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v i i i 

TEMPERATURE MEASUREMENT IN WIND 

TUNNELS BY ELECTRONIC PEASE-SHIFT METHODS 

SUMMARY 

The object of t h i s thes i s i s t o develop theore t i ca l methods of 

measuring temperature changes by phase-shift observations, to verify 

these theore t i ca l approaches by experiments, and t o apply these methods 

to the measurement of the temperature of the a i r stream of a subsonic and 

a supersonic wind tunnel . 

A review of pertinent l i t e r a t u r e i s f i r s t conducted in order to 

determine the r e l a t i v e importance of the various parameters affecting the 

veloci ty of propagation of sound. Knowing the effect of these parameters 

in the present appl icat ions , two general re la t ionships are derived which 

re la ted changes in phase t o changes in temperature. These re la t ionships 

are verif ied in laboratory experiments and then applied to the measure­

ment of temperature in a subsonic and a supersonic wind tunnel . 

In both cases the phase-shift methods give good r e s u l t s . In the 

supersonic appl icat ion, the methods show considerable promise and are 

worthy of further development. For precise temperature measurement in 

the supersonic wind tunnel , the temperature f ie ld would have t o be uni­

form. Nonuniformity i s 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 ana lys is . 



CHAPTER I 

INTRODUCTION 

The measurement of t empera ture of moving s t reams of a i r by o r d i ­

nary thermometric means u s u a l l y posseses two i n t r i n s i c d i sadvan tages . 

F i r s t , complete t empera tu re recovery i s seldom achieved i n p r a c t i c e . 

T h e o r e t i c a l l y , when moving a i r i s brought t o r e s t i n t h e t empera ture sen­

s i t i v e element of a moving a i r thermometer, i t s t empera tu re w i l l r i s e t o 

t h e s o - c a l l e d " s t a g n a t i o n t empera tu re" a s soc i a t ed wi th t h e flow f i e l d . 

However, heat t r a n s f e r and r a d i a t i o n w i t h i n t h e thermometer and heat d i s ­

s i p a t i o n i n t h e gas s t ream make t h i s r i s e somewhat l e s s t h a n t h e t h e o r e t ­

i c a l l y p r ed i c t ed r i s e , and consequent ly , a t empera tu re recovery f a c t o r 

must be in t roduced i n t o t h e c a l i b r a t i o n of t h e thermometer . The tempera­

t u r e recovery f a c t o r i s defined as 

e , T W - T 
T 0 - T (1) 

where T is the static temperature of the moving stream, T is the stagna-
o 

t i o n t empera tu re of t h e s t ream, and Tw i s t h e t empera tu re of t h e i n s u l a t e d 

w a l l . Only i n t h e case of complete t empera tu re recovery i s t h e t empera ture 

at t h e wal l equal t o t h e s t a g n a t i o n t empera tu re , and i n t h i s case Q =• 1 . 

The methods which a r e de r ived i n t h i s paper a r e independent of tem­

p e r a t u r e recovery f a c t o r c o n s i d e r a t i o n s and measure d i r e c t l y t h e mean s t a t i c 

t empera ture of t h e moving s t ream. However, only i n t h e case of a homogene­

ous , uniform s t ream l a t h i s t empera tu re exac t ly equal t o T i n t h e above e-

qua t ion . 



2 

A second i n t r i n s i c disadvantage associated with a moving a i r the r ­

mometer i s the fact that by v i r tue of i t s inser t ion into the stream, the 

charac te r i s t i cs of flow of the stream wil l change. The temperature measure 

ment i s generally not simultaneous with the model t e s t i ng for t h i s reason, 

Two e lec t ronic , phase-shift methods for measuring temperature of 

moving streams are developed in t h i s t h e s i s . The methods have the advan­

tages of being independent of temperature recovery factor considerations, 

and of eliminating the necessity for disturbing the mass of a i r whose 

temperature i s being measured. 

In applicat ion of t h i s technique, a sound wave i s sent across a 

stream of a i r . The wave shape of the input signal t o the speaker i s com­

pared with the received wave af te r i t has crossed the medium. In a ser ies 

of consecutive comparisions, changes in the phase angle between these 

waves i s shown to be indicat ive of changes in temperature of the medium, 

In t h i s paper, the term "phase angle" refers to the angle between the 

transmitted and received wave, and the term "phase difference" refers t o 

the changes in phase angle between two given runs. 

The general phase-shift method for measuring temperature may be 

outlined as follows: i f t he distance between a sound source and sound r e ­

ceiver i s adjusted so that at any ins tan t , using sound at some constant 

frequency, the re i s an in tegra l number of wave lengths between the two, 

then the received sound wi l l be exactly in phase with the transmitted 

wave. This means that the a l ternat ing-current produced by the receiver 

picking up the sound pulses has amplitude peaks occurring at exactly the 

same time as the audio-frequency al ternat ing-current input t o the t r ans ­

mitting speaker. We may represent t h i s a l ternat ing-current input t o the 

t ransmit t ing speaker as 

y - s in x (2) 
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Similarly, the al ternat ing-current produced by the receiver picking up 

the sound impulses may be represented by 

y = A l s i n ( x^O ) (3) 

When the phase angle Q, 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, and the distance between the 

transmitting and receiving units. This is true since 

L ^ J L U) 
-o 

Changes in the speed of sound (for fixed frequency 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 phase difference, the 

change in the speed of sound can be derived, and from the classical rela-

t icmship 

aQ = (rfHr)SF (5) 

the changes in temperature can be found. 

However, before t h i s re la t ionship between the speed of sound and 

temperature may be used, i t s adequateness must be invest igated. I t i s 

derived on the basis of t he assumption tha t frequency, v i scos i ty , and 

heat t r ans fe r effects can be ignored. Whether these assumptions are 

suff ic ient ly correct for the applicat ions in t h i s t hes i s i s investigated 

in Chapter 2 by reviewing pertinent l i t e r a t u r e . 



Hence t h i s paper i s divided into three d i s t inc t sect ions: 

1. Review of the Literature* —Theore t i ca l invest igat ions in to the 

relat ionship between the speed of sound and other parameters of the wave 

and medium. 

2, Verif icat ion of experimental methods which are used in actual tem­

perature measurement. 

3* Application t o the methods of temperature measurement in a super­

sonic wind tunnel . 



CHAPTER 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, 

relaxation 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 

a0= 0TEr)i (6) 

o 
A derivation of t h i s equation i s made by A.Y.Pope. I t i s derived on the 

assumptions that the fluid i s inviscid and isentropic and that the f re­

quency of the sound being propagated i s zero. This l a s t assumption i s 

merely implied in the derivat ion. 

This equation may be derived by considering the sound wave to be 
o. 

an inf ini tes imal shock wave. I f the conditions on the upstream side of 

the wave are P, u ,p and those downstream of the wave are P^Af, p+Ap, OC + AOL^ 

the equations of continuity and momentum may be wri t ten as 

gu = (P * A?)(OL + AU) 
(7) 

(8) 

Then on expanding Eq. (7) and dividing it by Eq. (6) the following re­

lationship is obtained. 

z -Ap- AU((AAP •+ fA6< +^kU.A/*J 

Af - A ~P~A^i ( 9 ) 



Then if the discontinuity,^ u, is very small 

.. fS do, 

Horace Lamb^ proves by methods of kinematics and f lu id dynamics 

tha t the speed of sound, t o a f i r s t approximation, i s independent of 

heat conduction and v i scos i ty . He f i r s t considers the case of v i scos i ­

ty alone. The Navier-Stokes equation expressing the motion of the fluid 

in the x di rect ion i s 

&u = - i *£ + 4 ^ 1 ^ U 1 ) 
d t p0*x r 3 - p p Z 

A condensation parameter S i s defined as follows 

4 £ = - 2> u (12) 
at ax 

The physical thermodynamic equation for the medium i s 

P =Po "*• *ff>06 (13) 

If p and S are eliminated between Eq, (11) and (13), Eq. (14) i s obtained 

^ z = a„* V i £ + ± M_ Dzu (li) 
s _ t ^ 3 f -J%* 

The vibrat ion 

c <yt 
U = A (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 

U^ A, e (16) 
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i s assumed for Eq. (14). By subs t i tu t ing t h i s solut ion back into Eq. (14) 

i t i s found that 

- cr* , „*• (a? +4 L ^<r) 
& /° (17) 

If Eq. (17) i s solved for^r , Eq. (13) i s obtained. 

<*!**-*;,(' ^( ~r "J' (18) 

If the (1 - 4.^-^4. )"*? term is expanded into an infinite series and the 

square terms of^^ tare neglected and the lower sign is chosen, then 

* / - ^ - i ^ ^ - ' (19) 

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

•:«-t-i'i£ +2-&*J\* , < * . • € " L K a° sy -&;*• ( 2 0 ) 

o -= 

^/zS^ 
U= cu e'^13 f a'3' -iT* -a; 

= cx6e ~ Cos <r(t- f j <21> 

where/* 3_£ J ^ 
2 >*c «**• • This equation describes the oscillatory motion of a 

particle within the fluid as a wave passes over it. 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 

A 6~ , s 
—2"77~*. because higher degree terms were omitted when expanding Eq. (15) • 

Lamb reaches a 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 Schamberg^, 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) 
*V ^ 

2* a -ax s j ^ z. 

Energy: T ^TT ^ 

M=_* ^4lz - (v-'H •** 
^ * f.Cv B ^ J 

By the k ine t ic theory of gases, i t may be shown that the viscous s t resses 

in the Navier-Stokes equation and the heat flux terms of the energy equa­

t ion are only f i r s t -o rde r approximations which become different from real i ­

ty i f the density of the gas i s low or i f the wave length of the sound i s 

small. Tsien and Schamberg's derivation makes use of the second-order ap-

proximation t o these equations developed by Chapman and Cowling. These 

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

Navier-Stokes: (24) 

? Sit -a ? Trz ^ y Uf t 2%* -JTY^ IIL) ( j S i ' t f ^ 3 7 vpoft a*3 -p 

r v v. *rr'. zr& +e )#" ^'} 
("it * X **z 3 l l *} ?<> 2*3J 

Energy: r^ , ^^K % / , * ^ 3 f J . •) (25) 

?* = es? 
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where K0, K , ©o» 9, a**e constants depending on the molecular structure 
d. 3 * L, 

of the gas, 

Tsien and Schamberg define a deviation factor cv~ a/aQ, where a 

is the actual speed of sound and a is the adiabatic speed of sound. 

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

.7*07 __ 4-23/4 Z.43+* (26) 

Pa0L 

where £.N. i s defined as zjr/^f The constants in the above equation r e ­

present the solut ion for a i r at atmospheric pressure. 

The deviation dispersion factor c^. , was plot ted against R.N. in 

Fig. 10. This plot shows the var ia t ion of the correctness of the adiabatic 

speed of sound assumption with the wave length of the propagated sound and 

the density. I t may be noted tha t the greates t deviation i s obtained at 

pa01. 

low R.N.; i.e. at low wave lengths or low densities. Since R.N. - £.77x4 

and oC~ a/aQ 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 P and L both 

appear to the first power in the numerator of the R.M. expression, to pro­

duce a given change in ex' , either f> or L may be changed by the same per­

centage. Doubling the frequency would have the same effect on oc 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 frequency of the sound on which the experiments 
are being conducted. 

7 
In a report published at the University of Michigan , C.S. Wang 

Chang and G.E. Ulenbeck point out that the Chapman and Cowling derivation 



of the second-order Navier-Stokes equation i s in e r ror , and consequently 

the work of Tsien and Schamberg based on Chapman's derivation i s in er ror . 

Chang, in a l a t e r repor t , finds tha t when using Burnet t fs molecular ap­

proximations to the Navier-Stokes equation 

C f? r ^Ala)C sc 4^ .jtiV'co1- v,zcuz
/3 2 1 

where: f = are molecular constants 

CO - angular frequency of sound 

V1' i s defined by tf\ 3 ^ 

s r a dimensionless temperature dependent quantity 

Applying t h i s re la t ionship to helium, Chang finds 

* / - ^ y c 

o(* 44.*^ LpJ ( 2 g ) 

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- a0 - (2rRr)£ (29) 

is quite adequate as**^/ from 13. 

In polyatomic gases there is an additional dispersion of the 

sound caused by the internal degrees of freedom of the molecules. The 

relaxation time, "?~, 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 energy between the translational and internal 

degrees of freedom, the Stokes relationship 

ZM+ 3* 7S° (30) 

i s no longer val id and a coefficient f(_ may be defined by 

£ - * * §/< (31) 

/{ i s known as the Tisza coeff ic ient . I t gives the second-order cor­

rect ion t o the hydrostat ic pressure a r i s ing from compression or ex­

pansion. 

y / l \ & 

P * Po + K (_-?) d-t ( 3 2 ) 

The pressure in a f luid depends not only on the instantaneous value of 

the density and temperature, but also on the ra te of change of the den­

s i ty of the f lu id . Therefore in problems where frequencies are very 

high or densi t ies are very low, Eq. (19) should be introduced into the 

Navier-Stokes equation. 

The relaxat ion time i s re la ted t o by 

r ^ 3 C±L K (33) 

where p is the specific heat per molecule due to internal motion and 

'V is the molecular velocity component. For the case of no internal de­

grees of freedom, X, vanishes and */" goes to 0. 

Physically, if 0* is the collision rate of molecules in a gas 

^ = 0' (34) 
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Then, by considering a Maxwellian distribution of the molecular veloci­

ties, y is the time it would take for 1 - l/L* molecules to collide, 

where L1 is the mean free path of the molecules. If V is the root-mean-

square velocity of the molecules 

e1 = 7^ (35) 

and 

y (36) 

In most cases V^ is very short and may be neglected so that J^ is zero. 

However, if the pressure is very low, L* is large, Y^ becomes large and 

A- is appreciable. Experiments indicate that the rotational relaxation 

time for diatomic gases under atmospheric pressure is of the order of 
-8 -9 u 

10 to 10 seconds. The assumption that 

is justified if and only if 

Z^3A~-o (3?) 

12 

V <T̂  7- ' (38) 



CHAPTER I I I 

DEVELOPMENT OF PHASE-SHIFT EQUATIONS 

PHASE-ANGLE OBSERVATION METHOD. — I t was shown p r e v i o u s l y i n t h i s paper 

t h a t i f t h e d i s t ance between a sound and r e c e i v e r i s ad jus ted so t h a t an 

i n t e g r a l number of wave l e n g t h s ex i s t between them, t h e r e i s zero phase 

sh i f t between t h e t r a n s m i t t e d and t h e r ece ived wave. 

I f t h e s e waves a r e superimposed on t h e h o r i z o n t a l and v e r t i c a l 

axes of a s i n g l e o s c i l l o s c o p e , a p a t t e r n known as a L i s sa jous f igure i s 

ob t a ined . Th i s p a t t e r n i s shown i n F i g . 1 fo r t h e case of in -phase wave 

Signal 1 

Figure 1 
In-Phase Lissajous Pattern 

I f t h e t empera tu re of t h e medium conducting t h e sound i s i n c r e a s e d , 

t h e speed of t h e sound wave moving th rough i t w i l l i n c r e a s e . As a r e s u l t , 

t h e r e w i l l be fewer waves between t h e u n i t s i f t he frequency i s kept con­

s tan t s i n c e 

«.= -a L 39) 
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When these waves are superimposed on an 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. 

v ' . - : 
\ 
Signal 1 

> 
Signal Z 

Figure 2 
Out-of-Phase Lissajous Pattern 

Thus a phase s h i f t i s produced by changing t h e tempera ture of t h e 

sound conduct ing medium. The r e l a t i o n s h i p between t h e phase s h i f t and 

t h e t empera tu re must be i n v e s t i g a t e d . 

In t h e review of t h e l i t e r a t u r e i t was shown t h a t t r a n s m i t t e d 

sound waves ivhose f requencies a r e l e s s t h a n t h e order of magnitude of 

megacycles a r e not a f f ec t ed apprec iab ly by heat d i s s i p a t i o n , v i s c o s i t y , 

or d i s p e r s i o n . There fo re , a t aud ib le f requenc ies 

a •= a Uo) 

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

then the number of waves, N, between them is 

A/= ^ - *2> - -x v (41) 

When i t i s assumed t h a t t h e phase angle i s not ze ro , i t i s seen t h a t 

N - n-L +. JJ0 (U2) 
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where N0 is an integral number of waves and n, is the fractional part. 

o 
Then the phase angle bet-ween the two waves is 360n-. . Substituting 

(43) 

t h i s i n t o Eq. (42) , i t i s seen t h a t 

<z t? 

^'^ "7m 
or 

360 ( N * XL) = 3 6 l l ^ (44) 
0 1 fTRT 

Represent ing t h e phase ang le , 360 n, , by <f>, Eq. (44) reduces t o 

360 v +. . m^jL. U5) 

I f t h e tempera ture i s changed t o some new v a l u e , Eq. (45) Hi&y be w r i t t e n 

360 ^ ^ 
3 6 0 , 0 + ^ = ^ - (46) 

Subtracting Eq. (46) from (45) 1 the phase shift, </>, - <̂ z is obtained. 

^ = 3 § £ ^ r 1 - _ ^ _ ] (47) 

Solving Eq. (47) fo r (To)? o n e stains 

/Y = 360^^ n; 
iL2 3 6 0 ^ ^ - /TTTT^ (<j>- <|>J 

(48) 

By us ing t h i s method of approach, t h e t empera tu re of t h e sound conducting 

medium may be determined; t h e only requirement i s t h a t t h e phase angle at 

some s tandard tempera ture i s known. 



FREQUENCY FOR ZERO PHASE-SHIFT METHOD*— A second, somewhat more s i m p l i ­

f i ed approach may be made t o t h e problem. As before 

x t>> N ° + * " W7^ U9) 

and 

x 'O-c 
N + ng - " fc (50) 

° iTz fT2 

In the previous derivation, the frequency was considered constant and 

(n-j_ - n2)3^0 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 Eq. (50) from Eq. (49) as before, Eq. (51) 

is obtained. 

nn - n 9 = - ^ r J-T- i - - ~r-zr~ V - ° (51) 
jlye ( 7 T ' \T^2 ) 

Simpl i fy ing , Eq. (5 l ) becomes 

</? - 7 1 (52: 

When applying this second method, the frequency for zero phase 

angle at a known temperature would have 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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EXPERIMENTAL CALIBRATION 

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

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

cuit used in the experiment. 

Audio 
Oscillator 

=1 Adiabatic 
Box 

•~j VacL'im Tube 
I Voltmeter 

Oscilloscope 

U-
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 output 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. 17. 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 a i r in the box had to be observable so tha t the predicted temperatures 

could be checked. Third, the box had t o be designed t o have good sound 

absorbing qua l i t i e s so that no standing waves would be reflected from the 

walls of the box and in ter fere with the phase angle observations, Fourth, 

the heat t r ans fe r between the box and outside a i r had to be kept to a mini­

mum. Fifth, the in tercapaci t ive coupling between the transmitt ing and r e ­

ceiving c i r cu i t s had to be a minimum. 

The f i r s t of these requirements, varying the temperature, was sa t ­

i s f ied by l e t t i n g a hot a i r blower c i rcula te hot a i r into the box. The 

blower i s shown in Fig. 18. I t was found that in order to reach a con­

di t ion of thermal equilibrium in the box, a Variac var iable transformer 

had to be inserted in to the 110 volt a l ternat ing-current l i ne in ser ies 

with the blo?«rer-heater. The temperature of the a i r 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 t o , but not between, the ear­

phones. 

F.G. Tyzzer and W.C.Hardy J point out that f e l t i s an effective 

vibrat ion absorber and i so la to r for frequencies in the audible range. To 

sa t i s fy condition th ree , then, the box was lined with soft , half- inch 

th ick indus t r ia l packing f e l t . During the performance of the experiment, 

i t was fe l t that some reflected waves might be producing erroneous data, 

so the box was completely f i l l ed with soft raw cotton (except for a chan­

nel between the phones). However, i t was found that t h i s was unnecessary 

and the fe l t was producing sufficient absorption. 

Aluminum f o i l was placed between the fel t l in ing and the inner 

wall of the box to minimize heat t r ans fe r . The fo i l produced adequate 

insula t ion . 
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Capac i t ive coupling was t e s t e d for by covering the r e c e i v i n g ea r ­

phone while t h e t r a n s m i t t i n g earphone was o p e r a t i n g . The major p o r t i o n 

of any i n d i c a t e d output would t h e n be caused by s t r a y c a p a c i t i v e coup­

l i n g . Bonding t h e aluminum f o i l l i n i n g t o t h e r e c e i v e r mountings and 

phys i ca l l y s e p a r a t i n g t h e input and output c i r c u i t l e a d - i n w i r e s , t he 

c a p a c i t i v e p ick-up was e f f e c t i v e l y reduced. 

A cut-away ske tch of t h e box i s shown i n F i g . i 

Plywood 
Aluminum Foil 
Felt 

Figure A 
Box Wal l 

The mountings for t h e r e c e i v e r s were cons t ruc ted so t h a t t h e 

d i s t a n c e between t h e earphones was v a r i a b l e . The faces of t h e ea r ­

phones were p a r a l l e l at a l l t i m e s . 

The s i g n a l gene ra to r was a Hewlett Packard Audio O s c i l l a t o r . 

I t s gain was r a i s e d so t h a t t h e Lissa jous p a t t e r n on t h e o s c i l l o s c o p e 

appeared as two p a r a l l e l l i n e s . The in -phase cond i t i on was achieved by 

a d j u s t i n g t h e frequency of t h e o s c i l l a t o r , and was i n d i c a t e d on t h e o s ­

c i l l o s c o p e by a co inc id ing of t h e l i n e s forming t h e s i d e s of t h e e l l i p s e . 

F i g s . 9 and 10 show t h e in -phase and ou t -o f -phase c o n d i t i o n s . 

The vacuum tube vo l tme te r was inc luded i n t h e c i r c u i t so t h e 

output of t he o s c i l l a t o r could be ad jus ted t o t h e same i n t e n s i t y a t each 

frequency s e t t i n g . Then fo r va r ious t e m p e r a t u r e s , as i n d i c a t e d by t h e 

m e r c u r i a l thermometer i n t h e box, t h e frequency for zero phase - sh i f t was 
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noted. This data is shown in Table 1. Upon analyzing the data it was 

found that the quantity —p= was a constant as previously predicted in 

Eq. (52). The data is plotted in Fig, 11. 

The experiment could have been further refined by using some 

other type of thermometer, perhaps a thermocouple or low range mercurial 

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. 

1? 

The error which might be expected in the term-^ is now investi­

gated. Eq. (52) may be written from Eq. (52)f 

V t <JV 
= A t J A 

where A is 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 involved in determining the frequency, and 

dT is the error involved in finding the temperature. It is seen that 

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

A= f^r (U) 

and placing in total derivative form, Eq. (55) is obtained. 
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Taking the derivat ives 

dA * j ~ d& -^ —J* dr (56) 

on the audio oscillator, the frequency could be read to 5° 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 30° degrees Centigrade and 

the frequencies were all about 4.000 cycles per second. On this basis the 

expected error was computed, 

J*'* & ±EJ^]'f0" - **3' (57) 

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

,- J*. - , _ ±JL*1 , 993 ; (58) 

As seen in Fig, 11, the experimental data is well within this limit. 

A second experimental method was pursued wherein the phase-shift 

was applied directly. The experiment was designed to make use of Eq. 

(4-8). 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.8. Lion. ̂  

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-



t a r i l y by each of the two signals being compared, the geometrical angle 

between the pips being the unknown phase angle. 

In addition to these oscil loscope methods, a direct reading phase 

angle meter has been developed by the Technology Instrument Corporation. 

This meter i s shown in Fig. 21 . I t was used in measuring the phase angle 

needed in applying Eg. (48). 

The following information i s taken from the ins t ruct ion manual 

which accompanied the Technology Instrument Corporation 320A Direct Head­

ing Phase Meter: 

The operation of the phase meter i s based on pulse methods. The 
two signals being compared are converted into a ser ies of pulses . 
The time displacement between the pulse t r a i n s i s indicat ive of 
the unknown pulse angle. The pulse t r a i n s are fed into a f l i p -
flop c i rcui t which measures the r a t i o of time displacement t o the 
pulse r epe t i t i on r a t e . For a given phase difference, t h i s r a t i o 
i s independent of frequency. 

The method of hooking up the c i rcu i t employing the phase shift meter 

i s shown below in Fig. 5. 

Audio 
1 Oscillator 
. 

The oscilloscope was included in the c i rcui t to give a visual indicat ion 

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 se t t ing of t r a n s ­

former which was in ser ies with the blower-heater combination. A se r i e s 

of graphs were prepared beforehand which, for a given i n i t i a l temperature, 

Adiabatic 
Box 

Vacuun Tube 
Voltmeter 

Phase 
Meter 

Oscilloscope 

Figure 5 
Phase Meter-Adiabatic Box Circui t 
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predicted tiie new temperature for any observed phase shift. This data is 

given in Table 2 and is plotted in Fig. 14* The experiment was performed 

using different initial 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 this 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. 

r = (59) 
£ C — DA <p 

Where: 

K= 360 X~OJTX 

C = ii = 3 6o-a:z> 

(60) 
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By simplifying and differentiating Eq. (59)» Eq. (61) is obtained. 

rk [z ' i d(t> 1 dTt = D^ ̂  (61) 

If values which resul t from taking the i n i t i a l temperature as 540 de­

grees Rankine, the frequency as 3500 cycles per second, and the d is ­

tance as .156 feet are assigned to K, C, and D, then K - 4.525 x 10 ; 

z 

C =.196 x 10 ; and D = 1135* These values for the i n i t i a l tempera­

t u r e , the frequency, and the distance are taken from typ ica l runs. Us­

ing a fu l l scale deflection of 180° on the phase angle meter, the phase 

angle could be read t o the closest two degrees with accuracy. There­

fore the term <JA<f> in Eq. (6l) i s taken as two degrees. In a typical 

run, a phase angle of 10.266 degrees was observed for a temperature 

change of 70°, the i n i t i a l temperature being 540 degrees Rankine. Sub­

s t i t u t i n g these values in Eq. (6l) dT2 i s 9»25 R, an error of about 3$. 

In ac tua l i ty , t h i s i s probably higher than the actual error since the 

phase meter could be used, for most conditions, with a ful l scale de­

f lec t ion of 36 where the phase angles could be determined to the near­

est quarter of a degree. In Fig. 12 i t i s seen tha t the actual error 

did f a l l within these l i m i t s , 



CHAPTER 17 

EXPERBOTTAL 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

quency of sound needed for zero phase shift at some fixed distance. In 

this section, these ideas are directly applied to the temperature mea­

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 moving 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 

occurs. 

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

stationary air mass. Fig.6 shows this condition. 

A A - A" 

/ y B B1 

y • 
— -" ! • !• y 

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 originally 

radiated from position 0. When the sound is at A, the walls have moved 

to position 1 and have started to radiate a new wave. When the wave 

which originated from 0 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 

BT 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 betvreen 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), (4-7) and (4.3)) 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. 

15 

A somewhat less intuitive approach may be followed. Young de­

rived the following equation when considering the matter of Doppler effect. 

Jo 
I - I C0

uo Co "o J (62} 



where: 

\? «original frequency 
"it'* observed frequency 

U>t£ \AJQ = velocity of sound source 
U, v/f IA>, = velocity of observer 
•*i ir^ur^velocity of medium 
_x ̂ TT7 ̂r? = 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-

->) 
pier sh i f t , ~ , , may be determined. In our case, the observer and the 

sound source are fixed. Therefore, U0, V0, U-p W0, Ŵ  are zero and %,'=/• 

The sound generating and sound receiving apparatus i s set up in 

the two dimensional jet in the nine foot wind tunnel at the Daniel Guggen­

heim School of Aeronautics. This i s shown in Fig. 22. The method of find­

ing the stream temperatures follow the frequency for zero phase shift 

method. 

The purpose of t h i s experiment was to see i f the phase shift sys­

tems would work with a i r flowing between the phones. Since the Mach num­

ber in t h i s experiment i s so low, the temperature recovery factor i s a l ­

most exactly 1.0 and a stagnation temperature thermometer wi l l give an 

accurate measurement of the stream temperature. Therefore, to check the 

resu l t s of the phase shift method, the stream temperature was determined 

by stagnation temperature measurements and by using the equation 

\A 
t 

Ce X * CP T5T„ + ^ (63) 

The temperatures computed by t h i s method 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 taken 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 tunnel 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^ 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 temperature 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 ratio to a 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 t r a ce on the osci l loscope. The distance used in the experiment 

was about one inch. 

The r e su l t s shown in Fig. 13 es tabl i sh the fact that the phase 

shift method may be applied to the case of slowly moving a i r and very 

th in 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 subsonic apparatus. 



CHAPTER V 

APPLICATION TO TEMPERATURE MEASUREMENT IN SUPERSONIC WIND TUNNEL 

From t h e s t a r t of t h e experiment t h e r e was some doubt whether 

sound would ever t raverse a supersonic stream. Therefore, the re f rac t ­

ing effects of the veloci ty and temperature gradients in the boundary-

layer are invest igated. The re la t ionship between the speed of propaga­

t i on in the medium, the veloci ty of the medium and the angle of re f rac­

t ion i s , from opt ica l considerations 

where: 
a is the velocity of propagation 

U is the velocity of the medium 

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

This equation, developed by Lord Hayleigh , is applicable in the case 

of a moving medium and changing velocity of propagation when written 

between any two points in the field as shown in Eq.(65). 

^ * U = -^ + o (65) 

<5in&l ^» Sin e t
 f U* 

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 temperature in the 

stream may be found from the adiabatic relationship. 
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(66) 

and the angle in the stream, ©2> m ay ^e ^ o u n ( i b v considering the 

figure below. 

Ma 

V 
Figure 7 

Angle of Ray in Stream 

If the temperature of the a i r adjacent to the wall i s considered t o 

remain at the equilibrium stagnation temperature during the run, Eq.. 

(65) may be solved for Q-j_, the angle at the wall for different Mach 

numbers. These calculat ions are shown in Table 5 and are plot ted in 

Fig. 14. This graph shows that there i s no Mach number for which 

there i s complete refract ion in the second boundary layer . 

The refract ion in the second boundary layer may be investigated 

from another standpoint. Eq. (65) may be solved for the Mach number 

which g ives a Q-̂  of 90° at t h e w a l l . 

< 3 - ^ 

a = 0, (67) 

or 

u 
z. 

Sin e t
 wz 

°-- - — (68) 51 n © z 

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

M = 3 - _J- (69) 



Considering Fig. 7, Eq.. (69) may be rewritten. 

3? 

M.= ,13 1K±i , r-7T^r- J^¥' (70) 

Now the only var iable i s the stream Mach number. 

/( l[ | i) l_ c^r-')) M / - «/< - Or*'M* * / - * (71) 

Eq.. (71) may be wri t ten 

A^y^c^o]^^^^rr-;j^/^ (72) 

from which i t i s seen that only imaginary solutions exist for M. This 

substant ia tes Fig. 14. 

If no sound passes through the f i r s t boundary layer , i t would be 

impossible to receive sound across the tunnel . If conditions at (1} 

are the wall and at (2) are the edge of the boundary layer Eq. (65) may be 

rewri t ten 

a , + O 
/3v** 0t 

.̂ *- (73) 

since U^= 0, 92 * 90 » Qnd eimplying Eq. (73) i t i s seen tha t 

T , 
TZL 

s 1V1 & 
M (74) 

Substi tuting 

IT '~v- (75) « I -h *1J K 

into Eq. (74), Eq. (76) i s obtained. 



..-

V — ^ = / +MZ (76) 

The limiting case occurs when 0]_ c 90°. Under this condition, the sound . 

leaves the source and is carried downstream in the boundary layer. Then 

solving jiiq. (76) for the Kach number* it is found that 

Mz *o, -25 (77) 

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 Kach 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 analysed. A 

General hadio oound 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 second. A 

graph was plotted of the percent of this intensity occurring at frequen­

cies throughout the spectrum and is shown in Fig. 15. 

In both the frequency for zero phase shift 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. One unit was the sound trans­

mitter, a fifty watt trumpet-type speaker-driver, and the other two units 

were magnetic earphones used as sound pickups. One receiving unit was 

mounted directly across the tunnel from the transmitter ana was used to 



find the i n i t i a l conditions. The other earphone was mounted four inches 

downstream. This arrangement i s shown in Fig. 8. 
1 

Receiver 1 [ 

Receiver Z [ 

T 
Speaker 

Figure 8 
Mounting on Supersonic Tunnel 

Fig. 23 shows the method of mounting the uni ts in the tunne l ' s wal ls . 

The second receiver was mounted downstream because as the sound 

t raverses the stream i t i s carr ied downstream. Since the sound i s being 

propagated with the velocity a, and the stream i s moving with the veloci ty 

M«a (where M i s the Mach number of the stream), i t i s 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 i s shown in the 

following equations. 

distance across tunnel = a x t (78) 

distance downstream = Mxaxt (79) 

Therefore, Eq. (78) and (79) i t i s seen that 

t = (d i s t , across) /a = ( d i s t . downstr)/Ma (80) 

If distance downstream i s solved for, Eq. (81) i s obtained 

distance downstream - M(dist.across) (81) 

The transmit t ing and receiving apparatus was in s t a l l ed in the 



Mach two nozzle of a blowdown type supersonic wind tunne l . The nozzle 
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was designed by William D.McCauley for a Mach number of 2.05 and was 

found in previous t e s t s to be within one half percent of t h i s design 

value. 

The frequency of sound used in t h i s experiment was in the range 

of 500 cycles per second since the tunnel in tens i ty at t h i s frequency 

was r e l a t i ve ly low and the efficiency of the earphone was good in t h i s 

range. A bandpass f i l t e r with a sharp cut-off and high reject ion was 

used to achieve an adequate s ignal- to-noise r a t i o . The f i l t e r used was 

a General Radio Sound Analyzer. This was the same unit which was used 

in the frequency spectrum determination. 

The c i rcui t used i n the experiment i s shown in Pig. 9, 

Oscilloscope F i l t e r 

Mi 
.IT I Ik 

IAmplifier 
50 flfatt _ Audio 

Oscillator 

Figure 9 
Circui t for Supersonic Experiment 

The frequency for zero phase shift was noted with receiver 1 in the cir­

cu i t , with the wind off. The stagnation temperature was noted also at 

t h i s time. Because of the very sharp charac te r i s t i cs of the f i l t e r , 

at each frequency se t t ing of the o s c i l l a t o r , the f i l t e r was readjusted 

u n t i l a peak was noted on the meter in the f i l t e r . Then the f i l t e r was 

passing the frequency which was being transmitted. The temperature of 

the stream was estimated by means of the adiabatic re la t ionship and the 

frequency corresponding to t h i s temperature and the i n i t i a l temperature 

and frequency for zero phase shift was computed by Eq. (52). Using the 
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front receiver, the f i l t e r and o s c i l l a t o r were adjusted to t h i s com­

puted frequency with the wind off. The rear speaker was then switched 

into the c i rcui t and the tunnel was run. The spacing on the t r ace of 

the scope was noted. The procedure was repeated for various , the 

spacing of the t r a c e on the x 0 axis being noted each time. 

The data are given in Table 5 and are plot ted in Fig. 16. The 

plot i s extrapolated t o find the frequency for zero phase sh i f t . The 

temperature predicted by the re la t ionship 

P = / * *~ M* (82) 

is 293.3° for Mach number 2.0 and stagnation temperature of 537° 

Rankine. The temperature found by the frequency for zero phase shift 

method is 325 Rankine. 

If the extrapolation of the graph in Tig. 16 is to have any sig­

nificance, the general form of the equation connecting the spacing and 

the frequency must be obtained. The signal input to the x-axis may be 

written 

sX = M sOc~? ^°^ 
(83) 

and input to the y-axis may be wri t ten 

The distance measured i s actual ly the difference between the y coordinates 

at the two x 0 pos i t ions . Therefore at x = 0 

U)-t - O W ~ k. soesr? <p 

1 (85 
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and the spacing on the t r ace , y~ - y-w becomes 
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(36) 

(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 frequency by Eq. (Al). 

Therefore 

4 * ***> + A* (88) 

and 

J - p A, (M3 * + K) 

This means that the spacing is a linear function of the frequency 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 d 0 axis. The frequency obtained is U20oj 

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 equation may be written 

iPi -- £= (90) 

where: A= —L = const. 
^ 



A + dA 
where, as before in Eq« (56) 
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and 
iJz. + J-^z (9D 

^ / 5*0 (92) 

Therefore 

" X J ^ y - ZF * (j&TTzse) 'i&* * A3 (93) 

A band of this width is plotted in Fig. 16 and it is 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 output of the speaker 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 diameter 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 a i r may be determined with a f a i r de­

gree of accuracy by the electronic phase-shift methods described in t h i s 

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

t ion method applied in the supersonic case, a continuous and ins tan ta ­

neous record of the mean stream temperature can be obtained. This method 

i s more preferable than a cal ibrated thermocouple since i t i s independent 

of the heating effects of the wall and may be used even while a model i s 

being tes ted . 

With some further development, the apparatus might be used in 

boundary layer measurement. The temperature measured i s necessari ly a 

mean temperature; i . e . including the temperature gradient in the boun­

dary layer . With an approximate knowledge of the temperature p ro f i l e and 

thickness, £ , the deflection of the zero streamline, might be i n v e s t i ­

gated. 

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 method, more damping would be helpful in the phase angle 

meter since rapid temperature f luctuat ions made the meter needle f lue-
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tuate rapidly and a mean reading was sometimes difficult to obtain. 

This very quality, however, might he put to use by including in the 

circuit a continuous recording device which would show these fluctua­

tions. In applying the methods to the temperature measurement of super­

sonic streams, a driving unit of sufficient durability should be used 

because the diaphragm is subjected to sharp pressure fluctuations. 
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