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NATIONAL ADVISORY CO- FOR AERO~ALTICS 
.- 

RESEPRCH MEMORANDUM 

A DEVICE FOR MEASURING SONIC VEMCITY 

A.KD COMPRESSOR MACEC YKM3E.R 

By Paul W, Euber m-d Arthur Xantrowitz 

A device has been develo:x@& which measures the velocity 
of sound i n  fl-uids a t  magriauon i s  especially adaptable t o  
turbine anll compressor t e s t ing  fo r  tihich the coastituenr,y of the 
working f l u i d  may be i n  doubt. By ~ x t i l i z i n g  the shaft  frequency 
of a rotary compressor, the instrument c m  a lso  be used t o  provide 
a d i rec t  measuremen-i; of the compressor Mach number ( r a t i o  of blade- 
t i p  velocity t o  inle+, -~e loc i ty  of sound a t  stagnation) . A Helmholtz 
resonator i s  employed ic the measurement of the s0'3rid velocity. 

V i s c o ~ s  ef fec ts  i n  the o r i f i ce  of the E e ~ o l t z  resonator w e  
shown t o  be Paportant and be taken ilztcl account td th  the he12 
of a parameter obtained from Stokes solution of the flow ne8x an 
osc i l la t ing  wa7-1. Tliis parmeter  ilzclt~de~i the  kinematic viscosi ty  
of the f l u i d  and the P~equency of sound i n  the resonator. Whert 
these e f f ec t s  a re  recognized, the resonator can be calibrated t o  
measure velocity of sound or cmpressor Mach number t o  an accuracy 
of be t te r  thar, 0.5 percent. 

One of the important parmeters  used i n  the evalmtion of 
rotmy com3ressor (and twbine)  performance i s  the r a t i o  of the 
blade-tip velocity t o  the  i n l e t  stagnation velocity of sound. Thi.s 
r a t i o  i s  usually referred t o  as compressor Ihch nmber, 

I n  t e s t ing  high-speed compressors, it i s  frecy~ently desirable 
t o  reduce s t ruc tura l  loads by subst i tut ing a gas gnich has a lower 
velocity of so~md than air. (see reference 1. ) In  t h i s  case, f o r  
which the constituencjr of the gas may a lso  be In  d-oubt because of 
air leakage, irforplatior, about the velocity of sound i n  the  mixture 
is necessmy. The present paper Cescribes an accurate sonic- 
velocity measuring instrument which can u t i l i z e  the shaft  frequency 
t o  provi8-e a ctirect measurement of the  compressor Mach number. 
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Eecause the instrument described herein must u t i l i z e  the shaft  
frequency of the  conpressor, a Pierce interferoneter (reference 2) 
cannot be used although the i n t e r f e r a e t e r  w 5 l l  provide azcvrate 
measurenents of sonic velocity. 

Mc compre a s or Mach number (vt/e) 

Vt blade-tip ve loc i t r  

a v e l o c i t j  of sound I n  c ~ p i i e s s o r  working f lu id  

h wave length of sou?.C 

D dim-etex of compressor a t  blade t i p s  

8. d ime te r  of o r i f i ce  of resonator 

Q volme of resonator 

K resorator-orifice sonstaat 

u velocity i n  direction of motion of wall 

J' distance from ~n11. 

t time 

n 
d- frequency of osc i l la t ion  
: 2n 

1 ~"requeulcy of sound i n  resonator, cycles per second 
Z 

B u kinematic viscosity of gas 

Y r a t i o  of specif ic  heats 

A schemtic  Cra~ring of the a p p r a t u s  incorporate8 i n  the 
ins%r7ment i s  shom as f igures  l at! 2. This ins t rmont  consists 
of a HeLmholtz resonator and e q h o n e  enclosed i n  3, c11aber 
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containing a s a q l e  of t be  compressor worldng f l u i d  at  the  i r J e t  
conditions. The earphone i s  driven at the  same frequency as the 
compressor by means of a small e l ec t r i ca l  pickup f ron  the  can- 
pressor shaft .  Then the  mve lexrgbh of sound X em3tted by the 
earphone is 

where a i s  the  velocity of sound i n  the cmpi:essor working f l u i d  
eYld n i s  the rotational. speed i n  revolutions per secona. The 
velocity of the  blade t i p s  Yt i s  

where D i s  the dianeter of the  compressor a t  the blsde t ip s .  The 
r a t i o  of the  blade-tip velocity t o  i n l e t  velocity of sound Mc is 
then 

It is  therefore necessazny t o  measure only the  w m e  length of 
sound emitted by the  emphone t o  obtain compressor Mach nwher.  
I n  order t o  measure the veloci ty  of soma i n  K?e tmrking f luid,  
the ro ta t iona l  speed nust a l so  be nieasured or, nore accurately, 
the  earphone must be s~~ritched t o  osc i l l a to r  of knotm frequency. 
According t o  Lord Raylei& (reference 3, p. 174) the  m-re length 
of sound t o  wliich a HeMoLtz resonator w i l l  respond is,  

where Q i s  the volme of the  resonator an& X (reference 3, 
p. 1'72) i s  equal t o  a constant which depends only on the dimensions 
of the  resonator or i f ice .  If K i s  predeteumined ( the voltme of 
the  Eelmholtz r e s o n a t ~ r  Is vmia$le),  the measuremext of the smve 
lengbh, anO hence of-- N,, should depend only on measrrement of 
the  resonator voiume. The volmie of the resomtor  ( the only 
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accurate measwement r eq~dred)  2s measured, a s  shown in figure 1, 
by m e a s  of a xercvxj mctro~.eter, The compressor Mach m%ber i s  
measured tzithout accurate knowledge of the co~s t i tuency of the 
working fluLd. o r  of the  speed of coqreasoy rotation. 

A s w l e  of the vorking f l d d  S s  housed i n  the leak-tight 
device s2iot.m i n  f i g n e  1, m-d t l i i s  f l u i d  i s  at  approximately the 
s a e  t e q e ~ a t w e  aid the s,me presswe as the  tsrnp.sra.t-~1re znd 
pressure at the i n l e t  of the coxjressor, Since the const5tuenc:- 
of' the wor'sring f l u i d  m i a t  c h a l ~ e  witli tw-e, the f l u i d  is  coa- 
tinu-ously circulated tkou@ the  C;-~:vlce except when a measurement 
is being talzsn. Mleas.t;rc;m~~ts cce tzken &t irii;ervals whicil depend 
upon the r a t e  at ~ W c k  ",he cox-titnellcg chaages. The f l u i d  er~tei-s 
the fievice throa@ t23 s~mp a ~ d  manometer c lass  in to  the r e s o ~ a t c r  

then in to  the c h a ~ ~ b e ~  -';F';rou.@l t he  resonator orfLrice; .thus, a21 
the gas c m  be exchmg3d. The gae i s  e:iha~sted t o  atmosphere 
through a smll vacua?, gml?. If  a t e m ~ t r ~ t ; ? . e  SfTerence ex5sta 
between the  resonator mc" i n l e t  t o  the con2resaor, it is  nleas~?cd 
15th a dLffere;lCi~,l thermogile zLv these two 1305,rlts and comected 
by mxltii-,lying the meas-wed velocity of so1x12- o r  Ksclz n i iber  by 
the  s q u s e  root of the teaperatwe ra t io .  This metllod i s  val id  
exce;?t when the tzmperntwe diffei'ence is  p e a t  enoxgltn t o  protlv.co 
noticea3le changes i n  the r a t i o  of the specif lc  heats Y (of the  
order of 7 5 O  3' ) .  The H e ~ ~ o l t z  reson~kor  is a s t e e l  %-&be ~3zith a 
cross-sectional mea  of 22.25 syaare cen tae te ru  anti a hei@-t of 
9 centineters and i t s  volmne I s  ytxcied by means oof e mrcury  i d c t  
at t h e  botCua comccted t o  the smq and nm-ometer. The s~m;? can 
3e raised an& lowered, m d  $he l e ~ e l  of mercuqf i n  -the resonator 
is read at  the m o x e t e r  by Deans of a z~iwoscope idiich i s  raiscd. 
or Lovered t o  focus on the  nieniscus. The mlcrosco~e s t m d  f s  
equippea v i t h  a vernier scale ?.iiiicln c m  eas i ly  be ~ e a d  '60 0 . O 1  centl- 
meter. The f l u i d  abot-e the nmometer aid r e s o ~ a t o r  f l o ~ r s  t o  or 
from the s 7 ~  ~rhelz the nercwy l eve l  i s  changd., so t h a t  tinere i s  - 

l i t t l e  flow tl.lrou@~ the resonator o r i f i ce  ~rhex i t s  vokme i s  changed. 
1 
I 

The resonator or i f ice  con.slsts of a--inch-dizneter hole in a 
1 1:. 
--inch Plexiglas p la te  at %he top of tlic resonator. Tvo Trery thir- 
8 
s t e e l  needles pressed t-k011& the  Plextglas sv.pport a 0.0001-inch- 

1 
d i a e t e r  p l a t i n m  h ~ t  wire - - l ~ c h  i ~ i l g  in  the  center of the  or i f ice .  

8 
With no s ignal  the hot wire is operated a t  a c o n ~ t m t  temjeratwe 
which i s  soxewhat below t h z t  f o r  red heat,  The 110%-wire driving 
curre& i s  2tepsndsnt up011 Yhe presswe heat czpacit~rr of the 
working 2luid. Waen the HeM-oltz resoi-ztor is  at resonsice 
the som& e ~ i t t e f i  by the earphone, '~ke illess of gzs In  the resonator 
o r i f i ce  1s v i i ) r a t i ~ g  ~ . t  m.ximrn ampliturle. The hot wire is  par t  of 
a sensi t ive l ? I~ez t s l~ze  bridge and i n & i c ~ t e s  a coadition of resonace  
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when i t s  resis tance change, ~ ~ h i c h  is caused by the  cooling ef fec t  
of the aoving gm i n  the  or i f ice ,  i s  at a rmximm. The condLtlon 
of resonease Is then noted by z, sensi t ive galvanometer ( 0  t o  
200 mic romete r )  I n  the  bridge c i rcu i t .  The ewplione IBS located 

1 
about --inch above the o r i f i ce  and its posit ion was securely fixed 

2 
5y means of brackets. E lec t r ica l  leads from the earphone, hot 
wire, thernocouple were carr ied tizrough the bottom of the 
chmber throu& a Bakelite t e ~ ~  s t r i p  which was held by 
screws a i d  made leak ti&t with a rubber gasket. The e l e c t r i c a l  
p i c h ~ p ,  located on the compressor shad%, consisted of a t ~ ~ - p o l e  
permanently magnetized metal r i n g  s l ipsea  over the shaft  and a co i l  
wound on a C-shape lamiwterl. i ron  f om,  f o m  ?as not magnet - 
ized and, its faces cleared the  mgaetized r i n g  of the aIm.f't 3;- about 
7 
I - inch, The metal r ing  sms md-e of Paragon s t e e l  hardened a t  
64 
1500° I? without drawing an", was lrrachined and keyed t o  f i t  the s h d t  
and p e m e n t l y  magnetized before ins ta l la t ion .  No decrease in Its 
magnetic f i e l d  was noted a f t e r  a nmber of hours &t the maximan 
compressor speed. This pickup ser '~@d as a source of a l ternat ing 
current 3.t the same frequency as the conpressor rota.tion. Tlae 
a l te rna t ing  current t ~ s  fed  (sometimes through an audio asnplifier) 
i n t o  the earphone. men the velocity of sound was beir,g neas~red ,  
the  earghone was driven with a variable-frequency osci l la tor .  

I n  order t o  use the ins t rume~t  f o r  measxzring compressor Mach 
number, the volume of tlie resonator a t  any mercury leve l  and the 
value of the or i f ice  constant K of the resonator must be known. 
Tlae resonator volume was determined by the add-ition of a measured 
amount of mercury t o  %he m o m e t e r  @ass and resona-bor and measure- 
ment of the  chaslge of the mercury level .  I n  order t o  detemine the 
v d u e  of the o r i f i ce  constant, a General Radio Company beat-frequency 
osc i l l a to r  T,BS used as  a source of variable frequency. The osc i l l a to r  
was calibrated agcinst a 1000-cycle vacu~m-tube tuiling-fork osciL1ator 
accurate t o  0.2 percent by rrreans of Lissajous figures. The osc i l l a to r  
freqnency was adjusted u n t i l  the  galv~~nometer i n  the Sridge c i r cu i t  
indicated mxknum deflection. Thia point of maxi42wn. mlvanometer 
deflection could be determined reproduced t o  an zccuracy 0% 

e .  be t t e r  than 0.5 percent of frequency. It should ,be ment-ioned tha t  
i 

the large chamber must be of such dimeasions tha t  it w i l l  not 
reso-nate myt~hers  i n  the range of working f r e q ~ ~ e n c i e s  r?nh thereby 
introdidce erroneous gal-~anom&er deflectioris which have no comec- 
t i o n  ~dth the volume se t t ing  of tke resonator. A i r  dried with 



calcium chloride zms used i n  cal ibrat ion t e s t s  since the velocity 
of sound in drf air is accuxately known. The device was evac~xated 
by moans of a vacuum pump t o  a presslne below 1 millimeter of 
mercury and dry air was ad3nitted -throu&l the  tube which runs t o  Cne 
cm-pressor in l e t .  Tnis tube was not connected t o  the campressor 
i n l e t  u n t i l  a f t e r  calibration. The presswe i n  the device was 
measured by means of the  mrc-my raaaorneter. From measurements of 
frequency axid rcso~.a tor  vol~zne, wLth tile use of the  holm velocity 
of sound, the value of 51 i n  equetion (4) could be obtained. As  
was merit5med -previously, the valm of K, accoriiing t o  perfect-  
f l u i d  theory, ,should be a consteat depeidirtg onlr on the rlirnonsf ons 
of the rasonator or i f  ice.  This perf ect-f h i d  aas~mption would 
mem tha"; pro-ride& t h a t  a, cond.ition of resonace i s  obtained, the  
value of II should izot depend cn the volume of the resowtor ,  t he  
velocity of 8o~m.d i n  the gas, Qr the freq~zency of the soztnd. This 
assmption also means tha t  the  prEssp;re and t e q e r a t u r o  of the gas 
do not a f fec t  the vz2.u.e of' 3: if tlicy a re  t ~ k e n  ln to  account when 
the velocity of sow16 i s  calculated. .Also, according t o  re fer -  
ence 3, page 174, the  velocity oi' s o ~ u ~ d  use& t o  obtaln X i n  
equation (4) is tLe velocity of sound i n  the oz.if:',co of tho 
resonator, whereas the velocity of sound in  -the 1 . ~ ~ 3 ~  p a t  of the  
resonator does not a3fect t h i s  eqwtion,  

Since the resonant fx%queacy depen& only on the velocity of 
so-ad i n  the o r i f i ce  of the resonator, the e f fec ts  of the heatiing 
of t h i s  ,wall mss of gas due t o  the hot wire nust be recognized 
and eliainat;ed. With la rger  wires a vwia t ion  of IC of as  mdch 
a s  3.5 percent could be obtained by vwia t ion  of the  hot-tsj,re 
heating current, whereas with a 0,0001-lnch ho3 wire, no change 
of 1C co&d be 1x0-ted wZlcn the heating current varied. ( ~ h c  
hot wire was tber, not heating the mass of gas i n  the o r i f i ce  t o  a 
meaeura'ole aegee .  ) 

I n  order t o  f5nd tne valge of , rnea~ iemer ; t~  were made 
xdth the  m e  of gases i n  whlch the velocity of sow$- i s  knokn and. 
videly c2Lfferen-t et pressures f r m  0.1 t o  1 atnosphere and at 
various volme set-tin&* comes~ondLng t o  a wide range of frrequency. 
By repeated and careful eqerinerlts,  a variation of K of tne 
order of 15 percent ~ m s  noted when any or a l l  the af oreinenJ~ioned 
conditions were substantiai7.y varied. Mo vmia t ion  of K was 
nobed with a cnangs of sound apl i , tude.  It becane aypuent,  
therefore, t ha t  before accurate an& r e l i ab le  calibrauon could 
Be obtscined, e f fec ts  other thcan perf ec t - f l~xid  ef fec ts  w0~12.d have 
t o  be taken into.  acco-ant. The a c t i ~ n  of viscosity i n  the' layer  
of g ~ s  near the bouiiclary of the orifice wor~ld reduce the effect ive 
diameter and, therefore, c o d d  prod.;~ce the changes i n  the  value 
of K which the elrperiment showed. 



Stokes (reference 4) solved a related, idealized problem; 
namely, the viscous motion i n  the nei&borhood of a ;all vhich 
executes osc i l la t ions  in  i ts  own p lme .  The .relocity of the gas 
near the wall 5s shown t o  be given by 

where 11. i s  the velocity i n  -the d5rection of the motion of the wall, 
y is the distance from the -mil, ' A  i s  m arbi t rary constm-t, 

n 
t is time, -- i s  frequeiicy of osci l la t ion,  a d  il i s  the 

2n' 
kinematic viscosity of the gas. This solv.tion i s  not m e a t  t o  give 
o. quantitative answer f o r  the viscous effects  i n  yl.~es-tion, but it 
c z n ~ b e  used t o  in fe r  tha t  the r e s t r i c t ion  of the o r i f i ce  of a 
H e M o l t z  resonator by the actitiii of viscosity should dwpend. upon 

the r a t i o  of the length a:fi t o  the d i a o t e f  d of the or i f ice .  
I n  figure 3, the r e s ~ l t s  of a ser ies  of neasvre~eiits of K/& w e  

t- 

plot ted against the nai2ber .When the  r e su l t s  a re  plot ted 

against Ynis parme-ter a l l  the variations of K ~rhlch were fotmtl 
1 

a re  included. A few points vere taken with the use of a ---inch- 
1 2 

diameter or i f ice ,  -.-inch thick and- roughlj  sirnilcar t o  the s m a l l  
4 

oriTi-ce. Since the sens i t iv i ty  of the hot >&re was reduced by a. 
f ac to r  of about 4 Seca~xse 'of the  l a g e r  or i f ice ,  m d  since the 
l a g e r  o r i f i ce  was not made with enough c w e  t o  be accwately siailar, 
the  zg-reement i s  considered sat isfactory,  Also, the e r ror  i s  
possibly Z-LI~ t o  the l a g e r  needles necessary t o  support the hot 

1 
wire. I n  my case, these data obtained ?.iith the ---Tach o r i f i ce  

2 
ase not meant t o  be conclusive. The value of ~ / 6 ,  celculated 
f ron  Lord Rayleigh's perfect-fluid case ~ L t h  the use of o ~ l y  Yne 
aimensions of the or i f ices  (reference 3, p.  1 8 ~ ) ,  has a l so  been 
plotted. This point appears t o  l i e  close t o  the curve i n  figure 3 
when the curve i s  extrapolated t o  zero viscosity.  I%appears, 
therefore, t h z t  if viscous e f fec ts  are  t8ken in to  account a c c ~ r a t e  
measurements of the velocity of sovxt6 or  re la ted  ;?wameters can be 
mado with a Yelmlioltz resonator. 
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The rnaxir~~rn sca t t e r  R.om the c i n e  i n  figure 3 is  seen t o  be 
1 

approxinlztely 1 percent of H ( d isregardlng the - -inch o r i f i ce )  
2 

which would be a sca t te r  of 0.5 percent of h ,  rrhereas nost of the 
points are  much closer.  A s  was s ta ted  previously, the vzlue of 
the r e s o n a t  frequency, as noted by the  galvm-tex, c o ~ a d  be e. 
wximum of 0.5 percent i n  error .  The peaks of galva-rlaeter deflec- 

I - 
t i o n  becane broader a t  the high values &f dv /i~, so tha t  measure- 
ments here are l e a s t  accurate. Accuracy be t t e r  t2na.n 0.5 p e ~ c e n t  
was  not needed i n  t h i s  work. From thc slope of the curve of 
f igure 3 an er ror  i n  the value of' v /n of approxbatelf  20 percent 
r~ould be necessary t o  produce an error of 0.5 percent, on h, trkicl; 
j u s t i f i e s  the  statement tha-t accwate lmovlcdge of tne working 
fh l id  is not nesessasy t o  measure the 'velocity of corn-& or  corn- 
pressor Mach nmber accurately with th5.e zipparatus. Neither i s  EI.Q 
accvrate measuraeat of ro ta t iona l  speed necesmry t o  masure corn- 
pressor Mach nllmber . !dl accurate Imot?ledge of -the r~orlring f l u i d  
c m  be obtained however from measurements of velocity of souad, 
t a p e r a t m e ,  and pressure. (See reference 1. ) 

From the r e s u l t s  of mi investigation which enyloys a Bel-;nholtz 
resonator i n  an instrument f o r  measuring sonic velocity and coa- 
pressor Mach n m ' e r  the f o l l o ~ d n g  conclu3200s wcre d r m n :  

1, It has been s n o ~ n  tha t  a Eemoltz resonator czn be c a l i -  
brated t o  providt? accw&te measzrenen-ts of  T ~ e l o c i t r  of sound and 
can be em;ployed i n  m i n s t rmen t  u t i l i z ing  shaft frequency of a 
r o t m y  coznpressor t o  measure compressor Mach number. Witin the  
instrument; described, the velocity of eo~u3.d o r  the compressor Mach 
number can bc measured t o  an accuracy of be t t e r  than 0.5 perc3ntj 
even thou& the constituency ~f the work;,ng I"luid. i s  not scctxrately 
known. 

2, Calibration of the Helmholtz resonator t o  include the act ion 
of viecosity at tho or i f ice  is accomplished 'by the use of a p a r w t e r  
obtained from Stokes solution of the flow near an osc i l la t ing  wall, 
which includes the kinematic viscosity of the gas and the frequency 
of sounct i n  the resonator. 
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F i g u r e  1.; S c h e m a t i c  a r r a n g e m e n t  o f  i n s t r u m e n t  f o r  m e a s u r i n g  
s o n i c  v e l o c i t y  a n d  c o m p r e s s o r  Mach number. 



Fig. 2 

F i g u r e  2.- H e l m h o l t z  r e s o n a t o r  a n d  chamber.  
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Figure 3 . -  Effect of the variation of kinematic viscosity and sound frequency i n  a Helmholtz reaonator 
on the parameter ~ / d  for the resonator orifice.  Measurements on each gas were taken over a 
range of prsaaurea from 0.1 t o  1 atmosphere and over a range of frequencies of 200 to 400 cycles 
per second.. 




