
SUPERSONIC VELOCITY IN GASES AND 
VAPOURS. 

PART I l l .  VOLUME RESONANCE IN A SUPERSONIC 
INTERFEROMETER. 

By S. K. Kulkarni Jutkav. 

INTRODUCTBON. 
It was sho\.\nl in parts I and I1 (This .Towjjnl, 21A, 245, I j j) 

that the conjplesity of the wave for111 in a supersonic illter- 
feronleter, is due to sphericity of the waves. wall reactions, hnrn~onic 
frequencies and diffraction. The use of a tube, whose diameter is 
colrlparable to the wave-length, in conjunction with a crystal oscillator 
which could be critically controlled, was Eound to yield satisfactory 
results. 

In this paper the author has presented some of the startling 
resulls obtained in narrow tubes, especially when closed with apertures. 
I t  was shown ~~reviously (Pig. 6, curve r and Table VI, Part  I. 
Tlzis Joz~rrltul, ZlA, 263) that the quartz crystal was brought into 
oscillation at  certain positions of the reflector more than a rwlzole 7 ~ ~ s -  
le*zgtlz apart. in a tube which was about 1 cm. in diameter. When the 
esperinients werc carried out, in 3 8 cm. tube with a 5 ctn. reRectijr, 
the ztverage spacing betwcen the principal peaks was also ozovc thmz 
a swl~olc ecmvc-lmgth [lJig. 6, curve a,, (lor. c i t . ) ] .  MThen the size 
of the reflector in the same Lube mas decrmsetl to 1 ctn.. the awrage 
clistance between the peaks was about 4 .5  mm., instead of 3.46 inm. 
which is the ordinary value of half wave-length in air at the frequency 
49.47 Khz. [Fig. 6, curve b, jloc .tit.)]. In all these expcitnents 
the oscillatir:~ face of thc crystal, which was a rectangle 22 X 3 mm., 
was covered with a thin plate of microscope cover &~ss about 16 mm. 
in dialnetcr. It was, therefore, considered necessary to find out the 
effect of varying the diameter and also the size of the neck of tlrc 
tube. 

EXPERIMENTAL. 

The experimental arranKenrent was the same as that used in 
Part  I. Two crystal oscillators were used in these experiluents. which 
were 54 x 22 x :i mm. and 55 x 14 4 mm., having Irecjuencies 
of 1 9 . 4 7  ;ulld 48.56 l<hz. respectively. The details of ihe rneawre- 
lllents of the freqilencies will be p~~blished in a fu t im  communicntion. 
OLT,ing to the diminished reaction of the systcm when the tube was 
closetl with a narrow aperture, the maximum sensitiveness of the 
crystal-valve arrangement, desrribed 1~reviously, was used. 'L'he fol- 
lowillg tables show the screw readings for the positions of the reflector 
at i-cactiop was shown, when the tube was closed 



with apertures 1-2 mm. in diameter. Some of the typical curves are  
shown in Fig.  I ,  which are  not all reduced to the samc scale. Most 
of the measurements were carried out at room temperature (23"-26'). 

PIC. 1. 

TABLE I. 
Frequency = 48.56 Khr. 
Tube Diameter =ll.0 mm. 

Sorew Sorew 
No. reading No. readmg 

Sorew 

mm. 
No. reading 



( a )  Tube di:unater 11 4 mm. 

No. 

-- 

0 

1 

6 

s 

3 

10 

11 

14 

16 

1s 

19 

21 

18-8 

19-9 

1 = 6.726 mm. 

Scrav 
No. readmg 

mm . 

1 = 5.79 mm. 1 = 7.60 mm. 



49.41 Khz. 

((6) Tube d~arnetor 12 -5  mm. 
Aperture 1.4 mm. 

( b )  Tube dlanletor 9 .5  mm 
dpertuvc 9 . 6  mm. 

97" 

Sorew 
No. readmg 

mm. 

M ~ n o r  peak 

Sorew 
No readmg 

mm. 

060 

-- 

Screw 
No. readmg 

mm . 

?.hior peak 
- 

Sorew 
No. rradmg 

mm. 

Screw 
No. readmg 

mm. 

i=7 .126mm.  1 = 7 . 1 5 2  

mean I = 7.14 mm. 



Aperture 2 .0  mm. 

( a )  ~ u b o  diameter 11 rnm.]/ (5) Tube dmmeter 9.5 m u .  
II 

Screw 
No. 

mm. mm. 

( Z )  
Screw 

No. readmg 
mm. 

I = 7.37 mm. 

(') Screw 
No. reading 

mm. 

I - 
Table I ( a )  gives the results of measurements in a tube 11 mm. 

diameter and having a 1.4 mm. aperture, at  48.56 Khz. The average 
distance between the peaks is 5.83 mm. The value for the distance 
between the peaks in a pipe resonator, i.e., for half wave-length, at  
this frequency, is 3.56 mix. Measurements were recorded after 



increasing the aperture to  2 mm., some of which are given in 
Table I ( b ) .  Although the average diskmce betwcvecn the peaks was 
nearly the same, vi:,., 5.52 mm. the peaks were in\.cl-teti (curve 2, 
Fig. I ) ,  showing that the presence of a resonator increased the inte11- 
sity of oscillation of the crystal. The volumes correspo~iding to these 
lvngtlls [Table I, ( a )  and ( b ) ]  are 0.53G and 0.535 c.c. rcspcctivcly. 

Table IT ( a )  shows the incnsurelncnts which were cal-1-ied nut 
under similar conditions on a different occasion. Two  sets of peaks 
were obtained. The reacliugs for  the subsidiary and the principal peaks 
al-e given side hy side in the table. I t  will bc seen that the subsidiary 
peaks lag behind the main pealis by 1 mni. which is ronghly equal to  
thc length of the neck. T h e  average distance of tha principal peaks 
is about 5 .79 mm. The volume for this lcngth is 0 .533  c.c., wliicl~ 
shciws that resonance occurs wlicn thc distancc bctwecn the pealis is 
equal to a fixed voluime. 

Attcnipt was then made to see if the valucs of thc apparent lengths 
varied by clialig-ing the diameter of the tube to 9. i mni. leaving 
tlie aperture the same, i .~i.~., 2 mms. As the reaction current was 
consitlcrably decreased, the vah-c circuit was tnotlificd by applying 
2 volt grid bias throu,gh 5 meg. grid leal; and by applying SO volts to 
the anode. A resistance of 20,000 ohms was shunted across the twnecl 
anode, and adjustrd until the harmonic frecjneacy o f  tlic crystal cciuld 
not be heard on a heterodyne radio receiver and the reaction current 
a t  resonance. was increascd to  50-70 micro amps. The positions of 
the major peaks in two experiments are given in Tahle IT ( b  1, 2) .  
The averxg-e value for  wave-length in both experiments is 7 . 6 0  mm., 
which again ~ i v e s  0.538 C.C. as the value for the integral volmnes, in 
agreement with the results obtained prel-iously. 

Ewperitnents were next conducted with the quartz oscillator having 
a frequency 49.47 Khz. Tahle 111 ( a )  shows the positions of the 
peaks observed in a tubc 12.5 n ~ m .  diameter ancl havinx an  aperture 
of 1 . 4  mm. The average distance between the peaks is 4 . 2 6  nun. 
at- 25". d ~ i c h  yields a volume of 0.522 c.c. A t  9 7 "  the average tlis- 
tance between the peaks increasccl to  5.24 mm., the corresponding 
volume be in^ 0 .642  c.c. 

Table TI1 ( h )  shorvs the results for 'the positions of the alternate 
peaks, which were high ancl low, in a tube of 9 . 5  mm. zwitlzoz~t an  
apcrtlw. The average distance between minor peaks and also be- 
tween major peaks is 7 .14  mm., which gives a volume of 0 .527 c.c. 
The decreased volume is due t o  increase in frequency. 

Table IV ( a )  (curve 5 )  shows the positions of the principal 
peaks ohserved in a tube 9 . 5  n m .  in diameter, arid 2 mm. aperture. The 
average distance between the peaks is 5.53 mins., which gives a volume 
of 0.525 C . C .  in agreement with the averag-e values given .in 
Table 111. 



Table IV (b, 1 and 2) shows the results of the readings of the 
peaks observed in a tube 9 . 5  mm. in diameter, ancl2 mm. aperture. The 
reaction current was considerably reduced and the maximum sensi- 
tiveness of the arrangement was employed. The average distances 
between two peaks of the same intensity are about 7 .38  mms. (curve I ) . 
The  position of the crystal was 8.00 mm. and the position of the end 
of the tube was a t  9.00 nun. The calculated volume between two 
peaks is 0.522 c.c. 

Table IV (b, 3 )  shows similar measurements when the position 
of the crystal was moved 1 mm. away from the tube. The spacing 
of the principal peaks was about 7.40 mms. giving a volume of 
0.523 C.C. 

Curve 4 shows the results obtained in a tube 6.4 n m .  diameter 
with 2 mm. aperture. The average distance between the peaks, which 
are  rather flat, is 16.2 mm. The volume is again 0.522 C.C. 

The results for the various experiments on volume resonance are 
summarised in Table V. 

Szmntary  of the Results for  Voluvte Rcso~tance. 

111 (a) 

I11 (a) 

IV (5) 

11 (4 
V I  (Part I) 

IX (Part I )  

I V  (b ,  1, 2 )  

N (b ,  3) 

1 1  ( b )  

I11 ( b )  

Curve 4 

Temperature 23O-26' ; * 9 i D  - 
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TIE val11es o f  1 in a n  open tube of 0 . 9 7  cnl. diameter, is the 
average value of the distance a t  which the crystal was briiught into 
oscillation a s  given in 'I'able \'I, Pa r t  I (This Jozrmal. ZIA, 265). 

The  i-ewlts simw that the average distance, at rvl-rich principal 
peals are  observed in a tube which is either open or closed at  one 
end with an  aperture, goes on increasing as the diameter of the tube 
is decreased. Resonance is obtained whei~ the volumes (Vil) ]lave 
changed by integral numbers of 0.522 C.C. and 0 .535 c.c. respectively. 
wliich are inversely proportional to the square of the two frcrluencies 
within 1 7;. This observation indicates that we al-c hcre dealing with 
a. n e w  f o ~ n i  of n vohi7rzc ~ r s o n n t o r .  The conductivity o f  the ucck ( 1 0  
is apparently independent of thc diameter of the tube, the value a t  
49.5 Khz. being 42.3 a t  25". The rc>ulis whic11 are marlied with :': 

were obtained when the tube was heated to 97'; a t  which tempeuature 
the calctllated value for the conductivity is about 32. These results 
show that the value for the conductivity of the neck does not depend 
CIII its ~ l i m e n i ~ n s ,  as in t l ~ e  case 01 the IFIelnll~oltz resonator. The  

-- 
frequency of the latter is given by the expression h $&/: 
where f, is the Frequency, c is the velocity of sound, K is the conducti- 
vity of thc neck and Vo is the volume of the resonator. 

As shown in Pa r t  I (This Jown t r l ,  1938, 21A, 245-71) the 
apparent internodal d i s t a ~ ~ c e  in air a t  50 Rl-~z., was 1 . 3  times the 
ordinary half wave-length, when experiments were carried out in a 
tube oL I: cm. rli;~rneter, the size 0.1 the reflector being 1 cm., and that 
of the radiator face, being 1.6 em. (the approximate diameter of the 
microscopic cover glass which was stuck 011 the face of the crystal, 
was not 1 cm. as erroneously reported in Pa r t  I ) .  Similar results 
have now been olh ined in a tube 1 .25 c n ~ .  in diameter, closed with 
a n  aperture of 1.4 mm. The  significance of these results will be 
discussed in a future communication dealing with the theory of the 
volunie resonator. 

When the experiments were conducted in a tube of 1 cm. diameter 
under similar conditions, the average spacing between the peaks was 
more than clonble the ordinary h/2.  Sinsilar results wei-e ohtained ~ v l ~ e n  
the crystal was on the critical side of oscillation, which was strengthen- 
ed  a t  positions of the reflector fitore than n zulzole zva7.c-length apart. 
Tlic crystal was not vibrating a t  a sub-fundamental o r  lower frequency 
in these exprriments. as  a careful search by heterodyne receiver failed 
to  detect any such oscillation. , , 1 hc phenomenon mi2-ht appear to be a case of "sub-harmonics in 
forced oscillations in coupled dissipative systenis", as  found in the case 
of moving coil Ioncl-speakers ipedersen, 1933). This  effect might, 
indeed. enplnin the results of Hitchcack (Pi-oc. Illst. o f  Xndio Elig., 
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1927, 956) who observed a velocity double tJze ol-dillflYy in the 
electrode gap, where the llecessai-p factors for producillg silb-llarmo- 
nits, such as closed ~o~ l l l l i l l~ - ,  increased damping due to the 

and hidler power of the oscillator, might have heen favourable 
[or relaxttiol? oscillation. In the presellE investigatiun, the 
] m e  c n u p h g  between oscillator and resollatillg tube aIld the 
small DolTrcr in the oscillator, precluded the production of any sub- 
harmonic frccjucllci~s. It is obvious thxt we are here faced with all 
elltirely new version of the Helmholtz resonator worlcing at  113rmollics 
of the volllme. The fortituous approximate c o i l ~ c i d c n ~ ~  of the np- 
parent internodal distances with the waze-klzgflz in the origi:!al 
cxl)erimcnts, is due to the clia~netcr of the tube (0.97 clil.) ZLII~! 
the frccluencg of the crystal (49.47 Tchz.) wi th  which the orjginal 
csl)crin~cnts were conducted. 

I t  was also mentioned in Part  I (loc. cit.) that Yl7 a71 nQen tube 
of 0 . 9 7  cm. diameter, the effect of minor changes in the oscillator 
circuit, such as the variation of the grid leak or the tuning- 
condenser, made profound changes in the spacing of the pealis, and 
that alter7~atel~l high alzd lozw values for wave-lcngths were obkained, 
the extcnt of the peaks being smaller in the lower spacings. The 
average distances hetw'een alternate peaks in the lower spacing is 
7.04 mm. while the value for the average spacing of the major pealis 
is 7.13 mm., yielding a mean average of 7 .08  mm. under one set 
of experimental conditions (cf. Table I X  A, p. 268, Pa r t  I). With 
increased anode coupling these values were 6.92 and 7 .08 mm. res- 
pectively (Table TX E, lor. cit .) .  As 6.92 mm. is the normal .iefma- 
le7zgth under these conditions, it appears that an  open tube resonates 
both when the piston displacements correspond to integral numher of 
],all wave-lengths corresponding to half the distances between the 
smaller pealis. and also when its volume is changed by the integral 
number of 0.522 c.c. corresponding to the average dislatxe of 
7 .08  mm. betwcen ~najnr  peaks, in a tribe 0.97 cnl. in rlianleter. 

I t  is obvious that the volume resonancr nccurs at ap i~rox i imte l j~  
the same illtcrval length in a tube of about 1 cm. diameter, as  the 

of the ze,a-,~c-lewyllz. 'l'his fact not only accounts for the high 
;lnd low values of the peaks ~vhich were observcd by the author, 
thl-oughout I-& work, but also. for thr distortion of thc wave form. 
when the of the volume resonance and pipe rrsonance, are 
dificrellt. The results show that a critically danlped crystal nscilbtor 

llxrrow apertul-es, favour the occurrence of volume 1-e.iollance. In 
an open tube both forms of resonance can occur. 

1t is therefore ii~iportant that we should selcct tube diameters 
~l,llich are not only with wave-length but are such that 
they nrill not resonating volumes, when the lengths of the tube 



are  changed by integral number of half wave-length. Otherwise 
'satellites' due to the superposition of the respective peaks will be 
observed. 

r l l h e  usual formula for the frequency of the Helmholtz resonator, - 
i. = :i d$o is based on the assumption that the dimensions of the 2ii 
resonator and the neck are  small as comparecl with the wave-length 
of sound. I t  is not possible, therefore, to compare the results present- 
ed in this paper with the values deduced from the usual formula of 
the resonator. When the tube is closed a t  one end by a piston and 
communirates to an  oscillator through a small hole, the usual formula 
for  a closed pipe should hold good and res.onance ought to bc observed 
at  successive positions of the piston which are XI2 apart. Such, how- 
ever. is not the case. It appears from the results presented in this 
paper that, tube, whose dimensions are many times the wavc- 
length, resonates when the piston displacements correspond to integral 
number of equal volumes, which are related to the velocity of souncl c 
and frequency fa, by the usual formula of the Helmholtz resonator, 
b ~ l t  which are independent of the conductivity of the neck. 

Thc observations recorded in this paper were made by the author 
in 1932, and a preliminary note has been pnhlished in the Procccriin,gs 
of the I9zdian Scieme Co~agrrss (1933, p. 117). A simple theory of 
a resonator working at  'harmonics' of volume will be published in 
a future communication. 

Further work is in progress. 

SUMMARY. 

Working with tubes of diameters 1.25, 1 . I ,  0.97, 0 .95  and 
0 . 6 4  cm. and with varying apertures, the distances between consecu- 
tive positions a t  which masimum reaction was shown a t  19.47 Khz., 
was 0.426, 0.553, 0.708, 0 .738 and 1.62 cm. respectively a t  25". 
The  corresponding volumes are 0.522 C.C. for each tube, inclicatiqg 
that points of resonance depend on the integral volumes rather than 
on the wave-length, with a constant value for the conductivity of the 
neck. 

At 48.56 Khz. the resonating volumes are  integral nuinber of 
0.535 C.C. showing that the volumes are inversely proportional to the 
squares of the frequencies, as required by the formula of the Helm- 
holtz resonator. 

When the neck of the resonator was changed from 0.14 to  
0 . 2  cm. the resonance peaks were inverted, showing that the presence 
af a tuned resonator increased the intensity of oscillation of the crystal. 



The average interval (7.07 mm.), observed between two con- 
secutive positions at  which the quartz oscillator was brought into oscil- 
lation, and that (7.08 mm.) between two major peaks, observed 
(cf. Par t  I)  in an open tube of 0.97 cm. diameter when the oscilla- 
tions of the crystal (49.47 Khz.) were critically controlled, are due to 
volume resonance. 
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