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ABSTRACT 

331 4c 
This  r e p o r t  summarizes the  r e s u l t s  of l abora to ry  and wind tunnel  

tests performed on t h e  E d c l i f f  4-15 angle  of  p i t c h  and yaw t r ansduce r ,  
P/N 108760-E, S/N 118 and 119. Corre la t ions  between t ransducer  measure- 
ments made i n  the  l abora to ry  and the cha rac t e r  i s t i c s  of t h e  t ransducer  
i n  f l i g h t  as determined from the  t e s t  programs are presented.  Labora- 
t o r y  measurements included c a l i b r a t i o n  of t h e  readout  po ten t iometers ,  
measurement of t he  v iscous  damping f a c t o r ,  measurement of  t h e  m a s s  
unbalance,  and measurement of t h e  torque r equ i r ed  t o  overcome s t a t i c  
f r i c t i o n .  

The wind tunne l s  used were the  Langley Research Center 8 x 8-Foot 
Transonic Pressure  Tunnel, and t h e  20-Inch Supersonic Wind Tunnel a t  
t h e  Jet  Propuls ion Laboratory.  The Mach number range of  t h e  tes ts  w a s  
0.2 t o  4.54. The s t a t i c  and dynamic c h a r a c t e r i s t i c s  of  t h e  t ransducer  
through t h i s  Mach number range were determined. Included i n  the  r e p o r t  
are  graphs and a t a b l e  of t h e  indicated t ransducer  output  ve r sus  input  
angle  of p i t ch .  A t  Mach numbers g rea t e r  than  1.40, t h e  output - input  
r e l a t i o n s h i p  i s  l i n e a r  w i t h i n  20.4 degree; i n  the  t r anson ic  reg ion  it 
i s  l i n e a r  w i t h i n  kO.9 degree.  

S t a t i c  response wind tunnel  data ind ica t ed  an aerodynamic-mechanical 
misalignment of 0.05 degree f o r  one sensor .  V a r i a t i o n  i n  mechanical- 
e l e c t r i c a l  alignment w a s  determined from c a l i b r a t i o n s  taken  before  and 
a f t e r  t e s t i n g  w i t h  ind ica t ed  d i f f e rences  as g r e a t  as 0.18 degree.  
experience i n d i c a t e s  t h a t  f i n a l  aerodynamic-mechanical-elec t r i ca l  zero 
alignment can l o g i c a l l y  be expected t o  f a l l  w i t h i n  k0.2". 

T e s t  

The dynamic behavior w a s  a l s o  analyzed a t  each Mach number, us ing  
t h e  response o f  t h e  t ransducer  t o  a three-degree s t e p  change i n  angle  



of p i t ch .  
The n a t u r a l  frequency c h a r a c t e r i s t i c  of t he  t ransducer  a t  t he  v a r i o u s  
Mach numbers v a r i e d  from 32 t o  157 r a d i a n s  per  second. 

These dynamic c h a r a c t e r i s t i c s  a r e  presented  i n  t h i s  r e p o r t .  

The damping r a t i o  determined i n  the  wind tunnel  v a r i e d  from 0 .2  
t o  1.4 c r i t i c a l .  This w a s  l e s s  than  p r e d i c t e d ,  and i n  o rde r  t o  cor -  
r e l a t e  t he  damping observed i n  the  tunne l s  w i th  l a b o r a t o r y  damping 
measurements, i t  i s  necessary t o  assume t h a t  the  damping decreased due 
t o  the  hea t ing  e f f e c t  of energy being d i s s i p a t e d  i n  t h e  i n t e r n a l  v i s -  
cous dampers. The dynamic response a t  low p res su res  w a s  no t  c o n s i s t e n t  
w i th  the  expected second o rde r  response.  



GEORGE C. MARSHALL SPACE FLIGHT CENTER 

MTP-AERO-63 -34 

May 14, 1963 

WIND TUNNEL AND LABORATORY TESTS ON THE E D C L I F F  4-15 
ANGLE OF P I T C H  AND YAW TRANSDUCER SUMMARY REPORT 

BY 

A e r o  b a1 1 is t ic s D iv i s io n 

EXPERIMENTAL AERODYNAMICS BRANCH 
AEROBALL IS T ICs D IVI S ION 



TABLE OF CONTENTS 

Page 
SECTION I. INTRODUCTION 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

SECTION 11. WIND TUNNEL CONDITIONS 

Wind Tunnel Conditions . . . . . . . . . . . . . . . . . . . . . . . . .  8 

SECTION 111. STATIC RESPONSE CHARACTERISTICS 

A. Preliminary Laboratory Measurements. . . . . . . . . . . . . . . . .  11 
B. ZeroShift.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
C. Static Angle of Attack Response. . . . . . . . . . . . . . . . . . . .  17 

SECTION IV. DYNAMIC RESPONSE CHARACTERISTICS 

A. Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
B. Preliminary Laboratory Measurements. . . . . . . . . . . . . . . . .  27 
C. Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

SECTION V. CONCLUDING REMARKS 

Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

SECTION VI. REFERENCES 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

iii 



Figure 

LIST OF ILLUSTRATIONS 

Title Page 

1. 

2. 

3 .  

4. 

5. 

6. 

7.  

8. 

9. 

10. 

11. 

12.  

13.  

14. 

15. 

16. 

17.  

18. 

Outline of Edcliff 4-15 Angle of Pitch and Yaw Transducer 
Mounted on the Two Sting Assemblies . . . . . . . . , . . . . . . . . . 
Photographs of Edcliff 4-15 Tra-nsducer Mounted in LRC Tunnel 
on Two Sting Assemblies (MSFC Calibration Fixture Visible in 
Upper Photograph) . . . , . . . . . . . . . . . . . . , . . . . . . . . 
Photographs of Edcliff 4-15 Transducer Mounted in JPL Tunnel 
on Two Sting Assemblies . . . . . . . . . . . . . . . . . . . . . . . . 
Schlieren Photqgraphs of Edcliff ,4-15 Transducer in LRC and JPL 
Wind Tunnels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Characteristics of a Typical Trajectory of a Liquid Propelled Booster . 
Wind Tunnel Conditions. . . , . . . . . . . . . . . . . .  . . . . . . . . 
Zero Shift Caused by Geometrical Asymmetry on Pitch Axis of 
Transducer SIN 119. . . . . . . . . . . . . . . . . . . . . . . . . . . 
Apparent Geometrical Asymmetry Using Both Straight and Step Sting Data. 

Zero Corrected Static Response Data, LRC Tunnel . . . . . . . . . . . . 
Zero Corrected Static Response Data, JPL Tunnel . . . . . . . - 
Slope (About Zero) of Static Output Angle with Respect to Set 
Input Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Zero Corrected Angle of Pitch Static Response Data for 6-Degree 
Angle of Yaw. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Torque Coefficient Derivation Computed from Previously Established 
Aerodynamics of the Transducer Geometry.. . . . . . . . . . . . . . . . 
Aerodynamic Damping Factor. , . . . . . . . . . . . . . . . . . . . . . 
Laboratory Measurements of Visgous Damping Factor of Transducer 
S / N 1 1 9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Typical Dynamic Response Oscillograph Trace . . . . . . . . . . . . . . 
Undamped Natural Frequencies and Damping Ratios Reduced from Wind 
Tunnel Dynamic Tests. . . . . . , . , , , . ... . . . . . . . . . . . . 
Damping Factor Measured in Wind Tunnel, . . . . . : 

2 

4 

5 

6 

9 

10 

15 

18 

18 

19 

20 

21 

24 

26 

29 

30 

31 

33 

i3 



Figure Title Page 

19 . .Difference Between Predicted and Measured Damping Factors. and 
Corrections Proportional to Turbulent Heating Rate . . . . . . . . .  34 

20 . Ratio of Undamped Natural Frequency and the Square Root of 
Dynamic Pressure . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

21 . Dynamic Response Typical of All Data of Tests at Mach 0.2 
and4.54  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

V 



D E F I N I T I O N  O F  SYMBOLS 

Symbol 

A 

B 

C 
Me 

I 

K 

M 

q 

T 

V 

c 
e 

CD n 

Definition 

2 Base area of transducer = 81.0 centimeters 

Damping factor = damping,torque/Q, gram centimeter second/radian 

Torque coefficient derivative with respect to 8 about zero, 
1 /radian 

Longitudinal moment of inertia of transducer about center of 

rotation = 6.71 gram-centimeter-seconds 

Aerodynamic spring constant, gram centimeters 

Mach number 

Dynamic pressure, kiloponds/meter 

Torque, gram centimeters 

Velocity, kilometers/second 

Damping ratio (fraction of critical damping) 

Angle between transducer head and airflow direction, radians 

Undamped natural frequency, radians/second 
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WIND TUNNEL AND LABORATORY TESTS ON THE EDCLIFF 4-15 
ANGLE OF PITCH AND YAW TRANSDUCER SUMMARY REPORT 

A e r o b a l l i s t i c s  Div is  ion  

SUMMARY 

This  r e p o r t  summarizes t h e  r e su l t s  of  l abora to ry  and wind tunnel  
tes ts  performed on the  Edc l i f f  4-15 angle  of p i t c h  and yaw t r ansduce r ,  
P/N 108760-E, S/N 118 and 119. Corre la t ions  between t ransducer  measure- 
ments made i n  the  l abora to ry  and the c h a r a c t e r i s t i c s  of t h e  t ransducer  i n  
f l i g h t  as determined from the  t e s t  programs a r e ' p r e s e n t e d .  Laboratory 
measurement of t he  v iscous  damping f a c t o r ,  meas-urement of t h e  mass 
unbalance,  and measurement of t h e  torque r equ i r ed  t o  overcome s t a t i c  
f r i c t i o n .  

The wind tunne l s  used were t h e  Langley Research Center 8 x 8-Foot 
Transonic Pressure  Tunnel, and the 20-Inch Supersonic Wind Tunnel a t  t h e  
J e t  Propuls ion Laboratory.  The Mach number range of t h e  tes ts  w a s  0.2 t o  
4.54. The s t a t i c  and dynamic c h a r a c t e r i s t i c s  of  t he  t ransducer  through 
t h i s  Mach number range were determined. Included i n  the  r e p o r t  are graphs 
and a t a b l e  of t h e  ind ica t ed  t ransducer  output  versus  input  angle  of p i t ch .  
A t  Mach numbers g r e a t e r  than  1.40, the output- input  r e l a t i o n s h i p  i s  l i n e a r  
w i t h i n  k0.4 degree; i n  the  t ransonic  r eg ion  it  i s  l i n e a r  w i t h i n  k0.9 degree. 

S t a t i c  response wind tunnel  data  ind ica t ed  an  aerodynamic-mechanical 
misalignment of  0.05 degree f o r  one sensor .  Var i a t ion  i n  mechanical- 
e l e c t r i c a l  alignment w a s  determined from c a l i b r a t i o n s  taken be fo re  and 
a f t e r  t e s t i n g  w i t h  ind ica t ed  d i f f e rences  as g r e a t  as 0.18 degree.  T e s t  
experience i n d i c a t e s  t h a t  f i n a l  aerodynamic-mechanical-electrical zero 
alignment can l o g i c a l l y  be expected t o  f a l l  w i t h i n  k0.2 degree.  

The dynamic behavior was a l s o  analyzed a t  each Mach number, us ing  
the  response of t h e  t ransducer  t o  a three-degree s t e p  change i n  angle  of  
p i t ch .  These dynamic c h a r a c t e r i s t i c s  are presented  i n  t h i s  r e p o r t .  The 
n a t u r a l  frequency c h a r a c t e r i s t i c  of t h e  t ransducer  a t  t h e  va r ious  Mach 
numbers v a r i e d  from 32 t o  157 radians per  second. 



2 

The damping r a t i o  determined i n  the wind tunnel  v a r i e d  from 0.2 t o  
1 .4  c r i t i c a l .  This w a s  less than predic ted  and,  i n  o r d e r  t o  c o r r e l a t e  
the  damping observed i n  the  tunnels  wi th  l abora to ry  damping measurements , 
i t  i s  necessary t o  assume t h a t  t he  damping decreased due t o  t h e  hea t ing  
e f f e c t  of energy being d i s s i p a t e d  i n  the  i n t e r n a l  v i scous  dampers. The 
dynamic response a t  low p res su res  w a s  not c o n s i s t e n t  w i t h  the  expected 
second-order response. 

SECTION I. INTRODUCTION 

This r epor t  i s  a sumnary of , l abo ra to ry  and wind tunne l  t e s t s  p e r -  
formed on the Edc l i f f  4-15-Angle of P i t c h  and Yaw Transducer,  P/N 108760-E. 
The angle of p i t c h  and yaw t ransducer  t e s t e d  i s  a boom-mounted two-axis 
sensor t h a t  is  a l igned  wi th  the  d i r e c t i o n  of  t he  a i r f l o w  by aerodynamic 
force .  The movable outer  su r f ace  of t he  t ransducer  i s  a con ica l  body of 
r e v o l u t i o n  with a sphe r i ca l  , blunted nose. The o u t l i n e  dimensions are 
shown i n  Figure 1. The t e s t e d  v e r s i o n  has an  aluminum body, i n t e r n a l  
v i scous  ( s i l i c o n  f l u i d )  dampers on both axes ,  and a range of  515 degrees  
on both axes. The ou tpu t s  are potent iometer  p o s i t i o n s .  The mounting 
boom i s  a one-inch-diameter s t a i n l e s s  s t e e l  tube.  

Two P/N 108760-E t ransducers  were used i n  the  t e s t  program and a r e  
i d e n t i f i e d  by S e r i a l  Numbers 118 and 119. Laboratory tes t s  were con- 
ducted on these t ransducers  a t  t h e  Nortronics  Research Park f a c i l i t y ,  
Palos  Verdes E s t a t e s ,  C a l i f o r n i a ,  p r i o r  t o  t h e  wind tunnel  tes ts .  The 
l abora to ry  t e s t s  e s t a b l i s h e d  mechan ica l - e l ec t r i ca l  c a l i b r a t i o n ,  damping 
f a c t o r ,  s t a r t i n g  f r i c t i o n ,  and m a s s  unbalance,  which i s  def ined  as non- 
coincidence o f  t he  center  of  g r a v i t y  and c e n t e r  of r o t a t i o n  of t he  movable 
head. 

From 5 June t o  8 June 1962, wind tunnel  t e s t s  of t he  t r ansduce r s  
were conducted i n  the  Langley Research Center (LRC) 8 x 8-foot  p re s su re  
tunne l ,  a t  Mach numbers o f  0.2, 0 .6 ,  0.8, 0.9,  1 .0 ,  and 1.2. (Reference 1 
desc r ibes  the LRC tunne l . )  From 30 June t o  5 J u l y  1962, wind tunnel  t e s t s  
were conducted i n  the  Jet  Propuls ion Laboratory (JPL) 20-inch supersonic  
wind tunne l ,  a t  Mach numbers of  1.40, 1 .65,  2.01, 3.01, and 4.54 (Refer-  
ence 1 descr ibes  the  JPL tunne l ) .  The wind tunne l  t e s t  condi t ions  a r e  
summarized i n  Sec t ion  11. 

Two s t ing  assemblies were used i n  the  wind tunnel  i n s t a l l a t i o n s .  
Figure 1 includes o u t l i n e s  of  both assemblies;  they are r e f e r r e d  t o  as 
the  s t e p  s t i n g  and t h e  s t r a i g h t  s t i n g .  Figure 2 shows photographs o f  
t h e  t ransducer  mounted i n  t h e  LRC wind tunnel  w i th  the  two s t i n g s .  
Figure 3 shows two s i m i l a r  views i n  t h e  JPL wind tunnel .  Figure 4 
shows two Schl ieren photographs of t h e  t ransducer  ope ra t ing  i n  the  LRC 
and J P L  wind tunnels  a t  the  ind ica t ed  angle  of  a t t a c k  and Mach number 
condi t ions .  
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FIGURE 2 PHOTOGRAPHS OF EDCLIFF 4-15 TRANSDUCER MOUNTED IN 
LRC TUNNEL ON TWO STING ASSEMBLIES (MSFC CALIBRATION 
FIXTURE VISIBLE IN UPPER PHOTOGRAPH) 



FIGURE 3 PHOTOGRAPHS OF EDCLIFF 4-15 TRANSDUCER MOUNTED 
IN JPL TUNNEL ON TWO STING ASSEMBLIES 

5 
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LRC TUNNEL; M=I.2; ANGLE OF PITCH = 13.8 DEGREES 

JPL TUNNEL; M= 3.01., ANGLE OF P.ITCH = 9 DEGREES 

FIGURE 4 SCHLIEREN PHOTOGRAPHS OF EDCLIFF 4-15 
TRANSDUCER IN LRC AND JPL WIND TUNNELS 
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A s t a t i c  response tes t  a t  each tunnel  cond i t ion  cons i s t ed  of  read-  , ing the  output  of Transducer P/N 108760-E when the  boom was s e t  t o  
v a r i o u s  angles  w i t h  r e spec t  t o  t h e  a i r f low d i r e c t i o n .  These tes ts  
covered an angular  range from minus 9 degrees  t o  p lus  14  degrees.  
Details of t he  s t a t i c  response o f  the  t ransducer  and no te s  on appro- I -  . p r i a t e  l abora to ry  measurements a r e  presented i n  Sec t ion  111. 

The dynamic c h a r a c t e r i s t i c s  of Transducer P/N 108760-E were determined 
i n  t e r m s  o f  a pure second o rde r  system. 
dynamic tes ts  conducted i n  t h e  wind tunne l s  w e r e  the  measurement of 
n a t u r a l  frequency; damping r a t i o  ( f r a c t i o n  of c r i t i c a l  damping); and t h e  
damping parameter, 2cWn. The dynamic response w a s  i nves t iga t ed  by apply- 
ing  a 3-degree s t e p  change i n  angle  of p i t c h  a t  each tunnel  condi t ion .  
The t ransducer  ou tpu t s  w e r e  recorded on a n  osc i l l og raph .  Dynamic tes t s  
were run  on  both t h e  p i t c h  and yaw axes. Details of t h e  dynamic response 
d a t a  a r e  included i n  Sec t ion  N, which a l s o  con ta ins  c o r r e l a t i o n s  of  t h e  
d a t a  wi th  the  corresponding labora tory  measurements. 

The o b j e c t i v e s  of a series of  

Af te r  t h e  wind tunnel  tests were performed, Transducer S/N 119 w a s  
sub jec t ed .  t o  environmental  tests performed by MSFC. The environmental  
cond i t ions  f o r  t hese  tes ts  were ou t l ined  i n  MSFC A s t r i o n i c s  Div is ioq  
r e p o r t  ASTR-TSR-62, da ted  11 May 1962. The r e s u l t s  of environmental  
tes ts  are presented i n  MSFC Qua l i ty  Div is ion  r e p o r t ,  M-Qual-QP-32. 

The tes ts  were conducted and t h e  r e p o r t  wri t t .en f o r  t h e  George %. 
Marshal l  Space F l i g h t  Center (MSFC), Hun t sv i l l e ,  Alabama, by G. R. M i l l s  
and J. S. Lukesh of  t h e  A i r  Data Systems Development Unit i n  t he  A t t i t u d e  
Cont ro l  Systems Group of Nor t ronics ,  A D iv i s ion  of Northrop Corporat ion.  
The MSFC Technical Supervisor and the Responsible Engineer f o r  t he  program 
were , r e spec t ive ly ,  John P. Baur and Bobby S. G i l b e r t ,  both of  t h e  Aero- 
b a l l  i s  t i c s  D iv i s  ion. 
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SECTION 11. WIND TUNNEL CONDITIONS 

Figure 5 is a graph of the trajectory characteristics that were 
used to establish the wind tunnel testing conditions. The curves were com- 
puted for a typical liquid-fueled booster ascent trajectory, which specified 
altitude, velocity, and dynamic pressure as a function of time. Mach number 
and Reynolds number were computed using the free-stream temperature at spe- 
cific altitudes, as given by the 1959 ARDC standard atmosphere (Reference 3 ) .  
The isentropic total pressure was computed using the standard tables 
(Reference 4 ) .  
Mach number in Figure 5. 

The characteristics were then crossplotted with respect to . 

Figure 6 is a graphic presentation of the wind tunnel conditions.actually 
achieved. The data points indicate the dynamic pressure, velocity, and 
Reynolds number versus Mach number conditions. 
the direct measurements of total pressure and total temperature in the tunnel.) 
The solid curves shown in Figure 6 are the objective trajectory conditions 
from Figure 5. The data points, which indicate that excellent pressure sim- 
ulation was achieved, are averages of the measurements made during the dynamic 
tests. In both the static and dynamic tests, -the pressures did not vary from 
the indicated values by more than one percent; typically the pressure level 
was held closer than 0.5 percent. Simulation of velocity and Reynolds number 
above Mach 2 was not attempted. At this time, the only apparent effect of 
either velocity or Reynolds number was on aerodynamic damping, which is rela- 
tively small (see discussion in Section IV B). 

(The data were reduced from 
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SECTION 111. STATIC RESPOfiSE CHARACTERISTICS 

A s  a r e s u l t  of t h e  s t a t i c  labora tory  and wind tunnel  tests,  s u f f i c i e n t  
in format ion  e x i s t s  t o  c o r r e l a t e  fu ture  f l i g h t  measurements. No a d d i t i o n a l  
wind tunne l  tests are requi red .  This s e c t i o n  inc ludes  a p resen ta t ion  of a l l  
a v a i l a b l e  z e r o - s t a b i l i t y  information. The g r e a t e s t  apparent  cause of  ze ro  
s h i f t  i s  potent iometer  s h i f t ,  a c h a r a c t e r i s t i c  t h a t  may be b e t t e r  o r  worse 
on o t h e r  t ransducers .  Potentiometer s t a b i l i t y  f o r  a s p e c i f i c  t ransducer  can  
be measured i n  t h e  l abora to ry .  The s t a t i c  response a t  f i n i t e  angles  of  p i t c h  
i s  presented  i n  g raph ica l  and t abu la r  form. I n  both cases, t h e  t ransducer -  
i n d i c a t e d  cutput i s  given as a funct ion of t r u e  angle  of  p i t c h  f o r  each of  
t h e  Mach numbers i n  t h e  tests. 

A .  PRELIMINARY LABORATORY MEASUREMENTS 

P r i o r  t o  t h e  wind tunnel  t es t s ,  l abora to ry  measurements were made on 
Transducer S e r i a l  Numbers 118 and 119 t o  e s t a b l i s h  th .e i r  s u i t a b i l i t y  f o r  t h e  
program. 

Zero s t a b i l i t y  with respect to  temperature  w a s  determined by comparing 
e l ec t r i ca l -mechan ica l  c a l i b r a t i o n s  made w i th  t h e  t ransducers  a t  70' F and 
150' F. The movable heads were set  a t  va r ious  angles  wi th  respect t o  t h e  
boom, us ing  a c a l i b r a t i o n  f i x t u r e  s u p p l i e d  by MSFC. The c a l i b r a t i o n  f i x t u r e  
i s  shown mounted on t h e  t ransducer  i n  one of  t h e  photographs i n  F igure  2. 
The t ransducer  outpGts were r e a d  as t h e  p o s i t i o n  of a 1 0 - t u r n ,  0.05-percent 
l i n e a r i t y ,  20-K, Model A Hel ipot ,  nul led i n  a br idge  wi th  t h e  t ransducer  
potent iometers .  The temperature was measured wi th  a thermocouple mounted on 
t h e  cover  of  t h e  a f t  potent iometer  i n  t h e  t r ansduce r .  

The output  of  Transducer S/N 119 w a s  a f f e c t e d  by temperature .  A t  a 
set inpu t  ang le ,  t h e  ind ica t ed  output f o r  t h e  angle  of  p i t c h  a x i s  w a s  increased  
by 0.19 degree when t h e  temperature was raised t o  150' F. 
t h e  ind ica t ed  output  of  t h e  yaw ax i s  w a s  increased  by 0.05 degree.  The s lopes  
o f  t h e  c a l i b r a t i o n  curves w e r e  no t  a f f e c t e d  by temperature .  
measurable change wi th  temperature on t h e  output  o f 'T ransduce r  S / N  118. 

A t  a set  inpu t  ang le ,  

There w a s  no 

Before a t tempt ing  t o  perform mechan ica l - e l ec t r i ca l  c a l i b r a t i o n ,  t h e  
mechanical accuracy of t h e  c a l i b r a t i o n  f i x t u r e  w a s  measured. It i s  a c c u r a t e  
t o  20.03 degree.  P r i o r  t o  each c a l i b r a t i o n ,  t h e  f i x t u r e  was a l igned  i n  r o l l  
by removing "cross t a lk . "  For example, t o  a l i g n  the  f i x t u r e  f o r  c a l i b r a t i o n  
of  t h e  p i t c h  a x i s ,  t h e  head was  r o t a t e d  i n  p i t c h  through +15 degrees ,  and t h e  
yaw output  was  measured and reduced t o  less than  50.11 degree by a d j u s t i n g  
t h e  r o l l  p o s i t i o n  of t h e  f i x t u r e .  This corresponds t o  a f i x t u r e  r o l l - p o s i t i o n  
e r r o r  of 0.11/15 r a d i a n  o r  0.42 degree. 
i n  an ang le -c f -p i t ch  c a l i b r a t i o n  e r r o r  of less than  0.05 degree.  

The 0.42-degree r o l l  e r r o r  r e s u l t s  

Since t h e  ind iv idua l  potent iometers  were changed during t h e  t e s t s ,  t h e  
potent iometer  s t a b i l i t y  wi th  respec t  t o  temperature  d a t a  c i t e d  above a re  con- 
s ide red  t y p i c a l  of  what i s  t o  be expected; t h e  da t a  are not  used i n  s p e c i f i c  
i n t e r p r e t a t i o n  of t h e  JPL tes ts .  
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Mass unbalance and s t a r t i n g  f r i c t i o n  were measured i n  the  l a b o r a t o r y  
wi th  t h e  t ransducer  i n  both t h e  h o r i z o n t a l  and v e r t i c a l  p o s i t i o n s .  
of t h e  a b s o l u t e  values  of t he  torques requi red  t o  s t a r t  motion of t h e  head 
wi th  r e spec t  t o  t h e  boom was used as a measure of  s t a r t i n g  f r i c t i o n .  The d i f -  
fe rence  between t h e  abso lu te  va lues  of  t h e  s t a r t i n g  torques  w a s  an  i n d i c a t i o n  
of mass unbalance. For both t ransducers  t h e  h o r i z o n t a l  mass unbalance w a s  
measured as zero,  wi th  a measurement accuracy corresponding t o  an  u n c e r t a i n t y  
of k1.7 gram-centimeters to rque  a t  one g r a v i t y .  Taken as a poss ib l e  mass 
unbalance e r r o r ,  t h i s  unce r t a in ty  w i l l  r e s u l t  i n  t h e  g r e a t e s t  angu la r  e r r o r  
i n  t h e  t e s t  a t  Mach 4.54, when the  aerodynamic cen te r ing  torque w a s  lowest ;  
t h e  e f f e c t  i s  a n  angle-of -a t tack  e r r o r  of  +0.017 degree.  

The average 

I n  a c t u a l  f l i g h t ,  ver t ica l  mass unbalance i s  t h e  s i g n i f i c a n t  parameter; 
t h e  r e s u l t a n t  angular e r r o r  would be propor t iona l  t o  v e h i c l e  a c c e l e r a t i o n .  A 
mass unbalance corresponding t o  2.16 gram-centimeters to rque  a t  one g r a v i t y  
w a s  measured i n  the  v e r t i c a l  d i r e c t i o n  f o r  t h e  yaw a x i s  of  Transducer S/N 118. 
(The mass unbalance was zero on both axes of  Transducer S/N 119.)  For a s p e -  
c i f i c  t r a j e c t o r y ,  t h e  e f f e c t  o f  t h i s  unbalance plus  t h e  measurement e r r o r  can 
be computed using t h e  aerodynamic torque r e l a t i o n s h i p  presented i n  Sec t ion  I V .  

The torque requi red  t o  overcome s t a r t i n g  f r i c t i o n  i n  t h e  h o r i z o n t a l  

These 
p o s i t i o n  f o r  both axes of Transducer S/N 118 w a s  8 .7  gram-centimeters.  
both axes of  Transducer S/N 119,  4 .3  gram-centimeters w a s  requi red .  
va lues  correspond t o  t h e  g r e a t e s t  angular  e r r o r  i n  tes ts  a t  Mach 4.54, which 
were 0.085 and 0.043 degree,  r e s p e c t i v e l y ,  f o r  Transducer S/N 118 and S/N 119. 

For 

B. ZERO SHIFT 

The s t a t i c  wind tunnel  tests cons i s t ed  of pos i t i on ing  t h e  boom t o  
measured (set)  angle-’of-pitch pos i t i ons  and record ing  t h e  t ransducer  ou tpu t s .  
The recorded t ransducer  outputs  were reduced t o  ind ica t ed  angular  ou tpu t s  
us ing  e lec t r ica l -mechanica l  c a l i b r a t i o n  curves ;  t hus ,  any t ransducer  poten- 
t i ome te r  n o n l i n e a r i t i e s  o r  i n i t i a l  misalignments w e r e  removed from t h e  data .  
This  i s  des i r ab le  because l i n e a r i t y  can be independent ly  measured i n  t h e  l ab -  
o r a t o r y .  An output -versus-se t - input  curve r e s u l t s  from t h e  data;  t y p i c a l l y ,  
t he  curve does not go through zero .  The e f f e c t  i s  r e f e r r e d  t o  as a zero 
s h i f t ,  which could have a number of  poss ib l e  causes  t h a t  are grouped i n  t h r e e  
c a t e g o r i e s :  random, flow d i r e c t i o n ,  and asymmetry. 

To i s o l a t e  t h e  causes  of  zero  e r r o r  i n  t h e  s t a t i c  response data, some 
of t h e  tests were repea ted  wi th  t h e  t ransducer  r o l l e d  180 degrees .  With t h e  
r e s u l t a n t  information,  i t  i s  p o s s i b l e  t o  separate t h e  f low-d i r ec t ion  type of  
causes  from t h e  asymmetrical causes .  (This s e p a r a t i o n  w i l l  be r e f e r r e d  t o  
h e r e a f t e r  as the  180-degree technique.)  However, t h e  random causes  w i l l  remain 
i n  both s e t s  of  data.  
poss ib l e  causes  of zero  s h i f t  t h a t  f a l l  i n t o  t h e  t h r e e  c a t e g o r i e s  mentioned 
(random, flow d i r e c t i o n ,  and asymmetry). 

I n  t h e  fol lowing paragraphs are d iscussed  t h e  s p e c i f i c  

1. Random Causes of Zero S h i f t .  There are f i v e  random e r r o r s  t h a t  
could poss ib ly  cause a zero  s h i f t .  
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a .  C a l i b r a t i o n  e r r o r .  Using the  c a l i b r a t i o n  f i x t u r e  suppl ied  
by MSFC, c a l i b r a t i o n s  were performed before and a f t e r  t h e  tes ts  each day and 
a f t e r  each model conf igu ra t ion  change. The t ransducer  outputs  w e r e  measured 
t h r e e  ways: using t h e  nu l l ed  1 0 - t u r n  c a l i b r a t i o n  potent iometer ;  us ing  a 
d i g i t a 1  p r i n t e r  readout  (wind tunnel  equipment) t h a t  recorded a v o l t a g e  o f f  
t h e  t ransducer  potent iometer  w i p e r ;  and by means o f  an osc i l l og raph  t h a t  
recorded a vo l t age  o f f  t h e  w i p e r .  All t he  wind tunnel  da t a  w e r e  subsequent ly  
reduced us ing  t h e  p r i n t e r  ou tpu t s .  As i nd ica t ed  previous ly ,  t he  mechanical 
c a l i b r a t i o n  f i x t u r e  i s  accu ra t e  t o  wi th in  k0.03 degree,  and i t  i s  pos i t i oned  
i n  r o l l  such t h a t  t h e r e  i s  less than  f0.05-degree c a l i b r a t i o n  e r r o r .  

b. S t a t i c  f r i c t i o n .  S t a t i c  f r i c t i o n ,  as ind ica t ed  previous ly ,  
corresponds t o  a s t a r t i n g  torque  of 8.7 gram-centimeters and 4.3 gram- 
cen t ime te r s ,  r e s p e c t i v e l y ,  f o r  Transducers SIN 118 and 119. A cons ide ra t ion  
t h a t  is discussed la te r  i n  t h i s  s ec t ion  excludes from t h i s  z e r o - s h i f t  a n a l y s i s  
a l l  data of Transducer S/N 118; the re fo re ,  t h e  torque va lue  of 4.3 gram- 
cent imeters  i s  used. A t  Mach 4.54, the  aerodynamic cen te r ing  torque  w a s  least, 
t h e r e f o r e  t h e  angu la r  e r r o r  caused by s t a t i c  f r i c t i o n  w a s  g r e a t e s t .  The e f f e c t  
w a s  0.043 degree a t  t h i s  Mach number. V ib ra t ion ,  however, probably reduced 
t h e  e f f e c t  during t h e  s t a t i c  response tests. 

c .  Var i a t ions  i n  t h e  c h a r a c t e r i s t i c s  of the  t ransducer  readout  
equipment. 
e t e r  readings confirmed p r i n t e r  accuracy. 
0.04 degree; they  were t y p i c a l l y  wi th in  0.02 degree of each o t h e r .  

A comparison of t h e  p r i n t e r  records and t h e  c a l i b r a t i o n  potentiom- 
A l l  readings were c o n s i s t e n t  w i t h i n  

d .  Random flow v a r i a t i o n  due t o  turbulence .  Turbulence i n  t h e  
tunnels  caused random v a r i a t i o n s  i n  the t ransducer  output .  The osc i l l og raph  
records i n d i c a t e  t h e  e f f e c t  of t h e  turbulence t o  be as g r e a t  as a t0 .15-degree 
v a r i a t i o n  from t h e  mean. The p r i n t e r  systems included dampers t h a t  served t o  
smooth ou t  tu rbulences  i n  t h e  p r i n t e r  readings.  

e. S h i f t  i n  t h e  t ransducer  potent iometer  p o s i t i o n .  Comparisons 
of c a l i b r a t i o n s  made before  and a f t e r  wind tunne l  tes ts  ind ica t ed  s h i f t s  i n  
t h e  t ransducer  ze ro  reading  o f  up t o  0.18 degree.  
of t h e  c a l i b r a t i o n  procedure,  d i f f e rences  of t h i s  magnitude can only  be i n t e r -  
p re ted  as r ep resen t ing  a c t u a l  changes i n  t h e  t ransducer  potent iometer  p o s i t i o n .  

Consider ing t h e  p r e c i s i o n  

2 .  Flow Di rec t ion  Causes of Zero S h i f t .  Although some of t h e  random 
z e r o - s h i f t  causes  l i s t e d  above are  s u b s t a n t i a l ,  it i s  s t i l l  appropr i a t e  t o  
a t t e m p t  separa t fon  of  t h e  f low-di rec t ion  type  z e r o - s h i f t  causes  from those  r e s u l t -  
ing  from aerodynamic asymmetry. A s  s t a t e d ,  t h i s  w i l l  be done by a procedure 
descr ibed  as the  180-degree technique.  
assumed t h a t  t h e r e  i s  no day-to-day f low-di rec t ion  v a r i a t i o n  i n  t h e  tunne l ,  
because t h e  tes ts  performed wi th  t h e  t ransducer  r o l l e d  180 degrees  were never  
run on t h e  same day as t h e  z e r o - r o l l  tests. The f low-di rec t ion  causes  of  zero-  
s h i f t  are of  four  types .  

To make t h e  s e p a r a t i o n ,  i t  must be 
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I Figure 7 i s  a p l o t  of t he  apparent  e f f e c t  of a s y m e t r y  on zero  
s h i f t  f o r  Transducer S / N  119. 
of  flow d i r e c t i o n  e r r o r s ;  however, t h e  e f f e c t s  of  random e r r o r s  remain. For 
r e fe rence ,  the magnitudes of  t h e  po ten t iome te r - sh i f t  e f f e c t  and t h e  c a l i b r a t i o n -  
accuracy e f f e c t  are a l s o  shown i n  Figure 7. I f  a l l  t h e  random causes  of  t he  
zero s h i f t  a r e  indeed random, it i s  poss ib l e  t o  a t t r i b u t e  t h e  c o n s i s t e n t l y  low 
zero  reading t o  asymmetrical aerodynamics of  Transducer 119. The average 
reading i s  minus 0.05 degree;  however, t h e r e  i s  not  enough data f o r  t h i s  t o  be 
considered conclusive.  

A l l  t he  da t a  have been c o r r e c t e d  f o r  the  e f f e c t s  

The data p l o t t e d  i n  F igure  7 inc lude  only  t h e  reduced zero po in t s  f o r  
which t h e  corresponding 180-degree tes t  was performed, using t h e  same s t i n g .  
No s imilar  cha r t  e x i s t s  f o r  Transducer S/N 118 because 180-degree tests were 
not  performed with the  same s t i n g .  
1.40 (JPL tes ts) ,  Transducer S/N 119 was t e s t e d  wi th  both s t i n g s .  
180-degree t e s t s  were performed us ing  only  t h e  s t r a i g h t  s t i n g .  
apply t h e  f low-di rec t ion  c o r r e c t i o n  determined us ing  t h e  s t r a i g h t  s t i n g  t o  
t h e  s t ep - s t ing  d a t a  w a s  no t  success fu l .  F igure  8 i s  a p re sen ta t ion  of  t h e  
zero e r r o r  remaining f o r  both t h e  s t e p  and s t r a i g h t  s t i n g  d a t a  i f  t h e  co r rec -  
t i o n  i s  made.  The conclus ion  drawn was :  e i t h e r  one of  t h e  s t i n g s  w a s  no t  
s t r a i g h t ,  o r  the flow d i r e c t i o n  was a f f e c t e d  by the  s t i n g  geometry, even though 
the  tes ts  were conducted a t  Mach numbers g r e a t e r  than 1 and t h e  asymmetry i n  
t h e  s t e p  s t i n g  begins  34 cent imeters  from t h e  rear of t he  t ransducer  head. 
Apparently,  the s t e p  s t i n g  inc reases  t h e  angle  o f  p i t c h .  The average d i f f e r -  
ence i s  +0.23 degree.  It i s  concluded t h a t  t h e  f low-di rec t ion  c o r r e c t i o n  can  
be considered as determined only  i n  those  cases i n  which t h e  180-degree tes ts  
w e r e  conducted wi th  the  same s t i n g .  

I n  a l l  tests a t  Mach numbers g r e a t e r  t han  
However, 

An a t tempt  t o  

A l l  those  cases are represented  i n  F igure  7 .  

a .  Deviation of t h e  a c t u a l  wind tunnel  f low from the  s t a t e d  
d i r e c t i o n  may cause a zero s h i f t .  

b .  A s t i n g  f i x t u r e  t h a t  is not  s t r a i g h t  changes the  e f f e c t i v e  
d i r e c t i o n .  

c .  Mass unbalance of  t h e  t ransducer  may r e s u l t  i n  a ze ro  s h i f t .  
The e f f e c t  o f  mass unbalance i s  measurable i n  t h e  l abora to ry ;  i t  i s  l e s s  than  
k0.017 degree f o r  both t ransducers  (see Sec t ion  111 A ) .  Therefore ,  i t  i s  o f  
no concern t h a t  t h e  e f f e c t  i s  luniped wi th  t h e  f low-d i r ec t ion  causes  i n  t h e  
reduct ion  of t he  wind tunnel  da ta .  

d .  A zero s h i f t  may occur  because of downstream s t i n g  geometry. 

The combined e f f e c t s  of  t h e  f low-di rec t ion- type  causes  i n  some 
cases cons t i t u t ed  a s i g n i f i c a n t  zero s h i f t ;  a t  Mach 2.01 (JPL tunne l )  t h e  
s h i f t  was 0.6 degree.  

I 
3 .  A s m e t r i c a l  Causes of Zero S h i f t .  The asymmetry ca tegory  of 

zero s h i f t  causes inc ludes  any phys ica l  c h a r a c t e r i s t i c  of  t h e  t r ansduce r  t h a t  
would cause the l i n e  through t h e  aerodynamic c e n t e r  of p re s su re  and t h e  c e n t e r  
of  r o t a t i o n  t o  be o t h e r  than perpendicular  t o  t h e  plane of t h e  t ransducer  
base.  
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FIGURk 7 ZERO SHIFT CAUSED BY GEOMETRICAL ASYMMETRY ON 
PITCH AXIS OF TRANSDUCER S/N 119 
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FIGURE 8 APPARENT GEOMETRICAL ASYMMETRY USING BOTH 
STRAIGHT AND STEP-STING DATA 
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C. STATIC ANGLE OF ATTACK RESPONSE , 

I n  Sec t ion  111 B,  a l l  conclusions t h a t  can be made both from the a v a i l -  
a b l e  l a b o r a t o r y  and wind tunnel d a t a  regarding zero  s h i f t  o r  s t a t i c - b i a s  e r r o r  
were d iscussed .  
of  t h e  t r ansduce r  a t  f i n i t e  ang le s  o f  p i t ch  exc lus ive  of ze ro  s h i f t  from any 
source .  

It i s  appropr i a t e  a t  t h i s  po in t  t o  cons ide r  t h e  s t a t i c  response 

For each s t a t i c  response run,  a l l  t h e  wind tunnel  data have been reduced 
w i t b  t h e  i n p u t  a x i s  s h i f t e d  s o  t h a t  the b e s t  curve through a l l  t h e  da t a  goes 
through ze ro .  Because t h e  zero  e r r o r  is removed, it i s  p o s s i b l e  t o  inc lude  
data from t e s t s  f o r  which t h e r e  w e r e  no corresponding 180-degree- ro l l  tests; 
t h i s  i nc ludes  tests made wi th  Transducer S/N 118 and tests on t h e  yaw a x i s  of  
Transducer S/N 119. 

During t h e  tests a t  LRC, i t  was noted t h a t  t h e  curves of ou tput  ve r sus  
i n p u t  w e r e  assuming an "S" shape a t  var ious  Mach numbers. The f i r s t  tests 
used t h e  s t e p  s t i n g ,  which w a s  suspected as t h e  cause of t h e  "S" shape. The 
s t e p  s t i n g  w a s  rep laced  wi th  a s t r a i g h t  s t i n g ,  bu t  t h e  "S" shape remained; how- 
e v e r ,  it w a s  discovered a t  t h e  end o f  t h e  s t r a i g h t - s t i n g  test runs t h a t  p a r t  
of t h i s  assembly had come loose ,  allowing a movement of 20.25  degree. It could 
not  be determined wi th  c e r t a i n t y  when t h i s  occur red ;  t h e r e f o r e ,  a l l  t h e  LRC 
s t r a i g h t  s t i n g  s ta t ic  response d a t a  have been d iscarded .  

F igures  9 and 10 are graphs i n  which are summarized a l l  t h e  s ta t ic  
response d a t a ,  except  those  i n s t a n c e s  when yaw angle qas n o t  zero. Lhcluded are 
data from t e s t s  us ing  both t ransducers ,  both s t i n g  conf igu ra t ions  ( a t  JPL), and 
both axes of Transducer S/N 119. The dashed l i n e s  are re fe rence  l i n e s  t h a t  have 
s lopes  of  u n i t y .  Exce l l en t  r e p e a t a b i l i t y  was achieved i n  t h e  d a t a  taken under 
these  va r ious  cond i t ions .  The "S" shape i s  apparent  a t  Mach numbers nea r  1. 

F igure  11 i s  a p l o t  a s  a func t ion  of Mach number of t h e  e f f e c t i v e  t r a n s -  
ducer g a i n  about zero.  The po in t s  i n  Figure 11 a r e  t h e  s lopes  about ze ro  of 
t h e  b e s t  curves  t h a t  f i t  t h e  s ta t ic  response d a t a  i n  F igures  9 and 10 a t  t h e  
va r ious  Mach numbers. 

Table  1 p r e s e n t s  i n  t a b u l a r  form t h e  i n d i c a t e d  ang le  of  p i t c h  as a func- 
t i o n  of  t r u e  inpu t  angle  of p i t c h  and Mach number. The t abu la t ed  da ta  repre- 
s e n t  t h e  consensus of t h e  wind tunnel tests. The t a b u l a t i o n s  are i n t e r p o l a t e d  
from t h e  b e s t  smooth curves t h a t  can be i n s c r i b e d  through t h e  s t a t i c  response 
po in t s  shown i n  F igures  9 and 10. 

A t  a l l  cond i t ions  g r e a t e r  thanMach 1.40, s ta t ic  response tests w e r e  run 
on t h e  angle-of -p i tch  a x i s  of Transducer S/N 118, wi th  the angle  of  yaw a t  6 
degrees.  As shown i n  F igure  12  a l l  the d a t a  have been s h i f t e d  on t h e  inpu t  a x i s  
so t h a t  t h e  b e s t  curve goes through zero. The s o l i d  curves  shown i n  F igure  1 2  
a r e  r e f e r e n c e  l i n e s  prepared from t h e  ze ro  yaw data p l o t t e d  i n  F igure  10; t h a t  
i s ,  t h e  s o l i d  curves  i n  Figure 12 a r e  t h e  b e s t  f i t  t o  t h e  F igure  10 d a t a .  
t h e  t r ansduce r  a t  an  ang le  of  yaw o f  6 degrees ,  t h e  s t a t i c  response i s  remarkably 
c l o s e  t o  t h a t  wi th  ze ro  yaw. 

With 
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I SECTION IV. DYNAMIC RESPONSE CHARACTERISTICS 

A .  CALCULATIONS 

The s t a t i c  response c h a r a c t e r i s t i c s  presented i n  Sec t ion  I11 should 
apply t o  a l l  Edc l i f f  Model 4-15 t r ansduce r s ,  because t h a t  model number speci-  
f i e s  a l l  t h e  geometr ical  parameters on which t h e  s t a t i c  response c h a r a c t e r -  
i s t i c s  are dependent. The dynamic response c h a r a c t e r i s t i c s ,  however, are 
a f f e c t e d  by the head.moment of  i n e r t i a  (which depends on t h e  head m a t e r i a l )  
and on t h e  viscous dampers. 
108760-E; the dynamic response c h a r a c t e r i s t i c s  presented  i n  t h i s  s e c t i o n  
apply t o  t ransducers  of t h a t  pa r t  number. 

The t e s t e d  t ransducers  were i d e n t i f i e d  by P/N 

While the t ransducer  i s  i n  an airstream, t h e r e  a r e  f i v e  primary torques  
a c t i n g  i n  the p i t c h  and yaw d i r e c t i o n s  on the  movable head: 

1. The aerodynamic cen te r ing  torque i s  approximately p ropor t iona l  t o  
t h e  misalignment of t h e  t rapsducer  head wi th  t h e  a i r f l o w ,  and i s  a func t ion  of 
dynamic pressure  and Mach number 

I 
2. The aerodynamic damping torque  i s  approximately p ropor t iona l  t o  t h e  

angu la r  v e l o c i t y  o f  t h e  head and i s  a func t ion  of dynamic p res su re ,  v e l o c i t y ,  
and Mach number 

3. The v i scous  .damping torque  i s  approximately propor t iona l  t o  the  
angular  v e l o c i t y  o f  the  head, and i s  not  a func t ion  of t h e  t r a j e c t o r y  
cond i t ions  

4. The mass unbalance causes a torque  t h a t  i s  a func t ion  of t he  abso- 
l u t e  acce le ra t ion  

5. F r i c t i o n  causes a torque t h a t  i s  cons t an t  while  r o t a t i o n  e x i s t s  i n  
one d i r e c t  ion. 

The c h a r a c t e r i s t i c s  of t hese  f i v e  p r i m a r y  torques are discussed i n  the  
following paragraphs. 

ITEM 1. Aerodynamic Center ing Torque. The geometry of the  E d c l i f f  
4-5 Angle of  P i t c h  and Yaw Transducer,  as s p e c i f i e d  by MSFC, has aerodynamic 
c h a r a c t e r i s t i c s  t h a t  are w e l l  known. For the  t es t s  discussed i n  t h i s  r e p o r t ,  
MSFC suppl ied:  curves  of t he  d e r i v a t i v e  of t h e  normal fo rce  c o e f f i c i e n t  wi th  
r e spec t  t o  angle o f  p i t ch  about ze ro ,  as a func t ion  of  Mach number; and curves 
of t he  center  of  pressure  l o c a t i o n  a t  zero  angle  of  p i t c h  as a func t ion  o f  
Mach number. These r e l a t ionshcps ,  taken toge the r  with t h e  known l o c a t i o n  o f  
t he  t ransducer  c e n t e r  of r o t a t i o n ,  are s u f f i c i e n t  t o  determine a r e l a t i o n s h i p  
between an aerodynamic torque  c o e f f i c i e n t  d e r i v a t i v e  versus  Mach number. 
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The aerodynamic torque i s  propor t iona l  t o  the  t ransducer  
s c a l e  f a c t o r  t o  t h e  power of t h r e e  ( the force  i s  propor t iona l  t o  t he  base  are3 
and t h e  momert arm is propor t iona l  t o  t h e  d i a m e t e r ) .  To ncndimensionalize t h e  
torque  c o c f f i c i e n t  d e r i v a t l v e ,  i t  i s  def ined i n  terms of t h e  base  area t c  t he  
power of rh ree  ha lves ,  as follows: 

where , 

At small ang les ,  the torque  i s  equal  t c  t h e  product of  
dT//3Q and 8 ,  E i . g ~ r e  1 3  f s  a p l o t  of t h e  r e i a t i o n s h i p  between C versus  
MaLh ngmber, 8 M 

ITEM 2 .  AerGdynamic Damping Torque. An approximate c a l c - i l a t i o n  
of t h e  expected aerodynamic damping is-next performed. I f  a body i s  r o t a t i n g  
l s r i g i t n d i n a l l y  in an airstream, the a i r  a t  any- su r face  element has  a normal 
component of v e l o c i t y ,  due to t h e  r o t a t i o n ,  which i s  approximately equal  to 

where 

X = d i s t ance  of  s u r f a c e  e l emen t  from t h e  center of  r o t a t i o n .  

The r a t i o  of V and t h e  a i r  v e l o c i t y  ir_ t h e  I sEg i tud ina l  N 
d i r e c t i m  is an  e f f e c t i v e  angle  of p i t ch ,  which e x i s t s  evenwher  t h e  real 
angle  of  p i t c h  i s  ze ro .  The appropr i a t e  d i s t a n c e  from t h e  c e n t e r  of r o t a t i o n  
is chrJsec as the c e n t e r  of p re s su re  d is tance .  The e f f e c t i v e  angl?  of  p i t c h  i s  

the damping torque is  determined using Equation 1. 

The torque  i s  indeed a damping torque,  because it i s  p rcpor t iona l  t o  
e.  
to rque  and 8; t h e r e f o r e ,  

The damFing torqile c c e f f i c i e K t ,  B y  i s  def ined  as t h e  r a t i c  c f  t h e  
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FIGURE 13 TORQUE COEFFICIENT DERIVATIVE COMPUTED FROM 
PREVIOUSLY ESTABLISHED AERODYNAMICS OF THE 
TRANSDUCER GEOMETRY 
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It i s  appropr ia te  t o  cons ider  damping i n  terms of t h e  damp- 
ing  torque  c o e f f i c i e n t ,  o r  t h e  r a t i o  B/I, i n s t e a d  of  a damping r a t i o .  (I = 6.7'1 
gram-centimeter-seconds and is  t h e  moment of i n e r t i a  of  t h e  t ransducer  head.)  
Because t h e  v iscous  damping is  predominant (as w i l l  be shown), t h e  B o r  B / I  i s  
independent of  t r a j e c t o r y  cond i t ions ,  whereas t h e  damping r a t i o  i s  n o t .  

F igure  14 i s  a p lo t  of t h e  B / I  r a t i o  due t o  aerodynamic 
damping. 
i s  t h e  aerodynamic damping expected fo r  t h e  t y p i c a l  t r a j e c t o r y  shown i n  F igure  5 ;  
t hec i r c l ed  po in t s  are t h e  computed aerodynamic damping f a c t o r s  t h a t  should have 
been experienced i n  t h e  wind tunne l  t e s t s .  
w a s  not  s imulated e x a c t l y ,  as shown in  F igure  6 .  

Two sets of  information a r e  presented i n  F igure  14: t h e  s o l i d  curve 

They d i f f e r  because t h e  v e l o c i t y  

ITEM 3 .  Viscous Damping Torque. The c h a r a c t e r i s t i c s  of  v i scous  
damping torque  are d iscussed  i n  Sect ion Ill B y  which fol lows.  

ITEMS 4 and 5. Mass Unbalance and S t a t i c  F r i c t i o n .  The torques 
r e s u l t i n g  from m a s s  unbalance and f r i c t i o n  w e r e  measured i n  t h e  l a b o r a t o r y  (see 
d i scuss ion  i n  Sec t ion  111 A ) .  
i n  F igu re  13,  with  t h e  t r a j e c t o r y  condi t ions  of Mach number and dynamic p r e s -  
su re ,  t h e  measured torques can be i n t e r p r e t e d  i n  terms of an angu la r  e r r o r .  As 
s ta ted  previot is ly  (Sec t ion  111 A ) ,  the e f f e c t s  of  th.e two were g r e a t e s t  i n  t h e  
tes t  a t  Mach 4.54, when t h e  aerodynamic torque w a s  l eas t .  
mass unbalance e f f e c t  i s  less than  k0.017 degree;  t h e  f r i c t i o n  e f f e c t  i s  less 
than  0.085 degree.  

Using t h e  torque c o e f f i c i e n t  derivative p l o t t e d  

A t  Mach 4.54, t h e  

A t  a given t r a j e c t o r y  condi t ion ,  t h e  Mach number, dynamic pressure, 
v e l o c i t y ,  and a c c e l e r a t i o n  are f ixed .  Under t h e s e  cond i t ions ,  all t h e  torques  
f a l l  i n t o  t h r e e  c a t e g o r i e s ,  discussed i n  the  fol lowing paragraphs.  

A t  s m a l l  ang le s ,  t h e  aerodynamic cen te r ing  torque  i s  propor t iona l  t o e ,  
according t o  Equation 1 

Aerodynamic damping and viscous damping combine t o  cause a Corque pro- 
po r t iona l  t o  E ) .  

Mass unbalance and f r i c t i o n  a re  cons t an t  tOrques ( t h e  d i r e c t i o n  of t h e  
f r i c t i o n  torque  i s  dependent on t h e  d i r e c t i o n  of e ) ,  

To t h e  e x t e n t  t h a t  t h e  above p ropor t iona l i t y  r e l a t i o n s h i p s  e x i s t ,  a 
second-order equat ion  of  motion r e s u l t s  

D .  

mass unbalance ' T f r i c t i o n  18 + B e +  K 8  = T 

where 

K i s  dT/d@ of Equat ion 1, and 

B i s  t h e  lumped damping c o e f f i c i e n t ,  
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MACH NUMBER 

FIGURE 14 AERODYNAMIC DAMPING FACTOR 
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. 

As has been shown, t h e  mass unbalance and f r i c t i o n  torques are s m a l l  
It i s  appropr ia te  t o  cons ider  them t o  be n e g l i g i b l e ,  f o r  a l l  t e s t  cond i t ions .  

i n  which case a s i m p l e  homogeneous second-order equat ion  remains. 
n a t u r a l  frequency and damping r a t i o  are 

The undamped 

E = -  
21un 

Accordingly,  t he  r a t i o  of  t he  damping c o e f f i c i e n t  and the’moment of 
i n e r t i a  i s  

E/I = 2@* 

B. PRELIMINARY LABORATORY MEASUREMENTS 

(9) 

Laboratory measurements w e r e  made p r i o r  t o  the  wind tunnel  t es t s  t o  
determine t h e  damping f a c t o r s  due t o  the v iscous  damping i n  t h e  t ransducer  
heads.  For t h e  LRC tes ts ,  two flyJid-vfscocity va lues  w e r e  s e l e c t e d :  30 thou- 
sand and 60 thousand c e n t i s t o k e s .  Transducer S/M 118 used t h e  l e s s -v i scous  
damping f l u i d .  Evalua t ion  of  t h e  i n i t i a l  dynamic response da ta  using 
Transducer S / N  118 i n  the  LRC tests indica ted  less damping than  a n t i c i p a t e d ;  
t h e r e f o r e ,  Transducer S/N 119 was  used i n  a l l  dynamic tests a t  LRC. 
t h e  tests a t  JPL,  t h e  more-viscous f lu id  w a s  a l s o  put i n t o  Transducer S/N 118, 
which w a s  then  used as the  p r i m a r y  instrument f o r  those  t e s t s ,  

P r i o r  t o  

Three methods w e r e  used t o  measure t h e  v iscous  damping f a c t o r  i n  t h e  
l abora to ry .  

With t h e  t ransducer  mounted v e r t i c a l l y ,  a known mass w a s  added t o  t h e  
head so t h a t  t h e  t o t a l  c e n t e r  of grav i ty  f e l l  below t h e  c e n t e r  of r o t a t i o n .  
To a s t e p  change i n  torque ,  t h e  t ransducer  then  responded as a damped pendulum. 
Osc i l lograph  records  made of  t h e  t ransducer  ou tpu t  were reduced g r a p h i c a l l y  i n  
terms of damping f a c t o r .  

With t h e  t ransducer  mounted v e r t i c a l l y ,  a c a l i b r a t e d  cen te r ing  s p r i n g  
assembly w a s  a t t ached  t o  t h e  head. To a s t e p  change i n  torque ,  t h e  trans- 
ducer responded as an  almost pure second-order system. The output  w a s  recorded 
on an  osc i l l og raph  and the damping f ac to r  w a s  determined. 

With t h e  t ransducer  motinted h o r i z o n t a l l y ,  a known s t e p  torque  w a s  
app l i ed  by means of a weight .  The time response t o  t h e  change i n  torque  w a s  
recorded on an  osc i l l og raph  and reduced i n  terms of t h e  damping f a c t o r .  
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The three  measurement methods descr ibed  w e r e  r equ i r ed  because t h e  damp- 
ing f a c t o r  w a s  not cons tan t  bu t  was a func t ion  of  t h e  e f f e c t i v e  angular  v e l o c i t y  
of t he  head (Reference 5 discusses  t h i s  phenomenon). The t h r e e  measurement 
methods r e su l t ed  i n  progress ive ly  g r e a t e r  angu la r  v e l o c i t i e s .  

Because the damping f a c t o r  i s  a l s o  a ' f u n c t i o n  of  t h e  t r ansduce r  tempera-  
t u r e ,  tests were r u n  a t  t h r e e  temperatures:  70' F, 115' F,  and 150' F.  
Figure 15 includes a l l  t h e  damping da ta  taken f o r  Transducer S/N 119  p r i o r  t o  
t h e  LRC t e s t s .  The da ta  i s  p l o t t e d  i n  terms of t h e  B / I  damping f a c t o r .  Note 
t h a t  t h e  aerodynamic damping (shown i n  F igure  1 4 ) ,  a t  t h e  maximum, i s  two o rde r s  
of magnitude l e s s  than  t h e  v iscous  damping. The damping f a c t o r s  are p l o t t e d  i n  
Figure 15 wi th  r e spec t  t o  temperature  (which was measured wi th  the  thermocouple 
i n  the  head) ,  and angular  v e l o c i t y .  I n  t h e  cases of  t h e  tes ts  t h a t  y i e lded  
o s c i l l a t o r y  osc i l lograph  records ,  t h e  angular  v e l o c i t y  w a s  measured as t h e  s lope  
of t h e  s t r a i g h t  l i n e  drawn through the  f i r s t  two peaks ( p o s i t i v e  and nega t ive  
peaks);  the  s lope i s  equiva len t  t o  t h e  average v e l o c i t y .  The h o r i z o n t a l  method 
y i e lded  traces t h a t  approached s t r a i g h t . l i n e s ,  t h e  s lopes  of which were used as 
the  v e l o c i t i e s .  

C .  TEST RESULTS 

The dynamic response of  t h e  t ransducer  w a s  measured a t  each wind tunnel  
cond i t ion  by phys ica l ly  o f f s e t t i n g  the  head approximately t h r e e  degrees ,  using 
a s p e c i a l  t r i p  mechanism t h a t  had an  ins tan taneous  t r i p .  (Hdd t h e  dev ia t ion  
from t h e  instantaneous cond i t ion  been s i g n i f i c a n t  wi th  respect t o  t h i s  i n v e s t i -  
g a t i o n ,  t h e  dev ia t ion  would have been c l e a r l y  ev iden t  on the  osc i l l og raph  r eco rds ;  
no dev ia t ion  from the  ins tan taneous  cond i t ion  w a s  appa ren t . )  Osc i l lograph  
records  of t h e  t ransducer  output  w e r e  used t o  observe the  dynamic behavior ,  

F igure  16 i s  a t y p i c a l  o sc i l l og raph  trace.  The response i s  i n t e r p r e t e d  
i n  terms o f  t h a t  of  a pure second-order system as ind ica t ed  by Equation 6 .  
Graphical  measurements were used t o  determine the  undamped n a t u r a l  f requency,  
an, t h e  damping r a t i o ,  c y  and the  average head angular  v e l o c i t y  f o r  each dynamic 

r eco rd ,  All data  f o r  each tunnel  cond i t ion  have been averaged. 

F igure  17 i s  a g raph ica l  r e p r e s e n t a t i o n  of  t h e  average a t  each wind 
tunnel  condi t ion  of the  undamped n a t u r a l  frequency (converted from t h e  d i r e c t  
measurement of t h e  damped n a t u r a l  frequency) and t h e  damping r a t i o .  The s o l i d  
curves  shown i n  F igure  1 7  are t h e  b e s t  curves  through the  da t a .  

It has been shown t h a t  t h e  aerodynamic damping i s  s m a l l  wi th  respect t o  
t h e  v iscous  damping. Therefore ,  t h e  t o t a l  B / I  damping f a c t o r  should be essen-  
t i a l l y  independent from t h e  t r a j e c t o r y  cond i t ions .  
damping f a c t o r  reduced from the  dynamic wind tunnel  t es t s  using Equation 9.  The 
B / I  f a c t o r  should be dependent on t h e  t ransducer  temperature  and the  head angular  
v e l o c i t y ,  according t o  t h e  l a b o r a t o r y  tests the  r e s u l t s  of which are p l o t t e d  i n  
F igure  15. 
potent iometer  cover) wi th  a thermocouple, during a l l  wind tunnel. t e s t s ,  

F igure  18 shows t h e  B / I  

The t ransducer  temperature  w a s  measured ( a t  a poin t  on t h e  p i t c h  
Table 2 
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p r e s e n t s ,  f o r  each Mach number cond i t ion ,  the  average head angular  v e l o c i t y ,  
the  average of the t ransducer  temperatures  measured dur ing  the dynamic t e s t s ,  
and a B / I  damping f ac to r  p r e d i c t i o n  based on  Figure 15. (Because some of  t h e  
angular  v e l o c i t i e s  l i s t e d  a r e  g r e a t e r  than t h e  range  covered i n  Figure 15 ,  t h e  
B / I  f a c t o r  i s  assumed t o  be cons tan t  wi th  r e s p e c t  t o  v e l o c i t y  a t  v e l o c i t i e s  
g r e a t e r  than 50 degrees  per second. ) 

Temperatures i n  the  LRC t unne l ,  on t h e  whole, were higher  than  i n  the  
JPL  tunnel ;  t he re fo re ,  t he  pred ic ted  LRC damping f a c t o r s  are l e s s ,  thus  con- 
firming the measured behavior shown i n  F igure  18. 
i s  included i n  Figure 19. A s u b s t a n t i s l  d i f f e r e n c e  e x i s t s  between t h e  pre-  
d i c t e d  B / I  damping f a c t o r  and the  measured f a c t o r  i n  the  v i c i n i t y  of Mach 1. 

A point-by-point  comparison 

I n  the following a comparison is  made between t h e  magnitude of t he  B / I  
damping f a c t o r  d i f f e r e n c e  and t h e  magnitude of t he  h e a t  r a t e  i n t o  the  v i scous  
damping f l u i d  as a r e s u l t  of random motion of  t he  t ransducer  head. 
a r e  not s u f f i c i e n t  a t  t h i s  time t o  prove t h a t  t h i s  i s  t h e  cause of  t h e  low B / I  
f a c t o r .  

The d a t a  

Turbulence ( a s  discussed i n  Sect ion 111 B) was a l s o  g r e a t e s t  i n  t h e  
v i c i n i t y  of Mach 1. A s  a r e s u l t  of the  energy d i s s i p a t i o n  e f f e c t  of t he  
viscous dampers, turbulence during the wind tunnel  t e s t s  w i l l  t r a n s f e r  h e a t  
t o  the  damping f l u i d .  The r a t e  of t h i s  hea t  t r a n s f e r  can be accu ra t e ly  
determined from the  o s c i l l o g r a p h  records  , which show angle  of p i t c h  v a r i a -  
t i o n  due t o  turbulence.  A t  each wind tunnel  cond i t ion ,  t he  hea t  r a t e  w a s  
measured by f i t t i n g  the b e s t  s i n e  wave t o  the turbulence  shown on t h e  
o s c i l l o g r a p h  t r ace .  I f  the response i s  a pure s i n e  wave, t he  hea t  r a t e  i s  
p ropor t iona l  t o  (80w)2, where 80 and w a r e  the  amplitude and the  n a t u r a l  
frequency of t h e  f i t t e d  s i n e  wave, r e spec t ive ly .*  Assuming t h a t  t he  d i f -  
fe rence  between the f l u i d  temperature and measured t ransducer  temperature 
( a t  one potentiometer cover) i s  exac t ly  p ropor t iona l  t o  t h e  h e a t  r a t e ,  and 
assuming a l s o  t h a t  t he  f l u i d  v i s c o s i t y  d i f f e r e n c e  i s  p ropor t iona l  t o  the  
temperature d i f f e rence ,  it i s  poss ib l e  t o  i n t e r p r e t  t h e  measured hea t  ra te  
i n  terms of a c o r r e c t i o n  t o  the  B / I  damping f a c t o r  -- t h a t  i s ,  t he  B / I  damp- 
ing f a c t o r  could be diminished, because of t he  damping f l u i d  hea t ing  caused 
by airstream turbulence,  by an amount p ropor t iona l  t o  the  hea t  r a t e .  The 
p ropor t iona l i t y  cons tan t  t h a t  provides  the  b e s t  c o r r e c t i o n  is  418 seconds. 
I f  the c h a r a c t e r i s t i c s  o f .  t he  s i n e  wave t h a t  f i t s  the  turbulence  i s  
m u l t i p l i e d  by 418 seconds,  a B / I  c o r r e c t i o n  r e s u l t s  t h a t  b e s t  accounts  f o r  
the d i f f e r e n c e  between the  pred ic ted  and measured B/I f a c t o r s .  
pa r i son ,  t h i s  c o r r e c t i o n  fo r  turbulence is  shown wi th  the  d i f f e r e n c e  between 
the  p red ic t ed  and measured B / I  f a c t o r  i n  Figure 19. Addi t iona l  i n v e s t i g a t i o n s  
of the  phenomena energy d i s s i p a t i o n  through i n t e r n a l  hea t ing  are being con- 
ducted a t  t h i s  time. 

For com- 

Transducer temperature ,  e f f e c t i v e  head angular  v e l o c i t y  , and poss ib ly  
turbulence  leve l  must a l l  be considered i n  us ing  the r e s u l t s  of  t he  foregoing 
t o  p r e d i c t  an  i n - f l i g h t  damping f a c t o r  i n  Transducer P/N 108760-E. It i s  

“Ceo i s  measured i n  r ad ians  and w i s  measured i n  r ad ians  per  second. 



33 

140 

120 

20 

OO I 2 3 4 

MACH NUMBER 

FIGURE 18 DAMPING FACTOR MEASURED I N  WIND TUNNEL 



3 4  

0 

FIGURE 19 

I 2 3 4 5 

MACH NUMBER 

DIFFERENCE BETWEEN PREDICTED AND MEASURED DAMPING FACTORS, 
AND CORRECTIONS PROPORTIONAL TO TURBULENT HEATING RATE 

. 



35 

TABLE 2 DAMPING FACTOR PREDICTIONS FROM LABORATORY MEASUREMENTS 

Locat  ion  
o f  

T e s t s  

LRC 

JPL 

Mach 
W-ber 

0.2 

0.6 

0.8 

0.9 

1.0 

1.2 

1.40 

1.65 

2.01 

3.01 

4 .54  

Head 
Veloc i ty  

(degrees /sec) 

29.7 

79.5 

101 

112 

106 

113 

146 

1 5 1  

148 

131 

33.6 

Transducer 
Temperature 
- (" F) 

116 

117 

111 

111 

110 

110 

76 

80 

87 

86 

91 

B /I 
(l /sec) 

107 

100 

104 

P 04 

105 

105 

125 

122 

118 

117 

117 
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expected, however, t h a t  t he  turbulence  l e v e l  i n  f l i g h t  w i l l  not  be as g r e a t  
as t h a t  experienced i n  t h e  wind tunne l .  It may be t h a t  t h e  temperature  and 
head v e l o c i t y  c o r r e l a t i o n s  a lone  (us ing  Figure 15)  w i l l  s u f f i c e .  I n  t h e  follow- 
ing a r e l a t i o n s h i p  i s  der ived which al lows comparison of  t h e  measured undamped 
n a t u r a l  frequency wi th  that corresponding t o  the  prev ious ly  e s t a b l i s h e d  torque 
c o e f f i c i e n t  shown i n  Figure 13. 

A s  previously ind ica t ed ,  t he  aerodynamic sp r ing  cons t an t ,  K ,  i s  equal  
t o  dT/de (Equation 1) e Combining t h e  r e l a t i o n s h i p s  of  Equat ions 1 and 7 ,  it  
can be shown t h a t  t h e  r a t i o  of t he  undamped n a t u r a l  frequency and t h e  square.  
r o o t  of  dynamic pressure  is a unique func t ion  of  C as fol lows:  

M 6  , 

Using Equation 10, t h e  undamped n a t u r a l  frequency data determined from 
t h e  dynamic t e s t s  are a l l  combined with t h e  measured dynamic pressure  a t  each 
tunnel  condi t ion  ( p l o t t e d  i n  F igure  5 ) .  F igure  20 shows the  n a t u r a l  frequency 
data i n t e r p r e t e d  i n  t h i s  way. 
to rque  c o e f f i c i e n t  d e r i v a t i v e  p l o t t e d  i n  Figure- 13 (determined from MSFC- 
suppl ied  curves). 

The s o l i d  curve i s  t h e  square r o o t  of t h e  

A t  t h e  tunnel  condi t ions  corresponding t o  Mach 0.2 and Mach 4.54, a n  
over-damped response w a s  observed. 
n o t  fol low what would be expected of a pure second-order system. F igure  21  
shows one of  the Mach 0.2 osc i l l og raph  traces, wi th  the  pure second-order 
response t h a t  w a s  f i t t e d  t o  t h e  f i r s t  part  of t h e  curve.  It i s  t o  be noted 
t h a t  a marked decrease i n  t h e  s lope  occurs  about halfway down. This i n e x p l i c -  
a b l e  phenomenon o c c u r r e d , i n  a l l  d a t a  from a l l  11 tests  a t  Mach 0.2 and s . 5 4 ,  
i n  which both t ransducers  and both axes of each were used. A l l  t h e  n a t u r a l  
frequency and damping r a t i o  da t a  from t e s t s  a t  Mach 0.2 and 4.54 w e r e  i n t e r -  
preted,, us ing  only  t h e  f i r s t  p a r t s  of t h e  curves ,  

The response a t  t hese  two cond i t ions  d i d  
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SECTION V. CONCLUDING REMARKS 

The Edcliff 4-15 Angle of Pitch and Yaw Transducer has been wind tunnel 
tested over the Mach number and corresponding total pressure range of a 
typical liquid-fueled booster. Static and dynamic parameters have been 
determined which can be used for future prediction of the in-flight charac- 
teristics of the transducer. 

The aerodynamic-to-mechanical misalignment was determined for one 
sensor to be 0.05 degree. Variation in the mechanical-to-electrical align- 
ment was a s  great as 0.18 degree. It is appropriate to assume that the 
two misalignments are randomly distributed from transducer to transducer; 
therefore the root-sum-square of 0.05 and 0.18 degree is a measure of the 
total probable aerodynamic-to-electrical misalignment. 
is 0.19 degree. 

The root-sum-square 

At Mach numbers greater than 1.40, the output-input relationship is 
linear within 0.4 degree; in the transonic region it is linear within 0.9 
degree. 
given in Table 1 caIz be used. 

If greater accuracy is required the calibration relationships 

The natural frequency varied from 32 to 157 radians per second for the 
tested Mach number and pressure conditions. The natural frequency history 
can be predicted for.€uture trajectories from the Mach number and pressure 
histories of the trajectory. 

The damping ratio varied from 0.2 to 1.4 critical. The damping ratio 
can be predicted for future flights from the+Mach number and pressure 
histories and laboratory measurements of the B/I damping factor of the 
particular transducer. 

. 
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