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I. Summary

The object of the present investigation is to
study the behavior of two types of electric pressure
indicators for use with high speed engines and to
éstablish the proper calibration technique. The need
for the investigation arose from the complete lack of
information in literature concerning the problem.

Three plezo-electric and three electro-magnetic
indicator pickup elements were investigéted as to theix
sensitivity up to a pressure of 950 psi. The step-function
method was used and is the significant feature of this
calibration. The signal trace on the oscilloscope screen
was recorded photographically. Results are presented in
the form of calibration curves of pressnre and voltage
output vs. oscilloscope deflection and sensitivity vs.
pressure.

The callbrating technique 1is outlined in detail
and several difficulties likely to be encountered are
discussed in the Appendix.

The time response of the elements to pressure
change is discussed and evaluated by means of theoretical
computations.

The behavior of the pickup elements is discussed

and is found to be &n agreement with prediction.
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II. Introduction

Engine indicators were at first introduced primarily
for taking indicator cards of steam engines and low-speed
stationary oil engines from which the indicated power can
be computed. After the evolution of high-speed internal
combustion engines, the study of tie cycle of events beéomes
another and more iﬁportant function of the engine indicator.
In fact, as the method for apnroximating the indicated
pover of high-speed engines by adding tlie actual work
output of the engine to the fricticnal losses obtalned by
motoring or driving the engine with an electric dynamometer
1s simpler and becomes more widel: used, the sole purpose
cf taking indicator cards in high-speed engines 1s the
study of the pressure variation existing in the cylinder
under various overating conditions of load, fuel-air ratio,
compression, ignition and valve timing, and wlth different
thels.

The usual mechanical pistpn'tjpe engine indicator as
used for large stationary slow-speed steam and oll engines
gives falrly satisfactory indication for engine speeds
below 300 r.p.m. For the high speeds as encountered in
modern high compression internal combustion englnes, this
type of indicator 1s not suited for indication purposes
because of the inertia of the moving parts which tends to
distort the indicator diagram and makes the indicator
plston unable to follow accurately the rapid pressure

change taking place inside the cylinder. Furthermore, the



indicator connection inc;eases thie compression space
appfeciably and thus infﬁences both the compression and
combustion, especially in small high-compression engines.
Various other devices have been designed and developed
to meet the needs, such as optical indicators, sampling-
valve indicators, balance-pressure dlaphragm type indicator
and electric indicators.(Ref.1,2,5,4,5)

The electric tyve engine indicators which
have become nopular in research and development work in
engines have a pressure-sensitive element screwed into
the cylinder head,which, when acted on by the cylinder
pressure, produces an electric current varying with the
pressure. This current i1s then flowing through an amplifier
and 1s recorded on a cathode-ray oscilloscope screen. There
are, in general, four types of electric indicators, known
respectively,as the resistance, the magnetic(or inductive),
the condenser(or capacitive) and the plezo-electric type.
(Ref.6). All these indicators make use of the property of
the pnressure-sensitive element to produce an electric
signal varying with the pressure. The graphic record taken
on the oscilloscone screen of this electric signal is hence
also a record of the pressure inside the cylinder.

Piezo-electric quartz type pressure pickups
and eletro-magnetic nickup elements are used in the engine
laboratory of the California Institute. It was found that

there were no reliasble calibration data from the

Was
manufacturers of these elements. Besides, it deemed



necessary to establish a routine method for calibration
in order to insure reliable results from the pressure

indicators.
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ITI. Description of the Indicators

A, Pilezo-electric type

The plezo-electric indicator is especially suited
for laboratory and rescarch wérk to study the cyclic
pressure change in high-speed engines by observation of a
continuous indication on the screen of a cathode-ray
oscilloscope. This equinment, because of the infinitesimal
amnlitude of movement of its varts under pressure and hence
1ts freedom from inertia, 1s capable of followlng and
accurately indicating the pressure variation at even higher
speeds than are encountered normally in modern engines. It
consists of a vressure clement using certain pressure-
sensitive crystalline substances such as Rochelle 3alts,
tourmaline and quartz which posses the peculiar property
that, when they are subjected to pressure in a particular
direction relative to their crystal faces, an electric
charge appears on these faces. This effect is called the
"Piezo-electric effect". Quartz and tourmaline are used
when temperatures are.high and Rochelle Salt crystals when
temperatures are low. These electric charges, besides being
in exact nrovertion to the pressure exerted, also vary
instantly with change of pressure.

The couplete set of instruments consists of four
parts,namely, the pressure element which converts the
mechanical pressures into electric impulses, the amplifier
by which these electric impulses are magnified, the cathode
-ray oscilloscéne which produces a graphic record directly

of the amplified electric impulses and indircctiy of the



pressure cycle of the cylinder, and the synchronizer which
assumes a definite phése relation between the crross sweep
of the oscilloscone and the engine cycle.

The indicator being investigated is of the quartz-

|_.l

niezo-electric type,consisting of a “Cox type-3" pressure
element, " type-2"portable amplifier,cathocde-ray oscilloscope
and the "type-6"multiple contactor for synchronism. The
element(Ref. 7),as shown in Fig.l,consists of two quartz
orystalé mounted in a small cylindrical casing between
grounded electrodes,known as the piston and plug. A third
electrode,insulated from ground by the crystals themselves,
is inserted between the two crystals and is the "high"
electrical connection of the unit. When an external
pressure 1s exerted on the piston(thus compressing the two
crystals),an electric charge will appear on the two faces
of each crystal. The crystals are so polarized that these
charges are additive, the crystals thus operating in
varallel. ‘When no current is drawn from the unit, the
voltage between the center and ground electrodes is
directly nronortional to this charge and inversely

proportional to the capacity between the two electrodes.

Tre "Cox type-2" amplifier is used to magnify
the small output voltage of the pressure element tovthe
desired amount on the oscilloscope screen. According to
the manufacturers' handbook(Ref.8), it has a minimun
frequency response of 1 c.p.s., and is able to respond

falithfully to a single impulse, whether it be ir tre form

of frequency as low as 1 c.p.sS.,0r any complex wave form



within the freduency fange of the amplifier, thereby

making it ideally suited for the study of infrequent or
non-recurring nhenomena. It is a three stage resistance-
capacitance coupled audio-frequency amplifier. The first
stage has two different input imﬁedances, which are selected
by the vositioning of the input "Selector" switch.Position
1-A should be used for all applicaticns in whilch the
impedance of the signal voltage to be ampiified is either
resistive or inductive and in which the amplitucde of the
signal voltage is between 0.1 of 1 m.v. and 300 m.v.
Pogltion 1-B 1is used for tbe signal voltage from piezo-
electric and capacitive soueces. Pogition £ connects the
signal voltage into the second stage of the amplifier and
is used for an input voltage of 5 to over 1000 m.v. Beside
the above-mentioned input circuits, the amplifier has also
incornorated within it a calibrating voltage circult which
can be turned on or off. The amount cf calibrating voltage
used can be varied by means cf the voltage control.

The recording or registering instrument of the
amplified electric implilse is the cathode-ray oscilloscope,
while the equipment for synchronizing the horizontal timing
axis of the scone to the crankshaft angle of the engine is
the "Cox type-6" multiple contactér. For the construction

and operstion of the latter, see Ref. 9.



B. Blectro-magnetic type

Thhe electro-magnetic indicator consists of tie same
parts as the piezo-electric type except that the pressure
elerent(Ref.10) employs the electro-magnetic method of
generating & voltage across the terminals of a coil by
converting the diaphragm vibrations into variations in
magnetic flux through the soft steel core- of the coll. As
the pressure acting on. the dilavhragm 1s changed, the
moverient or vibration of diaphragm changes the width of the
ailr gap in the magnetic circuilt, thereby changing the flux
hﬂssing thtough the coil. "his veshlts in the generation
of induced voltage in the coil which is directly proportional
to the rate of change.of flux passing through the coil,i.e.,
to the velocity of vibration of diaphragm under pressure
changes.

The pressure element,as shown in Fig.2,has two
adjusting screws to adjust the air gap in the magnetic
circuit, Seveéral threaded holes are pfPovided in the adapter
of the pickup so that cold compressed air may be used tocool
the coll windings when the pickup is expéséd to heat during

engine testing.



iV. Testing eguivment and onrocedure

The qauipment used for calibrating these two kinds
of pressure elements co-sists of a conventional dead weight
tester used for calibrating Pourdon type pressure gauges
and a specilally designed quick acting pressure release
vaive for applying and releasing pressures bn the element.

Glycerine is used as the hydrauilc fluid. The general set

up of the equipment 1s shown in ¥ig.d.

Fig.5., General Set-up of the testing eguipment
for calibrating pressure element
A, Valve stand B. Dead welght tester
C. Prcssure element(electro-magrietic type here)
D. Oscilloscope ., Amplifier
F. Movie camera t. Viewling hood
F. Quick acting nressure relesse valve
I. lanifold

The element to be calibrated is screwed into the

manifold of the valve stand. Before swrewing the element in

nlace, glycerine is bled to elininate tie air trapped in the

2
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manifold. The element is connected to the input side of the
amplifier by means of a shielded cable. The amplifier gain
control should be set at an arbitrarily fixed position
(about 1/3 turn clockwise) such that there will be no
"overloading"of the amplifcier. This 1s done by adjusting
the gain control so that when the amplifier calibrating
voltage 1s about twice that corresponding to maximum
pressure enéountered,there will be no flattening of the
peaks of the sinusoidal waves on the oscillioscope screen.
"™hils 1s very important as the overloading or excessive gain
of amplifier willcause distortion of the pressure diagrams
and result in faulty scope deflections,especially at high
pressures or voltages. "his amplifier gain positicn shonxld
be observed throughout the test and further adjustment of
the amnlitudes of deflections on the scove screen for
different pressures and voltages i1s made by means of the
sco~e vertical gain control.

The pressure release valve is so constructed
that it will give a single non-recurring electric signal set
upby the pressure element as the vressure 1s released. A
step-fundtion wave 1s thus set up,which is the significant
feature of this calibration method. ‘‘he valve assembly
consists of a valve,a stand and amanifold wiich 1s connected
to the dead weight tester through nipes and a needle valve.
Tre pressure release valve itselfl is a ball check wvalve
consisting of three steel balls placed one upon the other

(Fig,4).The balls are first brought into prover position by
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screwing in the top and side screws. Then the slde screw is
removed, leaving the balls firmly clamped upon the valve
seat by means of the top screw. The s3iCe pressure-relief
hole is closed by the bottom ball at this time. A known
weight is then placed on the dead weight tester, the needle
valve 1s opened and glycerine 1s pumped through the pipe
line,manifold and onto the element, until the welghts are
lifted in the tester. This means that the pressure as
recorded on the weights has been applied to the pressure
element. The weights are then spin, the needle valve 1s
closed and the valve spring stem is simultaneously pulled
out against the spring. The stem is then released and is
pushed back by the spring. This throws the middle ball out
of the cylinder into the ball reciever. The fluid inside
the manifold,being at higher pressure, then guickly 1lifts
the bottom ball from its seat,the glycerine flows out of
the manifold through the side pressure-relief hole. Thus a
known pressure change can be produced. The resulting
electric signal is recorded photographically on the film.
For the pilezo-electric pressure clement, the
electric voltage generated is directly proportional to the
pressure. For the electro-magnetic plckup, the voltage
induced in the coil is directly proportional to the rate
of change of magnetic flux passing through the coil, which,
in turn, depends on the rate of change of the width of the
ailr gap or the velocity of the diaphragm vibration. The vo-
~ltage record obtained on the scope screen therefore gives

a measure of the veloclty rather than the amnlitude of the
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diaphragm deflection.

From the above consideration, it 1s seen that the
relation between generated voltage and pressure in an
electro-magnetic pickup depends not only on the amount of
pressure applied but also on the time rate at whicn this
pressure 1is applied. However, by inserting an integrating
circult between the amplifier and oscilloscope as shown in
Fig. 5, the record obtained from the scope will show the
ﬁariation of the integrated voltage across trnie condenser
and can be used as a measure of the amplitude of the
diaphragm vibration. Since the inertia of the diaphragm is
small and can be neglected, the amplitude of the diaphragm
deflection can be considered as depending on the amount of
nressure only,i.e., the time rate of pressure application
can be neglected. Therefore, the grapﬁic picture of the
Integrated voltage on the scope screen may be used as a
measure of the pressure applied on the element. By comparing
the scope deflection corresponding to a certain pressure
with that due to a known calibrating voltage, the voltage
corresponding to any unknown pressure can be computed.

To callibrate the elements, the procedure is as
follows:

(1) The equipment is set up as shown in Fig.d.

(2) With the amplifier "Selector" switch in the position -
marked "1-Cal.", the calibrating voltage is adjusted
to desired value. The resulting sine wave 13 recorded
by means of a motion picture camera (film moving

continuously, shutter removed).



(3)

The "Selector" switch is then moved to position "1-B"

if a plezo-electric element is used, or to position
"1-4" if a magnetic pickup 1s used.

Starting with a pressure of 950 psi, the signal produced
by releasing the pressure is recorded on the film.

The same procedure is reneated for different pressures.
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V. Results and Discussion

A, Piezo-electric type

Three Cox type-3 quartz crystal pressure elements
“1306,/#1286 and 1279 were tested. Cox type-2 portable
amplifier(#1061,Commercial Research Lab.,Inc.) and
cathode-ray oscilloscope made by Allen B. Du Mont Lab.,
Inc.,type 208-B,:#3572 were used.

Several sets of tests were made for the elements.
The results obtained for the first two sets were inconsistent
and are believed to be in error due to either improper
bleeding of air or overloading of the amplifier. They are
shown and discussed in detail in the Aprendix.

In the third set of test datd, the above-mentioned
troubles are all eliminated by tﬁ%ough bleeding of the
trapped air in the pipe lines and by setting the amplifiegp
gain to a fixed standard position so that no overloading
could occur. 'The whole pressure range was divided into
four parts,each part using a diéfferent gain in the scope
so that the amplitudes of deflection for all pressures
were made nearly the same.For each gain setting, a certain
appropriate calibrating voltage was applied.

The typical nictures taken by the movingfilm camera
of the sine waves of the calibrating voltage on the scove
screen and of the step-function waves produced by the
sudden pressure release are shown in Flgs.6 and7 respectively.
The decrease of amplitudes of waves for samegain setting as
pressures are reduced is clearly snown on the pictures. The

peak-to-peak deflections or amplitudes of the waves as recorded
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on the film are measured in a comparator with a precision

screw of O.1" pitch. A dial is attached to one end of the

screw and is graduated in 100 divisions s6 that each division

dorresponds to 0.001".

certain voltage and pressure can thus be measured.

The deflections corresponding to a

The sensgitivity or voltage output of the element

at different pressures can be found as follows:

and 3

Let x be

the deflection recorded on the film

corresponding to certain calibrating voltage V

(in m.v.),

y be the deflection corresponding to certain

pressure p(in psi),

k be sensitivity of the element in m.v./psi,

then k:zvzfxg.

The results of the test are shown in Tables 1,2,

respectively.(All with the oscilloscope vertical

gain switch at input voltage <250 v.R.l.S.

side.)

Table 1. Calibration results for element #1506

Scope Calibrating | Fressure | Voftage o o RIS
Garn Fressure®) Vo /rage ) Peflection(y) Defection(®) Siﬂi/ Vy/; X Z; 5§$ejpé
10 950 psi 30 m.ve 0. 544" 0.315" | 3.45mMHfoops |32,8m. V.
10 g00 30 - 0.320 0.315 3¢ 39 3060

10 800 30 0.287 0.515 3.42 27.4
11.5]700 20 0.406 0.3521 S 62 20.5
11.5]|600 20 0.545 0.321 3. 08 2l.5
11.5]500 20 0.292 0.%21 5. 04 18.2

14 400 10 0.424 0.807 5046 15.8

14 300 10 0.508 0. 307 Se O 10.1

14 200 10 0218 0.307 B 35 7ol

14 100 10 0.092 0. 307 5 00 5.0

30 5 2 0.471 0.369 5.40 2+ 95
30 50 2 0. 316 0. 369 Sedd Lo 78

30 25 2 0112 0. 369 2045 0.61
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Table 2. Calibration results for element 71286

: - ; e /tage
Scope Calibrating | Pressure | Voltage | sepsitivity |10 T by
Gain pressurell) Vortage (V)| Deflectionly) Deflection®| x=¥*px ZZ};,; P=PK
10 [950 psi | 30 m.v. | Qe442" | 0.374" | 3.73"YP|35.4 m.v.
10 900 30 0. 421 0.574 S 1O 53,7
1.0 800 30 0.368 0.3574 S 69 £9.5
115|700 20 0.454 0. 327 379 2645
11.5 (600 20 0.352 0. 527 3659 219
11.5(500 20 0. 308 Qe 327 S (T 18.9
14 400 10 0.442 0.318 Se 4T 1349
14 300 10 0.0542 0.518 Se 59 10«8
14 200 10 0. 222 0.3518 5649 6.98
14 100 10 Os LOT 0.318 S BT 5«87
50 s 2 0.458 0. 3560 3a 59 Ze 04
30 50 2 0. 307 0. 860 Se4l 172
30 2 2 0.145 0+ 360 3+ 28 0.81

Table 3. Calibration results for element #1279

Scope Calibrating | fressure Va/%age, | Sensitivity Volfage Getrerated
Gain p,/’ejﬂ”e (@ Vortage (V) | Deflecton(y)| Deflection®) | i =YX |by FressurcP=pK
10 |950 psi | 30 m.v. | 0.451" | 0.376" | 3.79™|36.0 }.V.
10 200 30 0.425 0+ 376 Bs 1T 569
10 800 30 0. 380 0.376 3.79 50.5
1l1.9|700 20 | 0800 0+ 385 SeT2 26.1
11+5| 600 20 0.458 OPRGISTs) 3479 Ece T
1l .o | 8500 20 0. 362 0+« 385 B3.76 18.8
14 400 10 0.441 0. 320 3445 13.8
14 500 10 0,547 U+ 320 S 02 10.9
14 200 10 0s 221 0. 320 Se46 0.92
14 100 10 0.108 0520 Se 58 3s 38
B0 75 2 0.450 0.355 3. 58 2. 04
30 50 2 0.298 O. 355 5 RGTS 1.68
350 25 2 0.152 0. 5855 Hed2 0. 86




17

The pressure vs. deflection, genera—ted voltage vs.
pressure and sensitivity vs. pressure curves ior all the
three pressure elements are shown in Figs.8,9 and 10
respectively. The pressure curves are all straight lines
passing through the origin,thereby indicating the linear
relation existing between the pressure and oscilloscope
deflection. The generated voltage vs. pressure curves are
all straight lines passing through the origin,verifying the
prediction that the voltage generated by a plezo-electric
guartz element is directly proportional to the pressure
-acting on the element. Furtheirmore,the three curves are
ratrer close to each otser. The slopesof these lines
measure the average sensitivities of the elements 1306,
#1286 and #1279 which are bf5, S 1S and 575 m.v./lOO psi
respectively. Fig.1l0 shows that the sensitivity 1is fairly

'

constant throughout the whole pressure range. "he average
sensitivity is 3.5 m.v./100 psigfor Fl306,while that for
11806 and 71279 varies from 3.5 to 3.83 m.v./lOO psi, the
average being about 3,7 m.v./100 psi.

The time response of the elewent to pressure change
can be evsluated by an exsmination of the wave form in Fig.
7 and also by a theoretical computation of its natural
frequency of vibration. After the side nressure-relief
ho/le 1s uncovered by the 1lifting of the bottom ball in
the pressure release valve,the pressure inside the manifold
begins to drop. A certain time lag may be present for the
element to produce the e'ectric signal after tie pressure

change takes place. The distance on the film between the
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point where the signal begins to be produced and the point
where the signal is fully set up 1s found to vary from
1/16" at high pressures to 4/8" at low pressures. If we
assume an average film speed of 3 ft./sec/, then these
distances correspond to 1/576 sec. and 1/96 sec. Iowever,it
also takes certain time for the release valve to fully 1lift
its bottom ball and to completely relieve 1ts pressurc. This
means that after the electric signal starts to be produced,
the pressure continues to drop and the signal magnitude
continﬁes to be bfiilt up. Some part of the above-mentioned
time duration is hence taken up by this continuing pressure
release. 3Since 1t is expected that the full pressure
release will take longer time af low pressures due to the
valve action, this explains the longer time required for
full set up of the signal. Based on thls consilderation,we
can also conclude that the time duration of the pressure
element to produce signal after pressure change takes place
is only a vpart of the neriod 1/576 sec. In fact,afger
comnutiﬁg 1ts natural frequency which is found to be very
high,we can predict that this time lag will be very short
(much shorter than 1/576 sec.).

'From Fig.1l(also Ref.7), we see that the two
quartz crystals are held between the stesl piston and plug
which are both rigid bodied. As pressure is applied on the
cristals through the piston, the crystals are compressed,
acting like a spring, while the plston behaves like a mass
attached to the end of tre spring. The length or thickness

of each crystal 1s found from sctual measurement to be G.25"



The cross-sectional area of the crystal and thie volumes of
both the crystals and piston can be measured,and computed.
Let P be the force acting on the crystals,
L be the total length or thickness of the two
.orystals::O.SO”,

4 be the cross-sectional area of the crystals

pi

={0.0587 sq. in.

4

“ be the modulus of elsticity of quartz==l67 psi,
d be the total deflection or deformation of the
two crystals due to P,
then P/A=¥d/1,
or, P/&=FK=spring canstant of the cuartz crystals
=14/L=0.0557%10" /0. 50=1.11x10° psi.
Volume of thie steel pilston=C.0z79 cu.in.
Volume of the two crystals =0.0279 cu.in.
3pecific weight of quart:z = 165 1b./cu.ft.(Ref.14)
Speclfiic weight of steel=489 1b./cu.ft.(Ref.l4)
Mass of steel niston=0.0279%488/1728x52.2
=2.46x10"% slugs=m,
Mass of the two crystals=0.0279 *165/1729x:2.2
=8.18%10" slugs = m,

The natural freguency of the system

=K/ (i gmy )= /1. 11x107 /(24. 6+2. 76 )=6. 56x10”

cycles/sec.
The high value of natural frequency indicates the

exceedingly low inertia of the moving parts of the element,
and gives a prediction of quick time response to pressure

change. Besides, the full signal will be set up only when



the crystal has undergone maximum compression or deformation
by the action of the pressure change,i.e.,only when the cr-
ystal has reached its position at amplitude of vibration.
The time required from start to maximum amplityde of
vibration can therefore be considered as thie time responss
of the element to a first approximation. This i1s ecgual to
half the period of vibration or 2m/2x¢W,=1T/63600=1/20300
sec.(Note: The vibration of the crystal 1s the superposition
of its transient term and its steady term, the latter being
set up due to the step-function force or pressure change).

The time for the rapid pressure rise near top
dead center after ignition in internal combustion engines
1s found from some p-V diagrams(Fig. 263,p.4135,Ref.12;Fig.
47,p.91,Ref.13) to be about 5 crank angles at engine speed
of 2000 r.p.m. This corresrmonds to a time duration of
5x60/560x2000 or 1/2400 sec. If we consider the time
rsponse of the crystal element as computed above from its
natural freouency to be correct,then it is cbvious that
the element will be able to respond high pressure changes
as encountered in modern high speed engines.

As the test has been performed with all the
trapped air in the pipe lines eliminated by proper bleeding
and there is no overloading of amplifier, the results are
suffiently accurate to warrant conclusions. Some errors
may be present in setting up the callbrating voltages and
in measuring deflections on the film by the comparator,
but the amount will not be appreciable. In,fact, by turning

the comparator screw in the same direction for some time
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before taking deflection measurements, and by taking several
readings for each measurement, the error can be reduced to

a minimum. However,there is some inherent inaccuracy involved
in the instrument and measurements as discussed in the
Appendix, p.34, *ig. 18. The aggregate error that may be
possibly involved in the final value of sensitivity can be

assumed to be around 10% or £ 5%.
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B. Electro-magnetic type

Three electro-magnetic pressure pickups made by Electro
Products Lab., Chicago,Ill., were tested and calibrated. They
‘are of type 3000A-57, 3$000B-81 and 5000B-96 respectively.The
width of air gap in the elements was' fixed by first screwing
in the plckup in its adapter until it contacts the diaphragm
and then turning it backward sbout 1/2 turn and locking it
in place.

The elements were caiibrated by putting an integrating
circuit between the amplifier and oscilloscope. For all tests,
the amplifier gain was set at the standard position without
.overloading and the scope galn was changed such that the
scope deflections for various pressures remained essentlally
the same.

"Fig.ll shows the typicél pictures taken of the scope
deflections for various pressures acting on the pickup. The
scope trace 1s continuous and is clearly discernible at the
point of deflection. The deflection is proportional to the
amplitude of diaphragm vibration when a certain pressure
cnhange occurs. This deflection decreases as the pressure is
lowered(for constant scope gain setting).

The time response of the element to pressure change
cari be examined in the same way as for the gquartz elements.
The distance on the film between the start and completion

£

of set up of the signal varies from 1/16" at high pressures
to 1/8" at low pressures,corresoonding to 1/576 and 1/488
sec. respectively.The natural frequency of diaphragm

vibration 1s found as follows:
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From p.432, Ref.1ll, the natural frequency of
vibration of a circular plate of radius r, mass per unlt area
u,is given by:

W,=a/D/u, r+
where a=10.21 for clamped edges,fundamental mode,
D="plate constant"= Et3/12(1-u?)
B =modulus of =lesticity
t =thickness of the plate
u="Proissons' ratio=0.3
For the steel diaphragm considered here,

P z 7 o
w=3x10" psi

I}

t=0.018" for all the three elements

Il

It

r=0.25" for 3000A-57
=0.281" for 3000B-81 and 3000B-9€
N =3x10"(0.018)° /12(1-0.3%) =16 1b.-in.
Density of the steel plate=489 1b./cu.ft.
(p.549, Ref.14)=0.285 1b./cu.in.

u,=(0.285/52, 2x12)0.018 =0.152x10 ¥ 1b. secZ/cu/in.

. Wn=10.21/16/0.152x10%0.25)*=18x10%cycles/sec.

for $000A-57

wh=1b.21]16/0.132x104(o.281J4s14.5xlo4cyc1es/sec.
| for 5000B-81 and 96
Hence the natural frequency of the diaphragms is
even higher than that ofthe quartz crystals. By the same
reasoning as for quartz crystals,we ¢~ n conclude that these
nlckuns have very quick time response, and will be able to
respond very aquickly to the rapid vressure rise in engine

cylinders.
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The neculiar wave form in ¥Fig.ll shows the decay
of the electric charge imparted on the condenser of the
integrating circuit by the electric imnulse of the pressure
element. As the pressure change takes place,an electric
impulse 1s set up by the pickup in direct proportion to the
velocity of the diaphragm vibration and is Impressed to
the integrating clrcnuit, therby imparting electric chepges
on the condenser. The condenser foria clcsed clircults with

da

®

of the amplifier as

[

the oscllloscope and the output s
shown inFig.5. The leakage of this charge through these
circuits reduces the voltage across the condenser,therefore
score light trsce drons. The time iﬁteryal requirec for the
complete decay determines the wave form and depends on the
"time constant" of the_circuit. Tet B be the resistance in
the circult and C be the capaclitance of the condenser, then
the time constantais equal to RC. For tlie circult consldered
hers, C=0.5 mfd, R==600,000 ohms,nhence the time constant
A=RC =0.5x10%6x10°=0.3. 1 comparison of the decay curves

as shown in Fi

e

c136,p.337,Ref.15 gnd the wave form snown in
#ig.1ll verifies the above statement. 3imilarly,the very slow
decay of the electric charge generated on guartgz crystals
as shown by the wave form in Fig.7 indicates tnat the time
constant of the circult there should be very large. T"hig 1s
guite true because the crystals act like condensers and
form closed éircuit wlth the input side of the amplifier.
The capacltance of the crystals 1s small due to tlhie large

value of its thickness but the input impedance of tlie

e : g N 8
amplifier fcr 1-B circult as used there is very large(l0 ohms)
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80 that their product willbe larye.

Following the same procedure as used for tre
calibration of niego-electric pressure e¢lements, except
for the addition of the integrating circult and using the
1-A instead of the 1-B circuit,the follcwing results are
obtained for the three elements and ere tabulated in
Tables 4,5, and 6.

The data are plotted into pressure vs. deflection,
sensitivity vs. pressure, and voltag:s ve. pressure curves
as shown in Figs.iE,lS,aﬁd 14 respectively. The pressure vs.
deflection curves(Figs.12,13 and 14) show that thelr relation
is linear., The curves are all stright lines passing through
the origin,indicating that the scope deflection for any gain
setting is directly proportional to the pressure applied on
the dlaphragm. Since this deflection 1s directly proportional
to the integrated voltage across the condenser of the
integrating circult,which, in turn, is proportional to the
amplitude of dianhragm vibration,the amplituce of the vibration
seems to be proportional to the pressure applied to the
diaphragm.

The three elements have different values of
sensitivity as shown in Filg.1l5,but the modes of variation
with respect to pressure for all of them are similar,i.e.,
sensitivity 1is larger at pressures between 300 and 700 psi
and drors for both higher and l:wer pressures. The maximum

value is from 3 to 3.7 m.v./100 psi.



Fig.l8 indicates the voltage generated by the pressure
elements as a function of pressure. The curves are not
strmight lines,showing that the relation is not linear.
This is quite reasonable since the voltage generated is
directly proportional to the velocity of the diaphragm
vibration which does not depend on the amount of pressure
only.

Since there is no marked deviation of the curves
and values for all the three elements tested, the results

may be considered qulite satisfactory.

Table 4. Calibration results for electro-mapgnetic

plckup 5000i2-96

Calibratin 9 Pressure |voltage Sensitivity Voltage Induced
Pressure (P) Voltage ( V) | pefiection(y)| Deflectionx)| x = -,;V—;(Z by Pressure=pPK

(1) Score gain switch at input voltage< 250 V.R.M.S. side,
galin control at 25
950 psi 5 Tie Ve 0.170" | 0.148" | %.02 ™ oopsi | £8.7 mM.V.

S00 25 0.163 0.148 3.06 “275
850 25 0.176 0.148 3.00 24,8
800 25 0.160 0.148 5658 27.0

(2) Scope galn switch at input voltage <250 V.R.lI.S. side,
gain control at 30

7C0 20 C.185 0.154 3. 62 £20.4
600 20 0.170 C.154 3.68 221
500 20 0.141 0.154 e O 18.4

(3) Scope gain switch at input voltage <250 V.R.¥.S. side,
gain control at 50

400 10 0.183 0= 129 3.54 14.2
300 10 O.131 O.129 5e59 102
200 10 0.084 0= 129 3026 K. 52

(4) Scope gain switch at input voltage <25 V.R.l.S. side,
gain control at 60
100 z Qe b 0.290 250 200

75 2 C.245 0.290 Pefb 1.69

50 2 0+150 0.2¢0 207 1.04
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Table 5. Calibraticn results for electro-magnetic
pickup 3000B-81

Cbmwvﬂhg ressure Mﬁﬁye Sensitivi Voltage Fererate
Fressure (P) voltage (V) |defiection(9)| petlecton)| i = YI/Px by P =pK

(1) Scope gain switch at input voltage < £50 V.R.WM.S. side,
gain control at £5

980 pel | 28 m.v. 0.425" | 0.414" | 2.7 ™Yopsi | 25.8 Mmev.
900 25 0: 590 0.414 216 25D

800 20 Qs 565 0.414 2.62 T

{(2) 3cone gain switchat input voltage< 250 V.R.M.3. side,

gain control at 28

700 18 0. 398 C.552 2.91 0.4

600 18 0.546 0. 352 2.95 17.7

500 18 0.285 Qs 552 2.90 14.95

(3) 3cope gain switeh at input voltage< 250 V.R.M.3S. side,
gain control at 50

400 10 C,. 346 0.310 279 11. 2
%00 J 10 : 0.245 0.510 2.064 795
200 10 0.150 0.310 2.42 4.84

(4) Scope gain switch at input voltage <25 V.R.l.3. side,
gain control at <o

1GO 2 0. 302 0.5068 l.04 1.64
75 Z 0,173 0.568 1.25 0.937
50 2 0.114 0.3u8 1.24 0.620

Table &. Calibration results for clectro-magnetic
pickup »000A-57

A p) |Calibrating |Pressare. | postage Sensiivity poliage Fenetiend
ressure (. Voltage (V) |Deflection(4) Deflectoni)| K = ¥ ex by pP=pK |
(1) Scope gain switch at input voltage< 200 V.R.K.S. side,
galin control at 40
950 psi | 25 m.v. | 0.200" | 0.234" | 2.5 ™VYoopsi | 21.4 m.v.

200 25 0.196 0.234 2.53 £21.Q
850 2 0.198 0.254 2449 2l 2
£00 25 0.184 0.254 2.46 18.7

(2) Scope gain switch at input volts
gain control at 60

e

€< 250 V.R.M.3: slde,

750 2C . 262 Q. 271 2.58 Do &
700 20 0.242 Q.71 “eDO 179
00 20 0.205 C.271 2.02 15.1
500 <0 Qs 191 D.E7L on B 14.1

{3) Scope galn switch at Input voltage <250 V.R.M.3. side,
gain control at 100

400 1e 0. 250 0.244 .08 1. &
580 1% Q.212 O.244 2.98 10. 4
300 12 0.175 « 244 £.84 8. 52

(4) Scope gain switch at input voltage< 25 V.Hi.l.3. side,
gain control at 60

100 2 0.25% Ue EFE 1:75 1.7
75 s 0.180 0.292 1.64 128
50 2 0.145 0292 1.96 088
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VI. Conclusion

From the experimental results obtained, we find
that the sensitivity of plezo-electrlic pressure element is
fairly constant throughout the pressure range up to 950 psi,
its value being 3.5 to 3.75 m.v./100 psi, which is slightly
higher than the value(®.0 m.v./100 psi) reported by the
manufacturer(Ref.7). These wvalues, however, are subjectdto
an error of #5%. The general prediction that the electtic
voltage generated by the pilezo-electric effect of quartz
crystal element is directly proportional to the pressure
applied is verified. The linear relation between the scope
deflection and pressure is also established.

The voltage generated by electro-magnetic pickup
under certain pressure 13 proportional to the velocity of
diaphragm vibration and is not proportional to the pressure

being applied. The relation 1s shown in Fig. 16. The

=

sensitivity o he electro-magnetic elements is not constant
throughout the vnressure range tested, but increases from
about 2.0 m.v./100 psi at 100 psi to a maximum of about
5,0-3.70 m.v./lOO psi at pressures 300 to 700 psi and again
drons as the pressure is further increased(Fig.l1l5). The
oscilloscove deflection nroduced by the integrated voltage
is proportional to the ammlitude of diaphragm vibration and

to the pressure applied. The linearity of the relation 1is

shown in Figs. 12,13 and 14.



The time response of the elements to pressure
change 1s found to be very quick by considering their high
values of natural frequency of vibration.These elements
are, therefore, expected tobe sulted for high-speed
indication anplications. However, this conclusion is based
on theoretical computations only, since no definite
measurements can be obtained in this respect from the

calibrating instruments.
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IX. Annendix

4, Some troubles encountered in the test for

niezo-electric pressure elements

In the first set of test, the aquartz pressure elements
71306 and #1286 were calibrated throughout a pressure range
up to 300 psi only, same scone galn setting being used for
the test., The amplifier gain position was not noticed. The
data obtained for both elerients are plotted into curves in
Figs.17,18 and 19. Tre linear relation between pressure and
scone deflection for #1306 conforms to theory culte closely
while the data for #1286 show grest deviasticn of the curve
from tre stwight line. "he sensitivity of element ;#1306
varies from 2.9 to about 4.0 m.v./100 psi which is no%t very
défferent from .0 m.v./100 psi reported by tie manufacturer,
while that of #1286 decrcases from £.6% to 1.56 m.v./100 psi
as the pressure is increased. "he varlation of voltage
output or sensitivity of elcments with respcct to pressure
can be seen from the sensitivity curves in Fig,1$. The cal-
-ibration voltage vs. scope deflection curves under th:
-eme amplifier and scope gain are drawn in the same sheet
for comparison(®ig.18). The difference 1in deflecticn for
the same calibrating voltage shows the errors involved in
the instruments and in deflection wmeasurements. 1f there is
no such errors, the two curves should coincide. The space
between the two curves therefore is a measure of the errors
present in the experiment. Taking,e.g.,the deflection at

4 5 , iy i L
7 m.ev. which 1s 0.287" for one curve and 1s C.5%59 fcr the
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other. "he percent error is therefore 0.3539-0.2¢7/0.339 or
1¢.4% which is rather larce. The average aggregate error of
the exneriment can be taken as around 10%. Since the two
calibrating voltage vs. scope deflection curves are all
sfraight lines, there is no overloading of the amplifier.
The departure of the pressure vs. scope deflection curve for
element 71286 from the theoretical linear relation can
therefore not be attributed to tue amplifier overloading,
but must have been cagsed by the presence of alir in the in-
-strument. The poor curves are presented here to emphesize
the need for care in assembling and bleeding of the
calibrating system.

Since the high pressiare portion of engine
performance is more important and the maximum combustion
rressure in the engine cylinders under normal operating
conditions is below 1000 psi, the second set of test was
made for elements ;71579 and %1506 with the calibrating
pressure range up to 9050 psi.Same scope gain was uscu

hroughout the test and the amplifier gain position is not
noticed. The data obtained are drawn in Figs.20,21 and22.

All the pressure curves as shown in Fig.Z0 are
not linesr. Thils, together wit!. the sensitivity curves, shows
that the sensitivity drops as the pressure increases. The
sersitivity is in all cases much lower than 3.0 m.v./100
psi, the value revorted by the wmanufacturer. The reason for
the decrease in sensitivity at high pressures and the depa-
-rture of the pressure-deflection curves from the linesr

relation may be seen from the calibrating voltage curves in



"ig. 21. Fere the two curves are not straignt lines as

)

nticipated but becomes steener as voltage 1s increased.

The vortions of the curves below 8 m.v. are straight lines
but the upver porticns are curved. Since tle amplifier gain
used Iin the test lag not been checked for overloading, this
peculiar deviation may be atiributed to the overloading of
the amplifier, as evidenced by the curvature of the voltage
curves at high voltages. "Overloading" causes distortion

of the pressure diagram and flattens the peaks of the sine
waves, thereby reducing the aprarent amnlitudes or deflecti@n,
especially at high voltages or nressures. This results in

faulty scope deflection and incorrect indication of

sensitivity.
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B. Testing electro-magnetic pickups

without integrating cilrcuit

If the electro-magnetic pilckup elements were
calibrated without the integrating circult, the resulting
pictures of the scone deflections are in the form as shown
in Fig,25. These deflections are directly vroportional to
the velocity of diavhragm vibration which depends not only
on the amount of pressure apvliied but also on the time rate
at which this pressure is applied. The score trace as shown
on the film cannot be seen clearly at the point where
deflectlon takes place. As the pressure is‘suddenly released,
the sooﬁe light trace 1s flrst deflected upward and then
downward. The difference between the lowest trace and its
equilibrium position becomes smaller as the pressure change
is reduced. At about 150 psi, the trace becomes clearly
discernible. The deflections of the victure therefore cannot
be measured and are useless in evaluating the voltage output
or sensitivity of the element because they are not a measure

of pressure only.
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C. Some suggestions as to the high-temperature

Calibration of tiie guartz pressure elerents

he pressure elements when screwed into cylinder
head and put Into actual use are exposed to tiie high
temperatures within the cylinder. “or the electro-magnetic
pickup,holes are provided in the adapter so that compressed
air can be ayplied fer cooling of the windings and diaphragm.
For the piezo-electric pressure clements, no such cooling
devices are provided so that the quartz crystals are subject
to the heat of the cormbustion gas in the cylinder. According
to manufacturers' specilication(Ref. 7, the sensitivity of
the Cox tyre-3 quartz crystal pressure element 1s unafiected
by 2 temperature up to $50°C.(862°F).Above this temperature,
the gquartz sensitivity drops rapidly,until at about 575°C.
(1065°F.), it is zero. it this temperature, the quartz changes
from Alpha to Beta quartz. lHowever, unon cooling, the guartz
returns to its vrevious form and ti.e element regains its
normal characteristics.

From actual measurewents, the usual cylinder head
temnerature are around 650° to 800°F. Hence the sensitivity
of the quartz vpressure element when used in the engine
cylinder will be lower than its low temperature value. Thus,
the oscilloscone record of'the nressure variation inside the
cylinder gives only a qualitative 1dea and cannot be
interpreted quantitatively unless the high temperature

sensitivity value of the element 1s known.



For tie test pmerformed in this research, only room
temperature sensitivity values of thie elements are obtained,
using the single impulse sten-function method. In order to
conform to actual engine operations more closely, a rotary
selector valve should be used so that the pressure element
wlllbe acted on by high pressure compressed air and
atmosnpheric air alternately within one revolution of the
valve. (FIG-24) A recurring electric signal willbe gcnerated
by the nressure element instead of a single signal. The
element is connected to an oscilloscope through the amplifier
in the usual way. By varying the pressure of tlie compressed
air acting on the elsment and recording the scone deflection
correspondingly, trie usual nressure vs. deflection curves
and sensitivity values can be obtalned by means of the
calibrating voltage circult as stated in this paper .

For the high temperature calibration, tie same
rotary selector valve driven by a variable~speed motor
can be used, but a heating coil should be installed arcund
tre element so that the latter will be heated to any high
temperature ss reguired for the calibration. The temperature
can be varied by means of a resistance box placed in the
circult and can be measured by a thermocouple inserted into

a hole 1In the adapter into which the element is screwed.
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o
~ 1

o0 psi

100 psi

Fig.ll. Typical record of scope deflections for

various pressures acting on electro-

magnetic pressure elements (with integrating

circuit).

‘

Scope Gain: 25 for 900,80C psi; 28 for 700,

600, 500 psi; 50 for 400,800,

)

O

200 psi.(Scope gain switch
at input voltage< 250 V.R.M.3.

de. )

e

s
26 for 100,75, 50 psi.(Scope gain

switch at input voltage <5

VeReM.5. silde).
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750 poi 050 psi

100 psi 150 psi 250 psi

Fige.23. Typlecal osclilloscope deflections for eleciro-

magnetic nressure elements( Without integrating

circuit).
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