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Measurement of Repid Temperature'Fluctuations
K in Pulsating Gas Flow

by
Richard ¢. Lefaber
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ntroduct

The purpose of this paper is to reveal the work carried out
in an attempt to find a method for measuring the time variation of
tenperature throughout the cycle of a pulse jet engine, The problem
of measuring such temperature has not yet been satisfactorily solved,
as far as we know; obviously, the knowledge of instantancous tempera-
tures is of vital importance in the invustigation of pulse jet engines,
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This paper offers a detailed exposition of techniques and work
carried out in a study of this problem with particular referédnce to a ;
method propocing the use of an yltrasonic beam for measuring gas tem-— O
peratures as suggested by Profeassor I, Fankuchen of the Polytechnic -
Institute of Brooklyn.

The solution of the problem must meet two main requirements.

It is imperative that the temperature measuring system be able to follow
the instantaneous temperatures with negligible time lag as the repetition
rate of the pulse jet engine under investigation is 200 c.p.s. Further-
nmore the system must be able to withstand the high temperatures occuring
in the combustion chamber of a pulse jet engine, while at the same time

not interfering with the gas flow. All of the conventional temperature

measuring methods must therefore be discarded,

Since the traneit time of sound passing through a medium is a
function of the temperature of the medium umong other parameters, it was
suggested that an ultrasonic beam be used to measure gas temperatures.

For the short path-length involved, the time lag is negligibtle,
The radiating and receiving transducers can be plared so thet they do not
interfere with the gas flow and so that at the same time they are ex-
" posed only to the relatively low temperatures at the corbustion chamber

walls, If necessary,additional external cooling of the trandducers may N
be applied, <
The practicability of the method was from the very beginning :

doubtful, and discussions of the problem with several experts in the

field of ultrasonics were discouraging, Mr. S. Young White, consulting

engineer of New York ¢ity and Mr. Edwin E. Turner, Assistant Chief En~

ginger of the Sulmarine Signal Company, Boston, Mass., as well ac many

others, pointed out that in order to solve the problem conflicting re- 4
~ yuirements had to be fulfilled, Y
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The three ma jor problems were the construction of a suitable
ultrasonic generator, the practicability of transmission through high-

ly turbulent flow, and the evaluatlon of results.

Difficulties were

further augmented by the fact that literature concerning the trans-
misaion of uitrasonic waves through gases is virtually non-existent.

Notwithstanding the discouraging outlook investigations were
begun ulong the following lines: (1) the development of an experi-
mental supersonic generator to facilitate final design of the trans-
ducer, (2) the investigation of energy trangmission in turtulent flow,
(3) the construction of the final transducer, and (4) measurement
of temperatures in the cuabustion chamber of a pulse jet.

The results of the investigation under (2) were, as was to be
expected, negative, Further consideration of (4) indicated that the
variables involved in the mensurements would not be separable, and hence
that even 1if it wvere possible tc trancmit encrgy through the turbulent
gases, the results would still be a function ot only of the temperature
but also of an undeberminate function of the velocity and density of the

combustion gases,

Analysis of the Problem

The fundamental fact upon which the methoed is based is that

the vleocity of sound varies acc. 'ding to the following equation:

where

o

further the equation of

P =¢

vhere

It 1, readily seen that
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flovw where

GUA = constant

the transit timo of ultrasonic signals passing through the chamber is
a direct measure of the {nstantaneous temperature, However, the dis-
tribution of the various combustion gases in the combustion chamber
during the operation of the pulse jet is irregular and is an unknown
function of =~ space and time, The gasos involved are not ideal and
furthermore the flow is pulsating ; thus the contimiity equation

SHOM +E- (o ) = 0

must be sol}ved for the unknown density and veloolty distributions, It
ig doubtful that any assumed distribution of the above parameters would
give gufficiently accurate results for the conversion of transit time
records into lustantaneous temperatwures.

gholce of Qrerating Frequency:

The repetition rate of the pulse jet is 200 c.p.s. It is de
sired to have at loast ten measurements per cycle. As will be shown
later, a high mechanical Q is essential for high efficiency in the
transducer. If we assume a comparatively low value of 40 for the mechani-
cal Q, the dissipation 1s

6= &=l g,157

and the original amplitude will fall off 63 after

n=_L_ ¥ ¢ cycles

Since the total signal should last at least tiwice the build up and decay
time, the minimum pulse duration should be twenty-four cycles, Using
2000 pulses per second (each having a pulse width of 24 cycles) a carrier
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of 100 k.c, 8till leaves a convenient interval betveen pulses and is :
a reagonable frequency if the Q ¢an be kept sufficiently low, This )
consideration snows that to mairtain & reasonable carrier frequency
cne must sacrifice efficlencys For comparison, a typical value used

}i in underwater cound detection is Q = 180,

.g} .
2 The Supersonic Generator: i
;:E The main factor in datermining the most suitable supersonic :

generator was the operating temperature of approximately 1500%,
- Plezo-eloectric devices were discarded because of the low Curie points
- . of the various orystals and the impracticability of cooling. Electro-
* dynamic transducers siere also discarded because of extremely low aefficien—
N cles at the high frequencies involved. Because of high Curie polnts
e (1000% for vanadium permendur and 360°C for Nickle A) and the possi-
e bility of cooling, magnetéstriction transducers proved to be the only
e possible solution, although they do not lend themselves well to generation

-~ of sound vaves in sir because of poor impedance match between the irans-
¥ ducer and the air,

ko Initisl attempts to construct transducers with Permendur

» were unsuccessful becauss of fabrication difficulties. Later attempts

i with Nickle 4, annealed for one hour at 900°C were pore successfil,
Even though nickel has a lower Curie point, it ls more desirable than

Permondur becuuse of its superior magnetostrictive and mechanical charac-
teristics.

TR e

., An experimental transducer was built to operate about 10 k.c.

-~ . so that a standard commercisl microphone could be used as a receiver,
The magnetostrictive element consisted of a single nickel tube,
Experimental evidence showed that the increased efficiency to be expected ;
from slotting the tube to reduce eddy ocurrent losses were overwhelmed "
by losses due to parasitic vibrations. Slotting was therefore omitted,

o The rediating element was a light rigid aluminum disc. Polarization

p was maintained by extermal D.C. excitation,
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The experimental transducer was used to obtain basic design R
data for the final transducer and to ipvestigate the possibility of :
transmission in non-steady turbulent flow, T¢ evaluate ihe experi-

montal results, some theoretical aspects concerning the efficiency of ‘
magnetostrictive transducers were considered.

P .
-,

Analysis of Magnetostrictive Transducers:

, The analysis of magnetostrictive transducers were carried 1
b v out as follows, '




) The buagic energy equation of magnetostriction is
2

1 e 2 g B

P e - ens o 5 4

0 R

where _j
RN

W = potential energy per unit volume na

HE = total nagnetic field intensity

B = total magnetic induction

8 = gtrain \._E:

£ = magnetostrictive coefficient _

E = Young!s modulus ii

N

Hence the stress and the electric part of the field are -
S N R

O =(§g)p = ~¢B +Es i

- Wy =y o N

Hy = 47 @E)s H - 81eBs

if A=2: By By = polarization
then ,
G= -\B + Es L

Hy= H =« 4r)s -1
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where x 18 a complex factor accounting for the eddy curront losses:

% 7
X = X0 = xn-ij

Values of X and X; are tabulated in"The Design and Construction
of héagnetostriction Transducer?, (N.D.R.C. Summary Technical Report,
1946) .

If forces Fq and Fo act on both ends of the magnetostrictive
rod of length 1, cross~sectionsl area s, and density ¢, then

¢ 2
dl - PB - \B
H = Hy - 4w)s
G = «=AB + Es
2 ]
§ = B, - ATAEXG2-Y) o3
1 N X

54
where Z_= is the average strain, and further

1
Q&dszdxz.@ dx
ate &x
T
SR dx
qazfx . 4R
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whera v stands for velocity. Hence

S
Jwedvt

Vobvy - k1l
4 Sin kl J.JBJ

2
= A\ a;
Fy = A8~ ‘—{*-I—J-‘-v—i-ﬁ-’-‘- (vatVy) - § eca(vycotan k1 + vycosec k1)

LR
F, = A8B ;= -é—.-.;-w%l (v2+vl) -3 gca(vlcosec k 1 + v,cotan k 1

= 45N
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The electric impedance may be vonsldered to be made up of
iwo arbitrary parts: the core impedance Z,, resulting fror: the

magnetic flux passing through the core assuming no air gap; and iy

that part due to loakage, i.e. dus to all of the flux passing through %

the air. >

Z_ = + 2 ;:

@ zl [} -

7 o w4n'N2aux ;f

¢ , 1 S

;

Letting =Y

a - gﬁliﬁux ?

.

then -

E = (2,47 )T + GV, + GV 3

| ( 1 c) 1 2 -
= tan k1 g4, g :2:

F, = ~GI~(J ¢ce cotan kl + Zo)vi - (J pca cosec kl + Zc)vz 2
| >4
F, = -] g g 5

5 7 =GI-(§ ¢ca cosec kl + =) v - (§ pca cotan k1 + 7 )v2 -

¢ ¢ :

If the following transformation is made

Fy = le Fy = Jep

il

vl jil v2 = ji2

the mutual terms of different signs of the matrix, characteristic of -
magnetostriction, take on the same signs and hence the electroamechenical P
- system may be represernted by means of an equivalent circuit,

.
.
]
]
]
)
.
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E= (2 + 2,1 + J6i + Joi,

2 2
e = {61 - (§ ca cotan ki + -glc) 4 - (§ ¢ ca cosec k11 + gz-c)iz

§2 gz
ey = JGI - (§ g ca cosec kl zc) 12 -~ (Jgeca cotan k1 + Zc)i2

One can shor that the equivalent circuit is as in Figure 1.

&

Z12=Jgaca cosoc k1l + Z
- = o ¢ '
,.u-zm jc;cata.n-ikl

Clamping the rod at cone end v, = 0O, ‘i& = 0, Thus if we
open circuit the ocorresponding end ot‘l‘t.he equivalent circuit, we 1
obtain the equivalent cirouit for the rod clamped at one ond (1 = -z,\).

The transducer will be operated at resamn'xciazirc‘:‘!ﬂ'éﬁ5

and thdrefore the dis-
tributed parameters can be replaced by serieS circuits (Fig. 2),

In Figure 2

tube = J%R eee oquivalent lumped mass of the vibrating olement
=E8
K 1

ees oquivalent lumped static stiffness

o3[
o

M ees mass of the radiating piston
Ry,

ess Tradiation resistance of air
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The electric input impedance is given by
2

Zy =Ry + X1 =12_+
i i - -
Zm+ Zl

where
zem is the mutual impedunce

2, is the electric impedance

Zm is the mechanical impoedance

ZL is the impedance of the load

The efficiency can then be stated as

'q:& Zem 2

e —-———-ﬂ

By oy

The motional impedance (if the electric side 1s open circuited) is

2
=9 -7 =__@en,.
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vhere N and X are thoe equivalent lumped mass and stiffnoss respectively,

The efficlency at resonance is

124 = 2ql

I"
| ras © -
R A
i Zn * 7
Ifw= Vo then

Zp+ %, =R +R

Hence
:zz !
’Y‘ = l'-' —-ﬂ; (l - —ﬁ—)
res Ry BIR By + Ry
where
2
Z& = + -lG
’ A).m + RL
Rm eess mechanical dissipation
thus
1 __Ry
m =
Lres ™ 1ip _@ Rtl
IZ
2,.
- A Ro““m"%) . oy
¢ 2 22 2 2 - 2
e (41)"\a 2 szcQ %o
*1
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and k, the magnetostrictive coupling, is

Tho final expressicn for the efficiency at resonance 1is

- = : - By
i Troés Ls 1 [ 1 Rm+ RL]
K0 %

%

If we know the magnitude of the mechanical dissipation, the efficiency
can be computed. The first term of tho efficliency oxpression dapends

largely on tho material constants and mechanical design, but the scecond
factor can be casily altered by changing the area of tho radiating face.
The following is an investigation of the variation of Tlreswith regpect

tORL.'
res Ry(RytRy)  Ry+R,

let
Ry = %y
m = -x.—o a
i x+1 Q- L+X
- 12 «




ir
2
a=k fg Q,Q
*
g—b .....—“—— - = 0
- O =
X+l atl+x
and hence

_.... .._.......-4- -

x-2a["“"l+ v(0~1)+-’oc(0+l)]

If we moasurw the mechanical Q, R, can be computed. Knowing the

value of Ry, the optimum rudiating surface for highest officiency is
determined, with the optimum dimensions of the radiating disc the

final mechanical Q and the efficency at rosonance can be computed,

If the dimensions of the radiator are rostiicted by other requirements,
ths mechonical dissipation can be veried by the adjustment of the
clamping, Fxperiments showed that maximum radiaticn wes casgily attained
by ac usting the tightness of the oclamping.

The mechanical ¢ can be measured indirectly by determining the
decay factor 8, Mechanical parameters of the transducer must be measured
with the electrical sido open, The arrangement shown in Fig. 3 was used
to determino 6,

The transducer was excited with a Hewlitt-Packard oscillator.
A "Millisech relay, driven by a second oscillator, was connected into
the circuit so that the relay in seriep vith the exciting oscillator
acted as a squaro wave gonerator, Radiation cof the transducer vms received
by a microphone cornected to an oscilloscope. The sweep of the cecillo-
scope was synchronized to the csciilator driving thc relay. Vith the
relay open, the electric side of the transducer is open circuited and the
deocay factor of the period corresponding to the cpen state of the trans-
ducer can bu moasured,
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The experimontal transducer was polarized with approximately

By = 3600 Gauss at Hy, = 10 Oersted, The wall thickness of the Nickel A
tube wae 0,001 in 0,0025 cm and the outside diameter was 0.95 cm,. The
driving frequency was in the vicinity of 10 k.c. at the rescnant fre~
quency of the tranasducer, The diametor of the aluminum disc radiator was
large enough (3 cm) to keep the radiation impedance approximately chmic,
Frcm the experimental data @ was calculated to be 0,164, and therefore

=21/5:
LR TR

The other parameters of the transducer were:

2

i

crogs-gocticnal area of the mugnetostrictive tube a = 0,00748 en

12,2 e

length of magnetostrictive tube 1

equivalent lumped statlc stiffness X = 12 .Qii = 0.15 x lolodyn/gm

where E = 2,08 x 107 at Hy = 10 ocersted

equivalent lmn‘pod mess off the tube My e = 0.396g
equivalent lumped mass off ﬂme disc M dise = 0.85¢
equivalent 1ugped total mase M = 1l.246¢g
radiating face ay = 71 cn®
radiaticn resistance R, = §ayp Cair &y = 290 ohm

at 20° end 7% cm of mercury
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A= 1.6 x 10%ymes/y @? for H_ = 10 oersted
M= 64
k=031

nunbar of driving turns N = 540

OH
1t

0.75

fl

XI 0.2
x = 0.7
W Nauzg o

1

L)
Q
i

it

R, = Wy Napxp Na ,

T 33.2 ohn

= 3¢5

o
it
R ta

with thefe values the mechanical dissipation 1s
R = m = 866
m : ~Ry = olm

It was assumed that for transducers of simllar construction
this value would remain approvimately the same and could serve as a basis
of design. For a given Ry one can calculate the optimum dimensicns for the
radiating surface with the given paramsters as was shovm previcusly,
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;‘ » With the given parameters
:: . ) 2 X5
S 8 =k —qq = 357
3 ' | 5
R
x = 0064 = wn
5 Rpy
: the optimum radiation resistance therefcre is
RL = 0.64 Rm = 554 ohm
. end the optimsl area

ti

g - & L . 139w

§ air atp

and hence the optimum diameter of the disc is 4.2 em,

PPt her el ...

Using this diameter the new parameters are
L M g 1,36 g
- | = 10756 g
2
B
& .
-:: Q = 37.7
y L
p Tho efficiency with the optimal radiating surface is NS
9 l
E " = 0.37 o
e - lres ~
g -
h] e
1 o
: - 16 - N
X o
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These computations indicate & rapid methcd for the design of
magnetostriction transducers vhen high accuracy is not required, The
first step in the design ¢f a new tranaducer therefcre vculd be the
measuremont of the mechanical dissipation of a similar type transducer,
Then the proper relationship betweoen the radiation rosistance and mecha-
nical dissipation for optimum efficiency is calculated. The area of
the radiator thus determined, the othor requirements for the aimonsions

- of the piston must be consldered, such as those imposed by the desired
regiaticn pattern, If the discrepancy between the two values obtained
i3 nct too great, the latter diameter may be selected and the clamping
asdjusted empirically in order to bring the mechanical dissipatdon to the
optimum velue for maximum efficiency,

The efficiency, however, is nct the cnly factor affecting the

choice ¢f the radiating surfaco, The ultrascnic beam dragged by the

- combustion gases wili be deflected up and dewn the combustion chamber
at velocities which may approach that of sound in the medium., Therefore
tho beam may be deflocted as much as 45° from its initial position.
Hence it is necessary to produce an ultrascnic beam having a divergence
of approximetely 90°, The divergence of the beam, which is a functicn
cf tho diameter of the radiating surface, can be found by computing the
radiaticn pattern for a pistcn radiating transversally intc a tube.

Directirity Pattern.

Figure 4 shows the notaticn used in the calculaticn of the
directivity pattern. The velccity potential cbeys the wave equaticn

2

9 ‘ + kz‘f =0
IR a8 .
4(r) = gu(e ) e 3% mn L
t‘h(Q) = AT (XS ) cos mé
vhere A is & normalization factor, ;tk
ii}
The boundary condition is fjﬁ
. ".::;
I 0 2
n (Kopf) = 2
. -
-17 - -
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The sclution of this equation is obtained by application of a Groen's
function method, The aim is to find an operator such that

’.:G(r. 'y (v 2+k2),$(r)d~: = 0

Ueing Green's theorem cne obtains

f 1
JAE ot et r]ar = I ot ate,s' ) Ao as
It

2 .
v G(r’r')+ k2 G(r’r') - —g (rnr')

and since

{5 (r-r'yay = 1

4

it followa .that.

A(r) = ([G(r,r'% firfas’ - {412 olr,r'yas
: n

'
!

The boundary ccndition on G is

o
it
o
(S
£)
n
-

We assume that

G(r,r') = Z ;Sn(@) ‘gn(@')".‘ltm 1228
n,m 2jm-nm
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vhere

This expression satisfies the homogeneous wave equation. To assure
that it satisfies the singularity at r! K wo investigate the following

expression

z'y 7 1. =jx !z'_.'g
g = l{g-d)=- 20% 1w Sl Vp(@)e o M
¢~ 237 nm

This is valld because of the orthonormality of the eigen-functions, since

2 A(8) () = §(v-¢)

2
—é everywhere on the bom;ldi.ng surface oxcept on the piston and hence
a?tor normalizaticn if 2z > 2 the velocity potential is

g5 Ven J'r‘x(kcnm@")"-Jxmmz
A(r)= ".gé&. o = .cos ng ! ‘ R cos ng' e ¥rn® dﬁ dz
m\ 2%y b (k( mR) n .‘u

on disc

If

Z =3 cos f.‘ '

b' = "‘"S &
R
a2"
b < Vi Tnlk @)e""nmz c 1 Doy cos
,an 4_) ._--r'rl leﬂ co8 n;ﬂ -ncos nG sin e on L 'd”.d“
nm cnm
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The numerical evaluaticn of this result appears to be so
involved that only methods of appreximation seem to be practical, 1In
tris case, howsver, it is reascnable to estimato the divergence of
the beam for an infinite beffle as the dimensions of the radiater
are small compared to the diameter of the ccmbustion chamber (a = 0,33 cm
for 100 k,c.) _

In this case the approximate divergence of the ultrasonic beam
is given by

e = ..15-2- = .l'-.-
pa2 3
if
a =3\

Honce for 90° conical divergence

e

B=v2 ¥ 1.4

This value was checked by the fcllowing experiment. A tube of sufficlent~
ly large diameter was formed of sheet aluminum and the transducer mcunted
as cn the ccmbustion chamber. A microphone, which gerved as the receiving
clsment, was adjusted 45C off the axis of the transducer on the opposite
side of the tube, Intonsity measurements were made with discs of
successively decreasing diameters, starting with a = 2.5\. The dise¢

with a diameter a = 1,8\ produced a sufficiently large intensity. Since
the efficiency is also i{ncreased with the increase of diametor this value
must be lowered scmewhat to[> = 1.5, This agrees reascrnably with the
experimental value because the tube evidently has a diverging offect,

Hence all diameters lower than 1,5 A will satisfy the directivity requirc-
ments, We note therefore that for the experimental transducer the diametor
fer maximum afficiency is less than 1.5 \ and requirementsg for maximun
efficiency and optimum directivity are both met.

Investigation cf Fnergy Transmission through Turbulunt Flow.

In order to investigate the possibility of transmissicn through
turbulent gascs the following experiments wero perfcrmed. The trans-
ducer and a microphone were fixed cpproximately 10 cm apart. An air
flow was ostablished between the microphono and the transducer perpen~
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dicular to their axis, by means ¢f a blowor, The intensity of

radiation was measured without air flow, in approximately steady flow,
end in flow scrambled with the help of various screens. Tho scroens
ccnsisted of cardboard sheets with concentrically crranged holes of
different size., The non-slotted nickel tube of the transducer was changed
. to a slotted one because the latter had resonant frequencies at € k.c.,
d 10 k.ce and 15.5 kece In this way investigaticns could be made viith
throo different frequencles., The intensity of radiaticn did nct change
appreciably with approximately steady air flow, The beam, however, was
practically oresed at all thr-~ frequencies when any cf tho screens were
used. It can therefors be ¢....luded that if the long vaves of the ex-
perimental transducer show such sensitivity tc scattering phencmena,
tranamisaion will nct be practical for the much sherter and thus moro
sensitive waves of the 100 k.c. transducor.

Conclusions

¥ At this stage of the development it became more and mcre
. evident that in the remaining time and with the available funds and
5 oquipmont the ultimate aim of measuring instantanecus temperatures
by ultresonic waves would not be attainable. The power cutput of the
transducer would need to be increased ccnsiderably above that used in
tho experiments in crder to cbtain appreciable transmissicn, (The order
of magnitude of power fed into the experimental transducer was 1 Watt.)
High power driving of the transducer, however, increases experimental
 and analytical difficulties tremendously. Analysis of high power under
water transducors rade by various other laboratories ylolded negative
. results. The permeability and the magnetostrictive coofficient no
longer remain constant, Cavitation phenomena also appear, and voltage
and current wave forms greatly influonce the power. At the same time
the difficulty of the contradictory requirement of high Q and high fre-
quency increases. Under these circunstances everything seems to suggest
the use of plezo-clectric crystals, but at the present time there seems
no way tc oliminate the problem introduced by high temperatures. Sensi-
tivity of tho roceiving ond must also be ralscd considerebly, and this
hes severe limitationa, Even if satisfactory tranasmissicn eculd be
establighed there remuins the problem of the cvaluaticn of the experi-
mental results. As pointed out ocarlier in thic paper it ig doubtful
that sufficiently accurate separatien of the variables could be made to
cbtein true temperature reccrdingo.
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