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DYNAMIC  RESPONSE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF HIGH-FREQUENCY  PRESSURE  TRANSDUCERS 
TO LARGE AMPLITUDE SINUSOIDAL PRESSURE  OSCILLATIONS 

by Richard E. Robinson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SUMMARY 

Dynamic  response  characteristics of six pressure  transducers,  repre- 
sentative of those  most  current  and  frequently used, were  investigated. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAm- 
plitude  ratios as functions of frequency and bias  pressure  were  determined 
using a  large  amplitude  sinusoidal  pressure  generator.  Frequencies  between  1 
and 15 kilohertz with  corresponding  peak-to-peak  pressure  oscillation  ampli- 
tudes  ranging  between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 3  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 percent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof bias  pressure and bias  pressures 
between 15 and 300 pounds  per  square  inch absolute'(10  and 207 neutons  per 
square  centimeter absolute) were  utilized.  Effects  of  transducer  type and 
manufacturer,  protective  passages,  coolants, and diaphram  coating  were  also 
studied.  Descriptions of the generator,  its  operating  characteristics, and  the 
instrumentation used  to measure  frequency and amplitude  ratio  2re given. 

INTRODUCTION 

The need  to  measure "nonsteady" pressure  has  existed  for  many years 
and recent  developments  have  increased  the  requirements  for and the  complexi- 
ties  of  these  measurements.  Protection  from  severe  environments  and  space 
limitations  have  added  further  complexities  requiring  transducers  with  devices 
such  as  probes,  cavities,  coolant  bleeds,  and  coatings. The dynamic  calibra- 
tion  of  a  pressure  transducer can ideally be  accomplished  by sensing known in- 
puts  from  a  periodic  pressure  generator  at known frequencies and amplitudes. 
The observed  response,  including  the  magnitude,  waveform,  and  phase lag, can 
then be  compared with  the known input  at  various  conditions.  Calibration  with 
only  one  frequency at a time  for  accuracy  and  simplicity can be accomplished 
with  a  sinusoidal  pressure  generator (SPG). (1, 2, 3)* 

This  report  summarizes the dynamic  frequency  response  characteristics 
of six  frequently  used,  current,  dynamic  pressure  transducers.  Transducer  dy- 
namic response  characteristics  in  the  form of amplitude  ratio  were  investigated 
with  an  inlet-modulated  SPG  on  each  type of transducer  selected. 

Jc Numbers in parentheses  refer  to  references  listed at the  end of this  report. 

1 
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TEST  APPARATUS AND PROCEDURE 

Generator 

The des ign  concept   o f   the  s inusoida l   pressure  generator ,   an  in le t -  
modulated,  gas-f low-through  device (IM-SPG), i s  shown in   F igu re  1, and d e t a i l e d  
descr ip t ion   o f   the   genera tor  i s  g iven  in   re ferences (2)  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 ) .  Pressure os- 
c i l l a t i o n s   a r e  produced  with th is   t ype   o f   genera tor  by changing  the mass con- 
t e n t   i n  a chamber, i . e .   con t ro l l i ng   t he   gas   f l ow   i n to  and out  of   the chamber. 
The o s c i l l a t i n g   o r   s i n u s o i d a l l y   v a r y i n g   s t a t i c   p r e s s u r e   i n   t h e  chamber i s  used 
to   dynamical ly   ca l ibrate  pressure  t ransducers.  The p r e s s u r e   i n   t h e  chamber i s  
sensed by the  f lush-mounted  test   t ransducer and by a f lush-mounted  reference 
or   s tandard  t ransducer .  

Bas ica l l y ,   t he   genera to r   cons i s t s  of a c y l i n d r i c a l  chamber with a 
modulated in le t   f low  open ing  and a f ixed  out let   f low  opening  (See  Figure 1). 
The chamber dimensions  are  0.75  inch  (1.91 cm) in   d iameter  and 0.262  inch 
(0.665 cm) i n   l e n g t h .  The chamber i s  f i l l ed   w i th   seve ra l   t ypes  of  porous 
ma te r ia l s   (acous t i c   abso rb ing   f i l l e r ) .   Th i s   f i l l e r   improves   p ressu re  wave 
shape by reducing chamber  harmonics  and  f low  turbulence  (which  excites  trans- 
ducer  resonances (3) ).  The two f low  openings  are  placed on the  curved  cyl in-  
d r ica l   s ides   (d iamet r ica l l y   oppos i te   each  o ther ) .  One o f   t h e   f l a t  end sur faces  
of the   cy l inder  i s  used  for   f lush  mount ing  the  test   t ransducer   or   measur ing 
system  under  evaluation. The reference  t ransducer  i s  f l ush  mounted  on the op- 
p o s i t e   f l a t   s u r f a c e .  Two addi t ional   openings  through  the  cy l indr ica l   wal ls   ace 
provided. They can  serve  independent ly ,   in   any  combinat ion  as  e i ther   in le ts   or  
o u t l e t s   o r  be  plugged.  These  openings  offer  addit ional  control  of  average 
chamber (b ias)   pressure  independent   o f   the  pressure  f luc tuat ion  ampl i tude.  

In le t   opening  area  modulat ion i s  achieved by r o t a t i n g  a c i r c u l a r   d i s c  
wi th  equal ly  spaced  holes  located  along a c i rc le   near   the   d isc   per iphery  
a l igned  w i th   the   in le t   nozz le   th roa t .  The d i sc   ho les   a re   t he  same s i z e  and 
shape  as  the  nozz le  throat .  They are  spaced  one  hole  diameter  apart  around  the 
ho le -c i r c le .  A l l  f low  openings are operated a t  supercr i t i ca l   f low  cond i t ions .  

The more pe r t i nen t   ope ra t i ng   cha rac te r i s t i cs   o f   t he   genera to r   a re  
g iven  in   F igures  2 and 3 .  The osc i l la t ion   p ressure   ampl i tude i s  a funct ion  of  
f requency.  This  funct ion i s  essent ia l ly   independent  of   average chamber p res-  
sure.  Thus t h e   r a t i o  of  peak-to-peak  pressure  ampli tude  to  average chamber 
p ressure  may be p lo t ted  as a func t ion  of  frequency and i s  g iven  in   F igure 2.  
The actual   pressure  ampl i tude  for  any t ransducer   ampl i tude  ra t io  tes t  po in t  i s  
found by mu l t i p l y ing   t he   ra t i o  by the  corresponding chamber pressure.  The 
brackets  (pressure  ampl i tude  spread) shown on the   curve   a re   d iscussed  in   the  
sec t ion  on test   procedure.   F igure 3 shows the   typ ica l   osc i l la t ion   p ressure  
waveform ( f i l t e r e d  and u n f i l t e r e d )  and the  corresponding  spect ra l   content  
(frequency and ampl i tude)   o f   the  unf i l tered wave a t  the  condi t ions  of  10 k i l o -  
h e r t z  and  an average chamber p ressu re   ( s ta t i c -p ressu re   l eve l )  of  150 p s i a  
(104 N /  cm abs) .  The phase  d i f ference  between  the  f i l tered and u n f i l t e r e d  
pressure waveforms i s  due t o  a 180 degree  phase  sh i f t  by t h e   f i l t e r  and t o   t h e  
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small  difference  in  oscilloscope  external  trigger  sensitivities on the  two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAos-  
cilloscope  time  base  units  used. Waveform is  similar  at  higher  frequencies 
and/or  static  pressures  and  somewhat  improved  (higher  harmonics  and noise am- 
plitudes  are  reduced)  at  lower  frequencies  and/or  static  pressures. The fre- 
quency  spectrum in Figure  3b of the  unfiltered  pressure  waveform  shows  the  re- 
lative  relationship of the  amplitudes of the  higher  harmonic  frequency compon- 
ents  as a percent  of  the  amplitude of the  waveform  fundamental  frequency com- 
ponent. The second  and  third  harmonic  frequency  root-mean-square zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(RMS) ampli- 
tudes  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 and 5 percent,  respectively,  of  the  fundamental  frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARMS am- 
plitude. The corresponding  ratio of combined  energy  in  these  two  harmonic 
waves  to  the  energy in the  fundamental  wave  associated  with  the  pressure oscil- 
lation is less  than 0.75 percent. 

Transducers 

The  pressure  transducers  tested  in  this  program  were  selected  to 
represent  frequently used, current, high-frequency, dynamic  pressure  transdu- 
cers.  Inquiries  were  made  of  most  of the National  Aeronautics  and  Space  Admin- 
istration  research centers, several  Air  Force  and  Navy  laboratories,  several 
aerospace  companies,  several  industrial  companies, and  several  pressure  trans- 
ducer  manufacturers.  The  transducers  sclocted  were (in alphabetical order): 

Kistler Instrument  Corporation 

Model  No. 603A 
Model  No. 614A/644 
Model  No. 616 

Kulite  Semiconductor Products, Inc. 

Model  No.  CQL3-093-15Dfc 

PCB Piezotronics  Inc. 

Model  No.  122M03 

Sensotec,  Inc. 

Model  No. SA8J-6H 

The  selected  pressure  transducers  used  in  the  test  program  are  shown  in 
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9; Transducer  is  essentially  flush  mounted in  a special  gas  bleed NASA-LeRC 

holder. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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These  t ransducers  inc lude  severa l   d i f ferent   t ransduct ion and  con- 
s t ruc t ion   types ,   coo led  and uncooled  types, and several   pressure  ranges as wel l  
as severa l   o f   the same type,   but   d i f fer ing  in   manufacturer .   These  d i f ferences 
and t h e i r   e f f e c t s  are assessed  in   the   Resu l t  and Discuss ion  sect ion.  

Inst rumentat ion 

Inst rumentat ion was set up in   conjunct ion  wi th   the  pressure  generator  
t o  measure  generator  pressure  osci l lat ion  f requency and pressure  ampl i tude  of  
the  t ransducer   under   test  and of the  re ference  t ransducer .  A schematic  diagram 
of  the  measuring  system  layout i s  shown in   F igu re  5. Frequencies were  measured 
wi th   an  e lect ron ic   counter  and a magnetic  pickup  which  sensed  or  counted  the 
holes  in   the  generator   ro tat ing  d isc.   For   pressure  ampl i tude  measurements,   the 
condi t ioned  s ignals  were f i l t e r e d  and displayed on a high  frequency  dual beam 
osc i l loscope.  The osc i l loscope was ex te rna l l y   t r i gge red  by a manually  operated 
swi tch   in  a t r i g g e r   l i n e  between the  IM-SPG and the   osc i l loscope.  Another mag- 
net ic   p ickup  prov ided  the  t r igger   s ignal  by sensing a s ing le   no tch  on the  outer  
Periphery  of  the  rotat ing  chopping  disc.  Thus,  the same holes and t h e i r   r e s u l -  
t a n t   p r e s s u r e   o s c i l l a t i o n s  were  measured in   each   t es t   p rov id ing   cons i s ten t   t es t  
condi t ions.   Pressure  ampl i tude of the   re fe rence  t ransducer  was a l s o  measured 
by a high-frequency  true  root-mean-square  meter and manually  recorded.  This 
l a t t e r  measurement provided a quick  check on pressure  ampl i tude. A 50 k i l o -  
her tz   low-pass   f i l te r  was used t o  smooth out any small suppressed  t ransducer 
r ing ing  remain ing  in   the  s ignal   (see  F igure  3)   for   data  reduct ion  accuracy.  A 
s ingle  channel   spectrum  analyzer  (storage  osci l loscope  plug- in  uni t )  was used 
t o  check  waveshape  consistency  above  that  obtainable  from  visual  observation  of 
the  wave form  t race on t h e   o s c i l l o s c o p e .   I n   a d d i t i o n   t o   s t a t i c   c a l i b r a t i o n s ,  
a l l  instruments and the  in tegrated  systems were ca l ib ra ted   fo r   f requency   re -  
sponse  using a h igh- f requency  e lect ron ic   s ignal   generator .  It was found t h a t  
the  output   o f   the  charge  ampl i f iers   used  for   condi t ion ing  the  p iezoelect r ic  
p ressure   t ransducer   s igna ls  had t o  be cor rec ted   in   ampl i tude a t  high  frequen- 
c i e s  and h igh   ampl i f i ca t ion   leve ls .  The low-pass f i l t e r  and charge  ampl i f ier  
f requency  response  character ist ics  are  g iven  in  the  Appendix.  

Procedure 

S ta t i c   p ressu re   ca l i b ra t i ons  were  performed on a l l  t ransducers  or ig-  
i n a l l y   p l a n n e d   f o r   u s e   i n   t h i s  program.  However, f a i l u r e  a t  the s ta r t  of 
test ing  o f   severa l   K is t ler   t ransducers  normal ly   used  as  re ference  t ransducers 
in   past   t ransducer   test   programs  resul ted  in   the  use  o f   subst i tu t ion  t rans-  
ducers.  Two a d d i t i o n a l   K i s t l e r  Model No.  603A t ransducers were obtained. One 
was used as  the  re ference  t ransducer  and the   o ther  as a t es t   eva lua t i on   t rans -  
ducer .   Cal ibrat ion  data  suppl ied by the  manufacturer were  used fo r   da ta   re -  
duct ion on these  t ransducers.  

A l l  t ransducers  ( inc lud ing  the  Kul i te   t ransducer  which  had  been  in- 
s t a l l e d   i n  a spec ia l  NASA-LeRC housing) were f l ush  mounted in to   t he  IM-SPG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 



test  chamber. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 0.007- inch  th ick  f la t   annular   spacer   tape was used  to   keep  the 
t ransducer  sensing  surface  or  passage  f rom  contact ing  the IM-SPG chamber  acous- 
t i c   f i l l e r .  

Estimated  accuracy  of  the  frequency measurement i s  1 h e r t z .  The 
cyc le - to -cyc le   va r ia t i on   i n   osc i l l a t i on   p ressu re   amp l i t ude  on bo th   the   re fe r -  
ence and tes t  t ransducer   ou tpu t   s igna ls  was found t o  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2 p e r c e n t   i n   t h e  
worst   cases.  This i s  with in  and inc ludes  the  inaccurac ies  due  to   reading  the 
osc i l loscope  photographs,   e lect ron ic   no ise,  and the  chamber pressure  t ransducer  
and gages  for  chamber pressure  measurements  used  in  Figure 2. 

The t e s t - t o - t e s t   v a r i a t i o n   o r   r e p e a t a b i l i t y  of o s c i l l a t i o n   p r e s s u r e  
amplitude as measured by the  re ference  t ransducer  and  of  average chamber pres-  
sure  each  t ime  the  generator was turned on a t  any  frequency was found t o  be 
normally 2 percent ,  and to   reach  2 5 p e r c e n t   i n  a few cases.  These  percent- 
ages were obtained when the  test   t ransducer  mount ing  p lug  remained  f ixed  (not 
removed  and reinserted  or  changed)  in  the  generator  chamber.  They a l s o   i n -  
c lude   t he   va r ia t i on   o r   sca t te r  o f   the   in le t   p ressure   to   the   genera tor  which 
contro ls   the  average chamber p ressure  and i s  of  the same order-of-magnitude. 

Dur ing  the  ca l ibrat ion  o f   the  test   t ransducers  the test  t ransducer  
mounting  plug was changed in termi t tent ly   throughout   the test  s e r i e s .   t e s t  
t ransducers   t o  be tes ted  a t  a par t i cu la r   average chamber p ressure  and se r ies   o f  
f requencies were tes ted  a t  tha t   p ressure   cond i t ion .  Thus the   t es t   t ransducer  
mounting  plug was repeatedly  changed a t  t ha t   p ressu re   l eve l .  The t e s t - t o - t e s t  
v a r i a t i o n   i n   o s c i l l a t i o n   p r e s s u r e   a m p l i t u d e   i n   t h e  IM-SPG as measured by the 
reference  t ransducer  was found t o  be much grea ter   dur ing   the   tes t ing   o f   the  
t ransducers  involv ing  the  changing  of   the  test   t ransducer  mount ing  p lugs and 
was much grea ter   than  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk 2 t o  2 5 percen t   va r ia t i on   f o r  a f ixed  plug.  This 
changing  in   osc i l la t ion  pressure  ampl i tude was random with  each  mounting  plug 
change. The amount of spread and the   re la t i ve   va lue   w i th in   t he   sca t te r  of thc 
osc i l la t ion   p ressure   ampl i tudes  between  transducer  tests  changed a t  each 
average  chamber  pressure.  These  variat ions  are  possibly  due  to  minute move- 
ments  o f   the  acoust ic   absorb ing  f i l le r   a t   each  changing  o f   the  t ransducer  
mounting  plug. 

Normally  such  changes in   osc i l la t ion   p ressure   ampl i tude would be  of 
small consequence in   compara t ive   ca l ib ra t ions   because  the   tes t   t ransducer   re -  
sponse i s  being compared t o   t h e  known reference  transducer  response and i t  ar.e 
known tha t   t he   osc i l l a t i on   p ressu re   amp l i t ude  and average chamber pressure i s  
i d e n t i c a l  a t  each  t ransducer   loca t ion .   Th is   has   been  ver i f ied   in   the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIM-SPG 
with  an empty  chamber. It was not   determined  in   the  present   program  i f   both 
s ides  o f   the  generator  chamber ( a c r o s s   t h e   f i l l e r )   a t   e a c h   t r a n s d u c e r   l o c a t i o n  
had these  requi rements  o f   corresponding  osc i l la t ion  pressure  ampl i tude and 
average chamber p ressure .   Consequent ly ,   the   spread  in   osc i l la t ion   p ressure  
amplitude  measured by the  re ference  t ransducer  a t  each  average chamber pressure 
and  frequency  has  been assumed as poss ib l y   ex i s t i ng  between t e s t  and re fe rence 
t ransducers and was used   to   es tab l i sh   e r ro r  band b racke ts   f o r   t he  tes t  t rans -  
ducer   ampl i tude  ra t io   data.   Th is  i s  be l ieved  to   be  a ra ther   severe ,   bu t  bound- 
i ng  as sump t i on .  
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The error   bands were  determined by a weight ing  process by us ing  the 
to ta l   sp read   o f   osc i l l a t i on   p ressu re   amp l i t ude  measured  by the   re fe rence  t rans-  
ducer  of a l l  of   the test  t ransducers   ca l ib ra ted  a t  a set frequency and average 
chamber p ressu re .   F i r s t   t he   a r i t hmet i c   ave rage   o f  a l l  re ference  t ransducer  os- 
c i l l a t i on   p ressu re   amp l i t udes  at the  set  condi t ions was made. Then t h e   r a t i o  
of the  largest  ampl i tudes  above and  below the  mean t o   t h e  mean was ca lcu la ted .  
Then the  ra t io   o f   the  re ference  t ransducers  ampl i tude  assoc iated  wi th  a p a r t i -  
c u l a r   t e s t   t r a n s d u c e r   t o   t h e  mean was determined. The p l o t t e d   d a t a   p o i n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 
tha t   t ransducer  and i t s  associated  upper  and lower   er ror  band l imits was then 
determined by mul t ip ly ing  the  above  three  ra t ios by t h a t   t e s t   t r a n s d u c e r s  dy- 
namic response   ra t i o  a t  the   se t   ca l ib ra t ion   cond i t ion .   Th is   p rocedure  was per- 
formed fo r   each test  t ransducer  a t  each  ca l ib ra t ion   cond i t ion .  Thus i n   t h e   d a t a  
p lo ts   the   pos i t ion   o f  a d a t a   p o i n t   i n  i t s  e r r o r  band i n d i c a t e s  where the   re fe r -  
ence  t ransducers  measured  osci l lat ion  pressure  ampl i tude was f o r   t h a t   t e s t  
t ransducer   re la t i ve   to   the   spread  o f   ampl i tudes   fo r  a l l  t e s t   t r a n s d u c e r s  a t  
each  average  pressure and frequency. The dynamic-response  ra t io   as a func t ion  
of  average chamber p ressu re   f o r  one  frequency was determined  in  a s im i la r  man- 
ner .  

IM-SPG i s  capable  o f   operat ing  wi th  any gas.  Hydrogen,  helium, and 
n i t rogen are normally  used.  For  this  test  program  hydrogen was u s e d   f o r   a l l  
t e s t s .  Lower cos t ,   g rea te r  dynamic ampli tude, and higher  f requency  range are 
achieved  using  hydrogen. 

RESULTS AND DISCUSSlON 

The dynamic   response  charac ter is t i cs   o f   the   tes t   t ransducers   a re  
g iven  in   the  form  of   ampl i tude  rat io and p l o t t e d   i n   F i g u r e s  6-20. The ampli- 
t u d e   r a t i o  i s  given  for  a l l  t ransducers  except  the  low-pressure  Kul i te  t rans- 
ducer   as a funct ion  of   f requency a t  one s ta t i c -p ressu re   l eve l  and as a funct ion 
of s ta t i c -p ressu re   l eve l  a t  one frequency, 3 k i l o h e r t z .  For  the  low-pressure 
Ku l i te   t ransducer   on ly   ampl i tude  ra t io  as a func t ion  of frequency was performed. 
Two ampl i tude  ra t ios  are  genera l ly   g iven  for   each  o f   the  condi t ions.  The f i r s t  
i s  the   normal ly   used  ampl i tude  ra t io ,   the   ra t io   o f   the   tes t   t ransducer   osc i l -  
l a t i n g   p r e s s u r e   s i g n a l   t o   t h e   r e f e r e n c e   t r a n s d u c e r   o s c i l l a t i n g   p r e s s u r e   s i g n a l .  
It i s  rep resen ted   i n   each   f i gu re 'by  a s o l i d   l i n e .  The second  ampl i tude  rat io 
i s  t h e   r a t i o  of t h e   t e s t   t r a n s d u c e r   o s c i l l a t i n g   p r e s s u r e   s i g n a l   t o   t h e   o s c i l -  
l a t i ng   p ressu re   s igna l  of t h e   K i s t l e r  Model No. 603A on t h e   t e s t   s i d e   o f   t h e  
SPG chamber. It i s  thus a r a t i o   t o   t h e  same s ide  of the  chamber  and i s  an at-  
tempt t o  minimize o r   e l im ina te   poss ib le   s ide - to -s ide  IM-SPG o s c i l l a t i n g   p r e s -  
su re   amp l i t ude   d i f f e rences .   Th i s   l a t te r   ra t i o  i s  i nd ica ted  by a dashed   l i ne   i n  
each  f igure.  

The 603A t es t   t ransducer  was no t   t es ted  a t  the  pressure-frequency 
combinations  of  the  lower  pressure  Sensotec and Ku l i te   t ransducers .  For the  
ampl i tude  ra t io   o f   these  low-pressure   tes t   t ransducers   to   the  603A t e s t   t r a n s -  
ducer,   the 603A t e s t   t r a n s d u c e r   r e s u l t s  were extrapolated.  For  the  Sensotec 
t ransducer,   the  lower  b ias  pressures  of   the 603A were ex t rapo la ted   l i nea r l y  
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with  f requency  using  the test  603A frequency  response at  150 p s i a  (104  N/(cm)2 
abs) .   For   the  Kul i te   t ransducer ,   the 603A b ias  pressure  curve a t  the  threekHz 
was extended  to   15  ps ia   (10.4 N/(cm)2 abs) and same l i nea r   va r ia t i on   w i th   f re -  
quency  of  the 603A a t  150 p s i a  (104 N/ (cm)2  abs) was applied.  These  extrap- 
o l a t i o n s   a r e  shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon Figure  14. 

In  general  none  of  the  transducers  gave  the same measurement of t he  
s inusoida l   pressure  ampl i tude as the  re ference  t ransducer   ( i .e . ,   ampl i tude 
r a t i o  of 1.0). This i s  a l s o   t r u e   f o r   p r e s s u r e   s i g n a l s   r e f e r e n c e d   t o   t h e  test  
t ransducer   s ide  of t he  chamber. This i s  t r u e  even when cons idera t ion  i s  given 
f o r  assumed d i f f e r e n c e s   i n   o s c i l l a t o r y   s t a t i c   p r e s s u r e   a c r o s s   t h e  chamber, 
which i s  represented by t h e   e r r o r  band brackets   in   F igures  6-18. The p r inc ipa l  
conclusion drawn  from Figures 6-20 i s  the re fo re   t ha t  dynamic pressure  measure- 
ments  given by the  var ious  t ransducers  d i f fer   f rom  one  another and should be 
accounted  for .  

The c h a r a c t e r i s t i c s  of t he   t es t   da ta   a re   d i scussed   i n   t he   f o l l ow ing  
two sec t i ons ,   E f fec ts  of Frequency  and E f fec ts  of S ta t i c   Pressure ,   w i thout  con- 
s idera t ion   o f   d i f fe rences   in   the   t ransducers .  The e f fec ts   o f   t r ansducer   d i f -  
ferences  such as t ransduct ion  type,   protect ive  passages and bleed  f low,  etc. ,  
are  d iscussed  in   the  sect ion,   Other   Ef fects .  

E f fec ts  of  Frequency 

A l l  of   the  t ransducer   p lo ts   o f   ampl i tude  ra t io  as a funct ion  o f   f re-  
quency  (Figures  6-12)  were  ragged in   appearance.  Few were constant  over  the 
ent i re  f requency  range on a f requency  po int - to-point   bas is .  Some of t h i s   c a n  
of  course be considered  to  be  caused by the   poss ib le   p ressure   ampl i tude  d i f -  
ference  condi t ions.  However, a pr inc ipa l   conc lus ion  that   can be  drawn is  t h a t  
the  response  of a l l  of  the  transducers i s  f l a t   ( i n  a re la t i ve   sense )   t o   w i th in  

r a t i o  up to   f requenc ies  of 10 k i l o h e r t z  and a r e   f l a t   t o   w i t h i n  2 15 percent  
about  the  average  value up to   f requencies  o f  15 k i l ohe r t z ,   excep t   f o r   t he  
K i s t l e r  Models 614A and 616 a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 k i l ohe r t z .  

- + 10 percent   about   the   ind iv idua l   tes t   t ransducers   average  va lue  of amplitude 

A l l  of   the  t ransducer   ampl i tude  ra t ios  o f   each  type  are  p lo t ted  in  
Figure 13 t o  show re la t ive  compar isons  (wi thout   er ror   bands  for   c lar i ty ) .  The 
major   charac ter is t i cs   seen  a re :  

(1) The re la t i ve   f l a tness   o f   t he   t ransducers  up t o  10 kHz 

(2) The d i ve rgence   a f te r  10 kHz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(3) The d i f f e rences   i n  dynamic t r a n s d u c e r   s e n s i t i v i t i e s .  

These charac ter is t i cs   a re   d iscussed  in   the   fo l low ing  two sec t ions ,   E f fec ts  of 
S ta t i c   P ressu re  and Other   Ef fects .  
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Ef fec ts   o f   S ta t i c   P ressu re  

The ampl i tude  ra t ios  o f   the  test   t ransducers as a funct ion  o f  stat ic  
pressure are shown i n   F i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13-18 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll o f   t h e   t e s t s  were  performed at  
one frequency, 3 k i l ohe r t z .  No p r e s s u r e   l e v e l   v a r i a t i o n   t e s t s  were  performed 
f o r   t h e  low pressure  range (15 ps id )  (10N/  cm 2 d)   Kul i te   t ransducer .  The lack 
of a s ign i f i can t   p ressu re   d i f f e rence  and the   la rge   s inuso ida l   p ressure   f luc tua-  
t i o n s  a t  low f requency  prec luded  th is .  

The ampl i tude  ra t ios  are  again  seen  to   be  jagged and nonl inear .  The 
responses   o f   a l l   o f   the   t ransducers  were a f fec ted  by s t a t i c   p r e s s u r e   l e v e l .  
The most general   conclusion  that   can  be drawn  from t h i s   t e s t   s e r i e s  i s  t h a t  
t h i s   e f f e c t  was larger   than  the  f requency  e f fect   over   the  f requency  range  cov-  
ered. From there  any t r e n d s   a r e   l e s s   c l e a r  due t o   g e n e r a l l y  somewhat opposing 
resu l t s   o f   t he  two amp l i t ude   ra t i o   p lo t s .  With the  except ion  of   the  Sensotec 
t ransducer ,  a l l  of  the  other  t ransducers showed a general   decreasing  ampl i tude 
r a t i o  toward a u n i t y   r a t i o  a t  300 p s i a  (204N/ cm 2abs)   wi th   increas ing  pressure 
based on the   ampl i tude  ra t io   re fe renced  to   the   re fe rence  t ransducer .  The Sen- 
so tec  showed increas ing   ampl i tude  ra t io   w i th   inc reas ing   p ressure   fo r   bo th   types  
of   ampl i tude  ra t ios.  However, based on the   ampl i tude  ra t io   re fe renced  to   the  
t e s t  603A t ransducer  these  other  t ransducers showed a s l igh t   genera l   t rend  o f  
inc reas ing   ampl i tude  ra t io  toward a u n i t y   r a t i o  a t  300 p s i a  (204N/ cm 2abs) 
w i th   inc reas ing   s ta t i c   p ressure   leve l  and wi th   wider   var ia t ions  about   the i r  
averages. No explanat ion  could be  found f o r   t h i s   d i f f e r e n c e .  

The Sensotec and Ku l i t e  (at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 kHz) t ransducers had the  lowest  ampli- 
tude  ra t ios  (F igure 20) .  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9  shows tha t   t hese  two transducers  ampl i tude 
r a t i o s  were the  lowest  throughout  the  f requency  range  invest igated. The Ku l i t e  
da t  a t  8 kHz and 15 p s i a  ( 1 0 N /  cm 2abs) i s  g iven  wi th   the  Sensotec  data  in  
Figure 18 and i s  cons is ten t   w i th   the   decreas ing   sens i t i v i t ies   o f   these  t rans-  
ducers   w i th   decreas ing   s ta t i c   p ressure .  

Other  Ef fects 

Tes ts  were  performed on the  same K i s t l e r  Model No. 603A having a uni-  
form  0.025-inch (0.064 N /  cm 'abs) th i ck   S i l as t i c   b rand  RTV coat ing  on the   d ia -  
phram. The la rges t   e f fec t   o f   t he   coa t ing   t ha t   can  be inferred  f rom  Figures 6 ,  
7 and 13 i s  tha t   t he  above  average  response  of  the  uncoated  transducer a t  
10 k i l o h e r t z  and the  below  average  response a t  15 k i l ohe r t z   has  been s h i f t e d  
down in   f requency by 5 k i l ohe r t z .  However, the  average  response  ra t io  i s  s t i l l  
f l a t   t o   w i t h i n   l e s s   t h a n  2 10 percent when re fe renced  to   e i ther   the   re fe rence 
t ransducer   o r   the   tes t   t ransducer .  No s i g n i f i c a n t   d i f f e r e n c e  due to   t he   coa t -  
i ng  was observed  for   the  ampl i tude  rat io  as  funct ions  of   b ias  pressure  (Figures 
14,  15 and 20). 

Three  of  the  transducers, Kist ler  Model No. 6148/644, K i s t l e r  Model 
No. 616, and PCB Model No. 122M03 had protect ive  passages and associated  cav i -  
t i e s   i n   f r o n t  of the  t ransducer  sensing  surface. The 614A/644 passage i s  
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0,063-inches  (0.160 cm) i n   d iamete r  by 0.187-inches  (0.475 cm) long  wi th a 
0.003-inch  (0.008 cm) l ong   c learance  in   f ron t   o f   the   0 .25- inch  (0.64 cm) diam- 
e te r   t ransducer   f ron t   sur face .  The  616 has a passage  of  0.067-inches  (0.177 cm) 
i n   d iameter  by 0.097-inches  (0.247 cm) long  wi th a 0.003-inch (0.008 cm) long 
c learance  in   f ron t   o f   the   0 .22- inch  (0.555 cm) d iameter   t ransducer   f ron t   sur -  
face.  The 122M03 passage i s  0.60-inches  (1.53 cm) i n   d iamete r  by  0.16-inches 
(0.407 cm) long  wi th a 120 degree  cone  tapering  to  0.1-inch  (0.254 cm) i n  diam- 
e t e r   w i t h  a 0.003-inch  (0.008 cm) long  c learance  in   f ron t   o f   the   0 .25- inch  
(0.64 cm) d iameter   t ransducer   f ront   sur face.  

The f i r s t   e f f e c t   n o t e d   ( F i g u r e  13) i s  tha t   t he   t h ree   t ransducers  
l i s t e d  above  had f l a t  dynamic response  (wi th in 2 10 percent)  up t o  10 k i l o -  
he r t z ,   bu t  had increased  output  a t  15   k i l ohe r t z .  A second e f fec t   no ted  is  t h a t  
the  t ransducer   wi th  a longer  passage (Kistler 614/644)  had a dynamic  response 
t h a t  was a lso   la rger   than  the   t ransducer   w i th   the   shor te r   passages (616  and 
122M03). It i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e  same basic   t ransducer   type i s  used 
i n   t h e   t h r e e   K i s t l e r  Models, 603A, 614A/644,  and  616.  Thus, the i r   ampl i tude 
r a t i o s   a r e   s i m i l a r l y   f l a t   t o  10 k i l o h e r t z  and have' increasing  response a t  
15  k i loher tz   cons is ten t   w i th   the   add i t ion  of inc reas ing   p ro tec t ive   passage 
length.  

The e f fec ts   o f   coo l ing   gas   (b leed)  on transducer  response were inves- 
t i ga ted  on the  two transducers  employing  the  b leed  gas  technique,  Kist ler  Model 
No. 614/644  and Ku l i t e  Model CQ3-093-15D i n   t h e  NASA-LRC housing.  General ly,  
hel ium i s  employed as the  bleed  gas.  Hydrogen,  which was used as the  IM-SPG 
t e s t   g a s   f o r  a l l  t e s t s ,  was a l s o  used as the  bleed  gas  in  these  measurements. 
F o r   t h e   c o o l a n t   e f f e c t s   s t u d i e s ,   a d d i t i o n a l   t e s t s  were  performed on these two 
t ransducers  us ing  n i t rogen and also  wi th  no-bleed  or  coolant  f low.  Tests on 
t h e   K i s t l e r  were  performed a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 kHz (Figure  16) and  on t h e   K u l i t e   a t  3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 
kHz (Figure 1 2 ) .  The helium  bleed  performance  should be  bounded by tha t   o f   the  
hydrogen  and n i t rogen.   In   genera l ,   there  were  changes in   amp l i t ude   ra t i o   f o r  
the  n i t rogen and no-bleed  cases as compared to  using  hydrogen  bleed  gas. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANO 

t rend was es tab l i shed however. 

The only   conc lus ion  that   can be made wi th   regard  to   t ransduct ion  type 
i s  t ha t   t he   p iezoe lec t r i c   t ypes  had h igher  dynamic s e n s i t i v i t i e s   t h a n   t h e  two 
s t r a i n  gage types (bonded s t r a i n  gage  Sensotec,   d i f fused  s t ra in   gage  Kul i te) .  
See Figures  13 and 20. This may be caused by sens ing   a rea   d i f fe rences ,   d ia -  
phragm material d i f fe rences   (meta l   versus   s i l i con) ,   o r  by the   b leed  in   f ron t   o f  
t he   Ku l i t e .  The two s t r a i n  gage  types had a f l a t t e r  dynamic  response up t o  
10 k i l o h e r t z .  

SUMMARY OF RESULTS 

The pressure   t ransducers   tes ted ,   under   the   l im i ta t ions   o f   the   poss i -  
b l e   o s c i l l a t i n g   s t a t i c   p r e s s u r e   a m p l i t u d e   d i f f e r e n c e   a c r o s s   t h e   p r e s s u r e  gene- 
r a t o r  chamber, showed the   fo l low ing   resu l ts :  
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1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll of the  t ransducers  exhibi ted  f requency  dependent  response 
although  most  were f l a t  (2 10%) t o  10 k i l o h e r t z .  

2. All of   the  t ransducers  exhib i ted a dynamic response which  de- 
pended  on stat ic  pressure   leve l .  The genera l   t rend  ( increas ing 
or   decreas ing  response)  was not   c lear ly   es tab l i shed,   bu t  i t s  
e f f e c t  was always  larger  than  f requency  dependent  ef fects.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 .  The var ious  t ransducers had d i f f e r e n t  dynamic p ressure   ou tpu ts  
(sens i t i v i t ies )   than  those  based  on   s ta t i c   ca l ib ra t ions .  It 
was n o t   p o s s i b l e   i n   t h i s   i n v e s t i g a t i o n   t o   e s t a b l i s h   t h e   a b s o -  
l u t e  dynamic c a l i b r a t i o n   f o r  any  given  t ransducer  tested. 

CONCLUDING REMARKS 

The d i f f e r e n c e s   i n d i c a t e d   i n  dynamic s e n s i t i v i t y   a s  compared t o  
s t a t i c   s e n s i t i v i t y  and i t s  dependency  on s t a t i c   p r e s s u r e  between  the  various 
t ransducer   t ypes   appears   to  be over and  above t h e   u n c e r t a i n t y   s c a t t e r   i n   t h e  
r e s u l t s .  The compara t ive ly   la rge   e f fec ts ,   g rea ter   than 10 percent  for   each 
e f fec t   (F igure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20), ind icate  that   these  quest ions  should be resolved.  Further 
work i s  necessary  to   p inpoint   the  magni tude of t h e s e   e f f e c t s .  
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CORRECTIONS TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADATA 

The  reference and  test  pressure  transducers  output  signals  were  each 
conditioned by a  charge  amplifier and  then  filtered. The charge  amplifiers 
were  used  at  all  times  for consistency  although  they  were  required  only for the 
low-level  outputs  at the  lower  pressures.  The  charge  amplifiers  were  Cali- 
brated  for  dynamic  response in accordance  with  the  manufacturers  instructions. 
The transducer data were  corrected using the  dynamic  response  characteristics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s o  determined  and  given in Figures  A-la and  A-lb. Similar  calibration and cor- 
rections  were  performed  for the high-frequency  dual-channel filter. These data 
are  given in Figure  A-lc. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE A-I. SIGNAL  CONDITIONING  EQUIPMENT  FREQUENCY 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAINLET- MODULATED  SINUSOIDAL  PRESSURE  GENERATOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE 2. SINUSOIDAL PRESSURE GENERATOR EVALUATION TEST  CONDITIONS  USING 
HYDROGEN AS THE  TEST GAS 
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b. Frequency Spectrum 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. PRESSURE WAVE SHAPE AND FREQUENCY SPECTRUM 
FROM OSCl LLOSCOPE.  FREQUENCY, IO kHz; STATIC 

TRANSDUCER 
PRESSURE LEVEL, 150 psia ( 104 &* )abs; REFERENCE 
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FIGURE 4. PRESSURE TRANSDUCERS USED IN TEST PROGRAM 
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FIGURE 6, AMPLITUDE RATIO VS FREQUENCY FOR KISTLER MODEL 
603A SERIAL NO. 2275. STATIC  -PRESSURE LEVEL, 

150 psia (104 - abs) N 
cm2 
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FIGURE 8. AMPLITUDE RATIO VS FREQUENCY FOR KISTLER MODEL 
614A, SERIAL  NO. 348; STATIC-PRESSURE LEVEL, 

150 psia (104 - N abs) 
cm2 
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FIGURE 9. AMPLITUDE  RATIO VS FREQUENCY FOR KISTLER  MODEL 
6 I6 SERIAL NO. 1692 STATIC-PRESSURE LEVEL, 
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FIGURE IO. AMPLITUDE  RATIO  VS  FREQUENCY FOR PCB MODEL 122 
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150 psia (104 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 N abs) 
cm 

h) 

W 



2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t" --I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.5 1 

I 2 3 4 5 6 7 8 910 15 
Frequency, kHz 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I .  AMPLITUDE  RATIO VS FREQUENCY FOR SENSOTEC  MODEL 
SA8J -6H, SERIAL NO. 5563 ; STATIC -PRESSURE LEVEL 

45 psia (31 "$ abs) 
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FIGURE12.AMPLITUDE  RATIO  VS  FREQUENCY FOR KULITE  MODEL 
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b. Amplitude Ratio vs Frequency, Referenced  to  Test  Kistler 603 A 

FIGURE 13. AMPLITUDE RATIO vs  FREQUENCY  FOR  ALL  TRANSDUCERS 
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SIDE  OF SINUSOIDAL PRESSURE GENERATOR 
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FIGURE 16. AMPLITUDE  RATIO V S  STATIC-PRESSURE  LEVEL FOR KISTLER MODEL 
614A/644 SERIAL NO. 348; FREQUENCY, 3 kHz 
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FIGURE 17. AMPLITUDE RATIO V S  STATIC-PRESSURE  LEVEL FOR KISTLER MODEL 
616 SERIAL NO. 1692;  FREQUENCY, 3 kHz 
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FIGURE 19. AMPLITUDE RATIO  VS. STATIC-PRESSURE LEVEL FOR SENSOTEC MODEL 
SA8J-6H,  SERIAL NO. 5563 AND KULITE MODEL CQL3-093-15d; 
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