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FOR AUTCMATIC FUEL INJECTION VALVES.
By W. F, Joachim.

Summary

This research on steel diaphragms was undertaken at the
Langley Memorial Aeronautical Laboratory, as a pari of a gen-
eral investigation of fuel injection engines for aircraft.

The work determined the load-deflection, load-deformation and
hysteresis characteristics for single dlaphragms having th}ckb
nesses from 0.002 inch to 0.013 inch, and for similar dia-
phragms tested in multiple having total thicknesses from 0.013
inch to 0;180 inch. The elastic limit loads and deflections,
and rupture pqints of single diaphragms were also determined.
Some work was done on diaphragms having central orifices in or-
der to determine the effect of orifice diameter upon the load-
deflection characteristics. ;

A11 diaphragms were firmly clamped at their edges in an R
injection valve and loaded by hydraulic pressure. The deflec-
tions were measured with a dial test indicator. The dilameters
of the unsupported area and of the whole diaphragm were 0.4

inch and 0.5 inch, respectively..
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The results of these tests show that the deflections of
single diaphragms vary with the square root of the unit load
multinlied by a constant and inversely as a variable function
of the diaphragm thickness which, for very small deflections,
is the cube of thse thickness but which decreases rapidly to
approximately the 0.8 power of the thickness at a deflection
of 0.010 inch. The eLast;c 1limit deflections were found %o
vary from approximately 0.016 inch to 0.011 inch for diaphrdgm
thicknesses ranging from 0.002 inch to 0.012 inch. The rupture
point deflections ranged from 0.027 inch to 0.038 inch.

The load capacities of diaphragms used in mulfiple in~
creased almost directly with multiple thickness and for equal
multiple thicknesses, with a variable function of the indi-
vidual diaphragm thickness. The load capacities of diaphragms
with orifices increased rapidly with increase in the orifice
size.

The hysteresis of single and multiple diaphragms was found
to imcrease in general with diaphragm thickness. The hysteresis
per diaphragm remained practically constant with variable mul-
tiple thickness for thin dlaphragms but for thick ones thé
hysteresis increased rapidly with multiple thickness.

Deformation occurred first at the clamped edge and second
over the whole unsuppoerted portion of the diaphragm. These de-
formations took place at practically the same deflections for

the thin diaphragms but for the thick ones'the deformation at
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the clamped edge took place muoch earlier.

The formulas usually given for the deflections of circular
plates were found to be inappllceble to the range of test con-
ditions of this research.

1t is concluded that steel diaphragms used in multiple =

have capacities and characteristics that make them suitable for

Use in automatic fuel-injection valves.
Introduction

In order to attain efficient combustion in a high-speed
fuel-injection engine, each part of the fuel system must not
only bo‘carefully designed but it is actually necessary that
eacn part be secparately investigated. The injection valve
plays a very important part in the control and utilization of
the pressures developed try the pump and in the atomization and
distritmtion of the fuel in the engine cylinder. It is neces-
sary tq_investigafe therefore, if maximum efficiency is to be
obtained, not only the performance of an injection valve in
engine service but also the characteristics and limitations
of its various parts.

The results of an investigation dn the discharge char;c—
teristics of small round orifices suitable for use in fuel-
injection valves have been published in N.A.C.A. Teéhnical
Report No. 234 (Reference 1). Whilé the general subject of

diaphfagms has recelved considerable valuable analysis and dig-
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cussion in a repoxrt by M. D. Hersey (Reference 2) and a paperh
entitled "On the Depression of the Centre of a Thin Circular
Digc of Steel Under Normal Pressure,! by Stanley Smith, has
been published by the Royal Society of Canada, no data has been
published as far as is known on em2ll diameter steel diaphragms
suitable for use as the flexible memrber in automatic fuel-
injection valves. The fact that dlaphragms have frequencies
higher than those of other forms of springs, that their masses
and inertias are very small, that their accelerations are un-
restricted by external friction and that they eliminate the
necessity for the use of helical springs and lapped valvse

stems and guides with their consequent wear and leakage, makes
thelr use desirable in fuel-injection valves for high-speed
engines.

The work presented in this report refers to steel dla-
phragms of various kinds and thicknesses guitable for use in
automatic fuel-injection valves. The diaphragms differed from
each other by having central orifices of various diameters,
having no orifices, and in the thickness and number of similar
diaphragms 1laid one upon the other. Load-deflection, load~
deformation, and hysteresis characteristics; elastic limit
loads and deflcctions; and rupturé points were determined for
single dlaphragms without orifices. Load-deflection and hys-
teresis characteristics were determined for multiple dia-

phragms without orifices. The effect of orifice diameter upon
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the load-deflection characteristics of diaphragms with orifices
wae determined. The thickness of the individual diaphragms
‘ranged from 0.002 inch to 0.012 inch. The thickness of dila-
phragms tested in multiple ranged up to 0.180 inch. The diam-
eters of thé'unsupported ared and of the whole diaphragm were
0.4 and 0.5 inch, respectively. Static hydraulic pressures up
to 16,000 1b. per sq.in. were applied and deflections up to

0.038 inch werc measured.
‘Methods and Apparatus

All diaphragms were subjected %o various static hydraulic
pressures by meang of dead-welght gauge testers and the re-
éulttng deflections méasured. The diaphragms were clamped at
thelr edges in an injectlion valve as shown in Figs 1. Two
gauge testers were used: (a) a 16,000-pound Watson-Stillman
using a calibrated pressure gauge, and (b) a 750-pound Ashton
using dead-welghts.” The deflections were measured with an
L. S. Starrett universal dial test indicator graduated in
thousandths of an inch. The arrangements of the apparatﬁs are
shown in Figs. 3 and 3. The valve and gauge testgrs were
;apped lightly, and the dead weights rotated when used in order
to relieve the system of slight frictional resistances.
| The accuracy of the data depends upon the accuracy of the
gauge testers, upon the dial test indlcator and the precision

with which the pressures and deflections were read. Since the -
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g&uge testers and -dial test Indicator are standard test instru-
ments, an appreciable error could probably cnly enter into the
observed readings. This applied particularly to readings of
deflections where it was necessary to interpolate between the
scale divisions of the dial test indicator. The experimental
pointe of representative curves, such as those in Figs. 5, 11,
and 15, however, indicate that these observations were not
greatly in error since the curves arc smooth and regular and.

the experimental points 1lie very close to or upon the curves.
Diaphragms without Orifices

The load~deflection characteristics and rupture points of
most single diaphragms without orifices, ranging in thickness
from 0.002 inch to 0.012 inch, were determined with the Watson-
Stillman gauge tester. In these tests a single diaphragm wes
clamped in the injection valve and hydroulic pressure applied
stép by step until rupture occurred. The deflections were ob-
served at €ach pressure inorement. Three or more complete
tests were made on each dilaphragm thicknesg and, since the ob-
served deflections agreed to within 0.0004 inch for the same
applied pressures, the date were averaged. The elastic limits
of single diaphragms were determined by rcpeatedly loading
them from zero pressure to progressively higher pressures until
those deflections were reached from which the diaphragms failed

to return to thelr initianl form. This Heteranination was made
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on geveral diaphragms of the same thickness and the results av-
eraged. The results of these two series of tests on diaphragms
of all thicknesées are plotted in Fig. 4, the elastic limit and
rupture point positions being designated on the curves.

Three items of interest may be noted in the data presentéd
in Fig. 4. The flrst is the regular manner in which, for a
given deflection below the elastic 1limit, the hydraulic pres-—
sure increases with diaphragm thickdcess, This is interesting
since dlaphragms of different thickness were punched from &if-
ferent stock. There was, therefore, no assurance that all the
diaphregms were made from exacily the same material, that the
heat treatments were ths same; nor that the effect of rolling
the metal to saze was alike for all the thiclnessecs tested.
Trese cffects together with ecarly initial yield of the metal
near the clamped edge probably account for the relatively low
aydraulic pressures for the 90018 inch diaphragus. The second
item is the apparent toughness of the steel. In all cases the:
rupture point deflections ronge from two to three times the
elastic limit deflections. The third item is that the elastic
limits,are neither at nor_immediately before the reversal of
curvature of the curves but are approximately at the point of
greatest upward curvature. This position of the yileld points
is exnlained by the fact that yield of thé metal took place
locally néar the clamped edge of the diephragms at lower pres-

sures &nd deflections than those causing yield over the whole

I3
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diaphragm. Thig local yield near the clamped edge was probably
causcd by the compression siresses caused by clamping, and by
the bending and shear stresses resulting from hydraulic pfcs—
sure at this point. It was observed that many diaphragms,
which had been defléctcd only a few thousandths inch beyond the
vieid point, had remained pliane at all other points.

The results of a itest o determine the elastic limit of
a 0.004 inch diaphramgm are illustrated in Fig. 5. The deforma-
tion curve shows the amount of deformation at the center of
the diaphragm, reculting from any prissure and indicates that
the elastic limit of this diapbrogm wos between pressures of
400 and 500 1b. per sg.in., or between deflections of 0.0107
and 0.012 inch. It may be noted that up to the reversal of
curvature of the pressure-deflection curve, 1600 1b. per sg.in.
arnd 0.0203 inch deflection, the deformaticn increment for any
pressurc change is less than the deflection increment. These
data indicate that between the elastic 1imit and the reversal
of curvaturec, the flexure of the diaphragm consisted partly of
elastic deflection and partly of deformation and that, from
the considerations of local yicld given above, the deformation
took place ncar the clamped edge of the diaphragn. For pres—
sﬁres and deflections at and immediately abovs the reversal of
curvature the deformation increment equals the deflection in-
crement, thus indicating that additional deflections were ob-—

tained by deformation alone and that yield took place over the
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whole unsupported area of the diaphragm. A+t still higher pres—
sgres and deflections the deformation increment gradually oe-
carie greater than the deflection increment. This may be ex-
plained by the gradually increased stiffness of the diaphragﬁ
caused by its change in shape and by the working of the metal.
Curves showing the variation of elastic limit and rupture
point pressures and deflections with diaphragm thickness are
plotted in Fig. 6. Since the data presented are average values
from a large number of tests in which efforts were made to ob-
tain the same test conditions for all diaphragms, it is be-
lieved that the apparent inconsistency of the rupture points
is an indication of the difference in the physical character-
istics of the steel. The rupture point pressures of the 0.002,
0.004, and 0.006 inch diaphragms appear to fall on one continu-
ous curve while those of the 0.008, 0.010, and 0.012 inch dia-
phragms fall on another. Extending each of these curves toward
the origin as shown in the figure seems to indicate that each
may have resulted from different material arnd physical charac-
terigtics. This is quite probable since the thicker diaphragm
stock vas purchased 3% years later than the thinner stock.
It may be noted that the extrapolated portions of these curves
cross the axis of abscissas at a diaphragm thickness of approx—
imately 0.001 inch, thus indicating that a diaphragm of this
thickness would probably have ruptured at zero pressure had

one been tested. BSince the diaphragms were very firmly clamped
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in the injection valve in order to approach, as nearly as possi-
ble, a fixed mounting at the rim, it is thought that these con-
gsiderations indicate the effect of the clamping stresses and
that a 0.001 inch diaphragm would have becen rupturéd solely by
these forces.

The load-deflection curves of single dlaphragms without ori-
fices, tested to a point close to their respective elastic ljim—
its, are plotted in Fig. 7. These curves represcnt the average
results of several tests on each dlaphragm of the same thic%— L
ness and show the characteristic hysteresis or elastic lag
loops of these diaphragms for continuous testing. Though there
appearcd to be no regular change in the amount of the hystere—
sis with thickness, the thick diaphragms had more hysteresis
in general thaﬁ the thin ones.

The results of one series of tests on diaphragms tested in
multiple to a deflection of 0.010 inch are plotted in Fig. 8.
These data show the effect of individual diaphragm thickness;
0.004 inch to 0.0123 inch, on the load-deflection and hystercsis
characteristics for a multiple thickness of 0.060 inch. A com-
parison of the load-deflection characteristics of single dia-

phragms and dlaphragms tested in multiple shows that for lilke

deflections the loads carried by the individual diaphragms

—

tested in mulfiple arc approximately equal to those carried by

di@g&g@gmg%tggﬁg@_single in the cage of thin diaphragms. For

thick diaphragms, however, the individual loads carried are

| [
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considerably greater for diaphragms tesied in multiple than for
those tested singly. Analysis of the effect of individual dia~
phragm thickness upon the load-carrying capacitigs of dlaphragms
tested in multiple shows that at very small deflections the _-
relatlon varies with the cube of the thickness as given in
theoretical formulas, but for greater deflections the effect

of thickness is considerably smaller, being only approximately.
0.4 the theoretical value at 0.010 inch deflection. A compari-
son of the hysteresis charactcristics of single and multiple
diaphragns shows that for thin diaphragms and like deflections
the hystoresis of individual Giaphragms used in multiple is
approximately equal to that of one diaphragm tested singly but
that the hysteresis of individual diaphragms uscd in rmultiple
increases rapidly with nultiple thicknegs for thick diaphragms,
rcaching six times the value for one dlaphragm with ten 0.013
inch disphragms. While the hysteresis of individual diaphragnms
rema ing practically constanf for any number of 0.0C4 inch dia-
phragne tested in multiple, it was found that for greaﬁer
diaphrogm thicknesses it increased directly with the number of
diaphrogns. _

Several series of tests on diaphragms of all thicknesseé
similar to that represented by Fig. 8 were made for total .
thicknesses ranging from 0.013 inch to 0.180 inch and the data
cross—plotted as in Fig; 9. These curves give the loads car-

ried at 0.008 inch deflection by diaphragms of various thick-
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nesses for any multiple thioknesé up. to 0.180 inch or to o maxi-
mun pressure of 10,000 1b. per sg.in. Since a deflectien of
0.008 inch is probably well within the endurance 1imit of these
diaphragms it follows that the curves of Fig. Q-permit the safe
eelection of any two factors when the third is known or deter-
rmine the third when the other two are fixed. For exanple, if
in the first case the maximym working pressure is fixed at

6000 1b. per sq.in., then 0.012 inch diaphragms with a Fotal
thickness of 0.048 inch or 0.006 inch‘diaphragms with a total
thickness of 0.096 inch may be selected, In the second'case,.
if the multiple thickness is fixed at 0.140 inch and only 0.008
inch diaphragms are available, then the maximum permissible
working pressure will be S0C0O 1b. ser sq.in. _

Since it would be necessary to take the injection valve
down at various times in the course of actual engine operation
and then to reasserble it with the same or other diaphragns, it
was decided to determine what effect, if any, such take-down
and reassembly had upon the load~deflectien relationships of
dlaphragms used in multiple. Three diaphragm assemblies,.each_
containing nine 0.004 inch dilaphragms were, therefore, seod-
rately tested to a deflectién of 0.210 inch. The maximun and
minimum dnta from these tests are plotted in Fig. 10. The re-
sults show & maximum difference, due to variations in individ-
ual diaphragrs end in the asserblies, of 33% and one-half of

1% for the up and down readings, respectively.
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Diaphragms with Orifices

The work done on diaphragms with orifices was carried out
on 0.004 inch diaphragms tested singly and in multiple. The
diaphragms tested in multiple consisted of nine 0.004 inch di-
aphragms. The orifice dilameters tested were 0.015 inch, 0.0860
inch, and 0.100 inch.

The problem~of testing the diaphragms with orifices Qaé
different from that of the diaphragms without orifices in that.
the direct retention of the hydraulic pressures was Ilmpossible.
Also, the deflections of the diaphragms without orifices had
been measured at their centers, while it was necessary with
the diaphragms with orifices to measure the deflections at the
orifice edge or at some fixed radius from the center.

Two methods of maintaining pressures and two methods of
measuring.deflections were investigated. The first method
used to maintain the hydraulic pressures was to cover the hole
in the diaphragms with one solid diaphragm and then to make
corrections for the solid diaphragm so as to obtain the load-
deflection relationships for the dlaphragms with orifices.

The cffect of the single diaphragm without the orifice was ap-
proximately determined by testing 10 dlaphragms without ori-

fices and subtracting from the results those obtained by test—
ing 9 diaphragms without orifices. The second method investi-

gated was to retain the pressures by means of 2 wide angle
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conical pointed stem progressively advanced into the orifice.
The injection valve assenbly with this stem is shown in Fig. 1.
The test was conducted by screwing the stem in until the con-
ical point seated in the orifice and produced a definite def
flection as indicated by the dial test indicator. Hydraulic
pressures were then apolied until a rapid flow of the o0il used
in the geuge tester through the orifice took place. Under
these conditions the effect of the central loading imposed oy
the stem was éiiminated, the diaphragm being loaded only by
hydraulic pressure. Readings of both the pressure and deflec-
tion were taken.at this point. By screwing the stem in by
increments of 0.001 inch and observing the flow pressures and
deflections data were obtained over a range equal to that for

. the diaphragms without orifices. OSince this method of loading
the diaphragms with o:ifices simulated the conditions of actual
+ operation in &n .injection valve more c¢closely than the first
nethod it vas adopted for these tests.

The first method used to measure the deflections of dia-
phragns with orifices employed a knife edge on the indicator
arm. This was adjusted so as to bring the knife edge across a
diameter of the orifice. Hence it measured the deflection
produced at the orifice edge. The second method employed a
straddle point on the indicator arm. This had two points
which contacted with the diaphragm on eilther side of the ori-

fice, its position being adjusted so as to me2sure the deflec-
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tions produced on a circle concentric wifh the orifice and
5/32 inch in diameter. This method was adopted for these
tests since all deflections were thus obtained at the same
distance from the support circle. *

In order to show the relationship between deflections at
a circle 5/32 inch diameter as obtained with the straddle
point and those at the diaphragm center as obtained with the W
cone point, tests were made with each point on the same 0.004
inch diaphragms without orifices to a pressure of 400 1b. per
sq.in. The results are nlotted ianig. 11, where also thc
cone and straddle points, as attached for these tests to the
ball at.the end of the indicator arn, are“illustrated. The
curves show lesser deflections for the straddle point at all
pressures which are, within the range tested, approximately
84% of the deflections obtained with the cone point.

The work done on single diaphragms with orifices is pro-
sented in Fig. 12, and that on dlaphragms with orifices +test-
ed in @multiple in Fig. 13. In all cases the diaphragms hav-
ing large orifices required aigher pressures, for the same de-
flections, than did those having small orifices. This may be
explained by the fact that the hydroulic pressures producing
the deflections in diaphragms with large orifices not only
had less unsunported area to stress, thus decreasing the total
supported load, but also acted on o shorter average lever am

from the support circle, thus making them less effective.
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While there is no doubt that the presence of the erifices weak-
ened the diaphragms and produced high local stresses at the or-
ifice edges, there were no evidences of yield or incipiont rup-
ture noted in any of the tests. The effect of the diameter of
the orifice upon the pressure relationshlp at deflections of
0.004 and 0.006 inch for single and multiple diaphragms are

shown in the inserts in Figs. 123 and 13, respectively.
Comparison of Experimental Data with Theoretical Data

Curves plotted from the experimental data are compared
with curves plotted from the usuwal formulas for the deflections
of unifomly loaded circular plates rigidly clamped at their
edges in Fig. 14. Several characteristic differences between
the curves obtained from the experimental data and the formu-
las may be noted:

First, the experimental curves are parabollc in form

while the theoretical curves are straight lines.

Second, the loads carried by diaphragms 0.008 inch thick

or less, are much greater in general in the experi-
mental curves than in the theoretlcal curves. This
pressure difference increases rapidly with increase in
deflection and decrease in diaphragm thickness.

Third, the variation of the experimental deflection with |

diaphragm thickness is not inversely as the cube of

the thickness as is the case for the theoretical curves.
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An analysis of the various derivations of the theoretical
formulas shows that assumptions have been made which employ
approximate relationships and eliminate certain variables from
the formulas altogether. Some of the assumptions are that the
deflections will be small and that angles of inclination will
be, therefore, equal to their sines or tangents, that the mid-
dle layer in the plate will be a neutral layer having neither )
stress nor strain and, that all elementz that are str;ight and
perpendicular to the neutral plane or axis of the diaphragm
before flexure will remain straight and perpendicular to the
neutral axis after flexure; that a ring of these elements con-—
centric with the center of the diaphragm will, if produced,
meet in a point on an axis perpendicular to and through the
cneter of the diaphragm, thus forming & cone of produced ele-
ments and, finally, that since the angle which these elements
will make with the perpendicular axis will be small the cone
thus formed may, therefore, be considered a right cylinder.
Compressive stresses caused by loads on and perpendicular %o
the plate, shear stresses caused by strains and approximations
beyond the flrst order are neglected in the derivations.

It igs found that these assumptions and omissions make the
formulas inapplicable to the dlaphragms as tested at compara~-
tively large deflections in this research. The approximately
spherical surface of a thin diaphragm having an unsupported

diameter cf 0.4 inch stressed to a deflection equal to 4% of
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its unsupported diameter, i.c., 0.016 inch, has a radius of
&bout 1 inch. The maximum angle which the produced elements
will moke with the vgrtical axis through the ¢enter of the dia-
phram, will be about 10 degrees. This angle will vary greatly
depending upon the defiection, the location of the reversal of
curvature, and the radius of the circle from which the elenents
are produced. As a diaphragnm is deflected, the apex of the
cone of produced element moves in along the perpendicular axis
frdm infinity to a point relatively close to the diaphragm.
Since the deflections obtained in this research are not small,
these variables together with compressive and shear stresses
and thec rapidly changing shape of the diaphragm introluce ef-
fecte which make the form of the load-deflection curve meteri-
ally different from that derived in the formules. _
The form of the load-deflection curve of rigldly clamped
diaphragme is also influenced by the ratio of diaphragm thick-
ness to deflection. If a diaphragm 0.002 inch thick is daeflect-
ed 0.016 inch, the whole of its inner surface and nearly all-
of its outer surfoce is in tension. The cso@ll part that is in
compression lies in the outer surface of the diaphragm betwcen
the clamped edge and the reversal of curvature. The stresses
in the diaphragm are therefore largely analogous to those in &
vortion of a hollow sphere of 0.003 inch wall thickness and
diameter of cbout 2 inches, the inner fibers vbeing stressed in

Yension exactly like the outer fibers, though in somewhat less
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'degree. The relations, using the above &s a basis, between the
loads and the resulting deflections in rigidly clamped dia-
phragms having deflections equal to or gieater than their thick-
ness can be shown to be of the fom, 2P = C3®, in which

P = unit prescsure acting on the diaphragn,

C

it

constant, and

d = defleéction of diaphragm at its center.
Fig. 19 illustrates the close agreenent obtained between an ex-
perimental load-deflection curve and the parabola,
P= 3,711,000 & . It may be noted that the two curves coincide,
within the limits of experimental accuracy, up to the elastic
1imit. The point at which the experimental curve deviates
from the parabola, that is, the elastic limit of this diaphragnm,
is given by the point of initial deformation 2s indicated in
the deformation curve, by the point at which the experimental
value of C deviates from & constant and, in the case of this
diaphragm, approximately by the reversal of curvature of the

load-deflection curve.
Spvecifications of the Siteel

The steel from which the diaphragms were made was pur-
chased competitively in the open market under the specification
"Jiltra Supcrior Swedish blue tempercd spring steel.! The steel
has a deep purple temper.color with streaks and small areas of

1light purple, brown purple and light blue, indicatlng an aver-
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age drawing temperature of approximately 550°F. The effcct of
rolling the stock to sigze is clearly shown in the ¥rolled out!
or lined appearancc of the tomper colors. The fact that nearly
all the fractures obtained in the rupture point tests were with
the direction of iolling, indicates that the structure of the
ﬁetal wa8 probably considerably distorted and weakened.

The following chemical and physical analyses, with the ox-
ception of the modulus of elaectlicity of the steel, were re- -
ported by the Bureau of Standards: . |

- Chemical Analysis -

Carbon 1.29% Sulphur 0.015%
Yanganese 0.27% Silicon 0.12%
Fhosphorus  0.019% Iron remainder )

Physical Tests -
Ultimate strength, pounds per square-inch,
average for all thlcknesses, 375, 000
Elongation, per cent in 2 inches, average _
for all thicknesses, . 2.8 .
Hodulus of elasticity, pounds per square-

inch;, 0.018 inch thickness only, 38,250, 000.
. General Resulits

Analysis of the test results of single diaphragms shows

that up to the elastic 1limit the deflection varied directly

with the square root of the unit pressure times a constant and
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inversely as a function of the diaphragm thickness, which for
very small deflections is the cube but which decreases rapldly
for greater deflections, reaching approximately the 0.8 power
of the thickness at a deflecfion of 0.010 inch.

The elastlc 1imit deflections vary from approximately 2.75
per cent to 3.50 per cent of the unsupported diameter for dia-
phragms having ratios of unsupported diameter to thickness of
from 33 $o 300, respectively. The rupture point deflections
average 8 per cent of the unsupported diameter.

The load capacities of multiple diaphragms increased almoét
directly with the total thickness and, for equal total thick-
nesses, with a variable function of the individual diaphragm
thickness. The load capacities of orifice diaphragms increased
considerably with increase in orifice diameter.

The hysteresis or elastic 1ag.charagteristics of single
diaphragms increased in general with diaphragm thickness. For
composite diaphragms the hysteresis increased with diaphragm _
thickness and remained practically constant with various multi-
ple thicknesses for th €$3!2¥mfksed rapidly with
multiple thickness fO!:leckani?;E% .

. Deformation was foung,tg.be! of ‘t”wc%*%inds that which took
place at or very close torQ o ‘““§%?£§ZL of the diaphragm
caused by local bending and clamplng strains and that which
took place throughout the whole disphregm. The initizl defor-

"mation at the clamped edge occurred, to some extent, very
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early in the tests of the medium and'thick diaphragms so that

the true relationships of these diaphragms were somewhat masked.

Aralysis of the derivations of the usual formulas for the
deflections of rigidly clamped circular plates and comparison
with the experimental data, show that the formulas are inappli-

cable to the range of test conditions of this research.
Conclusion

The results of this research show tnat small diasmeter
steel diaphragms used in multiple have load capacities and de-
flections that make them sultable for use as the flexible mem-

ber in auvtomatic fuel injection valves.
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