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SUMMARY

A theoretical analysis 1s made of the sensativaty of a pressure
pick-up of the strain-gauged centilever type and of the conditions for maximum
sensitivity. Two different configurations are treated end the effect of
tension in the diaphregm is also considered. An account is given of experiments
carried out in order to verify the analysis and to observe the behaviour outside
the range of validity cof the theory.

Suggestions are made for practical pickwup design based on both thecry
and experiment.and details are given of the construction of a miniature pressure
pick-up of the tyre considered in the theoretical treatment, in the design of
which the work of the earlier pert of the report has been used, ’

This pick~up unit is cylindricel, with overall diameter 1 inch and
overall length 2 inches, its weight being 1.9 ounces, It is designed to
operate in the range 0-20 p.s.i. and will record either positive or negative
pressures; 1t can readily be adapted for use over a much greater rressure
range. lnterchangeable pick-up heads are provided, with I inch diameter and 3
inch diasmeter diaphragms respectively. The latter can be used to give increased
sensitrvity with the same body-size vhen measurement of the mean pressure over a

relatively large srea will give the accuracy required,

A high sensitivaty has been mainteined, despite the reduction from
conventional size, by using the ocomponent damensions for maximum sensitivity
calculated from the theory.

The specially designed layout of the pick-up makes it exceptionally
easy to service, and in the event of strain-gauge failure a new head can be
fitted in a few minutes,



PART 1

SOME NOTES OW THF CALCULATIOM OF PRESSURE PICK~UP SENSITIVITY

AVD THE CONDITIONS FOR MAXTMUM SENSITIVITY




1.

2e

3

B

e

LIST OF CONTENTS

Introduction
Single Cantilever Type Pick-up
2.1l Theoretical treatment for small deflections
2.2, The effect of initial tension
2.3 Use of diaphragm with unclamped cdge
244, Corrclation with expeoriment
Twin Cantilever Type Pick=-up
3+ 1. Theoretical treatment for small deflections
3s2. GCorrelation vwith experament
Sceondary Characteristics
Concluaions
Iist of Synbols

Iist of References

/ LIST OF FIGURES




-

LIST OF FIGURES

Figure N,

Schematic errangement of single cantilever type pick-up 1
Notation used in section 2 2
Diaphragm deflection curves under uniform pressurc 3
Diaphragm deflection curves under centre loads L
Effect of cantilever thickness on pick-up sensitivity, 5

with and without initial diaphregm tension,

Part I (single cantilever type pick-up)
Bffcct of cantilcver thickness on pick-up sensitivity, 6

with and without initial diaphragm tension,

Part II (single cantilever type pick-up)
Variation of pick-up sensitivity with cantilever 7

thiclmess, untensioned diaphragm (single cantilever
type pick-up)

Variation of pick-up sensitivity with cantilover 8
thickness, pretensioncd diaphragm (single
cantilever type pick-up)

Theoretical variaticn of pick-up sensitivity with 9
cantilever thiclkness for untensioned diaphragm
(single cantilever type pick-up) Case A

Conparison of calibration curves of a "standard" 10
pick~up and a similar pick-up at optimum cantilever
thickness for Case A

Calibration curves of single cantilever type pick-ups 11
of wvarious diaphragm radi: at optimum cantilever
thicknesses. for Case A

Schematic arrangement of +twin cantilcver type pilck-un 12
Notation used in section. 3 13
Comperison af calibration curves of single and twin 4

cantilever type pick-ups, both at optimum
cantilever thicknesses

Comparison of calibration curves of twin cantilever type 15
pick-ups with different diaphragm tensions

/ 1L INTRODUCTION




1. INTRODUCTION

Pressure pick~ups are of several different basic designs,
intcended to operate under various sets of physical conditzons, It
would therefore be meaningless to comparce them merely by their
sensitivitlies, Onece a particular type has been chosen, however, it
mzy be necessary to adjust the physical parameters involved for that
type in order to obtain maximum sensitivity from it.

This necessity forms the basis for the notes which follow,
which refer entirely to one of the basic types of pick-up. Thas is
described in detail later, but consists essentially of a disphragm to
which the pressurc to be measured 1s applicd, and a pushrod commecting
it to a strain~gauged cantilever, This pick=up ig used mainly to
moasure rapidly varying pressures in a liguid bounding on a solid surface.
It will be evident that it only records a mean pressure over the diaphragn,
and as 1t was reguired to usc this type of pick-up fto measurc pressurce in
a ficld with a hagh space as well as time gradicnt the diamster of the
diaphragm had to bo rcduced considerably from its usual size, It was et
this sta_e that it became nocessery to investigate the conditions for
moxagum sensitivity at a given diaphragm diameter, since the deflection
beecomes extremely small at small diametera.

A detalled theoretical annlysis of the sengitivity of the
pick-up has been made for two different goometricol arrangements ond is
given belovs This analysis a8 only valid for infinitesimal deflecctions,
and the problem of its oxtension to larger doflections is a formidable
one, The trcatment of the large deflection of a diaphragm under either
uniform pressure or o centre load 13 not too difficuli, but the results
cannot be corpounded as the principle of supcrposation is not valid for
these defleoctions. However, the first order thecory will successfully
predict the variation of sonsitivity with physical parameters ot low
pressures (which correspond to small deflcctions) and cnable maxi.nua
sensitivity to be obtained therc. It cannot be expected that the value
of any particular parameter for maxaimum sensitivity will be independont
of pressure sinece, ot large deflections, the deflection relations change
from linear to cubic forms  This being sc, it scoms reasonsble to maximise
the sensitivity for low pressures from theory, and to investigote the
variations of parametcrs for maximum sensitivity with increasing prcssure.
This latter investigation has been carried out for the first pick-up
configuration to give guidance on the behaviour of both, and dctails will
be found below,

The cff'ect of initial tension in the diaphragn has also been
considered, agnin only for the first configuration since, as 1t is impossible
to prescet a given initinl tension, 1t is only required to know whether it 1s
an advantage to have teusion present or not.

Sensitivity ig not the only important characteristic of a pick-up.
Other factors to be considered arc its critical frequoneies, natural
damping and behavicur under scceleration, which all offect its response.
Thesc matters are not dirsctly zrelated to the wnvestigation in hand and
* have therefore not been deall with theoretically.  Comparisons have,
however, been madc of several small pick-ups designed for maximum sensitivity
with a standard pick-up to determine the changes, if any, in these
additionsl foclors.

e STNGLE CAUTILEVER TYPD PICK-UP

2,1, Theorciical treatment for small defloctions

The pick-up consists of o circular draphragm and of a cantilever
parallcl to it, the two beaing Jjoincd by a pushrod comnected to the centre
of the diaphragn and the end of the cantilever. On either side of the

/ cantilever
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cantilever is fixed an electric bonded wire resistance strein gauge, these
two gauges ferming two arms of a Wheatstone bridge circuit. The schematic
arrangement of the pick-up 1s illustrated in Figures 1 and 2 (ia, AC boing
the pushrod, AB the cantilever and X¥, X' Y' the strain gauges \located
arbitrarily on the cantilever for the present). Some simplifications are
necessary before the problem can be treated theoretically, and those made
mainly relate to the pushrod This has been aasumed to be of negligible
crogs-section and to be incompressible, This results in the application

of a polnt load to the cantilever, whereas in practice there would also be

a moment tending to constrain the cantilever end slope to some extents To
deal with this point realistically the sensitivity has been calculated for
two different cases, with the end of the cantilever completely anconstrained
in slope and with it constrained to lie parallel to its undeflected position,
and the intermediate pcsition briefly considered.

The veriables in the problem are tsce Figure 2)
h  one half of cantilever thickness

¥ the deflection of the diaphragm and cantilever
the pressure on the diaphragm

P the thrust in the pushrod

I the cantilever length

a the diaphragm radius

t  the diaphragm thickness

other relevant parameters heing determined by the choice of materials.
Consider first the cantilever AB and assume

(i) pure flexure (1.e. no tension in AB)

{11) that the weight of AB is negligible in comparison
with the shesxrang forces.

In the deflected positions illustrated in Figure 2 (iii) and {iv),
(the +wo different cases referredhto above) the extension of a length
element 8y between X and Y is - B fiy, where R.is the local radius of
curvature and

-2

1. W
R 2)3/2
+zy
= = Zyy approx irf Zy =<1 , 2. 101

Zys Eyy denoting partial derivatives in the usual manner. The total
extension of XY 1s thus

Y Y
th%ay ::s[hzyJX = ¢ say 2,102

and sifice the extension of X' Y' is ~ ¢, it follows that ¢ is a direct
measure of the sensitivity, for a strain gauge of fixed length,

JIantially
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Initially we may consider the cantilever to be deflected under an
end load P and some bending moment I also acting at the end (Figure 2(v));
the value of M will later be determined by the appropriate end slope
conditions. If L is the length of AB and MQ the bending moment at @ in
the sense shown in Figure 2(1i) then

My = P(I~y)-M = Eg I Zyy 2. 103

where E, 1s Young' g
(= 2bh) and I = AR

modulus for the cantilever, A its cross-sectional area

3 v
Zyy = L= (Lry) - M 2. 104
Ecl cl
and zy = (EL_:I_J_)y- P,,.yz 2. 105
Eol Tl
so that z = (PL-M)__V_Q _% 2,106
Eol J 72 EoT
since (Z)y=o = 0 = (Zy)ymo-
2
Now x = {(2)yy = FL’ - MLT 2. 103
U R
Joop o= SBeIx | 3M o 2BbhIx , 3M, 2.108

];,3 2L 15 2L

The case in which the end of the cantilever is unconstrained.in slope
gives M = 0, and that in which the end slope is zero zy = 0aty = L so
that M = _212 . The values of ¢ in these two cases, whitch will be referred

to as Cases A and B throughout, are given by

. Y
s = (2 (Iof-%y‘?)] 2109 4
% X
Y
md g = &0 (1 -y? 2,109 B
17
X
respectively. More generally, if zy =k at y = 1,
then M = Ik - KBoT 2.107 C
2 L
andx=_£’i_3__+.k£=_?_1_l.3___+_k£, 2.108 ¢
12E.1 = 2 8Egbh 2

so that ¢

1%

Y 2 Y
(%‘l [Iy—yzj + kh[?i_ -Eg_:l ) 2,109 ©
X X

Case B is obtained directly from Case C by putting k = O.

/Now
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Now conslder the diaphragm, which is clamped at its edge. It is
subjected to a uniform pressure g and a centre load P, correspending to
the thrust in the pushrod (the moment corresponding to M has been neglected
as 1t would not be expected that a small moment applisd about a diameter
would affect the centre deflection of the disphragm). In this section
only the case of an initially untensioned diaphragm will be considered,
and the centre deflection x) under a centre load P is then (Ref.1)

3(1-02) pa2

xl =
YhrE gt

2,110

where a is the radius, Eg Young's modulus and ¢ Poisson's ratio for the
diaphragm, and + is its thickness (the diaphragm weight being supposed
negligible). |This expression is obtained by writing r = 0 in the full
equation of the deflected surface (Ref.l1)

Pr r P 2 2
w = e log = a- - r .
LT B ET i 0T %110
Edt3
where w) denotes deflection from equilibrium position and D = EETE:GZT- 2,112

so that %, = (w) o]'
Iz

The centre deflection under a uniform pressure is similarly (Ref.l)

xy = 3(2-0%) aat 2,113
16Edt3
[_f‘rm_n Wp = %— (3_2_1.2)2 2.112..]

so that combining this with 2,110, having due regard to the sense of the
deflections,

% 3(1-02) gab 3(1-0?) pa? 2,115
16Egt? LREgt?
3(1-02) gabt _ 3(1-0%)a? | 2B bhx 2,116 A
16Egt> hsBgtd 13

eliminating P by 2,108 A, when M = O,

o1y

w o 3(1-0?) gt . 3(1-02)a? [BEgbH] (x-¥) 216B2cC
16E4t LByt 12 2

from 2,108¢, for the two cases of non-zero M.

Thus x = a - Pxh?, say 2.117 A
where o = 3(1"°2 el 2.118 A
16Edt3
and § = 3(1‘62)32bEc 2,119 A
2’JIEd'b3L§

/when
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when M = Q,
or x = a'-B'xh’ 2.117B&C
- 2R wbho
where o' = o + 3(1 02)8' Ecbh 2,118 B & C
ﬁEdthZ
and B' = 4B 2,119 B & C
when M £ 0.
Thus X = o (LB0)"L or o'(14p'n3)-1 2,120
as appropriate.
This gives
1,2y Y
g = 3“;1 Ly=2y") 2,121 A
I (Ln?) |

21 Y
or ¢ = [EE@;&EQZX;)1 2,121 B

- 2 Y
or g = | o h(Ty-y2) +kh(.3.9f_. - gz_)] 2,121 C
17 2+4ph3)

These give ¢ 1n tho final form required. It can be seen by inspection at
this stage that ¢ will decrease as elther + or b increases, in all cases.
The value of ‘a' vwill normally be determined by considerations other than
that of sensitivity and so only h and L remain as parameters whose effects
have still te be determined. Maximum sensitivity under thickness or length
variations of the cantilever is now given by

¢h & 0 2' 122
er gy, = 0 2,123

(suffices again indicating partial derivatives) leading directly to the
best values of L and h. Before 2,123 is sclved a definite length and
position of strain gauge must be selecteds If L and h are regarded as
simultaneously variable, 2,122 and 2,123 must be solved as simultaneous
equations i1n L and h; otherwise the appropriate cone is solved individually.

Case C will not be congidered further since normally for these
conditions k will be a complicated function of x. Details of the
behavicur for the case when k is held constant or is a lmown function of x
can however be calculated from the formulae already given by a procedure
exactly analogous to that followed below.

/(a) Suppose
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(a) Suppose L fixed and only h variszble.

In Case A, ¢y = O implies (2,121 A)

h
=0
4
{1+Bh n

. 1-28h3 0
—_—y =
L (l-i-ﬁhj)
_', 1 - 2[31'13 = Qorls Bh3 = wo , the latter corresponding to minimm
sensativity,
* 3= _].:...
. . h 28
= [ 1 1/3
and h = .EE}
_( matil )13 212 4
{ 3(1-02)abE,
Similarly Case B gives
Tt T ]1/ ’
b = a . 2,124 B
12(1-02)a?bE,, |

(b) 1If the strain gauge is supposed to be of length ¢ and to be attached
at the root then

g = _311&1(01;——0;2} 2,125 A
17 (L+8h3)

or ¢ = .GD_Q'(_CI_"'S‘E) . 2.125 B
17 (1fh3 )
Consider farst Case A

g = 3(cL-Ee® )hmgal
1742407 2 %b

(substituting for o and B)

where 1 = 3(1-0? 2
. 127
16Eg

2,126 A

and ¥ = 3(1~02)E, ]
21Eg

2.128

Now regarding h and L as simultancously variable, we require

¢h=0}
g1, =0

/But
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But ¢y = O amplies __dchngah - 918t7mnget (oI1e®) _ 5 2129 A
LA t3+h3va2b (1742 4n3vay)2

and as Lot3+h¥a? = oo carrgsponds to mindimum sensitivity,

1243~ 3c1lt3-th3vra% = O 2,130 A

I
From 2,12 A,
3
$n = O mplies hJ = 1 = RBqt 1

2B 3(1-02)a2E,

= u3L3 say 2,131 A
sc that h = ul.
Substituting an 2,130,
1P (t3-4udrap) - E_cL2 2 -0 2.132 A

and as L £ 0 for maximum sensitivity,

-

3 ctd
L = 4 = _c, substituting for p and v
t3*%u3Ya2b
1/3 Bt /3
go that h = {5%;} = "Bt~ 2.133 A
L=c¢ 3(1"0’2)5.2133}3

This is the result which would have been expected.

For Case B, ¢ = Sha(cl-c?

13 (L4+4Bh3)
_ 6(cl-c?)hmgatt | 2.126 B
P13 43y e
g1, = 0 leads to
L3t3-% Lt - 2hdva?p = 0 2.130 B
and gy = 0 (from 2,124 B) %o
h3 _ ')<;]35,1:’75'Ir3
12(1-0%)abE,
so that from 2,130 B
3¢1 - T7Eq 3 cLe _
I; =0
( 6(1—03)Ec) 2

/whence
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whence the optimum value of L is

L = 3¢/2 = 2c, substituting for ¥y, 2.132 B
l-Y183
6(1~02)E¢
1/
3.3 3
so that h —{ 1} 1/3 ={ ligt-e } 2,133 B
1% 52y 2
L = 2c 5(1- )a bEC

As stated in the introduction, the results obtained in this section are
only valid for small deflections, in fact for x <<t. They may be con-
veniently summarised as under:-~

A measure of the pick-up sensitivity is given in the two cases
considered in detail by

[ 3an(1y-4y2) T *
h!:LT———(hth) i} (2.121 )
or ¢ = Gah(y-y%) ¥ (2.121 B)
1P(LehBn?) | .

If only h is regarded as varisble, ¢ has a maximum at

ho=(L 1/3 - ﬂEat3L5 1/3 (212, 1)
28 } {3( 1-02)a%bE,

(2, 124 B)

i 1
or h = 1 }I/B = ﬁEa‘tBLB /3
(% 12(2~02)8.2bE,,

while if L and h are both regarded as variasble the maximum occurs at

L =c¢ 1/
h = { o 3 (2.132 4)
3(1-0%)a?bE, (2.133 4)
or L = 2¢
=== 1
[ e )V (12 2
3(1-02)avE,

2.2. The effect of initial tension

It is clear that for small deflections the effect of initial uniform
tension T in the diaphragm on the deflections must be to reduce them in the
mannexr

#®
/xl
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Xlx - xy (l-lf(T)l) 2., 201
x* = % (1-'g(T)‘) 2. 202
where £(0) = 0 = g(0)

{or equivalently

¥ X1 2. 203
L]71(1))

0=g; (o).}

If in addition the wvalues of T are small these become

where f£3(0)

xf"-

i

x7 (1-K3T) ‘ 2,205

xo¥

4

Xy (1-KoT) 2. 206

where K) > O and K, => 0, and|T| << 1. Nadai has calculatcd (Ref.l) that

2 2
K, =22 = 0.151 & 2. 207
72D D
3
where D = Eqt 2.208
12(1-g2)

2
For dimensional reasons Ky 1s also a constant multiple of &_ , and the

value of the constant can bec expected to be of the same order as that
in 2.207. 2.205 and 6 now cneble the effect of imitial tension to be
examned. Instead of 2.110 and 2.112 we now have

s = 3(1-0%)pa? (1-K17)

2. 209
LEgqt
- 4
and x5 = 2 o?)ga (1~K,T) 2. 210
16Eqt>

L] W = sz—xlx

_ 2
- 3(A-of)aa (3 g7y - 3_(?__%&_ (1-K17)- 2,211
Eg

16E d‘l'j

In Case A this gives

1 b - Oxa’
g o S3=D)ash (1K,T) - 3(1-0)B s (1-KyT) 2.212 A
L6E 47 2NPE 363
(from 2.108).
= o (1-KpT)—pxh? (1-K1T) 2,213 A
g o oK) 2,21 A
e 14803 (1-K17)

o ¢ = Jon(-Ker) [v-15d) x
17 [1+pn3 (1K37))
(from 2,109 A)

2.215 A

/For
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For Case B,

x = af1-KoT)  -4B(1-K;T) xb’ 2,213 B
R ) 2,21 B
" 144803 (1-K1T)
Y
and ¢ = EIR(IKT) (7] X 2,215 B

1 [Lpnd (1577

The effect of the tension on the optimum cantilever thickness
is now given by @y :-

0 leads to b9 = 1 2,216 4

@
b 2B(1-K1T)

!

or o = 1 2,216 B

8p( 1—1{1’1‘5

unless 1-KoT = 0, which is actually outside the range of validity for T.

(The singularity of ¢ at T = (1 + .2 _ )/Kl or (1 4+ .1 )/X; is similarly
BnJ Lph’

excluded.) Thus the effect of initial tersiaon is to increase the optimum

1
cantilever thickness .in the ratio {l/(l-—KlT)} / 3,

Again, the advantage or otherwise of introducing such a tension
is determined by ¢p:

(K3-Kp) BhI-K,

$p = O yields = 0, 2,217 A

{l+Bh3 (k1) } © i

which has only a solution at T = eo, which lies outside the range of T
for which the analysis is valid. This indicates that ¢ is monotonic in T
as T increases from zero, whence the sign of ¢y is always that of (gl 2 g

From 2,217 A, (#p)p - ¢ 2 0 according as

oy 2

2,218 A
< X1~ Ko

This is therefore the determining conditign for the introduction of a small
tension in Case A, and a sdimilar analysis of Case B gives a condition

sh3 Ko 2,218 B
L(K3-Kp)

/20 30 Use
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243, Use of diaphragm with unclamped edge

If the edge of the diaphragm is freely supported, the deflection
relations become (Ref.l)

x = (320) Paf 2, 301
16a(1+0)D

540) galt 2. 302
8:.(1+0)D

and x

It

2

i

so that x = Xo-x7

(540) gt . (3+0) Pa? 2. 303

8.(140)D 167 1+)D

which an Case A becomes

% = !5+o‘!9a£|' _ (3+0-)a2 . 2Ecbh3!{
G (1+0)D  163D(140) 7

i

a1~B1 xhd 2,304 A

where ay = iﬁ a 2. 305

and By = Ql—*'f},& 2. 306

X
12
whence ¢ = 31 b(Ly—3y ) 2. 307 A
L3(1+{3;|_h3)

while for Case B,
T

- w 2,307 B
17(Lekfqh) .

The use of this method of diaphragm attachment will therefore be
an agvantage if

e s> —So (4) or B~ s () 2, 308
148;h 14807 144B1h3 144807
fehd > -1 = “2(a)orw>- L (B) 2. 309

which means in all practical cases, the sensitivity being increased by a
multiplicative factor

(540) {j gty 2 (8) or (54a) {j e } ().

Lso+Bh?(340) § L+o+iBh? (340)
/2. Correlation .
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2.4 Correlation with experiment

The various results derived in previcus sections relate only to
deflections which are small compared with the diaphragm thickness, As the
deflections involved in practice considerably exoeed this limit, the
carrelation of the results with experiment falls naturally into two parts,
the confirmation of results predicted for smell deflections and observation
of the behavicur for large deflections.

The pick-up which was in use before the commencement of this
investigation contained a German silver diaphragm and beryllium copper
cantilever, the values of the various parameters being as under:-

L = 1 im

h = 01 in,

b mean = 0.3 in. {slightly tapered).®™
t = 000k ina

e = 0.5 in

o = 0.37

Ey = 16.8 x 10° b, /in, 2

E = 185 x 10 b, /in, 2

e = (0.5 ine

This pick-up has been used as a standard for comparisen purposes, and where
not otherwise mentioned the values of the parameters have been maintained
at these values in the tests described.

Owing to its method of fitting, the diaphragm in this pick-up was
subjected to inrtial tension, approximately isotropic and homogenous.
This tension varied from diaphragm to diaphragm and the first test carried
cut was to obtain deflection curves under both uniform pressure and a centre
load feor two such diaphragms and also for one so mounted that it had no
initial tension, These curves are given in Figures 5 and 4, Diaphragm C
being that with no initial tension.

These curves illustrate Sections 2.1 and 2, 2. above., The rela-
tions 2.110 end 2. 113 are the theoretical equations of the deflection curves
for Diaphragm C. They are, however, only valid as long as the middle surface
of the diaphragm remains the neutral surface. This will only be the case
when x is small compared with t, so that the two equations should give the
tangents te the two experimental curves at the crigin, Inserting the
numerical values given above the equations become

X = On 0091[- q_ 2- 4—01
and x = Q0479 P 2, 4,02
respectively.

It wall be seen from Figures 3 and 4 that these lines are in fact
the required tangents, the rate of fall~away of the experimental curves with
increasing load being greater in the case of the centre load.

/It

% The taper is not significant since sensitivity for a parallel sided
cantilever only varies slightly with b over the range considered (see

Pigure 9.
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Eit may be noted that the equations of the curves for Diaphragm C
for large deflections can actually be calculated. 2,113 becames approximately

3 N
X2 x5 _ 3 . a -
— + 0488 (t_) == E_g. (E‘) (1-02) 2, 403

(cf. the various formulae quoted in Ref. 2). Similar alterations would
have to be made to all the relations quoted in the previous sections under
these conditions, including the value of ¢, and the deflection relations
calculated by some method not involving the superposition principle.

The requisite calculations were not felt to be Jjustified for the purpose
in hand as, in any case, it would not be expected that 1t would be passible
to maximise sensitivity simultaneously for small and large deflectromns.

In Figures 5 and 6 are given the sensitivity curves obkained by
ritting one cantilever and strain gauge system to Diaphragms B and C in
turn; meter readings on these and all other figures refer to thas output
meter reading of the amplifyang circuit used, conditions in this circuit
being the same for all experiments. The cantilever system was exaztly the
same as that already described except that only one strain gauge, on the
lower face, was used, the circuit being completed by an unsirained gauge
separately mounted. The cantilever thickness was reduced by grinding in
steps from O. 090 in., to G.010 in. Cuxrves have been cbtained at various
pressures, the small ones corresponding to deflections coming within the
theoretical treatment and the large ones to those lying outside it.

That the curves have had to be presented in two sections is due to an
enforced change of strain gauge; as it is never possible to mount two

strain gauges in exactly the same position, the characteristics for the two
halves differ aslightly, but this will not affect the general variation,®
Additional curves have, however, been included showing the variation of
sensitivity with cantilever thickness over a smaller range for two pick-ups,
one with a pretensioned and one with an untensioned diaphragm (Figures 7 and 8):
these do not represent the same cantilever systems and so are net dairectly
comparable, but they do ensble the variation of peak sensitivity to be

studied more accurately than in Figures 5 and 6 The value of b for these

two cantilevers was constant at 0.25 in., as against a mean of O 30 1n, for

the previcus case. These cases therefore give a slightly better approximation
to the theoretical case,

Substitution in 2,124 A and B shows that masximum scnsltivity is
predicted to occur at 2h = 040196 ine when b = 0,30 in. and at 2h = 0,0208 in.
whon b = 0,25 in. for Case A, ond at 2h = 0.0123 in. and 0.0131 in. for
Cose B. It will be scen from a comparative study of Figures 5-8 that the
peak sensitivities do in fact occur between the prodicted thicknesses for
the two extremc cases (allowing some little latitude, both for oxperimental

rror in measuremcnts and for approximations made in the theory). Case A
is o better guide to actual conditions than Case B, but the rclative morits
of the two cases will in general depend on the dimensions of the pushrod and
other components used; the pushred in the cases illustrated was of circular
cross-sectlion, Cs1 in, diameter and 0.6 in. long. There is surprisingly
little variation of the peak positlon with increasing pressure; the very
slight apparent increase in the thickness for maximum sensitivity with
increasc of pressure may or may not be actually present. The curves would
seem to indlcatc that thc thcorctical treatment of Section 2.1 is valid in
X <=t rather than x «<t. (Maximumn deflcctions obtaincd were of the order
of .01 ine for g = 3).

Figurcs 5, 6 and 8 also illustrate Section 2.2. In ncither case
does there appcar to be any significant change in peak pesition at low
pressurcs due to the presence of initial tension in the dlaphragm, but in
the case of the diaphragm used to obtain Figures 5 and 6 there is a small

/shift

£ Por the same reason, Figures 7 and 8 should not be compared quantitatively
with Pigures 5 and 6.



shift uwowerd with increasing pressure in the value of optimum cantilever
thickness, This eff'ect is still however not of a size which would be
significant in practice. That the effect is not apparent in Figure 8
may be due to the difference in diaphragm tension between the two cases
or to the differences in the values of b,

Comperison of the two sets of curves given in Pigures 5 and 6
shows the effect of introducing tension into the disphragm of a pick-up
of which the characteristics are already known, Sensativity is in general
reduced in the range of cantilever thicknesses considered, at least for
small pressures (corresponding to small deflections), At large pressures,
there is little dafference between the two cases, Calculations based on
Figure 3 indicate that the value of T for this diaphragm is too large for
the relations of Section 2,2 to be valid, sc that thas case involves cne
approximation additiona) to the previous one — a %term in T2 can be expected
to occur in the more exact relations relevant to this case, The results
are however a good illustration of Section 2.2 and should not give results
markedly different (qualitatively) from those for small tensions; 1t maght,
however, be misleading to compare these results with the condation 2,218
for the introduction of small tensions, though the general conclusion that
a critical value of cantilever thickness exists above which a tensioned
disphragm is an advantage seems to be confirmed by the rapid convergence
of the sensitivaty curves of Figure 5 in the region of 2h = 0.1 in.

For comparison with the above results a graph of the theoretical
sensitavity curves based on 2,125 A is given in Figure 9 for three cantai~
lever breadths, and a pressure of 3 lb./sq. in,

The results of the experiments were taken to indicate that little
loss in sensitivaity would occur in practical pick-up design if the optimum
physical dimensions of the cantilever were calculated from the small
deflection relations for the most appropriate cantilever end condition and
that the introduction of a tensioned diaphragm, while reducing the sensi-~
tivity, would not have a large effect on the optimum dimensions if the
tension were kept reasonably small, Figure 10 gives calibration curves
of a pick-up designed on these principles and of a pick-wp of the "standard"
type already mentioned. This shows some improvement, though, owang to
dafferences in strain gauge mountings, ete,, thus is not necessarily the
maximum amprovemsnt which can be achieved, The variation of sensitivity
with diaphragm radius, observing optimum cantilever thicknesses for Case A
is 1llustrated in Figure 11,

As the results above were considered generally satisfactory and
in accord wath the small deflection theory, the calculations for the other
configuration have been carried out for small deflections, no initial
tension and with a clamped edge diaphragm, no further experiments having
been performed to verify these calculations.

3. TIWIN CANFILEVER TYPE PICK-UP

3.1, Theoretical treatment for small deflections

This pick-up configuration was designed to give smaller overall
dimensions than the previous one. It employs twin cantilevers sect back
to back, the pushrod now divading as shown in Figures 12 and 13 to
deflect both cantalevers. Only twe strain gauges are used, each covering
one side of both cantilevers, so that there is now an unused portion of
each where it covers the cantilever root,

Most of the treatment is identical with that of the previous
case, only slight alterations in notation being necessary., The length
of the common encastered root 1s denoted by r and the individual lengths
of the cantilevers by I,. The "exposed" length of strain gauge on each
cantilever 18 s, so that the total length of each gauge is 28 + r,

/Other
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Other notation remaias as before (see Figure 13). Only Case A has been
treated as Case B is unlikely %o be realised with this arrangement but
the necessary alterations can be carried out as before,

If the thrust in the pushrod remains P at the diaphragm, the
end thrust on each cantilever will be P/2, so that adapting 2.108 4 we
have (for AB say)

3
g. = 2BJIx _ Zbhox 3,101

3
» &

A measure of the sensitivity of this pick-up arrangement is given by

X
#y = [ﬁay] 3.102
B

( Cfo 2- 102) .

This is not the same function of the absolute sensitivity as ¢
in the previous sectaion, but it is still a measurc of the sensitivity of
the whole pick-up.

By the same reasoning as was emplayed befaore (cf. 2,109 A)

X
Ph . X
$, = (L y-‘.—'"y2 = I-}—}‘-l:l- i
1 [%ECI 1Y=5Y7) Lﬁﬁ (Ly-iy )
B 1 3
h
. é%“ (sLq~1s%) 3. 103
Li
The draphragm deflection relation rcmains, as in 2,115,
x = 5(1“0'2)g_a}+ " 3(1-—0‘2)13&2 3, 104

1€E 4¢3 LBy td
but, because of the difference between 3,101 and 2,108 A, rcduces %o

X

1

@ - 2pxh? 3,105

so that

et
{

o (Le28n7)™1 3.106

and
3ah (SL1~%sz)
L7 (142817 )

It 1s evident that ir (¢1)Ll = 0 15 solved thcn optimum sengi-

tivity will occur at a value of Ly equal to the exposed length of the
strain gauge on one cantilever, w.e. Iy = a, 3, 108

/The
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The calculation of this will not be carried out. Similarly (¢l)h =0
will lead to an optimum beam thickness 2h where

3 1/
h - {_1_. SCH T W 3,109
LB 6(1-02)a2bE,, |
Simultaneous solution will give
Iy= s ( 5. 108)
vy
PP 3
oo [ B’ 3,110
6(1-02)apE,

It should be remembered that if' the total length of a strain gauge is c,
then 8 = #(c-r). 3.1

A comparison of this and the previous configuration may now be
made. It is necessary to take a gauge of fixed length ¢ for the two
cascs and compare ¢ with 2¢7. Supposing the gauge in the first case to
be attached at the root, 2,121 A gives '

6 = 3ah(cL-}c?)

17(14p03)
while from 3. 107
29y = Sah(sLl-%sz)
Li( 1426h3)

The only fair comparison is the ideal case r = 0, L = 2L, all other
parameters being the same in both cases, when we have s = 2¢ so that

g = 3ah(cL-Le?)
17 1+ph7)
12ah{ cL-£c?)

17(1+2p03)

3. 112

and 2g; = 3,113

3
yg (B i
(l+2Bh ) Jo L1

>¢ for all positive wvalues of Bh3,

and the ratio of sensitivities is
ggl. = 4§1+§h3! 3,115
¢ 14+2@h7

which is quite high

The more practical case is that in which r #Z 0, and if then
2fq + v = L and s = 5(c-r) then

29, = 12ab { (o) (1w) A(er)’ 5,116
(T-r)3 (1428%°) /and
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and (P - agnd) (1 )7 [(em) () —%(c—r)é}
# (1+2pn3) | Ler cL-§c?

1o H(LsBR0) { L }3 (cL-$¢?) nrzr%rz}
(1+2pn3) (LT (cI~%c?)

which reduces the advankage somewhat.

3.2, Correlation with experiment

As already stated, no additional experiments were performed to
check the results of this section. A graph is, however, included (Figure 1)
to shew the relative sensitivities of the two types of pick-up, with the
same size of diaphragm and identical strain gauges, both being designed tq
optamum dimersions from Sections 2.1 and 3.1. (The relevant values of
parameters additional to those already given are ];.1 =03 in, r = 0,19 in.,
giving optimum thickness 0,008 in. for twin cantilever type pick-up).
This confirms that the twin cantilever type is the more sensitive, as
predicted in Section 3.1. That the effect of antroducing tension in the
diaphragm is similar to the previous case 1s indicated in Figure 15, where
calibration curves are given for pick-ups with normal® tension and with
very low tension in the disphragm respectively.

L. SECONDARY CHARAGTERISTICS

In ordexr to test the secondary characteristics of pick-ups
referred to in the introduction, three single cantilever type pick-ups
were constructed wrth diaphragm radii 0.5, O 25 and 0.125 in. respectively
and with cantilever thicknesses determined from 2.124 (Case A) and one twin
cantilever type of diaphragm radius 0.5 in. and with cantilever thicknegs
determined from 3. 109, These were compared with a standard pick-up for
behaviour under acceleration and for natural frequency.

In nv case was there a defleotion equivalent to a uniform
pressure of more than 0.0l 1b. /sq. in. fer an acceleration of g ft./sgc. 2,
This figure was ebtained with the twin cantilever type, the standard
pick-up having a deflection equrvalent to 0.005 1b./sq.in. and the others
deflections which were not measurable. All the pick-ups were therefors
considered satisfactory in this respect.

To measure the natural frequency of the pick-ups, cach was giwgn
an initial deflection and then released from rest. In this manner, what
may be termed the fundamental mode would be excited (i.e. the combination
of the lowest modes of both diaphragm and cantilever). Photographic records,
however, revealed no trace whatever of any subsequent oscillations in any
of the cases, and it can therefore be concluded that the fundamental,
frequencies were censiderably in excess of the limiting frequeney whigh
could be detected by the recording system (c. 60 cycles/sec. ). Since the
recording system was that which is normally used in congunctiom with such
piek-ups, 1t was therefore concluded that the natural frequencies would not
create any practical dilficulties.

5. CONCLUSIONS

Taking both the theeretical and experimental results into con-
saderation, it can be said that, if it is requaired to design a pick-up
of either of the types considered se as to obtain maximum sensitivity
from it, then the optimum cantilever thickness can be eobtained from
relations 2,124 or 3.109, either Case A or (ase B being chosen te accord
with the cantilever end conditions most nearly obtaining with the system
used; if there is doubt on this point the mean thickness for the two

/cases

# il.e. tenmion of the same order as that in the standard single-cantilever
type pick-up.
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cases can be used without a serious loss of sensitivity, though Casze A

is more likely %0 be realised thoan Case B, The breadth of the cantilever
and thickness of the diaphragm should be kept as small as possible, and
the length of the cantilever as nearly as possible equal to the length

of the strain gauge element (Case A) or twice this length (Case B).

The presence of initial tension in the diaphragm will not appreciably
affect the optimum dimensions, but will reduce the sensitivity and the
tension should therefore be kept as small as possible, bearing other
requirements in mind, ZEven greater sensitivity can be cbtained by using
a dlephragm which is effectively freely supported, but this is not liksly
to be a practical proposition.

No significant change in the natural frequencies of the pick-up

or in its behaviour under acceleration need be expected to arise from
modifications to give optimum dimensions.

/LISt OF SYMBOLS
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LIST OF SYMBOLS

diaphragm radius

canftilever width

length of strain gauge

one half of cantilever thickness
cantilever end slope

pressure on diaphragm

radial co-ordinate for diaphragm (Section 2) or length
of cncastered root of strain gauge (Section 3)

Fexposed" length of strain gauge on each of twin cantilevers

Glaphragm thickness

deflection of any’poini of untensioned diaphragm under centre load
deflection of any point of untensioned diaphragm under wniform pressure
deflection of end of cantilever

deflection of centre of untensioned diaphragm under centre load
deflection eof centrec of untensioned diaphragm under uniform pressurce

centre deflection of pretensioned diaphragm under centre load

centre deflcetion of pretensioned diaphragm under uniform pressure
co~ordinates relative to cantilever base (scc Figure 2)

cross-gectional arca of coantilever = Zbh

Egt’

12(1-02)
Young's modulus of cantilever

Young's modulus of diaphragm
= ah?/3

tension correction constants (see 2,205 and 6)

cantilever l?ngth (single cantilever type pick-up)
cantilever length (twin cantilever typc pick-up)
bending moment in cantilever

forece in pushrod

redivs of curvaturc of cantilever

tension in diaphragnm /(A,B,
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(A,B,0,0,Q,X,¥,X",¥" also used geometrically as shown in Figures 2 and 13),

e = _,5_,,( 1 _"02_ _)_%@._)*
léEd't

Vo gy SK(me®)alBbn’

o =
TCEdt3L2
= (5+0)a
a,l Tro
B = 3(}.—-0’2)&2}}30
21E gt
B' = 4P
By = (éW)@_,
1w
v = 3(1-0%)E,
238y

¢ semsitivity of single cantilever type pick-up (see 2.102).
g1 semsitivity of twan cantilever type pick-up (see 3.102).
o Poisson's ratic for diaphragm

n = 3(1-0%)

16E3

7B dt3 1/ 3
].1 =
{j(l—o‘z)azbEc

Letters used as suffices denote partial derivatives.
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1. INTRODUCTION

This note describes a high-sensitivity miniature pressure pick-up
of the diaphragn and strain-gauged cantilever type which has been developed
in M.A.B.E. workshops to give the smallest possible body-size consistent with
the strain-gouges ava:.lable. It :Ls provided with interchangoahle pick-up
heads, one with a I inch and one a 7 inch diameter diaphragm. The pick-up
enablcs preasures to be meagured at points which are very close to one another,
and so is suitable for the neasurcment of pressures which vary considerably
from point to point in the pressure field concermed. By use of the head
containing the small diameter diasphragm an incrcase in acouracy of measurcment
is possible, since the arca over which a mean pressure is off'ectively recorded
is reduced, but there is naturally some loss of scnsitivity.

The layout has been carefully plammed to give casy access to all
parts for inspection and %e ensurc speedy replacement of faulty components,
ard a high scnsitivity has been mointained by using the component dimensions
which were shown in Reference 1 to give moximum sensitivity.

The pick-up is designed primarily for the measurcment of impact
pressurcs during the landing of a flying boat or flying boat model .

2. DIESCRIPTION OF PICK-UP

2.1, Principlec of Operation

In this type of pick-up the pressure to be measurcd is applied to a
diaphragm, to the centre of and perpendicular to which is fixed o rigid
push-rod. The other end of the push-rod is fixed to a cantilever on eithex
gide of which gtrain~gauges are fitted which form two ams of o Vheatstone
bridge circuite Then a pressure is applicd to the diapnragm the resulting
deflection is transmitted to the cantilever by the push-rod, the consequent
change in the resistance of the strain-gauges producing a measured current
in the bradge meter, amplification being used if necessary.

2.2+ Construction of Pick-up

Tull details of the lay-out of the pick-up are given in Faigure 1.

As shown in Fipgure 4, the picl—up consists of two main parts, a
body to which the lend is attached and a detachable hecod, the two being held
together by three 8 B./. cadmium-plated steel screws and the joint scaled
with a Gaco ring to make it watertight. IElectrical connection between the
two halves is provided by a 3-pin plug and socket unit, and the parts are
keyed to prevent misalignment during asscmbly and consequent damoge to thise.

The body is machined in one piece from dquralumin. It has a thick
wall to give adequate room for the insertion of the screws joining it to the
head, but is rcecessed internally along one diameter to clenr the cantilever
in the hesd. Tho socket asgembly consists of a Tufnol rirg into which are
fitted three silver plated brass sockets, the wholo being fixed inside the
body with two 10 B.A., steel screws. This can be sceen in Figure 5. The
leads are soldered to the bases of the sockets and the cable is taken out
through the end of the body, a standard sizo glamd nut and rubber seal being
fitted for watertightness.

As already stated, two different heads are provided, with % inch
and 3 7 inch diameter d::.aphragmg regspectively. These heads arc illustrated
in Figure 3. Bach head is made from solid german silver in order to ensure
that no faults arise from differential expansion during the fitting of the
diaphragm. The diaphragm is cut from 0.004 inch thick german silver sheet,
this material having been found to resist corrosior satisfactorily in salt
water, It is soldered to the mein part of the head, whioh is recessed to
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take it and leave a flush surface., This is importent since the pick-up is
designed to measure pressures on bodies moving in fluids, and a protruding
diaphragm would be liable to be torn off,

To the centre of the disphragm is soldered a spigot into which
screws a silver steel push-rod strong enough not to bow under the loads
gpplied, a locknut being provided here to allow the push-rod to be correctly
orientated, The push-rod forks at the end farther from the diaphragm, where
it is threaded and 1s attached to both sides of the centre section of the
cantilever with four 16 B,A. nuts, Adjustment is possible here to remove
any tension accidentally introduced into the push~rod during asscmbly.

The cantilever is shaped from beryllium copper sheet, the thickness
depending on the head for which it 1s intended; this thickness is adjusted to
give maximum pick-up sensitivity in accordance with the calculations of
Reference 1, the thicknesses relevant to this case bewng 0,013 inch and
0.008 inch for the heads with the ¥ inch and % inch diemeter diaphragms
respectively, The shepe of the cantilever can be seea from the photographs,
The side pieces perpendiculsr to the centre section allow the effective section
of the cantilever {i.e. that to which the strain-gauges are attached) consider-
able freedom in end slope and so i1ncrease seasitivity., The cantilever is
attached tc the head by 10 B.A, steel screws through its ends, which are
parallel to the centre section,

The attachment of the push~rod to side extensions on the cantilever
leaves the main part of the cantilever free for the attachment of the atrain-
gouges, These are matched 194 ohm British Thermostat gauges with £ inch
elements, Shorter gauges have been tried but it has been found that creep
in the readings and zero shift results; it is thought that this is due to the
very smoll adhesive area and s consequent movement of the adhesive itself
under stress,

It is importent that the strain-gauges should be mounted so that
the elements are centrally placed on the cantilever, as otherwise there is a
loss of sensitivity., It may be mentioned here that the length of the centre
section of the centilever has been made slightly greater than that of each
strain-gouge element (in fact 1% times as long), also to give maximum
sensitivity,

The leads from the gauges are soldered directly onto the pins of
the plug assenbly, These pins are of silver~plated brass and are mounted
on a Tufnol ring which is fixed to the head wath two 10 B,A, steel screws,
It will be noticed that in the photogrephs these screws are situated
immediately under the cantilever; a modification has now been made in
accordance with Figure 1 whereby the screws are located at the ends of the
diameter perpendicular to the cantilever, thus permitting the cantilever and
plug essembly to be removed complete without any unsoldering being necessary.

The male part of the key is made of durelumin and is fixed to the
head with a 10 B.A, steel screw.

The mounting of the assembled pick-up will depend upon the purpose
for which 1t is required. The pick-up illustrated is intended for mounting
in a flat surface and is provided waith three 8 B,A, screw-holes in the face
for this, the centre section of the face being raised slightly to permit it
to protrude through the mounting ring end lie flush with the surface on which
pressures are being measured.

2.3. Genersal Remarks

The range of operation of the pick-up described is O to T 20 p.s.i.,
though this 1s readily changed if required. The overall length of the pick-up,
which is a cylinder of 1 inch dismeter, is 2 inches, ond the weight of the unit,
without leads, is 1,9 ounces.
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The pick-up has been designed for use with a MeMichacl strain-gauge
amplifier Type 54, though it could be adapted for use with other amplifying
systems. Figure 2 shows a view of the complete assembly with loads and plug
sultable for this amplifier; trimetvainsmall 2,5 cable has been used as this
is the smallest diometer normal stock size, but should any test necessitate
miniature cable this could of course be fitted,

Great care has been taken to cnsure that the pick-up can be
asscmblod or stripped easily and that all parts arc rcadily acoessible for
servicing or inspcction. The replacement of the head, which may be
necessitated by strain-ganse failure, 18 an exceedingly simple operation.

3«  PERFORMANCE OF PICK-UP

Typical calibration curves of the two pick-up heads arc shown in
Figures 8 and 9. These werce cbtained with a Molicheel amplifier type B4,
using o sub-standord Sangamo Weston 0 - 1,5 milliammeter in lieu of the
output re ter for greater nccuracy. The curves at the same attcnuation for
cach pick-up (Figure 8) show the extent of the loss in sensitivity arising
from thc use of the smaller diaphragm, but when atteruations are adjusted to
sultable working values (Figure 9), there is little to choosc between the two
heads from this point of view. It may be mentioned that these sensitivitics
compare very favourably with thosc of large piclkups of the same type in
current usc.

The effect of acccleration applied to the gick—up is very small,
the deflection under an acceleration of "g" ft./sec.¢ corresponding to a
pressure of about 0,001 1b./sq.in. in the case of the 3 inch diaphragm and
0,05 1b,/sqein, 1n the case of the % inch diaphrogm.

The natural frequencies of the pack-up are known %o be in excoess
Of 60 C.p-Se

he ADAPTATION FOR OTHER PRESSURE RANGES

As already menticned, thais pick-up can easily be adapted for use
over higher pressure ranges. All that is necessary is to strengthen the
diaphragm, either by using thicker material or by introducing tension, c¢.ge
by stretching the diaphragm between capping and backing picces. The
cantilever thickness should then be sdjusted in accordance with the formulae
gaiven in Reference l.

5.  ACKNOULEDGEENT

Aelknowledgement is made to Mr R. Failrweonther and Mr T.H. Balls of
the MeA.E.E. Light Engineering Section, who were responsible for the
detailed desimn of the pick-up.

/ LIST OF REFERINCES




.

LIST O' REFERENCES

No. Author Title
1 J.K. Priswell Some Notes on the Calculation

of Pressure Pick-up Scnsitivity
and the Conditions for Maximun
Sms:i.tiVity-

M. A.BE.E. Report F/Res/235. ¥
November, 1953,

(Paxt I of this Report.)

% part T of the present paper.



FIG.1.

SCALE:- TWICE FULL SIZE.

S
S

LI

Wm

arndsrne

VW
nﬂ““\\“\‘

N

477

= &
-

L7

N\

L7 [

SN N7 =0 2N\
M N 6
- - IR <
A F
[a]
g 8
4 5
m &
¥
..... I A -
= i
....... I i B |
ml llllll W u"Hrhh\ «
' e P o j
...... =T
- .lcmﬂuf)”i..u-ulaaolun i
lececamameaad —

SECTION 'A A’

REMOVYED .

PLAN OF HEAD - BODY

WIRING DIAGRAM

A

TRAI

DIAMETER DIAPHRAGM .

L
2

SKETCH OF PICK-UP WITH



FIGS. 2,3 & 4
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FIGS.8. & 9.
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