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THMPERATURE MFEASUREMENI' IN WIND

TUNNELS BY ELECTRONIC PHASE-SHIFT METHODS

SUMMARY

The object of this thesis is to develop theoretical methods of
measuring temperature changes by phase-shift observations, to verify
these theoretical approaches by experiments, and to apply these methods
to the measurement of the temperature of the air stream of a subsonic and
a supersonic wind tunnel.

A review of pertinemt literature is first conducted in order to
determine the relative importance of the various parameters affecting the
velocity of propaegation of sound. XKnowing the effect of these parameters
in the presenmt applications, two general relationships are derived which
related changes in phase to changes in temperature. These relationships
are verified in laboratory experiments and then applied to the measure-
ment of temperature in a subsoniec and a supersonic wind tunmnel.

In both cases the phase-shift methods give good results. In the
supersonic application, the methods show considerable promise and are
worthy of further development. For precise temperature measurement in
the supersconic wind tunnel, the temperature field would have to be uni-
form. MNomuniformity is introduced because of the temperature gradient
in the boundary layer. Further refinement of the methodology could con-

ceivably produce an instrument for use in boundary layer analysis.



CHAPTER I
INTRODUCTION

The measurement of temperature of moving streams of alr by ordi-
nary thermometric means usually posseses two intrinsic disadvantages.
First, complete temperature recovery is seldom achieved in practice.
Theoretically, when moving air is brought to rest in the temperature sen-
sitive element of a moving air thermometer, its temperature will rise to
the so-called "stagnation temperature" associated with the flow field.
However, heat transfer and radiation within the thermometer and heat dis-
sipation in the gas stream make this rise somewhat less than the theoret-
ically predicted rise, and consequently, a temperature recovery factor

must be introduced imto the calibration of the thermometer. The tempera-

ture recovery factor is definedl as

(1)

=
i

where T is the static temperature of the moving stream, To is the stagna-
tion temperature of the stream, and T, is the temperature of the insulated
wall, Only in the case of complete temperature recovery is the temperature
at the wall equal t0 the stagnation temperature, and in this case 8 =1.
The methods which are derived in this paper are independent of tem-
perature recovery factor considerations and measure directly the mean static
temperature of the moving stream. However, only in the case of a homogene-
ous, uniform stream is this temperature exactly equal to T in the above e-

gquation.
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A second intrinsic disadvantage associated with a moving air ther-
momet er is the fact that by virtue of its insertion into the stream, the
characteristics of flow of the stream will change. The temperature measure-
ment is generally not simultaneous with the model testing for this reason.

Two electroniec, phase~shift methods for measuring temperature of
moving streams are developed in this thesis. The methods have the advan-
tages of being independemt of temperature recovery factor considerations,
and of eliminating the necessity for disturbing the mass of air whose
temperature is being measured.

In application of this technique, a sound wave is sent across a
stream of air. The wave shape of the input signal to the speaker is com-
pared with the received wave after it has c¢rossed the medium. In a series
of consecutive comparisions, changes in the phase angle between these
waves is shown to be indicative of changes in temperature of the medium.
In this paper, the term "phase angle" refers to the angle between the
transmitted and received wave, and the term "phase difference" refers to
the changes in phase angle between two given ruas,

The general phase-shift method for measuring temperature may be
outlined as follows: if the distance between a sound source and sound re-
ceiver is adjusted so that at any instant, using sound at some constant
frequency, there is an integral number of wave lengths between the two,
then the received sound will be exactly in phase with the transmitted
wave. This means that the alternating-current produced by the receiver
plcking up the sound pulses has amplitude peaks occurring at exactly the
same time as the audio-frequency alternating-current input to the trans-
mitting speaker. We may represent this alternating-current input to the

transmitting speaker as

il Asin X (2)
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Similarly, the alternating-current produced by the receiver picking up

the sound impulses may be represented by
= Ay
v lsin ( x+0 ) (3)

When the phase angle @, is zero, the transmitted and received waves are
in phase.

It is obvious that the number of waves which exist between the
sound transmitter and receiver is dependent on the speed of sound, the
frequency of the sound being transmitted, &ﬁd the distance between the

transmitting and receiving units. This is true since

T ® (4)

—_—

v
Changes in the speed of sound (for fixed frequemcy and distance)
can be observed by noting changes in wave length or total number of waves.
This change in the total number of waves puts the transmitted wave and the
received wave out of phase. By noting the amount of phese difference, the
change in the speed of sound can be derived, and from the classical rela-

tionship

a = (fRT)Z (5)

o]

the changes in temperature can be found.

However, before this relationship between the speed of sound and
temperature may be used, its adeguateness must be investigated. It is
derived on the basis of the assumption that frequency, viscosity, and
heat transfer effects can be ignored. Whether these assumptions are
sufficiently correct for the applications in this thesis is investigated

in Chapter 2 by reviewing pertinent literature.



Hence this paper is divided into three distinct sections:

1. Review of the Literature. — Theoretical investigations into the

relationship between the speed of sound and other parsmeters of the wave

and medium.

2. Verification of experimental methods which are used in actual tem-

perature measurement .

3. Application to the methods of temperature measurement in a super-

sonic wind tunnel.



CHAPTFR II
REVIEW OF THE LITERATURE

A search of the literature is here conducted so that a relation-
ship between the speed of sound, temperature, viscosity, heat conduction,
relaxetion time, and dispersion of the sound can be found. It is neces-
sary to investigate these relationships first since any phase-shift, tem-
perature method is necessarily based on it.

The simplest approximation to the problem is the familiar
a,= (¥RT)2 (6)

A derivation of this equation is made by .-‘!x..Y.Pv::tp@-,.2 It is derived on the
assumptions that the fluid is inviscid and isentropic and that the fre-
quency of the sound being propagated is zero. This last assumption is
merely implied in the derivation.

This equation may be derived by considering the sound wave to be
an infinitesimal shock wave.3 If the conditions on the upstream side of
the wave are ¢, u,P and those downstream of the wave are O *ApQ, prap, U+A K,

the equations of continuity and momentum may be written as

pu = (p+ap)(u+aw)

2 2 (7)
P—(/?+A/o) :((04-43())/0( +au) —P“

(8)

Then on expanding Eq. (7) and dividing it by Eq. (6) the following re-
lationship is obtained.
cAp— AU (AP + LA raccap)
4P — pNp AL (9)
P b

U? -



Then if the discomtinuity,pqu, is very small
a= | £B (10)

Horace I.r:mﬂ:)z+ proves by methods of kinematics and fluid dynamics
that the speed of sound, to a first approximation, is independent of
heat conduction and viscosity. He first considers the case of viscosi-
ty slone. The N&vier-Stékes equation expressing the motion of the fluid

in t_he X direction is

du . -13p LM 2 (1)
ot ?6ax t 3'? %2

A condensation parameter S is defined as follows

A%

O 8 - du {12)

— =

t X

o

The physical thermodynamic equation for the medium is
p=p, tag Po S (13)

If p and S are eliminated between Fgq. (11) end (13), Eg. (14) is obtained

4
B - ar Y 44 A iy (14)
The vibration
_ co €
v= 4 (15)

is imposed on the medium at a point in the fluid where x 0; ¢ being the

imposed frequency in radians/sec, A solution of the form

— ¢
&= A € (16)
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is assumed for Eq. (14). By substituting this solution back into Eg.(14)
it is found that

- ir® ma(aoa/‘g";ﬁd—)

(17)
If Eq. (17) is solved for s, Eq. (18) is obtained.
s s, 4f Ao

If the (1 -_%‘WCG‘ )‘5 term is expanded into an infinite series and the

square terms of“< are neglected and the lower sign is chosen, then
o

Iﬂd
. <

,”Z:d_co*qgigﬁl (19)
A, 3 o K7 ,

Upon replacing this value of m in the assumed solution it is seen that

(o - ("(5*’?‘/'( )Z

U= by S o 7 P a; (20)
or Be d, eq{(:?ﬁ;?{_c%; C,C-G.fuc'%_ozt’

= a, "X( %T)Cc"(f“%)

= @€ F i P = (21)

wheref 3__6 a3

¥4 et, This equatiop describes the oscillatory motion of a
particle within the fluid as a wave passes over 1t. Since the exponent
of e describes the amplitude of the wave, it can be seen that the ampli-

tude decreases as the x distance increases and the rate of decrease is
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greater for higher values of frequency® . <&Since the frequency of the
wave is unaffected by distance, it may be concluded that the speed of
the wave is unaffected by friction, at least for first power terms of
.%ézgé.because higher degree terms were omitted when expanding Eq. (15).

Lamb reaches & similar conclusion when he considers the effects
of heat conduction as well as viscosity. Therefore he concludes that

neither viscosity nor heat conduction, to a first approximation for or-

dinary audio-frequencies, affects the wave propagation velocity.
Tsien and Schamberg5, seeking a more exact proof, use the second-
order approximations to the Navier-Stokes and energy equations. Lamb

uses these equations in the following form.

Navier-Stokes: . (22)
2¢ 1 dp 4 _u Y
% € ax 3 p %"

Fnergy: 7 >V (23)
2T . N 2T - (v1)3 5Z
ot T TE L, o%t 2

By the kinetic theory of gases, it may be shown that the viscous stresses
in the Navier-Stokes equation and the heat flux terms of the energy equa-
tion are only first-order approximations which become different from reali-
ty if the density of the gas is low or if the wave length of the sound is
small. Tsien and Schamberg's derivation mekes use of the second-order ap-
proximation to these equations developed by Chapman and 00w11n3.6 These

equations may be compared with Eq. (22) and (23) above.

Navier-Stokes: (22)
90 _ 1 2p' . 4 MDY +?-/‘( “Ke 33 L—)
2T SxT I R e ok TR DY

Fnergy: ; R AT 330 (25)

) ap 8.t o @ e, g

& 15 {“a_t' ¥ 57 - 5(0.79) 77 5z
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where K., K_, 6,, 6, are constants depending on the molecular structure

3 h

of the gas.
Tsien and Schamberg define a deviation factor C*“'a/ao, where a
is the actual speed of sound and 8, is the adiabatic speed of sound.

The solution for o¢ appears in the form of an infinite series.

o= 1+ Twe = e - 2% (e}

where R.Nf is défined 35';§g$% The constants in the above equation re-
presenmt the solution for air at atmospheric pressure.

The deviation dispersion factor o< , was plotted against R.N. in
Fig..lo. Tﬁis plot shows fhe variation of the correctness of the adiabatic
speed of sound assumption with the wave length of the propagated sound and
the density. It may be noted that the greatest deviation is obtained at

A, L
low R.N.; i.e. at low wave lengths or low densities. Since R.N.~™ f;z;x(

and o= a/a0 it is seen that as the density decreases, or the wave length
becomes smaller, the R.M. decreases and the actual speed of sound, a, di-

verges further from the isentropic speed of sound, a Since f’and L both

-
appear to the first power in the numerator of the R.M. expression, to pro-
duce a given change in o« , either f or L may be changed by the same per-
centage. Doubling the frequeney would have the same effect on o¢ as
would decreasing the density by one half. This immediately suggests that
the effects of high altitudes on sould propagation may be studied expe-
diently by controlling the frequeney of the sound on which the eXxperiments
are being conducted.

In a report published at the University of Michigan7, C.S. Wang

Chang and G.E. Ulenbeck point out that the Chapman and Cowling derivation
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of the second-order Navier-Stokes equation is in error, and conseguently
the work of Tsien and Schamberg based on Chapman's derivation is in error.
Chang, in a later repor‘l:,8 finds that when using Burnett's molecular ap-
proximations to the Navier-Stokes equation

Vawt
a-= {;f(f' yf_)fz.%.«*'( E A;::.doq /:aaq/ 925,)} (27)

where: 5“13: are molecular constants
¢ - angular frequency of sound
V' 18 defined by ¥ = 4
8 : a dimensionless temperature dependent quantity

Applying this relationship to helium, Chang finds

2/ <
o= 44.4’,666(/_"—/ (28)

where /( is in c.g.s. units, 2/ in megacycles per second, and p is in at-
mospheres. Thus for very high frequencies or for very low pressures, the

isentropic assumption is no longer valid. However, in the range of audio

frequencies and normal temperatures and pressures, the assumption that
&
a=a, = (¥ir)? (29)

is quite adequate asox’ L/ from 13.

In polyatomic gases there is an additional dispersion of the
bsound caused by the internal degrees of freedom of the molecules. The
relaxation time, 7/, is a measure of the relative ease with which the

internal motion of the molecules in the medium conducting the sound comes
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to equilibrium with the translational motion. If we accept the possi-
bility of an exchange of ensergy between the translational and internal

degrees of freedom, the Stokes relationship
2y+ TX =0 (30)
is no longer valid and a coefficient X may be defined by
A=A+ ZHu (31)

K is known as the Tisza coefficient. It gives the second-order cor-
rection 10 to the hydrostaetic pressure arising from compression or ex-

pansion.

g
e L8
)0: /90 +/( (?) Of'f' {32)

The pressure in a fluid depends not only on the instantaneous value of
the density and temperature, but also on the rate of change of the den-
gity of the fluid. Thercefore in problems where freguencies are very
high or densities are very low, Eq. (19) should be introduced into the
Navier-Stokes eguation.

The relaxation time is related to by

2

T =2 gk
where ﬁ is the specific heat per molecule due to internal motion and
’? is the molecular velocity component. ©For the case of no internal de-

grees of freedom, A vanishes and ‘7" goes to 0.

Physically, if @' 1s the collision rate of molecules in a gas

(34)
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Then, by considering a Maxwellian distribution of the molecular veloci-
ties, / is the time it would take for 1 - 1/L' molecules to collide,

where L' is the mean free path of the molecules. If V is the root-mean-

square velocity of the molecules

¥ ‘;
g = 5T (35)
and
S = S
v . (36)

In most cases 7" is very short and mey be neglected so that ( is zero.
However, if the pressure is very low, L' is large, 7/~ becomes large and
/{ is appreciable. Experiments indicate that the rotational relaxation
time for diatomic gases under atmospheric pressure is of the order of

-8 '9 11
10 to 10 seconds. The assumption that

ZApx 28 =¢ (37)

12
is justified if and only if

v «w 77 (38)
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CHAPTER IIIX

DEVELOPMENT OF PHASE-SHIPFT EQUATIONS

PHASE-ANGLE OBSERVATION MFTHOD.—~ It wes shown previocusly in this paper

that if the distance between a sound and receiver 1s adjusted so that an
integral number of wave lengths exist between them, there is zero phase
shift between the transmitted and the received wave.

If these waves are superimposed on the horizontal and vertical
axes of a single oscilloscope, a pattern known as a Lissajous figure is

obtained. This pattern is shown in Fig. 1 for the case of in-phase wavez.

\_ ./ signall

" signal 2

Figure 1
In-Phase Lissajous Pattern

If the temperature of the medium condueting the sound is increased,
the speed of the sound wave moving through it will increase. As a result,
there will be fewer waves between the units if the frequency is kept con-

stant since

x= L (39)
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When these waves are superimposed on sr oscilloscope, the Lis-

sajous figure changes from a straight line to a circle or ellipse, since,
in general, these waves will be out of phase. This trace is shown in

Fig. 2.

Flpure 2
Out-of-Phase Lissajous Pattern

Thus a phase shift is produced by changing the temperature of the
sound conducting medium. The relationship between the phase shift and
the temperature must be investigated.

In the review of the literature it was shown that transmitted
sound waves whose freguencies are less than the order of magnitude of
megacycles are pot affected appreciably by heat dissipation, viscosity,

or dispersion. Therefore, at audible frequencies
a = a (£0)

If the distance between the sound transmitter and receiver is x,

then the number of waves, N, between them is

ig‘zzﬂy:?‘_’_ﬁy——
M= g Qo JART (41)

When it is assumed that the phase angle is not zero, it is seen that

N = Dny+N, (42)
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where Ny is an integral number of waves and ny is the fractional part.
¢
Then the phase angle between the two waves is 360111 . Substituting

this into FEq. (42), it is seen that
/Vo R (43)

or

360 ¥ 2/
YRT

360 (NO+ Ill) = (44)

Representing the phase angle, 360 n,, by 55, Fa. (44) reduces to

; w 360 % ¥
360 Nyt ¢ TYRT (45)

If the temperature is changed to some new value, Fg. (45) may be written

360 v
YreTn

360 N(;) * (Pz = (46)

Subtracting Fq. (46) from (45), the phase shift, ¢, — @, is obtained.

P , 36027} ) (47)
4% /’1 JT_Q}
Solving Fa. (47) for (Tz)% one obtains
_ 360x? [T
[T, 602D~ [FRT, (8- &) (48)

By using this method of approach, the temperature of the sound conducting
medium may be determined; the only requirement is that the phase angle at

some standard temperature is known.
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FREQUENCY FOR ZERQO PHASE-SHIFT MFTHOD.-~ A second, somewhat more simpli-

fied approach may be made to the problem. As before

v,

N, +n = =—T'_ (49)
S R /M

and
Wy - x Dz -

JvR [T,

In the previous derivation, the frecuency was considered constant and
(n; - np)360 was the quantity used to measure change of temperature.
Now the frequency shall be considered an independent variable which can
be adjusted in order to make phase angle at each new condition of tem-
perature zero. Subtracting Fg. (50) from Eg. (49) as before, Eq. (51)

is obtained.

n; - np = 2 |17 o el 5 g (51)
foe (71T
Simplifying, Eg. (51) becomes
2.2 (52)
7%

When applying this second method, the frejuency for zero phase
angle at a known temperature would bave to be observed first. To de-
termine some new temperature, only the frequency which would produce

zero phase angle under the new condition would have to be found.
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CHAPTFR IV

EXPFRIMENT AL, CALIBRATION

In ADIABATIC BOX.— The frequenecy for zero phase-shift method was first

used in an actual verification experiment. Fig. 3 shows the general cir-

cuit used in the experiment.

_ e — e
| Audio EAdiabatic\-—j Vacvum Tube | Oscilloscope
oscillator|[| Bex || | Voltmeter] |

_ Figure 3 -

Circuit in Adiabatic Box

The frequency of the audio oscillator could be varied so that the trans-
mitted and received waves were in phase. The vacuum tube voltmeter was
used in order to maintain the cutput of the audio oscillator at a con-
stant level at all frequencies.

A device was constructed which would house the speaker and receiver
and their associated mountings. Standard permanent magnet type earphones
were used for both the speaker and sound pickup. The method of mounting
these units is shown in Fig. 17 in the Appendix. The box was made of ply-
wood and is also shown in Fig.1l7. The requirements which the housing had
to satisfy were these: first, the temperature of the air in the box had

to be variable, and as constant as possible. Second, the temperature of
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the air in the box had to be observable so that the predicted temperatures
could be checked. Third, the box had to be designed to have good sound
absorbing qualities so that no standing waves would be reflected from the
walls of the box and interfere with the phase angle observations. Fourth,
the heat transfer between the box and outside air had to be kept to a mini-
mum, Fifth, the intercapacitive coupling between the transmitting and re-
ceiving circuits had to be & minimum.

The first of these requirements, varying the temperature, was sat-
isfied by letting a hot air blower circulate hot air into the box. The
blower is shown in Fig. 18. It was found that in order to reach a con-
dition of thermal equilibrium in the box, a Variac variable transformer
had to be inserted into the 110 volt alternating-current line in series
with the blower-heater. The temperature of the air in the box was obser-
ved by means of a mercurial thermometer which was placed through the wall
of the box. The temperature bulb was close to, but not between, the ear-
phones.

F.G. Tyzzer and W.C.Hardle point out that felt is an effective
vibration absorber and isolator for frequencies in the audible range. To
sat isfy condition three, then, the box was lined with soft, half-inch
thick industrial packing felt. During the performance of the experiment,
it was felt that some reflected waves might be producing erroneous data,
50 the box was completely filled with soft raw cotton (except for a chan-
nel between the phones). However, it was found that this was unnecessary
and the felt was producing sufficient absorption.

Aluminum foil was placed between the felt lining and the inner
wall of the box to minimize heat transfer., The foil produced adeguate

insulation.
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Capacitive coupling was tested for by covering the receiving ear-
phone while the transmitting earphone was operating. The major portion
of any indicated output would then be caused by stray capacitive coup-
ling. Bonding the aluminum foil lining to the receiver mountings and
physically separating the input and output circuit lead-in wires, the
capacitive pick-up was effectively reduced.

A cut-away sketch of the box is shown in Fig..

V4

-

;siﬁﬂ 7
I *ED <" Plywood
L~ Aluminum Foil

Felt

Figure 4
Box Wall

The mountings for the receivers were constructed so that the
distance between the earphones was variable. The faces of the ear-
phones were parallel at all times.

The signal generator was a fHewlett Packard Audio Oscillator.
Its gain was raised so that the Lissajous pattern on the oscilloscope
appeared as two parallel lines. The in-phase condition was achieved by
adjusting the frequency of the oscillator, and was indicated on the os-
cilloscope by & coinciding of the lines forming the sides of the ellipse.
Figs. 9 and 10 show the in-phase and out-of-phase conditions.

The vacuum tube voltmeter was included in the circuit so the
output of the oscillator could be adjusted to the same intensity at each
frequency setting. Then for various temperatures, as indicated by the

mercurial thermometer in the box, the frequency for zZero phase-shift was
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noted. This data is shown in Table 1. Upon analyzing the data it was
found that the quanxity”ﬁé,was a constant as previously predicted in
Eq. (52). The data is plotted in Fig.ll.

The experiment could have been further refined by using some
other type of thermometer, perhaps a thermocouple or low range mercurisal
thermometer. Also some sort of thermostat could be used to insure ther-
mal equilibrium in the box. The greatest source of inaccuracy in this
experiment however, was the inability to read the frequency of the audio
oscillator closely enough. Therefore, some sort of crystal calibrating
device could be used for more accurate determination of the audio fre-
quency in future experiments.

The error which might be expected in the tem% is now investi-
gated. TEgq. (52) may be written from Eg. (52),

v dv

= A+t dA
7EdT (53)

where Ais some constant determined by the physical characteristics of
the experiment, dA is the error involved in the determination of that
constant, d is the error invelved in determining the frequency, and
dT is the error involved in finding the temperature. It 1s seen that

the error,dA, is a function of d ¢ and dT. Writing

_ Y
A= Vo (54)

and placing in total derivative form, Eg. (55) is obtained.

dA - }v(l—%),/v + 2 () dr (55)



Taking the derivatives

4

dA = — dv — (56)

=l

JT Z

on the audio oscillator, the frequency could be read to 50 cycles in the
range used and the temperature could be read to the nearest quarter of a
degree. The temperatures were in the range of 300 degrees Centigrade and
the frequencies were &ll about 4000 cycles per second. On thie basis the

expected error was computed.

5 25 i 39
das 2 ZZ, 24 #0008, 8 45 (57)
Joo= B 27

The per cent accuracy which may be expected in the experiments is then

d/A /. 539

— s 4 = {58)
T 4200/ 350

= 993 %

As seen 1n Fig. 11, the experimemntal data is well within this limit.

A second experimental method was pursued wherein the phase-shift
was applied directly. The experiment was designed to meke use of Eq.
(48). A variety of methods have been used previously to observe phase
angles directly. As in the experiment above, Lissajous figures on os-
cilloscope faces may be observed and the phase angle computed by noting
the eccentricity of the elliptical trace. An electronic switch may be
used to switch the input to the oscilloscope between the signals to be
compared so that the trace on the scope is the two superimposed images.
A third method using an oscilloscope has been developed by K.S. Lion.lA
Here use is made of a circular trace derived from one of the two input

signals. The circular sweep is of small diameter and is expanded momen-
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tarily by each of the two signals being compared, the gecmetrical angle
between the pips being the unknown phase angle.

In addition to these oscilloscope methods, a direct reading phase
angle meter has been developed by the Technology Instrument Corporeticn.
This meter is shown in Fig. 21. It was used in measuring the phase angle
needed in applying Fy. (48).

The following information is taken from the instruction manual
which accompanied the Technology Instrument Corporation 320A Direct Read-
ing Phase Meter:

The operation of the phase meter is based on pulse methods. The
two signals being compared are comverted into a series of pulses.
The time displacement between the pulse trains is indicative of
the unknown pulse angle. The pulse trains are fed into a flip-
flop circuit which measures the ratic of time displacement to the
pulse repetition rete. For a given phase difference, this ratio

is independemt of frequency.

The method of hocking up the circuit employing the phase shift meter

is shown below in Fig. 5.

[ Audio Adiabatic 1 Vacuun Tuve | [Phase | | Oscilloscope
| Oscillator Box | | Voltmeter Veter | |
—— - — —— | | Se— — — - = 4 - _'[
Figure 5

Phase Meter-Adiabatic Box Circuit

The oscilloscope was included in the circuit to give & visual indication
of phase angle as the experiment progressed.

The phase angle for various temperatures in the box was recorded.
The temperature in the box was varied by changing the setting of trans-
former which was in series with the blower-heater combination. A series

of graphs were prepared beforehand which, for a given initial tempereture,
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predicted the new temperature for any observed phase shift. This data is
given in Table 2 and is plotted in Fig. 14. The experimemnt was performed
using different initiel temperatures. The experimental data are presented
in Table 3 and are superimposed on the theoretical phase shifts in Fig. 12.

There were two general difficulties encountered in the performance
of thig experiment. First, hum modulation originating in the stray pick-
up of the connecting wires caused an erroneous indication of phase angle.
The use of shorter, shielded leads corrected this difficulty. Also, the
phase shift meter was very sensitive to the rapid temperature fluctua-
tions arising in the blower. An accurate, stabilized reading was difficult
to obtain under these conditions. This situation was corrected by fill-
ing the box with absorbent cotton, except for a channel between the phones,
to reduce the effect of direct blast between the phones.

The probable error which may be encountered in using this method
may be computed. Since in any given set of data, the quantities of fre-
quency, distance between phones, and initial temperature may be consid-

ered constant, Eq. (48) may be written in the following form.

W

= (59)
/% <= pap

K= 360 XDJ/T (60)
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By simplifying and differentisting Eq. (59), Ea. (61) is obtained.

1 £ w B
If values which result from teking the initial temperature as 540 de-
grees Rankine, the frequency as 3500 cycles per secend, and the dis-

tance as .156 feet are assigned to K, C, and D, then K = 4.525 x 106;

C =.196 x 106; and D = 1135. These values for the initial tempere-
ture, the frequency, and the distance are taken from typical runs. Us-
ing a full scale deflection of 180° on the phase engle meter, the phase
angle could be read to the closest two degrees with aeeuracy. There-
fore the term dA¢ in Fq. (61) is taken as two degrees. In a typical
run, a phase angle of 10.266 degrees was observed for a temperature
changze of 700, the initial temperature being 540 degrees Rankine. Sub-
stituting these values in Eq. (61) dT; is 9.25°R, an error of about %.
In actuality, this is probably higher than the actual error sinece the
phase meter could be used, for most conditions, with a full scale de-
flection of 36° where the phase angles could be determined to the near-

est quarter of a degree. In Fig. 12 it is seen that the actual error

did fall within these limits.



CHAPTER IV

EXPERIMENT AL, CALIBRATION IN

SUBSONIC WIND TUNNEL.— In the first part of this chapter it was demon-

strated that the temperature of a quantity of air might be determined
by observing the phase shift between transmitted and received sound im-
pulses which have traveled across the medium or by observing the fre-
queney of sound needed for zero phase shift at some fixed distance. In
this section, these ideas are directly applied to the temperature mesz.-
surement of the air-stream in a subsonic wind tunnel to see if method
will work in a moving temperature field which is essentially uniform.
First to be considered is the problem of the addition of a sound
wave to a moyving flow field. When the wave is introduced into the flow
field, the wave length of the wave, with respect to a fixed observer, is
in general, changed. The interaction between the wave and the field must
be investigated to determine if, for the present case, a Doppler shift
ocecurs.,

Consider two walls moving with twice the speed of sound past a

stationary air mass, Fig.6 shows this conditiom.

0 1 2 | 3

B B!

Figure 6
Sound Being Introduced From Wall
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Although the situation pictured is supersonic, it may be generalized
immediately to the subsonic case. In Fig. 6, the sound was originelly
radiated from position Q0. When the sound is at A, the walls have moved
to position 1 and have started to radiste 2 new wave, When the wave
which originated from O is in position B, the walls are at 2 and the
wave starting from 1 is at A'. As the walls reach position 3, the ori-
ginal wave is reaching C and the waves which started at 1 and 2 are at
B* and A''! respectively. It is seen that the waves strike the walls per-
pendicularly at a distance downstream of twice the distance between the
walls, Since the waves strike the walls perpendicularly, and since the
distance between the walls is a constant, there will be no Doppler ef-
fect detectable to an observer moving with the walls.

If the air is moving and the walls stationary, there will be some
question as to whether the waves will stay semi-spherical as they are
moved downstream by the stream. A simple vector addition of the fields
shows that this is the case. In some of the previously developed equa-
tions (Eq. (41), (47) and (48)) the distance between the transmitter and
receiver is required. The distance which is used is the perpendicular
distance between the transmitter and receiver, since at any instant each
wave is still moving perpendicularly to the wall of the tunnel at the
speed of sound.

A somewhat less intuitive approach may be followed. Youngl5 de-
rived the following equation when considering the matter of Doppler effect.

Lo :
v (2B +Z %) (62)

-7,

Y- B T w)
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where:

2/ coriginal freguency
2'=observed frequency
Uy, W, = velocity of sound source
UiV, W, =yelocity of observer
A U ar=veloecity of medium
-m m=direction cosines of sound wave "rays"

This equation holds for the very general case of a moving observer, a
moving sound source, and a moving medium. With this equation, the Dop-

pler shift, , mey be determined. In our case, the observer and the

N{Y

sound source are fixed. Therefore, Uy, Vg, Ul, Wy, Wp are zero and %.:/’.

The sound generating and sound receiving apparatus is set up in
the two dimensional jet in the nine foot wind tunnel at the Daniel Guggen-
heim School of Aeronautiecs. This is shown in Fig. 22. The method of find-
ing the stream temperatures follow the frequency for zero phase shift
met hod.

The purpose of this experiment was to see if the phase shift sys-
tems would work with air flowing between the phones. ©Since the Mach num-
ber in this experiment is so low, the temperature recovery factor is al-
most exactly l.0 and s stagnation temperature thermometer will give an
accurate measurement of the stream temperature. Therefore, to check the
results of the phase shift method, the stream teuwperature was determined

by stagnation temperature measurements and by using the equation

p ©

8T 2 € Ten + %:m (63)

The temperatures computed by this methed were then compared with the tem-

peratures measured by the phase shift method.
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The stagnation temperature was measured by means of a stagnation
thermometer placed in the stream which was observed through a plexiglas
panel in the bottom of the tunnel. The velocity of the stream was deter-
mined by observing the pizeometer ring readings teken between the stagna-
tion chamber and the test section. This difference in static pressures
had previously been plotted as a function of true stream velocities.

It should be noted that at any instant during the experiment, the
stream temperature was lower than the stagnation temperature, but as the
experiment progressed, there was a stagnation temperature gradient, caused
by friction heating of the tumnnel walls and heat losses in the fan motor.
Of course, this was accompanied by a free stream temperature gradient.

The experiment was performed in the following manner: the stagnation
temperature was observed for a given tunnel velocity. At the same time,
the frequency for zero phase angle was noted. The stream temperature as
predicted by Bernoulli's equation and the stream temperature as determined
by the phase method were plotted against tunnel velocity. Fig. 13 shows
this result. The change in slope at the top of the graph is caused by the
effect of the stagnation tempersture gradient with time as previously men-
tioned.

It was found in the performance of this experiment that the high
noise level of the tunnel at higher velocities introduced "hash"™ into the
scope trace. ©Since the frequency for zero phase shift method was inde-
pendent of the distance between the receivers, the phones were moved to-
gether. This effectively increased the signal-to-noise ratic to & point
where the eXperiment became workable; i.e. the hash had been reduced to a

point where the frequency for zero phase angle was determined accurately
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by the trace on the oscilloscope. The distance used in the experiment

was about one inch.

The results shown in Fig. 13 establish the fact that the phase
shift method may be applied to the case of slowly moving air and very
thin boundary layers for the measurement of temperature. The complexity
of the method, however, when compared to the simplicity of a stagnation
thermometer, would obviate any application of phase-shift temperature

measurement in subsonie apparatus.
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CHAPTER V
APPLICATION TO THMPERATURE MEASUREMENT IN SUPERSONIC WIND TUNNEL

From the start of the experiment there was some doubt whether
sound would ever traverse & superscnic stream. Therefore, the refract-
ing effects of the velocity and temperature gradients in the boundary
layer are investigated. The relationship between the speed of propaga-
tion in the medium, the velocity of the medium and the angle of refrac-

tion is, from optical considerations

_&_ = Con 4
gem T Y7 =T (64)

where:
a ie the velocity of propagation

U is the veloecity of the medium

6 is the angle between a ray and a perpendicular to
the surface of discontinuity

This eguation, developed by Lord Rayleighlé, is applicable in the case
of a moving medium and changing velocity of propagstion when written

between any two points in the field as shown in Fa.(55).

A - Clz 6
Sin®, L T Sine, ! Je (65)

If point 1 is considered to be the wall, and point 2 the stream, the
angle at the receiving wall may be solved for. The temperasture in the

stream may be found from the adiabatic reletionship.
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and the angle in the stream, ©,, may be found by considering the

figure below.

a
e — -‘_ ._
Ma | d
v
Figure 7

Angle of Ray in Stream

If the temperature of the air adjacent to the wall is considered to
remain at the equilibrium stagnation temperature during the run, Eq.
(65) may be solved for 8, the angle at the wall for different Mach
numbers. These calculations are shown in Table 5 and are plotted in
Fig. 14. This graph shows that there is no Mach number for which
there is complete refraction in the second boundary layer.

The refraction in the second boundary layer may be investigated
from another standpoint. Fa. (65) may be solved for the Mach number

which gives a ©; of 90° at the wall.

or
U - a, . 2=
z ! si'n ez (68)

and dividing by the speed of sound in the stream it is seen that

M, = —=— - (69)
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Considering Fig. 7, Eq. (69) may be rewritten.

= T - — T
M, = ,!_T_;g - Mo F“” Y I A (70)

Now the only variable is the stream Mach number.

2z

[ HEY" a(wJ] ME — 4m e rImt s r=0 g

Fg. (71) may be written

H %t') . Z(Y*')]M;’w 49mM,° - (Yﬂ)} 7=/ (72)

from which it is seen that only imaginary solutions exist for M. This
substantiates Fig. 14.

If no sound passes through the first boundary layer, it would be
impossible to receive sound ascrcss the tunnel. If conditions at (1)
are the wall and at (2) are the edge of the boundary layer Eq. (65) may be

rewritten
a,

Pwme, - Big. F Wy (73)

since U= 0, 92==900, and simplying Eq. (73) it is seen that

T
E _ (74)

i = I+ F4'L
Slne'
Substituting
To X-—I -
= = \f = M (75)

into Eq. (74), Eq. (76) is obtained.
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T
Vit 2M, (76)

Sw B, £ ¥i%

The limiting case occurs when ©; = 900, Under this condition, the sound .
leaves the source and is carried downstream in the boundary layer. Then

solving bg. (76) for the Mach number, it is found that

M =4, -8 (77)

2

This, theoretical work indicates that at least part of the sound propagated
at right angles to a supersonic stream can traverse the stream regardless
of the stream's Mach number.

An application of the phase shift method of measuring tempera-
ture was made to a Mach 2,0, 2" x 4" blowdown type supersonic wind
tunnel. First, the frequency spectrum of the tunnel was analyzed. A
General ladio Sound Level Meter and Frequency Analyzer were used in this
analysis. The maximum sound intensity of the tunnel was found to be 132
decibels. This intensity was observed at 3500 cycles per seccnd, A
graph was plotled of the percent of this intensity occurring at frecuen-
cies throughout the spectrum and is shown in Fig. 15.

In both the frequency for zero phase shiit method and direct phase
angle observation method, it was necessary to know the temperature and
frequency or phase angle at some arbitary condition. For this reason,
three units were mounted on the tunnel, OUne unit was the sound trans-
nitter, a fifty watt trumpet-type sseaker-driver, and the other two units
were magnetic earphones used as éound pickups. Une receiving unit was

mounted directly across the tunnel from the transmitter and was used to
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find the initial conditions, The other earphone was mounted four inches

downstream. This arrangement is shown in Fig. 8.

Receiver 1 [| :I‘ | Speaker
| Y ~
|

Receiver 2 %
Figure 8

Mounting on Supersonic Tunnel
Fig. 23 shows the met hod of mounting the units in the tunnelts walls,

The second receiver was mounted downstream because as the sound
traverses the stream it is carried downstream. Since the sound is being
propagated with the velocity a, and the stream is moving with the veloecity
M.a (where M ieg the Mach number of the stream), it is seen that the receiv-
er must be placed downstream a distance equal to the Mach number times the
distance across the tunnel to intercept the sound. This is shown in the

following equations.

distance @cross tunnel = a x t (78)

distance downstream = Mxaxt (79)
Therefore, Eq. (78) and (79) it is seen that

t = (dist. across)/a = (dist. downstr)/Ma {80)
If distance downstream is solved for, Eq. (81) is obtained

distance downstream = M{dist.across) (81)

The transmitting and receiving apparstus was installed in the
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Mach two nozzle of a blowdown type supersonic wind tunnel. The nozzle
was designed by William D.McCauleyl? for a Mach number of 2.05 and was
found in previous tests to be within one balf percent of this design
value,

The frequency of sound used in this experiment was in the range
of 500 cycles per second since the tunnel intensity at this frequency
was relatively low and the efficiency of the earphone was good in this
range., A bandpass filter with a sharp cut-off and high rejection was
used to achieve an adequate signal-to-noise ratio. The filter used was
a General Radio Sound Apalyzer. This was the same unit which was used
in the frequency spectrum determination.

The circuit used in the experiment is shown in Fig. 9.

Oscilloscope Filter|— * 50 watt [ Audio
Amplifier [T Oseillator
P — _
Figure 9

" Circuit for Supersonic Experiment

The frequency for zero phase shift was noted with receiver 1 in the cir-
cuit, with the wind off. The stagnation temperature was noted also at
this time. Because of the very sharp characteristics of the filter,

at each frequency setting of the oscillator, the filter was readjusted

until a peak was noted on the meter in the filter. Then the filter was
passing the frequency which was being transmitted. The temperature of
the stream was estimated by means of the adiabatic relationship and the

frequency corresponding to this temperature and the initial temperature

and frequency for zero phase shift was computed by Eq. (52). Using the
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front receiver, the filter and oscillator were adjusted to this com-
puted frequency with the wind off. The rear speaker was then switched
into the circuit and the tunnel was run. The spacing on the trace of
the scope was noted. The procedure was repeated for various s the
spacing of the trace on the x 0 axis being noted each time.

The data are given in Table 5 and are plotted in Fig. 16. The
plot is extrapolated to find the frequency for zero phase shift, The

temperature predieted by the relationship

- / +

%’ AT E (82)

is 298.30 for Mach pumber 2.0 and stagnation temperature of 5370

Rankine, The temperature found by the frequency for zero phase shift
method is 325° Rankine.

If the extrapolation of the graph in Fig. 16 is to have any sig-
nificance, the general form of the equation connecting the spacing and
the freéuency must be obtained. The signal input to the x-axis may be

written

2 B Laisn GO
= A (83)

and input to the y-axis may be written

-y- éz oL (W’-{""‘;ﬁ) (84)

The distance measured is actually the differcnce between the y coordinates

at the two x 0 positions. Therefore at x=0
/
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puil e _ﬁ:ézm"ﬂ(ﬁ?‘f/) (86)

and the spacing on the trace, Vo = V1 becomes

= 2 h, 2P X z b, $ (87)

Now the relationship between the frequency and the phase angle in suc-
cessive runs must be linear since the number of waves between the speak-
er and receiver is a linear function of the frequeney by Eg. (41).

Thersfore

Y
g =42 7 (88)

4
d = 2k (527 % (89)

This means that the spacing is a linear function of the freguency as
zero phase shift is approached. To obtain the frequency for zero phase
angle, the straight line faired through the three data points was extended
until it intersected with the & O axis. The frequency obtained is L20cy
and this corresponds to a temperature of 325° »

The probable error expected in the performance of this experiment
is next computed. In this low range of frequencies the signal generator
can be read to about 10 cycles per second. The general frequency for

zero phase shift egquation may be written

V7 - = (90)

where: A= = const.

[
vV,
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and

Ve + d2 (92)
A + dA
where, as before in Eq. (56)

'Zé.-f G/Zé =

da-9d2 _ s p +5 (92)
= = —  _ A0
7 R T d7 537 2 537% ° -
Therefore
_ /G d V2 420+5 2
Iz = (;+o/,4 ~Te = (S5 osg) —425% £ 30 199

A band of this width is plotted in Fig. 16 and it 1s seen that the exper-
imental points fall within these limits.

The pressure differential on the diaphragm of the speaker is suf-
ficient to reduce the ocutput of the speasker to a point where the noise
of the tunnel was overpowering and the speaker could not be heard across
the tunnel without modification to the speaker. This situation was cor-
rected by leading a pressure tap into the compartment behind the thin
steel diaphragm. This is shown in Fig. 25.

Even with this pressure equalization, the diaphragm ruptured on
two speaker units because of the high pressure pulses and high levels of
output being used. Probably if larger dismeter tubing had been used,
the pressure equalization would have been rapid enough and the speaker

would have withstood these extreme conditions.
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CHAPTER VI
CONCLUSIONS

The performance of these experiments show that the temperature of
subsonic and supersonic streams of air may be determined with a fair de-
gree of accuracy by the electronic phase-shift methods described in this
paper. The methods are not preferable in the subsonic case because con-
ventional stagnation thermometers are accurate and very much more con-
venient. In the supersonic case, however, the phase-shift methods may
well be worth the inconvenience. With the direct phase angle observa-
tion method applied in the supersonic case, a continuous and instanta-
neous record of the mean stream temperature can be obtained. This method
is more preferable than a calibrated thermocouple since it is independent
of the heating effects of the wall and may be used even while a model is
being tested.

With some further development, the apparatus might be used in
boundary layer measurement. The temperature measured is necessarily a
mean temperature; i.e. including the temperature gradient in the boun-
dary layer. With an approximate knowledge of the temperature profile and
thickness, § , the deflection of the zero streamline, might be investi-
gat ed.

Several refinements suggested themselves during the performance
of the experiments which might well be incorporated in future phase
shift-temperature measurement experiments. In the direct phase angle
measurement met hod, more damping would be helpful in the phase angle

meter since rapid temperature fluctuations made the meter needle flue-
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tuate rapidly and a meen reading was sometimes difficult to obtain.

This very quality, however, might be put to use by including in the
circuit a continuous recording device which would show these fluctua-
tions. 1In applying the methods to the temperature measurement of super-
gonic streams, a driving unit of sufficiemt durability should be used

because the diaphragm is subjected to sharp pressure fluctuations.
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