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ABSTRACT

Thermodynamic and related properties of substances important in
current high-temperature research and development activities are
being investigated under contract with the U. S. Air Force Office of
Scientific Research (USAF Order No. ISSA 67-6) and the Advanced
Research Projects Agency (ARPA Order No. 20). This research program
is a direct contribution to the Interagency Chemical Rocket Propulsion
Group (Working Group on Thermochemistry) and, simultaneously, to
other organizations oriented toward acquiring the basic information
needed to solve not only the technical problems in propulsion but
also those associated with ballistics, reentry, and high-strength
high-temperature materials. For given substances this needed basic
information comprises an ensemble of closely related properties being
determined by an extensive array of techniques. Some of these
techniques, by relating thermodynamic properties to molecular or
crystal structure, make it possible to tabulate these properties over
far wider-ranges of temperature and pressure than those actually
employed in the basic investigations.

This report presents a number of new thermodynamic properties
resulting from recent NBS experimental studies and their interpreta-
tion, as well as descriptions of improved measuring techniques in
two areas. Earlier NBS enthalpy measurements on the compound
Be0-Ap03 (0°-1200°K) are extended up to 2400°K, leading to the heat
of fusion and the common thermodynamic properties well into the
liquid range. The infrared matrix spectra of lithium fluoride and
an alkali hydroxide (CsOH), with isotopic variations, have been
obtained and interpreted, yielding the vibrational frequencies.
Lithium fluoride is found as a previously unreported linear dimer
(LipF2 ), and the results for CsOH are consistent with and complement
the earlier NBS microwave results for this molecule. Some preliminary
mass-spectrometric data on beryllium dichloride are given. These
data yield thermodynamic values for the reactions involving BeCis(c),
BeC4p(g), and (BeC4p )>(g). Thermodynamic values for the reactions
involving A4F3(c), ALF5(g), and (ALF3),(g), derived earlier using
precise NBS entrainment data, are revised in the light of new
published information. The volatility of A2F3 is found to be markedly
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enhanced by the presence of ALCL,. After reasonable accounting for
dimer formation, the data indica%e the hitherto unobserved species
ALF,C4 and ALFCLy to be formed in the gas phase and each with a
very small heat effect (+1.0 *0.5 kcal per mol). Studies on the
automation of temperature measurements complement previous studies
on the automation of electrical-energy measurements--all designed
to make low-temperature heat-capacity calorimetry fully automatic.
The development of two refinements in oscilloscopic recording
improve by at least tenfold the previous high-speed-measurement
accuracy for determining specific heats and other properties at
very high temperatures.

BW

Thomas B. Dduglas
Project Leader

//(L/ u /}uaz/%

Charles W. Beckett

Assistant Division Chief for Thermodynamics
Heat Division, Institute for Basic Standards
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Chapter 1

STUDIES ON THE AUTOMATION OF
LOW-TEMPERATURE HEAT-CAPACITY CALORIMETRY.
II. AUTOMATION OF TEMPERATURE MEASUREMENTS

George T. Furukawa and Martin L. Reilly

I. Introduction

In the National Bureau of Standards Report No. 9500 [1]* under the
same chapter title as above, studies on automatic electrical-energy
measurements in high- precision heat-capacity calorimetry were discussed.
A proposed method for the measurements and for automatic control of the
complete calorimetric process was outlined. Only a reference was made
to the existing automatic temperature measurement and recording system
that had been developed prior to the studies on the electrical energy
measurements. In this report, the principles of operation and the
results that can be obtained with our automatic temperature measurement
system will be described.

The complete automatic temperature measurement system that is used
includes the platinum-resistance thermometer [2], automatic bridge for
measuring the resistance of the thermometer, and card-punch equipment
for recording the switch positions of the bridge and other pertinent
data. The data on punched cards are analyzed by means of high speed
computer techniques. Since platinum resistance thermometers and card-
punch machines are standard commercial equipment and the information
on them are readily available, no further description will be made of
them. The discussion to follow will center largely on the automatic
bridge and the results of computer reduction of the data that can be
recorded with the bridge.

II. General Specifications of the Automatic Bridge

The automatic bridge was developed and constructed for us according
to the performance specifications needed to meet the requirements of an
automatic temperature measurement system. The precision and accuracy
were to be comparable to the best manual equipment used for temperature
measurements in calorimetry. The development of the automatic bridge
was a part of our program to automate low-temperature heat-capacity
measurements.

5 Numbers in brackets indicate the references given at the end of this
chapter.
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The development of the bridge was considered the most important
tlink" in our automation program. This is well exemplified in the pre-
vious report [1] by the discussion on the application of time-tempera-
ture measurements to calorimetry. The bridge has now been tested and
used for about two years. Some relatively minor modifications have
been incorporated during this interval in the mechanical features and
the bridge logic. The results obtained with the automatic bridge have
been found to be as reliable as those with the best manual bridge. The
ability of the bridge to make continuous and prolonged measurements
has been useful in re-examining the design of the calorimetric equip-
ment now in use. The heat capacity measurements that have previously
been reported on AJZHC % BeO’AJLzOB, BeO'3A1«203, and Be N, were made
using the automatic b;idge.

The bridge description to follow is in part a condensation of
the reports submitted to us by the contractor that developed the
bridge. The arrangement of their reports has been changed to blend
with the description of the results obtained by us.

II.1 Symbols, Abbreviations, and Definitions

The symbols, terminology, and abbreviations used in this report
are defined in this section. The descriptions of some of the operating
logic of the bridge are also given here. Some of the definitions of
symbols or terms used in equations or in figures are given immediately
following the equation or the reference to the figure, or incorporated
in the figure.

rate = the change in resistance with respect to time of the
thermometer or of the bridge. The resistance changes
made with the automatic bridge are incremental.

BR = the bridge rate, AR,/T,, where AR, is the resistance
increment (step size) Correspond to the BR,.
Similarly, Ty is the period of a bridge cycle, the time
interval between each resistance step, corresponding to
the BR,. The automatic bridge has at present 1l different
BR's identified by mumbers 1 through 11, BR No. 1 being
the highest bridge rate and No. 11 the lowest. The bridge
rate may be defined also by: BRy = ARy x BCy, where
BC4 = the number of bridge cycles per second or the number
of resistance steps per second, corresponding to the BR4.
A multiple contact stepping switch controls the automatic
selection of the bridge rate and the corresponding bridge
logic and periods of the bridge cycles.

<

R P ——
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f step = the change by a resistance increment effected by
changing switch positions. (See Figure 3.) A down
step (decrease in bridge resistance) is made when the
detector output is minus (-) and up step (increase in
resistance) is made when the output is plus (+). The
step size in certain bridge rates can be 1x, 2x, or 5x
the "decade" being stepped. When a particular switch
position is "zero" and when the detector output is minus,
a "ecarry" circuitry causes the down step resistance
increment tc occur in the prevailing decade (i.e., 0-1 = 9,
3 0-2 = 8, or 0-5 = 5) and a down step by one unit in the
next higher decade. Similar carry action occurs whenever
the switch for the decade is down stepped through zero;
€egey 1-2 = 9, 4-5 = 9, ete. In an up step decision, the
corresponding carry action occurs whenever the switch for
the decade is up stepped to or through zero (i.e., 9+1 = O,
942 = 1, 845 = 3, etc.).

ﬂ

44,
HUAL

bridge cycle = the time interval between the completion of the resist-
ance steps. A bridge cycle includes the following logical
operations:

1. Apply voltage to the bridge and allow the detector
enough time to sense the unbalance. The detector time
is increased with the decrease in the bridge rate in
order to make accurate decisions on the decreasing un-
balance signals that are associated with the decreasing
bridge rates. (See section II.2.)

2. Sample and store the sense of the detector output and
remove the voltage from the bridge.

——— — e — ——
3 i

3. Apply the sense of the detector unbalance to the
various logic elements to make a decision on the
bridge rate, readout or clear buffer, and thermometer

l connection.

L. Make resistance step in accordance with the sense of
the detector unbalance.

repeat = the unbalance detector output in the same sense as that of
the preceding bridge cycle. The count of successive re-
peats is stored for logic operations. Any subsequent
f reversal resets the repeat count to zero. The count of
\ repeats is also reset to zero after a reverse thermometer
connection or a shift in the bridge rate is made.

| p——
-

> -
Bt




reversal =

upshift S o=

downshift =

\

the unbalance detector output in the opposite sense from that
of the preceding bridge cycle. The count of successive re-
versals are stored for logic operations. A single subsequent
repeat resets the reversal count to zero only if even numbers
of successive reversals occurred Jjust previous following the
last repeat. (The reason for this is discussed in section
II.3 on bridge logic.) If the first repeat does not reset
the reversal count to zero, the next repeat (consecutive)
will reset the count to zero. The count of reversals is

also reset to zero after a shift of the bridge rate.

the change from a given bridge rate to the next higher
bridge rate. The upshift logic is controlled by the count
of successive repeats of the detector decisions and the
repeat count for upshift preset on the bridge controls.
Whenever the upshift logic condiction is met by the count

of repeats, the resistance step for the bridge cycle is made
in accordance with the sense of the detector output after
the upshift.

the change from a given bridge rate to the next lower bridge
rate. The downshift logic is controlled by the count of
successive reversals of the detector decisions and the re-
versal count for downshift preset on the bridge controls.
(See the definition of reversals for the special case of
counting the number of successive reversals. See also the
definition for reverse connection of the thermometer for

the effect of the downshift logic condition when the
thermometer is in the normal and in the reverse connections.)
Whenever the downshift logic condition is met by the count
of reversals, the resistance step for the bridge cycle is
made in accordance with the sense of the detector output
after the downshift.

repeat count for upshift:

preset count placed on the bridge controls. When the count
of successive repeats reaches this count, the bridge rate is
upshifted to the next higher bridge rate.

reversal count for downshift:

preset count placed on the bridge controls. The downshift
logic condition is met when the count of successive
reversals reaches this number.

;_
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balancing resistors =

the resistors switched to achieve an effective bridge
resistance equal to the thermometer resistance. The
resistance values that can be switched are:

2

0to9x 10>, 0to9x107%, 0to9x 107, 0to9x 1072,
0to 9 x 102, 0to9x10° 0to9x 10%, and 0 to L x 10°
ohms. In the lower decades step sizes of 2x and 5x the
decade units are also made.

3

4

compensating resistors =

the resistors switched to equalize the thermometer lead
resistances. These resistors are switched only during the
reverse thermometer comnection. (See the section on bridge
circuitry and switch arrangement for the discussion on how
the thermometer lead resistances are made equal.) By
equalizing the thermometer lead resistances, the readings
obtained with the normal and reverse coinnections of the
resistance thermometer are made the same. The resistance
-. values that can be switched are:

0to9x107, 0to9 x 10, 0409 x10 and 0 to § x 1072,

These resistors are of equal high quality as those of the
corresponding balancing resistors.

normal connection =

the resistance thermometer, one of its leads, and the compen-
sating resistance elements are connected in series in the so-
called unknown arm of the bridge. The other lead is in series
with the balancing resistance elements. The compensating
resistors are not switched in this connection. (See Figure 3.)
Normal connection is designated by the subscript N.

reverse connection =

the compensating resistance elements and the thermometer lead
that was connected to the unknown arm of the bridge while in

the normal connection are now connected in series with the
balancing resistance elements. The lead that was connected

in series with the balancing resistance element® while in the
normal connection is now connected in series with the resist-
ance thermometer in the unknown arm of the bridge. (See Figure 3.)
The compensating resistors are now stepped in the same sense

and bridge rate as the balancing resistors. In the reverse
connection, the bridge rate is, therefore, effectively twice that
of the corresponding normal connection. The process of switching

5
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from the normal to reverse thermometer connection is referred [7
to as thermometer reversal. This is to be distinguished
from the reversal of the sense of the detector output or that
of the resistance step. The reverse connection is made only i
: when the bridge balance has progressed to the 0.0l ohm steps [
and smaller. When the bridge is in normal connection and
the bridge rate corresponding to 0.0l ohms and smaller are
being stepped, the downshift logic condition causes the bridge i
f to be first switched to the reverse connection in the same
bridge rate number. When the downshift logic condition is met
- in the reverse connection, downshift is made to the next lower
bridge rate and the normal bridge connection is made. When the
bridge is in the lowest rate (rate No. 11) with the thermometer
in reverse connection, the downshift logic condition will cause [

badada s b

p—

the normal connection in rate No. 11 to be made. Reverse
connection is designated by the subscript R.

bridge quantities = {

those quantities associated with the bridge that are necessary =
to record to make an intelligent analysis of the bridge
actions and of the magnitude of the thermometer resistances. :
The quantities that may vary from one bridge cycle to the L
. next are:

a. balancing resistors
b. compensating resistors —
c. thermometer connection (normal or reverse)

d. counts of repeats and reversals ) l
e. bridge rate e
fo upshift or downshift

g. detector output (+ or -) 54,

h. running clock time

Those quantities that are settable for the control of the bridge
or for identification are: l_

a. repeat count for upshift

b. reverse count for downshift
c. readout criteria

d. thermometer current

K
e. bridge zero
f. date
g. experiment number

 S—

bridge readout criteria =

bridge conditions or quantities that are variable from one bridge 4
cycle to the next that are used to control the time of readout o ,
of the various bridge quantities. The criteria that can be
selected are:

X,




a. whenever the repeat count for upshift is met.
b. whenever the reversal count for downshift is met.
ce. whenever the "downshift" condition for thermometer
reversal is met. (See reverse connection.)
de whenever the count of reversals of 2,3,5,7, or 9 is reached.

o [ A

The logic test for the above readout criteria is made
immediately after the detector decision. (See bridge cycle.)
Except for the sense of the detector output and the bridge
rate number, the quantities that are transferred to the
buffer are, therefore, the prevailing quantities. Any
combination of the above readout criteria can be set on the
bridge controls.

m

bridge point =

bridge resistance expressed by the relative switch location
corresponding to a bridge rate. A series of bridge points
are required to determine the resistance of a thermometer.

point palr= average of the best values of thermometer resistances at a
particular time in the reverse connection and in the following
normal connection in the next lower bridge rate. The values
of the compensating resistors are the same for this pair.

Five or more bridge points are deduced from the bridge read-
ings to establish the best value of the thermometer resistance
in the reverse and in the normal connections. The point pair
is the average of these two values at the mid-time of the
values. (See section II.3 on bridge logic.)

When the reversal count for downshift is met in the reverse
connection in the lowest bridge rate (rate No. 11), the normal

i connection in rate No. 11 follows. (See definition for

4 A0

— —

reverse connection.) The most significant and useful bridge
readings are obtained when the reversal counts for thermometer
7 reversal and downshift are met. Readout criteria for these
l logic conditions have, therefore, been used in our heat-
capacity measurements. The value of five for the reversal
count for downshift has also been found most suitable from

i experience.
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II.2. Bridge Rate

As discussed in the introduction of the previous report [l], the
heat capacity is determined from the observations of a series of tempera-
tures and known electrical-energy input. Perfect thermal isolation is
not achieved even in the best calorimeter design. The heat leak is
determined from the observed temperature drifts (temperature observa-
tions as a function of time) of the calorimeter. The temperature change
corresponding to the electrical energy introduced is determined by
extrapolating the steady-state temperature drift observations obtained
during the periods before and after heating to the mid-time of the heating
interval. The temperature change determined by this process contains the
corrections for the heat leak.

The bridge must be designed to track the thermometer resistance as
closely as possible within the ability of the detector to sense the
unbalance between the bridge and the thermometer resistances and within
the electro-mechanical limitations of the various components used.

With every thermometer-resistance rate there is an optimum bridge track-
ing rate. It 1s not possible to track all rates of the resistance
thermometer to within the smallest step size of the bridge. Also a
continuous range of bridge rates to fit the possible resistance-thermom-
eter rates” that may be encountered is not practical. The following
eleven sizes of resistance steps and the corresponding periods of the
bridge cycles associated with the steps have been selected for the
present. (See definition of bridge cycle.)

Table 1. Bridge Rates

Bridge Size of Period of
Rate Resistance Steps Bridge Cycle
i ohms secs.
1 100 0.333
2 10 0.333
3 1.0 0.333
L 0.1 0.333
5 0.01 0.333
6 0.002 0.733
7 0.0005 1.133
8 0.0001 1.133
9 0.00005 2.033
10 0.00002 2.833
1 0.00001 3.633
8
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Each bridge rate can track, within the resistance step, the thermom-
eter resistance changing between certain limits. These limits (critical
rates) are defined by the repeat count for upshift and the reversal count
for downshift preset in the bridge controls.

In Figure 1 are shown for illustration the thermometer resistances
by the thin lines and the maximum bridge rate (successive repeats) by
the bold lines. The bridge resistance points are indicated by the various
symbols shown. The critical rate for upshift of a drifting thermometer
resistance may be analyzed by reference to Figure 1 as follows. Consider
the portions of Figure 1 labeled upshift limits. Two critical rates are
shown corresponding to repeat counts of L4 and 8 for upshift. The thermom-
eter resistances are drawn from one bridge resistance point to another
(point A to B). The thermometer resistance is increasing at such a rate
that at the first bridge resistance point A (shown to intersect) the
thermometer resistance is less than the bridge point so that in the pre-
vailing bridge cycle the detector makes a down step decision and at the
other end B of the bridge resistance curve (shown to intersect the bridge
resistance point) after U-1 repeats , the the thermometer resistance is
higher than the bridge point so that in the prevailing bridge cycle
the detector makes an up step decision. The critical rate for upshift
for the drifting thermometer resistance is given by the slope:
BR; x (U3-1)/(Ui+l), where Uj is the repeat count for upshift preset in
the bridge control logic for the ith bridge rate BRy.

The critical rate for downshift for a drifting thermometer resist-
ance is also given by the slope: BRi/Di, where Dy is the reversal count
for downshift preset in the bridge control logic for the ith bridge
rate BRy. (See thermometer resistance lines labeled downshift limits.)
The upward drift of the thermometer resistance is low enough that at
the beginning (shown to intersect with the first bridge point x) the
thermometer resistance is larger than the first bridge resistance point
and after D-1 reversals the resistance is smaller than the bridge
resistance point y.

The corresponding analysis applies for downward drifting thermom-
eter resistance. (See lines associated with primed letters.) The
counts U and D will be referred to as the critical counts for upshift
and downshift, respectively. To avoid unnecessary shifting of the bridge
rates, the counts U and D are adjusted so that the critical rate for
upshift of one bridge rate overlaps the critical rate for downshift of
the next higher bridge rate; i.e.,

BR, 4 X (Ui+1-1)/ (Ui+1+1) s BR,/D,

or

BBy 5 D, (Uy ,1-1) A3
BRi TU1+1+1)
9
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II.3. Bridge Iogic

The bridge logic is built around the sense of the detector unbalance;
the magnitude of the unbalance is not applied in the design. The count
of the prior bridge decisions is used to change the bridge rate or the
thermometer lead connections to the bridge. Each detector decision is
either a repeat or a reversal of the previous decision. A continuous
series of repeats indicates that a higher bridge rate is needed for track-
ing. A continuous series of reversals indicates that the thermometer
resistance is bracketed and that better tracking can be done at a
lower ‘bridge rate.

When the thermometer resistance is the same or very close to that of
the bridge, the sense of the detector output becomes random. The likeli-
hood of attaining the downshift logic under these condictions becomes
small. To allow for this case the reversal counter is not always reset
with the first repeat. (See section II.1 on the definition and counting
of reversals.) :

Referring to Figure 2, the straight lines indicate the thermometer
resistances and the circles are the successive bridge points with in-
creasing time. The relative levels of resistances are designated by
.letters for case 1 where the thermometer resistance is constant or very
slowly drifting. In case 1, for points at level c, the bridge and
thermometer resistances are about the same so that random detector
decisions can be expected and the sense of the detector output could
equally be plus or minus. For points at levels b and d, however, the
sense of the detector output will cause the bridge to step in the right
direction. Under such conditions the bridge points obey the following
two rules: (a) every repeat is preceded and followed by two equivalent
reversals (i.e., there are no successive repeats) and (b) every reversal
made to bridge points b and d is followed by another reversal to point
c. There are two possible types of reversals: cbcbcbc... and cdedecdc...,
and two types of repeats: dcb and bcd. For the two types of repeats,
the bridge point patterns cdcbc and cbede must exist (rule a). From
point c, the detector output will initiate a step to point b or d. If
it is a repeat condition, then the two repeats are separated by a single
reversal. If 1t 1s a reversal condiction, then another reversal to
point ¢ must occur (rule b). Any two repeats can, therefore, be sepa-
rated by only odd number of reversals for case 1. In order to accumulate
enough counts of reversals for downshift, the reversal counter is, there-
fore, not reset for the first repeat unless the number of reversal since
the Just previous repeat is even.

In cases 2, 3 and L where the thermometer resistance is drifting
slowly enough that there are no consecutive repeats and every repeat is
preceded and followed by at least one reversal, bridge point patterns
containing even number of reversals between repeats must exist in order

1




Case 1, 0dd number of reversals between repeats

e
d
c o o o o o
b
a

o o () o
() (<) () 0

o o o o o
constant thermometer resistance

s

o 2 reversals
between repeats

\Y4 L reversals
ARi between repeats
A (o)

2, L reversals
o o between repeats

Figure 2
Bridge Point Patterns When Tracking Thermometer Resistance.
Line = Thermometer Resistance
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for the bridge to track the thermometer resistance. If all single re-
peats are separated only by odd number of reversals, the bridge resistance
does not change as demonstrated above for the case 1 of the constant
thermometer resistance. With even number of reversals between single re-
peats the senses of the detector output that initiated these repeats are
the same, and a slowly drifting thermometer resistance is indicated. The
reversal counter is reset on.repeats preceded by an even count of rever-
sals since the last repeat. Since only by downshift can the meaningful

o data be recorded, reversal count for downshift may be reduced to a

3 smaller value for a slowly drifting thermometer resistance even though
this can cause the bridge rate to oscillate between two levels. In actual
practice the drift of the thermometer resistance during the equilibration
period has been found small enough and the bridge fast enough that the
value of five for the reversdal count for downshift ylelds satisfactory
measurement of thermometer resistances to 0.00001 ohm. (See section IV.)

o -

IT.4. Bridge Circuitry and Switch Arrangement

— P— —— T
L ‘ ' 3 el

The arrangement of resistors and switches of the automatic bridge
corresponds to that of the Mueller bridge. The circuitry is shown in
Figure 3. Mercury wetted switches are used for switching the normal-
reverse thermometer connections and the resistance steps corresponding to
, ; 100, 10,1, and O.1 ohms. The 0.01, 0.001, 0.000L, and 0.00001 ohm
: ) decades use the shunted Waidner-Wolff arrangement. These switches have
? I enclosed coin-silver contacts. The 2x and 5x resistance steps that were

—

mentioned earlier are made as illustrated in Figure 3.

; In the Mueller bridge circuitry and switch arrangement the "multi-
i plier arms" have unit ratio, consequently at balance the resistances in
the other two arms are equal. Since the Waidner-Wolff elements can not

: be set to zero resistance, the 0.l ohm decade is placed in the opposite

' arm to balance some of the residuval resistance. The balancing resist-

[ ance is, therefore, increased when the resistance in this decade is de-
creased. Additional resistance is introduced in the unknown arm so that
when all of the bridge dials are set to zero and the connections to the

i unknown arm is shorted, balancing resistor and the unknown arms have as

nearly equal resistances as possible. The deviation from equality is
the bridge zero.

Figure L illustrates the bridge equations applicable to processes
associated with the measurement of a thermometer resistance. The normal
and reverse connections are shown with the thermometer leads and the

t compensating resistors commuted. The ratio arms are also-shown commuted.
The symbols used in the equations are defined in the following table (2).

-~
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NORMAL REVERSE

== DETECTOR »— = DETECTOR o——

All+e) Ali+e)

‘ Rx Lz I‘Z RX
Ai+e)  n+Rutly E(I’) A ri+RptGptly
|
|

A RytL,+C0yt+r, 7 A(I+€) RytLitr

n+Ry+L= (Rx+L2+CN+I’2)(I+€)| (2)) Rx'l' Li+r- (r|+ RR+CR+L2)(|+€)
!

(Rp+Cp-Cy)(1+€)+Ry

i Ry = 2t ~(rp-n)
(3) = B Ry

@) )
(5.) RX=RR+%BI—E"l—(r2-r|)
BRIDGE ZERO: RyHRE  e2n

(6. £ T T ()

Figure 4. Equations Associated with the Mueller Bridge
for Determining the Thermometer Resistance
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Table 2. Definitions of Symbols Used in Figure L.

A = resistance of the ratio arms

= deviation from unity of the ratio of the resistances
of the ratio arms

= residual resistance of Waidner-Wolff elements

= resistance to balance ry

= thermometer lead resistance

= thermometer lead resistance

balancing resistance at balance in normal connection

= balancing resistance at balance in reverse connection

= thermometer resistance

= compensating resistance at balance in normal connection

= compensating resistance at balance in reverse connection

8 T LG O T N A R

- .

Equation (3) holds since the balancing and compensating resistors
are stepped simultaneously in the same sense and bridge rate in the re-
verse thermometer connection only. Equation (5) shows that when at
balance in the lowest bridge rate the thermometer resistance is equal
to the reading of the balancing resistors in the reverse connection
plus the correction for the deviation from unity (e¢) of the ratio arms
and for the bridge zero -(r —rl). The correction term containing the
deviation € is negligible, gince the ratio arms can be easily adjusted
to a few parts in 10 million [3] and R_-R, would at most be 0.00005 ohm
when the bridge balancing process is beigg performed in the lowest
bridge rate. The ratio arms can deviate as much as 1 part in 1000, an
unlikely situation, without significant errors in the measurements.

The bridge zero (eq (6)) is determined by first shorting the
"thermometer connections®" and by obtaining automatically normal and
reverse readings.. (See Figure 3 for the circuitry during bridge
zero determinations.) The correction for the deviation from unity (e)
of the ratio arms is negligible
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II.5. Bridge Readout

On completion of a bridge cycle, some or all of the following
conditions and readings on the bridge are changed: balancing and
compensating resistances, thermometer connection, count of repeats and
reversals, bridge rate, sense of detector, and the running clock time.
A1l of these quantities are visually displayed on the bridge. For
recording purposes the above quantities are first transferred to a
buffer storage composed of mercury relay contacts from which card
punch records are made. The buffer storage is essential, since pre-
cisely timed bridge cycles are used for the different bridge rates.
Unless: the recording instrument is considerably faster than the
shortest bridge cycle, the bridge readings will be altered before the
recording is completed when the recording is made directly from the
bridge. The buffer storage permits the bridge to proceed to the next
bridge cycle while the record is being made. The buffer storage is
cleared during the cycle following the completion of the recording
process. If the buffer storage is not clear whenever a readout logic
condition is reached, the new information is lost and the bridge
proceeds into the next bridge cycle.

The recording of the bridge quantities after every bridge cycle
is not practical or necessary, since there is a certain amount "memory"
in the accumulated count of repeats and reversals. By suitable
selection of readout logic conditions that can be set on the bridge,
about five or more bridge points before the time of record can be
readily deduced from the bridge quantities that are recorded. The
combinations of the following readout criteria can be selected:
upshift, downshift, reversal of thermometer connections, and pre-
selected count of reversals (2,3,5,7, or 9), which may initiate
transfer of the bridge quantities to the buffer storage when the
logic conditions are satisfied.

Other quantities, such as repeat count for upshift, reversal
count for downshift, thermometer current, bridge zero, readout criteria,
date, etc. which do not change, are recorded directly from switch
contacts in which the quantities are preset manually.

Figure 5 shows a "listing" of a series of measurements that have
been recorded on punch cards. Three readings are given per line. The
bridge quantities recorded are defined in the figure. The temperature
drift in a calorimetric experiment is precisely determined from such a
relatively condensed record.

i
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1 BERYLLIUM NITRIDE EMP
NR 32 1645 1800

Ty DATA OF 6/1/66

BOOK 135 PGS 64-68

1ST CALC.

164051504¢692275094N-045 40565040602275094N+045 41035044628276094N-045 5 0601
164105904¢6182750%4R+046 5004105.390275094N-046 50195054376273694R+047 5 0601
1650305054336773694N+045 5039805¢360775694N-046 50493054350774694R+047 5 0601
165110005¢342274694N+046 5114405.346275094R-047 51359054343775094N+047 5 0601
165145005e342774994R+048 5207705.340974994N+047 52145054¢341975094R-048 5 0601
1652280054341575094N+048 52473054340875024R+049 53320054340175024N+049 5 0601
165350305e340425049R-040 54328054340285049N+040 5501205.340245045R+041 5 0601
165553309¢340135045N+140 56075054340155049R-041 57438054340215049N-049 5 0601
165758105¢340165044R+040 5843405,340085044N+140 59146054340185052R-041 5 0601 [
1700163056340215052N~141 01036054340185049R+041 02126054340215049N-041 5 0601
1702489054340195047R+041 03435054340235047N-040 0434505.340305033R+041 5 0601
1705162054340095033N+049 0530405.340245048R-040 06044054340285048N-140 5 0601
1706299054340225041R+041 0731705.340255041N=-041 0757105340245040R+041 5 0601 !
170931605¢340305040N-041 10234054340335036N-049 1032605¢340285031R+040 5 0601 (
1711047056340225031N+040 11274054340265035R-041 12353054340375035N-040 5 0601
1713017056340435041N-049 1320005.340285026R+040 14138054340345026N-040 5 0601
171445005434028502 R+041 1607105434039502 N-140 16326054340335014R+041 5 0601
171720705340405014N-140 1743405.340365006R+041 1816105.340335006N+041 5 0601
1719251056340355008R-041 21383054340415001R-101 2223505¢3404850C1N-040 5 0601
1723281056340474999N-041 2440905434C474995N-040 25036054340434990R+041 5 0601
1726306056340454990N-141 2656005¢340444989R+041 27287054340434989N+041 5 0601
1728014054340464992R=141 29292054340474992N+040 2954705.340454990R+041 5 0601 3
173038305¢340474990N-041 31110054340484991R-041 3206105340524991N+049 5 0601
1732244054340474986R+040 32442054340494986N-040 33057054340554987R-041 5 0601
1733497054340494987N+040 34124054340534991R-041 35287054340564991N-041 5 0601
1735578054340564991R-041 3645005,340574991N-041 37213054340554989R+041 5 0601
1737540054340564989N-141 3823105.340584991R-041 39140054340604991N-041 5 0601 -
1740012056340594990R+041 40339054340584990N+041 4121105.340594991R+041 5 0601
174206405¢340644991N-040 42291054340644991R-041 43123054340664991N-040 5 0601 -
1743406050340624987R+041 4515105434070498TN-041 46110054340734983N-049 5 0601
1746272056340634973R+040 46471054340654973N-140 47097054340694976R-041 5 0601 ¥
1747493056340724976N-040 48177054340684972R+041 49001054340714972N-040
12 3 L n 12
{
10 o
l. hours T« sense of detector output
2. minutes 8. count of repeats 1
3. B8econds and tenths of seconds 9. count of reversals -
4. balancing resistances 10. bridge rate, least signification number shown
5. compensating resistances 11. reversal count for downshift
6. thermometer connection 12. date
e
Figure 5. A listing from punched cards of bridge readouts of a typical
experiment to determine the "final" and "initial" temperatures
agsociated with electrical energies introduced into a
calorimeter. (See reference 1.) e
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Although unnecessary in a heat-capacity experiment [1], bridge
quantities can be recorded to determine every bridge point during the
experiment. Figures 6a through 6i show such a continuous series of
bridge points obtained starting from the foreperiod to the after
period. (For definitions of these terms, see reference 1.) The over-
lapping regions of the figures are shown as shaded areas. The time is
started at the instant of turning on the electrical heater. The
vertical lines drawn upward indicate times at which upshifts occurred
and the dowrward verticle lines at which downshifts occurred. The
filled-in circles indicate normal thermometer connection and the open
circles the reverse connection.

In Figures 6a and 6b, on turning the electrical heater the bridge
operating in rate numbers 11 through 5 are shown unable to track the
rapidly changing thermometer resistance. When the repeat count for
upshift is reached for each of the bridge rates, the bridge is shown to
upshift progressively to higher bridge rates. Starting from Figure 6b
and on to Figures 6c and 6d the bridge is able to track the thermometer
within 0.002 ohm (rate No. 6). The heater was turned off at 600 sec
(Figure 6d). As the calorimeter gradually approached thermal equilib-
rium, the bridge is shown to track the drifting thermometer resistance
(Figures 6d through 6i). In Figure 6i, the bridge is shown tracking
the therménmeter resistance within 0.00001 ohm.

III. Temperatures from Bridge Readout

The resistances are calculated on a high-speed digital computer
from bridge readout data as shown listed in Figure 5. The best resist-
ance corresponding to a given time is calculated from each readout.
(There are three successive records per line in Figure 5.) The best
resistances obtained for the reverse connections and the subsequent
normal connections are paired and averaged, the time corresponding to
the average (point pair) being the mid-time of the two values. The
computer output from such a calculation is shown in Figure 7. The values
in the first set of columns are the readouts in the reverse connection
and are paired with those of the second set in the normal connection.
The values are the same as those listed in Figure 5. The resistances
of point pairs and their corresponding times are listed under "true
readings".

The point palrs are analyzed to calculate the initial and final
temperatures associated with the introduction of a known amount of
electrical energy. Figure 8 shows a computer plot of the point pairs
(zeros) and the values of the initial and final temperatures with their
standard deviations. The straight line through the point pairs is
determined by successively adding point pairs going backwards from the
last four pairs until the standard deviation becomes greater than that
for the last four pairs.
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IV. Conclusion

The automatic bridge and the computer code for treating the bridge
readout data have been successfully applied to calorimetry. The auto-
mation of high precision low-temperature heat-capacity calorimetry is
possible as soon as funds become available for obtaining some of the
commercially available equipment for electrical energy measurements.
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Chapter 2

IMPROVEMENTS IN OSCILLOSCOPIC MEASUREMENTS OF
VARIABLES IN DYNAMIC EXPERIMENTS

A, Cezairliyan, H. A, Berman, and M. S. Morse

Abstract

T;; refinements in oscilloscoplc recording have been made which
improve the measurement accuracy of transient events (where the signals
do not vary considerably with time) by at least one order of magnitude.
The first is a unit for the differential suppression of the incoming
signal by an adjustable amount, and the second is a system by which
time markers are sent to every oscilloscope at adjustable time intervals
simultaneous with the actual incoming signal. Experiments were conducted
to assess the operational characteristics of the system., The value of
a test resistance determined under transient couditions (millisecond
time resolution) was compared with its resistance under steady-state
conditions. The agreement was in the range 0.0l to 0.1 percent

depending upon the level of suppression.

1. Introduction
Oscilloscopes are used for the recording of high-speed events; such
as transient voltages, etc., resulting from capacitor discharge, pulse,
or similar dynamic experiments. However, oscilloscopes in themselves
are not accurate recording instruments., Under the most favorable con-
ditions, that is, with adjustments for linearity and calibrations made
prior to the experiment, the accuracy of the recorded variable can at

best be one percent. Additional difficulties result when more than one
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oscilloscope is required to record several variables simultaneously.

For example, although the same pulse may be used for triggering all
oscilloscopes, internal electronic components may cause differences

in the actual triggering of the beam, thereby altering the one-to-one
correspondence of the beginning of the trace on the time scale of each
oscilloscope. Also, non-linearities of the time scale of different
OScillbscopes can contribute an error in locating corresponding points
on different oscillograms,

‘In connection with the high-speed thermodynamic measurements system
being developed at the National Bureau of Standards, two refinements in
oscilloscopic recording have been made which have improved the accuracy
of measurement of transient events by approximately two orders of
megnitude. The first is a unit for the differential suppression of the
incoming signal by an adjustable amount, and the second is a system by
which time markers are sent to every oscilloscope simultaneously with

the actual incoming signals.

2. Description of the System

a. Differential Suppression

For the high-speed recording of transient varisbles, the voltsge
leads are fed differentially to the oscilloscope input to compensate for
the induced voltages in the signal carrying lines and to avoid grounding
difficulties. The commercially available suppression preamplifiers are
for single inputs only. Therefore, a special suppression unit was

constructed, which is placed between the signal line and the preamplifier,
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The maximum level of the suppressed voltage may vary depending on the

recorded variable, The circuit diagram of such a differential suppression

unit designed for a maximum suppression of approximately 9 volts is given

¥

in Figure 1.
It must be noted that a voltage suppression is effective only in
cases where the portion of the transient voltage to be examined does not

vary cénsiderably with time; in other words, when the waveform is of

e e

rectangular or flat trapezoidal shape. Such voltage suppression units

are being used in connection with dynamic experiments where heavy batteries
are used as a pulse power source in order to heat conductors to temperatures
close to their melting points within less than one second. In this case,

a nearly flat topped current pulse flows through the specimen. In such

experiments it has been possible to suppress 90 to 99 percent of the
incoming voltage signals. Since the suppression voltage is constant, it

can be measured very accurately under steady-state conditions by a

potentiometer. Therefore, the oscilloscope inaccuracies are applicable
only to the unsuppressed portion of the signal, ’

b. Time Synchronization

In order to synchronize the operation of all the oscilloscopes, it l_
is not sufficient to use a single trigger signal. The most effective
way of insuring a one-to-one correspondence between the simultaneous l-
points on the traces of every oscillogram is to provide a means of making l
the same time signals on every oscillogram during the transient experiment. i
A modified time-mark generator is used to achieve this. Its output is fed -
into the oscilloscope vertical amplifiers and provides small, sharp dots
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