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The piezoe1ctric gauge bad its inception in the need. for 
an engine indicator which would. have a negiigtble amount o± 
inertia and. thus be sufficiently rapid. in its response to 
follow accurately the pressure changes that occur in the cylin- 
der of an internal combustion engine. he piezoelectric indica- 
tor meets these requirements oetter than any knovn device. 

Of various types of high speed engine indicators avail- 
able oorruaercially are described. the mechanical, the optical, 
the electrical, the sampling-valve, and the baJ.anced pressure 
indicators. 

Q,uartz may be considered the most suitable of many sub- 
stances exhibiting the piezoelectric effect for this instrument 
application. This is due to its relatively high mechanical 
strength, its low electrical conductivity and. its small thermal 
expaûsion. A thin slab of quartz cut parallel to the Z-axis 
and perpendicular to the X-axis is mounted in a holder where-- 
in a pressure proportional to that in the engine cylinder may 
act upon it. The X-eut crystal will deliver a greater quantity 
of electricity at its faces for loading in the direction o± 
the X-axis than will any other cut. Compression in te direc- 
tion of the X-axis produces positive and negative charges on 
the opposite faces o± the quartz rectangular parallelepiped. 
having a pair of ifaces cut perpendicular to that particular 
axis. Tension produces charges of the opposite sign. The 
charge developed per unit area of crystal face is directly 
proportional to the loading force. The voltage developed 
acro the crs'tal due to the charge on it is applied. to the 
grid. o± a vacuum tube amplifier which in turn actuates a 
cathode-ray osoillograph. It has been found. that the propor- 
tionality factor between charge and. pressure is constant up 
to at least05O,000 pounds per square inch and. from _42O0. up 
to over 500 F. 

During the experimental work three crystal holders of 
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different design were made and tested. In one the spark-plug 
was built integral with the holder for direct installation on 
a spark-Ignition engine; in the second the crystals rested 
upon a relatively thin diaphragm which was subjected to the 
pressures to 0e measured; and the third had in it a push-rod 
between the crystals and the diaphragm. à convenient type of 
connection for taking the charge from the crystals could be 
screwed into the body of any of the gauges. The entire 
assembly was tested with a gold leaf electroscope to determine 
its ability to hold an electric charge. 

lhe oniy practical device to measure the output of the 
quartz crystals is a combination vacu.u.m-tube amplifier and 
cathode-ray oscilloscope. àpparatus of other types sensitive 
to frequencies of 100,000 cycles per second is practically 
non-existent. 

Of the many vacuum tuoes tried, the R.C.A. ÔÂ? connected 
with the control grid external to the plate, proved to be the 
most suitable for the input tube. The grid voltage could 
vary from zero to -40 volts with a linear output. 

The cathode-ray tube used in the output reqIred. a 
potential 0± about 600 volts on its deflection plates for 
full scale deflection at minimum sensitivity. A satisfactory 
type of amplifier for this Instrument was developed by Otto 
II. A. Schmitt. 

The sweep circuit, ueã to obtain a linear time axis was 
similar in design to that recommonded by the Radio Corporation 
of America for use with their cathode-ray tuoe. 

Pressure-time diagrams from a compression-ignition engine, 
a spark-ignition engine, and an air compressor are given. 

** 
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THE DVLOPMENT OFA PIEZOELEOTRIC IDICAT3R FOR 

HI H-SK';ED INT RIIA1-C OMBLTS TI ON ENGINES 

I. INTRODUCTION 

dvancennt in the design o± internal-combustion 

engines during the past decade has largely been the result 

of studies rrde of combustion processes. Numerous labora- 

tories have carried on extensive investigations of such 

subjects as "fuel nock" or detonation, flame speed, 

burning time, composition of exhaust gas, rate of pressure 

rise, delay of ignition, oheriiical equilibriva, variaDle 

specific heat and many others. In many of these investi- 

gations it was necessar' to develop new instniments in 

order to take the desired observations. Some of these 

instruments were refinements of already existing types, 

while others made use of physical laws not heretofore 

applied to the measurement of combustion. Among the latter 

are instruments designed. to measure the mfra-red. emission, 

the visible emission spectra, the magnetic effects and the 

ionization currents due to the combustion. 

The piezoelectric gauge had its inception in the need 

for an internal-combustion engine indicator which would have 

a negligible amount of inertia and thus be sufficiently rapid 

in its response to follow accurately the pressure changes 

that occur. The piezoelectric indicator meets these re- 

guirements better than any other imown device. Its 
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application need not be confined. to the field of the 

Internal-combustion engine but may extend to any domain in 
which it is necessary to investigate rapid pressure changes. 

.t the time this work was initiated, the authors were 

not aware of any specific application of the principle of 

piezoelectricity to this field. During the period of 

development two such instruments have been reported: one 

in Canada, at McGill University (52)*, and. one in Germany 

(26). 

Because the authors are particularly interested in 
the application of the piezoelectric gauge to internal- 
combustion engine research, sorne disoussion of the various 
types of high-speed engine indicators will be included. 

mbersin parenthesirefer to bibliography. 



II. HI3II-SPEED E1GINE PRESSURE INDICATORS 

No attempt has been made here to describe in detail 

ail of the various types of high-speed engine indioators 

available commercially, as very complete information on 

each design is obtainable from the literature (36). In- 

d.icators from each fundamental class, however, have been 

discussed with reference to their mode of operation and 

their practicability in service. 

Mechanical Indicators 

Conventional Tvpe 

3 

This class of engine indicator embodies the convention- 

al spring-loaded. piston with some for.n of pencil or stylus 

motion and an oscillating drum connected to a reducing 

motion. The Maihak number 4 indicator, Fig. 1, is the only 

one of the common piston type built in this country with 

claims of reliability for engine speeds up to 2000 revalu- 

tioxas per minute. Vell known sources of error in this type 

of instrument are, inertia of piston and pencil motion, 

resonant oscillations of nìving parts, friction of stylus 

on paper, backlash and. lost mtion in moving parts, piston 

friction, stretch in drum cord and increased engine valu- 

metric clearance. These disadvantages together with the 

fact that the size of the record is very small, led the 

United States Army Air Corps to discard this type as unsuit- 



Fig. 1.-iathak Indicator 

Pig. 2.-ader Micro-Indicator 

FLg. 3.-C&ibridge Micro-Indicator 
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able for their experinental work (36). It should be stated, 

however, that much credit is due the Bacharach Company for 

impr3velnents on this indicator thus greatly extending its 

range of usefulness. 

Micro Type 

Indicators of this type are for the most part mechanic- 

al indicators o± the conventional type but modified by the 

use of stiff springs and small pistons, with the stylus 

attached directly to the spring or to the piston rod. 

Engine piston motion is reproduced mechanically. These 

instruments produce records which are about 3 mm. long by 

2.5 mm. high and which must consequently be enlarged before 

a critical examination can be macle. ßeoause of the extreme 

rigidity of the spring and the lightness of moving parts 

in contact with it, these indicators are little affected 

by vibration or road shock. On the other hand, the mag- 

nified. lines are rather thick, piston and pencil friction 

have not been eliminated, and tacklsh is still a problem. 

These indicators are not suited to taking weak spring cards 

and therefore are of little value in 8fl study of pumping 

loops. The Mader, 'ig. 2, and the Cambridge, Fig. 3, are 

typical indicators belonging to this micro type. 

Optical Type 

Indicators of the optical type usually employ a piston 



or diaphragm to sense the pressure changes in the engine 

cj1inder, and in most oases a small mirror is mounted. 

d.irect1;, on the piston or diaphragm rod. kien pistons are 

used, a cantilever or helical spring is employed for load.- 

Ing. A beam of ligTiit is reflected by the pressure nirror 

to an oscillating or a revolving mirror and. then to a ground. 

glas3 screen or photographic plate. In some d.esigns the 

pressure mirror is also made to act as the piston-motion 

mirror by giving it a rotation about an orthogonal axis 

proportional to the piston displacement. The Mid.gley indi- 

cator, Fig. 4, is one of the nost precise of American made 

instruments o± the optioal type, while the Hopkinson, 

Pig. 5, the 3urstall, Pig. 6, the SOriUltZø and. the Watson 

reprosent the most important foreign makes. Optical indi- 

cators are superior to the conventional mechanical types, 

because of their direct reading feature and their smaller 

inertia, but they still employ moving parts of appreciable 
mass and. in addition are difficult to Install on engines. 

Unquestionably they are good. laboratori instruments but are 

unsuited. to raod. te3ts because of vibration and. shock. 

Electrical Indicators 

Engine indicators employing electrical means for 

producing the pressure-time or pressure-volume record, use 

some form of electrical recording instrument not mounted 

directly on the engine. This becomes an advantage as the 
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engine vibrations are not transmitted to the recording 

mechanism. Electrical indicators employing resistance (29) 

capacitance (29) or inductance (46) have been developed and 

complete descriptions of each can be found in the litera- 

ture. 

Resistance Type 

Probably the most outstanding electrical indicator o1 

the resistance type was developed by Martin and. Carts, 

Fig. 7, of General Motors Research Corporation. This 

instrument is patterned after the electric telemeter 

developed at the United States Bureau of Standards bj Peters 

and McCollu!n. It maires use of the principle that pressure 

can vary the electrical conductivity of a carbon pile. Two 

stacks oÍ' carbon disks form arms of a Wheatatone bridge, 

and the mechanteal corstruction is such that increased 

pressure on one stacc decreases the pressure on the other. 

steel diaphragm is used for communicating the pressure 

changes to the carbon stacte and a cathode-ray osoillograph 

is employed for recording the diagram. This indicator is 

subject to calibration shift due to temperature effects and 

to vibration. It is said that its dynamic calibration does 

not check the static calibration and there is no means of 

obtaining a zero line under actual test conditions. On the 

otner hand, for qualitative work and the study of transient 

phenomena, this instrument is among the best in existance 
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The pressure unit and the electrical circuit used in Jichi 
Obata's electrical indicator. The steel disc is 2 mm. (3 32 In.) thick and of 2 in. 
dia. The indicator body Is water cooled. An Einthonen string galvanometer (. Is 
used te record the current variations, which are proportional to the pressure. 

Fig. 8.-Capacitor Type Indicator 
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at the present time. 

Capacitance Type 

Two Japanese research workers, J. Obata and. Y. Yosida, 

have built a condenser type of electric indicator. In 

their instrument, Fig. 8, one plate of a small condenser is 

a diaphragm which is displaced b pressure from the engine 

cylinder. The resulting change in capacitance alters the 

current flow wbich is amplified by a vacuum-tube amplifier 

and then recorded on an oscillograph. 

Possible errors in this type of instrument include 

changes in capacitance of element with temperature and 

resonant effects resulting from mechanical movement of the 

diaphragm. If the period of vibration is made su±ficiently 

high to overcome the undesirable resonant effects the in- 

strument sensitivity is materially lowered. gain, this 

type o± instrument calls for considerable apparatus closely 

coupled to the pressure element. 

Inductance Type 

Recently C. F. Taylor and Ci 

chusetts Institute of Technology 

of an electrical indicator based 

elctrical induction, Pig. 9. A 

cylinder pressure carries a stern 

of wire. Axial movement of this 

llaborators at the Massa- 

have reported the design 

on the principle of 

diaphragm exposed to 

on which is would a coil 

coil in a rgnetic field 
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generates a voltage which may be amplified and then analyzed 
b means of an oscillograph. An instrument of this type was 

built in 1921 by Throwbridge and reported in the literature 
(4) . It is interesting to note that the induction type of 

electric indicator measures the rate of pressure rise since 
the voltage produced is proportional to the velocity of the 
coil in the magnetic field. 

yo1ic Pressure Indicators 

Samp1in valve Type 

Probably the outstanding indicator of this type is 
one developed by De Juhasz, &ig. 13, and its operation nay 

be described brief1 as follows: 
n ordinary mechanical iidicator is connected to the 

engine by a tuDe which contains a rotary valve operated by 

the engine through a suitable drive. The valve is open 

during a small porti on of each cycle and the pressure in 
the indicator cylinder builds up untl it equals the average 
pressure in the engine cylinder during the time the valve is 
open. The valve is driven by a phase gour mechanism which 

can be made to chane the point in the cycle at which the 
valve opening occurs. s the point o± valve opening is 
moved through the cycle the drum of the indicator is moved 

a proportionate amount by the phase mechanism. A complete 

card can be taken in two or three minutes including chrìge 
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of indicator springs to obtain both high-pressure and. low- 

pressure cards. The sampling-valve indicator takes ex- 

collent pumping loop diagrams and. for studies of power, 

valve timing, supercharging and the like it is probably 

the equal of any indicator now i1t. Leakage of gas past 

the indicator piston has given some trouble. 

i3alanced-Pressure Type 

Two indicators of this type bave been developed., one 

in England, Pig. 11, known as the Farnsboro-Dobbie-oInnes 

indicator or the Royal Aircraft Establishment indicator, 

and another in the United. States bovm as the .ureau of 

Standards indicator, Pig. 12. Although differing in detail, 

these two instruments are alike in the fact that they are 

both of the averaging type, and in that both balance the 

cylinder prfssure at selected points in the cycle with 

external known pressure at the instant of point-recording. 

Tìie Bureau of Standards indicator is said to be somewhat 

more precise than the R.A.., which means that this instru- 

ment is probably the most precise of ny engine indicator 

yet developed.. 

ûne reco:nized. objection to the balnced-pressre tyçe 

is the necessity for an external supply of high-pressure 

gas. Oxygen and carbon dioxide are unsuited to this use 

but nitrogen or helium are ideal. Reliability is claimed 

for this type of indicator in the range from 200 to 2600 
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revolutions per minute and for pressures from ten pounds 

per square inch below atmosphere to 1000 pounds per square 

inch above. another advantage lies in the fact that the 

control and. recording mechanism may be located any conven- 

ient distance from the engine as it embodies an electrical 

recording system. The principle disadvantage is the slow 

time of recording. Since from five to ten minutes are 

required. to obtain one average diagram, it is necessary that 

all operatLng conditions be rxintained exactly constant for 

this length of time. 



IIi. PIEZOELECTRICITY 

The word. piezo is o± Greek derivation, taken from 

"piezein" meaning "to pre8s". Plezoelectricity relates 
to the peculiar property of certain solids in the crystal- 
line state, of becoming electrically polarized when sub- 
jected. to change of stress. The type of stress may take 
any cornnion form, such as compressioa, tension or shear. In 
a broad. sense the term piezoelectrici.ty applies to the 
reverse efiect also, that of producing mechanical strain by 

an applied electric field. according to Sosrnan (45) , "a 

narrower usage would. confine piezo-electrieitì to the first 
effect alone, while the reverse effect would. be classed as 

one of the types of electro-striction". The present use 

made of piezoelectricity in the development of a pressure 
indicating instrument has to do with the direct efiect and 

therefore no discussion of the reverse ef.Lect (aside from 

historical) will ûe included. 
History and Theory of Piezoelectricit 

In ibbO the brothers Jacques and Pierre Curie discover- 
ed the phenomenon of piezoelectricity in experimenting with 
tourmaline. The Caries and. other experimenters while in- 
vestigating crystals of different substances found sorne to 
possess piezoelectric properties and others to be entirely 
void of any such effect. 
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Nicolson (31) has pointed out a relationship between 

certain optical properties of crjstals and their manifesta- 
tion of the piezoelectrie effect. He states that 'Tthe same 

mechanism in asymmetric cr:stals which operites on polarized. 

light to rotate the plane of polarization, also causes a 

liberation of electricity wnen the crystal is elastic11y 
deformed, or a dilatation when electric potentials are 
applied't. It is now well established that only those 
crjstals which possess an asymmetric arrangement of atoms 

in the molecule display the phenomenon of piezoeleetricity. 
Sir William Bragg (3) explains this symmetry and dis- 

symmetry by using quartz for illustration. Silicon dioxide 
(quartz) is kìiown to exist in two different states depending 
upon its temperature. Below 573 degrees Centigrade it is 
an alpha crystal having an asymmetrical molecular arrange- 
ment, while above this temperature in the beta state it is 
known to be perfectly symmetrical and to exhibit no piezo- 
electric properties. i'igs. 13 and 14 picture the atomic 
arrangement of these two physical states oÍ' quartz. The 

small triangles of Fig. 13 can be assu:ied to turn gradually 
on their centers as the temperature is increased, until the 

crooked lines become straight and the modification takes 
the form of Fig. 14. 

Uf the many different substances exhibiting the piezo- 

electric effect, quartz may be considered the most suitable 
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Pig. 13.-Alpha quartz 

Fig. 14.-Bets quartz 
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material for this instrumental application. This is due to 

its relativeli high 8trength, its low electrical conductiv- 

ity at moderate temperatures and its small thermal expansion 

(7). Below are tabulated some values dealing with the 

ultimate tensile and compressive strength of quartz. 

Ultimate tensile strength 

Parallel to Z axis 

Perpendicular to Z axis 

Ultimate compressive strength 

Parallel to axis 

23,150 lb.per sq.in. 

17,900 lb.per sq.in. 

258,000 lb.per sq.in. 

Perpendicular to Z axis 227,000 lb.per sq.in. 
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IV. PYR0ELCTRICITY 

The term pyroelectricity relates to the property of 

certain crystals of becoming e1ectrica11v polarized when 

subjected to a change of temperature. The phenomenon of 

pyroelectricity was discovered long before anything was 

ì:nOwn of piezoeleotricity. In 1703, Juwelieren and. other 

Holland jewelerj merchants observed that tourmaline placed 

in hot ashes would attract the ashes. Later, in 1756, 

Aepinus showed that the effect was electrical and he was 

also able to point out that contrary polarity existed at 

opposite ends of a cr3stal when heated, while reversed 

polarity occurred at the extremities upon cooling. The term 

"pyroelectrioity" was not applied to the phenomenon until 

1624 wuen .i3rewster (45) observed the effect in quartz. The 

Curies, along with their discovers of piezoelectricity in 

lbbO, estaDlished. the fact that all pyroelectricity was 

caused. by stress due to ther!ia1 dilatation and accordingly 

they correctly classified pyroelectricity as a special case 

of plezoelectriolty. "False pyroelectr1city" is a term 

sometimes applied t3 this charge produced as a secondary 

result of change in temperature. Soeman (45), discusses 

'false pyroe1ectricity of the second kind1' and. "true pyro- 

electricity", but as neither of these apply to quartz they 

are omitted from this discussion. The pyroelectric pro- 

perties of quartz will be referred to later in discussing 
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the operating characteristics of the piezoelectric in- 
ä.i eat or. 



22 

V. SPECIFICATIONS FOR Q.UARTZ CRYSTALS 

Selection of Material 

Completely perfect quartz crystals are extremely rare, 

but fortunately they are not necessary for most work. In 

the selection of a raw crystal there are a few simple tests 

that can be made with the unaided eye to determine its 

suitability. A good quartz crystal should be clear on the 

inside and show no dark spots or colors. It should be free 

from bubbles ¿nd cracs. It should have at least one flat 

face for reference in cutting zid for convenience in clamp- 

Ing. The hexagonal sides of a rough crystal are seldom trae 

planes, their faces usually showing striations. These 

striations resemble steps with the cross-section of the 

crystal gradually becoming smaller in the direction of the 

pointed end. Sometimes these striations are as close to- 

gether as one-sixteenth of an inch and quite deep, while on 

other specimens they may be an inch or more apart and barely 

distinguishable. When clearly evident they are useful in 

orienting the crystal for cutting as the first cuts can be 

made in the direction of the striations and perpendicular 

to the Z axis. 

ihen a thin slab of the quartz has been cut from the 

crystal in a plane estimated to oe perpendicular to the 

axis, it is polished and placed in a oeam of polarized 
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light. If it 8 xiot possible to get a dark field by 

rotation of the polarizing prisms, that is evidence that 

the quartz crystal is twinned and. consequently unsuitable 

of any piezoelectric purpose. If the crystal rotates light 

in but a single direction, it then remains to determine if 

the crystal is cut perpendicular to the Z axis. quarter- 

wave plate is slipped. in the polarizer beam along with the 

slab of quartz under test. If, by rotation of the polar- 

izing prisms, the field alternates between black and. white, 

tnen the quartz plate is cut perpendicular to the Z axis. 

If, however, the field is colored, then the plate is not 

perpendicular. By tilting the quartz slab until the field 

has no color, the direction of the Z axis can be determined, 

and. consequently the direction of the Z axis in the large 

crystal is located. 

Q.uartz crystals of good quality, as specified above, 

cost about five dollars a pound. A specimen 2.25 inches 

across the hexagonal flats and 3 inches long weighs about 

one pound. .ig. 15 shows a photograph of a quartz crystal 

as mined. 

Nomenclature 

uartz belongs to the trigonal, trapezohedral class of 

crystals. Crystals which display summetry across three 

directions in a plane of the crystal perpendicular to the 

Z axis are classified as trigonal. because of confusing 



Pig. 1g.-A Roue Q)lsrtz Crystal 

Pig. 1.6.-Ori.ntstion of Ax.. aM Cute in a quartz Cryotal 



discrepancies in crystal terminology as used. in the litera- 

turo, the sureau o± Engineering, U. S. Navj Department (u), 

met in 1929 and. adopted a. standard of nomenclature appl3iing 

to piezoelectric crystals. Fig. 16 shows an idealized 

drawing of a quartz cr,istal, clearly illustrating the 

directions of the three principal axes together with the 

names as adopted by the Navy Conference. The Z axis has 

been variously called the trigonal, the optical, the crs- 

tallographic, the trincinle and. the axis of symmetry. 

henceforth it will be termed the Z axis. The X axes, of 

which there are three, have otherwise been knov as the 

electric axes. The three Y axes have been called mechanical 

axes. 

In the preparation of crystals for use, slabs of the 

desired size are first cut from the rough specimen, making 

the saw cuts perpendicular to the Z axis. If an X-eut is 

desired, slices are sawed from the slabs as indicated at A. 

This cut was used by the Curies and is frequently referred 

to a8 Curiet cut It is also Imown as the "face perpendic- 

ular" cut. The term X-eut as adopted b' the Navy Department 

(b) will be used. in this work. If a Y-cut is desired, 

slices are cut from the slabs as shown at .13. This cut has 

been variously called the "30 degree" cut and the "parallel" 

cut, but the t erm "Y-eut" is now con si dered standard nomen- 

clature. 
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Distribution of Charge 

Both the X and the Y cuts are commonly used for radio 

frequency oscillator control but the X-cut is the logical 

selection for use in a piezoelectric pressure gauge embody- 

ing a construction Where the cystals are alternate1j 

compressed and released. he reason for this will be evi- 

dent from an examination of 'ig. 17. Here a cross-section 

of the crystal is taken perpendicular to the Z axis with 

the X and. the Y axes shown in their correct locations. The 

curved loops show the distribution of the electric charge, 

plotted as a polar vector while the force is applied in the 

direction of an X axis. It will be noted that the charge 

is a maximum in the direction of an X axis, arid. that it 

becomes a minimum in the direction of a Y axis. It is thus 

evident that the X-eut will deliver a greater quantity of 

electricity at its faces for this type of loading than any 

other cut. No piezoelectric efiect is obtained from quartz 

when a load is applied in the direction of the Z axis. The 

following related statement is taken from Sosman (45): 

"Coriipression in the direction of an X-axis produces 

positive and negative charges on the opposite faces oÍ' a 

rectangular parallelepiped having a pair of faces cut per- 

pendicular to that particular axis. Tension produces 

charges of the opposite sign. These phenomena are often 

referred to as the 'direct longitudinal effect'. On the 
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other hand, compression perpendicular to this axis, in the 

horizontal plane, again produces positive and negative 

charges on those same faces, but opposite in sign to the 

cnarges produced by compression along the axis; and tension, 

in turn, reverses this effect. These phenomena are referred 
to as the 'direct traisverse effect'. Thus compression in 

the one direction produces the same effect as tension in 

the direction perpendicular thereto." 
iezoelectric Constant for quartz 

Early in their investigations of quartz, the Curies 

discovered the existence of a linear relationship between 

quantity of charge liberated and t}e load applied. The 

charge per unit area, at a constant temperature was found. 

to be directly proportional to the loading force, Fig. lb, 

and. independent of the width, W, of the specimen. This 

important discovery has since been verified by others. In 

1922, Zarcher (22) in developing a piezoelectric instrument 

to measure the pressures in guns, found that this propor- 

tionality factor between charge per unit area and pressure 
was constant up to at least 50,000 pounds per square inch. 
The constant has been found to be relativel,y independent of 

temperature down to -423°F. (liquid hydrogen) and. up to 

about 400°F. Above this temperature an appreciable falling 
off in the coefficient has been observed and at the inver- 

sion point, 1062°F., it oecomes zero. 
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Recently, Sohuiwas-Sorokina (45) using very precise 
instruments, in an investigation of the relation between 

temperature and. the piezoelectric properties of quartz re- 

ported the curve shown in Pig. l. These res.lts indicate 
that temperatures up to 500°F. can be used without appre- 

ciably affecting the linearity. 
Authorities do not agree on the exact numerical value 

of the piezoelectrio constant for quartz. A number of noted 

scientists have reported a value very close to 63 x 10 

e.s.u. per dyne, while three different Ùat equally eminent 

authorities give it as 69 x 10 e.s.u. per dyne. These 

&ifferenoes most probably result from the use of quartz 
which was actually different. The quartz crystals available 
are all natural growths, so that impurities are always 

present in varying amounts. In the present work this dis- 

crepancy is not important as will, be pointed out later. 
Matheinatioal Expression for Electric Charge 

Consider an X-eut quartz crystal with dimensions as 

shown in Fig. 19 and loaded as indicated. From the fore- 
going discussion the charge per unit area is proportional 
to the pressure. This may be stated 

q:KP ---------------------- (1) 

where q is charge per unit area in e.s.u.. per sq.cm. 

K is the proportionality constant, e.s.u. pr dyne 

P is presure in djnes per sq.crn. 
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The total charge on one surface of the crystal can be ex- 

pressed as 

Q. = 11W q --------------------- (2) 

where Q is total charge in e.s.u. 
H and W are expressed in centimeters. 

The total load, supported by the plate is 
L V1TP --------------------- (3) 

where L is total load. in dynes 

and. W and T are in centimeters. 
Substituting the value of q from Eq. (1) in Eq. () 

QHWLcPorP- 
Using this value in Eq. (3) 

"rn- 
I L = 

FI IX 
r Q z 

T I 

4 

This equation for the total quantity of charge produced 

from a given quartz crystal when stressed, shows that the 
charge is directly proportional to the height of the 
crystal, inversely proportional to its thickness, and 

independent of its width. 



VI. PX TAL HOS 

During the experimental work on this problem three 

crystal holders of different design were nEde and tested. 

In one the spark plug was built integral with the holder 

for direct installation in a spark-ignition engine; in the 

second the crystals rested upon a relattveld thin diaphragm 

which was subjected to the pressure to be measured, and the 

third had. in it a push rod between the crystals and the 

diaphragm. 

Spark-lug CrNstal Holder 

In Pig. 20 is shown a cross-section of the spark-plug 

crystal holder. The body, B, is made o± ordinary carbon 

steel having a threaded connection, T, machined to fit an 

eighteen millimeter spark-plug fitting. The Champion Spark 

Plug Company of Toledo, Ohio, made the center electrode 

(conductor W and insulator E) to specification from the 

materials regularly used in their product. Surroundtng the 

insulated electrode is a single steel element, R, which 

perforrns four important functions: (i) By means of the 

diaphragm, A, it transmits the cylinder pressures to the 

pair of crystals, C. (2) Leakage of the combustion products 

along the electrode is prevented by a small packthg gland, 

h. (Common stranded asbestos packing is used for the 

seal.) (3) It forms a seat Thr the lower crystal. (4) thy 



Fie. 20.-Spark-plug Cry8tal Holder F. 21. -Thin Diaphragm Crystal Holder 
t', 
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virtue o the c3llindrical ntallic shield, J', lt provides 

protection for the crystals from riignetic and electrostatic 
disturbances. 

The quartz crystals are annular disks with center 

holes large enough to provide an insulating air space 

between them and the metal shield.. Their outside diameter 

Is one Inch, their thickness three-sixteenths of an inch 

and the diameter of the central hole five-sixteentha of an 

inch. The two contact faces of each crystal were silvered 
by the Brashear process. A thin silver disk, K, peened 

around. the outer edge, is placed between the crystals for 
collecting the charge. To obtain a gas tight seal the 

copper.gasket, (, is placed under the diaphragm, the center 
assembly being held rigidly together by means of cylinder, 
P, and nut, i?. An initial pressure is placed on the 

crystals by tightening the adjusting nut, D, against the 
centering washer, L. The take-off bushing, M, was first 
made of bakelite but dne to the high temperatures experi- 
enced, a. more satisfactory material was found. in mycalex 

(4) . This material is formed by moulding at 1250°F. 

ground mica and. lead borate. A pressure of some 13,000 

pounds per square inch moulds the substance while in the 

plastic state. he properties of mycalex which make it 
suitable for this application are its low dielectric loss 
and its ab1ity to withstand high temperatures, up to 5000F. 
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without appreciable loss of strength. It ma be machined 

with carbolloy tools. 

Thin Diaphragm Crystaj. Holer 

A crystal holder that has general application for gas 

or liquid. pressure measurement is shown in Fig. 21. The 

crystals, C, are mounted on a rather heavy oyltndrical 

plate, E, recessed as shown for the purpose of centering. 

Pressures are transmitted bi this plate to the crystals from 

the diaphragm, E, made integral with the bodv of the holder. 

The screw, is employed to place an initial pressure on 

the crystals that is equal to or greater than the pressure 

to be measured. This is done so that the diaphragm cannot 

be deflected to, or beyond its neutral position, for if this 

were to occur a small portion of the applied force would be 

absorbed as a shear. This particular holder is constructed 

to take different adapter bushings, L, for conveniently 

fitting any installation. After experimenting with this 

holder it was decided that the body, A, was of too light 

section and permitted undue deformation. A more rigid 

construction transmits a greater force to the crystals per 

unit of applied pressure. Accordingly the crystal holder 

described in the following section was made; it proved to 

be very successful in most installations. 

'inal Arrangement of sauge and Coupling Tube 

Desiring to make a holder that could be tnstalled with 
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the diaphragm in direct communication with the combustion 

chamber, a gauge having a fitting that extended through the 

cylinder-head water jacket was made. Fig. 22 is a diagram- 

matic arrangement of the heavy-walled crystal holder showing 

a special tace-off connection and the shielded coupling tube 

in place. It will be noted that a very compact and rugged 

arrangement has been secured. 

The adapter fitting, A, is made o staiiless steel and 

has a thin diaphragm, D, machined. as an integral part oÍ' it. 

The reason for using stainless steel is to minimize corro- 

sion o± the diaphragm by the combustion products. A small 

push rod, R, carrying a mushroom type head on which the 

lower crystal rests, transmits the force to De imeasured. 

The construction illustrated permits the gauge to oe in- 

stalled directly on an engine cylinder head with the adapter 

fitting extending through it so that the diaphragm lies in 

the surface of the wall o the combustion chamber. Lock 

nut, N, is screwed down against the top o the head holding 

the gauge very rigidly in place. On installations, other 

tn through water jacketed cylinder heads, iere shorter 

connections are iesirable, different adapter fittings and. 

shorter push rods are easily substituted as disassembling 

the gauge is relatively easy. Calibration is in no way 

affected by these changes so lonR as sufficient initial 

pressure is applied to the crystals by nut, P, because the 

piezoelectric constant for quartz (volts per pound) is 
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Fi.. 22.-Puahrod Crystal Holder Shown with Take-off 
Connection and Coupling Tube. 
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rea11 constant over a wide pressure range. 

ae-ofi Connection 

A very convenient type of connection or taking the 

charge from the crystals is shown in Fig. 22. The assembly 

can be screwed into the body of an gauge and yet have the 

pointed stainless steel rod maae firm contact with the 

silver disk by means of a spring loading arrangement. The 

insulating niterial, shown dotted, is again rnyoalex. The 

entire assembly was tested with a gold leaf eleotroscope 

to determtno its ability to hold an electric charge. More 

than an hour was required for a 500 volt charge to decrease 

to half value. 
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VII. ÀLLPLIFIER AND ASSOCIATED EQUIPNT 

Coupling Tube and Shield 

The only practical device to measure the ltput of 

the quartz crystals is a combination vacuum tuDe, amplifier 

and cathode-ray oscil1oecoje. Apparatus of other types sen- 

sitive to frequencies of 1OD,000 cycles per second is 

practically non-existeût. 2he grid circuit of the tube in 

.?ig. 22 had a capacitance of about 15 uu.f to ground. The 

piezoelectric potential developed by the quartz due to 

pressure on diaphragm D, was about two volts for a pressure 

of loo pounds per square inch. 

This notation is used for the following equations: 

1so 

is charge in coulombs 

C is capacitance in farads 

E is voltage in volts 

I is current in amperes 

t is time in seconds. 

Q, CE 

- 15 x io_12 x 2 

= 3 x 10 coulombs per hundred pounds 
pressure 

It, so that if it be assumed that the 

measuring device takes current linearly at the rate of 

lO amperes, the charge will be dissipated in three 
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seconds. s the maximum permisaible loss o± charge per 

engine cyc1e is t a fraction of one per cent, a vacuum 

tuoe must oe used in which the grid insu1tion is so good. 

that the time of discharge will be a matter of minutes or, 

preferably, hotrs. vacuum tube of the low grid. current 

t7pe, such as the General Electric 'P-54, satisfies the 

leakage requirements 'out will block with the large grid. 

voltages involved. With 1000 pounds per square inch on the 

diaphragm of the crystal holder shown in £'ig. 22, the output 

voltage o± the crystals is about twenty volts, (on the other 

crjstal holders the voltage is about 100 volts ±or the same 

conditions because of the larger diaphragm) and this voltage 

is more than enough to block the grid, or at least carri the 

grid voltage beyond. the linear portion of the grid voltage- 

plate current curve of any but the power amplifier tubes. 

.n alternative, that of adding parallel capacitance to the 

grid. circuit, is not desirable as this would destroy the 

high frequency sensitivity. An increase of capacitance does 

accomplish the desired result, that of proportional voltage 

reduction, as may be seen by the following equation: 

Q, 
a CE 

As the capacitance is increased, the voltage is reduced, by 

reason of the fact that the amount of charge is fixed by the 

pressure on the crystals. Also, the high frequency imped- 

ance Is reduced. by the capacitance so that the high 
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frequency output becomes small compared with the low fre- 

quency output. 

It was finally in the R.C.ai. type ó7 vacuum tube that 
the answer was found. This tuDe is of the heater type and. 

contains a heater, a cathode, five grids and. a plate as 
shown in the wiring diagram in Pig. 23. 

The first grid out from the cathode is used. as a spaoe 
charge or accelerating grid; the second grid is used as the 
plate; the third and fifth grids are in parallel and. have 
a negative potential of about ten volts with respect to the 
cathode; the fourth grid, which serves as the control grid, 
terminates at the grid terminal on the top of the glass 
bulb; and the plate is used as a grounded shield. 

Having the control grid outside the plate accomplishes 
several purposes. First, the grid voltage can vary from 
zero to minus forty volts with a linear output. Second, 
the grid is well shielded so that tne number of electrons 
and. positive ions attracted to it are reduced to a very 
small number. T'ne disadvantage of this tube proved to be 

its low amplification factor, 1/50. 
On leakage test, with a charge of twenty volts, the 

charge was reduced to half-value in half an hour. Of some 

twenty other vacuum tubes tried, sil leaked the charge to 
zero in a few seconds or less. 

As the lead from the quartz crystal to the vacuum tube 
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SWEEP - CIRCUIT 

Fig. 24 



is part of an extremely high impedance circuit, it is very 

susceptible to outside influences, and lt is desirable to 

have lt short and. well shielded. 

The distance from the quartz crystals to the grid cap 

on the tube is but 

shown in Pig. 22. 

six-foot length of 

and power supply. 

was not found to b 

magnetic shielding 

ignition engines. 

The Aiplifier 
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three inches; the lead is shielded as 

Prm the bottom of the shield can, a 

shielded cable leads to the amplifier 

As flexible woven copper shielding alone 

3 adequate, it was necessari to add 

when taking observations on spark- 

The cathode-ray tube to be used in the output requires 

a potential of about ¿OO volts on its deflector plates for 

full scale deflection at minimum sensitivity. This high 

voltage nust be the linear output of a d.c. amplifier. A 

satisfactory type of amplifier adaptable for this instru- 

ment was developed by Otto II. A. schmitt (42). The 

amplifier, together with the coupling tube connections, as 

it was finally adopted is shown in Pig. 23. When a plate 

supply of about bOO volts was used, the output became 

satisfactorily linear for 600 volts. As actually operated, 

the voltage gain of the amplifier was 2900 so that an in- 

put voltage of 0.2 volt sufficed for full scale deflection 

of the cathode-ray earn. 
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The Sweep Circuit 

If the output from the amplifier only were applied to 

the deflector plates in the cathode-ray tube, the indication 

on the screei would be a vertical line of varying length. 

It is necessary to give the cathode-ray beam horizontal 

de±'lections to make a two-dimensional pattern on the screen. 

If an a.o. sine wave of the proper frequency is applied to 

the horizontal deflector plates, an engine diagram will be 

obtained that differs only slightly from a pressure-volume 

diagram. The difference lies in the variation of the piston 

motion of the ordinary engine from simple harmonic motion. 

If an a.c. voltage wave whose amplitude varies linearly 

with time (a saw-tooth sweep oscillator wave) is applied 

to the deflector plates a pressure-time diagram will be 

obtained. ¿ saw-tooth oscillator consists of four essential 

parts; a d.c. power supply; a resistor; a condenser; and a 

gaseous discharge tube (Thyratron type). The condenser und 

resistor are connected in series across the power sup1y, 

while th cathode-ray tube deflector plates and the gaseous 

discharge tuoe are conLected in parallel across the con- 

denser. If at zero time all the voltage is across the 

resistor, and none across the condenser, current will flow 

through the resistor and charge the capacitor. after a 

length of time depending upon the magnitude of the resist- 

ance and the capacitance, all of the voltage will be across 



the capacitor and. none across the resistor. The 6.eflector 

plates will then have varied in voltage from zero to 

maximum while the capacitor was being charged. 2he gas 

tube in parallel w1t the eonenser has the property of 

being a very good. insulator until a certain critical ad- 

justa'ole voltage is reached. The tube then breaks down and 

becomes a very good conductor until the voltage falls to 

about ten volts, when it again becomes an insulator. The 

voltage across the capacitor will then rise and. fall oeli- 

cally from ten volts to the breaK-down voltage of the gas 

tube. This voltage is applied to the deflector plates of 

the cathode-ras tube. An undesirable feature of this 

sweep oscillator lies in the fact that the voltage increases 

exponentially and not linearly. To correct this a pentodo 

tube which passes practically a constant plate current over 

the range of 40 to OO plate volts is substituted for the 

resistor and the caoaoitor then charges lineirly with time. 

A diagram of connections is given in Fig. 24. 

lteration of the impedance of the pentod.e tube and. of 

the size of the capacitor charged, allows a frequenci range 

of from one-fifth cycle per second to fifteen thousand 

cycles per second. 

The amplitude of the sweep oscillation is controlled 

by adjusting the ureak-down voltage of the gas tube by means 

of its grid, voltage. 

In order that the pattern on the screen may be held 
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stationary, it is necessary that the engine diagram and. the 

sweep oscillations shall be in synchronism. This may be 

efiected by periodically lowering the grid, voltage of the 

gas tube. This, in turn, was accomplished by the use of a 

contactor which considerably reduced the grid voltage once 

for each revolution o± the engine flywheel. 

The Power Supp1 

Complete operation of the apparatus from alternating 

current is very desirable, but the difficulties encountered 

are very much greater than for battery operation, particu- 

larly with the d.c. amplifier. All of the tubes used can 

be satisfactorily heatedwith alternating ìrrent. The high 

voltage direct carrent supply is divided into two parts; a 

2000 volt supply for the cathode-ray tube, groundecL at the 

positive end, is obtained with a voltage doubler as shown In 

Fi. 25, and an 800 volt supply for the amplifier and sweep 

circuits, grounded at the negative end, is obtained with a 

full wave rectifier as shown in Fig. 26. 



CATHODE-RAY TUBE 

POWER SUPPLY FOR AMPLIFIER & SWEEP CIRCUIT 
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VIII. CAIJBRATION 

Calibration of the over-all sensitivity of the ap- 

paratus is simple. A high pressure nitrogen tank is eon- 

nected. to the oaliûrating apparatus as ind.ioated in Fig. 27. 

The gauge to be calibrated. is screwed. into the pressure 

chamber after each quartz crystal has been turned over so 

as to give a charge of opposite sign to the usual one. Vdth 

the release valve closed, the tnlet valve iS cracked until 

the pressure in the chamber has built up to the desired 

value as indicated on the test gauge. When the spot on the 

screen has become stationary, indicating that the charge 

has all leaked off, (as it will do ajickly when charged in 

this manner, becaLse the charge is iDositive, not negative) 

the pet-003k Uschargin to atmosphere is given a quarter- 

turn, pemitting the pressure in the chanber to drop to 

atmospheric in a fraotion of a second. Simultaneously, the 

spot on the end of the cathode-ray tube assumes a maximtm 

deflection and then drifts back to its original position as 

the charge leaks off. 

The maximwn deflection points are plotted in Fig. 28. 

Several possible calibrations are shown for the one crystal 

holder, depending upon the amount of capacitance placed in 

parallel with the crystals. Por the sake of practicability 

it is almost necessary to use mica condensers in parallel, 

but they are not very desirable because of their relatively 
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high leacage. Air condensers 'would be much better as they 

could e made with negligible leakage. Two factors barring 

the use of air condensers are, first their susceptibility 

to vibration which would case a voltage ripple on the grid 

o± the coupling tube, and. second their large size. A mica 

condenser one inch square b,y one-quarter inch thick can be 

included inside the coupling tiibe shield can, out an air 

capacitor of equivalent capacitance would. require a cubical 

space at least four inches on a side. 
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IX. PHOT0RLPHDIG THE PATTERN ON THE 

CATHODE-RàY TUBE SCREEN 

When photographing the screen image, it is usually 

desirable to take only one transit of the beam. The 

combustion cycles seem not to repeat exactly, and. if 
several cycles are included, the area in which the 

variations occur will be hazy and diffuse. The shutter 
speed of the camera can be set to a time that will include 

approximately one cycle, and the picture taken at any 

time. This generally works fairly well but there are some 

misses when the shutter opens or closes just at the place 
of greatest interest on the wave. 

3y addLng to the present apparatus it will be possible 
to show on the screen a single cycle, starting at the 
desired. point. With this modification, the camera shutter 
will òe opened, the cycle initiated, and the shutter closed.. 
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X. RESULTS .ND CONCLUSIONS 

On page 52 are shown three pressure-time oscillograruis 

which were photograrhed from the fluoresce!it screen O± the 

cathode-raj tuoe. Each has been converted. to a pressure- 
volume diagram for comparison. Pig. 29-a is a pressure- 
time diagram from a coìnpression-tgnition engine and. shows 

a case of veri late fuel injection. The converted pressure- 
volume d1agran, Fig. 29-b, also clearly indicates this 
condJtion. To check the accuracy of this record, injection 
was com?letely shut ofí on the cvlinder to which the in- 
dicator was attached; the slight hump in the curve d.isap- 
reared and. the pattern becane a symmetrical compression 
peak. s the injection timing on this engine is not readily 
adjustable it is apparent that this setting was fixed by 

the manufacturer. 

Fig. 30-a is a pressare-time record for a spark- 
ignition engine. Ignition of the charge occurred at 
practtoally upper dead. center and the shape of the converted 
pressure-volume diagram, 'ig. 30-b, is typical for such a 

spark setting. 
Fig. 31-a illustrates the response of the piezoelectric 

indicator to pressure changes in an air compressor c7'1inder. 
it will be noted that the pressure fluctuatIons along the 
delivery line thie to flutter of the spring-loaded discharge 
valve are easil- followed by the instrument. The co;ressor 
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PMSTJRE-TIME OSC ILl OCRAMS CONYSBTD 

TO 

PRSSStJRZ-VOLtJIIE DIAGRALS 

-, (a (b) 

(a) 

ta) 

Fig. 29.-Compresuion-Ignition engine 

(b) 
Fig. 3O.-3park-Igritioi 3ngire 

Fig. 31.-Air Copre800r 

(b) 
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was operating at a discharge pressure of 120 pounds per 

square Lich at the time the photograph was taken. 

Pigs. 32 to 34 show typical pressure-time oscillograins 

taken from the three machines previously referred to. 11 

are self-explanatorj except for the lower photographic line 
on some of the di.grams. This line is a definite part o 

the complete pressure-time record. as explained in tne fol- 
lowing discuseion. The internal-combustion engines were 

both of the four-stroke cycle tipe which taire two revolu- 
tions oÍ' the crank or 720 degrees per engine cycle. In 
ord.er to obtain a larger picture on the screen it was found 

desirable to "fold" the diagram. .By adjustment of the sweep 

circuit so that it sweeps the wHth of the cathode-ray tube 
once for each engine revolution the compression and the 
expansion strokes together have as abscissa the width o± the 
screen. The next oscillation of the sweep circuit super- 
imposes the scavenging and. intake strokes on this same base. 
This makes the apparent length of the complete a!agram 360 

degrees. 

This effect mary be carried to even more extreme limits. 
ifor example, it may be desirable to examine critically the 
20 degrees o± crank travel just folloving tne injection of 

fuel in a compression-ignition engine. In such a case the 
frequency of the sweep oscillator is increased until the 

time required for one oscillation is the same as that re- 
quired. for the crank to move through an angle of 20 degrees. 



(a) No Xgnition 

TYPICAL OSCXLLOGRAMS 

L 
(b) rat. Ignition 

11g. 32.-Spark-Ignition ngine--8OOrpm. 

- j' 
=Th_-_- - 

(a) No Injection 

,' 

(b) Late Injection 

Pig. 33.-Copres.ion-Ignition ngin.--5OO rpm. 

(a) Diecharge Preesure 30 lb./sq.in. 
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(b) Dieciarge Pressuz. 120 3b./sq.in. 

Pig. 34.-Air Cocipreseor--600 rpm. 
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If an engine speed. 0Í 1000 revolutions per minute De 

assumed., the time for 20 degrees of crank travel would be 

0.0033 seconds. If the pattern on the screen is three 
inches wide a time scale of 0.0011 seconds per inch is 
obtained. . large number of lines will appear on the 
screen but after a picture has been taken each line can 'oe 

properly matched, end. to end, making a cori1ete 720 degree 
diagram which is several feet in length. 

One of the interesting observations made during the 
development work on the indicator was that of the operating 
temperature attained inside the crystal holder. Vith the 
engine operating at a speed and a load. that might be ex- 
pected to produce a high cylinder temperature the highest 
resTlting temperature in the gauge was found to be 450 

degrees Fahrenheit. At no time did the record given by the 
gauge show irregularities; it was always apparently normal. 
When the gauge was disassembled tne entire body had become 

blued and the silver disk between the crystals had. oxidized 
considerably. '.his, of course, indicates that the crystals 
may be operated fairly hot and still emit voltages with good 
fidelity. 

The authors are now of the opinion that very much 

smaller crystals can be used in the crystal holder; if 
this proves to De true it will be possible to explore 
various parts of the combustion chamber and rxasure pressure 
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changes in hitherto inaccessible places. 
In conclusion it ma be emphasized that the piezo-. 

electric pressure gauge is applicable not only to internal- 
combustion engine research but also to the measurement of 
d.ynamic forces wherever they may occur in solids, liquids 
or gases. 

** 
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