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RESEARCH MEMORANDUM

A DEVICE FOR MEASURING SONIC VELOCITY

AND COMPRESSOR MACH NUMBER

By Paul W, Huber and Arthur Kantrowitz
SUMMARY

A device has been developed which measures the velocity
of gsound in fluids at svagumcron end is egpecially adaptable to
turbine and compressor testing for which the constituency of the
working fluid may be in doubt, By wtilizing the shaft frequency
of a rotary compressor, the instrument can also be used to provide
a direct messurement of the compressor Mach number (ratio of blade-
tip velocity to inlet velocity of sound at stagnation), A Helmholtz
resonator is employed in the measurement of the sound velocity.

Viscous effects in the orifice of the Helmholtz resonator are
shown to be important and can be taken intc account with the help
of a parameter obbained from Stokes solubtion of the flow near an
oscillating wall. This paramebter includes the kinematic viscosity
of the fluid and the frequency of sound in the resonator. When
these effects are recognized, the resonabor can be calibrated to
measure velocity of sound or compressor Mach number to an accuracy
of better than 0.5 percent.

INTRODUCTION

One of the important parameters used in the evaluastion of
rotary compressor (and turbine) performance is the ratio of the
blade-tip velocity to the inlet stagnation velocity of sound. This
ratio is usually referred to as compressor Mach number,

In testing high-speed compressors, it is frequently desirable
to reduce structural loads by substituting a gas which has a lower
velocity of sound than air., (See reference 1.) In this case, for
which the constituency of the gas may also be in doubt because of
air leakage, information about the velocity of sound in the mixbture
is necessary. The present paper describes an accurate sonice
velocity measuring instrument which can utilize the shaft frequency
to provide a direct measurement of the compressor Mach number,
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Becavse the instrument described herein must ubilize the shaft

frequency of the compressor, a Pierce interferometer (reference 2)
cannot be used although the interferometer will provide accurate
measurements of sonic velocity.
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SYMBOLS

compressor Mach number (Vt/a)
blade~tip velocity

velocity of sound in compressor working fluid

wave length of sound

 giameter of compressor at blade tips

diemeter of orifice of resonstor
volume of regonator

resonator-orifice constant

_velocity in dirvection of motion of wall

~distance from wall '

tinme

frequency of oscillation

frequency of sound in resonabtor, cycles per secound

kinematic viscosity of gas

ratio of gpecific heats

DESCRIPTION OF APPARATUS

A schemabic érawing of the apparabus incorporsted in the

instrument is shown as figures 1 and 2. This instrument consists
of a Helmholtz resonator and earphone enclosed in a chamber
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containing a sample of the compressor working fluid at the inlet
conditionsg. The earphone is driven at the same frequency as the
compressor by means of a small electrical pickup from the cam-
pressor shaft. Then the wave lemgth of sound M\ eniitted by the
sarphone is

>
o
=2 o)

(1)

wnere a is the velocity of sound in the compressor working fluid
end n is the rotational speed in revolutions per sscond, The
velocity of the blade tips Vi is

vhere D 18 the diamster of the compressor at the blade tips. The
ratio of the blade-tip velocity to inlet velocity of sound M, -is

then

Vg 7D
Mg = — = — (3)
a A

It ig therefore mnecessary to measure only the wave length of
sound emitted by the earphone-to obtain compressor Mach number,
In order to measure the velocity of sound in the working fluid,
the rotational speed must also be measured or, more accurately,
the earphone must be switched to an oscillator of known frequency.
According to Lord Rayleigh (reference 3, P. 174) the wave length
of sound to which a Helmholiz resonator will respond is,

\ = zyz-\j@ ¢S

where Q is the volume of the resonator and X (reference 3, )
p. 172) is equal to a constant which depends only on the dimensions
of the resonator orifice. If K is predetermined (the volume of
the Helmholtz resonator is variable) , the measurement of the wave
length, and hence of- M,, should depend only on measurement of

~ the resonator volume, The volume of the resonator (the only
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accurate measurement required) is measured, as shown in Tigure 1, .
by means of a mercury manometer, The compressor Mach number is

measured without accurate knowledge of the congtituency of the.

work:mg fluid or of the spaed of compressor rotation,

A sample of the working fluid is housed in the leak-tight
device sitown in figure 1, and this fluid is at approximately the
same termeratiure and the same pressure B8 the tempsrature and
pressure at the inlet of the compressor, Since the constitbusncy
of the working fluid might change with time, the fluid is con-
tinvously circulated through the device except when a measurement
is being taken., Measuremsnbs are teken et iatervals which depend
upon the rate at which the coangstituency changes. The fluld entbers
the device through the sump and menometer glass into the resonator
and then into the chamber “hrough the resonator orifice; thus, all
the gas cen be exchanged. The gas 1s erhausted to atmosphere
through a small vacuum pump, If a temperature difference exists
between the resonator and inlet to the compressor, it is measurced
vith & differentisl thermopile at tiese two points and corrected
by multiplying the measured velocity of mound or Mach number by
the gquare root of the temperature ratio, This method is valid -
except when the temperature difference is great enough to produce
noticeable changes in the ratio of the specific heats 7 (of the
order of 75° F). The Helmholtz resonator is a steel tube with a
crogs-~sectional area of 22,25 square centimeters and a height of
.9 centimeters and 1bs volume is veried by means of a mercury inlet
at the bottom connected to the sump and mencmeter., The sump can
be raised and lowersd, and the level of mercury in the resonator
is read at the Jﬁ.anometur by means of a microscope which is ra*saé
or lowered to focus on the meniscus, The microscope stand is’
equipped with a vernier scale which can easily be read to 0,01 centi-
meter, The fluld above the manometer and resonator flows to or
from the sump when the mercury level is changed, so that there is
little flow through the rescnator orifice when its volume is changed.

. 1
The resonator orifice consists of a —--incll~c'l.iemeter hole in &

o

1
é-inch Plexiglas plate at the top of the resgonator, Two very thin
steel needles pressed through the Plexiglas support a 0,0001-inch-

1
diameter plabtinum hot wire 5-5_nch iong in the center of the orifice,

A\

With no signal the hot wire is operated at a constant temperaturs
which 1s somevhat below that for red heat, The hob-wire driving
current is dependent upon the pressure and heat capacity of the
working fluid. When the Helmholbtz resorabor is ab resonance with
the sound emitted by the earphone, the mass of gzs in the resonatbor
orifice is vibrating at maximum amplitude. The hot wire is part of
a sensibive Wheabstone bridge and indicates a condition of resonance

.
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wvhen its resistance change, which is caused by the cooling effect
of the moving gas in the orifice, is at a maximum. The condition
of resonance ig then noted by a sensitive galvancmeter (O to

200 microarmeter) in the bridge circuit. The earphone was located

about %-inch above the orifice and its position was securely fixed
2 ' ;

by means of brackets. ZElectrical leads from the earphone, hot

wire, and thermocouple were carried through the bottom of the

chamber through a Bakelite terminal strip which was held by

gcrews and made leak tight with a rubber gasket. The electrical

pickup, located on the compressor shaft, consisted of a two-pols

permanently magnetized metal ring slipped cver the shaft and a coil

wound on & C-shape laminated iron form. This form was not magnet-

ized and its faces cleared the magnetized ring of the shalft by aboutb

27 inch, The metal ring was made of Paragon steel hardened at

i

1500° F without drawing and was machined and keyed to fit the shaft
and permenently magnetized before installation., No decrease in its
magnetic fleld was noted after a number of hours at the maximum
compressor speed. This pickup served as a source of altermating
current at the same frequency as the compressor rotabtion. The
alternating current was fed (sometimes through an audio amplifier)
into the earphone. When the velocity of sound was being measured,
the earphone was driven with a variable-frequency cscillator,

METHOD OF CATIBRATION

In order to use the instrument for measwring compressor Mach
number, the volume of the rescnator at any mercury level and the
value of the orifice constant K of the resonator must be known.
The resonator volume was determined by the addition of a measured
amount of mercury to the manometer glass and resonator and measire-
ment of the change of the mercury level., In order to determine the
value of the orifice constant, a General Radio Company beat-frequency
oscillator was used ag a source of variable frequency. The oscillator
wag calibrated agasinst a 1000-~cycle vacuum-tube tuning-fork oscillator
accurate to 0.2 percent by means of Lissajous figures. The oscillator
frequency was adjusted until the galvanometer in the bridme circuit
indicated maximum deflsction, This point of maximum galvanometer
deflection could be determined and reproduced to an accuracy of
better than 0.5 percent of frequency. It should be mentioned that
the large chamber must be of such dimensions that it will not
resonate anywhere in the range of working frequencies and thersby
introduce erroneous gazlvanometer deflections which have no connec-
tion with the volume setting of the resonator. Air dried with
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calcivm chloride was used in calibration tests since the velocity
of sound in dry air is accurately known, The device was evacuated
by means of a vacumm pump to a pressure below 1 millimeter of
mercury and dry air was admitbed through the tube which runs to the
compressor inlet. This tube was not commected to the compressor
inlet until after calibration. The pressure in the device was
measured by means of the mercury manometer, From measurements of
frequency and resonator volume, with the use of the known velocity
of sound, the value of X in equation (4) could be obtained. As
was mentioned previously, the value of X, according to perfect-
fluld theory, should be a constant depending only on the dimensions
of the resonator orifice, This perfect-fluid assumption would
mean that, provided that a condition of resonance i1s obtained, the
value of X should not depend on the volume of the resonsbor, the
velocity of sound in the gas, or the frequency of the sound., This
asgunption also means that the pressure and temperature of the gog
o not affect the value of K if they are taken into account when
the velocity of sound is calculated. Also, according to refer-
ence 3, page 17Lk, the velocity of sound used to obtain A in
equation (4) is the velocity of sound in the orifice of the
resonator, whereas the velocity of sound in the large part of the
resonator doeg not affect this equation,

Since the resonant frequency depends only on the velocity of
sound in the orifice of the resonator, the effects of the heating
of this small mass of gas due to the hot wire rmust be recognized
and eliminated. With larger wives a variation of X of as much
ag 3.5 percent could be obtained by varistion of the hot-wire
heating current, whereas with a 0,0001-inch hot wire, no change
of X could be noted when the heating curvent was varied. (The
hot wire was then not heating the mass of gas in the orifice to a
measurable degres.) :

In order to find the value of X, measurements were made
with the use of gases in which the velocity of sound is known and
widely different at pressures from 0.1 to 1 atmosphere and at
verious volume setbtings corresponding to a wide range of frequency.
By repeated and careful experiments, a variation of X of the
order of 15 percent was noted when any or all the aforementioned
conditions were substantially varied. No variation of XK was
noted with a change of sound amplitude., It became apparent,
therefore, that before an accurate and reliable calibration could
be obtained, effects other than perfect-fluild effects would have
to be taken into account. The action of viscosity in the layer
of ges near the boundary of the orifice would reduce the effective
Glameter and, therefore, could produce the changes in the value
of K +which the experiment showed.
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Stokes (reference 1) solved a related, idealized problem;
nemely, the viscous motion in the neighborhood of a wall which
executes oscillations in its own plane. The velocity of the gas
near the wall is shown to be given Dby

2v

Jn ’
o EN
u = Ae 2v cos {nt - y\/r}w > (5)

where u 1is the velocity in the direction of the motion of the wall,
y 1s the distance from the wall, A is an arbitrary constant,

o

n
t is time, Em is frequency of oscillation, and v is the
7-[ .

kinematic viscosity of the gas. This solution is not meant to give
a quantitative answer for the viscous effects in questidn, but it
can:ve used to infer that the restriction of the orifice of a
Helmholtz resonator by the actlon of viscosity should depend upon

the ratio of the length v /n to the diemeter d of the orifice,
In figure 3, the results of a series of measurements of K/d are

P

7
plotted against the number \ﬁiﬁﬁ. . When the results are plotted
d

against this parameter all the variastions of K which were found

are included. A few points were taken with bthe use of a~}—inch-
: 2

1
diameter orifice;.ﬂuinch thick and roughly similar to the small

orifice. Since the sensitivity of the hot wire was reduced by a
factor of about 4 because of the larger orifice, and since the

larger orifice was not made with enough care to be accurately similar,
the agreement is considered satisfactory. Also, the error is
possibly due to the larger needles necessary to support the hot

1 :
wire, In any case, these data obtained with the —-inch orifice
o]

are not meant to be conclusive. The value of K/d, calculated
from Lord Rayleigh's perfect-fluid case with the use of only the
dimensions of the orifices (reference 3, p. 18l), has also been
plotted. This point appears to lie close to the curve in figure 3
when the curve 1s extrapolated to zero viscosity. It appears,
therefore, that if viscous effects are teken into account accurate
measurements of the velocity of sound or related parameters can be
made with a Helmholtz resonator.
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The maximum scatber from the curve in figure 3 is seen to be
approximately 1 percent of K (disregarding the ~-inch orifice)
. 2 .

which would be a scatter of 0.5 percent of A, wvhereas most of the
points are much clogser. As was stated previcusly, the value of
the resonant frequency, as noted by the galvanmmeter, could be a

" maximum of 0.5 percent in eﬁror. The peaks of galvanameter deflec-

tion became broader at the high values af \h}/n, go that measure-
ments here are least accurate. Accwracy better than 0.5 percent
was not needed in this work, ¥From the slope of the curve of

Tigure 3 an error in the value of 1)/n of approximzately 20 percent
would be necessary to produce an error of 0.5 percent on h, which
Justifies the statement that an accurate knovledge of the working
fluid 1s not necessary to measure the velocity of sound or com-
pressor Mach number accurately with this spparatus. Neither is an
accurate measurement of rotational speed necessary to measure com-
pressor Mach number. An accurate Imowledge of the working fluid
cen be obtained however from measurements of velocity of sound,
temperature, and pressure. (See reference 1.)

CONCLUDING REMARKS

From the results of an investigation which employs a Helmholtz
resonator in an instrument for measuring sonic velocity and com-
bressor Mach number the following conclusions were drawn:

1. It has been shown that a Helmholtz resonator can be cali-
brated to provide accurate measurements of velocity of sound and
can be employed in en instrument utilizing shaft frequency of a
rotary compressor to measurse compressor Mach number., With the
instrument described, the velocity of sound or the compressor Mach
number can be measured to an accuracy of better than 0.5 percent,
even though the constituency of the working fluld is nob accurately
known. »

2. Calibration of the Helmholtz resonator to inciude the action
of viscoslty at the orifice is accomplished by the use of a parameter
obtained from Stokes solution of the flow near an oscillating wall,
which includes the kinematic viscosity of the gas and the frequency
of sound in the resonator.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Figure 1.- Schematic.arrangement of instrument for measuring
sonic velocity and compressor Mach number.
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Figure 2.- Helmholtz resonator and chamber.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS



NACA RM No. 1.6K14 , Fig. 3

.62
L Calculated from reference 3, page 1813
»
\ ll—inch-»diameter orifice
+
60 © Dry air
* . @ - Freon~-12, vyen der Weals' corrsction
* included (reference 1)}
¢ Dry. Coz;
l_ynch-diameter orifice
58 ] 2
° \ ' A  Dry air
o5l \\
52
&
50 \ A
a
K/d
2
48
o6 —
' @
)
[}
* %}E\
&e
a
42 =
\?\-\e
—
oo . >
NATIONAL ADVISORY
COMMITTEE For mmru‘rlcg
058‘ - . I
[ 0L «02 «03 Ol 05 -06 07 .08 . 09 0 A1 - G2
MUZn
a

Figure 3.~ Effect of the variation of kinematic viscosity and sound frequency in a Helmholtz resonator
on the parameter K/d& for the resonator orifice. Measurements on each gas were taken over &
rengse of pressures from 0.1 to 1 atmosphere and over a range of frequencies of 200 to 400 cycles
per second.





