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INTRODUCTION TO INSTRUMENTATION RESEARCH
FOR GROUND TESTING AT MSFC

By

Albert E. Schuler

The research and development activities of the
Instrument Development Branch in the Test Instru-
mentation and Control Division comprise inhouse and
contracted basic and applied research to provide in-~
struments and measuring or calibration systems
required for the various activities of the Test Labora-
tory. In addition to the four papers selected for this
review, total success in some programs and partial
progress in a few other programs will be discussed
very briefly in the following paragraphs.

A hydrogen gas detector was developed under a
completed research contract with Beckman Instru-
ments. In this electrochemical or polarographic
instrument the hydrogen diffuses through a polystyrene
diaphragm into a catalytic cell where hydrogen mole-
cules ionize and generate a current proportional to
the partial pressure of hydrogen in the gas mixture.
This hydrogen detector was used successfully at the
S-1I stand of the Mississippi Test Facility.

Spacecraft, Inc., developed an analytical system
to determine how much liquid nitrogen mixes with the
liquid oxygen when the LO, tank is pressurized with
gaseous nitrogen. This instrument utilizes the elec-
tric susceptibility difference between the two liquids.
Calibration and test stand applications demonstrated
the accuracy and reliability of this instrument, Later
a dielectric circuit was developed for optional plug-in
to determine the water vapor content of the gas.

In an inhcuse research program an instrument
was developed for measurement of pulse flow on
attitude motors. Studies and research measurements
led to a contract for modification of a flowmeter prover
system originally developed by the Flow Technology
Corporation under the sponsorship of Edwards Air
Force Base. The main purpose of this positive dis-
placement meter was to provide in-line spot checks
of turbine flowmeter calibration factors. The meter
uses a precision piston-cylinder asseinbly within a
fluid bypass chamber. To make a measurement, the
piston is released to obstruct the entrance fo the by-
pass chamber; this forces the liquid and piston through
the cylinder. The piston passes two or more Hall-
effect switches that are used to determine the time for
displacing an accurately known volume. In our modi-
fied version the motion of the piston is measured by

an optical encoder that transmits 52. 8 pulses/cm®
(200, 000 pulses/gal or about 900 pulses/in.?). After
successful laboratory tests the instrumentation is
now being prepared for use on the test stand. This
prover system is very accurate and provides an
entirely new concept of flowmeter calibration for
measuring moderate quantities, which could be desir-~
able in many applications that include the S-IVB
Orbital Workshop and other long range missions.

In another successfully completed project a
25.4-cm (10-in.) diameter liquid hydrogen densitom-
eter for the S-IVB suction line was developed and de-
livered to MSFC by Industrial Nucleonics Corporation.
This meter uses nuclear radiation attenuation, and the
tests so far indicate very good results.

A completed study contract with Industrial
Nucleonics Corporation was requested to determine
the feasibility of using nuclear methods for hydrogen
mass flow measurement. As a result, Industrial
Nucleonics Corporation proposed to develop a nuclear
mass flowmeter, but their study did not indicate suf-
ficient evidence for success of their proposal. There-
fore a contract was not awarded. Instead, a nuclear
mass flowmetéer was designed to operate by injecting
beta particles at one end of the flow tube and using
capacitive detection of their velocity and density at
the other end of the flow tube. Presently, Oak Ridge
National Laboratory will build this meter for $10, 000
for delivery in June 1968.

In another research project, Trans-Sonics, Inc.,
used the nuclear resonance technique to develop a
digital thermometer for measuring cryogenic tempera-
tures in the range of 3 to 100°K with an accuracy of
+5 millidegrees. In this technique, a material such
as chromium tribromide or potassium chloride is
placed in the field of a high frequency oscillator.

The nuclei of the material will start to resonate,
reorient themselves, and absorb energy from the
oscillator when the frequency of the oscillator reaches
the nuclear resonance frequency of the material.

This frequency is a function of temperature, and thus
the calibration factor depends only on the chemical
structure of the sample and not on its dimensions,
which is a great advantage. A laboratory model of
this nuclear resonance thermometer has been built
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and tested. The soundness of the principle has been
established, and an extension of the contract is
planned to build a workable field instrument, including
a servo system for regulating the oscillator frequency
to the nuclear resonance frequency at the respective
temperature.

A contract with Engineering Physics Corporation
is for the development of a mass flowmeter with a
separate density or quality indication needed for slush
hydrogen research and testing. This instrument uses
the electromagnetic induction principle with a high
frequency electromagnet to measure the velocity of
the nonconductive liquid, and the Clausius-Masotti
relation between density and dielectric constant is
used for density measurement. There was a problem
to join the dielectric nonmagnetic spool piece for the
electromagnet with the stainless steel flow line. This
problem seems to be solved by using a stainless steel
adapter to press the fiber glass against the stainless
steel. The breadboard setup of the electronics for

the flowmeter is in working condition, and the design
of the meter will soon be completed for manufacturing
the flowmeter.

For test and calibration of this and other mass
flow and quality meters for weighing volumes of liguid
and slush hydrogen, a flow stand with advanced features
was designed in an inhouse research project. A stand
pipe is used for draining LH, without affecting the
weighing. A triple tank arrangement permits having
a very light tank for weighing the hydrogen, since the
open tank for weighing liquids has the same pressure
inside and outside. A weighing system with calibration
weights and remotely programmed weight application
permits calibration checks at any time. In another
version the weighing system might be used only as a
comparator. During the test, weights are added that
have the same mass as the mass of liquid hydrogen
taken out of the tank. The tank and the weight system
are being manufactured by Inca Corporation and are
due at MSFC in June 1968.



HYDROGEN SLUSH DENSITY INSTRUMENTATION

By

Alvin M. Payne

SUMMARY

The transition of liquid hydrogen to slush hydro-
gen, which is the reducing of a mass of hydrogen to
a more compact form, will help to achieve the pro-
longed space storage of fuel that is essential for long-
term missions.  Thus slush hydrogen will increase
the cryogenic storage capabilities of hydrogen fueled
space vehicles. Meaningful testing and analysis of
test results to determine the mass of the slush hydro-
gen can only be accomplished when accurate and re-
liable measurements of slush quality or density are
available. This paper describes the development of
an accurate slush density reference system and two
different transfer standards for making reliable field
measurements of the mass of slush hydrogen after
calibration with the reference system.

HYDROGEN SLUSH DENSITY
REFERENCE SYSTEM

Figures 1 and 2 illustrate the principle of the
slush hydrogen reference system. A cryostat is
nearly full of triple-point liquid hydrogen and a light-
weight container is completely submerged in this
liquid hydrogen, while hanging on a weighing system
on top of the eryostat. First the weight container is
filled with triple-point liquid hydrogen { Fig. 1) and
the scale of the weight-system is made fo read zero.
Then solid hydrogen is introduced into the weight tank
and the weight system indicates the weight of the solid
introduced minus the weight of the triple-point liquid
displaced (Fig. 2). The quantity, now measured by
the weighing system, is the apparent or buoyed weight
of the solid, and it can be used in the following equation
to compute the solid mass fraction (quality) of the
hydrogen slush contained in the weight container:

pVg - Plvg = M'bg

p=5 *te, (1)
where

p = density of the hydrogen slush

Py = dengity of triple point hydrogen

V = Volume of the weight confainer
Mb = Apparent mass of the buoyed solid

g =local acceleration of gravity

One of the most accurate methods of determining
density is the application of Archimedes' principle.
The density of a solid is determined by weighing it
while it is submerged in liquids with known densities.
The density of a liquid is determined by submerging
and weighing a solid body with a known masgs and
volume. Slush hydrogen, a mixture of solid and liquid,
can be weighed in a lightweight container that is sus-'
pended by a weighing system and submerged in triple-
point liquid hydrogen.

AN N\ AN | 1 RANAN N\ SN
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FIGURE 1. CRYOSTAT AND CONTAINER FILLED
WITH TRIPLE-POINT LIQUID HYDROGEN
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FIGURE 2. HYDROGEN SLUSH IN CONTAINER;
CRYOSTAT FILLED WITH TRIPLE-POINT LIQUID

The Volume, V, is determined with water at
ambient temperature, before assembling the reference
system. Buoyancy and shrinkage corrections are ap-
plied to this value. As a double check the volume, V,
is also determined by the difference in weight of the
container, filled with triple-point liquid hydrogen,
and the weight of the empty container. Hydrogen gas
at constant low temperature surrounds the container
at both weighings and a buoyancy correction, based
on the density of this gas, is applied to the results.
The difference in the weight of the hydrogen filled
container and the empty container is used to compute
the volume of the container as follows:

Weight full - Weight empty = Ml g=p Vg

M
2
V=-—
Py
where

M!Z = mass of triple point liquid hydrogen
Py = density of triple point liquid hydrogen

Substituting the above quantity for V in equation ( 1)
gives the slush density

p=p1(1\—1;f— +1> (2)

The density of triple-point liquid hydrogen is a
physical constant and known from literature [1] to be
77. 047 g/1 with an uncertainty of +0. 1%. Mb and Mi

must be determined by weighing. MJZ is a constant

for the particular reference system and is about
2000 g for the container with a diameter of 28 cm and
a depth of 37 em. The value of M'b will vary from a

few grams for a low solid fraction to about 137 g for
60% solid fraction.

An error analysis for the reference system re-
quires some reasonable assumptions of the weight
determination., If calibration masses and a suitable
method for their application and removal during the
experiment are provided, it should be quite easy to
determine both Mb and M, to within + 0. 5% of their

true values. However, to determine a safe value of
the accuracy limits, it is assumed that the inaccuracy
in the weighing can be as much as + 2. 0%.

A general expression for compounding of errors
iny, where y=1f(xy, Xp+v... X )

is n )
2_ of
(dy)= Z (Bx )

i=1

if the components of error, dx, are independently
distributed and symmetrical with respect to positive
and negative values [2]. Using this rule for equation

(2),
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(dp) (d%) tdp) +(8Mb) (dm, )+ o, (dn, )
(3)

typical values for the variables are as follows:

Mb = 117 g (the value for a solid fraction of 0. 50)

M, =2000g

Py = T7.017 g/l .

From these values and the assumed fractional
errors in weighing, fogether with the £0. 1 uncertainty
in Py the following relationship can be made:

d
——E’I—b=0.02, orde=2.34g

My

dMJZ
—— =0.02, ord M, =40.0 g
M 2
4
dpﬁ
—= =0,001, ordp,=0.077 g/ 1.
Py L

The partial derivatives are

2p =< Yy + 1>= 1. 05856

9 Py Ml

(22}
°

]
h‘o

From equation ( 3),

(dp)? = 0.00665 + 0. 00814 + 0. 00818, or

(dp)? = 0. 0230, and

dp ==%0.15g/1 .

Note that the three terms which add together to
get (dp)? are approximately equal in magnitude even

though the uncertainty in the triple-point liquid density
(which gives the first term) is +0.1%, whereas the

ALVIN M. PAYNE

uncertainty in each of the two weighings is + 2. 0% or
20 times as great, This comes about because of the
functional relationship expressed in equation (2). By
making use of Archimedes' Principle, it is possible
to capitalize heavily on the high degree of accuracy
with which the triple~point liquid density Py is known.

As an example, equation~(2) and the typical
values mentioned before are used to find the mean for
a solid fraction of 0. 50, Thus

MY 17\
p—pz(Mz +1>-—77.017<2000+1>— 81.53 g/1.
The fractional error in p is

dp _,0.15
p 81,53

or £0,18% .

From these considerations it may be concluded
that the density of hydrogen slush at 0, 50 solid frac-
tion can be determined with an uncertainty of less
than +0, 2% if a weighing system which is accurate to
+2,0% is used. Figure 3 shows how the uncertainty
in slush density will vary for the assumed system as
the density itself is varied. A scale of mass fraction
solid (sometimes called "quality') is shown for com-
parison with density. The uncertainty is shown in
grams per liter as well as percent of measured mean
density.

240~
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FIGURE 3. GRAPH SHOWING RESULTS OF

ERROR ANALYSIS
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Figure

density cryostat. The container is suspended from a

4 is a detailed diagram of the slush

load cell which is located on top of a cylinder above
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FIGURE 4. DETAILS OF CRYOSTAT FOR
DETERMINATION OF HYDROGEN SLUSH DENSITY

the top plate of the cryostat. The cylinder houses a
series of calibration masses. Two windows provide
observation and access to the dead weight calibration
system. The container can easily be lifted from the
suspension system by raising it against the cover
plate, and one or more of the calibration masses can
be substituted. Slush is transfered from the slush
generator while the container is in the raised position.
The solids are retained while the excess liquid is
pumped off. When a convenient solid fraction has
been added to the liquid, the final weighing is made.

After a determination of average slush density in
the container has been made, it must be correlated
with a reading or series of readings from the transfer
standard that is being calibrated. There are presently
two types of transfer standards available: the Nuclear
Radiation Attenuation ( NRA) Transfer Standard and
the Internal Point Densitometer, both described in
this paper. The Internal Point Densitometer is located
inside the slush container and ig supported from the
cover, which serves as a lid when in the raised posi-
tion, When the container is lowered for weighing, it
no longer contacts the cover, so that the cover and
attachments to it are not weighed.

The Nuclear Radiation Attenuation Transfer
Standard is mounted outside the dewar. This arrange-
ment has many advantages for both calibration and
field use.

To maintain a favorable attenuation ratio between
hydrogen slush and metal, the cryostat and container
walls have been made as thin as possible, Type 316
stainless steel is used for the container and both
shells. The outer shell is 0. 13 c¢m thick, the inner
shell is 0. 08 ¢m, and the inner container walls are
0. 06 cm thick. The attenuation of gamma rays by
the total of 0. 54 cm of steel will be about the same as
the attenuation by the 28 cm of hydrogen slush having
an average density of 80 g/1.

Access ports offering less gamma ray attenuation
can be provided where the beam passes through the
0. 13 cm thick outer walls, but the attenuation ratio
without access ports is sufficiently favorable to justify
avoiding this complication in the initial fabrication.
Easy modification of the outer shell is made possible
by providing separate removable vacuum seals for
both inner and outer shells at the top plate.

The cryostat is insulated with evacuated multi-
layer aluminized Mylar sheets alternating with porous
glass paper. The annular space is 2.5 cm, about
3/4 of which will be filled with the laminae. The
resulting 3. 8 cm of loosely layered Mylar sheets and



glass paper is not a significant barrier for energetic
gamma radiation, but does provide an efficient ther-
mal barrier. Total heat flux through the multilayer
-insulation will be approximately 2 W out of a total
expected heat leak of 15 W, Solid conduction will
account for about 6 W, radiation from the top plate
about 4 W, and gas conduction about 3 W,

Practically all of this heat will be intercepted by
the triple-point liquid surrounding the slush container.
This is important since it is impractical to simulta-
neously weigh and take readings from the transfer
standard because the mixture will not be homogeneous
unless it is stirred, and accurate weighings cannot
be made while stirring.

The small amount of heat which reaches the con-
tents of the container will melt some of the solid
hydrogen and continuously change the average slush
density. The density thus becomes a function of time,
and it will be necessary to determine this time de-
pendence when experimental measurements begin.

A preliminary task is to analyze the accuracy with
which this can be done. Since there will always be
some elapse of time between a density determination
and a readout from a transfer standard which is in
place and being calibrated, it is apparent that the
time dependence of p must be known with a high de-
gree of accuracy.

This analysis, which is part of the error analysis
for the system, has been carried out and shows that
even if generous assumptions are made about the heat
leak to the inner container and time elapse between
load cell and transfer standard readings, the heat
leak correction can be incorporated without addition
of any significant new uncertainty.

Most density sensitive transducers (including a
beam of gamma rays) will normally sample a rela-
tively small fraction of the slush in the container,
and therefore this reading will not indicate the true
average density unless the mixture is kept homogene-
ous during the reading interval. To keep the central
part of the container clear of protrusions, a method
for stirring magnetically from outside the cryostat
was devised. A low-mass rotor inside the container
carries slender bar magnets which link flux with
heavy permanent magnets carried on a wheel sur-
rounding the cryostat, This magnetic driving wheel
can be spun by hand or turned by a small motor oper-
ating against a friction disc. Stirring will always be
done with the container in its raised and closed posi-
tion to prevent loss of solids. When the container is
lowered for a weighing, the magnetic driving wheel

ALVIN M. PAYNE

will be dropped away by means of a simple elevator
and lever arrangement so that there will be no mag-
netic force exerted on the rotor,

Thus the sequence of operations, starting with
slush in the container, is as follows:

1. With the container raised, calibrate the
weighing system.

2. Lower the container and weigh if.
3. Raise the container and stirring driver.
4, Stir and read the transfer standard.

A check on homogeneity can be obtained by taking
several readings of the transfer standard while stir-
ring at slightly different rates for each reading. If
the readings are constant, the mixture should be
homogeneous. The slush density reference system ig
now operational, and calibration of transfer standards
will be started in the near future.

NUCLEAR RADIATION ATTENUATION
TRANSFER STANDARD

A 450 liter slush generator has been in use for
the past year. A commercial densitometer based on
gamma ray attenuation has recently been installed on
the slush generator. Initial results obtained with this
device have been very encouraging,

The densitometer consists of a 4 Ci, 0.663 MeV,
cesium 137 source; an ion chamber detector; an
impedance matching unit; and an instrument console.
The signal from the densitometer is measured with a
digital volt meter and recorded on a strip recorder.
Figure 5 shows the position of the source and the
detector with respect to the slush generator. The
beam must penetrate 1. 12 ecm of stainless steel, 1.27
cm of aluminum, and 76 cm of liquid or slush hydro-
gen. About one-half of the attenuation of the beam
takes place in the hydrogen.

Figure 6 shows the experimental results obtained
with the densitometer. The millivolt output of the
densitometer is in each case the mean value of at
least 10 digital voltmeter readings. The density was
determined by three different methods, depending on
the state of the hydrogen.
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In the liguid region at pressures above the triple
point, the density was determined by measurement of
the vapor pressure over the liquid. The triple-point
liquid condition was determined by making a small
amount of solid in the slush generator, mixing the
solid particles thoroughly by stirring, and then taking
the densitometer reading as the last of the solid
particles settled past the region penetrated by the
beam.

The density in the liquid-solid region was deter-
mined calorimetrically. After a densitometer reading
was taken on stirred slush formed by the freeze-thaw
production process [3], a heater in the bottom of the
generator was energized until the triple-point liquid
condition was achieved. The solid fraction, and hence
the density, was then determined from the sum of the
heater energy and heat leak.

The densities used in the liquid region are those
reported by Roder [1], and the triple-point solid
density is given by Dwyer, et al., [4].

The standard deviation of the measured densities
about the least squares straight line in Figure 6 is
0.17 g/1. The slope of the curve does not change in.
passing from the liquid to the liquid-solid region, so
it is possible to predict densities in the liquid-solid
region by linear extrapolation of a liquid region cali-
bration.

The uncertainty of the measured density values is
estimated as a few parts in 1000. Since this uncer-
tainty is of the same order as the scatter in the re-
sults, further evaluation of the NRA densitometer
awaits completion of the density reference system.

INTERNAL POINT DENSITOMETER

A hydrogen slush densitometer based on previous
research contracts, developed first for liquid oxygen
and later modified for liquid hydrogen, has been further
modified-for slush hydrogen. The ORTEC siush hydro~
gen densitometer consists of three encapsulated surface
barrier radiation detectors and sealed strontium-90
sources, and three channels of modular electronics
instrumentation for processing detector signals.

‘Each detector probe assembly is composed of a
50 mm? active area 500-u thick totally depleted sur-
face barrier detector housed in a stainless steel
capsule having a 0. 051 mm (0. 002 in.) thick stainless
steel window. The source housing, also fabricated of
stainless steel, contains a sealed 15 mCi strontium-
90 beta source. For additional safety, a 0. 025 mm
(0. 001 in,) thick stainless steel window has been
fabricated into the source housing. The detector
probe-source housing assembly is designed so that
axial and lateral geometry alignment is constant, thus
requiring only source-to-detector distance adjustments.



Beta particles from the source are absorbed by
the detector, thereby producing minute electrical
pulses or charges. These pulses, in the form of
electrical current, are fed through the preamplifier
to the linear amplifier. The linear amplifier shapes
and further amplifies the pulse, which is then fed to
the discriminator where it is determined to be either
above or below a given energy threshold. The dis-
criminated pulses are converted to a dc signal corre-
sponding to the pulse rate, and finally re-converted
to a dc output that is to be calibrated to indicate the
percent solid fraction in the liquid hydrogen slush.

A block diagram of a channel is shown installed in
the reference system in Figure 7.
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PRESSURE TRANSDUCERS FOR ENVIRONMENTAL EXTREMES

By

Harlan S. Harman

SUMMARY

This review covers two research programs. One
of them discusses design development and fabrication
of an experimental high temperature, high frequency
response pressure transducer for combustion insta-
bility studies requiring frequency response of 20 kHz
in an environment where temperature reaches 4144°K
(7000°F) and the heat flux can be as high as 8200 W/
cm? (50 Btu/in.2-sec). The second program covers
the design, development and fabrication of a cryogenic
pressure transducer for static and dynamic measure~
ments at liquid helium temperatures of 4°K.

HIGH TEMPERATURE, HIGH
FREQUENCY RESPONSE PRESSURE
TRANSDUCER

The accurate measurement of the amplitude and
frequency of dynamic pressures in a rocket combustion
ichamber during unstable combustion has been a problem
for several years. The required temperature and
frequency response capabilities of a pressure trans-
ducer operating in an unstable combustion environment
were such that they could not be met with existing
transducers. Commercially acceptable transducers
would be destroyed by the high heat flux of up to 8200
W/em? (50 Btu/in.2-sec) generated in the chamber
during unstable combustion.

Past techniques used to cool the pressure sensing
portion of pressure transducers have been unsatis-
factory. These techniques were as follows:

1. Water-cooled flush~mounted diaphragm. This
approach used a nucleate boiling technique of storing
water on a flush-mounted diaphragm to act as a flame
shield for a strain gage type sensing element, The
proper frequency response was achieved, but the
transducer diaphragm burned through during unstable
combustion.

2. Small gas passage technique, In this tech-
nique the pressure sensing element is mounted a short

distance away from the high temperature region in a
small opening in the combustion chamber. Satisfac-
tory cooling of the sensing element is achieved with
this technique; however, a considerable reduction

in frequency response does result.

8. Spray cooling technique. Cooling is accom-
plished by flowing water or other fluid past a sensing
element and injecting the flow into the combustion
chamber. To adequately protect the sensing element
from the high heat flux environment required an ex-
cessive amount of fluid to be injected into the com-
bustion chamber,

To achieve high frequency response, the frans-
ducer must be flush mounted in the combustion
chamber. Past experience with the above cooling
methods showed that a new cooling technique would
have to be developed to satisfactorily meet this re-
quirement.

A concept of using mass transfer or transpira-
tional cooling of a dense porous plug appeared to be
the most promising technique of adequately protecting
a flush mounted pressure transducer from the high
temperature environment, Transpirational cooling
is accomplished by flowing a gas through a porous
material. A theoretical analysis of this cooling
technique shows that the temperature difference be~
tween the plug material and the coolant gas is very
small, and the heat conducted through the plug mate-
rial is carried away by the coolant.

The research effort centered around the develop-
ment of the transpirational cooling technique that is
necessary for having a reliable high temperature,
high frequency response pressure transducer capable
of continuous operation in unstable combustion envi-

ronments., Figure 1 is a sectional view of the pres-
sure transducer developed from this research effort.
This view shows the important components in the
transducer. The porous plug at the upper end of the
transducer is flush-mounted in the rocket chamber
at the point desired. Pressure (both static and
dynamic) in the rocket chamber acts upon the porous
plug, and the force is transmitted down the inner
column to the strain gage sensing bridge at the lower
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end of the transducer. Semiconductor gages were
used rather than resistance gages to achieve the high
output required with the low strains. !

A Porous materiol

Coolont chamber

~Resistonce and
semiconductor
strain goges

FIGURE 1.

CONCEPTUAL DESIGN

The steady or transient heat fluxes are kept from
the sensing element by bleeding a coolant, compatible
with the combustion process, through the porous
material. Because of the very small passages in the
porous material, essentially the transient pressures
will "see' the plug as a solid material. Thus, im-
posed strains in the lower portion of the column are
the same as if the plug were solid, The coolant,
either gaseous helium or hydrogen, is introduced
through the center of the inner column at a point below
the porous material and at a steady pressure higher
than that encountered in the combustion instability
regions. Figure 2 shows a sectional view of the
transducer. A No. 29 hypodermic needle 0. 0178 cm
i.d. (0.007 in. i.d.) is used to meter the flow and to
act as a critical flow passage to maintain the flow at
a constant mass flow rate, Although in this design
some changes in output occur with changes in coolant
pressure, this error is small and may be eliminated
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by taking a zero reading after full coolant pressure

is established. The coolant supply pressure must be
sufficiently high that critical flow through the orifice

i8 maintained at the highest rocket chamber pressures.
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FIGURE 2. SECTIONAL VIEW OF TRANSPIRA-
TIONALLY COOLED PRESSURE TRANSDUCER

Using a small column in compression and main-
taining low strains for the maximum design pressure
allows for attaining a very high natural frequency for
this system. In addition, beryllium, which has an
exceptionally high stiffness-to-weight ratio, was
selected so that both the porous plug and inner col-
umn would have a high natural frequency.

TYPICAL SPECIFICATIONS

Minor variations in material properties, toler-
ances, strain gage characteristics, etc., require
that calibration and response characteristics of each
transducer must be determined experimentally.
However, in general, typical specifications for this
transpirational-cooled pressure transducer are as
follows:

0 - 1379 N/cm?
(0 to 2000 psig)

0.0046 mV/V-psi

Range

Output-sensitivity at least
External Vibration Sensitivity

Axial less than 0. 012% full scale

per peak g

Transverse less than 0.007% full scale
per peak g



Thermal Shift from
299, 8° to 327.5°K
(80° to 130° F)

less than 0. 14% full scale

Although the thermal shift was determined for the
ranges 299, 8 to 327.5°K (80° to 130°F), the tem-
perature at the sensing bridges is not expected to
vary more than 11, 0°K (20°F),

Combined error caused by thermal shift non-
linearity, hysteresis, and repeatability, is + 3% full
scale. Most of this error is hysteresis and is attri-
buted to the O-ring seals. With a modified O-ring
groove that has been incorporated into the design,
this error is expected to vary by less than 2% full
scale.

Resonant Frequency (axial) © 74 kHz
Frequency Response Flat or 1% to
7.5 kHz

These specifications reflect the values determined
for the two prototype transducers fabricated at the
end of this program and supplied to NASA.

The development of this concept into a useable
transducer involved three parallel efforts, each in
a different technical field. These efforts are (1)
thermal studies, (2) porous material development,
and (3) mechanical design and evaluation of trans-
ducers. These subjects will be discussed only briefly,
but full details are available to those having further
interest.

The work in the thermal phase was directed
toward evaluating the cooling concept and determining
the relation between the particle size and porosity of
the porous plug and the coolant flow rate required to
provide adequate cooling for the transducer. The
plugs are fabricated by compaction of nearly spherical
beryllium or tungsten particles into a body. The
principal variables affecting the flow are average
particle size, particle size distribution, and degree
of compaction. This last variable is correlated in
practice with percent of theoretical density of the
metal being used. An effort was made early in the
program to develop a correlation from flow tests with
regards to the effect on flow of the particle sizes and
densities of the porous material. Thus, tungsten
plugs of only two particle sizes and of various densi-
ties were fabricated and flow tested.

For the transducer development, two kinds of
plugs were selected from those available for thermal
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evaluation on the basis of gas permeability. This
choice proved to be correct from evidence revealed
during the thermal tests. The two kinds of porous
plugs were the 115 11, 83, 5% dense tungsten plug and
the 50 g, 77.4% dense beryllium plug.

SIGNAL TRANSMISSION

The transducer senses the rocket chamber pres-
sure through the elastic response of the beryllium .
parts, The gaseous coolant is used for the sole pur-
pose of thermal protection. Any signal transmission
in the gas passage within the plug only tends to com~
plicate the phenomenon and might distort the signal
being measured. In the state of the art, it is not
clear whether there is any interaction between the
signals transmitted through the solid and the signal
transmitted through the gas within the passages in the
solid, and what is the effect on the transducer accu-
racy, if any. Under this circumstance it was believed
reasonable to attempt to minimize the signal trans-
mitted through the gaseous medium. An attempt was
made to analyze the signal transmitted in a gas passing
through a porous material. The details of this analysis
and its application to the transducer are available in
the final report of the contractor [1}. The same
applies to many other details in the following sections
of this paper [1, 2]. The analysis showed that the
signal transmitted through the gas within the porous
plug is not significant in practical plug materials as
are being used in the transducer.

Thermal tests of both plugs and complete trans-
ducers were carried out to determine the amount of
coolant required for safe operation; to estimate the
temperature distribution in the porous materials; to
study the coolant system so that an adequate amount
of gas is supplied; and also to determine peak tempera-
ture at the sensors. One third or more of the total
development effort in this contract was used in the
development of a suitable porous plug. Tungsten and
beryllium plugs were successfully manufactured.

ROCKET MOTOR TEST ARRANGEMENT

A brief description of rocket motor test arrange-
ment is shown in Figure 3. The rocket motor used
in the transducer testing part of this program consists
of a 3.81x 15,2 em (1% x 6 in.) cylindrical combustion
chamber, an injector with six oxidizer jets iinpinging
onto a central fuel jet, a convergency nozzle which
provides a rectangular throat, and a transducer test
section mounted downstream of the nozzle. Gaseous
hydrogen and oxygen propellants were used in a 5 fo
1 weight ratio.
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1. Rectangular nozzle throat extension
. Water-cooled transducer nozzle block

2
3. Water-cooled window block, also a calorimeter
4. Pressure transducer

5. Combustion chamber

6. Quartz window

7. Radiation pyrometer, '""Rayotube"

8. Refractory ceramic potting material

9. Brass retaining body

10. Cooling water lines to nozzle blocks

11, Ignition wire for rocket combustion

FIGURE 3. ROCKET MOTOR TEST ARRANGEMENT
INNER COLUMN OF TRANSDUCER

The inner column element ( Fig. 4) is the most
important component in the transducer. The response

e

FIGURE 4. INNER COLUMN AND ASSEMBLED
TRANSDUCER
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of this element to the pressure in the rocket chamber
is measured and interpreted as pressure. The strains
created in this column by the pressure must be high
enough to produce the required output while at the
same time be low enough to maintain the high axial
response frequency of the element. The geometry

of this element is such that it responds only to axial
loads. Lateral motions are minimized because the
column is guided by the porous plug and seals. In
addition, bending strains can be completely cancelled
out in the sensing bridge by proper location of the
strain gages.

FREQUENCY RESPONSE

Pressure pulses impinging on the surface of the
porous plug cause compressive strains in the inner
column. These strains are imparted to the strain
gages, and resulting changes in resistance are mon-
itored and interpreted as pressure amplitude. Errors
in the output signal occur as the frequency of the
pressure signal approaches the resonant frequency of
the column. In these units the damping is very small
(damping ratio.less than 0.05), and the output ampli-
tude is larger by 1% when the frequency of the pres-
sure signal reaches 1/10 of the column resonant
frequency. When output errors of less than 1% are
desired, and the maximum frequency of the pressure
signal is 20 kHz, it is necessary to have a column
resonant frequency in excess of 200 kHz.

In general, three choices are available for in-
creasing the resonant frequency of a column element.
These choices are:

i. Use a material with a higher stiffness-to-
weight ratio.

2. Shorten the length of the column.

3. Increase the stiffness by increasing the
lower column area.

Beryllium was selected initially for the inner column
because of its high stiffness-to-weight ratio, and later
it was also selected as the best choice based on the
stiffness-to-weight ratio of the applicable materials.

Shorter length columns were investigated but it
was found that if the column is shortened appreciably,
fabrication and assembly problems are more severe
and larger temperature excursions at the strain gage
bridge are possible., Therefore, it was decided not
to reduce the length of the inner column.



The only route left open to increase the resonant
frequency of these units was to increase the column
cross-sectional area at the base. A column area of
0. 175 cm? (0. 0272 in2) was selectéd (increase of
75%) to insure a minimum output of 30 mV at maxi-
mum rated pressure. With a 75% increase in the
column stiffness the resonant frequency should in-
crease 32% to approximately 100 kHz,

INSTALLATION AND COMPENSATION OF THE
STRAIN GAGE BRIDGE

Because of small size and output sensitivity
desired for the transducer, semiconductor strain
gages of small gage length and moderate resistance
were selected as the most desirable sensing element.
The resistance of all gages was measured before
installation to allow selection of sets of four gages
nearly equal in resistance. The selection of matched
sets was considered important to avoid the need of
excessive compensation.

The gages were installed in a Poisson bridge
arrangement to measure axial strain and provide
temperature compensation. The first fully instru-
mented prototype transducer with a 77. 4% dense
porous beryllium plug and a 127-p (5-mil) coolant
flow orifice was thermally tested in the rocket motor
at the conditions as follows: chamber pressure:

276 N/cm? (400 psig) ; heat flux 4140 W/cm? (25. 3
Btu/in.2-sec) ; duration of test: 30 sec; plug surface
temperature: 888.7° to 949. 8°K (1140° to 1250°F);
coolant supply pressure: 1411 N/cm? (2050 psig).
In addition, a thermocouple was inserted in the vent
hole in the lower chamber until it contacted the lower
flange of the O-ring seal. The temperature of this
point, monitored during each test, did not change.
That is, it remained at room temperature, thus
indicating that there was sufficient coolant flow for
these conditions. Inspection of the transducer after
the tests revealed only minor erogion of the surface
of the porous plug.

CRYOGENIC PRESSURE TRANSDUCER

The testing of rocket engines that use cryogens
requires accurate measurements of static and dynamic
pressures at temperatures down to that of the liquid
helium (4°K). The transducer should be small, light-
weight and capable of being inserted in a standard
boss; it should be capable of reaching thermal equilib-
rium quickly, be insensitive to dynamic temperature
changes, and should be capable of responding to high
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frequency pressure oscillations. Accurate measure-
ment of pressure parameters is important because it
permits design verification of hardware, auxiliary
equipment, pumps, flow, plumbing systems, etc.,
and it permits design modification of the engine, fuel,
oxidizer, thrust chamber conditions and control sys-
tems. It permits detection and analysis of malfunc~
tions of subsystems.

Two approaches were considered to meet these
criteria during this program. One approach was the
use of gallium antimonide as a hydrostatic pressure
sensitive material, and the other approach was the
use of silicon gages bonded to metallic pressure
sensitive diaphragms.

Initially it was proposed to fabricate elements of
the gallium antimonide from bulk crystal material.
This proved impractical for ftwo reasons. First, in
order to obtain a bridge resistance of 100 £ or
greater, a length-to-area ratio of 20,000 to 1 was
required. Second, assuming these high resistivity
crystals could be grown, elements fabricated from
them would have extremely nonlinear "resistance-to-
temperature characteristics, ' and temperature com-
pensation over a wide range, therefore, would not be
practical. As an alternative, high resistance elements
were produced by diffusion techniques. Surface dif-
fusion results in a very thin (approximately 1 p) sur-
face layer of selected gallium antimonide material
electrically isolated from a thicker, mechanically
strong substrate through P - N junction action. This
shallow depth permits fabrication of sensor elements
having practical length, width, and resistances values,
while at the same time allowing for the use of impurity
levels that are high enough to insure linear resistance
to temperature relationships. A satisfactory process
for making N and P type gallium antimonide surface
layers was developed. The resgistance of the N-type
gallium antimonide increases by roughly 1% per 689
N/em? (1000 psi) hydrostatic pressure.

The P-type exhibited no appreciable hydrostatic
pressure sensitivity. A working transducer using the
P and N type GaSb was never successful because of
the difference in the temperature resistance charac-
teristics of the P and N type elements. This problem
is not insurmountable, but requires more time for the
development of technique in fabrication. During the
course of the development it was noted that balco
nickel wire had a resistance — temperature charac-
teristic corresponding to that of N-type GaSb (Fig. 5).
This material was substituted for the P-type GaSb
for completing the bridge. Three transducers were
then fabricated ( Fig. 6). They were just recently
received and therefore have not been evaluated.
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1950K 2500K 297K 340K Diffused silicon gages with surface impurity concen-
150 —(loeon) (IR (752F) (s0°F) frations of 1.4, 3, and 5 % 10%% boron atoms/cm?
T L ey Rt afoucer /ﬁ:: were produced (Fig. 7). These gages bonded to the
2w nispan ¢ diaphragm and excited with a constant cur-
5w / rent power supply were capable of stable operations
5 0o 1)) — =t over a range of 3,70° to 394°K (-453° to #250° F)
) S i (Fig. 8). Sensitivity shifts of 2 to 3% per 55. 6°K
5 . ° / ~ (100°F) from 3.70° to 394°K (-453° to +250°F)
- N-TYPE GaSh GAGE BEs. were proven feasible with a minimum of compensation
& circuitry. Sensitivity of less than 1% per 55.6°K
& (100°F) was achieved over narrow temperature
& spans. A zero shift of 1 to 2% per 55. 6°K (100°F)
was attained from 3, 70° to 394°K (-453° to +250° F),
i ! : ! { o Figure 9 shows typical transducer elements. Figure
320 250 -200 50 -100 50 O +50 +00 +I50 <200 +250 10 shows a disassembled transducer. Three proto-
TEMPERATURE [°F) type fransducers were furnished for further evalua-

tion (Fig. 11). Figure 12 shows a typical perform-
ance curve when transducers are subjected to liquid

FIGURE 5. BALCO WIRE COMPARED WITH nitrogen.
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The second approach, the use of silicon strain TEMPERATURE, °K
gages, required careful consideration of not only the 22 33 89 44 200 255 310 366 422
mechanical and electrical properties of the silicon By sL |
elements, but also the mechanical properties and ;gg .————;EE ¢
geometry of the sensing diaphragm. A number of Zgg g~ \,
approaches using single chip silicon gages bonded ge-st .
to diaphragms were unsuccessful as a result of large . L L L L ] L

. . © SERIALD *
changes in compression stresses sensed by the com-~ o s TEMPERATURE , F

pression gages at low temperature. These changes z v stma
were caused by diaphragm structural and dimensional Taw | ' ' ' ' ' '
changes with temperature and from the increased ] o 7
strength of bonding agents between gage and diaphragm Egg ?——'ﬂ%;/\g
at low temperatures. 2&“5 - q
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The next approach was to use heavily doped dif- e e e TE;:ZRAW;? F ° * “ ®
fused silicon strain gages bonded to nispan c dia- FIGURE 8. CRYOGENIC PRESSURE TRANSDUCER —
phragms in a four active arm bridge configurations. ZERO AND SENSITIVITY SHIFT WITH TEMPERATURE
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FIGURE 8. TYPICAL TRANSDUCER ELEMENTS

FIGURE 11, COMPLETED TRANSDUCERS
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THE USE OF THE MOSSBAUER EFFECT AND LASER INTERFEROMETRY
TO DETERMINE EXTREMELY SMALL AMPLITUDES FOR
VIBRATION MEASUREMENTS AND CALIBRATIONS

By
Helmut G.

SUMMARY

Two methods for making an improvement of the
state of the art in obtaining precise vibration meas-
urements and calibrations are presented in this paper.
The discussion concentrates on vibration tests on
scale models, and each test often requires making
measurements and calibrations of amplitudes that are
much smaller than an optical wavelength. The two
independent methods described in this paper allow for
collecting data well beyond the results obtained by
conventional techniques of measuring extremely small
amplitudes. One method makes use of the Mésshauer
Effect ( recoil-free emission and absorption of gamma
rays): the extremely sharp resonance lines are dis-
solved by Doppler shift and can be used for measuring
velocities of a fraction of a millimeter per second.
This method is used to obtain vibration measurements
by measuring and comparing velocities. Since the
peak of a Mdssbauer line or the peaks of its hyperfine
structure are fundamental constants expressed in
velocity, a simple calibration technique for electro-
mechanical oscillators has been developed where the
instantaneous velocity of the oscillating object is
compared with a Mossbauer line. With this method,
vibration measurements and calibrations can be per-
formed both in the optical and the suboptical range.
The other method makes use of refined laser inter~
ferometry where monochromaticity, coherence and
intensity of laser light are used to produce a stable
photocurrent in which the ratio of its frequency com-
ponents depends on the vibration amplitude. Both
methods will allow reaching minimum amplitudes of
a few angstrom units with an estimated uncertainty
of 2(70.

INTRODUCTION

Vibration measurements and calibrations fre~
quently need to be performed in an amplitude range
that is too small to be covered by conventional meth-
ods, especially if one has to investigate the behavior
of scale models that are excited with alternating forces

Lackner

of much higher frequency than those to which the
original object would be exposed. The amplitudes of
the responding oscillations have to be decreased
accordingly to maintain a realistic simulation, for
example, to obtain information about the g-load to be
expected. Obtaining data is sometimes difficult be-
cause commercial instruments to measure vibration
amplitudes below one tenth of a wavelength of light
do not exist, or are experimental setups for the labo-
ratory only. However, vibration measurements in
the amplitude range below one tenth of an optical
wavelength are of great importance for vibrational
investigations of scale models.

Our research, therefore, concentrated on methods
with which vibration amplitudes from the optical range
down to the order of angstrom units could be measured,
and methods with which calibrations could be performed.
Two completely independent methods which supplement
each other were considered: one applies the Mdssbauer
effect, the other makes use of refined laser interfer-
ometry.

MOSSBAUER EFFECT

The Mossbauer effect is the phenomenon of re-
coilless resonance fluorescence of gamma rays from
nuclei bound in solids. It is characterized by the fact
that under certain temperature limitations a nucleus
that is embedded in a lattice and is emitting or ab-
sorbing a gamma quantum does not recoil because the
crystal as a total represents the recoiling mass.

Since the mass of the crystal is infinitely larger
than the mass of the nucleus, the recoil energy for the
nucleus vanishes. Under this condition the emitted or
absorbed gamma line keeps its natural frequency be~
cause it is not shifted by the recoil of the nucleus,
and furthermore, this gamma line maintains its
natural linewidth because it is not broadened by the
thermal Doppler effect { Fig. 1). (The thermal
Doppler effect is necessarily connected with a trans-
fer of an impulse to an individual nucleus, and this
cannot happen for a Mossbauer Line.) However, the
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movement of the whole crystal causes a Doppler shift
( Fig. 2). Because of the extremely sharp resonance
lines, a relative movement of emitter and absorber
of only a fraction of a millimeter per second will

introduce a Doppler shift from which a perfect resolu~.

tion of the natural line profile can be obtained.

I NATURAL LINEWIDTH
=MISSION LINE

- —E

£, ENERGY OF
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MOSSBAUER LINE AND EMISSION
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FIGURE 1.
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-
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FIGURE 2. PRINCIPLE OF MOSSBAUER
APPARATUS AND DOPPLER-SHIFTED
GAMMA LINE
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This method does not provide a direct measure
of the absolute energy of a line, but it is extremely
sensitive in detecting line shifts. In the case of Fe¥,
for example, the energy of the gamma ray is known
to be 14. 36 keV with an uncertainty of + 10 eV, but
differences in the energy as small as 10~ ¢V can be
readily measured, Relative changes in energy can

be measured with the extreme accuracy of % = 10~18,

That means that the energy of the gamma ray is de-
fined to within 1 part in 10'3, and thus it is the most
accurately defined electromagnetic radiation avail-
able for physical experiments.

This extremely sensitive energy resolution makes
the method ideally suited to measure the interactions
of the surrounding electrons and the external fields
with the nuclei, whereby three important phenomena
associated with the nuclear hyperfine structure have
to be considered: the isomer shift, the quadrupole
splitting, and the nuclear Zeeman effect.

Emission and absorption lines are only centered
at the same energy if the corresponding nuclei are in
similar environments., If this is not the case, for
example, by a change in the electrostatic interaction
between the nucleus and its electron shell that might
arise from a change in valence, a shift of the nuclear
levels will result and manifest itself in a zero veloc-
ity shift of the resonance curve, which is called iso-
mer shift. If both source and absorber are at rest,
little or no resonance will be observed. To re-
establish resonance, the absorber or the source is
moved with a certain velocity. In this special case
of Co™ diffused into palladium as source, and stain-
less steel as absorber, it is -0.26 mm/sec ( Fig. 3).
( By definition a positive sign stands for approaching,
a negative sign for departing source and absorber) .
The velocity between source and absorber is a measure
of energy shift. Therefore, it is usual to express the
small energies in Mossbauer experiments in terms
of velocity.

Quadrupole splitting is a split in the nuclear
levels as a result of the interaction of the nuclear
auadrupole moment with the gradient of the electric
field arising from other charges in the crystal ( Fig.
4). & reflects the deviation of the nucleus from
spherical symmetry. Quadrupole splitting is exhibited
by different compounds of Méssbauer isotopes. In
this example the source is again Co™; the absorber is
crystalline ferrous sulfate.
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In the case of the Nuclear Zeeman Effect,
gamma ray transitions are observed between two
nuclear levels that both exhibit magnetic hyperfine
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splitting ( Fig. 5). The gamma lines correspond to
transitions from a particular magnetic sublevel of an
excited nuclear state to a sublevel of a ground state,
This magnetic hyperfine splitting is caused by the
interaction of the nuclear magnetic dipole moment with
the magnetic field of the electrons of the atom. The
material used in this experiment was Co” diffused
into Pd as source, and metallic iron enriched with
Fe¥ as absorber. Since the peak of a Mbssbauer
line or the peaks of its hyperfine structure are funda-
mental constants expressed in velocity, they are
ideally suited to measure velocities.

p w V.
| |

- 070 MM/SEC
-6 5 -4 -1 2 1 0 1 2 3 4 s e
Vmm/ sec

SOURCE: Co Py

EXCITED STATE —é\

GROUND STATE

FIGURE 5. NUCLEAR ZEEMAN EFFECT

When using earlier methods to obtain vibration
measurements, usually the amplitude or the accel~
eration was determined. Velocity variations were
seldom considered. In utilizing the Mossbauer
effect, however, velocity is measured. By restricting
the vibrations examined in this investigation to steady
state sinusoidal oscillations, it is possible to calculate
with certainty (1) the displacement amplitude and
acceleration from measuring the frequency, and (2)
the velocity variations. However, it is also possible
to measure nonharmonic oscillations.

Vibration investigations were conducted by using
a loudspeaker and different piezoelectric transducers.
The source is mounted on the vibrating object and the
absorber is at rest. With this arrangement different
cases can be investigated by using partial resonance,
off resonance, and resonance conditions.
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The partial resonance case makes use of the
isomer shift in such a way that zero velocity corre~
sponds to a certain count rate in the middle of the
linear portion of the absorption curve ( Fig. 6). Any
positive or negative velocity will increase or decrease
this count rate. Thus the velocity-time function will
be transferred into a countrate-time function.
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FIGURE 6. DIAGRAM OF THE PARTIAL
RESONANCE CASE TRANSFER FUNCTION

An electronic device triggers the counter for an
adjustable fraction of an oscillation period to permit
repeated sampling within a small increment ( Fig. 7).
After enough counts have been collected for statistical
accuracy, the gate is shifted by delaying the trigger
pulse which opens the gate, and the next portion of
the curve is counted. Finally point for point samples
of a period have been collected. Corrections for the
influence of gate length and nonlinearity of the charac-
teristics are provided.

Figure 8 depicts amplitude measurements of a
piezoelectric shaker. The upper portion shows the
sinusoidal fluctuations of the countrate as collected
point for point for one period, and by knowing the
countrate-velocity relationship, the velocity curve
on the bottom has been found. The peak amplitude is
derived by the relation: velocity = amplitude times
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angular frequency, which in this special case is

125 A for 2 kHz at 35 V driving voltage. At higher
frequencies even lower axg1p1itudes can be measured,
for example down to 3.5 A at 10 kHz ( Fig. 9).

ADJUSTABLE GATE WIDTH
— 1
L

LA p!

e
CAN BE SHIFTED

FIGURE 7. ELECTRONIC SAMPLING

The useful range of the partial resonance case is
shown in Figure 10. This is a double logarithmic plot
of velocity versus frequency for various values of
acceleration and peak displacement, The lower
frequency limit is arbitrarily set at the lower limit
of the audio spectrum, the upper frequency limit is
imposed by the experimental apparatus used. How-
ever, with an improved apparatus that is to be
delivered soon, the limit of the technique will exceed
100 kHz.

Another method which is particularly of interest
to vibration calibrations is the off resonance case.
It deals with source and absorber combinations that
are essentially out of resonance at zero velocity, but
are tuned to resonance by an introduced relative
velocity. These conditions can be obtained with
material displaying quadrupole splitting or the nuclear
Zeeman effect.

The basic idea of this method is that the calibra-
tion relies only on the position of the absorption lines
of the hyperfine structure of various Mossbauer
absorbers. The gating and sampling technique is
similar to that of the off resonance case. Figure 11
illustrates the transfer function of this technique.

The sinusoidal oscillation has a larger amplitude and
exceeds the line of continuity in the spectral curve,
which in this case represents the inner lines of metal-
lic Fe¥. The remaining lines of this Zeeman splitted
display were omitted to simplify the illustration. The
outcome does not resemble the original sinewave,
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but the extrema correspond to the extrema in the
original curve, and furthermore, the discontinuities
correspond to the spectral lines in the absorber
spectrum. This permits a calibration based on
fundamental constants as they are displayed in the
Mobssbauer spectrum. All one has to do is to set the
electronic gating device to a positive or negative ve-
locity maximum, which is determined by wave tracing
as in the partial resonance case, and regulate the
driving voltage of the oscillator until a minimum in
the counting rate is reached. At this point the maxi-
mum velocity of the transducer is equal to the velocity
associated with the spectral line of the absorber. If
the frequency of the harmonic motion is known, the
displacement amplitude can be calculated. Using
different spectral lines of the hyperfine structure,

or different absorbers, a variety of calibration points
can be obtained.

Figure 12 shows the calibration curve of a small
loudspeaker with unknown characteristics. The points
delivered by isomer shift, quadrupole split, and
Zeeman effect are marked. The peak amplitude was
calculated from the frequency and the peak velocity.
For 8 kHz the calibration factor is 56. 4 A per volt
rms. This is just to demonstrate the simple calibra-
tion technique for small amplitude electromagnetic,
ferroelectric, and piezoelectric transddcers.

The useful range of this multiple point calibration
technique is shown in Figure 13. This plot of velocity

-versus frequency is in the same scale as the similar

graph describing the partial resonance case; however,
here the useful range is broader and shifted to higher
velocities. The frequency range of the new apparatus
will exceed 100 kHz.

A third method that makes use of the Mossbauer
technology for vibration measurements and calibration
is the resonance case, which pertains to source-
absorber combinations having unsplit lines and being
resonant at zero velocity. The perfect resonance is
disturbed if the source is allowed to vibrate, and
the measured count rate will increase with increasing
velocity.

While the resonance curves used in the previous
cases were based on constant velocities, the reso-
nance curve discussed now is derived by using
sinusoidal velocities and has a different shape.
Mathematically it is a function of the counts per unit
time on average count rate ¢/t, depending on the off
resonance count rate Ny, ‘the peak velocity 04, the
full line width at half maximum T, and the absorption
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fraction A, as given by

8+ 2T2A

=No 6% + 2T (1)

Ll Te)

Figure 14 represents such an absorption curve. The
difference at high velocities between the theoretical
and the experimental values is caused by some sim-
plified assumptions in the derivation of the equation.
The lower curve was derived by introducing experi-
mentally determined values for the constants T and A.

Both curves agree perfectly up to 0.4 mm/sec
velocity. The lower curve is very well suited to
calibrate piezoelectric transducers at low velocities.
Two transducers were calibrated with this resonance
technique. Data in Figure 15 were obtained with the
source mounted on a loudspeaker. The driving fre-
quency was 8 kiHlz. Displacements in the range of 10
to 100 A could be measured. Figure 16 shows the
calibration curve of a piezoelectric transducer excited
by a 40 kHz signal. It was possible to measure dis~-
placements of a few angstroms.

Figure 17 shows the useful range of the resonance
case calibration method. It can be seen that at high
frequencies even fractions of an angstrom can be
measured and respectively calibrated.
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FIGURE 14. RESONANCE CASE ABSORPTION CURVES
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This method has virtually no frequency limitation
as long as the waveform is perfectly sinusoidal and
the velocity falls within the useable range.

In the overall range the counting time required
per point will be about three minutes and it will still
be possible to keep the errors in peak velocity at 2%
or less.

The development of these measuring and calibra-
tion methods was done at Rocketdyne. The contract

requires the delivery of a laboratory calibrator
(Fig. 18) and a transfer standard.

FIGURE 18. MOSSBAUER EFFECT VIBRATION
CALIBRATOR

The great advantage of the Mossbauer-type
vibration calibrator is that it is based directly on an
absolute standard, namely a Mossbauer line, which
is a natural constant. However, the calibrations with
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these methods have a general disadvantage: they are
very time consuming and therefore are not likely to
be used for routine calibrations where multiple data
points in a short time are required. For this purpose
optical methods are faster. In recent years optical
methods have become known, and with these methods
it will become possible to sense vibration amplitudes
in the order of a few angstroms. However, although
these methods are based on reasonable assumptions,
they should be cross checked with an absolute method.
This can be done with the absolute Mossbauer method.

LASER INTERFEROMETRY

Conventional interferometric methods are used
to measure minimum vibration amplitudes in the
order of one tenth of a wavelength only, which is not
sufficient for our needs. Therefore, we initiated a
contract with the National Bureau of Standards ( NBS)
to extend the optical measuring range at least two
orders of magnitude below the conventional inter-
ferometric range. The method used to accomplish
this measurement is especially suitable for calibra-
tion because it makes use of the monochromaticity,
coherence, and intensity of laser light in an optical
interferometer.

In the following, a short sketch will be given of
the application of the laser interferometer-in conduct-
ing vibration measurements and calibrations. 1If an

interference pattern is formed by combination of two

coherent beams of light in an interferometer, the
current from the photocell receiving light from a
small area is given by

. 9
I=A+ Bcosk§, k=—£‘ (2)

where

A, b... constants related to the intensity of the
two light beams

6 ... optical path difference between the fwo
interfering rays

A ... wavelength of the incident light.

This cos function of the photocurrent has nothing to
do with an oscillating motion; it is obtained with
stationary mirrors and represents the influence of
the wavelength of the light and its phase as a result
of differences in the optical pathlength.
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Now, if one mirror vibrates sinusoidally, the
difference in the optical pathlength 6 changes sinus-
oidally and the current from the photodetector is given

by

I=A + B cos (kd + 2¢ cos wt) (3)
where

£ ... amplitude of vibration

w ... 2nf, the angular frequency of the vibration.

The optical path difference 6 may drift with changes
in the dimension of the structure supporting the re-
flectors and can be adjusted by a dc bias applied to
the shaker.

This expression for the photocurrent can be
expanded in a Fourier series. The coefficients are
expressed as Bessel functions with the argument

(2kg).
I=A + B cos ké [Jo(2k£) - 2J5(2k¢) cos 2wt
+ 2J4(2k¢) cos 4 wt .. ]
- B sinké [2.11( 2kg) cos wt - 2T5(2ke) cos 3wt
+ 2J5(2ks) cos Bwt.. ] (4)

where J n ig the Bessel function of the first kind and

nth order. The separate terms of the Fourier series
can be isolated by band pass filters. A filter set for
the vibration frequency gives Cy sin ké + J4(2k¢),
and a filter set for the second harmonic of the vibra-
tion gives Cy cos ko « Jy(2kg).

The constants C; and C, contain the insertion loss
of a filter and also the constant B from the equations
for the photocurrent,

The distance, 6, can be adjusted so that the ratio
of the sin and cos factors is a known value, in partic-
ular, unity. Then the ratio of the output voltages of
the second harmonic to the fundamental is

G B(2ke) |
Ry T 0y J4(2kE) (5)

If the series expansion of the Bessel functions is used,
the ratio is
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This series converges for amplitudes less than the
first zero of J4 which is about 1920 A. The con~
vergence for larger values has not been investigated,
but this is of no concern because larger values of
amplitude can be covered by conventional optical
methods.

If the 6328 A line of a He-Ne laser is used, the
error in dropping all terms of the series after the
first is leoss than 1% for vibration amplitudes less
than 240 A, If the first two terms are used, a cubic
equation has to be solved and the error is less than
1% for amplitudes less than 700 A. Similarly, when
using three terms and a slightly more complicated
computer program, one can solve the fifth degree
equation and find that the measuring range goes up
to 1900 A within an accuracy of 1%. This provides
a considerable overlap with presently used methods.
However, for the experiments done to investigate
the usefulness of the theory, only the first order
equation

X2 G
TG Ryy (7

was used. The experimental setup is sketched in
Figure 19. An oscillator drives a shaker whose
vibrations are sensed by the laser-type interferometer
and transformed into current by the photomultiplier.
The photocurrent is analyzed by tracking filters that
are synchronized from the oscillator, and the ampli-
tude ratio of the second harmonic to the fundamental

is obtained. To overcome difficulties in the zero

drift of the shaker, an automatic feed-back mechanism
is considered, the principle of which has been proved
to work in manual operation.

It is felt that the uncertainties in vibration cali-
brations using this method would be about 2%.

Some preliminary results are given in Figure 20.
This is a double logarithmic plot taken over four
decades of amplitudes at 2 kHz. The abscissa is the
shaker voltage, which can be agssumed to be linear
with displacement. The ordinates of the lines with
the slope of one are the accelerometer output and the
fundamental component of the photocurrent Eq(x).
The ordinate of the line with the slope of two is the
component of the photomultiplier current with the
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second harmonic Ey(x). The ratio of the component
of the photomultiplier signal at the second harmonic
of the vibration frequency to the component at the

fundamental vibration frequency 5283 is also shown
1

with a slope of one. Figure 21 shows the result of
similar measurements at 1 kHz. These data show
linear relationship, which confirms that the experi-
ment is in excellent agreement with the theory.

The signal of the second harmonic could be
received to an amplitude of 10 A, Below 10 A it was
lost in the noise in the photomultiplier and airborne
sound in the room, Cooling with dry ice and a good
sound insulation improved the measurements. Under
favorable laboratory conditions 5 A vibrations could
be measured. The present main problem is the noise
caused from improper electronics and hardware.
Specifications for tracking filters have been written
and two manufacturers responded positively, We
expect that with improved filters the objective of the
project, measurement and calibration of vibrations
to within 1 A amplitude at 100 kHz, can be reached.
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Whether this method can be used for absolute
calibrations depends on the linearity of the calibration
factor for all lower amplitudes, once the system had
been calibrated with a conventional method at 800 A
(in the first maximum of the first order Bessel Func-
tion), Itis reasoonable to assume that the calibration
factor holds to 1 A amplitude or even below because
this method has the advantage that it requires only
the ratio of two calibration factors to be linear over
the range of amplitudes rather than the absolute value
of either, and this linearity has been demonstrated in
Figures 20 and 21.

On the other hand, the availability of the calibra-
tion method using the Mossbauer Effect gives for the
first time an independent, nonoptical way of verifying
the accuracy of the optical calibration method, The
two methods provide cross-checks that guard against
systematic errors in either calibration method. In
fact, several organizations from government as well
as from private industry requested information about
this unique possibility of cross-checking the interfer-
ometer with an independent, nonoptical method.

The National Bureau of Standards is working on
a meothod that provides vibration calibrations below
800 A. This is accomplished with an interferometer
in which one light path is extended by multiple reflec-
tions between a stationary and an oscillating mirror,
thus increasing the sensitivity by the number of re-
flections. As depicted in Figure 22, light from a
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He-Ne gas laser is divided by a beam splitter. The
transmitted beam is reflected from a mirror on the
shake table to an auxiliary, stationary mirror and
back to the vibrating mirror a number of times, and
then to a second beam splitter where part of it is
combined with the reflected beam from the first beam
splitter to form an interference pattern. The con-
venience of the method results from the intensity and
collimation of the laser light. Each reflection pro-
duces a small red spot on the mirror so that the
system can be aligned easily, and the number of re-
flections can be counted easily withcut ambiguity.

The focusing lens is used to insure that the laser beam
is as narrow as possible in the region of multiple
reflections, It expands beyond that region. The
optical attenuator is used to adjust the intensity of the
light reflected from the first beam splitter to match
the intensity of the light from the vibrating surface.
The expander lens is used to set the fringe pattern to
an optimum size and intensity for visual observation.

The folded beam interferometer is used to set
the amplitude of vibration to a known value by the
techniques of interference fringe disappearance. If
the 6328 A line of the He-Ne laser is used, the usual
fringe disappearance would occur at 1211 A. In the
folded beam interferometer, disappearance occurs
at 1211 A divided by the number of reflections.

This method works fine, provided all surface
elements are oscillating in phase. This has been
checked by placing three accelerometers on the shaker
surface and comparing their output voltages on the x
and y plates of an oscilloscope. If all transducers are
oscillating in phase, the display on the scope is a
straight slant line, If they are out-of-phase, the
scope shows an ellipse.

It has been found that up to 30 kHz the shaker is
oscillating in phase all over its surface. At higher
frequencies this is not guaranteed any more; however,
for calibration purposes, certain frequencies where
there is no uniformity in phase have to be avoided.

In a laboratory setup ten reflections could be
achieved, which means that with tgxe He-Ne laser
vibration amplitudes down to 120 A could be detected.

The contract with the NBS contains provisions for
the development of shakers covering a frequency range
up to 100 kHz, but this is not a subject of this paper.
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PARACTOR, A NEW TOOL FOR ACCURATE DC
AMPLIFICATION AND DIGITAL DATA TRANSMISSION

By

Thomas L. Greenwood

INTRODUCTION

Several years ago the Test Laboratory became
interested in the development of an improved digital
data acquisition system in which the analog transducer
output would be converted to digital form in the vicin-
ity of the transducer. Transmitting the data in digital
form will reduce the probability of error caused when
long cable circuits carry analog signals. Contract
NAS8-5439 was awarded to Trans-Sonics, Inc., to
develop such a system using magnetic amplifier tech-
niques in the comparison circuit of a successive-
approximation analog-to-digital converter.

The Parametron, invented by Goto of Tokyo
University and used extensively in Japanese computers
as a logic element, seemed suited to this application,
It has the property of producing oscillations with the
phase depending on polarity of magnetic flux in the
input coil, and can be produced in small physical
dimensions approximating the size of a cable con-
nector. '

PARACTOR RESEARCH AND DEVELOPMENT

Investigation of the Parametron device by Trans-
Sonics, Inc., engineers showed that significant im-~
provements could be made in its operation. The im-
proved Parametron, a form of second harmonic '
modulator, was called the Paractor, for "parametric
reactor. " It was driven by a continuous wave ac, and
developed a large ac output in the form of a self-
oscillation, the phase of which was under the control
of the de input signal. Only two phases could be
generated, 0 and m radians, and these signals could
be used as commands to control the logic steps in the
successive~-approximation technique for analog-to-
digital conversion. The circuit was the super-regen-
erative type in that the phase of the output signal could
not be changed without first stopping the oscillations.

Further improvement indicated that this Paractor,
while exhibiting very high gain, had one property that

was extremely undesirable in the case of the planned
application. This property was that the Paractor
"remembered' large input signals., Any overload of
the control winding caused a zero shift in the Paractor,
which was equivalent to a direct current in the input
winding,

The Paractor circuit was modified to provide
pulse excitation instead of sine wave excitation, and
is now known as the Pulsed Paractor. Its operation
may be described as follows: The coil that carries
the control or input signal as well as the output
pulses is referred fo as the flux coil (Figs. 1 and 2).
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FIGURE 2. PARACTOR MAGNETIC CIRCUIT
The two coils through which the drive pulse is applied
are called drive coils, and the circuit that includes
the drive coils and the apparatus driving the coils is
referred to as the drive circuit. The function of the
drive coils is merely to establish the permeability of
the cores around which the flux coil is wound, To
prevent drive currents from being induced in the flux
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coil, the magnetic material is divided into two cores,
each of which carries a drive coil. The drive coils
are connected so that the drive flux induced in each

of the two cores is in opposite directions. For ex-
ample the upper core might have flux induced in the
clockwise direction while the lower core might have
flux induced in the counterclockwise direction. If
these fluxes are identical, no voltage would be induced
in the flux coil that threads both cores (Fig. 2).

Immediately before the drive pulse is applied,
the cores are in a state of high permeability. Any
signal current flowing in the flux coil will result in a
relatively high flux being induced in the two cores in-
side the flux coil. This flux is caused by the control
signal operating on the high permeability of the cores.
The drive pulses are of sufficient amplitude o drive
the cores into saturation. As the cores saturate, the
instantaneous permeability of the iron decreases and
approaches zero as a limit. As the permeability
approaches zero the flux induced by the control signal
must disappear since the permeability is too low to
support the flux., As the flux disappears, a voltage is
induced in the flux coil as a result of the rate of change
of flux. This voltage is the output signal, the phase
or polarity of which depends on the polarity of the
direct current in the input coil. Rapid saturation is
necessary to obtain a large output. This is accom-
plished by driving the cores with a large current pulse
having a low duty cycle.

The output pulse is prevented from flowing back
into the dc source circuit by the inductor Ly, Re-
setting the cores to a zero magnetic condition is
accomplished by the "kickback" from the inductor Ly
after the drive pulse has decayed to zero. The induct-
ance value is chosen so that the "kickback" is strong
enough to reduce the magnetism of the saturated cores
to zero between each drive pulse. This eliminates the
undesirable "memory' effect that was encountered in
the early prototype models.

The magnetic modulators, or Pulse Paractors,
designed and constructed on Contract NAS8-5439,
have gains as high as 60 dB, and production quality
control may guarantee gains as high as 55 dB. Signals
in the order of 10-15 W in the input circuit have been
amplified to a useful level.

MULTICHANNEL DIGITAL DATA
ACQUISITION SYSTEM

DESIGN OF 120 CHANNEL SYSTEM

The goal of the development contract was a multi-
channel digital data acquisition system, and after the
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Pulsed Paractor was developed to a point where its
usefulness was demonstrated, specifications were
written for a 120 channel system with magnetic tape
recording,

The original concept of an improved system was
to accomplish the analog-to-digital conversion as
near to the transducer output as possible. The digital
data could then be transmitted fo any distance without
degradation. Present analog-to-digital conversion
systems, which include several hundred feet of wire
conducting the analog signals to the conversion equip-
ment, suffer degradation of the analog signal as a
result of noise and other disturbances in the wire.
The system concept provided for the conversion
function to be accomplished in a circuit that has the
comparator within a few inches of the transducer out-
put terminals. The comparator-logic loop could be
as much as a few hundred feet long without affecting
the operation, as the logic signals are in digital form
and would not be degraded by the wire link circuif.
Thus, the comparator could be a small size suitable
for mounting in the same environment as the trans-
ducer, and the logic circuit could be some distance
away in a sheltered location.

DEVELOPMENT OF COMPARATOR CIRCUIT

Development of the system proceeded along these
lines, and a prototype -with a signal channel was suc-
cessfully operated: However, it was realized that
serious problems in the transmission of logic signals
to the comparator would have to be solved if a system
for a large number of channels could be designed.
This circuit is shown in Figure 3. The bandwidths
required might be in the order of 1 MHz. It was de-
cided to try another approach. Figure 4 shows a
circuit in which the feedback "balancing' voltage from
the logic circuits is transmitted as a narrow band
signal. However, this still required that the Paractor
pulse output be transmitted over a wide band circuit.
Further improvement in operation was obtained by
using the circuit in Figure 5. The Paractor pulse
output is integrated and sent to the logic equipment
as a narrow band signal, This signal controls the
decision-making function in the logic circuits, and
the logic output signals are sent as narrow band
voltage steps to the comparator input circuit to pro-
vide a potentiometric measurement of the input signal.

This comparator circuit provides all the func-
tions and advantages as the original circuit concept.
It transfers a high level replica of the input signal,
through a tight feedback loop, to a convenient point
for analog-to-digital conversion.
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DESCRIPTION OF THE SYSTEM signals are +5 V fixed fullscale range, and a variable,
fullscale range from 10 to 50 mV, The equipment
arrangement is shown in Figure 6 together with rela-
tive distances between the components of the system.
Figure 7 shows a block diagram of the gystem.

A system was designed and constructed for 120
channels, using the comparator circuit described
above, each channel being sampled 20 times per
second with a resolution of 1 part in 2000. Input
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The comparator unit includes a Pulsed Paractor,
a pulse oscillator for driving the Paractor coils, an
integrating amplifier, and resistance network for the
feedback voltage providing the potentiometric meas-
urement. This is encased in an environment-proof
cylindrical enclosure of 3.3 em (1. 3 in.) diameter
and 20, 3 cm (8 in.) length. Cable connectors are
provided at each end.

Logic confrol, power supplies, and visual digital
monitors are provided in equipment racks suitable for
mounting in the instrument room of a test stand, or
other shelfered place. The digital signals are trans-
mitfed over two shielded twisted pairs to the recorder,
which may be as far away as 2 miles. At the record-
ing location, which could be a blockhouse, is the mag-
netic tape recorder, visual digital monitor, paper tape
perforator and Flexowriter for printout. The magnetic
tape recorder is the incremental digital type, which
uses tape only when recording digital pulses, and
produces IBM compatible tape recordings. The sys-
tem has been checked out at Marshall Space Flight
Center and has been put to use gathering data in Test
Laboratory operations.

ADDITIONAL APPLICATIONS

Besides attaining the goal of the contract, the

development of the precision comparator circuit

gave promise of other applications in the instrumen-
tation field, Transg-Sonics, Inc., packaged the new
comparator circuit in a single enclosure as a '"Pre-
cision dc Amplifier' using the circuit shown in Figure
8. This is essentially an electronic-servo-balanced
potentiometric measuring system, similar in technique
to a servo-bhalance strip-chart recorder. The ampli-
fier is designed for input signals in the millivolt
ranges. The output is an optional 5 or 10 V. The
bandwidth extends from 0 to 1 kHz, Provisions are
made for use with various transducers, including
resistance thermometers, strain gages, and thermo-
couples. A regulated power supply and bridge com-
pletion networks are provided for transducer bridge
circuit requirements. Primary power supply require-
ment is 28 Vde., Figure 9 shows the packaged ampli-
fier,

The Paractor input coil, being usually a low
resistance, lends itself to various low impedance
circuits. For example, for strain measurement with-
ouf gtrain gages on the metal skin of a structure like
a missile, electrical connections would be attached at
the corners of a square, with excitation current being
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supplied to opposite corners, and the output reading
would be taken from the other diagonal connections.
This is essentially a low resistance bridge circuit.

Any change in resistance of a portion of the skin,
caused by strain, would change the resistance balance
of the bridge circuit, and the output would be amplified
by the Paractor amplifier, The advantage is that the
Paractor provides its best amplification when the input
circuit is a low resistance.
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FIGURE 8. PRECISION AMPLIFIER USING
PARACTOR

FIGURE 9. PRECISION DC AMPLIFIER
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CONCLUSIONS

The goal of the development contract NAS8-5439
has been attained. A 120 channel digital data acquisi-
tion system has been developed and checked out satis-
factorily, and is now used in Test Laboratory opera-
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tions. A precision dc amplifier with improved char-
acteristics has also been obtained by using techniques
developed for the digital system. Its features of good
stability under unfavorable environmental conditions,
such as temperature extremes and vibration, have been
demonstrated. This amplifier should prove useful in
many instrumentation applications.




