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SUMMARY 


A rotor-mounted flight instrumentation system developed by the NASA 
Langley Research Center for helicopter rotor blade research is described. The 
system utilizes high-speed digital techniques to acquire research data from 
miniature pressure transducers on advanced rotor airfoils which are flight
tested on an AH-1G helicopter. The system employs microelectronic pulse code 
modulation (PCM) multiplexer-digitizer stations located remotely on the blade 
and in a hub-mounted metal canister. As many as 25 sensors can be remotely
digitized by a 2.5-mm-thick electronics package mounted on the blade near the 

tip to reduce blade wiring. The electronics contained in the canister digi

tizes up to 16 sensors, formats these data with serial PCM data from the 
remote stations, and transmits the data from the canister which is above the 
plane of the rotor. Data are transmitted over an rf link to the ground for 
real-time monitoring and to the helicopter fuselage for tape recording. The 

complete system is powered by batteries located in the canister and requires 

no slip rings on the rotor shaft. 


The instrumentation described provides flight measurements of blade param

eters such as pressures, bending moments, temperatures, rotor angles, and rotor 

control forces. These experimental measurements are of value to an improved

understanding of rotor performance and for advancement of helicopter blade 

design techniques. 


INTRODUCTION 


Research investigations of helicopter aerodynamics and dynamics in pursuit

of advanced V/STOL technology require measurement'of numerous parameters in 

the rotor blade system such as pressures, structural loads, and angular posi

tions. These experimental measurements are of great value to an improved under

standing of rotor performance and for advancement of helicopter blade design

techniques. They also provide the flight data necessary for correlation with 

wind-tunnel data and theory. Furthermore, rotor blade research imposes very

stringent and challenging requirements on flight instrumentation. This is due 

not only to the rugged environment found on the rotor blades but also to the 

extreme importance of minimizing any blade structural modifications or reduc

tion in blade aerodynamic performance caused by instrumentation. 


A significant development in rotor blade instrumentation has been made 
which provides a versatile flight data collection capability for application 
to helicopter research programs. The development activity centered about a 

new data system approach which satisfies rotor blade research measurement 

requirements. The system utilizes digital techniques and is characterized by

the following major features: 


( 1 )  A 	 capability to transmit data from the rotor without using an 
expensive slip-ring installation 



(2) Development of  a t h i n  microelectronic  package for d ig i t a l  conversion 
of  data a t  a s i te  near  the sensors  on h e l i c o p t e r  blades 

( 3 )  Application of miniature ,  low-profile, solid-state pressure  t rans
ducers for  making l o c a l  pressure  measurements on the  blade su r face  

(4) Development of  attachment techniques f o r  i n s t a l l i n g  instrumentat ion 
on he l i cop te r  blades 

This  paper describes the instrumentat ion design concepts ,  the system 
q u a l i f i c a t i o n ,  t he  f l i g h t  research app l i ca t ion  of the instrumentat ion f o r  
advanced a i r f o i l  research, and the  system performance. 

SYMBOLS 


D PCM d ig i t a l  output value (range 0 t o  255 counts)  

Fdb drag-brace fo rce ,  N 

FPl p i tch- l ink  fo rce ,  N 

g acce le ra t ion  due t o  g r a v i t y ,  9.8 m/sec2 

Mb blade beamwise bending moment, N-m 

MC blade chordwise bending moment, N-m 

M t  blade t o r s i o n a l  moment, N-m 

m a  s lope  of reference l i n e  between end po in t s  of  PCM temperature C a l i 
b ra t ion  a t  22O C, mV/digi ta l  increment 

mP s lope  of  bes t  s t r a i g h t - l i n e  response of  pressure  sensor ,  mV/Pa 

P pressure ,  Pa 

P l s  lower-surface blade pressure ,  Pa 

pus upper-surface blade pressure,  Pa 

Q mast torque,  N-m 

Tb blade temperature, OC 

Tce c a n i s t e r  e l e c t r o n i c s  temperature,  OC 

Tre remote e l e c t r o n i c s  temperature, OC 

Va vol tage value corresponding t o  p a r t i c u l a r  PCM d i g i t a l  output 
value,  mV 
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va,o 

VP 

vP,o 

VT 

B 

93/4 

J, 

voltage value a t  PCM zero output and 22O C,  mV 

sensor output vol tage corresponding t o  p a r t i c u l a r  pressure,  mV 

vol tage value a t  zero pressure,  mV 

vol tage input  value obtained from PCM temperature c a l i b r a t i o n  
corresponding t o  p a r t i c u l a r  digi ta l  output value,  mV 

t e e t e r  angle ,  deg 

blade p i tch  angle  a t  3/4 

r o t o r  azimuth angle ,  deg 

o f  r ad ius ,  deg 

Subscr ip ts  : 


max maximum 


min minimum 


Abbreviations: 


A-to-D analog-to-digi ta l  


Si$-L biphase l e v e l  


dc direct  cur ren t  


FS f u l l  s c a l e  


GSE ground support  equipment 


NRZ-L nonreturn t o  zero  l e v e l  


PCM pulse  code modulation 


PROM programmable read only memory 

rf r ad io  frequency 

SAR successive approximation register 

SYSTEM D E S I G N  CONCEPTS 

A self-contained d ig i t a l  instrumentat ion system incorpora t ing  modern 
materials and technologies  has been implemented f o r  r o t o r  blade measurements. 
The new system which overcomes many l i m i t a t i o n s  of conventional r o t o r  i n s t r u 
mentation is conceptual ly  depicted i n  f i g u r e  1. A l l  measurements are telem
etered from a metal c a n i s t e r  loca ted  on the  top of the r o t o r  hub after they
have been d i g i t a l l y  processed by microelectronic  encoding s t a t i o n s  located near 
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groups of  sensors  i n  the r o t a t i n g  system. Typical ly ,  pulse  code modulation 
(PCM) mult ip lexer -d ig i t izer  s t a t i o n s  are loca ted  on the blades and i n  the  hub-
mounted c a n i s t e r .  A s  many as 25 sensors  can be remotely d i g i t i z e d  on the blade.  
The c a n i s t e r  d i g i t i z e s  up t o  16 sensors ,  formats these measurements w i t h  serial  
PCM from the remote e l e c t r o n i c s ,  and t ransmi ts  the data from the r o t o r .  The 
measurements are telemetered from the r o t o r  hub over an rf l i n k  d i r e c t l y  t o  t h e  
ground where they are displayed f o r  real-time monitoring and t o  the  body of the 
he l i cop te r  where they are recorded on magnetic tape .  The instrumentat ion sys
t e m  is programmable and f e a t u r e s  extensive app l i ca t ion  of  microelectronics  and 
in t eg ra t ed  c i r c u i t r y .  

A digest of the  data acqu i s i t i on  c a p a b i l i t i e s  of t he  system is 

( 1 )  Thi r ty  programmable measurement channels p lus  two frame synchroniza
t i o n  words 

(2 )  Frequency response up t o  400 Hz per  channel based on 5 samples per  
cyc le  

( 3 )  Eight-bit  analog-to-digi ta l  conversion 

( 4 )  Gain-adjustable sensor a m p l i f i e r s  

('5) B i t  rates up t o  512 k i l o b i t s / s e c  

(6) PCM L-band telemetry w i t h  range up t o  24 km 

Inc lus ion  of rechargeable batteries and a c e n t r i f u g a l l y  ac tua ted  power 
switch i n  the  c a n i s t e r  i n  combination with the te lemetry c a p a b i l i t y  provides 
autonomy from other  systems onboard the he l i cop te r .  The completely self-
contained and independent te lemetry system is e a s i l y  attached t o  the  r o t o r ;  
t he re fo re  an expensive and time-consuming s l ip - r ing  i n s t a l l a t i o n  on the  h e l i 
copter  r o t o r  t o  acqui re  r o t o r  blade measurements is unnecessary. The te lemetry 
canister is attached t o  the  r o t o r  hub by simple replacement of t he  standard 
r o t o r  mast nut  w i t h  a c a n i s t e r  attachment nut .  

A t h i n  e l e c t r o n i c  blade package has been developed f o r  direct  app l i ca t ion  
t o  he l i cop te r  b lades .  A package which is only 2.5 mm t h i c k  conta ins  microelec
t r o n i c  ampl i f i e r s ,  commutators, and analog-to-digi ta l  converters .  Blade wiring 
is s i g n i f i c a n t l y  reduced through remote on-blade mult iplexing and d ig i t a l  
encoding. With the e l e c t r o n i c  blade package, only 8 wires are required f o r  
up to  25 miniature  pressure sensors  located near the blade t i p ,  whereas conven
t i o n a l  techniques r equ i r e  a minimum of  52 wires. Analog-to-digital conversion 
near the sensors  v i r t u a l l y  e l imina tes  noise  pickup and c ross  t a l k  produced by 
long sensor  leads. Other types of  r o t o r  blade sensors ,  such as s t r a i n  gages 
t o  measure s t r u c t u r a l  loads,  can a l s o  be processed by the blade e l e c t r o n i c s  
or by similar mul t ip lexer -d ig i t izer  e l e c t r o n i c s  loca ted  i n  the hub-mounted 
c a n i s t e r .  

Advanced sensor  technology is employed i n  the new system t o  provide a 
v e r s a t i l e  measurement capab i l i t y .  The system uses  commercially ava i l ab le  
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s o l i d - s t a t e  pressure sensors  small enough to  make l o c a l  on-blade measurements, 
ye t  rugged enough t o  withstand the extremely high cen t r i fuga l  acce le ra t ion  
l e v e l s  found near the  blade t i p .  The s o l i d - s t a t e  sensors ,  which are only 
1.9 mm t h i c k ,  use a semiconductor strain-gage br idge (see refs. 1 and 2) as 
the sensing element. The miniature  sensors  completely el iminate  any require
ment f o r  pressure  tubing i n s i d e  the blade connecting o r i f i c e s  on the  blade 
sur face  t o  l a r g e r  pressure sensors  mounted in s ide  the  blades and thus  s i g n i f i 
can t ly  reduce instrumentat ion weight and blade s t r u c t u r a l  modification. 

To enhance the  a p p l i c a b i l i t y  of  the data system t o  a wide range of h e l i 
copters ,  a choice of  two methods is provided f o r  attac.hing .the t h i n  blade 
e l e c t r o n i c s  and pressure sensors  on r o t o r  blades.  The preferred method of  
attachment involves  i n s t a l l i n g  the  instrumentat ion within the  nominal a i r f o i l  
coordinates .  The e l e c t r o n i c s  and sensors  are mounted i n  shallow preformed 
c a v i t i e s  below the blade sur face ;  ample s t r u c t u r e  remains t o  ca r ry  the  f l i g h t
loads.  Smooth aerodynamic covers f i t  over the c a v i t i e s  and screws secure the 
instrumentat ion and covers t o  the blades.  This  method is used when no var ia 
t i o n  i n  nominal a i r f o i l  sha.pe can be to l e ra t ed  and typ ica l ly  r equ i r e s  s p e c i a l  
blade construct ion t o  provide the  instrumentat ion c a v i t i e s .  An a l t e r n a t e  
method of i n s t a l l a t i o n  has been developed f o r  appl ica t ions  which can allow 
small va r i a t ions  i n  nominal a i r f o i l  shape. The e l e c t r o n i c s  and sensors  are 
at tached t o  the  a i r f o i l  sur face  so t h a t  no s t r u c t u r a l  a l t e r a t i o n  is requi red ,
s t r u c t u r a l  i n t e g r i t y  is preserved, and the  aerodynamic p rope r t i e s  of t he  a i r 
f o i l  remain e s s e n t i a l l y  unchanged. The instrumentat ion is bonded t o  the  air
f o i l  sur face  i n  a small l oca l i zed  area.with plast ic  foam, epoxy f i l l e rs ,  and 
g l a s s  c lo th  t o  provide a smooth aerodynamic f a i r i n g  only 2.8 mm th i ck .  This  
a l t e r n a t e  method is advantageous when pressure  measurements are needed on 
production r o t o r  blades i n  t h a t  no s p e c i a l  blade f ab r i ca t ion  is required.  A 
de t a i l ed  desc r ip t ion  of the technique of a t tach ing  sensors  and the  microelec
t r o n i c s  t o  e x i s t i n g  he l i cop te r  blades i n  a t h i n  aerodynamic f a i r i n g  is pre
sented i n  appendix A. 

SYSTEM QUALIFICATION 

Extensive q u a l i f i c a t i o n  of  t h e  instrumentat ion t o  withstand the  rugged 
ro to r  environment has been accomplished i n  s p e c i a l  ground and f l i g h t  tests. 
The data system was qua l i f i ed  by temperature,  v ib ra t ion ,  shock, and sp in  tests. 
Since the  he l i cop te r  is a p i lo t ed  aircraft ,  the  r o t o r  blades a l s o  had t o  be 
man-rated. A s e t  of  production r o t o r  blades were instrumented wi th  pressure 
sensors  and e l e c t r o n i c s .  The instrumented blades were i n s t a l l e d  on the  Langley 
he l i cop te r  r o t o r  t e s t  f a c i l i t y ,  run up t o  opera t ing  speed, and t h r u s t  w a s  
appl ied.  The instrumentat ion was a l s o  qua l i f i ed  on an OH-4A he l i cop te r .  Sev
e r a l  q u a l i f i c a t i o n  f l i g h t s  were made including s t r a i g h t ,  l e v e l ,  and high-speed 
runs and maneuvers cons i s t ing  of  t u r n s ,  high rates of descent ,  and high-g 
pull-ups. The r o t o r  blade instrumentat ion and rf transmission were v e r i f i e d ,  
and the  ex te rna l ly  appl ied blade instrumentat ion w a s  v i s u a l l y  inspected after 
each t e s t  phase. 
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RESEAR.CH APPLICATION 

The data system has been appl ied t o  the  AH-1G he l i cop te r ,  shown i n  f ig 
ure  2, f o r  ga ther ing  research data and f o r  real-time monitoring on three d i f 
f e r e n t  sets of research blades.  One blade of each set was constructed w i t h  
c a v i t i e s  and f i t t e d  with an i d e n t i c a l  set of  e l e c t r o n i c s  and sensors .  Each 
blade set  has a unique a i r f o i l  shape and is f l i g h t  tested separa te ly .  The 
fl ight performance of the  te lemetry system has been exce l l en t  on 30 tes t  
flights. A genera l  desc r ip t ion  of t h e  AH-1G instrumentat ion system and the  
system performance follows. 

The ro to r  f l i g h t  research conducted on new blade a i r f o i l  shapes on the 
AH-1G he l i cop te r  r equ i r e s  the  following measurements: 

(1 )  Chordwise pressure  d i s t r i b u t i o n  a t  one spanwise loca t ion  near the 
blade t i p  t o  evaluate  the  three-dimensional unsteady flow f i e l d  
of the r o t o r  blades and permit comparison w i t h  wind-tunnel data 
and theory 

(2) S t r a i n  loads f o r  real-time f l i g h t  monitoring and c o r r e l a t i o n  wi th  
theory 

( 3 )  Angular pos i t i ons  f o r  data a n a l y s i s  

(4) Temperature measurement for data co r rec t ion  

Figure 3 is a block diagram of  the  a i rborne  instrumentat ion.  The AH-1G 
instrumentat ion system is programmed t o  provide a t o t a l  of  30 measurement 
channels: 15 sensors  are d i g i t i z e d  on one blade and 15 add i t iona l  sensors  are 
processed i n  the  c a n i s t e r .  The second blade of  the  AH-1G he l i cop te r  is not 
instrumented. 

The microelectronic  mul t ip lexer -d ig i t izer  s t a t i o n ,  shown i n  f igu re  4 ,  is 
mounted on the  bottom of the  b lade  near t he  t i p  and provides e x c i t a t i o n ,  s igna l  
condi t ioning,  and analog-to-digi ta l  conversion f o r  15 sensors .  Figure 5 is 
a photograph of t h e  bottom of t h e  AH-1G blade showing the  loca t ion  of t he  
remote e l e c t r o n i c s  and sensors .  The measurements shown i n  f igu re  3 cons i s t  
of  13 pressures  and 1 temperature a t  one spanwise loca t ion ,  i n  add i t ion  t o  
1 temperature measurement on the  remote e l e c t r o n i c s .  The t h i n  sensors  and 
microelectronics  are i n s t a l l e d  i n  ind iv idua l  blade c a v i t i e s  as depicted i n  the 
c ross -sec t iona l  drawing of f igu re  6 .  Holes a r e  provided i n  the  sensor cover 
f o r  sensing pressure.  The e x c i t a t i o n  and s i g n a l  leads of the sensors  are con
nected t o  the  e l e c t r o n i c s  by shor t  wires i n s t a l l e d  below the  blade sur face .  
Typical ly ,  number 25 American Wire Gage (AWG) w i r e  is used on the  blade.  The 
mi l l i vo l t - l eve l  analog s i g n a l s  are routed t o  ind iv idua l  ampl i f i e r s  and are 
then sequent ia l ly  sampled and converted t o  e igh t -b i t  binary-coded PCM words 
which are s e r i a l l y  t ransmit ted down the blade over a p a i r  of wires t o  the  
c a n i s t e r  mounted over the  hub. Only s i x  a d d i t i o n a l  l eads  are requi red ;  they 
provide power, t iming,  and synchronization f o r  the  b lade  s t a t i o n .  

The hub-mounted c a n i s t e r  and instrumentat ion are shown i n  f i g u r e  7. The 
c a n i s t e r  contains  e l e c t r o n i c s  func t iona l ly  similar t o  the remote blade s t a t i o n  
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f o r  encoding 14 analog measurements from sensors near the  hub. Also, d i g i t a l  
timing and control  e l e c t r o n i c s ,  batteries, t r ansmi t t e r ,  and antenna are con
tained i n  the  c a n i s t e r .  The c a n i s t e r  mult iplexer-digi t izer  s t a t i o n  accepts  
t h e  near-hub sensor measurements shown i n  f igu re  3 which c o n s i s t  of e i g h t  blade 
bending moments, pi tch- l ink and drag-brace forces ,  mast torque, blade p i t c h  
and teeter angles ,  and c a n i s t e r  e l e c t r o n i c s  temperature. The r o t o r  azimuth 
angle  measurement is derived from a d i g i t a l  shaft  encoder whose output is d i g i 
t a l l y  processed i n  the c a n i s t e r .  The c a n i s t e r  timing and con t ro l  e l e c t r o n i c s  
provides the  clock and synchronization s i g n a l s  f o r  con t ro l l i ng  the  data sampling 
sequence of each mul t ip l exe r -d ig i t i ze r  s t a t i o n .  It a l s o  combines the  two serial 
PCM s i g n a l s  represent ing d i g i t a l l y  encoded eight-bi t  data  samples from separate  
groups of sensors  a t  the  blade t i p  and near the  hub w i t h  t he  data from the 
d i g i t a l  shaft encoder. The r e s u l t i n g  serial  PCM represent ing a l l  the  r o t o r  
measurements operates  a t  a b i t  rate of 256 k i l o b i t d s e c .  

The PCM data are t ransmit ted by a 1-W L-band frequency-modulated t rans
mitter and associated antenna. Reliable air-to-ground communication is 
obtained over a range of up t o  24 km by the  generation o f  a reasonably omni
d i r e c t i o n a l  antenna p a t t e r n  from the  he l i cop te r  r o t o r  and by use of a multimode 
d i v e r s i t y  ground receiving system. The data are a l s o  received onboard the  
he l i cop te r  fuselage and are direct  recorded on one track of a wide-band f l i g h t
magnetic tape  recorder.  Figure 8 is a photograph o f  the  fuselage instrumenta
t i o n .  The onboard recorder is t y p i c a l l y  operated only during f l i g h t  research 
maneuvers t o  conserve tape .  The speed is  76.2 cm/sec which allows up t o  
30 minutes of recording. For operat ing ranges g r e a t e r  than 24 km, t he  rf data 
can be re t ransmit ted from the  fuselage t o  the  ground s t a t i o n  by a 1 0 4  t rans
mitter operated from main a i rcraf t  power. 

The system batteries provide capaci ty  f o r  1 hour o f  f l i g h t .  Power is 
turned on by t h e  c e n t r i f u g a l  switch when the  r o t o r  speed exceeds 114 rpm. 
Regulation and dc-to-dc vol tage conversion of the  main b a t t e r y  outputs  are 
performed i n  t h e  c a n i s t e r .  

I n  add i t ion  t o  the  c a p a b i l i t y  t o  program t h e  number of data channels a t  
each d i g i t i z i n g  s t a t i o n ,  t he  system a l s o  provides a f l e x i b i l i t y  t o  a d j u s t
sampling rate and ind iv idua l  ampl i f i e r  gain.  For the  AH-1G h e l i c o p t e r ,  the 
system is configured f o r  a sampling rate o f  1000 samples per  second t o  pro
vide a frequency response c a p a b i l i t y  up t o  200 Hz per channel f o r  each of the  
30 programmed data channels. Each PCM data channel a l s o  contains  a single-pole
resistance-capacitance ( R C )  f i l t e r .  The nominal +decibel f i l t e r  frequencies 
are 90 Hz f o r  t he  f o r c e  and moment channels and 200 Hz f o r  t he  pressure
channels. 

Table I p resen t s  a list o f  the r o t o r  parameters measured and the maximum 
e r r o r  over the  f l i g h t  environment. Appendix B gives  a detailed desc r ip t ion  
o f  the sensors  and instrumentat ion subassemblies. Additional measurements t o  
determine aerodynamic and i n e r t i a l - f l i g h t  states are made on the he l i cop te r  
fuselage by a sepa ra t e  instrumentat ion system. This  add i t iona l  information, 
along w i t h  t i m e  of day, is a l s o  recorded on the onboard t ape  recorder and is 
necessary t o  evaluate  the  data from r o t o r  blade measurements. 
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INSTRUMENTATION SYSTEM PERFORMANCE 

The o v e r a l l  accuracy of t he  instrumentat ion system over the  f l i g h t  environ
mental condi t ions  is on the order  of  1.5 percent  of  f u l l  scale after co r rec t ion  
f o r  temperature-induced e r r o r s  i n  the pressure  sensors .  

Figure 9 shows the  performance of a t y p i c a l  PCM measurement channel, 
exc lus ive  of the sensor ,  a t  -lo C,  220 C, and 550 C referenced t o  the s t ra ight  
l i n e  between the  end po in t s  of  the  22O C data. T h i s  f i g u r e  i n d i c a t e s  the  d i f 
ference between t h e  PCM system output a t  -10 C ,  220 C, and 55O C and a s t r a i g h t  
l i n e  between the  end po in t s  of the  22O C data when a re ference  set of vo l tages  
are input  a t  each temperature. The maximum e r r o r  inc luding  non l inea r i ty  and 
zero d r i f t  does not exceed 0.5 percent of f u l l  scale over the  560 C temperature 
range. The f u l l - s c a l e  range of t he  PCM system is 0 t o  255. The data po in t s  
i n  f igu re  9 were obtained from the  following equations: 

Equation ( 1 )  is the  s lope- in te rcept  form of  the  re ference  l i n e ,  and equa
t i o n  (2)  g ives  the percent e r r o r .  

Table I1 shows the  sensor input  t o  system output performance of  a t y p i c a l  
data channel on the  AH-1G he l icopter  a t  ambient temperature. The table is f o r  
the blade p i t c h  angle  sensor and shows data which were processed from angular  
input  a t  the sensor t o  output from the  computerized data reduct ion.  The maxi
mum e r r o r  does not exceed 0.180 out  of a t o t a l  range of  520. 

Figure 10 shows the  performance of a t y p i c a l  AH-1G pressure sensor  over 
a fu l l - sca l e  range of  124.1 kPa (13.78 kPa t o  137.88 kPa) .  Figure 10(a)  shows 
the  performance of  the  pressure sensor during labora tory  c a l i b r a t i o n  a t  - lo  C ,  
240 C,  and 49O C referenced t o  the best s t r a i g h t  l i n e  a t  240 C. The data f o r  
f igu re  10(a)  were obtained as follows. F i r s t ,  equations f o r  the  b e s t  s t r a i g h t  
l i n e s  were computed f o r  each set of c a l i b r a t i o n  data po in t s  a t  each tempera
t u r e  using the  least-squares  method. The genera l  equation is 

vp = mpP + vp,o (3)  

Next, values  of Vp are obtained a t  -10 C,  240 C,  and 49O C f o r  i d e n t i c a l  
values  of  p. The percent e r r o r  is obtained from the  following equations: 

vp(490C) - vp(24°C) }loo ( 4 )-Error  i n  % FS a t  49O C 

a 
mp(240C) [Pmax(24OC) - Pmin(24OCd 



Error  i n  % FS a t  - lo  C = 
vp(-lOC) - vp(240C) 

100 (5)
mp(24OC)[Pmax(24OC) - Pmin(240Cj) 

The hys t e re s i s  a t  each temperature is a l s o  shown. The maximum e r r o r  is approxi
mately 5 percent of f u l l  scale due pr imari ly  t o  sensor zero and s e n s i t i v i t y  
s h i f t  w i t h  temperature and is rep resen ta t ive  of t he  s ta te-of- the-ar t  i n  s e m i 
conductor gages small enough f o r  he l i cop te r  blade appl ica t ion .  The combined 
nonl inear i ty  and h y s t e r e s i s  e r r o r  is less than 0.5 percent  of f u l l  scale. Fig
ure 10(b) shows the  uncorrected performance of  the same pressure sensor during 
a spec ia l  thermal test  and the performance after co r rec t ing  the  data f o r  t e m 
pera ture  e r r o r .  The pressure sensor and a temperature sensor were placed i n  
a temperature chamber while connected t o  the  da t a  recording system. Two iden
t ica l  l e v e l s  of s ta t ic  pressure were appl ied a t  each temperature, and the sys
t e m  output w a s  recorded f o r  the pressure  and temperature sensors .  The tes t  
sequence dupl icated the  system p r e f l i g h t  c a l i b r a t i o n  for the  pressure and 
temperature sensor a t  ambient temperature and exposed the  sensors  t o  a range
of temperatures expected i n  f l i gh t .  The temperature measurement is required 
f o r  the  determination of t he  pressure  measurement. The recorded test  data were 
computer processed t o  obta in  the  corrected data. The e r r o r  after cor rec t ion  
d i d  not exceed 0.6 percent  of f u l l  scale. The equat ions and procedure used 
t o  obta in  the sensor data shown i n  f igu re  10(b) a r e  presented i n  appendix C. 

CONCLUDING REMARKS 

A r o t o r  blade te lemetry instrumentat ion system has been developed and 
successfu l ly  u t i l i z e d  f o r  a i r f o i l  research i n  a f l i g h t  t e s t  program using an 
AH-1G he l i cop te r .  The developed te lemetry system obtained s a t i s f a c t o r y
o s c i l l a t i n g  pressure  and loads research measurements on he l i cop te r  r o t o r  
b lades .  The ove ra l l  accuracy of the  instrumentat ion system is on the  order  
of 1.5 percent of f u l l  scale over t he  f l i g h t  environment a f t e r  cor rec t ion  f o r  
temperature-induced e r r o r s  i n  t h e  pressure sensors .  The f l i g h t  performance 
of the  telemetry system has been exce l l en t  on 30 t e s t  f l i g h t s .  

Blade wiring has been s i g n i f i c a n t l y  reduced through appl ica t ion  of  remote 
on-blade mult iplexing and d i g i t a l  encoding, and the  use  of  s l i p  r i ngs  f o r  
acquir ing r o t o r  data has been el iminated.  

Langley Research Center 

National Aeronautics and Space Administration 

Hampton, VA 23665 

February 23, 1978 
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METHOD OF APPLYING A T H I N  AERODYNAMIC INSTRUMENTATION FAIRING 

ON HELICOPTER BLADES 

A f l i gh t -qua l i f i ed  and fl ight-tested method of a t t ach ing  instrumentat ion 
t o  the ex te rna l  surface of a r o t o r  blade has been developed. This  method is 
advantageous when measurements are needed on e x i s t i n g  he l i cop te r  b lades .  The 
method permits attachment of  the instrumentat ion t o  an a i r f o i l  sur face  so t h a t  
no s t r u c t u r a l  a l t e r a t i o n  is requi red ,  s t r u c t u r a l  i n t e g r i t y  is  preserved, and 
aerodynamic p rope r t i e s  of the a i r f o i l  remain e s s e n t i a l l y  unal tered.  Figure 11 
is a photograph of  a t y p i c a l  instrument i n s t a l l a t i o n  on an a i r f o i l  s ec t ion .  
Figure 12 is a cross-sec t iona l  drawing of  the ex te rna l ly  appl ied instrumenta
t i o n  on a r o t o r c r a f t  a i r f o i l .  

The instrumentat ion is i n s t a l l e d  as follows. F i r s t ,  the  a i r f o i l  pa in t  
is removed from the  areas where t h e  instrumentat ion is  t o  be a t tached.  The 
areas are cleaned, and glass f iber  c l o t h  is bonded t o  the  a i r f o i l  by means of 
a fue l - r e s i s t an t  adhesive.  The adhesive resists degradation by petroleum f u e l s  
y e t  provides a s t r i p p a b l e  base t o  faci l i ta te  u l t imate  removal w i t h  a solvent  
without damaging t h e  he l i cop te r  b l ades  or inst rumentat ion.  Next, c e l l u l o s e  
a c e t a t e  foam f i l l e r  material is bonded by epoxy t o  the  a i r f o i l  and trimmed t o  
form a taper  towards the  edges. Areas are c u t  out  of  t he  foam t o  allow f o r  
the instrumentat ion.  The instrumentat ion c o n s i s t s  of  a microelectronic  pr in ted  
c i r c u i t  board, sensors ,  and in te rconnec t ing  wir ing.  The foam is  faired t o  the  
contours of the a i r f o i l  and thinned t o  the  thickness  of  the instrumentation. 
The p r in t ed  c i r c u i t  board is attached wi th  epoxy along its edges. It is he ld  
i n  place during curing by a nonadhering l a y e r  of  scrim c l o t h  and a vacuum bag. 
The bag is placed and evacuated so t h a t  a fo rce  is  maintained between the  sur 
face of the blade and the  bag. 

The sensors  are placed i n  t h e i r  recesses i n  t h e  foam and secured by self-
vulcanizing s i l i c o n e  rubber. I n  the  case of pressure  sensors ,  t he  sensing d ia
phragms are i n s t a l l e d  l e v e l  and f l u s h  w i t h  t h e  foam p r o f i l e .  The instrumenta
t i o n  wiring is connected i n  recessed wireways and h e l d  i n  place wi th  epoxy. 
After the wiring and instrumentat ion checkout is completed, the  remaining voids  
are f i l l e d  w i t h  an epoxy s i l ica  f i l l e r  and worked t o  a smooth sur face .  

F ina l ly ,  three layers of epoxy-resin-saturated g l a s s  f i b e r  c l o t h ,  25.4 pm 
t h i c k ,  are app l i ed ,  w i t h  cu touts  f o r  t he  instrumentat ion.  A four th  layer is 
appl ied  which covers t he  pr in ted  c i r c u i t  board but not t he  sensors .  Each l a y e r  
is cu t  t o  overlap the  preceding layer t o  provide a smooth t r a n s i t i o n  of lami
na te .  The e n t i r e  assembly is sanded w i t h  f i n e  abras ives  t o  provide a smooth 
aerodynamic sur face .  An epoxy pa in t  is appl ied  over the  glass f iber  f o r  
weather pro tec t ion .  

The instrumentat ion can be removed from the blade by s t r i p p i n g  the  glass 
f iber  c l o t h  after sof ten ing  the  epoxy bond wi th  a so lvent .  After the  i n s t r u 
mentation is removed, the  c i r c u i t  board, sensors ,  and he l i cop te r  blades are 
reusable .  
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SENSORS AND INSTRUMENTATION SUBASSEMBLIES 

Sensors 

An example of  each type o f  AH-1G r o t o r  sensor  is shown i n  figure 13. 
Blade p i t ch  and teeter angles  are measured w i t h  con t ro l  pos i t i on  t ransducers  
(CPT) which are mechanically coupled t o  the he l i cop te r  blade.  The CPT sensing 
element is a prec is ion  ro t a ry  potentiometer t h a t  provides approximately 3600 
of electrical  r o t a t i o n .  The potent iometers  are exc i ted  by a 26  V dc r egu la to r
and have a combined h y s t e r e s i s  and non l inea r i ty  of  0.2 percent of the f u l l -
s c a l e  range of t h e  potentiometer r e s i s t ance .  

Rotor azimuth angle  is measured by a d i g i t a l  shaft encoder which is 
mounted i n s i d e  t h e  c a n i s t e r  assembly. The encoder is an electromechanical 
device t h a t  converts  the  s h a f t  angle  using contac t  c losures .  The contac t  c lo
su res  are provided by brushes which r ide on m u l t i p l e  t r acks  of a coded drum. 
Each t rack  opera tes  as a more familiar generator  commutator with conducting
and nonconducting segments arranged i n  a Gray code d i g i t a l  format. The encoder 
generates  an e igh t -b i t  d i g i t a l  word by providing contac t  c losures  which s ink  
cur ren t  from +5-V log ic  de t ec to r  c i r c u i t s  located i n  the  c a n i s t e r .  The encoder 
has  a f u l l - s c a l e  range of 3600. The e ight -b i t  code d iv ides  t h e  3600 range i n t o  
256 segments which provide r o t o r  l oca t ion  i n  1.40 increments. The measurement 
accuracy of the  s h a f t  encoder commutator is 0.3O. The encoder opera tes
i n - f l i g h t  a t  5.4 r p s  and is sampled approximately 185 times per  3600 revolu t ion .  
The encoder is approximately 2.5 c m  i n  diameter and 3 c m  high. A desc r ip t ion  
of the  mechanical i n s t a l l a t i o n  of t he  shaft encoder is covered i n  the  sec t ion  
"Canister Mechanical Design Features" i n  t h i s  appendix. 

Absolute pressure  measurements are made with semiconductor s t r a i n  gages 
as t h e  sensing elements which are connected i n  a four-active-arm Wheatstone 
bridge conf igura t ion ,  having approximately a 500-R bridge r e s i s t ance .  Each 
bridge is compensated to  minimize thermal zero  s h i f t  and s e n s i t i v i t y  e r r o r s .  
The semiconductor gages measure s t r a i n  i n  a beryllium-copper diaphragm which 
is 6.3 mm i n  diameter and 0.76 mm th i ck .  The pressure sensor is bonded t o  a 
s t a i n l e s s  steel  mounting p a l l e t  1.9 c m  i n  diameter.  The t o t a l  thickness  of  
a sensor and pal le t  is about 1.9 111111. The pressure sensors  are exc i ted  by 
+4 V dc and have t h e  following characteristics: s e n s i t i v i t y  of 1.0 mV/kPa, 
temperature effect on zero of  0.06 percent  f u l l  s c a l e  per OC, temperature
e f f e c t  on s e n s i t i v i t y  of  0.06 percent  f u l l  scale pe r  OC, combined h y s t e r e s i s
and l i n e a r i t y  e r r o r  o f  0 .3  percent  f u l l  scale, and a na tu ra l  frequency of 
30 kHz. The volume of  t he  pressure  sensor  i n s t a l l a t i o n  c a v i t i e s  is very s m a l l  
and has neg l ig ib l e  effect on the  desired dynamic response. The t y p i c a l  fre
quency response of  t he  sensor  is f l a t  wi th in  0.6 percent of  the appl ied  pres
sure  l e v e l  from dc t o  200 Hz, and t& n a t u r a l  frequency o f  the  combined sensor 
and i n s t a l l a t i o n  cav i ty  is about 800 Hz. The f i l t e r  c h a r a c t e r i s t i c s  of  t he  
cav i ty  combined w i t h  the  resis tance-capaci tance ( R C )  f i l t e r  characteristic of 
each measurement channel provide ample a t t enua t ion  of unwanted a c o u s t i c a l  no ise  
pressure.  The sensors  are held i n s i d e  the  r o t o r  blade c a v i t i e s  by dowel p ins
and rubber i n s e r t s  t o  provide neg l ig ib l e  sensor  output due t o  s t r a i n  produced 
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by the r o t o r  blade bending. The sensors  are also unaffected by the  opera t iona l  
acce le ra t ion  l e v e l s  near the  blade t i p .  Exci ta t ion  and s i g n a l  wires f o r  t he  
pressure sensors  i n t e r f a c e  d i r e c t l y  wi th  the  remote microe lec t ronic  blade 
s t a t i o n .  

Moment and force  measurements are made w i t h  approximately 0.08-mm-thick 
metal-foil s t r a i n  gages (see ref. 2) connected i n  a four-active-arm Wheatstone 
bridge arrangement. S t r a i n  gages are i n s t a l l e d  on the  he l i cop te r  blade a t  var
ious  loca t ions  t o  measure bending moments. Three a d d i t i o n a l  s t r u c t u r a l  members 
are instrumented with s t r a i n  gages. The first is the r o t o r  mast f o r  measuring 
mast torque, t he  second is the r o t o r  blade p i t c h  l i n k  f o r  measuring appl ied  
fo rce ,  and the t h i r d  is t h e  r o t o r  drag brace f o r  measuring appl ied force .  The 
ind iv idua l  s t r a i n  gages within each four-active-arm bridge are matched f o r  
equal  r e s i s t ance  t o  provide neg l ig ib l e  thermal zero  s h i f t  and s e n s i t i v i t y  
s h i f t .  The gages are exc i ted  by a 26 V dc r egu la to r  and have the following 
c h a r a c t e r i s t i c s :  bridge r e s i s t a n c e  of  350 fi 2 1 percent ,  gage f a c t o r  of  2.0, 
20.1-percent non l inea r i ty ,  and 20.15-percent hysteresis.  Leads from the  moment 
gages are run down the  top o f  the blade t o  a connector loca ted  on t h e  blade 
c lose  t o  the  hub. Power and s i g n a l  leads f o r  the moment and force  sensors  
i n t e r f a c e  w i t h  the  c a n i s t e r  e l ec t ron ic s .  Offset r e s i s t o r s  are added t o  each 
Wheatstone b r idge  measuring c i r c u i t  as required t o  ob ta in  the  des i r ed  quiescent  
s i g n a l  operat ing poin t .  

Temperatures are measured w i t h  a s i n g l e  a c t i v e  temperature-sensi t ive ele
ment and three  f ixed  r e s i s t o r s  mounted together  t o  form a Wheatstone br idge  
sensor .  Two of  t he  sensors  measure temperature near  the blade t i p  and use a 
n i cke l  r e s i s t i v e  sensing element. The first, which measures blade temperature 
near the  pressure  t ransducers ,  is mounted on a metal p a l l e t  1.9 c m  i n  diameter. 
The t o t a l  thickness  of  sensor and p a l l e t  is 1.9 mm. The second sensor is 
bonded t o  the  remote mul t ip lexer -d ig i t izer  p r in t ed  c i r c u i t  board and measures 
e l e c t r o n i c s  temperature. Both sensors  i n t e r f a c e  w i t h  the  remote e l e c t r o n i c  sta
t i o n  and opera te  from +4 V dc. A t h i r d  sensor  which uses  a s i l i c o n  thermis tor  
a c t i v e  element is mounted on a c a n i s t e r  pr in ted  c i r c u i t  board and measures 
c a n i s t e r  i n t e r n a l  temperature. It i n t e r f a c e s  w i t h  t he  c a n i s t e r  e l e c t r o n i c s  
and is exci ted by 26 V dc. The s e n s i t i v i t y  of  the sensors  is set a t  approxi
mately 0.8 mV/OC, and there is no d i sce rn ib l e  hysteresis.  The sensors  are 
capable of  measuring temperature a t  their mounting loca t ion  within 21.00 C. 

Remote Mult iplexer-Digi t izer  S t a t i o n  

Under con t ro l  o f  the hub-mounted c a n i s t e r ,  t he  remote blade-mounted elec
t r o n i c s  shown i n  f i g u r e  4 provides e x c i t a t i o n ,  ampl i f i ca t ion ,  sampling, and 
analog-to-digi ta l  (A-to-D) conversion of  15 AH-1G sensors .  The data are 
returned t o  the  c a n i s t e r  as a se r i a l ’nonre tu rn  t o  zero  l e v e l  (NRZ-L) PCM t r a i n  
and become channels 1 t o  15 of  the  master PCM frame. Figure 14 is a block 
diagram of  the  remote mul t ip lexer -d ig i t izer .  

Capabi l i ty  is provided t o  accommodate m i l l i v o l t - l e v e l  s i g n a l s  from up t o  
25 sensors .  Each channel has its own s i g n a l  condi t ioning ampl i f i e r  which con
t a i n s  a single-pole RC f i l ter .  Gain, o f f s e t ,  and frequency response of each 
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channel are ind iv idua l ly  adjusted t o  maintain the  analog s i g n a l  wi th in  the 
desired opera t ing  range. Each ampl i f i e r  output is app l i ed  t o  a separate vo l t 
age l e v e l  comparator with sampling accomplished by d ig i t a l  mult iplexers  which 
sequent ia l ly  select the appropr ia te  comparator. An e igh t -b i t  A-to-D conversion 
is made with a successive approximation r e g i s t e r  ( S A R ) .  The SAR c o n t r o l s  a 
r e s i s t i v e  ladder network whose output is buffered and appl ied as a re ference  
f o r  a l l  the ind iv idua l  channel comparators. The conversion is implemented by
successively comparing the re ference  feedback vol tage with the amplif ied sensor  
vol tage one b i t  a t  a time beginning with the  most s i g n i f i c a n t  b i t .  The output
of t he  A-to-D converter  is a serial NRZ-L PCM t r a i n  of e igh t -b i t  binary-coded 
data words represent ing the  analog data sampled by the  blade s t a t i o n  
e l ec t ron ic s .  

The remote s t a t i o n  accepts regulated 215 V dc and unregulated +5 V dc 
from the  c a n i s t e r  f o r  the analog and d i g i t a l  c i r c u i t r y  and genera tes  regulated
+4 V dc f o r  sensor e x c i t a t i o n  and reference vol tage f o r  the  A-to-D converter .  
It a l s o  accepts  clock and synchronization s i g n a l s  from the  c a n i s t e r  and gener
ates timing and con t ro l  s i g n a l s  f o r  channel sampling and A-to-D conversion. 
The remote s t a t i o n  is 17.8 c m  by 25.4 cm.  It is  2.5 mm th ick  and weighs 
0.156 kg. 

Canis ter  Mult iplexer-Digi t izer  S t a t i o n  

The canister-mounted mul t ip lexer -d ig i t izer  s t a t i o n  provides ampl i f ica t ion ,
sampling, and analog-to-digi ta l  conversion of  14 AH-1G t ransducers  connected 

. 	 d i r e c t l y  t o  the  c a n i s t e r .  The data are converted t o  a serial NRZ-L PCM t r a i n  
and become channels 16 t o  29 of  t h e  master PCM frame. Figure 15 is a block 
diagram of  the  c a n i s t e r  mul t ip lexer -d ig i t izer ;  the  e l e c t r o n i c s  is contained 
on two pr in ted  c i r c u i t  boards shown i n  f igu re  7. 

The c a n i s t e r  s t a t i o n  can accept  mi l l i vo l t - l eve l  s i g n a l s  from a maximum 
of 16 sensors .  Each s i g n a l  is amplified by a gain-adjustable  instrumentat ion 
a m p l i f i e r  and appl ied t o  the  input  of  a 16-channel analog mult iplexer .  Each 
ampl i f ie r  channel a l s o  conta ins  an ad jus t ab le  s ingle-pole  RC f i l t e r .  A-to-D 
conversion is accomplished on each of  the  s i g n a l s  by first buffer ing  the  multi
plexer  output and then applying the  multiplexed s i g n a l s  t o  an A-to-D converter .  
The A-to-D converter  conta ins  an i n t e r n a l  vol tage comparator and ladder network 
and opera tes  on the  successive approximation p r inc ip l e .  The output of t he  
A-to-D converter  is a serial  NRZ-L PCM t r a i n  of e ight-bi t  binary-coded data 
words represent ing the  analog data sampled by the  c a n i s t e r  e l e c t r o n i c s .  The 
analog mult iplexer  sampling sequence and the  A-to-D conversion are under cont ro l  
of the  c a n i s t e r  master timing and cont ro l  e l ec t ron ic s .  

The c a n i s t e r  mul t ip lexer -d ig i t izer  s t a t i o n  r equ i r e s  regulated 115 V dc 
f o r  t he  analog c i r c u i t r y ,  regulated +6 V dc f o r  sensor  e x c i t a t i o n  and re ference  
vol tage f o r  the  c a n i s t e r  A-to-D conver te r ,  and unregulated +5 V dc f o r  the  
d ig i t a l  c i r c u i t r y .  
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Master T i m i n g  and Control 

The system master t i m i n g  and con t ro l  e l e c t r o n i c s  is contained on one of 
the c a n i s t e r  pr in ted  c i r cu i t  boards shown i n  f i g u r e  7. Figure 16 is a master 
timing and con t ro l  diagram. ' A c rys ta l -cont ro l led  o s c i l l a t o r  genera tes  a 
1024-kHz clock s i g n a l  which is divided by 4 t o  produce a 256-kHz b i t  rate clock. 
The b i t  rate clock is f u r t h e r  divided t o  produce word rate, frame rate, b i t  
count ,  and word address. For the  AH-1G system, the re  are 32 words per  frame 
and 1000 frames per  second. An op t iona l  b i t  rate o f  512 kHz can be selected 
i n  the countdown timing generator .  Lower b i t  rates can a l s o  be obtained by 
u t i l i z a t i o n  of  a lower master clock frequency. 

A programmable read only memory (PROM) is used t o  program the  combination 
of data channels and con t ro l  t he  system timing. The PROM is sequenced by t h e  
word addresses from the clock countdown timing generator .  The PROM a l s o  con
t r o l s  the generat ion of two frame synchronization words. The system provides 
a mul t ip lexer -d ig i t izer  c a p a b i l i t y  fo r  30 channels - any combination of  up t o  
25 remote channels and up t o  16 c a n i s t e r  channels.  The AH-1G system is pro
grammed f o r  a combination of 15 remote channels,  15 c a n i s t e r  channels,  and 
2 frame synchronization words. 

Output con t ro l  s i g n a l s  are sen t  t o  both the c a n i s t e r  and the  remote 
mul t ip lexer -d ig i t izer  s t a t i o n s .  The c a n i s t e r  s t a t i o n  rece ives  b i t  and word 
rate clocks f o r  con t ro l l i ng  the  A-to-D converter  and four  d i s c r e t e  binary b i t s  
for cycl ing the analog mult iplexer  switch.  The remote s t a t i o n  rece ives  a b i t  
rate clock and a master frame rate reset pulse  t o  con t ro l  the remote channel 
sampling and A-to-D conversions. 

Serial NRZ-L d ig i t a l  data from both the  c a n i s t e r  and the  remote 
mul t ip lexer -d ig i t izer  s t a t i o n s  and p a r a l l e l  data from the azimuth angle  shaft 
encoder are accepted by the master timing and con t ro l  e l e c t r o n i c s  t o  form a 
master ser ia l  PCM frame. Under PROM con t ro l ,  a complete 32-word frame is  
generated as follows : 

( 1 )  F i f t een  remote s t a t i o n  analog channels are synchronized, sampled, 
and converted t o  serial d i g i t a l  words d u r i n g  time s l o t s  1 t o  15 of  the  main 
frame . 

(2) Fourteen c a n i s t e r  s t a t i o n  analog channels are synchronized, sampled, 
and converted t o  serial d ig i t a l  words during time s l o t s  16 t o  29. 

( 3 )  The azimuth angle  d i g i t a l  sensor is converted from p a r a l l e l  Gray code 
to  o f f s e t  binary and is output s e r i a l l y  during time s l o t  30. 

( 4 )  Data combiner gates select, a t  the  proper t i m e ,  serial words 16 t o  29 
from the  c a n i s t e r  A-to-D converter ,  word 30 from the  d i g i t a l  shaft encoder, 
and words 31 and 32 from the  PCM frame synchronization generator .  

(5) The r e s u l t i n g  words 16 t o  32 a r e  merged by the  master data combiner 
gates wi th  words 1 t o  15 from the remote blade s t a t i o n  t o  form the  complete 
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PCM main frame. The combined 256-kilobit  NRZ-L data are converted t o  biphase 
l e v e l  (Si$-L) code and s e n t  t o  t h e  t r ansmi t t e r  located i n  the  c a n i s t e r .  

The master t iming and c o n t r o l  l o g i c  c i r c u i t s  requi re  unregulated +5 V dc i n  
addi t ion  t o  regulated -9 V dc f o r  the PROM. 

Airborne Telemetry and Data Recording 

PCM data are telemetered from the  r o t o r  t o  the  ground and t o  t h e  he l i cop te r  
fuselage where they are received and recorded on the  magnetic tape  recorder .  
Figure 7 shows the t r ansmi t t e r  and its assoc ia ted  antenna. Figure 8 is a photo
graph of  the rece iver  and tape recorder .  Figure 17 is a photograph of  the 
fuselage-mounted rece iv ing  antenna. 

The t r ansmi t t e r  is 8.3 c m  by 3.4 c m  by 5.7 c m  and has an output power of 
1 W. It opera tes  d i r e c t l y  from t h e  28-V ba t t e ry  and r equ i r e s  16 W. The t rans
mitter is an L-band frequency-modulation type w i t h  the  following character
is t ics :  rf power output of  1 W, carrier deviat ion of  +600 kHz, frequency 
response from 10 Hz t o  1 MHz, and deviat ion s e n s i t i v i t y  of  i200 kHz/V peak t o  
peak. The t ransmi t t ing  antenna, mounted on the  top of t he  c a n i s t e r ,  is a 
quarter-wave monopole sp ike  which provides an omnidirectional r ad ia t ion  pa t t e rn
i n  the  azimuthal plane.  The antenna is approximately 1.3 cm i n  diameter and 
5.1 cm high.  

The fuselage-mounted L-band rece iver  has an input  s e n s i t i v i t y  of -85 deci
b e l s  below a I-mV l e v e l  and an output s e n s i t i v i t y  of  0.01-V peak per  kHz devia
t i o n .  The uni t  is 4.4 c m  by 17.8 cm by 8.3 c m .  The rece iver  opera tes  from 
28 V dc  and r equ i r e s  3.5 W. The receiving antenna is a low-profile type which 
is mounted on the  top of  t he  cockpi t  canopy and conforms t o  the  e x t e r i o r  sur 
face. The antenna c o n s i s t s  of  a micros t r ip  d i s k  which is constructed on a 
0.16-cm-thick laminate material. The rf c h a r a c t e r i s t i c s  of  t he  antenna are 
equivalent  t o  a quarter-wave monopole spike which provides an omnidirectional 
receiving pa t t e rn  i n  the  azimuthal plane.  

The fuselage-mounted magnetic tape recorder  is a 14-channel analog u n i t  
which meets t h e  Inter-Range Instrumentation Group ( I R I G )  Telemetry Standards 
(ref. 3)  f o r  Wideband I1 direct  recording. The recorder  is operated a t  
76.2 cm/sec f o r  a maximum of  30 minutes and provides a bandwidth from 400 Hz 
t o  500 kHz. The recorder  can operate  a t  s i x  speeds between 4.76 cm/sec and. 
152.4 cm/sec. The recorder  is approximately 40.6 c m  by 30.5 c m  by 12.7 c m .  
I n  order  t o  avoid e r r o r s  caused by b i t  j i t t e r  due t o  v a r i a t i o n s  i n  tape speed 
during recording and playback, the  Bi4-L code w a s  s e l ec t ed  f o r  t h e  PCM output  
data. The Bi4-L code has a t r a n s i t i o n  dens i ty  of  a t  least one t r a n s i t i o n  per  
b i t  t i m e  which enables the data processing s t a t i o n  t o  lock on the  reproduced 
PCM data during playback of  the f l i g h t  tape and maintain frame synchronization
i n  the  presence o f  b i t  j i t ter  caus6d by v a r i a t i o n s  up t o  3 percent .  The power 
s p e c t r a l  dens i ty  of  the  Bi4-L code has no dc frequency component; thus ,  t he  
need f o r  a tape recorder  having dc frequency response is el iminated.  The band
width normally a l loca t ed  for Bi4-L data is twice the PCM b i t  rate. Thus, a 
tape recorder  covering t h e  bandwidth o f  400 Hz t o  500 kHz w a s  compatible with 
the  b i t  rate of 256 k i lob i t s / s ec .  
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Power Di s t r ibu t ion  

F l igh t  power f o r  t he  instrumentat ion is  provided by a nickel-cadmium bat
t e r y  power supply located i n  the bottom of the  c a n i s t e r .  The ba t te ry  conta ins  
18 cel ls  rated a t  1.5-A-hr capaci ty  and 11 cells rated a t  3.5-A-hr capaci ty .  
The batteries are connected i n  series t o  produce +5 V,  +12 V ,  +28 V ,  and -6 V. 
The batteries are packaged i n  a balsa wood conta iner  which is  shown i n  f i g u r e  7. 
Figure 18 is a s impl i f ied  diagram of  the  power d i s t r i b u t i o n  system. During 
ground checkout opera t ions ,  power can be suppl ied t o  t h e  e l e c t r o n i c s  from ei ther  
the i n t e r n a l  batteries or through an umbil ical  cable from ex te rna l  power sup
p l i ed  under con t ro l  of  t he  ground support  equipment ( G S E ) .  The system is turned 
on by a c e n t r i f u g a l  switch mounted i n  the c a n i s t e r  when t h e  r o t o r  speed exceeds 
114 rpm. System vol tage regula t ion  and dc-to-dc conversion are performed i n  
the c a n i s t e r  with the  exception of  +4 V dc which is regulated i n  the  remote 
e l e c t r o n i c s  f o r  the b lade  s t a t i o n  sensors  and A-to-D converter  re ference .  The 
regulated vol tages  generated i n  the  c a n i s t e r  are k6 V dc f o r  c a n i s t e r  sensor 
e x c i t a t i o n  and A-to-D converter  re ference ,  215 V dc f o r  a l l  system analog c i r 
c u i t r y ,  and -9 V dc required by the PROM. The system l o g i c  c i r c u i t s  and the  
t r ansmi t t e r  are powered by unregulated ba t t e ry  vol tage  of +5 V and +28 V,  
r espec t ive ly .  The b a t t e r y  outputs  are protected from overload by fuses .  

Canis ter  Mechanical Design Features  

The c a n i s t e r  and its instrumentat ion are shown i n  f i g u r e  7. The c a n i s t e r  
conta ins  three p r in t ed  c i r c u i t  boards,  t he  b a t t e r y  power supply,  t he  t rans
mitter, and the  antenna. The batteries are packaged i n  the bottom of  the  
c a n i s t e r  t o  provide a low center  of  g rav i ty .  The p r in t ed  c i r c u i t  boards and 
t r ansmi t t e r  are assembled on a metal basepla te  and mounted over the top of the  
b a t t e r y .  The c a n i s t e r  design permits easy i n s t a l l a t i o n  and removal of e lec
t r o n i c s  and batteries through the  top  cover f o r  se tup ,  maintenance, and bat
t e r y  charging. Electrical connectors provide quick connection or separa t ion  
of the c a n i s t e r  e lectr ical-mechanical  i n t e r f a c e .  The c a n i s t e r  a l s o  conta ins  
the umbil ical  i n t e r f a c e  connector fo r  ex te rna l  power operat ion and i n t e r n a l /  
ex t e rna l  cont ro l .  

A s impl i f ied  drawing of the  c a n i s t e r  mechanical assembly excluding the  
e l e c t r o n i c s  and batteries is shown i n  f igu re  19. Figure 20 is a photograph 
of the c a n i s t e r  mounted on the  AH-1G ro to r .  The c a n i s t e r ,  approximately 26.7 cm 
i n  diameter and 18.4 c m  high, is at tached t o  a support  assembly which is 
approximately 7.6 cm i n  diameter and 14.8 cm high. The c a n i s t e r  and support  
assembly are attached t o  the  r o t o r  by a s p e c i a l  nut which rep laces  the  standard 
AH-1G r o t o r  mast nut  and is screwed onto t h e  r o t o r  mast. The base of t h e  
attachment nut  is approximately 10.4 cm i n  diameter and 5.7 c m  high. The com
p l e t e  c a n i s t e r  assembly including e l e c t r o n i c s  and bat ter ies  weighs 13.4 kg.  

The d ig i t a l  shaft encoder housing is mounted in s ide  the  c a n i s t e r  support 
assembly. The c a n i s t e r ,  support  assembly, and encoder housing tu rn  w i t h  t he  
ro to r .  The shaft of  the  encoder is held s t a t i o n a r y  by a spacer  shaft which is 
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connected to  a nonrotat ing standpipe.  The s tandpipe is a hollow tube  attached 
t o  the bottom of  the he l i cop te r  transmission and extends through the hollow 
r o t o r  mast. The s tandpipe has a v e r t i c a l  s l o t  which couples with a shear p in  
i n  the  spacer.  

P r e  f 1ight Calibrat ion 

An abbreviated c a l i b r a t i o n  procedure is performed on the  instrumentat ion 
p r i o r  t o  each f l ight .  The procedure c o n s i s t s  of recording on the aircraft tape  
recorder  the system d i g i t a l  values  corresponding t o  ( 1 )  an llambientlf reading
of a l l  sensor channels,  (2) t w o  l e v e l s  of appl ied  pressure f o r  each pressure  
sensor ,  and ( 3 )  a shunt  resistor c a l i b r a t i o n  of  the moment and fo rce  sensors .  
The p r e f l i g h t  c a l i b r a t i o n s  are used during data reduction t o  c o r r e c t  the 
sensors  f o r  any long-term d r i f t  and t o  co r rec t  the pressure  sensors  f o r  any 
temperature e r r o r s  which occur i n  f l i g h t .  

17 


.. . 



APPENDIX C 

DERIVATION OF EQUATIONS AND PROCEDURE FOR 

PRESSURE SENSOR DATA REDUCTION 

Symbols 

. The following list includes symbols which are used i n  t h i s  appendix. Some 
of them were defined i n  the main t e x t  and are redefined here  f o r  completeness. 

D PCM d i g i t a l  output value (range 0 t o  255 counts)  

m l  s lope  represent ing  sensor  response at p r e f l i g h t  c a l i b r a t i o n  
temperature,  Pa/mV 

m i  ( T I  s lope  represent ing  sensor response a t  any temperature,  Pa/mV 

h l  change i n  m l  per change i n  temperature f o r  pressure  sensor 

m2 s lope  represent ing  PCM e l e c t r o n i c  response,  mV/digital  increment 

P pressure ,  Pa 

P i  input  pressure ,  Pa 

PO pressure which produces zero output from sensor  a t  p r e f l i g h t  C a l i 
b r a t ion  temperature, Pa 

PJT) pressure which produces zero output from sensor  a t  any 
temperature,  Pa 

APO change i n  po per change i n  temperature f o r  pressure sensor ,  Pa 

p(T) corrected pressure  a t  any temperature,  Pa 

PU uncorrected pressure ,  Pa 

T temperature of  sensing element f o r  which temperature c o e f f i c i e n t s  
are a v a i l a b l e ,  OC 

AT d i f f e rence  i n  temperature between p r e f l i g h t  c a l i b r a t i o n  condi t ion 
and a c t u a l  temperature a t  t i m e  of  measurement f o r  sensor ,  OC 

*Tr temperature d i f f e r e n t i a l  between two data sets u t i l i z e d  t o  obta in  
a cor rec t ion  c o e f f i c i e n t ,  OC 

V input  t o  PCM e l e c t r o n i c s  required t o  produce p a r t i c u l a r  output 
count,  mV 

VO input  t o  PCM e l e c t r o n i c s  which produces zero  d i g i t a l  output value,  mV 
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Equations and Procedure 

The general  equation f o r  t he  pressure  sensor is  

p = mlV + p0 

where ml is the  s lope  and po is  the  zero  i n t e r c e p t  as depicted i n  f i g u r e  21. 
The equation for: the  PCM e l e c t r o n i c s  is 

V = m2D + Vo (C2) 

The equation f o r  the  pressure sensor  a t  any temperature is 

Assume a l i n e a r  v a r i a t i o n  i n  s lope  and zero i n t e r c e p t  with temperature. L e t  

Obtain p ( T )  by s u b s t i t u t i n g  equat ions (C2), ( C 4 ) ,  and (C5) i n  equation ( C 3 )  
and expanding : 

p(T)  = ( m l  + Ami AT)(m2D + Vo) + po + Apo AT 

= (ml + Am1 AT)m2D + po + Apo AT + (ml + Am1 AT)Vo 

= (mlm2 + m2 Am1 A T ) D  + (po + mlVo) + Apo AT + Ami  AT Vo ( C 6 )  

The p r e f l i g h t  c a l i b r a t i o n  procedure f o r  the  pressure  sensors  r e su l t ed  i n  
the  d i r e c t  determination of the  product (mlm2) and the  sum (po + mlVo). The 
values o f  m2 and Vo are determined from labora tory  c a l i b r a t i o n  of t h e  PCM 
e l ec t ron ic s .  Two sets of  va lues  of  Am1 and Apo were obtained from the  bes t  
s t r a i g h t - l i n e  sensor  c a l i b r a t i o n s .  One set w a s  computed f o r  t h e  temperature 
range from - lo  C to  24O C as follows: 

(c7)  

.1.9 



APPENDIX C 


A second set was obtained f o r  t he  range from 240 C t o  49O C. The uncorrected 
pressures  are obtained by setting AT equal  t o  zero  i n  equation (C6). The 
co r rec t ion  procedure r equ i r e s  t h a t  AT be computed first and then subs t i t u t ed  
i n  equation ((26) w i t h  the appropr ia te  Am1 and Apo t o  obta in  the corrected 
pressures .  The data shown i n  f i g u r e  10(b) were obtained from the  following
equat ions : 

P i  - Pu 

Uncorrected e r r o r  i n  % FS = )loo (c9) 


FS pressure 


P i  - p(T)
Corrected e r r o r  i n  % FS = ) loo

FS pressure  

20 




REFERENCES 


1. 	 Dean, Mills, 111; and Douglas, Richard D., eds.: Semiconductor and Conven

tional Strain Gages. Academic Press, Inc., 1962. 


2. Kottkamp, E.; Wilhelm, H.; and Kohl, D.: Strain Gauge Measurements on 

Aircraft. Volume 7 of AGARD Flight Test Instrumentation Series, .K. C. 

Sanderson and A. Pool, eds., AGARD-AG-160, Vol. 7, Apr. 1976. 


3. Telemetry Working Group: Telemetry Standards - Revised January 1971. 
[IRIG] Doc. 106-71 , Range Commanders Counc. 

21 




TABLE I.- AH-1G INSTRUMENTATION SYSTEM MEASUREMENTS 


Channel 
number Measurement Range 

1 pus 8.7 t o  144.8 

2 Pls 16.5 t o  136.0 

3 Pus 11.8 t o  127.2 

4 Pls 26.1 t o  132.2 

5 pus 23.0 t o  118.5 

6 Pls 22.2 t o  130.8 

7 Tre 00 t o  800 C 

8 pus 16.9 t o  115.5 

9 Pls 38.1 t o  116.4 

10 Tb 00 t o  800 C 

11 pus 33.8 t o  114.0 

12 Pls 46.1 to 121.4 

13 pus 48.8 to 119.9 

14 Pls 44.7 to 118.6 

15 Pls 47.6 t o  126.8 

Maximum 

error 


kPa 2.04 kPa 

kPa 1.79 kPa 

kPa 1.73 kPa 

kPa 1.59 kPa 

kPa 1.43 kPa 

kPa 1.63 kPa 

10 c 
kPa 1.48 kPa 

kPa 1.17 kPa 

10 c 
kPa 1.2 kPa 

kPa 1.13 kPa 

kPa 1.07 kPa 

kPa 1.11 kPa 

kPa 1.19 kPa 
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TABLE I.- Concluded 

~ 

Channel 
number Measurement Range 

16 83/4 400 t o  -120 

17 B 120 t o  -120 

18 Fdb 16.9 t o  -12.5 kN 

19 Q 30.5 t o  -9.3 kN-m 

20 FPl 14.2 t o  -16.9 kN 

21 MC 27.1 t o  -9.9 kN-m 

22 MC 45.2 t o  -26.0 kN-m 

23 Mb 9.0 t o  -9.9 kN-m 

24 Mb 3.6 t o  -2.8 kN-m 

25 Mb 3.2 t o  -3.4 kN-m 

26 Mb 0.4 t o  -4.5 kN-m 

27 Mb 3.2 t o  -1.4 kN-m 

28 M t  2.8 t o  -1.0 kN-m 

29 Tce 00 to  800 C 

30 J, 00 t o  360° 
-__ 

Maximum 
e r r o r  

~ 

0.780 

0.3O 

0.44 kN 

0.60 kN-m 

0.47 kN 

0.55 kN-m 

1.07 kN-m 

0.28 kN-m 

0.10 kN-m 

0.10 kN-m 

0.07 kN-m 

0.07 kN-m 

0.06 kN-m 

10 c 

0.3O 
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TABLE 11.- AH-1G DATA SYSTEM STATIC PERFORMANCE FOR 


BLADE PITCH ANGLE CHANNEL 


Input  , 
deg 

39.22 

33.19 

28.40 

24.55 

20.35 

16.82 

13.45 

9.57 

6.15 

2.75 

-.63 

-4.05 

-7.48 


-1 1.86 


output ,  
deg 

39.40 

33.25 

28.47 

24.48 

20.50 

16.93 

13.31 

9.68 

6.23 

2.78 
-.67 
-4.12 

-7.57 


-1 1.94 


Absolute, 
deg 

0.18 

.06 

.07 


-.07 

.15 

. l l  
-.14 
.ll  
.08 
.03 -.04 

-.07 

-.09 

-.08 


Error  
~ 

Percent of 
f u l l  scale 

0.35 

.12 

.a3 

.13 

.29 

.21 

.27 

.21 

.15 

.06 

.08 

.13 

.17 

.15 
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Figure 1.- Helicopter rotor-mounted instrumentation system concept. 
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Figure 2.- AH-1G research he l icopter .  
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Figure 3.- Block diagram of AH-1G airborne instrumentation system. 
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Figure 4.- Microelectronic multiplexer-digitizer blade station. 
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Figure 5.- Location of remote e lec t ronics  and pressure sensors on AH-1G blade. 
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Figure 6.- Cross section of AH-IC helicopter blade with tip 
instrumentation in cavities. 
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Figure 7.- Hub-mounted canister and instrumentation. 
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Figure 8.- Fuselage-mounted instrumentation. 
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Figure 9.- Performance of a typical PCM measurement channel. 
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Figure 10.- Performance of a t y p i c a l  p ressure  sensor  with fu l l - s ca l e  
range of 124.1 kPa (13.78 t o  137.88 kPa). 
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Figure 10.- Concluded. 
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Figure 11.- Rotor blade sec t ion  wi th  instrument Pair ing at tached.  
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Figure 12.- Cross section of externally applied instrumentation on rotorcraft blade. 




Figure 13 .- AH-1G ro tor  sensors. 
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Figure 14 . - Block diagram of blade s t a t i o n  mul t ip lexer -d ig i t i zer .  
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Figure 15.- Block diagram of canister multiplexer-digitizer. 
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Figure 17.- Fuselage-mounted receiving antenna. 
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