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FOREWORD 

The  work   dehcnbed   in   this   report   has  been   perlnraed  by   the  Flight   K.   ,<  M«h 
Department   <>f    the  Cornell   Aeronautical   Laboratory,   Inc.      Tile   prograa was 
sponsored by   the   U.   S.   Amy  Transportation  Research Cooaand  under Contract   No. 
DA 44-177-TC-700.     Its  purpose was   to   instrument   a HU-IA helicopter   In order   to 
■easure  aaln  rotor  shaft  horizontal   and  vrtical   forces   separate  fro« fuselage 
forces   in  slaulated  forward   flight    in  the  NASA-Aaes   Research  Center 40  feet   by 
80  feet  wind   tunnel.     This data   is   required  to determine   rotor-pylon-fuselage 
Interference  drag effects  and  to determine  rotor  and  helicopter  performance  at 
high  tip  speeds  and high advance   rotors. 

The   project   was administered  under   the direction of   the  U.   S.   Army 
Transportation  Research Command,   Port  Eustis,  Virginia.     The  report has been 
reviewed   in detail  by USATRECQH and  the data set   forth are  concurred with. 

FOR THE  COMtANDER: 

ROBCKT D.   POUELL,   JR.      ^ EARL A.   WIRTH \ 
USATRECQH,   Project   Engineer CI#0-4 USA X 

Adjutant 
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INTRODUCTION 

The development of instrumentation to measure  shaft  shear and ten- 

sion forces was  undertaken by the Cornell Aeronautical  Laboratory.   Inc 

as a  result of a request by the Transportation Research Command (TRECOM) 

of the Army to aid in the measurement ol the  rotor »haft forces on an HU-1 

Helicopter to be tested in the 40 foot by 80 foot wind tunnel at the NASA Ames 

Research Center      Similar instrumentation was developed by   CAL for use in 

a helicopter stability derivative measurement program discussed in References 

1  through S 

Since it is not possible to measure the  rotor-fuselage interaction forces 

on the wind tunnel balances,   it is necessary to measure the main rotor shaft 

forces       These forces are the only direct measurement of the interaction be- 

tween the fuselage and  rotor  system      Strain gages ha\ e  been  mounted on the 

rotor shaft to measure directly the  strains  resulting from shear and tension 

forces       The three forces which can be measured are the  JL       y   .   and   ^ 

components of the  rotor-fuselage interaction 

These forces are called the Longitudinal Shaft Shear (^    ),   Lateral 

Shaft Shear ( ^/    ).   and Shaft  Tension | 7"  )      AH measurements are necessarily 

referenced to the axis of the  main  rotor  shaft 

For ease of computation and data  evaluation,   it is  desirable to obtain 

an  indication of these shaft forces in the fuselage  frame of reference  rather 

than the  rotating axis system of the  rotor      Since the only forces available for 

direct measurement exist in the  rotating  shaft,   a  coordinate  transformation 

is  necessary 

To obtain a measurement of shaft forces  in the non-rotating axis  system, 

the  signals  representing shaft forces in the  rotating system must be  summed 

in a sine-cosine resolver rotating at shaft speed       This transforms the rotating 

system data into data in the non-rotating coordinate system       The shaft tension 

measurement is independent of shaft angle,   so no axis transformation is neces- 

sa ry 

1 TG-1476-r.I 



DISCUSSION OF   AV   , AV     M EASUR LM tNT S YSTLM 
*     y 

The  following   is  the  mathemAti   «1  t^i», s   tor  the  system operation 

Scale  (actors and cunverstons   between  forces,   strains,   voltages,   and trace 

deflections are or.ntted since they only  tend tu obscure the  simple trigono- 

metric   operations 

Let     J      be the instantaneous   »halt  angle  ( ^    -  0 when the  refer- 

ence fised in the  shaft is aligned along the  longitudinal axis of the airc raft 

and to the  rear) and     &    the angle of the applied force H(e)*» shown in the 

diagram 

m 

-0     \ ,0 . -^»v 
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Fhrn the  shear  (on eg which would be observed in the two planes 

at   right «tngles to each other,   parallel to the axis of the shaft and fined 

with  retpett to the   rotating shaft (i   e    .   the planes coincident  with the 

strain gage  locations) are 

hii   -- Hit) Oos(Q-0) , j, 

hit - H(t)sm(o-0) 

These  signals are introduced into a  sine   cosine  resolver  which is 

connected to form the products and sums 

H    * H, cos?- Ht%>"<J ^ 
Substituting (1) into (J) 

*, ^ H(t)s,*0ath{t*   0)* H (t)co*<j *.'" (&   <ß) 

HB *H(e)oc">0co*(S 0)- H(e)*"i0 %>" (0-0) 
This  reduces to 

HM * H(e)[$i*(0*e &)] = ü(e) st* e ^ ^y 

^ - hi{i)[a>t(e   0*0)]* H(i)co*0 '-NM 

These equations are independent of    0 A/     and   /7y   are the 

i orTtponents of shaft shear along the longitudinal and lateral directions 

The  selection of  signs and proper  summation   is accomplished in 

pra«.me  by   reversing the  sign of   HI    or    /-/.     until an input appears to be 

independent of shaft angle       The proper  ji     and   y     axes are obtained by 

rotating the  resolver case  relative to the  »halt  until the output of   A/      is 

zero  when only a    Hg    input  is applied 

TG   I47fe  F   I 



F i g u r e 1 i s a b lock d i a g r a m of the Ht , H m e a s u r e m e n t s y s t e m : 

D a t a in R o t a t i n g S y s t e m 

G a i n E q u a l i z a t i o n 
a n d P o w e r 
A m p l i f i c a t i o n 

G a i n E q u a l i z a t i o n 
a n d P o w e r 
A m p l i f i c a t i o n 

Da ta in N o n - R o t a t i n g S y s t e m 

C E C 
7 - 2 3 5 

D e m o d u l a t o r 
a n d 

F i l t e r 
H. 

Ga l v a n o m e t e r s 

"v C E C 
7 - 2 3 5 

D e m o d u l a t o r 
a n d 

F i l t e r 
H. 

F I G U R E 1 B L O C K DIAGRAM O F HK , Hy M E A S U R E M E N T S Y S T E M 
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ANALYSIS OF  ROTOR SHAFT STRAIN AND SIGNAL  LEVELS 

Tension Mf^sumnent 

The  shaft Btram  resulting I r    in «AI^I lenstun is computed,   «•■uming 

the tensile  stresses  are  uniform around the  shaft 

Shaft C ross - Sec tion Ai «    /)   '>00Z  -   i   I2S2   ) ,   a*      ' rea   -      If   I j /       =   1   95 in 

Assume a vertical load of  i 000  lb,   then the stress due to tension is 

1000 ib ..,   a ...     i 
- SlZ   8 lb/in 

1   9S in^ 

This is equivalent to IS64 0 lb m    for a S0OO lb load 

»M                    *-           S\t   8 lb/in ,_   ,       .^ -o ,. _j._ ,. 
The strain 6    »     -r x      »17   1  k  10      /1000 lb 

JO« 10    lb/in 

1 mic romch/inch strain is equivalent to S8   S lb of   applied load     A 5000 lb 

load produces  85   5 mic roinches/inch strain 

Since the strain gage bridge is a four arm bridge employing tension and 

Foisson's  Ratio comprrssion arms,   the effective bridge output is (for gage 

factor of I   0). 

1   J '  »   10       vult/volt  supply per mic romch/inch strain 

This bee omes 

1   ^9 s   10  6 a lk> volts K   17    1 volts/ 1000 lb load « 575 ■   10   b volts 

per   1000 lb load 

Figure ^ is a signal flow diagram which shows the various forms of 

the signal through the tension data channel 

TG   1476  F   I 



F r o m c a l i b r a t i o n r e s u l t s the h y s t e r e s i s a n d r e p e a t a b i l i t y o l t h e d a t a 

w a s i n t h e r a n g e of 5 t o 10 lb f o r a 5 0 0 0 lb r a n g e of i n p u t . T h i s i s e q u i v a l e n t 

t o a 2 . 5 t o 5 m i c r o v o l t u n c e r t a i n t y in the b r i d g e b a l a n c e . 

F u l l b r i d g e o u t p u t v o l t a g e w a s 2 . 8 7 x 10 v o l t s . T h i s w a s t r a n s -

f o r m e d by a f a c t o r of 1 . 5 5 a n d p r e a m p l i f i e d at the r o t o r by a s o l i d s t a t e f e e d -

b a c k s t a b i l i z e d a m p l i f i e r h a v i n g a g a i n of 5 0 0 . T h e a m p l i f i e r e x h i b i t e d a c o n -

s t a n t g a i n i n t o the l o a d f o r o u t p u t l e v e l s up t o 7 v o l t s . S i n c e t h e o u t p u t f o r 

fOOO lb t e n s i o n w a s 2 . 2 v o l t s , n o n o n - l i n e a r i t y o r s a t u r a t i o n w a s to be e x p e c t e d . 

B e c a u s e o f t h e n e c e s s a r y d e c o u p l i n g a n d p h a s e c o r r e c t i n g n e t w o r k s , t h i s 

r e d u c e d t o a p p r o x i m a t e l y 1 . 5 v o l t s R M S a t t h e d e m o d u l a t o r . T h e r e s u l t a n t c u r -

r e n t to t h e r e c o r d i n g g a l v a n o m e t e r w a s a p p r o x i m a t e l y i b x 10 a m p e r e s . T h e 

g a l v a n o m e t e r s e n s i t i v i t y of 7 . 9 x 10~ a m p e r e s p e r i n c h d e f l e c t i o n r e s u l t e d in 

a d e f l e c t i o n s e n s i t i v i t y of a p p r o x i m a t e l y 1 1 1 0 l b / i n . T h i s c a l c u l a t i o n a g r e e s 

r e a s o n a b l y w e l l w i th t h e 1 2 0 0 l b / i n c h c a l i b r a t i o n f a c t o r o b t a i n e d e x p e r i m e n t a l l y . 

5 0 0 0 lb 
Input 

8 5 5 x 10 
i n c h / i n c h 
s t r a i n 

T B r i d g e 

2 87 x 10 
V A C x 1 . 5 5 

Bridge i | | f ~ 
Output J | | { _ 

l.L V A C 
T o R e m o t e 

3 K n Un i t 
x 5 0 0 VV\< +~ 

S l i p R i n g s 

T a b e r N o . 2 0 4 G 
P r e a m p l i f i e r 

2b V A C 
S u p p l y 

F r o m 
> 

R o t o r 
S y s t e m 

A p p r o x u n a t e l y 
1 . 5 V A C 

f t 

P h a o i n g 

D e m o d u l a t o r 

0 . 3 V D C / 
1 V A C 

T a b e r 
N o . 2 1 1 S 

0 . 4 5 V D C 3b x 10 b a m p 

- V W V V -
13 K 

F i l t e r 
350 

A p p r o x i m a t e g a l v a n o m e t c i 
d e f l e c t i o n 4 . 5 i n c h e s 

F I G U R E 2 T E N S I O N i l G N A L F L O W D I A G R A M 
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Longitudinal «nd  Lateral Shaft Shear 

Strain gages were ICK ated at two stations on the  main  rotor shaft  in 

such a manner that they would sense differential bending moments in the «haft 

This differential  is the  result uf shear forces at  right angle» to the shaft axis. 

These  gages were oriented in two plane» inte rse«. ting at  right angles 

along the axis of the shaft*    Thus,   the instantaneous orthogonal components ol 

shaft shear were obtained in a frame of reference fixed with the shaft. 

The strain levels and resultant signal levels were computed in the fol- 

lowing manner 

For a hollow cylinder the moment of inertia along one of its diameter» 
is: 

J  * ~ *(04-<j*) =    0491 (iSO     95  4) - ^   68S in4 

the stress    5-    -    ^A^/l      where 

Af     =  differential moments  resulting from honsontal shear 

-   SO0 lb shear x   10 inch separation of gage locations9* 

=  S000 i-./lb 

C   ^   I   7S0 inch 

tlie differential stress 

<-         SO00 «   I    7S0 »,vn  iw/     i cnn   i^ O-    -   7~TTC  J260  lb/in     per  S00  lb 

and the  differential »train 

C     --    \^—     =   108    S  »   10   b in/in 
*       iO »  10t> 

for a 500 lb »hear load 

The  resolution and hysteresis  limit obtained during calibrations  was 

approximately   1   lb.      This  is  equivalent  to 0   Z  x   10        in/in  strain 

*      See Figure  3,   which is a pictorial drawing of the gage installation and 
a schematic  of the bridge interconnections,   and Figure 4 is a photograph 
of a portion of the installation 

••    S00 lb is the maximum expected shear load 

7 TG-1476-F-i 
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AU. T>€ H . H. B T GAGES USED 
ARE *flRED WITH GREEN 6 BLACK 
WIRES 

A SPARE Sf~ OF (NO" SHOW^^ H. 
a T GAGES ARE IUKXJNTD DK ~~€ 

£^c ARE CONNECTED TO 
THE J M W U N T : REC a W*«TE *«RES 
NCi-JOED N THE SAME SHC^DEC CAB^S 

% > 

; 

« « « STATU* 

STATION 

*r 
A»W»C* Ui'l 

OSTA*C£ •T'WtEK 
.*•€* A«C j « r » ,, 

V € A * U S S T 1 * « S . 

TIHSJCW &AC( STATU* 

LO«C» VCAO M M S' lT lO* 

FIGURE 3 PICTORIAL VIEW OF GAGE INSTALLATION 
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TENSION GAGES 

F I G U R E 4 P O R T I O N O F G A G E I N S T A L L A T I O N 
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Kigure *> it A •ignal flow diagram showing the vanoua voltftg« l«vet« 

through one of the two «hear channel*. 

Assuming a gags supply voltage of 26 VAC [e factor of 2, 

e4 =  26 K 2 «  108. J « 10 
-6 

S  64 x 10      volts/500 lb.    A  1 lb shear load 

is equivalent to about 12 K  10      volts      This is sn easily detactable signal. 

A 1. SS step-up in an isolation transformer and an amplifier gain of 

ISO resulted in a full-scale output of the rotor head preamplifiers of 1. SS * 

10 x S  64 x 10   * volts ;  1. 3! volts RMS. 

The resultant output voltage of the resolver amplifier is approximately 

S. S VAC.    This reduces to approximately 2. IS VAC at the demodulator     The 

demodulator output is 0.6S VDC which deflects the 7-325 galvanometer about 

3.S inches on the high sensitivity range and 1.6S on the low sensitivity range. 

S00 lb Shear 
Input 

108.3 x 10 
inch/inch 
strain 

S.64 x  10' 5 VAC    K l.SS 

1IC 
1.31 VAC 

3K/1        ^^ 
in   ISO) VW QD—*- 

Slip Rings 

S.S VAC 

Signal from 
other channel 

2. IS VAC 

"E  
_!  

Demodulator 
3 VDC 

1 VAC 

bS VDC 
 vvw— 

46.4 or 
23.2 KA 

3S0A      -r 

Approiumate galvanometer 
deflection 3.S inches or 
1   6S inches 

FIGURE S     SIGNAL FLOW DIAGRAM FOR SHEAR CHANNEL 
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Th*-   met. h^ni zation  of the   ruea »ur r m«* nt   «yttcm   ^ an b**   stparatrd 

into   :     .r   pa rt- 

1 Rotur   Installation  (strair.  ^agr^   at.d  p r cainplt t if r •>) 

J Ren lute   Te»t   Unit 

) Retolver and Gearbox Installation 

4 Rf i or ding  Sytt^rn 

Figure  f,  . s   a  block   diagram  ot the  complete   system and Figures 

Ö.   and 9 sho>*  in detail the   mte rconnec tiona and  circuits ui the  lour   , .     '        - 

Thr  strau   gages  used (or  the  rotor  installation are  Tatnal   Type 

Cb- Ml    )S0       These are   3S0 ohm metal film  strain gages having a gage fac 

of  J   Ui  tl    J%      These gages are  bonded to the   rotor  shaft with Eastman 910 

cement and waterproofed and protected from  injury  by  a  synthetu    rvibber  over 

v oat  and  fiberglass  tape 

A  duplicate  set of  strain gages  for   shear  and tension measurement»   A i 

also  installed in the  event of  a  failure of  the  first   set       Wiring  has  been prov idrd 

so that  switching  from  one   set to the ( ther  is  not  difficult       Realignment  of   the 

resolver  would be  necessary   for  the  shear  channels   if   ;hi9 change   is   made 

The   strain gage   o :tpuls  are   balaru ed and   amplified by   the   Rotor   Hre 

ampiitier   and   balance   Unit   which   is  mounted on  the   clamper  mounting   ass<-mtil> 

Hell   Han   No     J04   010   ^17    I        The   resulting  sigrvals  are transmitt.l   through 

the   slip   ring assembly   (provided   by   Bell)  and approximately   1J0  ieet  of   shielded 

cable  to the   Remote   Test  Unit      Figure   10 is a photograph of this  assembly 

The   Reinote   Test   Unit  consists  of   two c fva a s i s   mounted  in a   cabinet   ra>k 

The   lower   unit  is a   regulated 400 cps  supply  for   the  instrumentation and th      u(> 

per  is  the  chassis  which provides  the gain controls,   test or calibration voltage 

power amplification,   demodulation and filtering  necessary for obtaining   •'    ,  '• 

and    T 

11 TG   147b   F    I 
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Panel mounted SO   0   SO micro ampere meters are provided for raay 

visual monitoring of the galvanometer aignal» and for  balancing 

The  resolver system is mounted on the  tachometer generator pad at 

the lower  right side of the main gearbox      Due to structural member  inter- 

ference,   it was necessary to rotate the hydraulic pump (and the necessary 

drain fittings,   etc   ) 90* to accommodate the gearbox without additional 

machining      Appendix I is a description of the gearbox 

17 TG-1476-F-1 



CALIBRATION PROCEDURES AND RESULTS 

Tension 

The  tension calibration was accomplished by  lifting the helicopter  by 

the main rotor   :n<i cap which has a lifting eye      A NASA   '0,000 lb range pro- 

ving ring having a calibration factor of ZZ   8 lb/division was used as a measure 

of the tension input      The shaft axis was inclined forward about 3 degrees     This 

would result in a 0   ZT>% reduction in the tension along the axis 

Calibrations were made for every 90* position of the shaft      A notice- 

able difference in the deflection sensitivity was obtained for the various azi- 

muth positions      Since this was discovered to be mainly due to bending moment 

cross talk  in the extra pair of gages used for nulling the torsion cross talk,   a 

similar pair of gaget was mounted at an axamuth position of  180*  from the orig- 

inal pair       These gages will reduce the effects of bending moments to a neglig- 

ible amount 

The calibrations presented here were made with only the two original 

torsion nulling gages      This shows up as an increase and decrease in deflection 

sensitivity with shaft azimuth position      It was not possible to lift the helicopter 

with the slip rings installed since the biade assembly  was  removed      These cal- 

ibrations were made without the possible small effect of slip rings       The  300° 

ohm series  resistor in the preamplifier output should make the effect of the 

rings negligible 

The average of the four calibrations is very near the deflection sensi- 

tivity of the system with no bending moment inputs      This average was ob- 

tained by taking the average of the trace deflections for each value of tension 

load.    Since a few of the tension loads did not agree exactly with the nominal 

value,   small correction factors (of the order of .02 inches) were introduced 

to simplify the averaging procedure 

1» TG-1476-F-1 



Table I p r e s e n t s the input t e n s i o n and r e s u l t a n t t r a c e p o s i t i o n for the 

lour a z i m u t h p o s i t i o n s . Tab le II t a b u l a t e s the c o r r e c t e d d e f l e c t i o n s f o r the 

n o m i n a l t e n s i o n inputs l i s t e d and the r e s u l t a n t l i n e a r a v e r a g e of the four c a l -

i b r a t i o n s One point f o r the 180* a z i m u t h p o s i t i o n was o f f - s c a l e . T h i s point 

w a s ob ta ined by e x t r a p o l a t i o n s i n c e it w a s i m p o r t a n t f o r a c o n s i s t e n t m e t h o d 

of a v e r a g i n g The r e s u l t i n g c a l i b r a t i o n i s s h o w n in F i g u r e 9 . The non-

l i n e a r i t y b e t w e e n z e r o and 1000 lb r e s u l t e d f r o m the r e s t p o s i t i o n of the g a l -

v a n o m e t e r be ing o f f s e t beyond i t s l i n e a r r a n g e . T h i s i s not i m p o r t a n t s i n c e 

the data wi l l a l l be o b t a i n e d in the 4 0 0 0 to 6 0 0 0 range of l o a d s . 

The h y s t e r e s i s of the a v e r a g e d c a l i b r a t i o n w a s not r e d u c e d a p p r e c i a b l y 

by the a v e n g i n g t e c h n i q u e . The r e s u l t i n g m a x i m u m h y s t e r e s i s i s about 03 in 

T h i s i s e q u i v a l e n t to about 34 lb h y s t e r e s i s or 34/SOOO x 100% = 0 7% of ful l 
s c a l e . 

The data obta ined f r o m the t e n s i o n c h a n n e l dur ing wind tunnel t e s t s w i l l 

not be a s a c c u r a t e a s w a s ob ta ined dur ing the c a l i b r a t i o n s b e c a u s e of the t e m p -

e r a t u r e d r i f t s , t orque c r o s s ta lk , v i b r a t i o n and n o i s e r e s u l t i n g f r o m the c a p t i v e 

f l i g h t s . F i l t e r i n g i s p r o v i d e d which w i l l a id g r e a t l y in a v e r a g i n g out the n o i s e , 

but it w i l l be n e c e s s a r y to e s t a b l i s h a r e f e r e n c e v a l u e of t e n s i o n a f t e r a w a r m -

up p e r i o d During f l i gh t , the ro tor sha f t t e m p e r a t u r e r i s e s and it i s d e s i r a b l e 

to e s t a b l i s h the 5 0 0 0 lb point at t e s t o p e r a t i n g t e m p e r a t u r e . The c a l i b r a t i o n 

f a c t o r wi l l a l s o be c h a n g e d due to the v a r i a t i o n of Young' s M o d u l u s with t e m p -

e r a t u r e . T h i s i s of the o r d e r of -1% for e a c h 30* C r i s e . T h i s c o r r e c t i o n c a n 

be a p p l i e d to the t e s t data by c h e c k i n g the shaf t t e m p e r a t u r e just a l t e r shutdown 

Shaft S h e a r 

The c a l i b r a t i o n of the shaf t s h e a r c h a n n e l s w a s p r e c e d e d by a s e q u e n c e 

of a d j u s t m e n t s n e c e s s a r y for the i n i t i a l s e t t i n g up of the m e a s u r e m e n t s y s t e m . 

In Equat ion I an i n c o r r e c t s i g n in e i t h e r Li, , t-lz , o r in the m e t h o d of 
s u m m i n g t h e s e s i g n a l s in the r e s o l v e i w i l l r e s u l t in 
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T A B L E I 

I N P U T T E N S I O N A N D R E S U L T A N T T R A C E P O S I T I O N 

A z i m u t h A z i m u t h A z i m u t h A z i m u t h 
0 # 9 0 * 180" 2 7 0 ' 

L b T r a c e L b T r a c e L b T r a c e L b T race 
L o a d D e f l e c t i o n Lr»ati D e f l e c t i o n L o a d D e f l e c t i o n L o a d D e f l e c t i o n 

0 - 0 . 10 0 - 0 . 11 0 r 0 11 0 - 0 . 22 

1140 + 1 . 0 3 1133 4 1 . 0 1 1 140 • 1. 07 1140 • 0 95 
2280 2 . 03 2285 2 05 2280 2 . 1 1 2280 1. 96 
3420 3 00 3420 2 99 3420 3. 13 3420 2. 98 
4 5 6 0 3 98 4610 4 01 4560 4. 17 4560 4 00 
51 10 4 45 5080 4 43 5100 4 6 6 * 5 1 3 0 4 55 
4 5 6 0 4 00 4560 4 00 4 5 6 0 4 . 15 4560 4 00 
3420 3 01 3445 3 03 3420 3. 12 3420 3. 00 
2280 2 . 05 2280 2. 04 2 2 9 0 2 . 11 2280 2 . 00 
1140 • 1 05 1 140 • 1. 05 1150 • 1 0 0 1 140 • 0 . 99 

0 - 0 . 12 0 - 0 09 0 0 . 10 0 - 0 18 

* e x t r a p o l a t e d f r o m 180* c a l i b r a t i o n c u r v e 
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T A B L E II 

C O R R E C T E D D E F L E C T I O N FOR I N P U T TENSIONS A N D 
R E S U L T A N T A V E R A G E D E F L E C T I O N 

0* A z i m u t h 90* A z i m u t h 180* A z i m u t h 270 * A z i m u t h 
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0 0 0 - 0 . 10 0 0 - 0 . 11 0 0 - . 11 0 0 - 0 . 2 2 - . 135 
1 140 1140 0 + 1 . 0 3 1133 + 7 + 1 . 0 2 1 140 0 + 1 . 0 7 1 140 0 + 0 . 9 5 + 1 . 0 1 7 
2 2 8 0 2 2 8 0 0 2 . 0 3 2 2 8 5 - 5 2 . 0 5 2 2 8 0 0 2 . 11 2 2 8 0 0 1 . 9 6 2 . 0 3 6 
3420 3420 0 3 . 0 0 3420 0 2 . 9 9 3420 0 3. 13 3420 0 2 . 9 8 3 . 0 2 5 
4 5 6 0 4 5 6 0 0 3 . 9 8 4 6 1 0 - 5 0 3 . 9 7 4 5 6 0 0 4 . 17 4560 0 4 . 0 0 4 . 0 2 9 
5 1 0 0 5 1 1 0 - 10 4. 44 5 0 8 0 +20 4 . 45 5100 0 4. 66 5 1 3 0 - 3 0 4 . 5 2 4 . 518 
4 5 6 0 4 5 6 0 0 4 . 0 0 4 3 6 0 0 4 . 00 4 5 6 0 0 4. 15 4 5 6 0 0 4 . 0 0 4 . 0 3 8 
3420 J420 0 3 . 0 1 3445 - 2 5 3 . 0 1 3420 0 3. 12 3420 0 3 . 0 0 3 . 0 3 5 
2280 2 2 8 0 0 2 . 0 5 2 2 8 0 0 2 . 0 4 2 2 9 0 - 10 2 . 10 2 2 8 0 0 2 . 0 0 2 . 0 5 8 
1 140 1140 0 + 1 . 0 5 1140 0 • 1 . 0 5 1 150 - 1 0 + 1 . 0 8 1 140 0 + 0 . 9 9 1. 04 3 

0 0 0 - 0 . 12 0 0 - 0 . 0 9 0 0 - 0 . 10 0 0 - 0 . 18 - 0 . 123 

c o r r e c t i o n of . 0 0 0 8 7 i n / l b 
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A/ = s*r (J) - ht2 CO S 0 

= 005 $ * s / / 7 ^ 

e x p a n d i n g , 

/ / j - H(t) sm & oos f t ) Ccs 0 s '/?^ £ - 0 ) 

~ hi(e)C&S 0s-x>^(o-<$)+ H(t) S'fi 0 S//? 
T h i s r e d u c e s to 

AV, • M(l)[^'n (<P *& + 0)J - 5"> (20+Q) 

= V(*)[ccs(9- 0-0)] =tf(t)cc3(e -20) 
T h e s e e q u a d o n s a r e d e p e n d e n t on iJD and the ou tpu t i s a s e c o n d h a r -

m o n i c of s h a f t RPM f o r a s t e a d y i n p u t . 

By a r e v e r s a l of e i t h e r the s i g n of A# o r H2 , t h i s s e c o n d h a r m o n i c 

d i s a p p e a r s and the ou tpu t i s a c o n s t a n t . 

The ou tpu t i s a c o n s t a n t if the / / , a n d c h a n n e l g a i n s a r e e q u a l . If 

they a r e no t , E q u a t i o n 1 i s c h a n g e d to : 

/V, = H{t)(U&)ccs(9-&) 

* h i s / V ? (e-0) 
R e s o l v i n g f-lf and in to the A/- c o m p o n e n t : 

A^ - M(t)(f+A) sm 0 C/35 ;x9 - 0) * H (£)(!-&) cos 0 s/s>(Q-0) 

» hi(t)s>n & Sin (20 + Qj 

The s e c o n d t e r m i s a 2 / r e v r i p p l e s u p e r i m p o s e d on the c o r r e c t ou tput which 

r e s u l t s f r o m u n e q u a l c h a n n e l g a i n . The a v e r a g e ga in i s u n c h a n g e d . In the 

p r e s e n t s y s t e m , the r i p p l e f r e q u e n c y i s a p p r o x i m a t e l y 10 c p s . T he f i l t e r 

h a s a c u t - o f f a t 1 c p s s o t he r i p p l e due to u n e q u a l ga in i s n e g l i g i b l e . If t h e r e 

i s a s t a t i c u n b a l a n c e in H, o r / / . due to e i t h e r b r i d g e u n b a l a n c e , b l a d e u n -

b a l a n c e o r t r a c k i n g e r r o r s , t h i s t e r m wi l l a p p e a r a t the ou tpu t of t he r e s o l v e r 

a s a f u n c t i o n of s i n 0 o r c o s y5 ( i . e . , a 1 / r e v r i p p l e ) . 

The R e m o t e B a l a n c e Unit h a s p r o v i s i o n s f o r d e t e c t i n g the s t e a d y s t a t e 
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u n b a l a n c e a t t he input to the r e s o l v e r s so tha t t h i s unwan ted 1 / r e v r i p p l e 

c a n be r e d u c e d to neg l i g ib l e a m o u n t s T h e r e i s no i n h e r e n t way to b a l a n c e 

out h i g h e r o r d e r e r r o r s wi thout r o t a t i n g r e s o l v e r s a t m u l t i p l e s of b l ade RPM 

The o r i e n t a t i o n of the r e s o l v e d output i s d e t e r m i n e d by the r e l a t i v e 

p o s i t i o n of the r e s o l v e r s t a t o r and i t s m o u n t i n g pad , p r o v i d i n g the r e s o l v e r 

r o t o r i s r i g i d l y c o n n e c t e d to the m a i n r o t o r s h a f t o r t h rough a 1:1 g e a r i n g 

a r r a n g e m e n t . * 

The m o s t s i g n i f i c a n t f e a t u r e of t h i s m e a s u r e m e n t s y s t e m is t ha t the 

s t e a d y s t a t e ou tput of the o r c h a n n e l c a n only r e s u l t f r o m a c o r r e s -

ponding s t e a d y s t a t e input s h e a r on the r o t o r s h a f t E l e c t r i c a l u n b a l a n c e , 

m e c h a n i c a l o r a e r o d y n a m i c u n b a l a n c e s wi l l not m a t e r i a l l y c h a n g e the s t e a d y 

s t a t e d e f l e c t i o n . The z e r o s h e a r b a l a n c e po in t c a n be d e t e r m i n e d qu i t e a c -

c u r a t e l y by s w i t c h i n g off the r e s o l v e r output o r by r e v e r s i n g i t s s ign and 

not ing the a v e r a g e . Th i s z e r o can be ob t a ined when the r o t o r i s sp inn ing o r 
when i t i s not t u r n i n g The z e r o c u r r e n t p o s i t i o n of the g a l v a n o m e t e r cou ld 
be a f a l s e z e r o if any u n b a l a n c e e x i s t s in the d e m o d u l a t o r and , f o r t h i s r e a s o n , 

s h o u l d not be u s e d . 

The and c h a n n e l s w e r e c a l i b r a t e d f o r each 45* a z i m u t h p o s i -

t i on of the r o t o r s h a f t Th i s p r o v i d e d one with s u f f i c i e n t da ta to e s t a b l i s h 

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

S o m e v a r i a t i o n in s e n s i t i v i t y f o r the v a r i o u s s h a f t p o s i t i o n s was ob-

s e r v e d . The s e n s i t i v i t i e s in the p l a n e of the s t r a i n gage b r i d g e s w e r e a d -

j u s t e d to be n e a r l y e q u a l , but the s t i f f n e s s of the s h a f t was not c o n s t a n t with 

a z i m u t h p o s i t i o n . T h i s i s m o s t l ike ly the r e s u l t of s l i gh t e r r o r s in the c o n -

c e n t r i c i t y of the i n n e r and o u t e r s u r f a c e s of the s h a f t . 

• See Append ix I f o r d e t a i l s of the R e s o l v e r G e a r b o x . 
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S T E E L RING 
CALIBRATION COLLAR 

F I G U R E 12 SHEAR L O A D I N G F I X T U R E 
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F I G U R E 13 C A L I B R A T I O N S E T - U P FOR C H A N N E L 
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T h i s u n e q u a l s e n s i t i v i t y wi th a z i m u t h p o s i t i o n wil l r e s u l t in a 2 / r e v 

r i p p l e s u p e r i m p o s e d on the d e s i r e d d e l i e c t i o n . T h e f i l t e r i n g of t h e r e c o r d i n g 

c h a n n e l s i s s u f f i c i e n t to r e d u c e t h i s to n e g l i g i b l e a m o u n t s . 

C a l i b r a t i o n s w e r e p e r f o r m e d by a p p l y i n g l o a d s at r i g h t a n g l e s to t h e 

r o t o r s h a f t a x i s in the l o n g i t u d i n a l a n d l a t e r a l d i r e c t i o n s A s t e e l r i n g m o u n t e d 

on the s h a f t a n d a U - s h a p e d c o l l a r with two r a d i a l ba l l b e a r i n g s b o l t e d to the 

c o l l a r w e r e r e q u i r e d a s c a l i b r a t i o n a c c e s s o r i e s . T h e s e w e r e c o n s t r u c t e d in 

s u c h a f a s h i o n t h a t l o a d s a p p l i e d f r o m a c a b l e a t t a c h e d to the U - s h a p e d c o l l a r 

w e r e t r a n s f e r r e d to t h e r a d i a l b e a r i n g s , wh ich in t u r n c o n t a c t e d t h e s t e e l r i n g 

wi thou t i n t e r f e r i n g with e l e c t r i c a l c a b l e s to t h e S l ip Ring A s s e m b l y . T h u s , i t 

w a s p o s s i b l e to r o t a t e the r o t o r s h a f t w i thou t r e m o v i n g the c a l i b r a t i o n f i x t u r e 

o r any load t h a t w a s a p p l i e d . 

F i g u r e 12 i s a p h o t o g r a p h of t h i s f i x t u r e and F i g u r e 13 i s a p h o t o g r a p h 

of t h e c a l i b r a t i o n t e c h n i q u e u s e d f o r the c a l i b r a t i o n . 

l ^oads w e r e a p p l i e d in SO lb i n c r e m e n t s a n d t h e c h a n n e l g a i n s w e r e 

s w i t c h e d f r o m h igh to low f o r e a c h l oad v a l u e . T h e r e s u l t a n t t r a c e d e f l e c t i o n s 

a r e p r e s e n t e d in T a b l e s 111 a n d IV. 

The a v e r a g e f o r e a c h load v a l u e a t both h igh a n d low s e n s i t i v i t y s e t t i n g s 

i s p r e s e n t e d in T a b l e V. 

F i g u r e s 14 a n d 15 a r e p l o t s of t h e r e s u l t i n g c a l i b r a t i o n s . 

T h e l i n e a r i t y a n d h y s t e r e s i s e r r o r s a r e l e s s t h a n 1 /2% of f u l l - s c a l e . 

F i g u r e s 16 a n d 17 a r e p o l a r p l o t s of the c a l i b r a t i o n f a c t o r s f o r Hp a n d 

v e r s u s a z i m u t h p o s i t i o n . T h i s s e r i e s of p l o t s i s i n c l u d e d to s h o w g r a p h i -

c a l l y t h e v a r i a t i o n of s y s t e m s e n s i t i v i t y wi th a n g u l a r p o s i t i o n . 
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TABLE IH 
RESULTANT TRACE DEFLECTIONS FOR HIGH AND LOW H x CHANNEL GAINS 

u 0* 45* 90 * 1 3 5 ' 1 8 0 ' 215* 2 7 0 ' 315* 
" x A z i m u t h . A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h 

High* Low High Low High Low High L o w High L o w High L o w High Low High L o w 

0 0 . 6 2 0 . 6 2 0 . 6 7 0 . 7 1 0 . 7 9 0 . 9 5 0 . 6 2 0 . 6 2 0 . 6 7 0 . 7 1 0 . 6 4 0 . 6 5 0 . 6 2 0 . 6 2 0 . 6 6 0 . 6 9 

50 0 . 8 5 1 . 0 7 0 . 90 1. 16 1 . 0 3 1 . 4 1 0 . 8 6 1 . 0 9 0 . 9 0 1 . 1 5 0 . 8 6 1 . 0 9 0 . 8 6 1 . 0 8 0 . 9 0 1 . 1 6 

100 1 . 0 8 1 . 5 1 1. 13 1 . 6 1 1 . 2 6 1 . 8 8 I . 1 0 1 . 5 5 1 . 1 2 1 . 6 0 1 . 0 9 1 . 5 4 1. 10 1 . 5 5 1. 13 1 . 6 2 

150 1 . 3 1 1 . 9 5 1 . 3 5 2 , 0 4 1 . 5 0 2 . 3 3 1 . 3 4 2 . 0 1 1 . 3 5 2 . 0 4 1 . 3 1 1 . 9 7 1 . 3 3 2 . 0 0 1 . 3 6 2 . 0 7 

200 1 . 5 3 2 . 3 9 1 . 5 8 2 . 4 8 1 . 7 3 2 . 7 8 1 . 5 6 2 . 4 6 1 . 5 7 2 . 4 8 1 . 5 4 2 . 4 0 1 . 5 7 2 . 4 6 1 . 6 0 2 . 5 2 

250 1 . 7 5 2 . 8 4 1 . 8 0 2 . 9 1 1 . 9 6 3 . 2 3 1 . 8 0 2 . 9 2 1 . 7 9 2 . 9 1 1 . 7 6 2 . 8 4 1 . 8 0 2 . 9 2 1 . 8 2 2 . 9 7 

: 300 1 . 9 7 3 . 2 5 2 . 0 1 3 . 3 4 2 . 18 3.t>8 2 . 0 2 3 . 3 7 2 . 0 1 3 . 3 4 1 . 9 7 3 . 2 6 2 . 0 2 3 . 3 6 2 . 0 5 3 . 4 2 

350 2 . 18 3 . 6 8 2 . 2 3 3 . 7 6 2 . 4 1 4 . 1 3 2 . 2 5 3 . 8 1 2 . 2 3 3 . 7 8 2 . 18 3 . 6 8 2 . 2 4 3 . 8 0 2 . 2 7 3 . 8 7 

400 2 . 4 0 4 . 1 1 2 . 4 4 4 . 1 9 2 . 6 3 4 . 5 6 2 . 4 8 4 . 2 6 2 . 4 5 4 . 2 0 2 . 4 0 4 . 1 0 2 . 4 7 4 . 2 5 2 . 50 4 . 3 1 

450 2 . 6 1 4 . 5 3 2 . 6 6 - - 2 . 8 6 - - 2 . 6 9 - - 2 . 6 5 - - 2 . 6 2 4 . 5 4 2 . 7 0 - - 2 . 7 3 - -

500 2 . 8 3 - - 2 . 8 6 - - 3 . 0 8 - - 2 . 9 2 - - 2 . 8 8 - - 2 . 8 3 - - 2 . 9 1 - - 2 . 9 5 - -

450 2 . 6 2 4 . 5 4 2 . 6 6 - - 2 . 8 6 - - 2 . 7 1 - - . 2 . 6 4 - - 2 . 6 3 4 . 5 6 2 . 7 1 - - 2 . 7 4 - -

400 2 . 4 0 4 . 1 2 2 . 4 5 4 . 2 2 2 . 6 4 4 . 5 8 2 . 4 9 4 . 2 8 2 . 4 5 4 . 2 2 2 . 4 1 4 . 1 3 2 . 4 8 4 . 2 7 2 . 5 2 4 . 3 4 

350 2 . 19 3 . 6 9 2 . 2 4 3 . 7 9 2 . 4 2 4 . 1 4 2 . 2 6 3 . 8 3 2 . 2 4 3 . 8 0 2 . 19 3 . 7 0 2 . 2 5 3 . 8 2 2 . 2 9 3 . 9 0 

300 1 . 9 7 3 . 2 6 2 . 0 2 3 . 3 6 2 . 19 3 . 7 0 2 . 0 3 3 . 3 8 2 . 0 2 3 . 3 5 1 . 9 8 3 . 2 7 2 . 0 3 3. 38 2 . 0 6 3 . 4 4 

250 1 . 7 5 2 . 8 3 1 . 8 0 2 . 9 3 1 . 9 7 3 . 2 5 1 . 8 0 2 . 9 3 1 . 8 0 2 . 9 2 1 . 7 6 2 . 8 4 1 . 8 1 2 . 9 3 1 . 8 4 3 . 0 0 

200 1 . 5 4 2 . 4 0 1 . 5 9 2 . 5 0 1 . 7 3 2 . 8 0 1 . 5 7 2 . 4 9 1 . 7 8 2 . 5 0 1 . 5 4 2 . 4 0 1 . 5 7 2 . 4 8 1 . 6 1 2 . 5 4 

150 1 . 3 1 1 . 9 6 1 . 3 6 2 . 0 6 1 . 5 1 2 . 3 4 1 . 3 4 2 . 0 2 1 . 3 6 2 . 0 5 1 . 3 2 1 . 9 7 1 . 3 4 2 . 0 2 1 . 3 8 2 . 0 9 

100 1 . 0 9 1.53* 1 . 1 4 1 . 6 2 1 . 2 7 1 . 8 8 1. 10 1 . 5 6 1. 13 1 . 6 1 1 . 0 9 1 . 5 3 1. 10 1 . 5 6 1. 14 1 . 6 3 

50 0 . 8 6 1 . 0 8 0 . 9 1 1. 18 1 . 0 3 1 . 4 2 0 . 8 7 1 . 1 0 0 . 9 0 1 . 1 6 0 . 8 6 1 . 0 9 0 . 8 7 1 . 0 9 0 . 9 1 1 . 1 7 

0 0 . 6 3 0 . 6 3 0 . 6 8 0 . 7 3 0 . 7 9 0 . 9 5 0 . 6 3 0 . 6 3 0 . 6 7 0 . 7 1 0 . 6 3 0 . 6 3 0 . 6 2 0. .62 0 . 6 6 0 . 7 0 

*Highs and lows in inches of def lec t ion 

TABLE III 



TAELE IV 

RESULTANT TRACE DEFLECTIONS FOR HIGH AND LOW H v CHANNEL GAINS 

J / 0 ' 45* 90® 1 3 5 ' 180* 225* 270* 315* s A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h A z i m u t h 
lb High* Low High Low High Low High Low High L o w High Low High L o w High Low 

0 0 . 7 8 0 . 7 5 0 . 7 9 0 . 7 9 0. 84 0 . 8 5 0 . 8 0 0 . 8 1 0 . 8 1 0 . 8 2 0 . 8 2 0 . 8 2 0 . 8 1 0 . 8 1 0 . 8 0 0 . 7 9 

50 1 . 0 1 1 . 2 0 1 . 0 1 1 . 2 1 1 . 0 5 1 . 2 8 1 . 0 2 1 . 2 3 1 . 0 4 1 . 2 b 1 . 0 5 1 . 2 7 1 . 0 3 1 . 2 3 1 . 0 2 1 . 2 3 

100 1 . 2 3 1 . 6 5 1 . 2 5 l . b b 1 . 2 7 1 . 7 1 1 . 2 4 l . b b 1 . 2 7 1 . b 9 1 . 2 7 1 . 7 0 1 . 2 4 1. b5 1 . 2 4 1. b5 

150 1 . 4 b 2 . 1 0 1 . 4 b 2 . 0 9 1 . 4 9 2 . 13 1 . 4 7 2 . 1 0 1 . 4 8 2 . 1 3 1. 4« 2 . 14 1 . 4 b 2 . 0 8 1 . 4 b 2 . 0 9 

200 l . b 9 2 . 5 3 1 . b 9 2 . 5 3 1 . 7 0 2 . 5 5 1 . b 8 2 . 5 2 1 . 7 1 2 . 5 b 1 . 7 1 2 . 5 7 1 . b 7 2 . 4 9 l . b 8 2 . 5 1 

250 1 . 9 1 2 . 9 8 1 . 9 1 2 . 9 b 1 . 9 2 2 . 9 7 1 . 9 0 2 . 9 5 1 . 9 3 3 . 0 0 1 . 9 3 3 . 0 0 1 . 8 8 2 . 9 1 1 . 9 0 2 . 9 4 

300 2. 14 3 . 4 1 2. 13 3 . 4 0 2. 13 3 . 3 9 2 . 12 3 . 3 8 2. l b 3 . 4 4 2 . 15 3 . 4 3 2 . 1 0 3 . 3 3 2 . 1 1 3. 3b 

350 2 . 3 b 3 . 8 5 2. 35 3 . 8 4 2. 33 3 . 8 1 2 . 34 3. 82 2 . 37 3 . 8 7 2 . 3 7 3 . 8 7 2 . 3 1 3 . 7 5 2 . 3 3 3 . 7 9 

400 2 . 5 9 4 . 3 0 2. 58 4 . 2 8 2 . 5 5 4 . 2 4 2 . 5 b 4 . 2 5 2 .bO 4 . 3 1 2 . 5 9 4 . 3 0 2 . 52 4 . 17 2 . 5 4 4 . 2 1 

450 2 . 8 1 4 . 7 5 2. 80 4 . 7 2 2 . 7 7 4.67 2 . 7 8 4 . b 8 2 . 8 1 4 . 7 5 2 . 8 1 4 . 7 4 2 . 73 4 . 5 9 2 . 7 6 4 . 6 5 

500 3 . 0 3 - - 3 . 0 2 - - 2 . 9 8 - - 2 . 9 9 - - 3 . 0 4 - - 3 . 0 3 - - 2 . 9 4 - - 2 . 9 7 - -

450 2 . 8 1 - - 2 . 8 0 4 . 7 2 2 . 7 8 4 . b 8 2 . 7 7 4 . b 8 2 . 8 2 4 . 7 b 2 . 8 2 4 . 7 b 2 . 7 3 4 . b O 2 . 7 b 4 . b 5 

400 2 . 5 8 4 . 3 1 2 . 5 8 4 . 2 9 2. 5b 4 . 2 5 2 . 5 7 4 . 2 5 2 .bO 4 . 3 3 2 .bO 4 . 3 2 2 . 5 2 4 . 18 2 . 55 4 . 2 2 

350 2 . 3 b 3 . 8 7 2 . 3 b 3 . 8 5 2 . 3 5 3 . 8 3 2 . 35 3 . 8 1 2 . 3 8 3 . 8 7 2 . 3 7 3 . 8 9 2 . 3 1 3 . 7 b 2 . 3 3 3 . 8 0 

300 2 . 13 3 . 4 1 2. 14 3 . 4 1 2. 13 3 . 4 0 2 . 12 3 . 3 8 2 . 17 3 . 4 5 2 . 15 3 . 4 4 2 . 10 3 . 3 4 2 . 1 1 3 . 3 b 

250 1 . 9 1 2 . 9 7 1 . 9 1 3 . 0 2 1 . 9 2 2 . 9 7 1 . 9 0 2 . 9 5 1 . 9 4 3 . 0 1 1 . 9 3 3 . 0 1 1. 88 2 . 9 1 1 . 8 9 2 . 9 3 

200 1 . b 9 2 . 5 3 1 . b 9 2 . 5 3 1 . 7 0 2 . 5 5 1 . 5 9 2 . 5 2 1 . 7 2 2 . 5 8 1 . 7 1 2 . 5 7 1 . b 7 2 . 4 9 1. b8 2 . 5 1 

150 1 . 4 b 2 . 0 8 1 . 4 7 2 . 0 9 1 . 4 0 2. 13 1 .47 2 . 0 9 1 . 5 0 2 . 14 1. 50 2 . 14 1 . 4 b 2 . 0 8 1 . 4 b 2 . 0 8 

100 1 . 2 3 l . b 4 1 . 2 5 l . b b 1 .27 1 . 7 1 1 . 2 4 l . b b 1 . 2 8 1 . 7 1 1 . 2 7 1 . 7 1 1 . 2 5 l . b b 1 . 2 4 - -

50 1 . 0 0 1. 19 1 .02 1 . 2 1 1 . 0 5 1 . 2 8 1 . 0 3 1 . 2 3 1 . 0 5 1 . 2 7 1 . 0 5 1 . 2 7 1 . 0 3 1 . 2 3 

0 0 . 7 5 0 . 7 8 0 . 8 0 0 . 7 7 0. 84 0 . 8 b 0 . 8 0 0 . 8 0 0 . 82 0 . 8 2 0 . 8 2 0 . 8 3 0 . 8 1 0 . 8 1 - -

' H i g h s and lows in inches of def lect ion „ 
S9 



TABLE V 

AVERAGE TRACE DEFLECTIONS FOR Hx AND Hy CHANNELS 

w » 
High- L o w * High Low 

J 

lb 
Average Average lb 

Average Ave rage 

0 0. 805 0. 806 0 0. 698 0.661 

SO 1.24 1.03 so 1. 15 0. 900 

100 1.67 1.25 100 1.61 1. 13 

150 2.11 1.47 150 2.05 1. 36 

200 2.53 1.69 200 2. 50 1. 59 

250 2.96 1.91 250 2. 95 1.81 

300 3. 39 2. 13 300 3. 38 2.03 

350 3. 83 2. 35 350 3. 82 2. 25 

400 4. 26 2 . 57 400 4. 25 2.47 

450 4.68 2.78 450 4. 53* 2.69 

500 3. 00 500 2.91 

450 4.69 2.79 450 4. 55" 2.70 

400 4.27 2.57 | 400 4.27 2.48 

350 3. 84 2. 35 350 3. 83 2. 26 

300 3.40 2. 13 300 3. 39 2.04 

250 2.97 1.91 250 2. 96 1. 82 

200 2.54 1.69 200 2. 52 1.62 

150 2. 10 1. 48 150 2. 06 1. 37 

100 1.68 1.25 100 1.62 1. 13 

50 1.21 1.03 50 1. 16 0.905 

0 0. 806 0. 809 0 0.700 0. 664 

' O m i t t e d on plot b e c a u s e of i n s u f f i c i e n t data 
m L o w s and h i g h s in i n c h e s of d e f l e c t i o n 

T G - I 4 7 6 - F - I 



o — hit v s H i g h A v e r a g e 

•A— /Vx v s . L o w A v e r a g e 

Hjl H i g h A v e r a g e = 1 1 3 . 8 l b / i n 

H,,! L o w A v e r a g e = 2 2 2 . 5 l b / i n 

C h a n n e l N o . 6 
S u p p l y V o l t a g e 26 VAC 
G a l v a n o m e t e r T y p e 7 - 3 2 5 
S e r i a l N o . 5 9 6 0 

I n c h e s of D e f l e c t i o n 

F I G U R E 14 hiK C A L I B R A T I O N 
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A/   v«.   High Average 

~ö—   H   v»     Low Average 

^y/ High Average      MS  0 lb/in 

H /  Low Average = ill.5 lb/in 

Channel No.   7 
Supply Voltage it VAC 
Galvanometer Type 1-Mb 
Serial No.   5867 

500 

400 

*     300 

? 

200 

100 

■ i» ■ y i » ■ m i t' 

. ^ i •—-^^— i' i ^^——^— i——p—^— _^—__ _____ . 

. _____■ i — .1 i —^^^— - • i       .    .     . i .—A— ■ 

■ i      ■        -^—— -4^U—^— ——— — ——^t— -- i 

______ i  ——— ~^L—— >______        a^ _^~^— __^____ ^__—^ ^_^___ 

_^_____ _^.^___ _^^^.^_ .^g^_       '    »    _^^___ i -^-^_^ i 

—^—-_— _^a__ »^L_—> —--       i _— . — __.^— __^_ 

_—____A_a^__ ______ i— ___ i . >^.^_^__ _^____ __^^__ _______ 

1 2 3 

Average - Inchee ol Deflection 

IIGURC 15   A/yCAUBJLATlON 
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High   // /inva. Atimuth AngU 

-A    Low    A/  /inv.   Atimuth Angl« 

FIGURE 17     Hy CAUBRATION FACTORS AS A FUNCTION OF AZIMUTH 

TG-147b-F-l 
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-O—   High   A^/ln v«. Aalmulh AngU 

Low   #g /inv. Aslmuih Angi« 

FIOURC 14   ^ CAUBRATION FACTORS AS A rUNCTlON OF AZIMUTH 

TG-1476.F-I 
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SUMMARY AND CONCLUSIONS 

The design,   construction,   and calibration of a shaft force measuring 

system has been accomplished      The  resulting calibrations indicate that the 

combined errors due to hysteresis,   linearity and resolution are less than  1% 

of full scale for all three force components -  /V,,  ,   //    ,  and T* . 

The forces measured at the rotor shaft comprise the major portion of 

the fuselage-rotor interaction forces.     The control rods from the swash plate 

to the blade assembly introduce additional forces which must be added to the 

shaft tension to obtain the complete axial or rotor lift.     The cyclic pitch con- 

trol input introduces bending moments which are not sensed by the shear bridge 

arrangement      Since the rotor is a teetering type,   it introduces no appreciable 

bending moment. 

A shear component, /V^ , will be observed statically because of the )* 

tilt of the rotor shaft. For a 5000 lb vertical load, the apparent shear will be 

approximately IbO lb. 

The vector sum of the H   and 7~ forces will yield the total rotor-fuselage 

interaction force and its direction relative to the axis of the  rotor shaft 

Provision has been made for switching the filter on and off the tension 

channel with no gain change.     This makes it possible to measure the amplitude 

of the vertical load fluctuations as well as the more accurate filtered value of 

the average vertical losd. 

Careful attention to warm-up and balancing of the signals during opera- 

tion as well as adjustment of the torque nulling circuit will yield data on the 

hjg ,   A/y .   and T    forces within  1% to i% accuracy.     The system is capable of 

higher accuracy,   but it is doubtful whether the measurements can be made to 

that accuracy because of the mechanical vibration and other factors which will 

introduce random errors and fluctuations in the measured data. 
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APPENDIX 1 

The  revolver gearbox designed and constructed at Cornell Aeronau- 

tical Laboratory,   Inc. ,   was  used to convert the shaft  rpm of the  Tachometer 

Generator into a shaft output having the exact rpm of the main rotor shaft 

This output shaft must also be locked to the main rotor shaft position so that 

it will never slip out of synchronization with the main rotor shaft.     This is 

essential for the correct resolution of the /■/    and /A  forces. 

The gear ratio between the Tachometer Generator shaft and the main 

rotor is 

18/19 x 26/27 x 41/55 x 57/176 x 57/176 

This can be simplified to 

57/176 x 41/176 x 52/55 

which is the basis for the gearing employed. 

Figure  18 is the assembly drawing of the gearbox. 

The actual gearing employed is 

Tach RPM 

I       104 T       I ^X 

57  Tj 176 T 

hi T1. 17fc T 

Main Motor   RPM 

To  Resolver 
Rotor 
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FIGURE IS ASSEMBLY DRAW ING OF THE GEARBOX 


