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ABSTRACT

A small pressure transducer, using the piezoelectric proper-
ties of a manufactured ceramic, was designed, constructed and
installed in the end plate of the GALCIT 17-inch shock tube to obtain
high-speed measurements of the pressure field behind a reflecting
shock.

The design problem for piezoceramic pressure transducers
and some possible solutions are discussed in detail. Results of
transducer calibration and recommendations for improvement of the
instrument are presented,

An initial program to determine the curvature of a shock at
low initial pressures was run concurrently with calibration of five of
the above pressure transducers. The results of this program are
deacribed in as much detail as the data obtained to date will permit.

At an initial pressure of 30 micronsg in the GALCIT 17-inch
tube, the shock obtained at a dMach number of about 7.5 in argon is
observed to have a total curvature of approximately 10 millimeters,
or approximately two per cent of the tube diameter. The shock thick-
ness 5bserved under these conditions is approximately 5 millimeters.
These results indicate that it may be entirely possible to obtain good
optiéal measurements inside the shock, but that it may be ﬁecessary
to resort to special techniques to avoid optical distortion caused by

curvature,
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LIST OF SYMBOLS

To avoid confusion, those special symbols used only in the
Appendices are not listed here but are defined as they appear,

starting on page 48. The symbols listed below appear in the body of

the text.
Subscripts for Shock Tube Notation

0 Ambient conditions: p, = 760 mm Hg T, = 298°K
1 Test section initial condition
2 Condition immediately behind incident (primary) shock
4 Condition in driver at moment of diaphragm rupture
5 Condition behind reflected shock
8 Condition in, or pertaining to, shock wave
W Condition near shock tube walls behind incident shock
Symbol Definition
a Speed of sound in a gas, meters/second

Capacitance, farads

Shock tube diameter, meters
833 Piezoelectric constant {See Appendix A and Table 1)
hij Piezoelectric constant (See Appendix A and Table 1)
Ms Shock Mach number
N3 Frequency constant (see Table 1), meters/second

P Gas pressure, usually microns of mercury column
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LIST OF SYMBOLS (CONTD. )

Pressure jump: used herein as Ap = Pg = Pys mm Hg
Registance, ohms {s0 notéed when used)
Shock tube radius, metefs

R.eynol&s‘number at tube wall (see page 41)

Radial coordinate in plane of end plate, positive outward
Acoustic reflection coefficient {so noted when used)
Area, square meters

Gas temperature (note T, =T, =T, for all calculations),
Oy . 1 4 0

Shock velocity, meters/second

Wave speed in solid (note v = 3N3 for a thin plate)
meters/second

Shock tube axial coordinate, positive upstream from end
plate

Shock axial displacement at a given instrument location
{see page 37), most conveniently in millimeters

Total shock axial bulge {see sketch, page 43), millimeters

Transducer ceramic thickness, millimeters

Acoustic impedance (see page 14 or Appendix A) l;il;!:;? ==

Specific heat ratio of a gas
Shock thickness (see page 37), millimeters

Relative dielectric constant of a inaterial {footnote, page 11)

Densgity {of gas or solid), kilograms/meters

Viscosity of a gas, kilograms/meter/second

Viscosity mean free path, meters

Time interval: (see page 37 and Figure 1Q), seconds



LIST OF SYMBCOLE (CONTD.)

Abbreviations

cm C entimeter‘: ‘
kg Kilogram

ke Kilocycle:

mc Megacycle:
min Millimeter:
msec Millisecond:
i Micron:

peec

Definition

1 0'2 meter

10° cycles/second
106- cycles/second
1073 meter

1073 second

10‘6 meter .

Microsecond: 10'6 second
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INTRODUCTION

The transition of flight vehicles from atmospheric operating
conditions to near -complete vacuum environments, along with enor-
Mous inéreases in operating velocities, has made the detailed study
of rarefied gasdynamics a matter of dlinost urgent practical interestv.
In particular, while significant results have been obtained demonstra-
ting and explaining manyv aspects of shock wave behavior, the "thick"
shocks typically formed in very low density atinospheres are
relatively unexplored.’ |

At least two reasons may be offered for the lack of experimen-
tal and theoretical woric in this region. The first is a mattef of scale;
to obtain a ﬂuiiably thick normal shock in which measuremen:ts may
be taken, the size of the [acility must be proportionately incrgasad to
maintain georetric similarity in the flows. The GALCIT! 17-inch
shock tube (Ref. 1) was completed in 1961 to meet this re@uirement.

The second difficulty arises in ingtrumentation. A one-half
inch thick shock, moving at about 10, 000 feet per second, permits
only about four microseconds for a fixed set of instruments to ma.kve
their measurements, The demands generated for space and time
resolution are evident, if meaningful data are to be obtained on the
shock fine strucfure.

The first section of this paper reports results of a program to
develop a pressure transducer with response tirme and sensitivity

adequate to make such measurements. A piezoelectric system was

1 Graduate Aeronautical Laboratories, California Institute of
Technology.
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considered the most promising from the considerations of simplicity,
reliability, and performance. Five operating instruments, identicé,l
in all important respects, véere finally canstructéd. The instruments
were more or less specialized to operate flush with the end plate of
the shock tube, since while a fully developed theory on the precise
mechanism of shock reflection ig not yet available, the boundaries
are well defined and the experimental problem with existing instru-
ments appears to be much simpler.

Information on the curvature of shocks in low-density media,
besides being of great significance in itself in the formulation of
‘theory concerning shock/boundary interactions, is needed to estimate
the effectiveness of optical types of instrumentation for later exéeri-
mental programs. Such data are fairly easily o“otainable on the end
plate, and in fact are very nearly independent of the exactness of
response of transducers to pressure since only relative arrival times
across the diameter need be measured.

The pressure transducer calibration series of shots was there~
fore broadened to gather a set of data on the curvature of a reflecting
shéck at initial pressures from 30 up to about 500 microns of mercury.
Additionally, some rather interesting data on the thickness of a
reflecting shock were obtained from the same shots. These results
are reported in the second section of this paper and compared with
data obtained by other investigators (Ref. 2, 3, and 4).

The usual difficulties associated with an equipment-development

program arose. These, as well as some techniques and equipment
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developed as a matter of convenience or enhanced accuracy of operation,
are reported in some detail in the hope that‘ such information may be
useful to others involved in similar research with large~caliber shock

tubes or piezoceramic transducers.
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L DESIGN AND APPLICATION OF PIE ZOCERAMIC
TRANSDUCERS TO TRANSIENT PRESSURE MEASUREMENTS

1. Initial Design Considerations

The problem of providing appropriate instrumentation to measure
variations of pressure, both static and dynamic, in a fluid has been
attacked almost exhaustively by investigators in every branch of the
physical sciences. There is now sufficient theoretical background and
experimental evidence on methods of measuring pressufe to provide the
prospective instrument designer with a broad spectrum of possibilities
fo meet his particular needs., The inétrumgnt he finally develops, if he
selects his principles of operation carefully, may be limited only by his
imagination. |

A vast literature is available. A recent study by the
Giannini Controls Corporation {(Ref, 5) presents a good engineering
survey of the entire field of pressure instrumentation, including a
current bibliography of over 250 titles. Specializing to electrical input
transducers for more or less continuous measurements of pressure,
Lion (Ref. 6) surveys the field in detail, presenting brief explanations
of the theory of operation and references to literature describing
specific pieces of hardware. Specializing further to piezcelectric
instruments, texts by S}iasorx (Refs. 7, 8, and 9), von Hippel (Refs. 10,
11, and 12) and Hueter (Ref. 13) as well as numerous papers (Refs. 14,
15, and 16) explain the theoretical aspects of piezoelectricity and some

of its applications to any desired level of complexity.
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In spite of this imposing collection of documents on the subject,
some discuasion'of the properties of piezoelectric transducere and |
other types of pressure instrumentation must be included here te
explain the decisions leading to the transducer finally designed. The
reader is referred to Appendix A for a detailed théoretical discussion
following the methods proposed by Redwood {(Ref. 14) of the transient
performance of piezoelectric transducers.

The task at hand involved the design gnd construction of a
ti‘ansducer to obtain measurements of pressure as a function of time
within and immediately behind a moving normal shock wave. The
installation for which the instrument was to be designed was the
GALCIT 17-inch shock tube end plate. Mach numbers up to 10 could
be exﬁected: the iﬁstrument should respond to pressure steps Of the v/
order of a few millimeters Hg. A response time of less ﬁmn one
microsecond was deksirable.

Cansidara&ign of the transducer systems for which reasonably
well developed literature was available led to the conclusion that, of
the requirements mentioned above, the most severe limitation wae
imposed by the reswnse time. An electronic readout system is
obviously called for; hence the transducer has to be of the type which
responds to pressure {or equivalently to force, strain, or displacement)
by variation of a circuit parameter, Perhaps the fastest response
times can be obtained with ion-currént systems {Ref, 6), and they can
be made extremely sensitive to very simall pressure changes. How-~
ever, most ofl the ionization gages developed actually measure density

rather than pressure; thus an equation of state must be assumed, and
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temperature known, to convert the reading to pressure., At Mach
numbers where dissociation ocecurs, an equation of state is somewhat
difficult to guaraﬁ:ee. Additionally, in an ionized gas attempts to
measure pressure with a system dependent on a current flowing between
‘electrodes may rapidly become meaningless,

Capacitance transducers can be constructed with response time
adequate to meet the requirements. If properly shielded, ionization
can be neglected. Sensitivity is adequate, and mechanical vibration in
resonant modes, while present, is not much of 2 problram. This
appircach was rejected primarily because of the potential complexity of
associated circuits, though Posel (Ref. 17) presents persuasive argu-
ments in favor of the systern and reports a capacitance transducer
satisfactorily installed in a shock tube.

The field was thus narrowed to consideration of a piezoelectric
effect to obtain the desired pressure measurements. In addition to
reports on operating instruments by Mason and others mentioned above
{though most of these are working at some resonaﬁt frequency), recent
work by Willmarth (Ref. 18), Farrand (Ref. 19), and several Soviet
authors (Refs, 20 and 21) gave every indication that the piezoelectric
system was readily adaptable to shock tube work and, further, that the

desired performance was attainable within the present state of the art.



7

2, Piezoelectric/ferroelectric/piezoceramic Transducers

A piezoelectric material is one that shows a displacement of

electrical charge upon application of an external strain (Ref. 22). The
process is reversible; application of an electrical fie\ld to such
- material will cause an elastic strain, and ap%)licatian of a field of the
opposite polarity will change the sign of the strain components.
Consideration of crystal structure leads t‘é the c&nchzsion that
all classes of crystals which do not have centers of symmetry should
be piezoelectric. (Conversely, symmetric crystal structures cannot
be piezoelectric. ) About ten per cent of all crystals fall into the former
category; those of commercial interest include Rochelle salts, quartz,
tourmaline, ammeonium dihydrogen phosphate (ADP), and potassium
dihydrogen phosphate (DKT). It is interesting to note that most sugars
are piezoelectric. |
Within the general ciass of piezoelectric crystals are those

containing dipoles within the unit cells. These types show a displace-

ment of charge when heated, and are usually termed pyroelectric.

Crystals which are both piezo- and pyroelectric can be polarized; that
‘is, application of an electric field while the crystal is heated will
cause a number of the dipoles to align themselves with the field. A
*aymim%biﬁaé%h'r&prapem strongly, and retaining a preferred

polariza.tion;axi's after cooling, is called ferroelectric. The tempera-

ture at which polarization is possible, or at which the dipoles of a
poiarized crystal revert to their lowest-energy orientation, is called

the Curie point.
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A polycrysfalline aggregate of suitably ferroelectric materials
(typically those having the formula ABO3, where A and B a.i:'é
metals) can be prepared and fired by standard china-making techniques
in any desired shape and a variety of compositions. When polarized,
these materials possess piezoelectric properties of the individual
éomponenta in an average sense. (Individual crystals of the aggregate
are of course naturally piezoelectric before polarization, 'but‘;j?iieir '
random orientation tends to cancel the effect on the macro acdﬁ‘i‘c scale. )
These materials are the piezoelectric (or ferroelectric) cer‘an;ibi’»cs or, in

the interest of brevity, piezoceramics. Typical cornpounds now

commercially available include barium titanate (with or without certain
calcium, phosphorous, lead, zirconium and titanium additive.sy)ﬁand the
PZT series!. ' :

The piezoceramics generally show stronger piezoeleaj&ic effects
than the natural crystals. Additionally, their composition can be
* varied to minimize second-order effects (typically to make the polariza-
tion vs. temperatﬁra curve flat over a larger range of temperature} or
enhance desired characteristics such as certain elastic consta;sts or the
dielectric,constant.y Since they are molded and fired in any sh’,épe
desired, the problem of cutting parallel to certain crystallographic

axes is eliminated. Finally, the possibility.of radial, helical and other

polarizations is unique to the ceramics.

1 "PZT" is a registered trademark of the Clevite Corporation,
Cleveland, Chio. It is a generic name for a family of lead zirconate/lead

titanate ceramics.
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from rise time considerations. The expected operating range of the
transducer, in terms of amplitude and wave formn of the input signal,
should be calculated to arrive at the necessary design compromise.
{(For an example, see Figure 1),

In designing the transducer assembly some thought must be
given to the effect of geormetry on the response time., When a
stationary instrument is used to sense pressﬁres in a moving shock,
the orientation of the instrument with re;peet to the shock is of
profound importance., An instrurnent used in the side wall of a shock
t;ube will be restricted in at least one dimension beside the thickness
since the time response will be determined by the time required for
the shock to sweep acfoss the sensitive face. Obviously the most
favorable situation from this point of view is for the smallest
dimension and the axis of polarization of the transducer to coincide
with the axis of propagation of the shock wave, However, one must
thenAaccept measurements of pressure conditions behind a reflecting
shock or, in the case of a small diameter.instrument inserted some
distance into the tube, behind a standing "bow'" shock after it is fornied.
Gasdynamic considerations (Ref. 23) show that the transducer, merely
by its presence in the flow, may alter the pressure conditions
measured,

The electrical circuit paramneters of the transducer will have

some effect on its performance as a function of time. In particular,
the static capacitance of the crystal and the resistance and capaci-
tance of the loading circuit are intimately connected with transducer

- response. The electrical characteristics of the materials used
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to bond the sensitive element to its support system may have a direct
influence in trangsducer performance as an assembly. Stray
resigtances or capacitances in the assembly can alter the signal.
The resistivity of most piezoelectric materials is typically very

12 ohrn cm), Capacitance varies widely with the

high (order of 10
materials used; qguartz has an extremely low dielectric constant, about
4, 5 while the piezoceramice have constants ranging from 1000 up to
about 3000 referred to the dielectric constant of free spacél. Since the/"
voltage generated by a given charge is inversely proportional to the
capacitance between the charged plates, the dielectric constant of the
material will influence the sensitivity of the output. It may therefore |
be desirable from this point of view to choose a material with the
lowest possible dielectric constant.

On the other hand, the circuit decay tirme constant is deter-~
mined by the product (RC) of the ceramic static capacitance,
considering also the capacitance of connecting circuits, and the input
resistance of the loading circuit., For fast transient signals, it is
desirable to make this number as large as possible, typically greater
than 10"4 seconds for work in the microsecond region. This consider-
ﬁtion argues for either a relatively high dielectric constant or
extremely high input resistance (order of _108 ohms)}, especially if low

frequency response is to be preserved. Again a design compromise

is indicated.

1 _ 1 farads
€ ° Inx9x10? meter

C= éé‘o % farads, where € is the dielectric constant, 5 is an .

, and for a particular capacitor

appropriate plate area, and X is the distance between plates.
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Finally, a nummber of important muechanical considerations ‘

influence the transducer design, Some of these, such as the ’eial.stic
and mass constants of the ceramic elernent, affect sensitivity and
responsge time directly. When the supportiﬁg structure is considered,
a number of additional effects may influence the output wave form.

The work’by Kolsky {(Ref, 24) covers elastic waves in solids
in some detail. ”More recently Miklowitz (Refs. 25 and 26) has
expanded the theoreiical foundations of the subject to the point whére
the engineering praﬁlem is quite well defined. The effects of primary
importance are mechanical impedances of ceram‘ic alement_ahd ,
support system, primary modes of ﬁatural oscillation, ana ela-étic
wave speeds. Secon&ary effects include discontinuities {cracks,
bubbles, gcratcheé); higher vibratiOn’ modes, and dispersion.

The input pressure wave form can be approximated over a
small interval by cormponents of a series of periodic functions.
(Ref. 13, page 380, for example; or see any good text covering Fourier
analysis). CQualitatively, an infinitely thin shock will coniain an
infinite spectrﬁm of frequency components, and the high-frequency
terms will be of large amplitude., As the shock thickens, the hfgh—
frequency terras are of less importance. In fact, a %— cm: thick shéck
impinging on a plane normal to its direction of propagation at 2500
meters/second appears to contain no significant terms higher than
400 kilocycles. A shock one tenth as thick at the same speed may

contain components up to a few megacycles.
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Working with the thicker shock, ~ringing frequencies of order 1
megacycle can safely be ignored; they will not be excited. However,
an instrument designed fror: this point of view may suffer considerably
in performance when thinner shocks are obtained, (It is interesting to
note that this effect works both ways; an instrument based on a
numnber of tuned reeds to take advantage of a spectrum of ringing
frequencies could be used to reconstruct a Fourier series representing
the incident shock. Some fairly formidable digital computer work might
result. ) |

Additionally, a thick shock will suffer less from dispersion in
a metal rod, say, and will be more faithfully reproduced at the far end
than one containing a number of high freqixencies.. The ratio of rod
length to diameter and a well-defined sonic velocity are important
parameters here; see Kolsky,

Depending on the input wave form, the output signal may contain
components represgenting fundamental and harmonic vibrations of the
ceramic sensitive element itself, its immediate support system, and
suirounding mechanical elements. In the particular case of a
cylindrical, thin ceramic wafer bonded to a relatively long rmetal rod
which in turn is attached to the shock tube by an appropriate mounting,

. the following effects are observed with a thin shock as defined above.

The highest frequency component (order 5'megacycles) is due
to reflection of the stress pulse at the ceramic/metal interface, ‘anci
its frequency is given by the sonic velocity and thickness of the ceramic

disc. The amplitude of this component is determined by the value of
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the reflection coefficient r, which for any boundary is defined as

{see Appendix A)

for a wave traveling from medium 1 into medium 2. The quantity Z
is the acoustic impedance of the substance, and its value is given by

the sonic velocity v, density p, and area 5 as

Z =  pvS kg/sec (MKS units)

An impedance match is obtained when r is zero. A perfect mismatch
is obtained when r =+ 1. Note that this is the familiar condition at a
"{ree' boundary of a solid; .?Zz <« Zl and a compression pulse is
reflected as a tension wave.

Fundamental ringing of the ceramic element can thus be elimin-
ated by backing it with a material which will provide a good impedance
match.

The next significant component (order 500 kc) appears to be a
radial ringing in the crystal and supporting rod. Using the shear
velocity, the wave length of this oscillation is just the diameter of the
rod. This is a second~order effect due to the Poisson's ratio of the
material, Damping is somewhat uncertain and the resulting roodulation
of output signal can be a nuisance. This effect c‘an be minimized, if
suitably thick shocks are to be measured, by selecting a diameter small
enough so that the m:ode is not excited by the input pressure function.

’% component of order 50 ke is generated by reflection of the

stress pulse from the far end of the supporting rod. This frequency
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can be adjusted rather easily Sy lengthening the rod and some daraping
riay be possible by varying the rod support system. It should be noted
here that surface flaws on the rod will reflect pulses; these in general
are small and fairly well damped.

Finally, the whole transducer housing may vibrate at several
different frequencies between 50 cycles and about 5 kilocycles. These
effects are unimportant in the wave form observed at sweep speeds of .
I psec/cm, since the interesting higher frequencies simply modulate
these signals., If, however, these oscillations are large enough the
""galloping zero" problem may arise making high-speed oscillography
gsomewhat more cormplicated, This effect is discussed in part 4 of this
section,

The transducer assembly must be compatible with the vacuum
system of the shock tube. From the mechanical point of view, this
requires provision of a vacuum seal somewhere in the transducer
housing. While this is not exceptionally difficuli to accor:plish, the
designer's choice of techniques may exert a profound influence on the
performance of the transducer as a vibrating system.

To summarize this discussion, piezoceramic transducers offer
a definite advantage in fairly high sensitivity, good response time, and
great flexibility of application. There are some potential disadvantages
in the intimate coupling between mechanical and electrical character-

istics of such 1:::-&1:*:sc’h:ncver:51 however, and the designer is well advised

to proceed with caution,

Though not discussed here, there are second-order thermal,
electrostatic and electromagnetic characteristics which ruay some-
times be significant, See Reference 22, page 450,
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3, Transducer Construction

Some satisfaction could perhaps be derived from a statement
that all the material in the previous section was considered before
design was started on the specific instrument next to be described.
Such, unfortunately, is not the case. The instrument and the maf.erial
of the previdus section evolved more or less cOncurrentiy through a
lengthy trial-and-error process, and a number of attempts were dis-
carded before the final instruments were ready.

The final transducer design is shom in Figure 2. The
sensitive element is a PZT-5B! wafer 0. 125 mm thick, 5 mm in
diameter, a;coustically bonded in a brasse rod of the same diameter
and 85 mm long. The rod, in turn, is radialiy aupp;afted along its
whole length by a silicone rubberz plug of 5 mm i.d., 25 ram o. d.
molded to fit tightly inside a stainlesé steel container. The assembly
then replaces the pyrex plug of the thin film heat gage shown in Figure
6, Reference 1 bin the standard instrumentation plug of the 17~inch shock
tube.

Tables 1 and 2 list selected properties of piezoceramic materials
and some metals respectively. It appears that the derived quantity
(volts/second

3331\*'3, with units (

SewtonTsq meter>' ‘may be a useful measure of the

pressure sensitivity and response time of a piezoceramic since it is

dimensionally independent of ceramic thickness.

! A lead zirconate-titanate compound with some other additives to
stabilize the polarization, manufactured by the Clevite Corporation,
Cleveland, Chio.

Dow Corning Silastic RTV 501.
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The syster:s tested most extensively were barium: titanate discs
on zinc rods and PZT-5B discs on brass rods. The PZT/brass
com:bination was chosen as the final design for several reasons, includ-
ing the trivial (but frequently decisive) one that the PZT was readily
available, pre-polarized, in sheets 0. 25 mm thick.

The optirsum configuration for the ceramic element for work on
the shock tube end plate is obviously a thin disc parallel to the plane of
the shock, A thickness of about 0. 2 rom was selected to give a response
tirme of order 0. 05 usec. The technique of acoustically matching a

single disc to a rod of the samme diamieter, suggested by Zaitsev (Ref.

The discs were cut frorm: a sheet of pre-polarized ceramic with
gilvered surfaces, using a brass cutting tool in a small drill press

The rods were machined from rolled bar stock. No attempts were

appear {0 be necessary.

Discs a,n{i rods were lapped to optical flatness to obtain reliable
acoustic contact. This is a tedious but critical part of the assembly
process, The lapping removes the silver {roin one surface of the
cerarnic) this is of little consequence since the charge collects on the
surface whether or not the eléctrode is there. The matching surface
of the rod serves as the electrode, and the rod itself is the conductor

with which the signal is rermoved {rom: the crystal.

See Willmarth (Ref. 1£&) for details of this technique.
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Careful inspection with a suitable microscope (30X is adequate)
and meticulous cleaning of the lapped surfaces before bonding is also
essential. The most satisfactory cleaning technique involved gentle
polishing with an impregnated cloth to remove the lapping compound,
followed by careful rinsing and scrubbing with xylene, acetone, and
ether {in order). It appears that scratches visible under a 60X micro-
scope (but not to the naked eye) are of little consequence; they certainly
cause small local variations in the thickness of the bonding layer but no
n:easurable lossg in its acoustic quality.

A pumber of bonding compounds, mostly expoxide-base cements,
were tried. Of these, a pure c:l:ielez‘::*tricl ( non-conducting) offered the
most strength, but it turned out that its capacitance in series with the
ceramic wafer reduced the output of the transducer assembly by a
factor of 5. Additionally, circuit analysis shows immediately that the
volﬁage response of such a system is highly {requency-dependent. A
silver~bearing conducting ce'mex:d:a was finally chosen as the most satis-
factory considering strength and resistivity. The fact that it had to be
cured at about 150°C was one of the factors leading to the final selection
of a ceramic with high Curie temperature since the very thin ceramics
turned out to be extremely difficult to re-polarize -- an undetectable
internal flaw quickly reduces the breakdown voltage to a value lower

than that required for polarization and the ceramic burns through.

Eccobond 26.

Eccobond 58C. (A two-part cement which cures at roor temperature
-« Eccobond 57C ~- offers the same rmechanical and electrical properties
according to the manufacturer but showed extreme weakness in shear,
This rmay have been due to the age of the sample or improper mixing
technique on our part. )
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The flat surfaces of the rod and ceramic were coated with a
thin layer of the conducting cement, using dental tools and working
under a microscope to detect dust and other particles. The elements
were then pressed in a clamp (Figure 3) and cured at the temperature
recomunended by the cement manufacturer for a minimum of 24 hours.
{The clamp may be insulated to perrmit simultaneous polarization -
this technique worked very well with ceramics thicker than about 0. 2

mim. ) The original ceramic disc was slightly larger than the rod;
after bonding, a uniform diameter was obtained and excessive cement
removed by machining with abrasives:

A few miscellaneous notes on this bonding technique may be of
intérest. The cured cement layer is about 0. 01 mm thick and very
uniform., Excess cement is squeezed out nicely by the clamp (pressure
is about 75 kg/sq cm) and a better bond is obtained if the cement is not
thinned. The ceramic manufacturer warns of a permanent loss of some
percentage of the pre-polarization if the ceramic is heated to within

' IOOOC of the Curie temperature. This effect, if present, is too small
to observe in the assemblies constructed here., When polarizing the
ceramic, the face which will see the shock wavé first is connected to
the negative terminal of the power supply in order to obtain a positive
voltage response'to rising pressure when the completed transducer is
in operation.

A silicone rubber plug was chosen to hold the sensitive element
(which in further discussion will refer to the ceramic disc bonded on

the rod) for several reasons. The basic functions to be performed are
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fixing the sensitive element in space and providing a vacuum seal. A
secondary cohsideraﬁidn is the need for isolation from vibrations in
the shock tube structure. In addition, there is a strong possibility
that wave reflections will be set up at pointé of support of the rod -
this indicated either a cantile;rered rod or a continuous but loose
support. Finally, the fact that the transducer was in a development
program suggested that the support system be easily disassembled
for either minor adjustments or complete replacement of the sensitive
element,

The plugs were molded in special brass cans to obtain an out-
side diameter of 23 mmm., The stainless steel cans in which they were
later inserted had an inside diameter of 22, 5 mm:; this difference in
diameters allowed for approximately | per cent shrinkage of the
rubber after cure and provided an adequately tight fit to make a vacuum
seal. All metal surfaces were finished smooth. Th\e brass and steel
cans were otherwise identical in dimensions., A rod was inserted in
each mold, located along the axis with a small fixture, to provide the
space fﬁi‘ the sensitive element to be inserted. The last 15 mun of the
rod was threa{ied, and a nut was thus molded into the rubber plug {sece.
Figure 2). | The silicone compound was mixed according to the
manufacturer's instructions, poured into the mold, and immediately
placed under vacuum for at least two hours to allow air bubbles and
trapped volatiles to escape. It was then cured at about ¢5°C for a
minimum of 24 houre, removed from the mold and cured another 12
hours, and finally pressed into a stainless steel can. A small

amount of vacuum grease was used on the outside of the rubber;
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originally the sensitive elements were greased also, but later it was
found that this was placing a leakage resistance across the ceramic
and adversely affecting the signal. The rubber plugs in the final
design were carefully cleaned inside before the rods were inserted;
vacuurm leakage is prevented only by the slight compression of the
rubber (the sensitive elements were about 1 per cent bigger than
their corresponding holes).

Microscopic examination of cut-up samples of the silicone
plugs showed that the vacuum molding technique was quite beneficial
in producing a plug of uniform composition, virtually free of bubbles.
A compound which cured much faster {about 4 hours) was tried, but it
was found that the cure commenced so rapidly after mixing that the
vacuum technique was unable to remove all the bubbles before the
rubber was too well set to prevent their escape.

The leakage resistance mentioned above proved to be quite a
large factor in the final signal output. All traces of oils and grease -~
even fingerprints -~ had to be removed from the rods and the inside
surface of the rubber plug during final assernbly., The most satis-
factory solvent for this purpose turned out to be ether, probably
bhecause it leaves the least residue and evaporates very quickly. |

The adeqaécy of the rubber plugs in the shock tube vacuum
systen: and as vibration dampers will ve discussed in part 4 of this
section. ‘ |

The "ground’ contact for the trénaducer is made between the

front face of the sensitive element and the stainless steel can with
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silver paint. On several of the models tested, this paint was applied

in & uniform thickness of about 0. 025 mm with an airbrush. This
provided satisfactory contact, but was quite susceptible to any move-
ment of the rubber sleeve it covered, and contact might be lost after a
few shots. In later models, addition of a narrow strip of liylar tape
as shown in Figure 2 solved the problem.

The transducer assembly, now including sensitive element,
rubber plug and steel can, is mounted in the standard instrument plug
for the shock tube. A tight O-ring fit around the outside diameter of
the can makes the vacuum seal; the can is hel& firmly in place with a
nylon clamp. The clamp, in turn, is bolted to the plug. The final
models supported the nylon clamp on a stack of 0-rings and washers
to provide better shock mounting.

The transducer circuit was a matter of some concern, since

almabst all investigators have used cathode followers with their
instruments. To check the need for such a circuit in the range of
operation desired, one was built using the circuit designed by Willmarth
(Ref. 18) and connected to several configurations of the transducer
during its development. No noticeable difference was observed in the
output signals, and thé conclusion was reached that since the capaci-
tance of the ceramic itself was so high (about ‘1. 2 x 10”7 farad) the
circuit time constants were such that an input resistance of 1 megohm
was adequate., Additionally, frequencies below about 10 ke were of

little or no interest in the application of the transducer.
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Satisfactory circuit performance was obtained with ordinary
Amphenol connectors and RG-62/U coaxial cable. The shield of the
cable was grounded at the shock tube with one side of the ceramic

element. Cable lengths of up to 12 feet produced no noticeable change

in the signal
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4. Transducer Calibration

Most of the transducer calibration @ork was carried out in the
17-inch shock tube, with the instruments installed on the end plate
(Figure 6). The current configuration and operation of the tube is
covered in Appendix B, Figures 4 and 5 show the tube layout and
instrumentation block diagrams.

There are both advantages and disadvantages to pressure trans-~
ducer work on the end plate. Among the advantages in a calibration
series are the conditions naturally ocecurring behind a reflecting shock.
The pressure between end plate and reflected shock is higher for a
given incident Mach number than anywhere else in the tube, instantane-
ously; this may avoid the necessity for preamplifiers during transducer
development. More important, the shock reflects from a sufficiently
gmall area all at once; thus only one dimension (e. g. the thickness of
the ceramic disc) is important in determining the response time: of the
transducer. The pressure step on the end plate (hence on a flush-
mounted instrument) can be calculated with some certainty up to
incident shock Mach numbers of about 6 from ideal gas theory, and with
suitable tables and charts (for example Ref, 27) up to higher Mach
numbers,

Figure 1 presents the results of such a calculation, using air as
the driven gas with a helium driver. Driver pressure is constant along
each curve, while Mach number is permitted to vary. It was sormewhat
surprising to obtain a nearly straight line ona logarithmic plot sugges-

ting a simple power law relation between Ap and Py since the
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calculation was done numerically in several steps and this I;esult is
not at all obvious,

The first transducers calibrated #«ere constructed as described
in part 3 of this section, except that the rubber plugs were not rmade to
fit tightly in the steel cans and the front faces of the ceramic elements
were exposed directly to the shock, uncovered except for a very thin
layer of sprayed silver paint. Problems with leakage around the plugs
led first to heavy applications of vacuum grease and compresgion of the
plugs with nylon caps. Later the technique of molding the rubber
slightly oversize proved to be the best fix and both grease and caps
were discarded. |

A more serious problem with these instruments {most were
barium titanate, 0.5 mm thick, with zinc backing rods) was that their
- response did not appear to be stable alter imitial shock impact. The
instruments did respond to the shock, but then the traces observed on
a longer time scale {10-20 psec/cm) continued a relatively slow mono-—l
tonic rise, with some sinusoidal modulation, to a much higher value.
Re-examination of the theory presented in Appendix A led to the conclu-
sion that the time constants of Equation 36 were such that the primary
effect on the output signal was the exponentially rising term of
Eguation 40, |

It appeared that the most effective way to modify the time con-
stant was to change the réﬂection coefficient at the front face of the
ceramic frpm I to a value as nearly zero as possible; that is, to provide
an impedance match on the front, as well as the back, fact of the
cerarnic. Eguation 43 of the one~-dimensional theory should predict the

performance of the transducer for this case.
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This first part of the calibration program also provided infor-
mation on the ringing frequencies of the assembly, 'Of the several
modulations observed, the only strong one had a remarkably consistent
frequency of 400 kc. A number of variations of the ceramic geometry
{notched edges, triangles, smaller diameter discs, etc.) were devised
to eliminate this signal - all without rmuch success. Since the diameter
of the backing rod was not varied, the conclusion is drawn that the effect
comes fron: radial vibration of the rod itself. Reference to the detailed
wave propagation theory of solid rods (Ref. 24, page 75) justifies this
and explains the inability of the one-dimensional approach of Appendix
A to predict the effect. Note also that the ceramic is responsive to
shear waves as well as the primary longitudinal one.

The transducers were modified at this point in the program to
make the front face impedance match suggested above. This was done
by acoustically bonding a brass disc, 1.5 mm thick, to the front face of
the crystal, using the techniques outlined in part 3 of this section. The
finished product is illustrated in Figure 2, After the four lapping and
two bonding operations, the whole assembly was carefully machined with
abrasives and polished so that the ceramic was only discernible as a
thin line of different color interrupting the otherwisé uniform brass rod.

The brass discs on the {ront faces may be thicker than necessary.
Cne of the reasons for the selection of this thickness was the ho?e that
if the 400 kc vibration was a surface effect it would be better damped if
the wave was forced to travel a short distance before striking the
ceramic. Some dispersion of the wave may have been introduced, but

the results of shots to check the response time of these instruments
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indicates the effect is small, The impedance match did solve the
problem of the monotonically rising signal, but did little to the
oscillation.

Typical traces from the transducers finally developed are
presented in Figures 7 and 9. Pressure and Mach number conditions
are indicated with each trace. Comparison with the shock rise time
lines sketched on Figure 1 shows that the instruments do follow the
shock up to rise times of about gﬁ{»ﬁsec, where a discontinuity in the
slope of the rising trace is observed. This is taken as a good indica-
tion of the limiting iéspcmse speed of the instrument. Faster rising
shocks, especially those of large amplitude, show a definite bright
spot at the samme point on the trace. A very small signal with a fre-
quency of about 5 mc occasionally appears on these traces as well,

It is interesting to note that the spots on the rising traces, which
are quite typical of transducers with front plates or diaphragms, were
not observed on those models where the front face of the ceramic was
uncovered. It is guite possible that the effect is due to the limiting
frequency which can be pé.ssed by the (viscoelastic) bonding layer on thé
front face, rather than a direct effect of the ceramic itself. The spot
is thus a reﬂectioﬁ in the bonding layer.

The point at the peak of the trace was selected as the correct
voltage to use in calibration curves. Figure £ shows the curves for
five instruments.

Perhaps the most annoying osciliation noticed was the "galloping
zero'’, caused by the response of the end platé itself to the stress pulse

in the metal of the tube. The effect is somewhat noticeable in Figure 9,
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where the base lines of the traces are displaéed frorm their intended
starting positions., In fact, several traces were lost entirely during
the calibration runs,

Figure 7d shows the effect clearly. A-simple calculation based
on the assumption that a pulse in the metal traveled from the bursting
diaphragm at about 5 mm/usec while the shock moved in the gas at half
. that speed showed that the end plate should start vibrating about 4 msec

before the shock arrives. It turned out that this is almost exactly the
case, The fundarmental frequency of the plate is about 500 cycles, and
a 5000 cycle signal is superimposed.

The transducer cans were re-mounted on stacks of O-rings to
provide a softer shock mounting. This eliminated the 5000 cycle
component completely, However, since the sensitive elements have
{relatively) large masses on both sides of the ceramic, they function

Avery well as accelerometers and the 500 cycle ogcillation is more orx
less undisturbed. |

Of the possible solutions to this problem, th;a most effective
would certainly be a complete isolation of the end plate from the pulse
in the tube - perhaps by addition of a rubber section to the tube.
Another possibility, economically somewhat more feasible, would be
construction of a new, lighter, stiffer plate. The most satisfactory
interim solution to the problem: was the addition of a stiifening and
damping arrangement to the existing instrumented as sembly (Figure 6).
This consists of two large wooden blocks, four inches square and as
long as the plate diameter. These are clamped tightly against the end

plate just above and below the line of transducers by another heavy:
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steel plate (in fact the original ""blank™ end plate for the tube), This

in turn is bolted to the tube end flange with bolts extending through,
but not touching, the instrumented plate. This arrangement has cut
the araplitude of the 500 cycle component approximately in half.

The rubber plugs are apparently quite adequate to hold the
transducer sensitive elements in place. They certainly contribute
some damping to the shock-excited rmotion of the ‘sensitive element,
and do not introduce reflections in the rod. They provide some degree
of vibration isolation, especially for frequencies above a few kilo-
cycles. However, the large amplitude, low frequency vibrations of the
thin end plate presently installed are not well damped, and the use of
preamplifiers to extend the useful range of the transducers to lower
pressures may be considerably limited by an inability to keep the
traces on the screen. (Except for the 500 cycle component, the trans-
ducer signal-to-noise ratio is good enough to permit the addition of a
factor of ten gain to the systeﬁz. )

The rubber plugs are satisiactﬁry vacuur: seals without grease
oy other sealing compounds. The leak rate of the tube, measured
daily over a 12-hour period with all instruments installed, is consist-
ently less than 0. 05 micron/hour, C’«‘nly a srnall area of the rubber is

exposed to the vacuum, and out-gassing has not been a problem.
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5. Transducer Conclusions and Recommendations

No claim will be made that the above transducer design is either
optimium or unique. The instruments described above are adequate for
work on the shock tube end plate at initial pressures between about 10
and about 500 microns (in air; the upper limit is about 20 per cent
higher in argon) at a nominal Mach number of 7 or 8, Typical sensitiv-
ity for these units is 0. 3 millivolt/mm kHg pressure step., Limiting
regponse time is about (.1 microsecond.

Extraneous noise modulating the shock- excit‘ed output signél has
been minimiz?&. except for the 400 ke ringing of the backing rod, ‘and
for sufficiently thick shocks this is only weakly excited. The instruments
are a little too sensitive to large amplitude, low frequency accelerations.

The limiting response fime of 0.1 microsecond, as mentioned
above, may be due in large part to the addition of a front plate to the
ceramic face, The plate did solve the problem #t hand, but there may
be a better solution which permits the front face of the ceramic element
to be exposed.

The silicone rubber plug is a useful feature of the instrument.

In addition to its primary functions as vaéu_um seal and vibration
isolator, it contributes substantially to the ruggedness of the assermbled
anit,

Several recommendations, based on operating experience with
the instruments, may be of value in future design consideration.

a. The front face of the ceramic should be left uncovered if at
all possible. Improved sensitivity {a factor of about 2) and better

response time may result, If the front surface must be covered, an
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extremely thin, smooth conducting surface piated or. sputtered on may
give better performance than the Mylar tape and silver paint.

b. A large reduction of rod diameter should drive its natural
frequency up to the point where it is not excited by thick shocks.

Some judicious scoring of the rod surface to generate mutually cancel~
ing reflections may "t;e useful.

c. For investigation of shocks with a rise time of order two
microseconds, the proper adjustment of ceramic thickness may
provide more sensitivity with a reasonable response time of about 0, 2
psec, It should be noted that simultaneous increase of thickness and
reduction of diameter will reduce the static capacitance of the ce/z;;'jzific,
hence change time constants,

d. DBetter acceleration compensation of the instrument housing
will permit the use of preamplifiers and extend the useful range of the
instrument, Preamplifiers are presently not feasible because of the
“galloping zero' problem., Construction of an end plate of nylon or a
similar material may be useful.

e. The rubber plug can be improved somewhat. In particular,
the sensitive elements should be completed, tested, then potted in

individual plugs to obtain the most uniform radial loading of the

backing rod.
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II. SOME MEASUREMENTS OF CURVATURE AND THICKNESS OF

REFLECTING NORMAL SHOCKS AT LOW INITIAL PRESSURLS

1. Introduction

The limitations on shock tube performance at very low initial
pressures appear to arise primarily froum effects largely ignored in the
usual one-dimensional theory. Viecosity and thermal conductivity
contribute lﬁtrongly to such effects, and an interaction between shock,
boundary layer, and contact surface may seriously impede experimental
progress in certain cases.

In particular, at low densities it can no longer be assumed that
the shock is plane, and this effect arises rmostly because the tube walls
are present to constrain the flow. Large caliber shock tubes have been
completed recently to maintain geometric similarity at the low densities
{Refs. 1 and 4), but without a clear understanding of the precise
mechanisms of shock/boundary layer interaction it may be dangerous to
assume that a bigger tube automatically permits extension of the ideal
shock tube theory,

Shock curvature is interesting to study for at least two reasons.
First, it may be possible through detailed study of the shock shape to
determine the mechanism of shock/boundary layer interaction more
accurately, and perhaps gain further insight on the construction and
motion of the contact surface as well. Second, those investigators
intending to use optical instruments to look at thé fine structure of a
thick shock must regard data on curvature as a most critical element

of their instrument design.
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Hartunian (Ref. 2) has formulated a two-dimensional theory of
shock shape which rnay be at least a starting point for theoretical '
explanation. Experimental data have been obtained by Duff (Ref, 3)
and Lin {(Ref. 4) confirming the existence of curvature but agreeing
only qualitatively with Hartunian. |

Lin woiked with air in a 24-inch shock tube, obtaining data on
total curvature as an ''apparent shock thickness' with an optical
instrument aimed across the tube., Duff used argon in a 1.5 inch tube,
taking measurements in the same manner as those to be presented
here. (ualitatively at least, one might expect curvature measurements
in argon in a 17-inch tube to bear some similarity to both sets of data.

The measurement of shock curvature is most simply obtained
with instrunents mounted flush in an end plate. Some indications of
the thickness of the reflecting shock appear as a fringe benefit in this
investigation, and the questions of shock symmetry, instability or

"¢ilt" are considered,
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2. Experimental Equipment and Procedure

The experimental program to measure curvature and thickness
of a reflecting shock was carried out concurrently with the traﬁsducer
calibration series ‘reported in Section I of this paper. Five pressure
transducers (Fig. 2) were flush mounted in a stainless steel end ;:la,te
(Fig. 6) at various stations along one diameter of the plate. Two of
these stations were redundantly located, providing a check on the
symmetry of the shock. Thin film heat gages (Ref. 1) were used along
the side walls of the tube to obtain shock velocity measurements and to
trigger the electronic recording systems,

Each shot generated data on the shock history, its curvature
and thickness, its symmetry, and a pressure calibration for the
instruments. For curvature measurements, the only information taken
from the transducers was the arrival time of the shock, For thickness,
the maximum slope was taken from the earliest part of the rising trace
to obtain a time differential representing shock rise time,

liost of the runs were made at a Mach number of 7. 35 (+ 0. 20)
in argon, with initial pressures ranging from 30 microns Hg up to one
millimeter. Details of shock tube operation are presented in Appendix
B, A purging procedure prior to each shot assured gas purity. Mach
nurniber was held constant as initial pressure was increased by
decreasing the partial pressure of nitrogen in a helium/nitrogen driver
gas mixture. Driver total pressure was held constant at 18 psig.

Outputs fron: the thin film heat gages mentioned above (taken

in pairs) were differentiated, amplified, and presented to microsecond
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<:cn,uf.v:ersi which then indicated directly the time required for the shock
to traverse 500 mm at stations located about 1, 10, and 19 tube dia-
meters upstream of the end plate. The last film gage, 200 mm
upstrear: of the plate, was used to trigger the oscilloscope system,

Figure 5 is a block diagram of this system. Three oscillo~
sc:opes?‘ and a fast pulse genarator3 are the major components. The
trigger signal from the {ilm gage was used to start a delay generator.
This unit fired a trigger pulse after a preset time (typically 80 psec)
to start sweep generators in all three oscilloscopes and another delay
circuit in the pulse unit. After a 9 psec delay, the pulse generaﬁ:r
produced a very fast rising 100 volt square pulse of about 10 psec
duration. This was presented directly to the CRT cathodes of all three
oscilloscopes as a blanking signa.l {the manufacturer calls this
technique "Z axis modulation'). This served as a cormuron time
marker for all traces.

All instruments were set up for single sweep operation, and the
usual Polaroid camera techniques with 3000 speed film were used to
obtain pictures of the traces. Sweep rates were checked periodically
ard assumed accurate within 1 per cent otherwise, A sweep of 1

psec/cm was usuvally used. A maximum vertical deflection sensitivity

amplifiers. A typical set of the traces obtained for each shot is

presented in Figure 9.

Beckman/ Berkley 7200 and 7300 series; various models.
2 Tektronix 535A (single beam); 551 and 555 (dual beam).

Duliont type 404,
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There is little point iﬁ dwelling on the complexities of high
speed oscillography; they are well known., The ddta desired in this
experiment required completely synchronous operation of three
oscilloscopes, and it turns out that there is a residual uncertainty of
starting time of at least 0. 1 psec with the sharpest obtainable trigger
signal. The time mark was eassential to compensate for this error,
and the intensity modulation technique was quite successful

it is interesting to note that the shock obtained at 30 microns
in argon is curved enough to make a span of 3 microseconds from the
beginning of the first trace to the peak of the last. At 1 psec/cm, a
total of only 10 microseconds sampling time is available. OCutside of
the fact that this required prediction of delay tirue settings in the
trigger circuit1 to an accuracy of one per cent (the manufacturer only
guarantees three per cent), this means that a maior program of
electronic instrumentation will be required to use this sampling
technique to the same accuracy with lower pressures. Some runs at
2 psec/cm accommodated the delay time errors, but dispersion in the
final data doubled due to the reduced scale of the pictures. Addition
of mmore sophisticated delay and trigger circuits zézay permit faster

sweep rates, but may also introduce new errors in the time reasure-

rrents,

1 The traverse time of the shock itself for 200 mum is repeatable
within 0. 5 psec; see Appendix B.
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3. Data Reduction

The traces shown in Figure 9 were reduced to numerical data
using the techniques indicated in the sketches of Figure 10. This ie
a simple graphical method; optical instruments were not used.

Duff's technique (Ref, 3) is used to obtain curvature measure-
ments., The shock velocity (U 3) one tube diameter upstream of the
end plate is used to convert the time measurements to a distance.
The time mark (’tio) on each trace {1 =0, 1, ... 4) is noted first,
A line is drawn through each baseline, and another line is drawn
through each rising trace with the maximum possible slope. The
intercept of these two lines is taken as the shock arrival time at that
station (‘Ci). The shock curvature xi, parallel to the tube ams . 18
then determined for the ith station on the end plate diameter, at the
instant the shock struck the transducer on the tube axis (‘t‘:) by the

relation
i _ i o O i
% -Us{(Ts -'[s)'!' (’Co -’Eo)}

For thickness measurements,; the maximum slope noted above
is used again. In this case, the intercepts ({ 'Cb) and ( ‘Ec) of the
maximur slope line with the trace are noted along with the shock
arrival time ( T:s). Then the maximum slope shock thickness J's is

determined by

S = U, {'cb+ T, -MS}
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The above approach is necessary because of the difficulty of
finding the precise point where maximum slope occurs in a fairly
thick trace.

Time can be read from the oscilloscope pictures to an accuracy
of 0. 05 psec. This is a relative error of about 5 per cent for measure-
ments halfway between the tube axis and the walls,

It is interesting to note that ihe traces of Figure 9 do not all
show a uniform slope. In fact, the instruments far.ther away from the
tube axis generally show a "thicker" shock than those closer to the
center. Q(ualitatively, one might expect some thickening very close
to the sidewalls, but most of the effect observed can be explained by
noting that the shock is curved enough to make it strike the faces ofv
the ocutermost transducers at a small angle; thus it appears to rise a
bit slower.

As initial pressure is increased in this series of shots, the
traces obtained fall into three categories. At the lowest pl's, the
rising traces are symmetric. As Py is increased, the traces are
definitely asymmetric (Figure 9¢) and the maximum slope is obtained
well short of halfway up the rising signal. As the shock rise time
approaches the lirmiting response time of the transducers, a discon-
tinuity appears in the signal separating the maximum slope portion
from the remainder of the trace. It is not clear whether the
asymmetry of the second and third categories is properly attributed
to the precise mechanism of shock reflection rather than a response
characteristic of the transducers. The discontinuity of the third

category is certainly a transducer characteristic {(see Section I, part 4).
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In any event, only maximum slope is used to obtain shock thickness,
and reasonable results are obtained up to the limiting response speed
of the transducers.

At the lowest initial pressures, counter readings indicated
that the shock was still accelerating at the time it struck the end
plate. As initial pressure was increased, the point of maximum
velocity movés upstream from the end plate. Shock attenuation was
small enough to neglect in the data reduction, and the velocity used

for data reduction is that obtained one tube diameter upstream.



4, Preliminary Rlesulte

Sufficient data have been obtained to date to ideﬁ‘eify somie of
the parameters influencing shock curvature, and som:e trends have
been tentatively established., The precise functional behavior of the
various parameters is not yet completely determined, and it is quite
certain that further experimental work will be necessary before a
comipletely valid theory for shock curvature can be written.

The shock shapes obtained (Figure 11) appear to be more
parabolic than spherical; if one writes tentatively, using the coordinates

indicated in the inset of Figure 11

= const. (%)n ' {1)

PR

then it appears that the exponent n has a value between 2. % and 3,

The scatter is larger in data near the center, especially as Py
reaches low values. This is partly due to the data reduction process,
since a given absolute error in time measurements is a larger
relative error where the axial displacement of the shock is small.

It appears, however, that there is also some instability in the
shock itself at the lower initial pressures, since the measurements
obtained near the tube axis are scattered in a random fashion to a
slightly larger extent than the data reduction uncertainty alone would
predict. The two symuiuetrically 1o.ca.ted instruments give similar
Vreadings for a given run but may disagree quite badly with readings
obtained on another run at the same conditions. The presence of ""tilt"

is hence not confirmed, but there may be more truth than poetry in
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Duff's observation that the shock "remembers some of the details of
its birth at a bursting diaphragm'.
The data used in plotting total shock bulge (Figure 12) were
obtained by multiplying readings at the instrurnent nearest the tube
wall by 1. 28, a number empirically determined by the curves of

Figure 11. The empirical formulas obtained by Duff (Ref. 3)

X = 0. 84 1/ ’\oR {2)

for his work in the 1. 5 inch shock tube in argon, and by Lin (Ref. 4)

X = 0.5-’/ /\QR (3)

for air in a 24 inch shock tube, where AQ is the viscosity mean free
path and R is the appropriate tube radius, are plotted for comparison.

It was found convenient to reduce the above formulas to the form

g = %’ Cﬂnst.}/ -—g- = Sonst. @
het =3 Re

W

where Rew is 2 Eeynolds nuraber, defined at the wall of the tube by
w oW
Rew B e {5)

or, making the following approximations



(6)

Re = IM T2 P (7
W s T) w3

where the subscript ()2 refers to conditions behind the shock and tﬁe
temperature jump TalTl is given by the ideal gas shock relations
using the strong shock approximation {and is quadratic in shock Mach
number XViS)la

A brief series of runs was made in nitrogen to check the effect
of the specific heat ratio Y , and these results are also plotted in

4

Figure 12. It turns out that for Reynolds numbers above 5 x 10", the

\ .

total shock bulge measurements obtained by Duff and by Lin, as well
as those obtained in this investigation, are well represented by the

2
empirical formula

Fwo_ 10 Y - 1) @)

—5 -\/ Rew

1 Duff's data were converted for Figure 12 using Ms =6, 3; for Lin,
Ms = 17 was taken.

This result has generated some interesting theoretical speculation
which will be reported at a later date.
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It should be noted that the dependence on Mach number implicit
in the definition of Re, (Eq. 7) has not been checked in this series of
experiments. It mmay just be fortuitous that the arbitrarily assumed
average Mach numbers used to re-plot the data of Lin and Duff generate
the surprising coincidence indicated in Figure 12.

The dependence on { & - 1} is clearly indicated, and in fact
this much can be deduced from a relatively simple calculation. An _
equation relating the angle 3 of an oblique shock with the angle ©

through which the flow is turned is (Ref, 23, page 88)

2 2 TS sin 8 |

Lo

Making the strong shock approximation, this becomes

_ (+1 sin €
sin 3 = 2 cos (B ~ 8) {10)

¢

Now (see inset) B =-§ -€, and € and 8 are small angles. Hence

sin 6 = ©

sin € & tane = ¢

- (O} ]
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Using the appropriate trigonometric identities, we obtain

¥ -1

€ = )

o Q)

Assuming the shock is spherical, it can be shown immediately that

LA (12)

hence

€ £ N = ) -  €13)

relating the total shock bulge to both the specific heat ratio of the gas
and the angle through which the flow is turned. Note that the constants

selected by Lin and Duff in Equations 2 and 3 have the ratio

7 ,_(:Ye-l)s:r,on ' ;
- (d’«l)air&m . g(M‘)

e
Wy
ojo
ENEN

Referring again to Figure 12, it will be noticed that the ééﬁa
obtained at Reynolds numbers beléw‘ 5% 1 04' fall consistently béidw ﬁw
empirical line. Referﬁnces 3 and 4 show the same behavior 'a:;t-;,‘:lcw ‘
Reynolds numbers, théugh in .’Duff's case the transition occurs é;boui;
an order of magnitude lower in Reynolds number than in théia,;‘gérv.
tubes.

It is interesting and perhaps signiﬁcant to note that this
transition occurs at the same p, (in the 17-inch tube) below which the
shock is observed to accelerate all the way to the end plate, and that

the scatter in measurements taken near the tube axis gets worse at
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about the same pressure. Reference liindica.te;s that if the tube is
long enough, an asymptotic condition will be reached where the
separation between the shock and the contact surface becomes constant.
It is possible that this condition is characterized by a decelerating
shock, and thus that the shock has not reached a siable configuration
until it has finished accelerating.

One might thus state, crudely, that if the shock tube is long
enough to obtain a decelerating shock at the desired p; and Mach
number, then its curvature will be given by Equation 8. We note in
passing that Duff's small diameter tube has a (length/diameter} ratio
almost four times that of the GALCIT instrument. Finally, from the
optical instrument maker's point of view, Figure 12 indicates that this
crude estimate of shock bulge is at least conservative .at the Reynolds
numbers where it is no longer accurate,

From the { ) - 1) effect one concludes that a shock in a dia-
tomic gas is about {ifty per cent less curved, all other conditions being
the same, than that obtained in a monatomic gas.

There is a disappointing scatter in the data obtained for shock
thickness (Figure 13). It is felt that much of this is in the data
reduction process, since the relatively thick traces tend to make
location of a precise point of maximum slope quite difficult. A little
bit of the dispersion rmight come from the same shock instability
suggested above at the lower pl's.

{Zualitatively at least, shock thickness is observed to vary
inversely with Py and it is interesting to note that at one pressure the
mean of the data obtained agrees exactly with the thickness predicted

by reference 1.
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APPENDIX A

TRANSIENT PERFORMANCE OF A PIEZOELECTRIC TRANSDUCER

I. General Piezoelectric Equations

The most general piezoelectric equations for the receiver

application are, in Cartesian tensor notation,

_ D |
Tmn - ¢ il j Si i hkmn Dk (1)
E = -h S __+8°D | (2)
i imn mm ik Rk

where all subscripts range fron: 1 to 3, and

elastic stress tensor

e
"

LS PV ol
5 = elastic strain tensor
mn ‘
D . ; < :
€ mii elastic constants at constant electric displacement
i
ﬁik = dielectric imipermeability at constant strain
. = piezoelectric "stifiness™ constants
KINT
E, = eleciric field vector
Ek = electric displacement vector

The usual symmetry of the stress and strain tensors permits use of a
reduced tensor notation, in which the two streszs/strain subscripts are
replaced with a single index ranging from 1 to 6. Equations 1 and 2

above then become
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. - D

Toi  Cumn sn - h‘kka (1a)

= _ i

x:ai = "'him Sm + E* Di (233
{i,j,k = 1,2,3; m,n = 1,2, ... 6) where € = %;. the

dielectric constant of the material, is usually agsumed to be constant
in all directions. Note that where the ?educed elastic tensor notation
is used, hy. 5% hy, since the first subscript ranges from 1 to 3 and
represents the electric direction while the second subscript ranges from
1 to 6 and represents both normal (1 to 3) and shear (4 to 6) '"directions",
The appendix of Mason's most recent text (Ref. 7) is an almost
exhaustive derivation of all the various interrelationships between
mechanical, electrical, thermal, magnetic and other properties of
materials from thermodynamic potentials. The work is done in
Cartesian tensors and makes most interesting and profitable reading,
if only for its completeness,
The Institute of Radio Engineers (Ref. 16) has recently published
a standard for the piezoelectric notation. The paper includes a descrip-
tion of the experimental procesées to be used in the determination of the
various constants for a material. The reduced elastic tensor notation
is used, and all quantities are reported in the rationalized MKSC
system of units. The manufacturers of piezocerami;: materials have
generally accepted this notation for their catalogs.
The manufacturers usually report piezoelectric constants dirn

or g. instead of the more useful h, . Conversion can be accom-
im im

plished with the formulas



_ 8 E _E
him - 5ik ©on Yn Crmindin (3)
where i,k range from 1 to 3 ({electric)

m,n range from 1 to &6 (elastic)

11, Transient Performance Equations

Using a one-dimensional analysis and the Laplace transform

, Z £{¢t)

o A ,
ilp) = 5 exp {-ptif{t)de {4)
s ,

Redwood {Ref. 14) obtains the following five equations governing the
transient performance of a piezoelectric thin plate bonded to two

infinite media {see figure):

A A A
-_—._._1___>. —p 2
- X
Bl B BZ
-— ——
pl’ v]. pyv | p2) VZ
o X

For the displacement (5) in each of the three media (subscripts are

omitted):

g=Aexp(-— I:—-’:’5)-@ B exp (+ 23—‘-) {5)
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For the force (F) in the non-piezoelectric components (aubsc‘ripts
1, 2)

—~—

F = pZ {-—-Aexp (—-%}E) + B exp (+%;E)} {6)

where Z is the mechanical impedance of the element; specifically,

using the material density p, the wave speed v, and a cross-sectional

area S,

Z = pvS {7)
For the electromechanical equilibrium of the piezoelectric element (no

gubscript)

F+nd = pz {-Aewp (- B+ Bex@(%s)} (@)

where O is the charge on the element, h is a piezoelectric constant,

Finally, the voltage output (V) of the element is

i z Iy 5&
V = -h ( €”>X - (*‘5)0} + 'c‘o {9)
where (&,—}X and {E)o are the displacements of the faces x = ¥ and

x = 0 and Co is the static capacitance of the piezoelectric element.

In the above equations, A and B (with appropriate subscripts)

are eliminated by use of the boundary conditions

€, = &) @)y = €y
(10)
(F), = F); (Fly = (F))y
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It can also be assumed that the materials (1) and (2) are infinitely
long, hence BZ = 0. In the general case, one must also know the
electrical characteristics of the circuit in which the piezoelectric
element is connected. It will be assumed here that the element is

loaded with a resistive load (R) only. Then Chm's law gives
V ==IR =-pOR {11)

where the minus sign arises because the current 1 = 4Q/dt ie
defined positive for +Q increasing, but the current thfough a resistor
is positive when flowing to a point of lower potential.

Now at = = 0, using Equations 2, 3, and 4 with the boundary

conditions
), = &), = A +B, = A+B Q2)
- e _ ay o BV
(F), = (F)Q—“pzlq-ﬁl +B)) =pZ(-A+ B)+ ;?R (13)
Combining,
2 6.2, = AMZ+2)-BZ-2)- B (14)
R B | - 1 . i 2. ‘
p R
or _ .
hV{l ¢ ra)
A-r B o= Al -r ) ——n O (15)
° °  zpRrz
where 7 . ‘Zl
o T ZTEZ, " (26)
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Similarly, at x = X the chargeis - Q and

By = )y = 8ePH B'PT = 4,07FC (17)
=) - (5 - Ae™PT o o tTPT hV _ -nT
(% )X (FZ)X pZ(-Ae + Be ) - ;-Zé-,- -pzzﬁae ~
] (18)
Combining as before,
nv{l-r_)ePT
r A+ BPT = 5 = {19)
* ‘ 2p RZ
~ where
' T Z, ¥ Z° v 20)

Finally, from Equation 6,

— 1 - . ,
VIt o) = - hlhe PT 4+ Be"PT )+ n(a+ B) (1)

QY

Vi o+ f’ﬁiﬁ_) = ha{l - e PT ) +mB(Q - oPT ) {22)
Formally, Equations 15, 19, and 22 can be combined to eliminate A
and B, arriving at the general statement of V as av function of the in-
put waveform Ai' the piezoelectric constant h, the reﬂectiog
coevfficiems Ty am’}‘- T the transduéer rise time [, and circuit
tirme constants ihirolying R and Co. It is algebraically much simpler,

however, to insert special conditions at this point.
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Case 1: Infinite Input Impedance

For the case where R ig infinite, much simplification results.

Equation 15 becomes
A-r B = Azﬁl -r) {z3)
Equation 19 becomes

rA = - BeSPT (24)

from which, eliminating B

A = A {1 - 7o) : (25)
1 {1+ r e"ZPt)
o' x

and Equation 22 gives

- 2T
Ah(iwr){l-(1~r)ept -r e “P
1 i) ® ® } (26)

V =

(1+r rxe-z?t)

]
Expansion of the denominator by the binomial theorem gives

v = - - “pPT -2pT, ‘
v Alh(l ra) { 1 -1 4 rx)e + rx(l ¥ 1‘0)8 + . }
' 27)

Now the expression inside the brackets transforms with the relation

jf(t -t7) = &Pt {,Z,Df(t)} {(28)
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thus the series inside the brackets of Equation 247 givez a damped

ringing function, with period the same as the rise timme of the

transducer. In the special case r, © 0, the series collapses and

o

Vo= Ah(l-r M1 -ePT)

if a' step function of force is applied

F 4
F,
1 F =90, t <0
F=Fi,t>0
~ - Fy
Flp) = —
p 5
Equation 6 gives at x =0
¥
F, o= p 2 (- A); .
T 1t e 1 7
P4

and transforming Equation 29, the result is

hF {1 - r )
Vig) = - --——’5—Z-——~—9—~{t~(t-t)}

1

-

(29)

(30)

(31)
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Case 2: Finite Input Impedance, Matched Dacking

In practice, R is finite. However, it frequently accuzjs‘that
the reflection coefficient r_ is nearly zero; that is, that an zmpeé«
ance match has been obtained on thé back face of the crystal. lnthis
case, Lquation 15 is unchanged. Equation 19 becomes

B =B0Ve v - (32)

ZpaE‘Z. v

Substitution into Eﬁmﬁtmns 12 and 19 ’gives
» RV | - =pT
A = Al“ »ro) + 3T { I%rc(l-#'e )} .,5_33}

hp®a, (1-r J1-e7PT)
hey e PT
(5]

(ptoYp+ 5)+ BET

<l
"

C(34)

This will be recognized as equivalent to Equation 29 except for the time

constants o and 3, which are the roots of

p° + cﬁ%; -ﬁgjg. o o (35)

or



1/2
1 i th
A - EY Tz b omZ
ZCQ&\ (ECOR)
| (36)
1/2

h™r
3 o= o i i 1 & O
* chlﬁr% { 2 22

After binomial expansion of the denominator, Equation 34 has the form

2 | @
. hp Al“ - ro) ' n; -2npt -{2n+1)pT)
s s >, e S e e
n=o
Y
where V= 7= ?(p L)) (38}

For a step function input, the term multiplying the series is, when

transformed,
h¥ -t -3¢ |
~—-~3(1+r°3 2 . 1 | {(39)
z x|

Depending on the relative magnitude of the terms in Equation 36, this
expression rnay either grow or decay very rapidly. Since o = A + 3,
3 = A - B, the expression (39) has the form

hE , |
- -zi {1+ rg)e““ einh Bt. {40)
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Case 3: Front and Back Impedance Match

Finally, for the case where both front and back faces of the

piezoelectric are matched (ra =r, = 0), Equations 36 collapse to
« = 0, hence V= ¢
{41)
a - 1
P=-cTx
o
Equation 34 takes on the much more tractable form
hpA
T = 1 -pT
V-———-———-—p*’ﬁ(loe ) {42)
which for a step function transforms back to
hFRC_ 5t |
Vo= —t 0. ){Mt»r)} (43)
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APPENDIX B
17-INCH SHOCK TUBE CONFIGURATION

The excellent description of the construction and basic configu-
ration of the GALCIT 17-inch shock tube in Reference 1 need not be
repeated here. Very briefly, the tube is conventionally driven; the
test section {measured from the diaphragm) is 20. 70 meters long with
2 uniform inside diameter of 434 millimeters. Figure 4 schematically
suggests the'la.yout‘ |

A get of four mechanical pumps evacuates the test section to
approximately 0. 002 micron Hg in 30 minutes. The maximum leak
rate recorded with all instrumentation installed is 0. 05 micron/hour.
Static preséure in the test section is measured with a battery of
pressuré gages (aneroid, Pirani, and Mcl.eod).

An independent mechanical pump evacuates the driver to a few
microns, ensuring purity of the driver gas and consequent repeat-
ability of Mach number., Pressure in the driver is measured to an
accuracy of 0. 5 mum Hg with a group of three aneroid gages, for
reasons which will be explained later. A design limit of 15 atmospheres
is imposed on the driver to avoid equilibrium over~-pressures above one
atmosphere on completion of a shot.

Precise diaphragm bursting pressures are achieved with a
cruciform: knife blade, permitting a highly repeatable shock for a given
test section condition. As noted in Reference 1, errors in measurement
of %egt section pressure (Pl) probably account for as much Mach
number deviation at a given driver pressure (p 4) as any events tran-

spiring in the driver or at the diaphragm.,
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An effort to simplify the test gas injection procedure at very
low pressures (typically a few microns), while assuring maximum
accuracy and repeatability, has led to the develc)pment of a unique and
very simple systern: for this éurpose. Boyle's law for isothermal ex-
pansion of a perfect gas is

PV = const.

This is, in the final analysis, the basic calibration technique for all
pressure instrurments; comparison of pressures in known absolute
volumes is the principle of operation of the Mcl.ecod gage.

The enormous volume of the shock tube test section {3065
liters) suggested the construction of a chamber with a volume of 3065
milliliters, in which the test gas pressure could easily be measured
to an accuracy of C. 5 per cent on a good aneroid instrurnent in the
millimeter range. Then when admitted to the tube, test gas pressure
would be the same number of microns with the same accuracy. The
great attractiveness of this system is that the cumbersome machinery
of needle-valve gas injection by guesswork followed by McLeod gage‘
measurements is completely eliminated.

A schematic sketch of the systemn described above is presentea
in Figure 14. The calibrated chamber is a brass cylinder, 100 milli-
meters in diameter and approximately 370 millimeters long. The
volume ratio of the shock tube to the chamber itself is actually about
997 to 1, since the simple statement of Boyle's law indicated above

must be written

Pcvc = Pt(vc + Vt + V;p)
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where the subscript ()c refers to the initial condition in the calibrated
chamber, ()t refers to the final condition in the shock tube, and - Vp
is the volume of the plumbing between chamber and tube {in this case
about three times the volume of the chanﬁber itself). It should be noted
that the volume of the aneroid gage connected to the chamber is quite
large and is included in the chamber volume, _

The syétem is calibrated against the Mcl.eod gage installed on
the shock tube., The volume was originally about ten per cent too
large; it was brought down to the correct size by {nsertion of about 150
steel ball beariﬁgs. % inch diameter. If futizre changes of the shock |
tube dirnensions are contemplated, the chamber volume may be
adjusted by adding or removing the balls,

The 17~inch shock tube as presently operating can thus repeat
Mach numbers to greater accuracy than the ability of installed micro-
second counters to record them (about 0. 5 per cent)l. In fact, counter
readings can be predicted to 1 per cent before a shot, given the driver
and test gases and their respective pressures and the room temperature,

from the basic shock tube performance eqguation

2y,

1 ,,,2
BT A7
1 2 4
ror1 %4 M
1 B

! For example, rms Mach number deviation from a nominal 7. 68
over 16 runs atp, = 25 psig, pA =60 p was + 0.4 per cent. A
room temperature change of + 5°C, if unnoticed, will cause almost

+ 0.9 per cent scatter.
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whether or not any previous runs have been made uﬁder these particu-
lar conditions. The advantage from a purely economic point of view .
is obvious,

Current operation of the driver is aléo of some interest,

While knife blades give excellent repeatability of bursting pressure, a
given diaphragm méterial and thickness is useful only over a limited
pressure range. The lower limit is typically about 70 per cent of the
free bursting pressure. The upper limit is presently somewhat less
than the free bursting pressure due to the loss of petals from the |
action of the reflecting shock. While most of these are torn loose and
come to rest in the driver, some chunks of aluminum the size of 2
saucer have flown the length of tﬁa test section and struck the end plate,

Pending modification of the knife blades and testing of new
diaphragm: materials, the driver pressure range is thus canmiderabiy
restricted (an 0, 020 inch aluminum diaphragm, for example, covers
the range from 18 to 25 psig -- above this it sheds petals).

There are, however, some advantages to working at a fixed,
low driver pressure. As noted in Section I, the ''galloping zero*
typical of pressure transducers sensing stresses in the tube wall is
directly related to Py There is less chance for operator error in
-knife blade settings if the blades are left alone. Finally, operating
costs are directly related to driver pressure -~ six high pressure
helium bottles are exhausted by about 20 shots at 20 psig.

A glance at the basic shock tube performance equation shows
that as p, increases, either p, or a, {or both) must be increased

to maintain a constant Mach number. If p 4 18 held constant, a 4 May
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be increased either by heaﬁng the driver or varying the composition
of the driver gas. The first solution is rather cumbersome and |
expensive, though certainly feasible, The second salution’is simple
and inexﬁensive. ' l

Driver plumbing is arranged so that two independent high-
pressure lines (presently helium and nitrogen) terminate in
regulators at the console. Either gas, or both, may be admitted to
the drivex‘ through throttle valves. With suitable aneroid instruments,
partial pressures of as little as 0. 02 per cent (of a total pressure of
2000 mm Hg absolute) can be admitted accurately.

In the shock curvature series of shots, the pressure range
(pl} to be geéer&d was 30 to 500 microns in argon, It was decided to
keep p 4 constant at 18 peig, using helium as the basic driver gas, |
with Mach number held as nearly constant as possible. If the shots at
the highest p; were to be made with pure helium driving into argon,
then the driver could be contaminated with nitrogen to suppress the

fach number at the lower Pys and Mach number could be kept

constant by decreasing the partial pressure of nitrogen added as P
was increased,

The amount of nitrogen to be used was determined by the
lowest possible Mach number giving a suitable pressure step for
measurements at a p; of 30 microns (see Figure72). This turned

out to be a Mach number of 7. 35, obtained with a 5 per cent N 2 - 95

per cent He mixture,
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This manipulation of driver composition turned out to be a
highly useful technique. After a few points were obtained, the
percentage of nitrogen to be added on further shots was calculated
from the curve {(and the simple formula) presented in Figure 15.
Total Mach number deviation from the desired constant 7. 35, from
all causes, was less than three per cent,

Obviously other gases will pe'rform in the same manner., In
this case, coﬁtamiﬁaﬁan with argon would have been more effective
in reducing the Mach number; on the other hand, a gas of inter-
mediate molecular weight {perhaps ammeonia, methane or neon) would
have permitted the use of larger percentages and avoided the slight
inconvenience of measuring a partial pressure of 2 mm in a total of

2000.
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APPENDIX C

TRANSDUCER CONTINUITY TEST CIRCUIT

A single shot experiment typical of shock tubes requires close
attention to instrurentation. In particular, when large numbers of
instruments are used to determine gecometric properties of a Shock,
failure of one of them may result in a complete loss of usable data,
hence a wasted shot.

Electrical instrurnents, especially those undér development,
are quite prone to failures of one kind or another; and when they are
intimately connecteé to a vacuum éystem. the problem of checking
them all irmmediately before each shot may be quite difficult and
unnecessarily time-consuming.

Thin film heat gages are easily checked for continuity with a
simple volt-ochm meter. Any significant change in resistance or
voltage drop across the gage is an immediate indication of trouble.
The éituatien is quite différent with instruments relying on a2
capacitance to generate the signal; some sort of AC bridge is then
required to assure continuity.

While a number of excellent AC bridges are cammeréially
available, most of themn are expensive and their readings, while very
accurate, are somewhat difficult to obtain and interpret. The best
circuit to obtain a quick check on the condition of a capacitance-
dependent instrument should give immediate, ‘uamistakable indications

of the following:
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1. Open circuit
2. Short circuit

3. Significant change (perhaps 5 per cent) from the known
"good" capacitance value.

The very simple system described below meets the above re-
quirements nicely. It should be noted that an inexpensive oscilloscope
was readily available here, whereas an impedance bridge was not.
Cther experimenters may not share this misfortune. ‘

Consider the parametric equations of a plane curve

% =Alsincvit

{1)
y = Az sin(a)zt-t' e)
Applied to the horizontal and vertical deflection plates respectively of

an oscilloscope, the trace described by the above equations is one of

the familiar family of Lissajous figures. In particular, when Al = Az

and Wy =y, the resulting trace is an ellipse, with orientation
and eccentricity determined by the phase angle € between the two
voltages. The special case @ = -?2{ generates a circle.

The parallel LCR circuit sketched below will, when connected
to the vertical (V) and horizontal {H) deflection circuits of an

oscilloscope, generate the desired family of ellipses.
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From the vector dlagram of currents in the circuit

Imag {IQ
1 é
c C
5 = Real
, L
QU I
I,

it is evident that the condition for a circular trace is

oc =41 = 7 (2)

This condition is satisfied if

1 1.
&£ = L (3)
e L

In the usual complex notation,



' VQ j ot Vbejwt
IL+ IL = ,—--ye" = —-—-ZM(RL - jeolL) (4)
and
' v ejcot ]
= .9 :
oG =~ (R + gk (o
T

Insertion into Equation 3 gives, after cancellation of _commbn factors,

= L | |
Ry R = & (6)

'Now frorm the circuit sketched,

R+RC=ER 2]

Thus for a circle

Cgéi{ RCIRCE‘ “ B
2w - g

Hence if 1. and R are known, C is determined by the setting of the
variable resistance at which a circle is obtained. The most attractive
feature of this circuit in continuity checking is that relatively small
deviations from the correct value of C for a given 5 are
immediately apparent in the shape of the figure on the screen. Gross
deviations, such as a short or open circuit, are apparent irmmediately

R
regardless of the setting of ——g— .
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In many oscilloscopes, the gain of the horizontal amplifier

may be fixed at a fai:ly low value, while the vertical amplifier may

offer a broad range of sensitivity. This condition may be compensatéd

for by adjusting the values of R, L, and ﬁhe frequency of the signal

generator, Suppose a gain of k is desired on the horizontal signal.
Then
H l [ ] ' .
(I + 1R, | =k |1+ 10) R (9
Inserting the appropriate values, after some algebra

KEetR 0+ (2 - Neo? ® 0P -1 =0 (10)

with the solution
k= oR_T (an
or altérnatively

(12)

- R | -9

If — = 0.5, R is 1000 ohms, C 1is about 10 ° farad and a gain of
10 is desired, a frequency of about 30 kilocycles and an inductance of
about 0. 75 x J.()-3 henry should be chosen. The circuit is calibrated

with a decade capacitor. A plot of Equation 8 is sketched below.



Typical traces obtained with this cirecuit demonstrate clearly
its effectiveness as a quick and reliable method of checking circuit

continuity.

i

~/
—

\
N

—
N

(a) (b) (c) (d) (e)
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The cases illustrated are:

(a)
(b)
{c)

{d)
{e)

Open circuit at transducer; sorne cable capacitance
Circuit ca%:tacitance about 5 per cent low;

Balance (-—é is the same as that noted when the
transducer was first checked)

Circuit capacitance about 5 per cent high;

Short circuit



72

uonjerodio?) 9314810 Aq paystuing ﬁ@ﬁ*

soeds 22135 03 . Nnou»ﬁ puodas fswezformy aca .oo.um@mmﬁw d1I8NOOY = mN
PoII9J0J JUEISUOD DLIIIBIOYT = 3 UOIMOU [ SQUIOTROD mcﬁ ‘JURISWOD SSJUPINS = mma
mumumﬁ\wﬁwumﬁﬁ ‘Aitswag = o UOIMIU[EIIJUL JI0A mcu ‘Jue3sucd 3FeI0A = ttg
maﬁuﬁ .\‘aaw%aﬂ ‘sninpow 8,funox = > puodes/sisjew ‘spow SB2WDIY) OSIP ‘Juelsuod Aousnbaszg = Ey
Do ‘aanjeasdway atann = uh (ssofuorsuawp) 103oey Surdnoo teurpniBuory = m& .
0011 , 9°0¢ 12°1 0°L1 0902 ¥s°0 9-1Zd
0002 0o¢ 1°62 82°1 9°61 0¥61 9970 g45~1Zda
0061 - oot ¥ ..wm 4 A1 ¥'p2 0681 §L9°0 | Ve~1Zd
0021 00¢ 0°0¢ 9°'t 0 °'¥2 0002 ¥9°0 ¥-12d
0s% 0°'2¢ £9°2 8°9¢ 0602 29°0 2-LZd4
0021 oot F4 £ §6°1 0°¥%1 0¥82 9% "0 momkmm
5 >, Endz=fz  offg.ffy £5g Im\,,m%z gy

#wﬁm\:mmommm DSIA NIHI 904 SINVISNOD QTANVYIADOZEII A LD HTHES
1379VL



73

TABLE 1
SELECTED PROPERTIES OF METALS

Material Vet 20

Brass 3480 1,09 8.6
Copper 3750 8.6
Iron, electrolytic 5120 7.7
Monel metal 4400 8.9
Silver 2680 10.4
Stainless steel, no. 347 5000 1)7 g 1.9
Zinc, rolled 3850 7.1

@

£LE

ef. "7.Npa.geil’7

purce: Mason,

V. = Extensional (rod) velocity, meters/second

Density, kg/mete =

=
. ' 2

v = Specific {rod) impedance, kg/second meter
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FIG. 3 . BONDING/POLAR|ZAT|ON CLAMP
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Differentiate
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!Deloy Trigger '
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FIG. 5

INSTRUMENTATION FOR SHOCK CURVATURE

MEASUREMENTS
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7a. Ap = 40 mm Hg .
5 mv/cm; 1 psec/cm
Air: P, = 60 p Hg

b, Ap = 120 mm Hg
5mv/cm; 1 psec/cm
Air: P; = 240 . Hg

FIG. 7. TYPICAL CALIBRATION TRACES
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7c. Ap = 220 mm Hg
10 mv/ecm; 1 psec/cm
Air: P, = 575 p Hg

7d. "Galloping Zero"
Py = 24 psig; M =7.73

10 mv/cm; 1000 psec/cm

FIG. 7. TYPICAL CALIBRATION TRACES (continued)
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P
Five Instruments
PZT — 5B : 0.125 mm Thick /
20} # //—
15
i
°0
.z
=
S
<
5
0 i { 1 1
|0 20 30 40 50 60
AP, mm Hg

FIG. 8 TRANSDUCER CALIBRATIONS
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TYPICAL CURVATURE TRACES
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20— | A

\ Liepmann, Ref. |
AN (Mg = 7.35)

S
mm

2
I ~ Limits of Scatter \

j l ! | L |
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P,, Microns Hg

FIG.13 SHOCK THICKNESS IN ARGON
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FIG.15 DRIVER GAS MIXTURE TECHNIQUE



