or rate-of-climb i n d i c a t o r  
p rov ides  a total  energy-rate  system which has been s u c c e s s f u l l y  applied i n  
s o a r i n g  f l i g h t .  The success  of t h e  t o t a l  energy-rate  system i n  t h i s  a p p l i c a t i o n  
and t h e  simple n a t u r e  of t h e  probe have led to an i n t e r e s t  i n  its a p p l i c a b i l i t y  
to powered aircraf t  f l i g h t  to provide information to  reduce t h e  e f f e c t s  of wind 
s h e a r  on f i n a l  approach. 
change of energy wi th  respect to t h e  a i r  mass, t h e  measurement can g ive  a t ime ly  
i n d i c a t i o n  of wind s h e a r  t h a t  can be used by d i s p l a y / c o n t r o l  system d e s i g n e r s  i n  
achieving reduced gl ide-s lope d e v i a t i o n  caused by wind shea r  ( r e f s .  6 t o  8 ) .  

Since  t h e  system is designed to measure t h e  rate of 

To o b t a i n  an understanding of system o p e r a t i o n ,  a l i m i t e d  f l i g h t  test pro- 
gram was undertaken. The understanding of system performance a f fo rded  by f l i g h t  
test  data can be used i n  designing p r a c t i c a l  d i s p l a y  and c o n t r o l  systems using 
t h i s  sensor.  The f l i g h t  test  r e s u l t s  p re sen ted  i n  t h i s  paper were ob ta ined  with 
t h e  D e  Havi l land DHC-6 Twin Otter a i r c r a f t .  Th i s  a i r c r a f t  had f e a t u r e s  which 
made it w e l l  s u i t e d  as t h e  test  veh ic l e .  The p h y s i c a l  c o n f i g u r a t i o n  allowed 
t h e  total  energy probe to be mounted on a b o o m  i n  f r o n t  of t h e  a i rcraf t  where 
it was r e l a t i v e l y  f r e e  from body-induced f low- f i e ld  e f f e c t s .  Instrumentat ion-  
wise, t h e  a i r c r a f t  was equipped w i t h  an i n e r t i a l  platform,  air  data, and body 
rate senso r s ,  a l l  of which were i n t e g r a t e d  wi th  a data recording system. The 
recorded v a r i a b l e s  made possible an independent c a l c u l a t i o n  of t o t a l  energy rate 
which c o u l d  be compared wi th  t h e  system measurement. 

Th i s  paper describes t h e  f l i g h t  test equipment and t h e  sensor  configura-  
t i o n s  evaluated.  The maneuvers used to i n v e s t i g a t e  system performance are 
discussed and t h e  equa t ions  used to o b t a i n  an independent estimate of a i rc raf t  
total  energy are reviewed. Detailed comparisons of t h e  system o u t p u t  and t h e  
independent energy estimates are p resen ted  f o r  s e v e r a l  f l i g h t  maneuvers inc lud ing  
take-off and landing.  

d 

SYMBOLS 

f i l t e r  t r a n s i t i o n  and c o n t r o l  matrices 

f irst-order break f r e q u e n c i e s  

p r e s s u r e  c o e f f i c i e n t  

ma t r ix  t r ans fo rma t ion  from body frame t o  energy-probe frame 

l a t e r a l  d i s t a n c e  from c e n t e r  l i n e  of v e h i c l e  ( p o s i t i v e  to r i g h t )  

a c c e l e r a t i o n  due  to  g r a v i t y  

energy he igh t ,  e i t h e r  p o t e n t i a l  or k i n e t i c  energy 

ra te  of change of energy h e i g h t  

v e r t i c a l  d i s t a n c e  from cen te r  l i n e  of v e h i c l e  ( p o s i t i v e  down) 

i d e n t i t y  m a t r i x  
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i n t e g e r  f o r  i t e r a t i o n  sample 

l o n g i t u d i n a l  d i s t a n c e  from v e h i c l e  c e n t e r  of g r a v i t y  ( p o s i t i v e  
f o r  ward ) 

Mach number 

p r e s s u r e  

ro l l  rate 

p i t c h  rate 

dynamic pressure measurement 

yaw rate 

tempe r a t  u r e 

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

v e l o c i t y  

minimum s a f e  a i r  speed 

state v a r i a b l e  vec to r  

state v a r i a b l e s  

state v a r i a b l e s  f o r  k i n e t i c  energy 

s ta te  v a r i a b l e s  f o r  p o t e n t i a l  energy 

angle  of  a t tack  

a n g l e  o f  s i d e s l i p  

s p e c i f i c - h e a t  ratio of  a i r ,  1.4 

sample t i m e  f o r  d a t a  r e d u c t i o n  

probe sweep ang le  (forward is nega t ive )  

recovery  f a c t o r  of to ta l  tempera ture  probe, 1.0 

measured p i t c h  a t t i t u d e  of v e h i c l e  

r o t a t i o n  o f  energy probe about  t h e  probe v e r t i c a l  a x i s  

d e n s i t y  
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PP 

@ measured ro l l  angle  o f  v e h i c l e  

Subscr i p  ts : 

r o t a t i o n a l  a n g l e  of probe about v e h i c l e  b o o m  

barometric a l t i t u d e  rate 

f i l t e r e d  

k i n e t i c  energy 

f i l t e red  k i n e t i c  energy 

meas u r ed 

r e f e r e n c e  a t  sea l e v e l  

energy probe  

p i t o  t tube  

p o t e n t i a l  energy 

p o t e n t i a l  energy f i l t e r e d  

s ta t ic  

t o t a l  

l o n g i t u d i n a l  component a t  energy probe 

l o n g i t u d i n a l  component of t r u e  va lue  

la teral  component o f  energy probe 

v e r t i c a l  component of energy probe 

a-vane 

B-vane 

t r u e  va lue  a t  c e n t e r  of g r a v i t y  

N o t  a t  i on : 

{ P 
{ IP vector  i n  energy-probe coord ina te  frame 

vec tor  i n  body coord ina te  frame 

A dot over a symbol i n d i c a t e s  d i f f e r e n t i a t i o n  wi th  respect to t i m e .  
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EXPERIMENTAL CONFIGURATION 

The energy probe w a s  evaluated on t h e  Twin O t t e r  a i rcraf t  shown i n  f i g -  
ure 1. This  aircraft  w a s  being used i n  an i n v e s t i g a t i o n  of wind-shear condi- 
t i o n s  during l and ing  and t h u s  provided an oppor tun i ty  f o r  coope ra t ive  f l i g h t  
test  programs. As part o f  t h e  wind-shear s tudy experimental  package, t h e  air- 
c r a f t  was equipped with an ins t rumen ta t ion  boom pro t rud ing  from t h e  nose of t h e  
veh ic l e .  The boom, which w a s  instrumented with t w o  t o t a l - p r e s s u r e  probes,  
s t a t i c - p r e s s u r e  ports, and a lpha  and b e t a  senso r s ,  provided an energy-probe 
l o c a t i o n  with cons ide rab ly  reduced f low- f i e ld  effects. Figure 2 shows a s i d e  
view of t h e  energy-probe i n s t a l l a t i o n ,  mounted a f t  of t h e  a lpha  and b e t a  
vanes. 
w i s e  from t h e  v e r t i c a l  looking a f t  i n  o rde r  to be completely f r e e  o f  boom- 
induced f l aw- f i e ld  e f f e c t s  t h a t  could r e s u l t  from p i t c h i n g  motions of t h e  
veh ic l e .  Two forward sweep ang les  6, were flown; on one f l i g h t  t h e  design 
a n g l e  o f  -20° w a s  used and on t h r e e  o t h e r  test f l i g h t s  a 6, of -34O w a s  
flown. The l a t t e r  case provided d a t a  i n  a nonl inear  o p e r a t i n g  range. A pneu- 
matic f i l t e r  w a s  used to connect  t h e  energy probe with t h e  p r e s s u r e  sens ing  
instrument  which was e i t h e r  a variometer or an a l t i t u d e - r a t e  t ransducer .  The 
no i se  f i l t e r  nominally c o n s i s t s  of a c y l i n d r i c a l  restrictor,  0.508 mm i n  
diameter and 25.4 mm long,  connected i n  series to a 918 cm3 tank. This  combi- 
n a t i o n  provides  f i l t e r i n g  e q u i v a l e n t  to  a s imple l a g  c i r cu i t ,  providing a time 
cons tan t  o f  approximately 2 s. Metallic tubing w a s  used throughout t h e  i n s t a l -  
l a t i o n  s i n c e  l a b o r a t o r y  tests i n d i c a t e d  t h a t  t h e  use  of s o f t  p l a s t i c  tubing 
r e s u l t e d  i n  s i g n i f i c a n t  no i se  on t h e  s i g n a l .  Photographs of t h e  instrumenta- 
t i o n  compartment with t h e  restrictor,  f i l t e r  volume, and tubing are shown i n  
f i g u r e  3. 

On a l l  t h e  t es t  f l i g h t s  t h e  energy probe w a s  mounted 48O counterclock- 

A schematic  diagram o f  t h e  equipment used on most of t h e  test  f l i g h t s  is 
shown i n  f i g u r e  4. Two variometers are shown, one o p e r a t e s  on t h e  f i l t e r e d  
energy-probe s i g n a l  and t h e  o t h e r  operates on t h e  u n f i l t e r e d  energy-probe 
s i g n a l .  A d i f f e r e n t i a l  pressure t ransducer  monitored t h e  p r e s s u r e  d i f f e r e n c e s  
across t h e  pneumatic f i l t e r  and a probe monitored t h e  temperature of one of t h e  
variometer cases. Two very accurate a b s o l u t e  p r e s s u r e  t r ansduce r s  were added: 
one monitored t h e  p r e s s u r e  of t h e  f i l t e r e d  energy system and t h e  o t h e r  mon- 
itored s t a t i c - p r e s s u r e  ports from t h e  boom. 

TEST FLIGHTS 

The test f l i g h t s  were designed to provide d a t a  f o r  t h e  comparison of 
measured and c a l c u l a t e d  energy-rate  s i g n a l s  and to perform a l i m i t e d  i n v e s t i -  
g a t i o n  of sensor s e n s i t i v i t y  to ang le s  o f  attack and s i d e s l i p  and also to 
a t t i t u d e  rates. 

Four d i s t i n c t  test c o n d i t i o n s  were s p e c i f i e d  to p rov ide  t h e  d a t a  o f  
i n t e r e s t .  The f i r s t  r e q u i r e d  f l y i n g  t h e  a i r c r a f t  s t r a i g h t  and l e v e l  a t  maxi- 
mum cruise speed for s e v e r a l  d i f f e r e n t  a l t i t u d e s .  This  test c o n d i t i o n  provided 
d a t a  f o r  examining t h e  n o i s e  levels and l i n e a r i t y  of t h e  sensor  as a f u n c t i o n  
of a l t i t u d e .  The second test c o n d i t i o n  was designed to provide d a t a  for a 
change i n  t h e  aircraft  k i n e t i c  energy. For t h i s  test ,  t h e  a i rcraf t  w a s  s t a b i -  
l i z e d  i n  s t r a i g h t  and l e v e l  f l i g h t  a t  maximum c r u i s e  speed with t h e  f l a p s  up. 
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The power w a s  then reduced wh i l e  t h e  p i l o t  maintained a l t i t u d e .  After t h e  air- 
craft  decelerated to t h e  minimum.safe airspeed 
and t h e  aircraft  accelerated back to maximum c r u i s e  speed. The t h i r d  test pro- 
vided data f o r  a p o t e n t i a l / k i n e t i c  energy exchange. For t h i s  test, t h e  a i r c r a f t  
w a s  f i r s t  s t a b i l i z e d  i n  a s t r a i g h t  and l e v e l  f l i g h t  c o n d i t i o n  a t  Without 
changing power, t h e  p i lo t  p i t c h e d  the  a i r c r a f t  down to e s t a b l i s h  a descent  rate 
of 3 m/s. When maximum allowable a i r s p e e d  w a s  reached ( a i r c r a f t  c o n f i g u r a t i o n  
remained unchanged), t h e  p i l o t  p i t c h e d  t h e  a i rcraf t  up to e s t a b l i s h  an a s c e n t  
rate o f  3 m/s.  Vref. 
The f o u r t h  test c o n d i t i o n  established a p o t e n t i a l  energy change condi t ion.  
Again, as i n  t h e  other cond i t ions ,  t h e  a i r c r a f t  w a s  f i r s t  s t a b i l i z e d  i n  a 
s t r a i g h t  and l e v e l  c o n d i t i o n  a t  
e s t a b l i s h  a descen t  rate of 3 m / s  while  maintaining t h e  i n i t i a l  airspeed. 

V r e f ,  f u l l  power w a s  applied 

Vref. 

The tes t  concluded when t h e  aircraft  decelerated to its 

V r e f .  Then t h e  a i r c r a f t  was p i t ched  down to  

An a d d i t i o n a l  f l i g h t  maneuver w a s  u s e d  e x t e n s i v e l y  i n  t h e  data a n a l y s i s  
b u t  was no t  s p e c i f i e d  as p a r t  of t h e  energy-probe cond i t ions .  This  cond i t ion ,  
c a l l e d  t h e  c a l i b r a t i o n  maneuver, is shown i n  t h e  r e s u l t s  s e c t i o n  and c o n s i s t e d  
of a set of e l e v a t o r ,  a i l e r o n ,  and rudder i n p u t s  to  induce p i t c h ,  rol l ,  and yaw 
c y c l e s ,  r e s p e c t i v e l y ,  i n  t he  a i rcraf t .  These maneuvers helped to magnify t h e  
e f f e c t s  of a i r c r a f t  body rates and sensor  l o c a t i o n ,  r e l a t i v e  to t h e  a i r c r a f t  
c e n t e r  of g r a v i t y ,  on t h e  energy-rate  output .  

Table  I summarizes the  f l i g h t  tes t  runs  t h a t  were made to check o u t  t h e  
energy probe. 

TOTAL ENERGY-RATE C W L A T I O N S  

T h i s  s e c t i o n  con ta ins  a development of t h e  equa t ions  used to model t h e  
to ta l  energy-rate system. These equa t ions  were developed to  permit detailed 
comparison w i t h  f l i g h t  data to v e r i f y  t h a t  t h e  system is a t r u e  measure of t h e  
change i n  t o t a l  energy and to g a i n  a thorough understanding of t h e  i n d i v i d u a l  
system components f o r  f u t u r e  wind-shear a p p l i c a t i o n  s t u d i e s .  

An important parameter t h a t  determines probe s e n s i t i v i t y  is t h e  c o e f f i c i e n t  
of pressure Cp. Reference 5 p r e s e n t s  data desc r ib ing  t h e  change of Cp w i t h  
forward sweep (probe ang le  o f  a t tack)  f o r  s e v e r a l  probe conf igu ra t ions .  The 
model developed i n  t h i s  s e c t i o n  is f o r  l i n e a r  range o p e r a t i o n  of t h e  energy 
probe i n  t h e  r eg ion  where Cp is i n s e n s i t i v e  to a n g l e  of attack. I n  t he  
appendix, a second model describes t h e  energy-probe performance f o r  l a r g e r  
forward sweep a n g l e s  where 
Both models use independent v e h i c l e  measurements to c a l c u l a t e  energy rate. Com- 
p a r i s o n  of the calculated and measured energy-rate  t i m e  h i s t o r i e s  f o r  s e v e r a l  
f l i g h t s  are p resen ted  i n  the  fol lowing s e c t i o n .  

Cp v a r i e s  n o n l i n e a r l y  w i t h  probe a n g l e  of attack. 

Both l i n e a r  and non l inea r  range models require c a l c u l a t i o n  of both t h e  
k i n e t i c  and p o t e n t i a l  energy rates. However, t h e  method o f  c a l c u l a t i o n  of t he  
k i n e t i c  energy rate d i f f e r s  i n  t h e  t w o  cases. Equations f o r  l i n e a r  range 
o p e r a t i o n  are given i n  t h i s  s e c t i o n ;  t h e  equa t ions  f o r  nonl inear  range o p e r a t i o n  
are given i n  t h e  appendix. 
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Two methods have been used to calculate true airspeed V p ~  (ref. 9 ) .  The 
f i r s t  approach uses measurements of s ta t ic  and dynamic pressure (Ps and 9,) 
and altitude as follows: 

where y is the ratio of specific heats for a i r  (1 .4 )  and ps is the s t a t i c  
density a t  f l i g h t  altitude and is taken from the 1962 standard atmosphere as a 
function of altitude (ref. 10 ) .  The second method incorporates a measurement 
of total  a i r  temperature to calculate true airspeed using equations (2)  to (5) 
as follows (refs. 9 and 11) :  

T t  

1 + 0.2nM2 
T s  = 

P s = - -  PO 
T s  Po 

I ps 
vpT = d' 

( 4 )  

(5) 

where M is the Mach number, Ts is the s ta t ic  temperature a t  altitude, 17 
is the total-temperature probe recovery factor (1 . O )  (ref. 11) , To is the 
sea-level s ta t ic  a i r  temperature, Po is the sea-level s t a t i c  pressure, and 
Po is the sea-level density. The sensors used to measure dynamic pressure, 
angle of attack, and angle of sideslip are a t  various locations relative to the 
vehicle center of gravity, resulting i n  measurements that are influenced by 
angular motions of the aircraft .  Sensor location is considered i n  the calcu- 
lation of the longitudinal ve loc i ty  a t  the energy probe Vx,p (ref. 12) as 
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I n  equa t ions  (6)  , p, q, and r r ep resen t  t h e  v e h i c l e  rol l ,  p i t c h ,  and yaw 
rates; 1 ,  h,  and d r e p r e s e n t  moment arms from t h e  v e h i c l e  c e n t e r  of g r a v i t y  
i n  the  l o n g i t u d i n a l ,  v e r t i c a l ,  and l a t e ra l  d i r e c t i o n s ,  r e spec t ive ly ;  t h e  sub- 
scripts 0, PT, CL, B ,  and P refer to t h e  center of  g r a v i t y ,  p i t o t  tube,  
a and B vanes, and t h e  energy probe, r e s p e c t i v e l y ;  and the  subscript  m 
refers to t h e  measured angles .  I n  almost a l l  t h e  test  run  cases, a0 and 
Bo 
small ang le  approximations,  equat ion  (6d) is approximated as 

were less than loo and gene ra l ly  d i d  no t  peak s imultaneously.  Using t h e  

vx,o = vo (7) 

and equat ions  (6)  and (7)  combine to  become 

On a l l  Twin O t t e r  f l i g h t s  described i n  t h i s  report, t h e  energy probe and p i t o t  
tube were loca ted  wi th in  0.3 m of each o the r  on the  boom.  The c o r r e c t i o n  terms 
i n  equat ion  (8) become small i n  comparison to  VpT f o r  small q and r ;  t hus ,  

On a few test  f l i g h t s ,  CL and obta ined  va lues  as high as 15O to 20°. For 
those  cases, t h e  r e s u l t s  us ing  equa t ions  (6)  are s l i g h t l y  better than t h e  
resul ts  using equat ion  ( 9 ) .  However, t h e  small i nc rease  i n  accuracy d i d  n o t  
j u s t i f y  t h e  added complexity. A l l  p l o t s  i n  t h i s  paper, f o r  l i n e a r  range opera- 
t i o n ,  use equat ion  ( 9 ) .  S p e c i f i c  energy, or energy per u n i t  weight ,  has  t h e  
u n i t s  o f  he ight  and has  been r e f e r r e d  to  i n  t h e  l i t e r a t u r e  as energy he ight .  
(See ref. 6.) I n  t h i s  paper, energy and energy h e i g h t  are used synonymously 
s i n c e  t h e  conversion f a c t o r  is a cons tan t  for t h e  f l i g h t  regime of i n t e r e s t .  
Equation (9)  shows t h a t  true airspeed can be used d i r e c t l y  i n  c a l c u l a t i n g  t h e  
k i n e t i c  energy Hk as 
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where g r e p r e s e n t s  t h e  a c c e l e r a t i o n  due to g r a v i t y .  

The p o t e n t i a l  energy rate ;bar is measured by a barometr ic  altimeter i n  
which t h e  electrical s i g n a l  is d i f f e r e n t i a t e d .  The p r e s s u r e  sensing device is 
l o c a t e d  along t h e  boom of  t h e  v e h i c l e  and t h u s  senses  p r e s s u r e  changes due to 
v e h i c l e  angular  motion. The a l t i t u d e  rate is d e s i r e d  a t  t h e  energy probe, and 
t h u s  t h e  measured p i t c h  and ro l l  a t t i t udes  ( 8  and @) are used and t h e  d i f f e r -  
ence i n  moment arms between t h e  altimeter seQsor and energy probe is taken i n t o  
account to calculate p o t e n t i a l  energy rate Hp as  

where t h e  s u b s c r i p t  bar r e f e r s  to t h e  barometr ic  altimeter pressure device.  

The energy probe is connected to a restr ic tor-volume pneumatic f i l t e r  and 
a variometer sensor .  The pneumatic f i l t e r  is modeled as a f i r s t - o r d e r  low-pass 
f i l t e r ,  and both t h e  variometer and t h e  a l t i t u d e  rate t r ansduce r  are modeled as 
a combination d i f f e r e n t i a t o r  and low-pass f i l t e r .  The d i f f e r e n t i a l  equa t ion  
f o r  t h e  combined model is 

where a and b are used to model t h e  low-pass f i l t e r  break frequency and 
e i t h e r  t h e  variometer or a l t i t u d e  rate t ransducer  break frequency, X1 and X2 
are t h e  s t a t e  v a r i a b l e s ,  and u is t h e  f o r c i n g  f u n c t i o n  t h a t  r e p r e s e n t s  e i t h e r  
t h e  k i n e t i c  energy or p o t e n t i a l  energy rate. Wri t ing equa t ion  (12) i n  more 
g e n e r a l  form 

t h e  s o l u t i o n  can be ob ta ined  d i r e c t l y  for discrete sampling i n t e r v a l s  AT as 

X ( k  + 1) = eMT X ( k )  + A-1 [.AAT - I]Bu(k) (14) 
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where k is an i n t e g e r  r e p r e s e n t i n g  t h e  i t e r a t i o n  sample. For a l l  c a l c u l a t i o n s  
i n  t h i s  paper, AT is 0.2 s, a and b are 0.4 and 1.5 rad/s,  r e s p e c t i v e l y .  
The a and b v a l u e s  were based on l a b o r a t o r y  measurements. 

The mathematical  model of the  f i l t e r e d  o u t p u t  v a r i a b l e  is d i f f e r e n t  for 
both t h e  k i n e t i c  energy rate and p o t e n t i a l  energy rate. 
Hk (eq. (10) )  must be f i l t e r e d  and d i f f e r e n t i a t e d  and is rep resen ted  as 

The k i n e t i c  energy 

whereas t h e  p o t e n t i a l  energy rate hp (eq. (11) )  is on ly  f i l t e r e d  

i p f  = X l , p  

where t h e  s u b s c r i p t s  l , k ,  2,k, and l , p  r e f e r  to e q u a t i o n s  (12) to (14) which 
?re used  f o r  both k i n e t i c  energy and p o t e n t i a l  energy. 
H is 

The total  energy rate 

H = Hkf + Hpf 

RESULTS 

This  s e c t i o n  c o n t a i n s  t h e  resu l t s  from four  test  f l i g h t s  ( table  I )  and 
inc ludes  t i m e  h i s t o r y  p l o t s  comparing t h e  total  energy rate as  measured by t h e  
energy-rate system with c a l c u l a t e d  values determined from independent v e h i c l e  
measurements. Ca lcu la t ed  va lues  for both t h e  p o t e n t i a l  energy rate and k i n e t i c  
energy rate are also included. On f l i g h t  1 , t h e  energy probe w a s  mounted a t  
t h e  nominal forward sweep angle  
i n t e r e s t .  A l l  t h e s e  f l i g h t s  are shown €or t h e  l i n e a r  model results. On 
f l i g h t s  2 to 4 ,  w a s  -34O, causing nonl inear  o p e r a t i o n  of t h e  probe. 
S e l e c t e d  f l i g h t s  i l l u s t r a t i n g  v a r i o u s  o p e r a t i o n s  are shown f o r  t h e  non l inea r  
model results. 

6, of -20°, which is t h e  case of g r e a t e s t  

6, 

Linear Model R e s u l t s  

F igu res  5 to 10 c o n t a i n  time h i s t o r y  plots for s e v e r a l  types of maneuvers, 
as desc r ibed  i n  t a b l e  I f o r  f l i g h t  1 .  These inc lude  take-off and landing,  
c a l i b r a t i o n s  , changes i n  e i t h e r  k i n e t i c  or p o t e n t i a l  energy, and p o t e n t i a l  and 
k i n e t i c  energy exchanges. I n  each f i g u r e ,  t h e  l e f t  s i d e  c o n t a i n s  t h e  t h r e e  body 
a x i s  components of v e h i c l e  angular rate and t h e  ang le s  of a t t ack  and s i d e s l i p .  
Both ang le s  inc lude  t h e  c o r r e c t i o n s  due to  l o c a t i o n  on t h e  boom.  (See eqs. (6b) 
and (6c) .) 

The top plot on t h e  r i g h t  s i d e  is t h e  t r u e  a i r speed .  This  s i g n a l  has  been 
passed through a low-pass f i l t e r  of approximately 2.5 rad/s,  which is high cow 
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pared to o the r  f i l t e r  break f r equenc ie s  i n  t h e  t o t a l  energy-probe system. The 
next  plot  is f o r  t h e  energy-probe p r e s s u r e  measurement and inc ludes  t h e  con- 
t r i b u t i o n  of  t h e  pneumatic f i l t e r .  This  p re s su re  s i g n a l  is a measure of t o t a l  
energy . 

The bottom t h r e e  plots on t h e  r i g h t  side relate to t h e  rate of  change of  
energy he ight ;  t h e  order  o f  plots  is f o r  t h e  p o t e n t i a l  energy rate, t h e  k i n e t i c  
energy rate, and t h e  t o t a l  energy rate. Two curves are shown for t h e  c a l c u l a t e d  
p o t e n t i a l  energy rate. The solid curve r ep resen t s  t h e  ins tan taneous  change i n  
p o t e n t i a l  energy rate,  whereas t h e  dashed curve shows t h e  e f f e c t  o f  f i l t e r i n g .  
The f i l t e r e d  curve is used i n  t h e  c a l c u l a t i o n  of to ta l  energy rate, s i n c e  t h i s  
s i g n a l  is r e p r e s e n t a t i v e  of t h e  p o t e n t i a l  energy-rate component i n  t h e  energy- 
probe measurement. The curve r ep resen t ing  t h e  c a l c u l a t e d  k i n e t i c  energy rate 
is f o r  t h e  f i l t e r e d  s i g n a l  on ly .  The t o t a l  energy-rate  plots show a comparison 
between t h e  measured d a t a  ( s o l i d  curve) and t h e  c a l c u l a t e d  data (dashed curve) .  
The c a l c u l a t e d  curve r e s u l t s  from t h e  summation of t h e  f i l t e r e d  p o t e n t i a l  and 
k i n e t i c  energy rates shown i n  t h e  prev ious  plots. I n  many of t h e  f i g u r e s ,  t h e  
second page r e p r e s e n t s  a con t inua t ion  of t h e  run being i l l u s t t a t e d .  Zero t i m e  
on t h e  con t inua t ion  plots r e p r e s e n t s  70 s i n t o  t h e  test run. 

F igure  5 is f o r  a take-off with l i f t - o f f  a t  approximately 1 2  s, as i l l u s -  
trated by t h e  Hpf curve.  During take-off ,  t h e r e  is an inc rease  i n  both  
p o t e n t i a l  and k i n e t i c  energy, caus ing  a l a r g e  decrease i n  pressure. A t  t h e  
beginning o f  any new run, t h e  c a l c u l a t e d  t o t a l  energy rate is always i n i t i a l i z e d  
to  zero ,  and usua l ly  t a k e s  approximately 8 s, or 3 f i l t e r  t i m e  cons t an t s ,  to g e t  
close to t h e  measured value.  

The next  fou r  f i g u r e s  ( 6 ( a )  to 6 ( d ) ) ,  are f o r  c a l i b r a t i o n  maneuvers. Fig- 
u r e  6 ( a )  r e p r e s e n t s  a p i t c h  ope ra t ion ,  as i l lustrated i n  both t h e  q p d  Clo 
plots. The e f f e c t  o f  system f i l t e r i n g  is c l e a r l y  i l l u s t r a t ed  i n  t h e  
plot .  F igu res  6 (b )  and 6 ( d )  are e s s e n t i a l l y  rol l  maneuvers, wherFas f i g u r e  6 ( c )  
is a yaw/roll  maneuver. F igure  6 ( c )  is i n t e r e s t i n g  because t h e  Hpf curve 
has a frequency t h a t  is t w i c e  t h a t  of t h e  veh ic l e  yaw/roll  frequency. The 
probable  reason  f o r  t h e  double  f requency is t h a t  t h e  v e h i c l e  loses l i f t  as it 
rolls to e i t h e r  s i d e  and then  r e g a i n s  l i f t  as it r e t u r n s  to  t h e  nominal o p e r a t i n g  
poin t .  T h i s  high frequency i s  e s s e n t i a l l y  f i l t e r e d  o u t ,  r e s u l t i n g  i n  very l i t t l e  
energy change. The pressure measurement is e s s e n t i a l l y  c o n s t a n t  f o r  a l l  cali- 
b r a t i o n  maneuvers. 

Hpf 

F igu re  8 r e p r e s e n t s  a k i n e t i c  energy change. This  is i l l u s t r a t e d  by f i r s t  
a decrease and tben an inc rease  i n  both VPT acd Hkf cu rves  ( f i g .  7 ( a ) ) .  
For t h i s  case, H is e s s e n t i a l l y  t h e  same as Hkf.  The change i n  total  
energy is also i l l u s t r a t e d  i n  t h e  plot  of  p re s su re  Pf.  The p res su re  peaks a t  
close to 40 s, which is approximately t h e  time t h a t  t h e  t o t a l  energy rate passes 
through zero.  The de lay  i n  t h e  change i n  to ta l  energy from dec reas ing  to 
inc reas ing  is due tq t h e  f i l t e r i n g  i n  t h e  var iometer .  F igure  7 ( b )  shows VpT 
l e v e l i n g  o f f ,  and H converging to zero.  

F igure  8 r e p r e s e n t s  an exchange between p o t e n t i a l  and k i n e t i c  energy. A s  
shown i n  f i g u r e  8 ( a ) ,  t h e r e  is a small i nc rease  i n  k i n e t i c  energy for approxi- 
mately 45 s, accompanied by a much larger decrease i n  p o t e n t i a l  energy, result- 
ing  i n  a total  energy decrease. I n  f i g u r e  8 ( b ) ,  t h e  p o t e n t i a l  energy s ta r t s  
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to i nc rease  a t  approximately 25 s (95 s i n t o  t h e  run ) .  A t  t h e  same t i m e ,  t h e r e  
is a decrease i n  k i n e t i c  energy, which e f f e c t i v e l y  n u l l i f i e s  t h e  p o t e n t i a l  
energy change a t  t h e  end of  t h e  run. 

F igu re  9 is f o r  a change i n  p o t e n t i a l  energy. I n  f i g u r e  9 ( a ) ,  Hpf 
shows a decrease i n  p o t e n t i a l  energy, whereas an inc rease  i n  p o t e n t i a l  energy 
is shown i n  f i g u r e  9 ( b ) .  

A landing  maneuver is i l l u s t r a t e d  i n  f i g u r e  10.  M o s t  of  t h e  to ta l  energy 
change is due  to a decrease i n  p o t e n t i a l  energy. Touchdown a c t u a l l y  occurs  a t  
approximately 15 s i n  f i g u r e  1 0 ( b ) .  From t h i s  t i m e  u n t i l  t he  end of t h e  run, 
k i n e t i c  energy changes account  for t h e  e n t i r e  decrease i n  total  energy. 
t h e  landing run, a l a r g e  inc rease  is shown i n  t h e  measured p res su re  plot ,  Pf. 

During 

Nonlinear Model R e s u l t s  

The i n t e n t  of  t h i s  s e c t i o n  is to i l l u s t r a t e  t h e  modeling r e s u l t s  f o r  t h e  
nonl inear  range (C, v a r i e s  non l inea r ly  with angle  o f  at tack) f l i g h t  tests. 
A complete d e s c r i p t i o n  o f  t h e  nonl inear  m o d e l  is conta ined  i n  t h e  appendix. 
Selected runs  f o r  f l i g h t s  2, 3 ,  and 4 are inc luded  to v e r i f y  t h e  modeling 
approach. 

On a l l  t h r e e  f l i g h t s ,  t h e  energy probe was o r i e n t e d  on t h e  v e h i c l e  a t  a 
sweep ang le  of  -34O, r e s u l t i n g  i n  nonl inear  o p e r a t i o n  of t h e  probe. The on ly  
d i f f e r e n c e  between f l i g h t  2 and f l i g h t s  3 and 4 is t h a t  t h e  la t ter  t w o  had a 
var iometer  and t h e  former an a l t i t u d e  rate device.  The energy-rate  calcu- 
l a t i o n s  inc lude  t h e  d i f f e r e n t  f i l t e r  c h a r a c t e r i s t i c s  between t h e  var iometer  and 
t h e  a l t i t u d e  rate device.  

R e s u l t s  shown f o r  f l i g h t  2 i nc lude  a take-off, t h r e e  d i f f e r e n t  c a l i b r a t i o n  
maneuvers, and a p o t e n t i a l / k i n e t i c  energy change. I n  f i g u r e  11,  t h e  i n i t i a l  
p l o t t i n g  time f o r  t h e  take-off run  shows t h e  t r u e  airspeed Vm to be approxi- 
Ca te ly  15 m/s. 
Hpf trace. C o r r e l a t i o n  of t h e  measured and calculated to t a l  energy-rate  
curves  shows close agreement; however, t h e  c a l c u l a t e d  energy rate has  less 
dynamic response and s l i g h t l y  less dc ga in  than t h e  measured energy rate. 
t h e  nonl inear  model, a t rade-off  was made between t h e  f i l t e r  break frequency 
and dc ga in  to g e t  t h e  best dynamic response for both low- and high-frequency 
maneuvers. I n  gene ra l ,  t h e  r e s u l t s  i n  f i g u r e  11 c l o s e l y  resemble those  fo r  t h e  
take-off run shown i n  f i g u r e  5. 

Lif t -of f  t a k e s  place approximately 10 s la ter ,  as shown by t h e  

For 

Figure  12 i nc ludes  r e s u l t s  f o r  t h r e e  d i f f e r e n t  c a l i b r a t i o n  maneuvers. A 
p i t c h  maneuver, i l l u s t r a t e d  by t h e  q and a0 curves,  is shown i n  f i g u r e  1 2 ( a ) .  
C o r r e l a t i o n  between t h e  measured and c a l c u l a t e d  t o t a l  energy-rate  curves  shows 
s l i g h t  v a r i a t i o n s .  
are (1 )  t h e  a l t i t u d e  rate sensor  ou tpu t  wi th  peak amplitudes very  close to  t h e  
sensor s a t u r a t i o n  l i m i t s  and (2 )  l abo ra to ry  tests i n d i c a t e d  t h a t  t h e  pneumatic 
f i l t e r  has a nonl inear  t r a n s f e r  func t ion  wi th  a dec reas ing  bandpass f o r  increas-  
ing  inpu t  ampli tude s i g n a l s .  

Two sources  of  possible error a f f e c t i n g  t h e  c a l c u l a t i o n s  
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R e s u l t s  f o r  t h e  ro l l  maneuvers i n  f i g u r e  12(b)  show extrem9ly good corre- 
l a t i o n  f o r  to ta l  energy rate. The double frequency e f f e c t  on Hpf that was 
descr ibed  earlier,  is i l l u s t r a t e d  i n  t h i s  f i g u r e  and more c l e a r l y  i n  t h e  yaw/roll  
maneuver shown i n  f i g u r e  1 2 ( c ) .  

F igure  12(d)  is t h e  same run  as f i g u r e  1 2 ( c )  b u t  has  been included to 
i l l u s t r a t e  features used i n  t h e  nonl inear  model c a l c u l a t i o n s .  The f i v e  plots 
show t h e  t h r e e  v e l o c i t y  components i n  t h e  probe coord ina te  frame (eqs. ( A l l )  
and (A14)) and t h e  angles  o f  attack and s i d e s l i p  of t h e  probe (eqs. (A16) and 
(A17)).  
t he re fo re ,  t h e  c a l c u l a t e d  p r e s s u r e  c o e f f i c i e n t  Cp v a r i e s  f r a n  -1.0 to -0.856 
(eq. (A18)). Although n o t  shown, t h e  k i n e t i c  energy (and t h u s  t h e  t o t a l  energy) 
has been ad jus t ed  to r e f l e c t  t h i s  non l inea r i ty .  

The probe ang le  o f  a t tack v a r i e s  s i n u s o i d a l l y  from -16O to -42O; 

The f i n a l  s e l e c t i o n  from f l i g h t  2 is a p o t e n t i a l / k i n e t i c  energy exchange 
and is shown i n  f i g u r e  13. F igu re  1 3 ( a )  r e p r e s e n t s  an i n c r e a s e  i n  a l t i t u d e  
causing a p o t e n t i a l  energy inc rease  and a decrease  i n  a i r speed  causing a k i n e t i c  
energy decrease.  The rate o f  i n c r e a s e  o f  p o t e n t i a l  energy is g r e a t e r  than t h e  
rate of decrease i n  k i n e t i c  energy,  r e s u l t i n g  i n  a n e t  i nc rease  i n  total  energy. 
A t  approximately 65 s, t h e  total  energy s ta r t s  to decrease  because t h e  po ten t ia l  
energy is decreas ing  a t  a f a s t e r  rate than t h e  k i n e t i c  energy is inc reas ing ,  
F igure  13 (b )  is a con t inua t ion  of  t h i s  run and i l l u s t r a t e s  similar types of  
a c t i v i t y .  The c a l c u l a t e d  to ta l  energy ra te  c l o s e l y  resembles t h e  measured d a t a  
during t h e  e n t i r e  run. 

One run has  been s e l e c t e d  f r o m  each of f l i g h t s  3 and 4 to  i l l u s t r a t e  t h e  
modeling results.  F igu re  14 f o r  f l i g h t  3 is a 70-s c a l i b r a t i o n  run composed 
of  a l a r g e  p i t c h  rate of  approximately 15 deg/s dur ing  t h e  f i r s t  20 s, a l a r g e  
ro l l  rate of  approximately 30 deg/s during t h e  20 to 40 s t i m e  period, and a 
combination ro l l  and yaw rate of approximately 20 deg/s and 30 deg/s, respec- 
t i v e l y ,  during the  f i n a l  20 s time period. The frequency of t h e s e  maneuvers 
are much higher  than those  desc r ibed  previous ly ;  t h e  frequency of  t h e  p i t c h  and 
ro l l  maneuvers are on t h e  order  of 1 to 1.5 rad/s ,  whereas t h e  frequency of t h e  
roll /yaw maneuver is approximately 2 rad/s.  The ang le  of  a t tack  has  peaks o f  
approximately 10° dur ing  t h e  p i t c h  ra te  maneuver, and t h e  angle  of s i d e s l i p  has 
peak va lues  of approximately 20° dur ing  t h e  roll /yaw maneuver. The probe ang le  
o f  a t tack ap 
Cp to vary non l inea r ly .  

shown i n  t h e  second column, v a r i e s  over a wide range causing 

The c a l c u l a t e d  and measured total  energy rates show e x c e l l e n t  agreement 
dur ing  t h e  f i r s t  50 s of f l i g h t .  The reason  f o r  t h e  ampli tude discrepancy 
during t h e  f i n a l  maneuver has n o t  been i d e n t i f i e d  b u t  is probably t h e  resul t  of  
a d d i t i o n a l  unmodeled n o n l i n e a r i t i e s .  

The run selected from f l i g h t  4 is a 3O cl imb a t  e s s e n t i a l l y  a cons t an t  
v e l o c i t y  ( f i g .  15) .  The p o t e n t i a l  energy rate v a r i e s  about  a l e v e l  of approxi- 
mately 3 m/s. Exce l l en t  agreement between t h e  measured and c a l c u l a t e d  total  
energy rate can be  seen.  
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CONCLUSIONS 

F l i g h t  tests and a n a l y t i c a l  s t u d i e s  have been performed to  develop a 
detailed understanding of t h e  energy-probe o p e r a t i o n ,  to e v a l u a t e  probe per- 
formance, and to develop mathematical models for use i n  a p p l i c a t i o n s  s t u d i e s .  
The Twin O t t e r  c o n f i g u r a t i o n  provided an environment r e l a t i v e l y  f r e e  of body- 
induced flow-field e f f e c t s  and t h e  aircraft  contained a c c u r a t e ,  accessible 
instrumentat ion.  These f e a t u r e s  made t h e  a i r c r a f t  an ideal  test  bed for t h e  
i n v e s t i g a t i o n .  
drawn : 

Based on f l i g h t  test data, t h e  fol lowing conclusions may be 

1. The mathematical model developed for t h e  energy-probe system p rov ides  
e x c e l l e n t  agreement with f l i g h t  test  data f o r  probe o p e r a t i o n  i n  t h e  l i n e a r  
region. Time h i s t o r y  p l o t s  of t h e  c a l c u l a t e d  and measured energy rate show t h e  
t w o  curves  to be almost i d e n t i c a l  f o r  many d i f f e ren t  types of a i r c r a f t  maneuvers. 

2. Good agreement between f l i g h t  test data and model p r e d i c t i o n s  w a s  
achieved f o r  o p e r a t i o n  i n  t h e  non l inea r  region. More complex p rocess ing  is 
requ i r ed  and i n  view of the  results ob ta ined  i n  t h e  l i n e a r  region,  o p e r a t i o n  
i n  t h e  nonl inear  r eg ion  is n o t  recommended. 

3.  The pneumatic f i l t e r  provides  a simple and e f f e c t i v e  means f o r  supple- 
menting t h e  i n h e r e n t  f i l t e r i n g  o f  the instrumentat ion.  

4. The probe performance i n  the  l i n e a r  r eg ion  has demonstrated its u t i l i t y  
to detect changes i n  t o t a l  energy. The p o t e n t i a l  o f  t h e  sensor  f o r  a p p l i c a t i o n  
to wind-shear p e n e t r a t i o n  should be i n v e s t i g a t e d .  

Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
A p r i l  8 ,  1981 
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APPENDIX 

EQUATIONS FOR NONLINEAR RANGE MODEL 

This  appendix presents the  d e t a i l e d  equa t ions  f o r  modeling t h e  energy 
probe when the probe has an o r i e n t a t i o n  on t h e  v e h i c l e  t h a t  r e su l t s  i n  a non- 
l i n e a r  o p e r a t i n g  range. 

True a i r speed ,  wind a x i s :  

Method 1 : 

Method 2: 

T t  

1 + 0.2rlM2 
T, = 

The wind coord ina te  frame has t h e  o r i g i n  f i x e d  to  t h e  v e h i c l e  and t h e  longi-  
t u d i n a l  a x i s  d i r e c t e d  a long  t h e  v e l o c i t y  vec to r  of t he  v e h i c l e  r e l a t i v e  to  
t h e  atmosphere ( r e f .  1 3 ) .  

1 5  



APPENDIX 

True vehicle airspeed, body coordinate frame: 

VO = Vm - (qhm - rdw) 

Bo = 6, - (rZg - phg)/Vo 

vo s i n  "0 cos Bo 

Airspeed vector a t  energy probe, body coordinate frame: 

Airspeed vector a t  energy probe, probe coordinate frame: 

P {VpP = Cb { V p P  

where 

cos X, cos 6, 

s i n  6, 

COS Xp s i n  6, s i n  pp + s i n  A, cos pp 

- s i n  Xp s i n  6p s i n  pp + cos Xp cos pp 

-cos Xp s i n  6, cos pp + s i n  Xp s i n  pp 

s i n  Xp s i n  6p cos pp + cos Xp s i n  pp 

-cos 6, s i n  pp cos 6, cos pp 

P 
cb 
of the angle of rotation about the boom 
6p, and t w i s t  angle of the probe 

is the matr-x transformation fran body frame t o  probe frame and is  a function 
Pp, forward sweep angle of the probe 

xp. 
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APPENDIX 

The nominal ang le s  f o r  t h e  t h r e e  f l i g h t s  corresponding to t h e  nonl inear  
ope ra t ing  ranges are 

Pp = 48O 6, = -340 yp = 00 

D e f i n i t i o n  of t h e  energy-probe axes  are as fol lows:  

X-axis: d i r e c t e d  through probe ho le  with p o s i t i v e  
d i r e c t i o n  on o p p o s i t e  s i d e  of ho le  

Z-axis : downward along probe l e n g t h  

Y-axis: p o s i t i v e  d i r e c t i o n  chosen to  complete 
right-hand coord ina te  frame 

K i n e t i c  energy as measured by energy probe: 

where 

Y 

The k i n e t i c  energy is a d j u s t e d  by determining a c o e f f i c i e n t  of p r e s s u r e  Cp 
which is a func t ion  of t h e  energy-probe ang le s  o f  at tack ap and s i d e s l i p  BP. 
Both ap and Bp are c a l c u l a t e d  from components of {vplp. 

Energy-probe ang le s  o f  attack and s i d e s l i p :  

a p  = tan-l VZ,P/VX,P 
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C o e f f i c i e n t  of pressure :  

For Clp > -0.436 rad,  

c p  = -1 

For Crp 6 -0.436 rad, 

Cp = -1 -08176 - 0.0075905Crp + 0.410728 ( ~ r p ) 2  

(A1 8a) 

(A1 8b) 

where t h e  c o e f f i c i e n t s  were obta ined  us ing  a curve  f i t  of data i n  reference 5. 

For f l i g h t s  3 and 4 ( a l t i t u d e - r a t e  t r ansduce r ) ,  

A = -B = -a = -0.5 rad/s  

P o t e n t i a l  energy rate: 

Hp = U 

18 
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Hpf = x 

Kinet ic  energy rate:  

Hk = U 

F l i g h t  2 ,  variometer : 

-0.5 

A = rI -11 = [ -0:4] 

B =  O 1; 
a b  

Potent ia l  energy rate:  

Hp = u 

i p f  = Xl,p 

Kinet ic  energy rate : 

0 

0 .2  

(A23b) 

(A24a) 

(A24b) 

(A25a) 

(A25b) 

(A26 a)  

(A26b) 

(A26c) 

(A27a) 

(A27b) 
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Hkf = X 2 , k  - bXl, k 

Total energy rate: 

H = Hkf + Hpf 

APPENDIX 
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TABLE I.- SUMMARY OF TEST RUNS FOR ENERGY PROBE ON TWIN OTTER FLIGHTS 

.- ~ 

Run 
(a )  

1 *  
2 *  
3* 
4* 
5* 
6* 
7* 

1 "  
2 
3* 
4 
5* 
6 
7 

_ - -  

~ 

1 
2 
3 
4 
5" 
6 

1 
2 
3 
4 

5 to  11 
1 2  and 

1 4 *  
1 5  t o  21 

__ 
~ 

_ -  - -  

F l i g h t  

- -  

1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 

3 
3 
3 
3 
3 
3 

4 
4 
4 
4 
4 
4 
4 
4 

t h i s  report. 

Type of run  

Take-off 
C a l  i br a t  i on maneuver 
K i n e t i c  energy  change 
P o t e n t i a l / k i n e t i c  energy  exchange 
P o t e n t i a l  energy change 
C a l i b r a t i o n  maneuver 
Landing 

-. . I 

Take-of f 
Constant  a l t i t u d e  (James River  Br idge  run)  
C a l i b r a t i o n  maneuver 
K i n e t i c  energy  change 
P o t e n t i a l / k i n e t i c  energy  exchange 
Cons tan t  a l t i t u d e  h = 914 m 
Constant  a l t i t u d e  h = 457 m 

Take-off 
Over f l igh t  Thimble Shoa l s  Lighthouse 
K i n e t i c  energy change 
P o t e n t i a l / k i n e t i c  energy  exchange 
C a l i b r a t i o n  maneuvers 
Landing 

Take-off 

Level f l i g h t  h = 1066 m Energy-probe r u r  
Level f l i g h t  h = 457 m 

Level f l i g h t  h = 1676  m 
Cons tan t  a l t i t u d e  = Radar c a l i b r a t i o n  d a t a  
Track 3O g l i d e  slope 
3O c l imb 
Constant  a l t i t u d e  data 

- - - _ _ _  

1 
- . ~ _ _ _  __-  - 
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L-79-3892.1 
Figure  2.- Side view of energy-probe i n s t a l l a t i o n .  



L-79-3889.1 
(a) Aft view. 

Figure 3.- Instrumentat ion compartment. 



(b) Forward view. 

Figure 3.- Concluded. 

L-79-3890.1 



F i  1 ter  vo l  ume 

F i  1 ter  
res t r i  ctor 

Fi  1 ter  
pressure 

r - A  
I 

Dynamic pressure 

Figure 4.- Schematic diagram f o r  f l i g h t s  1 and 2 of  total  energy-rate system. 



25.0 

12. 5 
Z O  

E 

> .  

VI --. 
v 

-12.5 + 
0. 

- VI 

I 
10 20 30 40 50 60 70 

-25.0 - OV 
105.6 

104.3 - 10- m 

.u 
0 

mi 

6- -. / -  

Ln . 10 
$ 0  

-10 

v) , . 
10 20 30 40 50 60 70 

J Em o -J--~+---YX-b---T- l  --. 

70 - -a 

L .I 
CI 

-6 - 

/A A l f i  
c - 4  -9-6 

- -  1 
40 50 60 70 ! O  20 30 40 50 60 70 .I 

-20 - 
15.0 r 

-12 - 
12 r- 

L 

- 0  - 0  
Bo 7L L 10 20 30 40 50 60 70 .I 

-7.5 t- I- 
-12 - 
12 r 

I 
SOL10 - ILRSUREO 
ORSH - CRLCULRTED 

-6 5 
70 0 10 20 w) Time, s 40 50 60 70 

-12 -lo -20 4 10 20 u) 40 50 60 

Time, s 

Figure 5 . -  Takeof f ;  f l i g h t  1 ;  run 1 .  



n 

-12.5 - 15 

1 

m 94.3- 

0. 

-10 

.- a 4 93.0; 
Q 10 20 30 40 50 60 70 c a 

A I ~ I I i  
[ V  S 4 0- 50 60 70 10 -0 

- 91.1 1 
90.4 L 

12 - 

- 
-7.5 - -6 

60 70 

- 

-12 L 
12 - 

2 6 -  VI 

-10 -6 

- -- 
- 



W 
0 

p 
U 

i 
01 -25.0 ' 

a 
-10 , 90.7 

vI 6- . 10- 
". 0 - J . A  O--A k l  ri - I 

-a - 
2o r 

v 20- 30 40 50 60 70 .I ado 

89.4 - 
l2 r 

10 20 30 40 50 60 70 

80L10 - UllFlLlERED 
DRlH - FlLTERED 

-20 

VI 6- 
€ 0  
h 

-... 10 - 

1 20  30 40 50 60 ' O  - 40 50 60 70 
o--$ IA A-- I 

-6 C .I 
-10 L 

-12 : 

-20 - 
15.0 r 

-12 !- 
12 r 
6- 

I 
E 7.5'- 

L o--A 
0 10 20 30 40 50 60 70 Y 10 Y o  -30 40 50 60 70 'I U 

-7.5 - -6 t 
-15.0 - 

T 
-12 - 
l2 r SWlO - M I W I E D  

ORSH - CRLCULRTEO 

-10 L -6 I- 

(b) R o l l  maneuver. 

Figure 6 .- Continued. 



. 

U g: 
oo -7.5 

-15.0 

I 
0 10 20 30 40 50 60 70 

01 

94.6 - 
93.3- 

92.0d 
m a I I 

I 
10 20 30 40 50 60 70 L a 

J VI 

O(----.-tS----cI---l 10 20 30 40 50 60 70 2 L . 0 1  -- J"fiJ-2- 20 30 40 I 50 60 70 

-12 'IX +L- - 

- 

89.4 
12 - 

-12 L 
12 - 

( c )  Yaw/roll maneuver. 

F igure  6.- Continued. 



w 
h) 

VI 10 

0- . 
2- 
U 

6o r 25.0 

- 94.3 - 
a 
Y 

oc---------. i o  20 30 40 I so 60 70 JU 40 50 60 70 
- 93.0d 
L 

l a 

. 
E 

VI 12.5 - -... cn 

i o  40 50 60 

' 1 5 b  
n 

-12.5 

8: 7.5 
.o 

uo (I 

-7.5 

- 2 6 -  

I 
E 

0- I . 0 -  _ I  A--l/ I 
10 20 30 40 50 60 70 .* z ( 1 0- 20 0 40 50 60 70 

- -6 - 
10 

B 0 
cn 

-20 - 
2o r 

80110 - I E R 8 U M O  
O R l H  - CRLCULRTEO 

m 6 -  -... 
- 

- f l l / q l / - - y -  I 

90.4 - 
l2 r 8OLlO - UWILTEREO 

OR8H - FlLlEREO 

-20 - 
15.0 r 

-12 - 
12 r 

(d) Roll maneuver. 

Figure 6.- Concluded. 



5 m a 

9 0 
L 

-10 

-20 

c 30- 
a 

15 > 

10- 

io  
A/-" 
- 

- 

0 i o  20 30 40 50 60 70 
01 

93.6 - 

m 7.5- 

.u a O0 - 0  

-7.5 

-15.0 

92.3 - 
10 a 
x. 91.0d 

I 
- 

10 20 30 40 50 60 70 L 
R 

v) 

E 

1 1  30 40 50 60 0 -  .I -- Y -6 f; 
- 

- -12 

88.4 
12 - 

.w 6 - 

g: 

SOLID - UllFlLTLlED 
onan - FILTERED 

. lo- 

-12 L 
12 - 

-10 

-20 

- -6 

-12 I 
Time, s (a)  Time, s 

Figure  7.- K i n e t i c  energy change; f l i g h t  1; run 3. 
W 
W 



w 
l b  

< 12.5 
m 
-% 0 -  

(I CT 

-12.5 

-25.0 

- 

- .  - w.-- 
10 20 30 40 50 60 70 

- 

- 

7.5 - 

-4 0 50 60 70 
! o  
eo 

20- 

w? 10 
8 
. 
07 

L 

-10 

-20 

-15.0 -7.5 t 
U 

- 0  

-10 

- 

o A A , - . l  
10 20 30 40 50 60 70 

- 

- 

60 
v) 

12 

Z? 
E 

L 
CI 
.I 

-6 

-12 
12 

< 
E 
.L 
Y 
.I 

-6 

-12 

15 t- 

80110 - UNFILTLRLO 
- 

ontn - r i m m  

6 -  

O--&lI - 
10 20 30 w* 40 50 60  70 

- 

- 
- 

6 -  

0-L-I 
10 20 30 40 50 60 70 

- 

- 

01 

94.6 r 0 10 20 30 40 50 60 70 

v) 

E 

.I ( 

m 93.3 1 

O-- .b -+ -&&- - . -~  c -  
10 20 30 40 50 60 7 0  

a 
Y- 92.0 

9n 30 40 50 60 70 - a 

h C  

-6 /-- 

0 10 20 30 40 50 60 70 

(b) Time. s 

Figure 7.- Concluded. 

Time, s 



-12.5 

-25.0- 

I 
A - -  h A. 1 - - A  

4a- - 10 20 30 50 60 " 70 
0- I 
- 

60 - 
VI 45 F 
E 
c 30- 

A 

h > 
15 t 

0, 

01 
10 20 30 40 50 60 70 95.6'- 

-10- 

-20 

94.3 - -c 

m I I 
/ 

20 30 40 50 60 70 
," 93.0 ..- a 

- 

91.7 t 
90.4 L 
12 - 

6 -  

(OLIO - UPlFlLlEREO 
D A S l  - FILIULO 

VI ..... 
E 

30 
(I 

-12 
12 - 

7.5- 

C 

--7.5 

-15. 

10 20 30 40 50 60 70 
o - - - - - t - + U A d - J  
- 

C- - 1 2 L  
12 - 

6 I- 

E , 

SOLI0 - l lERlURE0 
O R l l  - CRLCULl lEO 

s 
.I 

-6 

10 20 30 40 50 60 70 

- 

Figure  8.- P o t e n t i a l / k i n e t i c  energy exchange; f l i g h t  1; run 4. 

&io 
-10- 

-20 

VI 

.I 

-6 
-12 



B 0- 
VI 

-10- 

m 

0 L - V  10 20 30 4 0 0 70 

10- 

c a 
93.7 

E K I O  - UNFILTERED 
onan - FILTLREP 

-20 L 

15-Or 
7.5- 

sf 
0 ( 

U 

-7.5 

- 1 2 L  

1 2 r  
VI 6- 
E. 0- 
. 

L 
60 i o  20 30 70 - 70 Y i o  20 30 40 50 

0, 

.I 
-6 - - 

sf 
(I 

'E) 

eo 
. 0, 

-10- 

-20 

-15. O L  - 1 2 L  

10- 6- 
VI 

r--- - 2 0  
O .I' 

- _ I  I 4 - - I  
10 20 30 40 60 

-6 - 
-12 

SOLID - llERaURED 2or m a n  - CnLcuLnrEo 

Figure 8 .- Concluded. 



25.0 - 60 - 

n I I 

30 46 ---56c 66 
-__c 'E 0. 

70 
'I -6 

1 
10 20 30 50 6- 70 

.-L--L__I_- 
- 

-101 

J 
VI 

-E 
70 .=- g 0; 

apt 

-10 - -6 
-20 -12 

Y 

90. 'k 

I 
--2Q 30 4 70 

0 -  

- 

-20 L 
15.0 - 

-12 L 
12 r 

-15.0 L 
20 - 

10 - 

-12L 
1 2 r  

6 r  

Figure 9.- Potential  energy change; f l i g h t  1; run 5. 
w 
4 



w 
03 

m a 

+ 
y 95.0- 
a 

93.7 

I 
10 20 30 40 50 60 70 

-25.0 L 01 
YI. 

2o r 
I I 

10 20 30 A n  50 60 70 

- 2_ 

10 - 

- - -I 
20 30 40 50 ea - 70 

0 - A I  A I 

-lo-- 
i 

-20 - 
-10 f 4 - + + + - - = = L  0 

-20 - 

.-.. VI 
E 

.I 
L O  

-6 

-12- 

n 

96.3k- 

8XlO - UNflLlERLD 1 2 7  ORtH - FlLlEREO 
6- 

-7- - 
10 20 30 40 50 60 70 

- 

10 

8 
ai? 

6- 

L- I 
v) 

- 

0-1 
10 20 30 40 50 60 - 

- 

-15.0- -12 - 

-20, -12, 

Time, s (b) Time. s 

Figure 9.- Concluded. 
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16 Abstract 

Wind shea r s  can create havoc during a i r c r a f t  t e rmina l  a r ea  ope ra t ions  and have 

sensor , p o t e n t i a l l y  having app l i ca t ion  to t h e  wind-shear problem, has been devel- 
oped to r ap id ly  measure a i r c r a f t  t o t a l  energy r e l a t i v e  to  t h e  a i r  mass. Combin- 
ing t h i s  sensor with e i t h e r  a variometer or a rate-of-climb ind ica to r  provides  a 
t o t a l  energy-rate system which has  been success fu l ly  app l i ed  i n  soar ing  f l i g h t .  
The measured rate of  change of a i r c r a f t  energy can p o t e n t i a l l y  be used on d isp lay /  
c o n t r o l  systems of powered a i r c r a f t  to reduce gl ide-s lope dev ia t ions  caused by wind 
shear .  This  paper desc r ibes  t h e  experimental  f l i g h t  conf igura t ion  and eva lua t ions  
of t he  energy-rate system. Two mathematical  models are developed: t h e  f i r s t  
descr ibes  operation of the  energy probe i n  a l i n e a r  design region and t h e  second 
model is f o r  t h e  nonl inear  region. The ca l cu la t ed  t o t a l  energy r a t e  is compared 
with measured s i g n a l s  f o r  many d i f f e r e n t  f l i g h t  tests. Time h i s t o r y  p l o t s  show 
the  t w o  curves  to be almost t h e  same fo r  t h e  l i n e a r  ope ra t ing  region and very 
close for the  nonl inear  region. 
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