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Ix the employment of metal dinphragms in pres-
sure gauges it is almost invarinbly the practice to
measure the central doflection of the plate. This
method has good sensitivity with moderate pres-
sures, up to, say, 100 Ib, per sq. in,  As the maxi-
mumn pressure is increased, however, the plate thick-
ness needs to be greater in relation to the dinmeter
and the maximum dofleetion decrenses unless the
dismeter is inerensed sufliciently. The permissible
dismeter being lintited, special methods arve needed
at high pressures to measure deflections  with
suflicient accuracy to obtain pressure measurements
eorrect to within 4 1 per cont.  On the other hand,
when pressure measurements are based upon surface
atrain, the same range of surface strain is available
in all eases for diaphrags of the same materinl,
a8 they require to be designed for the same limiting

employed and the maximum service-pressure differ-
ences will bo fonnd ; the pressure differences which
would produce appreciable permeanent sot are about
T per eont. higher, The diaphragms were all
machined out of thiek plates of spring stecl, clamped
at the rim in soitable vnions and work-hardened
in situ by subjecting them ropeatedly to cycles of
high and low pressures, with the maximum servies-
pressure differonces as the respective vpper limits.
Two woll-matched strain ganges, made by Messrs,
H. Tinsley and Company, Limited, South Norwood,
ench of about 200 ohms resistance and measuring
§ in. by g% in. over the active portion of the gauge,
were then mounted with Durofix (cellulose cement),
one centrally on the dinphragm to messure the strain
and the olher on the union nut to compensate for
varistions in ambient temperature. Fig, 2 shows
the high-presswre vnion with the disphragm a
hold in place between o copper washer b on top
and o Klingerit washer ¢ boneath.,  Sinee the
measurements were made under statie conditions,
a direct-cnrrent bridge of the Callendar and Griffitha
type (used in platinum-resistance thermometry) was
employed, using as null indicator a Moll reflecting
galvanometer with sensitivity of 500 mm. per
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strains whatever the maximum pressure mey be.
Moreover, thero is no need to adopt a larger dismoter
than is required by the techniquo of surface-strain
measurement, and this is quite moderate.

Like the contral deflection, the surface strains are
proportional to the pressure applied. Though
varions theorotical estimates of tho mufueo strains
are found in litorature* for various boundary con-
ditions, experimental data have not heen available.
With the aid of the honded wire strain gauges,
developed during the Inst war, surfaco strains ean

be 1 d very a tely and minntely by mensns
of a resistanco bridge. This prompted ua to verify
if the t of radisl strains on circular
displ by this thod could be rendered

snitable for necurate pressure gavging, Tho results
reported in this article, which wero obtained at the
India Insti of Science, Bangalore, show that the
method haa considerable merit.

The manner in which the diaphragms are held is
important. Initial experiments with plain thin discs
held tightly at the edge showed that the strains pro-
duced in such diaphragms were profoundly influ-
snced by the conditions of clamping and weve not
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microsmpere b
1 metre distance.
The resistance-
measuroments
were  translated
into strain values
by means of the
usual formula
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whero
L0 = jujtinl of the
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A Q = chungo in  resistance of the samo
gouge as a vosult of the strain ;

£ - l—&ﬁl—" = gpirain to be measured ;
and
I = tho so-callod geugo foctor, fixed by the

makers ns 1-95 for the gauges em-
ployed in the present worl.

With the clectrical arrangements given above,

Service Pressure Differences,

could be ed with an error of less
than 400 micro-ohms ; the strain measurements were
therefore correct to one micro-inch per inch., For

neeessary to allow about five minutes between cach
alteration of pressure and the measurement of
resistance in order that temperature equilibrinm
may be re-established. With the copper washer
inserted, the time lag was reduced to about n minute,
As reference gauge, & Budenberg standard test gauge
with o 10-in. dial and reading to 2,000 1b. per square
inch was employed. The pointer of this gauge was
set by the makers to read the absolute pressures
dircctly on the dial. The gauge calibrations were
hecked with a deadweight tester and found to be
correet to - 1 lb. per square inch up to 1,500 Ib.
per square inch. The experimental i t
shown in Fig. 3, puge 582, wos found to be convenient
for the calibration of strain against pressurs, By
means of the combined inlet and bleeder valve
shown, the pressure in the gauge system could be
inereased to any desired volue by allowing com-
pressed air to enter from a eylinder, or could be
reduced by allowing some of the gas to escape.

The results of the pressure against strain calibra-
tions are shown graphically in Tig. 4, from which
it can bo seen that the relationship is perfectly linear.
Within the limits of maximum operating pressures
given in Table I, the disphragms were thus found
to be perfectly elnstie, responding to rising and
falling without hysteresis and without
creep, Tho strain measurements were reproducible
even after the dinphragms had been dismantled
and re-assembled, thus showing the ahsence of end
effects or clamping effects, It should be mentioned,
however, that, due probably to sn inherent weakness
of the cement used for mounting the strain gauges,
the basic setting of the resistance bridge, i.c., the
reading for atmospheric preasure, showed a slight
variation when left over & period of several days,
and after three months the strain gauge must be
replaced if the original standard of reproducibility
is to be maintained.

Table IT shows a typicnl set of values obtained
in four experiments with disphragm ITL It is
evident from this table that the largest average
deviation from the mean values is 1:26, i.e., | per
cent, of the full range value of 706 mievo-inches por
inch. Xven at the lower end of the scale (100 Ib.
per aquare inch) the average error is less than 05 per
cent. of the mean value for that pressure, but less
than Y per cent. of the full-scale value.

Apart from providing a means of acourate measure-
ment of pressure, the method posscsses all the advan-
teges inherent in clectrical methods, such as wide
choice of accessory apparatus, interchangeability of
components, ete.  Ifa strain-gange bridge of conven-
tional design is used (such as those manufuctured by
the Baldwin Locomotive Works, Philadeiphia,
U.8.A.,, or Messrs. H. Tinsley and Company,
Limited, South Norweed, London, 8.1.25), the
method will be found to be particulnrly suitable
where it is desived to read, record and control the
statio pressures at a number of distant points with
a high degree of precision and reliability. This
wonld be analogons to remote control of temperature
with & potentiometric indicator, recorder and
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Rlajgi Ho. b l i [ L ! e | rmaximum accuracy it i necessary to ensure that controller.
Thickness over flat por- TABLE II,—REsvnrs OBTAINED wiTa DIAPinracy ITT 1y Foun EXPERTMENTS.
Dhan;‘.&jn.‘)m s o | 0+0045 | 0-0786 | 0-004 | 0-0420
meter of diaphragm
D In, <+ ..|1-280 |1.280 |1-260 | 1-25 Ahsaluto Straln in Micro-in, per in. Avera) l‘eimhm
#illob radine (Rin) .| 004 | 0-06 | 0-00 | 0-16 Prossure Doviatlon | Av. Davn,
Radius of fnt portlon T, per 8q. 10, 1 7 o " Meam, from Mean. Av, Straln,
(8-=) .. ..|ooss |oses |o0-s05 |0-a7 ;
Widthofrim (Aln) ..|0-21 |02z |0-21 fo0-21 0 — i
Thiokncas of tlin (B n.) | 020 | 010 | 0-18 | 0-26 e 0 20 ag o o 857 0t 0-40
dnximum service pres- 180 180 1875 1876 1833 07 087
difference (1b. per % 3 00 200 200 200-3 0-d 14
B, In.) i .- | 1,800 000 700 460 400 HH 306 04 206 30445 06 0-1%
GO0 400 400 4005 4005 4i7-8 1.25 0-25
5 £ 5 600 0015 008 000-5 00L-6 801-0 n»% o1
epreducible. These difficultics, howover, were 700 700 700 700 700 700 0- p
ompletely overcome by employing disphragms with =
ntegral holding rims of sufficiont thicknesses and * Atmosp pressure (. ) ) )
illet vodii, as shown in seotion in Fig. 1. The key | the ing and ting ganges are matched| ‘The radiel and tangential stresses ot any point

o the lettering used in Fig. 1 is given in Table I,
vhere the dimensions of the fonr dinphragms

* Love, 4 Trealise on the Mathematical Theory of
Nastieity, Cambridge Unlv, Prees (1027), Chap, XXII;
Umoshenko and Lossels, dpplied Elastieily, Conatahblo
nd Company {(1828), pages 200-205 ; H. Heneky, " Uber
en in Platten,” Zeit, f,
Aalh. v, Phys., 1915, vol. 63, pages 311-817 ; Clemmow.

to within 0-1 per cont. and that they are both at
the smme temperature. The latter precaution is of
partionlar importance in the measurcment of gas
pressures a3 pressure changes in gases may not be
isothormal and the temperature differences may
well be sufficient to vitiate the sccuracy of the
measurement. Unless maximum thermal conduct-
ance between the diaphragm and the external nub

*roc. Roy. Soe., 4, 1926, vol. 112, nago 559,

is ensnred by having a copper washer here, it is
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on the surface of & circular diaphragm clamped and
held encastré at the edge and subjected to o uniform
fluid pressure are given by the following equations,
which apply strictly for the case where the ratio of
thickness to radius is about 01

I 1 1\ z*
p=ypi{(1+1 -(s+;‘);}. )

£ 1 33 a?
Pg-i’?—p 1+; -(1 +;);} [¢1]
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whero In the specinl case where t]lfh:tmin gaugs :’; estimato of the slope of observed strain plotted
Py e radlal pbross ; mounted symmetrically above centre, a = : . L e
T = tavgeatial stros; and cquation (4) redness to agninst pressure, ie., of gp-  Substituting for f
- = Polsson’s Ratlo ; o =1, J, . 3m4 L) (5 | ond taldng m = 1?" and E =30 x 10° for steel, wo
# w radiu of the plato ; U Bmin get

® e distence of tho point in gnestion from the
contre of tho dlnphengm ; and
P =~ the eppllod pressure differonco.
The radinl and tangentinl stresscs and strain
thus vary from point to point on the surface of the

plate, Denoting the term § P g (1 e i) by fu
s usunl, and taking m =E; for steel, the values

of ?-" corresponding to vavious values of ; have
L]

been worked out from, equation (1) and the plot of

;l’ovnr; is given in g, 6. This graph shows ab a

gﬂiunoo the distribution of stresses along any given
dinmoter of tho cireular plate. Hence it follows
that o strain-geuge monnted along the dismeter

whenee the average strain

S L Sm+1 IF
““Tc{l‘m{mﬂr 7 ®
E being the Young's Modulus,

At the centre p, = f; and the valuc of ?;—" therefore
r
ropresents the ratio of the average stress to the
stress at the centre. The values of _?5 for various
o

values of ‘;* have been calenlated from equation (6),

taking m = };', and are shown in Fig. 6. This graph
shows directly what fraction of the maximum

& 13 7 11 12 .
At~ mal %Y N

In the caso of the dinphragns used in the present
experiments (Fig. 1), the value of r, the cffective
rading, cannot be taken ns equal to the radins of the
flat portion only, but should extend n little heyond
into the region of tho fillet radius slso, because it
would be wrong to sssume that the latter region is
completely insensitive to pressure changes., How
much of the fillet radive should be included in the
effective rading can be deduced arbitrarily by trial
and error and it has thus been found that the simple

assmmnption r =§ - ?, (R being the fillet radine),

of o disphragm subjected to o uniform §
will experi a gradation of straing along its length
and the strain valuo obtained experimentally will
therefore be the weighted average of these valnes.
The trensverse strain sensitivity of the gange is
only abont 2 to 3 per ecent. of the longitudinal
strain sonsitivity and wey bo disregurded. The
average radipl steain over the length of the gouge
can be estimated as fallows,

Let L bo the lengih of the active portion of the
strain gauge, and a and b the parls of this length on
eithor side of the contre, Sinee from (1),

Bm + 1 28
_-pr..;,{i- s r‘} i oy
the average volue of p, over the length + a to — b
is given by

]
o 8m + 1 2%
-t 1= =) dx
! a+bj'_b( m+1 7
Gm 41 18— dab
- . —k .
f"'[‘ Afm + 1)t } )
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TABLE IIIL—Compantson or T AL AND Exi TAL VALURA.
1, Mlororin, porin, Tereentnge
5 v dar 1b. per 8q, In, Tieviation
D!ngpmgm Thickness, lemr, ll-nd“ Jhu” . ]:Hljndmlu:f e af qurrflnwut
B sn. Din. Rin, rin, Theoratical B rhiony
Calenluted Expurl- = =< % 100
from K. (7). wental, Theory
1 0-0045 1-240 004 L] 0+ 500 0642 e
I 0-0735 1-220 006 0-B80 0708 0780 feiiell
I U-0040 1:260 000 0+ GEG 1-080 1000 u
wv 00420 1260 0156 0-526 1978 1-748 =20

central strain is represented by the experimental
strain value measured with a strain gange of & given
length in relation to the dismeter of the plate and
mounted symmotrically about tho centre. Thus,
with o gauge which has an active length equal to

half the diameter of the disphragm (ic., % =1),

the observed strain will be 70 per cent. of the
maximum strain at the centre.
From equstion (B) we can obtain o theorotical
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i.e., the inclusion of one-third of the fllot radins in
the effective radius, gives sufficiently consistent
results. The excperimental values and the theoreti-
col estimates based on theso nssumptions are given
i Table III.

It is also possiblie to deduce the limit of propro-
tionality df the materinl of the diaphragm from the
date given in this article. From tho observed values
of the maximum sorvice pressure, the effective
radius r, and the thickness ¢ of the diaplragm, the
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value of f,, the maximum permissible stress at the
centre, can be calculated, since
2 1
fo=4P 5(1 -} ?;).
As can be seen from Fig. 5, the maximum stress that
the plate is subjected to under any given load is at
the periphery and this is & compressive stress on

the gauge side of magnitude equal to :—g times the

maximum tensile stress at the centrc; there is
a corresponding tensile stress on the other side of
the rim. These values obtained from the present
experiments aro collected in Table IV,

TasLe IV,

Maximum

Maximnm| Corre- Radlal

Bervice |sponding| Stress

Dia- | Effectivo | Thiclk- | Pressure-| Stress at
phragm | Radius, ness, DifTer- ab Porl-
No. rin, tin, S Centre, | phery,
Lb, per | Lb, per | Lh. per

8q. in, B, in. (. in,

4 0-608 00040 1,300 27,200 41,000

I 0-680 00736 060 20,100 44,800
13 0686 00040 760 30,600 47,100
v 0626 00420 480 36,600 56,400

The reason for the lower values in the last column
of Table IV for the thicker diaphragms is not
apparent,. as the same material has been used
throughout. There are differences in stress-con-
centration factors and there may also have heen
differences in work hardening during machining.
When designing diaphragms, therefore, a conserva-
tive value should he teken for the limit of pro-
portionality of the material concerned,
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