MBL/WHOI

A A

0 0301 0092735 b

WHOI-76-94

ACCURACY OF TEMPERATURE MEASUREMENTS

WITH THE VACM

Richard E. Payne, Alvin L. Bradshaw,
~Jerome P. Dean, Karl E. Schleicher

WO00DS HOLE OCEANOGRAPHIC INSTITUTION
Woods Hole, Massachusetts 02543

October 1976
TECHNICAL REPORT

Prepared for the Office of Naval Research under
Contract N0O0014-76-C-0197; NR 083-400.

Reprocduction in whole or in part is permitted
for any purpose of the United States Government.
In citing this manuscript in a bibliography,

the reference should be followed by the phrase:
UNPUBLISHED MANUSCRIPT.

Approved fer public release; distribution un-
limited.

Approved for Distribution deetz'\- 9&&"”‘.% J‘Q

William J. Schmitz, Jr., Acting Chairman
Department of Physical Oceanography




Table of Contents

1. Introduction

2. V/F Converter Operation

3. V/F Converter Calibration

4. Thermistor Calibrations: Methods and Facilities

5. Thermistor Calibrations: Results

6. Temperature Accuracy and Precision
A. NBS Intercomparison
B. IWEX Intercomparison
C. Mooring 551 Intercomparison
D. Error Analysis

Appendices

I. Some Useful Numbers
ITI. CALIBB Program

III. CALCOLIN Program

Page

10

19

23
26
33

36

42
44

71



Preface

For the past five years the Buoy Group at Woods Hole Oceanographic
Institution has included temperature as one of the variables recorded
in its current meters. These measurements began with the first success-
ful deployments of Vector Averaging Current Meters (VACMs) in 1971.
Circuitry designed for making highly accurate temperature measurements
has been included in all the Buoy Project's VACMs. During the past year
we have begun to add similar circuitry to the EG&G 850 current meters.
This report is intended to describewhat we have learned about making
water temperature measurements with VACMs.

Among the authors, K. Schleicher and A. Bradshaw are responsible
for thermistor calibrations, J. Dean for quality control of VACM main-

tenance and calibration work, and R. Payne for data analysis.
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of thermistors for us to provide an independent check of our calibration

facilities.



1. Introduction

The Vector Averaging Current Meter (VACM) was designed several years
ago by engineers at the Woods Hole Oceanographic Institution in response
to the needs of scientists associated with the Buoy Project at that
Institution. After the first few prototypes were built and tested the
design was turned over to the AMF Electrical Products Division of Alexandria,
Virginia which builds and sells the instrument. Included in the original
design and in the standard instrument sold by AMF is circuitry capable of
making accurate temperature measurements. This report describes calibration
techniques we have found effective for both sensor and electronics as
well as evaluations of the performance of the two components independently
and as a system.

System description

A thermistor is mounted in the lower plate of a chassis assembly
which, in turn, is mounted on the end plate of the pressure housing of
the VACM. An electrical current through the thermistor is sensed by an
electronic circuit which provides a series of pulses whose rate is pro-
portional to the current. These pulses are summed, typically, over a
15 minute interval and the total recorded as part of the VACM data record
on a magnetic tape cassette. This arrangement allows true time averaging
of the thermistor resistance over the entire recording interval. For
most oceanographic applications this is equivalent to a time average of
temperature. This technique has been used since about 1971 and has
proved to be quite reliable and accurate.

The standard VACM uses a Yellow Springs Instrument Corp. (YSI)
thermistor, part #44032, with 0.1° C interchangeability. In addition to
these we have recently been using in our routine operations some Ther-
mometrics Corp. thermistors with quite similar characteristics developed
for the Internal Wave Experiment (IWEX). This report will describe results
on the YSI thermistors only since we have accumulated the most experience
with them. The epoxy encapsulated thermistors are potted in an aluminum
screw for attachment to the VACM chassis. The nominal resistance of the
thermistor is 30,000 ohms at 25° C with a temperature coefficient of

-4.5 %/° C.
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The thermal time constant (time required for the thermistor to
sense 63% of a step change in temperature) for the device when installed
in a VACM end cap is a function of water current speed and has been
measured to be approximately 100 seconds for an average current of
14 cm/sec.

We believe that the absolute accuracy of our temperature measurements
in VACMs is better than .0l° C. This has been substantiated by the
intercomparisons described in this report and by analysis of the errors
inherent in the the instrument (Section 6). Thermistor stability and
the practical difficulties of making extremely precise temperature calib-
rations appear to be the limiting factors. Making a series of calibrations
over several years and culling unstable thermistors are necessary for
highest accuracy.

We might point out that making meaningful absolute temperature
measurements with accuracies of .01° C requires stability and accuracy
of depth which strains present day mooring techniques. In the main
thermocline in the Atlantic Ocean the temperature gradient is of the order
of 20 m° C/m. A temperature accuracy of 10 m® C there is equivalent to
a depth accuracy of 50 cm.

There are other reasons for making precise calibration of sensors
and associated circuitry. Currently many of our moorings are out for
periods approaching 1 year. Much of the use made of temperatures, such
as computing low frequency heat fluxes, depends more on the stability
of temperature measurements than on their absolute accuracy. A drift of
20 m° C/year in a thermistor can make temperature measurements well below
the main thermocline virtually meaningless unless it can be corrected for.
Accuracy of drift rate estimates depends on the uncertainty in individual
calibrations and the length of time over which the calibrations have been
made. Doubling the uncertainty in accuracy of individual thermistor
calibrations doubles the length of time over which calibrations must be
made to achieve the same accuracy in drift rate estimates. We find that
a minimum of 3 calibrations over 2 years are required to determine drift
rates to our specifications. Although highly accurate calibrations are
expensive, an increase in calibration period would leave us with virtually

no certifiably stable thermistors.



2. V/F Converter Operation

In the VACM the thermistor is used to vary the electrical current
into a converter (called the voltage to frequency (V/F) converter).
Since the period of the pulse train output of the converter is propor-
tional to the input current, the average resistance (and therefore tem-
perature) of the sensor over a precisely measured time interval can be
obtained by counting the pulses in that interval. The pulses are summed,
typically for 15 minutes. A technical discussion of the circuitry can
be found in the VACM technical manual, AMF Publication #SLS 106-11419,
Section 2.2.1. The technique described has been used since about 1971
and has proved to be quite precise and reliable.

Referring to Figure 1, operational amplifier (op amp), A, and

feedback capacitor, C form a current integrator. Ideally, an op amp

1’
has infinite gain, the input summing points (+ and -) have zero potential
between them, and no current can flow into the input terminals. A stable,
precise reference voltage, V, is applied to RT' the series combination
of thermistor R,t and a fixed precision resistor Rs' resulting in a
current ir - V/RT. Since no current can flow into the op amp, current ir

must flow in Cl and equal if.

Figure 1

V/F Converter
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Periodically, a precise electrical charge, Q, is applied to the
op amp input summing point and is transferred to capacitor Cl' This

charge Q 1is dispensed by i and the time period, P, required to

ff
remove the charge is a function of the current if.
The charge @ accumulated on the precision capacitor C by reference

voltage V is

cv.

Il

Q
The input current flowing in the thermistor is

ir = V/RT.

The discharge of Q by current if in time P is

i_ = Q/P = CV/P.

£
Since
i =1,
then
V/RT = CV/P, or
P=RC= (R + R -
- ( & s)C
The period P is proportional to the total resistance RT' hence
related to the thermistor resistance Rt' Rt is converted to temperature

by substitution into the calibration equation (see Section 5).

Solid state FET switches transfer the charge from C to Cl via

op amp A. After an appropriate interval (nominally 400 microseconds) the

switches reconnect C to V to recharge C. C1 continues to discharge

and after time interval P, Cl is discharged, the switches again trans-

fer the charge on C to the integrator, and the cycle begins again. C
and C2 form a voltage divider to reduce the voltage at the input of A
to prevent driving the op amp input into saturation where it would draw

current.
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Additional circuitry controls the switching and provides closed
loop operation whereby the cycle is reinitialized as soon as the charge
is dispensed. The circuit also provides a slight delay in the switching
(about 10 micro-seconds) to allow break-before-make action of the switches
to prevent loss of charge.

Since the frequency output is a function of the total resistance RT
and the capacitance of capacitor C (P = RTC), the circuit is relatively
insensitive to variations in components in the circuit except for RS
and C. The series resistor RS is chosen to produce a nearly linear
relationship between the current in the thermistor and its temperature.
With this resistor value equal to 37,300 ohms, the current in the ther-
mistor-resistor network is linear with temperature within 1.7% over the
range of 0° C to 30° C. Although the network is somewhat non-linear
temperature excursions in the ocean do not often cause biases in a
15 minute average. The output frequency of the converter is proportional
to current input within .0l1%.

There is a slight error in the period (not exactly equal to RTC)
and is probably due to a finite reaction time of the op amp to the charge
applied at its input. An empirical constant, K, can be determined from

tests, resulting in a more nearly exact equation
P=R C+ K.
i

K has been found to be about 0.5 microseconds for a typical instrument.
The expression for computing thermistor resistance from the period of

the V/F converter output signal is straightforward to derive, if rather

involved. One begins with the valid assumptions that the voltage across

Rt and Rsin Fig. 1 is constant and that the frequency of the V/F converter

is directly proportional to the current through R.t and RS. The resulting

expression is:

R
2)s

‘t = == -
B =%

@ + K
P

|-



where P = T_/N = period of V/F output

S
1 1
K, = (= = WD
1 B, P
R R
R | 2

2 P2(RS + Rl) Pl(RS + R2) /D

and R,, R P

8 | -
V/F calibration points.

P are the input resistances and output periods of two



3. V/F Converter calibration

Since the V/F converter transforms the resistance changes of the
thermistor into electrical signals it is essential that it be calibrated
as carefully as the thermistor. Our calibration procedure is designed
to monitor the long term behavior as well as provide a calibration for a
specific setting of an instrument.

Before and after each deployment the V/F converter is calibrated at
seven precise (.001%) input resistances corresponding to nominal thermistor
resistance values at seven temperatures. The values are shown in Table 1.
The period at the 5° C point is adjusted to read 1820.4 Us at 74434 Q
and the seven periods are recorded again, both at room temperature and in
a cold room at "5° C. A record is made at the periods before and after
adjustment which allows us to monitor the temporal stability of each
converter. The cold room values are used in decoding most data since
they correspond closely to the in situ conditions of the instruments in

typical moorings.

Table 1

V/F Converter Calibration Results

Temperature Input Resistance Period (x 10—6 seconds

0% (@ 94972 Q 2154.871 & 075

5 74434 1820.412 + .004

10 58747 1564.911 * .056

15 46675 1368.2

20 37299 1215.640 * .093

25 29998 1096.765 + .109

30 24269 1003.464 = .127

The period values in Table 1 are the means and standard deviations
of the data points at each temperature for the 175 calibrations investigated.
Only a nominal value has been included for the 15° C point because we
discovered some of the calibrations were made with an incorrectly labeled

precision resistor.



9

The period-resistance relationship is linear. In decoding the data
from a current meter we use the 5° C and 25° C points to determine the
relation. We checked the linearity for 175 calibrations of 45 instruments
by comparing the actual calibration points and the values computed from
the straight line determined by the 5° C and 25° C points. The result
was that, in all but five calibrations, the error introduced by using the
straight line was equivalent to 1 m® C and in those five it was equi-
valent to about 2 m° C inaccuracy in the decoded temperatures.

Using the 5° C and 25° C points from Table 1 the period-resistance

relation is
PER (us) = 608.243 + 0.01628515*R.
A least squares fit of all but the 15° C point yields
PER (us) = 608.231 + 0.01628516*R.

The two equations fit the data equally well. The standard deviation of
the first is 0.013 usec, and of the second, 0.018 usec. The accuracy in
period required for *1 m°® C accuracy in temperature is *0.08 usec at 0° C,
+0.05 usec at 10° C, and *0.03 usec at 20° C.

We have also fit an equation like the first of the preceding para-
graph to the data of the 175 individual V/F calibrations. After sol-
ving each equation for R and subtracting the input resistances we com-
puted an r.m.s. residual for each calibration. The mean of this residual
over all the calibrations is 0.9 ohms. All but three of the residuals
were less ‘than 3 ohms. One ohm represents 0.22 m°® C at 0° C and 0.99 m° C
at 30° C for our standard thermistors.

The calibrations also show that the stability of the V/F con-
verters is such that they will maintain 1 m°® C accuracy over the period

of one year, a stability of 3 parts in 105.
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4. Thermistor Calibrations: Methods and Facilities

All of our thermistor calibrations have been made with the same
variety of equipment: a constant temperature bath, a platinum resistance
thermometer (PRT) and bridges to measure the resistance of both the PRT
and the thermistor. Calibrations began in January 1973. In August 1973
(just prior to batch 11) there was a bath modification resulting in an
improvement in accuracy. In December 1974 (just prior to Batch 45) most
of the system was replaced for some improvement in accuracy and a large
improvement in convenience and speed.

We will describe both calibration systems and the errors connected
with them.
A. System 1. January 1973 - December 1974. Batches 1-10

Figure 2 shows a diagram of the first bath. It was one used pre-
viously (Bradshaw and Schleicher, 1970) but its precision of control
was improved for this application. It consisted of an outer and an
inner bath, both filled with a stirred water-ethylene glycol solution.
The outer bath had heating and cooling coils. The inner bath was heated
to maintain it 1-2° C above the temperature of the outer bath. Within the
inner bath was a kerosene-filled aluminum vessel containing the thermistor
mounting block (see Fig. 3). The kerosene was stirred.

The thermistor mounting block was made from a 10" length of aluminum
hexagonal bar stock 1 1/4" across the flats. The thermistors were
screwed into radial tapped holes in the flat sides, 4 to a side. The
platinum resistance thermometer was mounted in a 3/8" diameter hole drilled
to within 1/2" of the bottom. Mercury was used in the bottom of the well
for good thermal contact.

A guarded Wheatstone bridge, Leeds and Northrup type 4737-A20,
was used to measure thermistor resistance.

A Leeds and Northrup type 8163-C platinum resistance thermometer
was used to measure the temperature of the thermistor mounting block.
The resistance of the thermometer was measured with a Leeds and Northrup
type 8068-B Mueller bridge using a nanovoltmeter as a null meter. The
calibration of the PRT was checked periodically at the triple point
temperature of water with a Trans-Sonic Equiphase type 130 triple point

cell.
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Up to 23 thermistors were mounted in the aluminum block. The
thermistor leads were connected to cables going to the Wheatstone bridge
via terminal strips. The 24th terminal pair of these strips was usually
connected to a pair of bare wires immersed in the kerosene. The resis-
tance of this open line was monitorgd with a megohmmeter as a check on
any condition (contaminated oil, condensation, etc.) which could cause
a significant shunting error in the thermistor resistance measurements.

Resistance of the thermistors was measured in sequence at a set of
temperatures starting at approximately 0° C and increasing in 5° C steps
to 30° C. Voltage across the thermistor was set to correspond to that
appearing in the current meter to avoid differences in power dissipated
in the thermistor. The whole sequence of measurements took 2 or 3 days.

Estimated Random and Systematic Errors of Measurements

During this period (January 1973 - January 1975) a change was made
in the apparatus which affected the estimated precision of measurement.
This occurred in August 1973 when a temperature gradient was discovered
in the oil-filled vessel. From tests made -at this time (by interchanging
the thermistors in the highest and lowest position in a similar mounting
block) the largest temperature difference from the top of the mounting
block to the bottom appeared to be .004° C at a bath temperature of 0° C.
After changing the oil level and introducing baffles inside the aluminum
vessel, retesting showed that the difference, if any, was less than
.001° C. The estimated random error prior to Batch 11 (September 7,
1973) includes a factor based on the larger gradient.

The temperature variation in the water bath due to the control
cycle (= 1 cycle/min) was usually less than 1 m°® C. The oil-filled
vessel further reduced the cycling variation to the order of several
tenths of a millidegree as measured by the platinum thermometer. The
longer term temperature variation inside the mounting block could be
followed by the thermistors and by the platinum thermometer and under
typical conditions did not vary by more than 1 m°® C over the time required
to make all measurements at one temperature point (1 to 1 1/2 hour for

23 thermistors).
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The values of the "a" and "6" constants of the platinum ther-
mometer are traceable to a NBS calibration (see NBS Monograph 126, 1973,
for symbol nomenclature) and its resistance was checked regqularly at the
triple point of water. This resistance changed by the equivalent of
about 2.5 m°® C over the two year period. The Mueller bridge calibration
corrections are traceable to a NBS calibration. This thermometer-bridge
combination was checked in February 1975 against that of a newer Leeds
and Northrup platinum thermometer and Guildline Current Comparator
Resistance Bridge (see section B in this chapter). The temperatures
indicated by the two systems differed by not more than 0.7 m°® C at 30° C.

The warranted (uncorrected) accuracy of the type 4737 guarded
Wheatstone bridge used to measure the thermistor resistances is 100 ppm
at 25° C (equivalent to *2 m® C). The accuracy is derated by 10 ppm per °C
difference from 25° C. Corrections to the bridge dial readings were
found at 25° C using resistance ladders, one element of which had been
measured to an accuracy of 5 ppm. The accuracy of the corrected guarded
Wheatstone bridge readings at 25° C was then taken as about 5 ppm, equi-
valent to 0.1 m° C when applied to the measurement of thermistor resistance.

The corrections described above were used throughout the January
1973 to December 1974 period. In November 1974, they were checked by
measuring the resistances of the Guarded Wheatstone Bridge using a
Guildline Comparator Bridge and Guildline standard resistors. Differences
of up to 20 ppm (0.4 m°® C) were found. These could be accounted for by
the temperature of the Guarded Bridge (23-24° C instead of 25° C) and by
a drift in the Guildline standard resistors; however, this figure, 0.4 m°® C,
instead of 0.1 m® C as found earlier, is taken as the systematic error
associated with the type 4737 bridge.

The first two columns of Table 2 sum up our estimates of the errors
inherent in the VACM thermistor calibration for the calibration system in
use until January 1975.

B. System II. January 1975 (Batch 45) to present

In January 1975 we began using a new set of thermistor calibration

apparatus which has moderately improved the calibration accuracy and

substantially increased the speed and convenience of making calibrations.
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The new bath system consists of a Tronac Model 400 constant tem-
perature bath with a Tronac Model 40 temperature controller. This is
a single bath system making it easier to change the bath temperature
rapidly.

The new thermistor mounting block (Fig. 4) was machined from an
aluminum cylinder, 4 inch diameter by 4 inch long. Six lengthwise,

1 inch deep cuts around the cylinder allow recessed mounting of 4 thermistors
per cut. The platinum thermometer is mounted in a 3/8 inch diameter hole
drilled through the axis of the cylinder. The mounting block is enclosed

in an aluminum housing which is purged with dry nitrogen and hermetically
sealed before being placed in the bath.

The new platinum resistance thermometer is a Leeds and Northrup
Model 8167-25B. 1Its resistance is measured with a Guildline Instruments
Model 9975 thermometer bridge. As used in thermometry, the bridge de-
termines the ratio of the platinum probe resistance and a high precision,
stable resistor mounted in a temperature controlled air bath. As with
the Mueller bridge, a four terminal measurement of the probe resistance
is made and the effect of the thermal emf's is eliminated by current
reversals. Readings can be made in far less time and with greater precision
than with the Mueller bridge used previously.

The rest of the equipment, the Wheatstone bridge and null meter for
measuring thermistor resistance, and the triple point cell, remains the
same as before.

The calibration procedure is the same as before except that the
amount of time required to calibrate a normal batch of 24 thermistors
is now 12 hours or less.

Estimated Random and Systematic Errors of Measurements

During this period (January 1975 to the present) the random and
systematic errors of measurements were estimated to be somewhat less
than in the previous period. They are summarized in column 3 of Table 2.

The mounting block gradient, one of the main sources of error
in precision during the previous period, was improved through the use
of the newer apparatus. A test done in March 1976 which included a
careful measurement of the vertical profile of the temperature along

the axis of the platinum thermometer well as well as the exchange of
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thermistor position indicated a maximum variation of less than 0.6 m° C.

As a result of the improved temperature control of the new bath
the error due to the short term temperature cycling of the mounting
block was estimated to be not more than 0.1 m® C. Actually, much of the
time, the temperature read by the platinum probe did not change during
the scanning of 24 thermistors at one temperature (1/2 to 3/4 hours)
by more than 0.1 or 0.2 m® C. When the drift was larger than this the
tracking of the recorded thermistor temperature and platinum thermometer
temperature was close enough so that the errors were still kept within
the 0.1 m° C figure.

The largest source of error in precision with this new equipment
was due to the drift of the platinum thermometer between triple point
readings. Of course, most of this error can be corrected by interpolating
linearly between check points but since this would have delayed the
processing and reporting of the data it was not done. In the future it
is planned to take more frequent triple point checks to reduce this
source of error.

The random errors due to temperature effects on the bridge used
to measure the thermistor resistances remain the same as in the previous
period. There are no significant temperature effects (< 0.1 m® C) on
the Guildline bridge.

The systematic error of the platinum resistance thermometer is
estimated to be 0.5 m° C from information obtained from the manufacturer
Leeds and Northrup (L&N).

The Guildline bridge error in ratio measurement is certified by the
manufacturer not to exceed *(2 parts in lO7 of reading + 1 step of last
dial). This would cause an insignificant sytematic error in the tem-
perature (< .1 m° C).

The systematic errors associated with the type 4737 bridge and

the triple point cell remain the same as before.
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5. Thermistor Calibration Results

In this section we will describe what we have learned from calibrations
to date of our ¥YSI type 44032 thermistors.

We now own 163 YSI type 44032 thermistors which have each had at
least one calibration. Of these, 69 meet the criteria for being included
in this study, i.e., at least three calibrations over at least two years.

We intend to continue regular calibrations of all our thermistors.

Our analysis of thermistor performance is based on the outputs of
the computer programs CALIBB and CALCOLIN, described in Appendices II
and III. CALIBB fits the resistance, temperature calibration data to
the expression (Bennett, 1972, Steinhart and Hart, 1968)

T ! = A + B&nR + C(&nR)°

by a least squares technique. A residual is computed for each data

point as the difference between the observed temperature and a temperature
computed from the observed thermistor resistance and the A, B, C
constants from that calibration. The r.m.s. value of this residual for
the seven data points in a calibration is printed out in CALIBB and falls
in the range 0-1 m°® C for nearly all of our calibrations. The mean

value for all our past calibrations is .2 m°® C, which shows how well the
above equation fits the data.

Using CALCOLIN we can estimate the rate at which the temperature
indicated by a thermistor is changing relative to the true temperature of
its environment. We should remember, however, that what is actually
changing is the resistance of the thermistor at a given temperature.

Table 3 and Figure 5 sum up the calibration histories of the 69
thermistors with sufficient calibration history. Table 3 lists for each
thermistor, in order of increasing drift rate magnitude, the total number
of calibrations, the elapsed time in years between the first and latest
calibration, the mean drift rate, and the standard deviation about the
mean drift. The drift rate and standard deviation are means over the
least squares fit at each of the seven calibration temperatures and are

computed in CALCOLIN. In this table drift rate has the opposite sign
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from the number in the CALCOLIN output since it is the rate at which
temperature would appear to change if the thermistor were kept immersed
in a bath whose temperature was held constant. Positive drift rate
indicates that thermistor resistance at constant temperature is decreas-
ing with time.

The standard deviations listed in Table 3 show that our calib-
rations are consistent with each other to better than 1 m® C. Standard
deviations are less than this, for the most part, except for the higher
drift rates. There is other evidence for the repeatibility of our
calibrations. Calibration batches 52 and 53 were done within 1 week
of each other and 19 thermistors were common to both batches. The mean
difference between the two calibrations for each of the 19 thermistors
was .3 m° C. The r.m.s. difference was .97 m°® C.

Figure 5 is a histogram of the mean drift rate magnitudes for the
69 thermistors in Table 3. The dividing line we have chosen between
stable and unstable thermistors is arbitrary but can be rationalized.

The absolute accuracy of our temperature measurements is no worse than
10 m° C and may be as good as *5 m® C. For a typical deployment of

9-12 months we would prefer that the thermistor drift be less than

5 m® C so that correction for drift is not necessary. The dip in the
distribution around 3 m° C/year provides a natural place to draw the line.

Since the thermistors we use are standard off-the-shelf units
with no preselection applied we would expect the distribution shown in
Figure 5 to be typical. Thus, in any batch of thermistors we would expect
65-75% of them to have drift rates less than 5 m° C/year and about 10% of
them to have drift rates greater than 10 m° C/year. A few of these
would have drift rates high enough to make them unuseable for any
scientific purpose. We should point out that high drift rates seem to
decrease with time but we will need several more years of calibrations

before we can elaborate on that topic.
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6. Temperature Accuracy and Precision

6. A. NBS Intercomparison

In December 1973 we sent 17 thermistors to the National Bureau of

Standards (NBS) where they were calibrated by Ms. Sharrill D. Wood.
Upon their return to W.H.O.I. in April 1974 they were calibrated by
Karl Schleicher. The results give us a comparison of the results of

our calibration techniques vs. those at NBS.

The thermistors chosen for this intercomparison were of two types,
both preselected by the manufacturer for stability and both purchased
for a special application of the VACM. One type ("5000 series") has
4000 Q2 resistance at 25° C and is used in a differential circuit to
measure the difference in water temperature between the top and bottom
of the VACM, thus giving local temperature gradient (See Section 6. B.,
IWEX). The other type ("6000 series") is different from our standard
YSI thermistor in that it is pretested for stability and has a slightly
different mechanical configuration. Their temperature-resistance
specifications are the same as the standard VACM thermistors, having
30,000 Q resistance at 25° C.

Normal W.H.O.I. calibrations are run with the same current passed
through the thermistor as in the VACM at that temperature so that the
self-heating will be quite similar. For this intercomparison, however,
all resistance measurements at NBS and W.H.0.I. were made with 10 ua
current through the thermistors, substantially lower than normal operating
currents, to give a minimum amount of self-heating.

Table 4 shows the difference in resistance at several temperatures
between the NBS and W.H.O.I. calibrations and the equivalent temperature
difference. The resistances were calculated from the A, B, C constants
(See Appendix II) at the indicated temperatures. The temperature difference
was calculated by multiplying the resistance difference by dT/dR as

calculated from the A, B, C constants with the expression

2
dT _ _ Tabs

2
3R R [B + 3C(4nR) ]

The indiwvidual temperature and resistance differences in Table 4
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appear fairly random. For the most part the r.m.s. differences for

each thermistor are within 5 m°® C. The mean difference is -1.6 £ 3.1 m° C.
This is probably what one should realistically expect for comparisons
between two laboratories and may be indicative of the absolute accuracy

of calibrations at any one laboratory. The standard deviation is
consistent with the scatter we find between several calibrations of a
stable thermistor.

Calibration results of two of the "6000 series" thermistors were
omitted since later calibrations showed them to be drifting at a rate
which would make comparison of the NBS and W.H.O.I. results meaningless.
Four of the thermistors listed were destroyed for testing purposes
after only two calibrations. These were 6003, 6017, 6046, 6118.

These show some of the highest differences for the 6000 series thermistors
in Table 4. Because of the limited number of calibrations we cannot

be sure that the differences were not caused by drift.
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6. B. IWEX

During November 1973 a stable tripod mooring was deployed by the
Buoy Project at 27° 43'N, 69° 51'W in 5455 m water depth. The mooring was
in place for 44 days. On the IWEX (for Internal Wave Experiment) mooring
were mounted 17 VACMs, 9 temperature/pressure recorders, and 4 model 850
current meters. The VACMs were modified to measure temperature difference
between thermistors mounted in pods at the top and bottom of each instru-
ment as well as absolute temperature. Because of the temperature difference
measurements extensive calibration operations were performed. These calib-
ration operations, combined with the stability of the mooring and the close
spacing of a cluster of 7 VACMs at the top, offered an excellent chance to
determine the achievable accuracy in the VACM measurement of absolute
temperature in situ.

Figure 6 illustrates the configuration of the IWEX mooring. The
depths of the levels and the horizontal separations of instruments on two
different legs but at the same level are given in Table 5 as well as the
temperature gradient at each level derived from a mean temperature profile
(Millard, 1974; Tarbell, Briscoe and Chausse, 1975).

Calibrations

The thermistors used in the absolute temperature circuit of the
IWEX VACMs were manufactured by Thermometrics, Inc. Mechanically and
electrically they are quite similar to the YSI thermistors we had used
previously. Instead of being mounted within the current meter, they were
mounted externally in pods to decrease the time constant.

Before delivery the thermistors were stabilized by temperature cycling
and then tested for maximum stability by repeated calibrations at regular
intervals by the manufacturer. In addition, they were calibrated in our
own facility (see Section 4. of this report) before and after the experi-
ment and twice more in the two years since. We have not included these in
the thermistors reported on in Section 5 because of this limited calibration
history.

Because of the stringent requirements of the temperature difference
measurements the thermistor pods were immersed, several at a time, in a
constant temperature bath before and after the experiment for system calib-

ration. The bath was run at 0, 15, 30° C while the thermistors remained
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connected to the current meters. These data were recorded on the IWEX
data tape for each instrument.

The constant temperature bath was a Tronac Model 400, modified by
the addition of one inch of urethane insulation on all sides. The tem-
perature controller was a Tronac Model 40 used in conjunction with an
external cooling unit. These provided excellent temperature control for
the calibrations, maintaining control to within 2 m° C (averaged over
225 seconds) for periods of hours with temperature differences through
the tank of less than .2 m° C. Absolute temperature of the tank was
measured with a platinum resistance thermometer with calibrations trace-
able to the National Bureau of Standards.

The noise level and short-term stability of the instruments, and
the stability of the calibration bath were within design specifications.
As a test five instruments were run overnight in the bath. The absolute
temperatures recorded by the current meters were constant within *1 data
count (*£.2 m°® C) averaged over 225 seconds.

Results

Biases and drift rates of the thermistors were computed from the
bath tests and our standard thermistor calibrations. Bias is the error
in measurement of absolute temperature by a current meter and thermistor
at the time of the pre-mooring bath test. Drift rate is computed from the
difference in error of measurement between the pre-mocoring and post-mooring
bath tests and the pre-mooring and post-mooring thermistor calibrations.
Only two of the seventeen thermistors, those at the positions B2 and C5,
showed significant drift and needed to be corrected but the magnitudes
of these two drift rates, 9 and 11 m® C/month, were surprisingly large
in view of the pretesting performed by the manufacturer.

.Table 6 lists means of absolute temperature for all the levels where
there was more than one current meter. They are listed as ten consecutive
4-day means and the overall 40-day mean. The B2 and C5 temperatures have
been corrected for bias and drift. ©No corrections were required for the

rest of the temperatures.
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In Table 7 are the temperature differences at each level for the
4-day means, the 40-day meat, and the 40-day mean divided by the tem-
perature gradient at that level from Table 5. If we assumed that the
temperature sensors were all perfect then this last quantity would be the
mean depth difference between sensors on one level.

Now look at Table 7 in detail keeping in mind our stated temperature
accuracy of 10 m° C. Sensors Al and Cl are only 6.1 meters apart and the
temperatures agree within, at most, 2 m® C. At level 2, with a separation
of B.5 meters, A2 and C2 agree to no worse than 3 m°® C. B2 is one of the
two thermistors which had a rather large drift rate and is, therefore,
not as reliable as the others. 1In spite of this, it agrees with A2 and C2
within 5 m°® C except for one of the 4-day periods. A4 and B4 agree within
5 m° C. At levels 5, 6, 10 with substantially larger sensor separations
the B leg temperatures are substantially higher than for legs A or C.

To explain this requires that the sensors on the B leg be 1, 2, 3 meters
higher for the 5, 6, 10 levels than the sensors on the other two legs.
Although there were not enough working pressure sensors on the mooring to
define the motions we can rationalize the direction if not the magnitude,
of the leg motions.

Anchors at the base of legs A and C were lined up along a north-
south line. The currents in the top 1500 m were predominantly from west
to east during the whole 40 days. This would cause legs A and C to be
depressed relative to leg B. The current veered somewhat about the easterly
direction with time, however, so we cannot say much about the relative
depths of sensors on legs A and C. It is apparent from Table 7 that the
B-A and B-C temperature differences are substantially larger than the C-A
at levels.5, 6, and 10.

The absolute temperature data from the IWEX mooring are consistent
with our claimed temperature accuracy of 10 m® C. They are particularly
supportive where the horizontal separations are small and we can expect

the vertical separations to be less than about 50 cm.



Table 5

IWEX Mooring Data

Horizontal
Separation
of
Depth Instruments
Level (m) (m)
i, 603.6 6.1
2 605.7 8.5
4 610.6 14.0
5 639.5 44 .0
6 730.6 139
8 1014.4 441
10 1023. 1 450
14 2050.4 1600

Temperature
Gradient
(m® C/m)

18.6
18.6
18.8
19.8
225
12.2
1157

1.4

29



Table 6

30

IWEX 4-Day Mean Temperatures, B2 and C5 Corrected for Thermistor Drift

Al
€l

A2
B2
c2

A4
B4

A5
B5
ch

A6
B6
(83

Al0
B10O
clo0

Al4
Bl4
Cl4

L

14.029
14.027

13.985
13.988
13.995

13.865
13.866

13.288
13.301
13.289

11.254
11:293
11.260

6,196
6219
6.192

3.538
3.554
3.547

2

13.964
13.962

13927
13.922
13.926

13.798
13.800

13.231
13.249
13237

11:155
11:198
11.162

6.,+21.9
6.247
6.222

3.563
3.589
3597

3

13.968
13.967

13.930
13.925
13.930

13,793
13.794

13.181
13.198
13.188

11.142
11.184
11.150

6.244
6.278
6.252

3.605
3.628
3.622

4

14.015
14.014

13.875
13.972
13.974

13.836
13.839

13.241
13.262
13.250

11.134
11.183
11.147

64269
6.3083
6.280

3.605
3.629
3.621

5

14.116
14.116

14.079
14.075
14.078

13.946
13.949

13.358
13.380
13.367

11.264
T1-317
11.276

6.271
6.315
6.278

3.580
3615
3.598

6

14.158
14.157

14.120
14.117
14.119

13.985
13.990

13.429
13.453
13.436

11389
11.447
11.387

6.317
6.365
6.312

3.581
3.602
3:592

i

14.180
14.179

14.144
14.141
14.142

14.008
14,011

13.452
13.473
13.457

11.383
11.435
11.371

6.437
6.476
6.422

3.620
3.641
3.626

8

14.186
14.184

14.152
14.150
14.149

14.024
14.027

13.461
13.484
13.467

11.413
11.4064
11.402

6.594
6.635
6.575

3.635
3.664
3.641

9

14.181
14.180

14.144
14.141
14.141

14.005
14.009

13.429
13.448
13.430

11.431
11.488
11.410

6.617
6.669
6.594

3.629
3.655
3.626

10

14,173
14.172

14.141
14.139
14.138

14.015
14.017

13.463
13.482
13.468

11.442
11.496
11.434

6.583
6.627
6.572

3.619
3.639
3.619

40-Day
Mean

14.097
14.096

14.061
14.057
14.059

13,927
13.930

13.353
13.373
13.35%

11.301
11.350
11300

6..375
6.413
6.370

3..597
3.622
3.609



Ccl-Al

Cc2-a2
B2-A2
B2-g2

B4-A4

C5-A5
B5-A5
B5-C5

Cé6-A6
B6-A6
B6-C6

Cl0-Al0
B10-Al0
B10-C10

Cl4-al4
Bl4-Al4
Bl4-Cl4

13
12

29
33

-4
23
27

18
12

43
36

+3
28
25

34
26
-8

Table 7

IWEX Temperature Differences

3

17
10

42
34

+8
34
26

74
23
6

-

=1.

=2

21
12

13
49
36

11
34
23

16
24
8

5

22
13

12
53
41

44
37

18
35
17

6

=1,

=2

24
17

-2
58
60

=5
48
53

11
2L
10

7

21
le

=12
52
64

=5
39
54

21
15

8

23
35574

=1L
51
62

=19
41
60

22
23

9

19
18

=21
57
78

=23
52
78

=3
26
29

10

-3
-4

18
14

54
62

-11
44
55

20
20

Means

-2
-4

20
14

49
50

=5
38
43

12
25
13

31

Equivalent
Depth
Differences
(m)
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6. C. Mooring 551 Intercomparison

In December 1974, a mooring was implanted at Site J, 36°N, 70°W,
with four VACMs rigidly shackled together at a nominal 2000 m depth.
Mooring 551 was in place for 128 days during which all four instruments
worked satisfactorily. A fifth instrument, containing a pressure sensor,
did not work. Because of this, the depths of the VACMs are known only
to about *20 m.

Since the mooring's purpose was a detailed comparison of the VACMs,
the depth of the instrument grouping was chosen to be in a region of low
gradients. Figure 7 shows temperature vs. depth from a CTD station made
at the mooring location when it was set. The inset shows a more detailed
plot for the depth range 1900-2100 m, a straight line least squares fitted
to the CTD data, and four points representing the 128 day temperature
means for the four VACMs. The straight line has a slope of -0.71 m° C/m,
or the equivalent of a 4.3 m° C spread in temperature over the 6 m between
the top and bottom thermistors.

Table 8 shows the 128 day temperature means from the four VACMs
and their standard deviations. For each 7.5 minute recording interval a
mean temperature was computed from the four individual temperatures and
the difference between the mean and the individual temperatures computed
to see how well the four instruments tracked. Row 4 is the 128 day time
mean of these differences for each instrument and row 5 is the standard
deviation of this quantity. The results show that the instruments track

very well and that the agreement of the means is not fortuitous.

Table 8

Mooring 551 Temperatures Averaged over 128 Days

1. Instrument 5512 5513 5514 5515

2. Mean temperature 3.29857 € 3.09339 ¢ 3.938° C 3.932° C
3. Standard deviation 0.024 0.024 0.024 0.024

4. Mean difference 0.001 -0.001 0.002 -0.002

5. Standard deviation 0.002 0.001 0.001 0.002



TEMPERATURE (°C) =

5 10 15 20 25
or- ! I | | —
TEMPERATURE vs DEPTH
CTD STATION 28, KNORR 44
500 LOCATION 36°00'N 70°00 W
15 DECEMBER 1974
1000r
TEMPERATURE (°C)
3.‘9 4.‘0 4.
~ 1500 1900
E
% 2000 1950
.
&
2500} T 2000
Q
§
3000 2050

3500

2100




35

It would be appealing to attempt some kind of a direct comparison
between absolute temperatures from VACMs and CTD but the uncertainty
in current meter depth rules this out. The CTD data allow us to say
that the time averaged temperature gradient in the vicinity of 2000 m is
probably very close to =0.7 m° C/m. The absolute femperatures are
consistent with the CTD temperatures to within the accuracy of the VACM

depths.
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6. D. Error Analysis

In the previous sections of this report we have described the
components of the VACM temperature measuring system, some of the errors
in those systems, and intercomparisons which have indicated some of the
relative uncertainties in our temperature measurements. We have not
been able to make an in situ comparison with a different, and preferably
certifiably accurate, instrument, nor have we been able to test the
absolute accuracy in the laboratory. 1In this section we will compute
analytically the accuracies of both relative and absolute temperature
measurements. To the extent that our computed accuracy of relative
measurements agrees with the intercomparison results we may have some
confidence in the computed absolute accuracy.

In Table 9 is a list of possible sources of error with an estimate
of the contribu?ion of each to the instrument bias in the measurements

and the measurement variation.

Table 9

Error Sources in VACM Temperature Measurements

Instrument Measurement

Bias Variation

Thermistor

a. Calibration and drift rate *4m°C

b. Linearity +.3m°C 0]

c. Self heating +1m°C 0
V/F Converter

a. Stability . Im°C

b. Linearity Im°C
Rest of VACM

a. Time base stability (900 second record-

ing interval) +,3m°C

b. Integrator +.06m°C
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The following describes the terms in the table in more detail and

justifies the uncertainties given.

Thermistor

a. Calibration and drift rate - From the NBS intercomparison we

feel sure that the absolute accuracy of each of our calibrations is

about #*3 m® .

The scatter about the line fitting calibration vs.

time data is *¥1 m°® C or less. The total uncertainty in expressing T

as a function of R by the equation

R

T ! = A + B(&nR) + C(&nR) >

is then about *4 m° C.

b. Linearity - Thermistors are nonlinear sensors. Computing a mean

temperature from a mean thermistor resistance introduces an error which

depends on the amplitude of fluctuations during the averaging interval.

Typical temperature records, both in and below the thermocline show

temperature standard deviations of about 200 m° C. For a sine wave

fluctuation of this amplitude the error would be +.3m° C. This is a

systematic and not a random error so it contributes to the instrument bias.

c. Self heating - In the input circuit of the V/F converter, a

precise 3.9 volts is impressed across the thermistor and a precision

37.3 KU fixed resistor is connected in series with the thermistor. In

Table 10 are shown:

th

v ¢
calib

dT/dv

nominal temperature

mean resistance and standard deviation for the thermistors
in Table 3 with drift rates less than 3.5 m°® C/year.

power dissipated in thermistor with standard deviation

due to deviation in R. ‘

thermistor self-heating with assumed dissipation constant of

3 mw/°C and standard deviation due to deviation in R.

volts across thermistor resistance R 1in current meter
circuit with standard deviation due to deviation in R.

volts applied across thermistor in calibration equipment.

sensitivity of indicated temperature to an error in the

voltage applied across the thermistor.
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Table 10

Thermistor Self-Heating

T  R(ohms) P (uw) AT (m® C) Vv, (volts  V__ (volts %% (3;1:
0°C 95080377 82.52+.14 27.51%.05  2.801%.003 2.80 20

5  74453%286 90.68%.12 30.23%.04  2.598+.003 2.60 23
10  58712%220 96.87+.08 32.29%.03  2.385%.003 2.39 27
15  46611*171 100.69+.04  33.56%.01  2.166+*.004 329 31
20  37244%135 101.94%+.0003 33.98%.0001 1.949%.004 1.95 35
25 29947106 100.73%.04  33.58%.01  1.737+.003 1.74 39
30 24222+84  97.34+.07 32.45£.02  1.535%.003 1.54 42

Since the same voltage is applied to the thermistor during calibration as
in the current meter, the bias due to self-heating is very nearly the
same in the two situations. This net bias, therefore, does not appear
in Table 9. There are three kinds of errors that can occur through the
self-heating:

1. An error in the volts applied to the thermistor during calibration
can cause an amount of self-heating differing from that in the current
meter. An error of 0.1 volt would cause up to 5 m° C error, indicating
that a modicum of care is required.

2. Because various thermistors have somewhat different resistances
at the same temperature, the voltage across them, and thus the self-heating
varies. For the range of thermistors in this study, however, the difference
is at most .05 m°® C, a negligible amount.

3. The assumed dissipation constant of 3 mw/°C is a nominal value.

The important thing is to have the dissipation constant the same in

the current meter and in the calibration setup. We have not been able
to measure either dissipation constant but have tried to make the sit-
uations quite similar physically. We feel confident that the error due
to difference in self-heating is less than *1 m° C.

V/F Converter

a. Stability - We saw in Section 3 that the V/F converter is stable
to 3 parts in 167, equivalent to about *1 m° C.

b. Linearity - We saw, also in Section 3, that the period of the
V/F converter output signal is a linear function of thermistor resistance

to within the equivalent of *1 m° C.
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Rest of VACM

a. Time base stability. The stability of the crystal oscillator
which provides the time base in the VACM is stable to 1 part in 105,
equivalent to .009 sec for a recording interval of 900 sec. The un-
certainty in temperature due to this uncertainty can be derived from

the three equations:

T = [A + B(ZnR) + C(2nR) 1}
¥
o (P + K2) R.S
TK, - K. -1
1 25
p ==
TN
where:

A, B, C - thermistor calibration constants

R - thermistor resistance at temperature T

RS = fixed resistor, see section 2

Kl, K2 = V/F converter constants, see section 2

t = current meter recording interval

N = counts accumulated during T by counter on output of the V/F

converter

The uncertainty in temperature due to variations in the time base is given by:

)]
ATIN " OR 0P 0ot
R - % [B + 3C(&nR)“]
3R _ Rg Ky = X,)

- Z
oP _ [P(Kl - Kz) - 1]

1
N
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Typical values of the variables at 10° C are:

T = 283.15° C R, = 24270 Q
R = 58712 R, = 94980 Q
B = .22519048 x 10 ° P, = 1.0036 X 10" ? sec
C = .114084 x 10 °© P, = 2.1548 X 10 ? sec
N = 575117 At = .009 sec

Substituting these

b. Integrator - The integrator is just a counter and has an
uncertainty of *1 count. From Table 1 we see that this is equivalent
to *.06 m° C, a negligibly small uncertainty.

The total variance of temperature is the sum of the squares of the
uncertainties. For the measurement variations,

var, = 18(m° c)?

The relative uncertainty we expect in the temperature measurements is
then of the order of #4.2 m° C which agrees well with the results of
the IWEX intercomparison.

Adding the contributions of instrument biases to the variance,
var, = 19 (m° e) *

the uncertainty we expect in the absolute temperature measurements is
then about *4.4 m° C.
We feel that this uncertainty estimate is a little optimistic but
not completely out of line. ©Nelson Hogg (personal communication) after
contouring, separately, temperatures recorded during MODE by current
meters and CTDs, stated that the two sets appeared to agree within *10 M° C.
Our best guess as to the achievable accuracy of absolute temperatures
with the VACM then, is perhaps better than *10 m® C but no better than
.5 m? €.
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Appendix I

Some Useful Numbers

Some useful information is summarized in Table I-1.

Column 1 - The seven nominal temperatures at which we monitor ther-
mistor and V/F converter characteristics.

Column 2 - Nominal resistances at these temperatures of the ¥YSI
44032 thermistor.

Column 3 - Nominal dT/dR for YSI 44032 thermistors.

Column 4 - Nominal period of the V/F converter output signal for
the Column 2 resistances. Our V/Fs are normally adjusted to agree with
the nominal periods within *.01 us at 74,4400Q.

Column 5 - Some typical VACM recording intervals.

Column 6 - Numbers of counts which would be accumulated during the
various recording intervals with thermistor resistances of Column 2.

Column 7 - Temperature resolution due to 1 count resolution in the
total counts.

Column 8 - Uncertainty in temperature due to uncertainty in either
Pl or P2 of +1 us.

Column 9 - Accuracy requirement for P1l, P2 for a *1 m° C accuracy
in temperature.

Columns 10, 11, 12 - Accuracy requirements in A, B, C thermistor
constants for *1 m° C temperature accuracy. See Section 5 for definition

of A; By C.
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Appendix II
CALIBB Program
Included in this appendix are a description of the CALIBB program,
a listing of the program, and an example of input and output data from
a calibration. CALIBB was written using Xerox FORTRAN IV and contains

some statements which are not compatible with other versions of FORTRAN IV.
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CALIBB,1
NAME: CALIBB
TYPE: Main program - processor
PURPOSE: To process thermistor calibration data
MACHINE: XDS Sigma 7

SOURCE LANGUAGE: Xerox FORTRAN IV

PROGRAM CATEGORY: Utility

DESCRIPTION:

CALIBB was written to fit thermistor calibration data to the
equation

1/T = A + B*LN(R) + C*(LN(R))**3

where T 1is absolute temperature in °K and R is thermistor
resistance.

CALIBB provides a choice of three inputs;

1. Direct values of temperature and corresponding thermistor
resistance.

2. Output of a Guildline bridge connected to a platinum resistance
thermometer is converted to temperature. Thermistor resistance
has corrections applied for lead resistance and bridge dial
resistance.

3. Output of a Mueller bridge connected to a platinum resistance
thermometer is converted to temperature.

The result of all three types of input data is a set of temperatures
and thermistor resistances for each thermistor. These are then
fitted to the above equation by the method of least squares. The
resulting A, B, C constants are used for computing temperature

from thermistor resistance.

CALIBB was written particularly to process the calibration data
produced by K. Schleicher and A. Bradshaw for Buoy Project ther-
mistors used in current meters.

INPUT: By cards

For each batch
Card 1 is the same for all three types of input data.
1 card - Batch number, type of input (DIRECT, GUILD,MUELL), number
of thermistors in batch, number of nominal temperatures
per thermistor, date of calibration, source of calibration data

(17,13, T16,A4, T36,12, T51,12, 2X,A2, 1X,A3, 1X,A2, 1X,3A4)
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CALIBB, 2

Type 1, Direct
For each thermistor

1l card - Header card - thermistor number, batch number
(T13,T4, T25,1I3)

1 or more cards - Data - 4 pairs of temperature,resistance
(4(2F))

Type 2, Guildline bridge
For each batch

1l or more cards - list of thermistor number in calibration
batch in order of subsequent data appearance
(1l61)

1 card - Platinum probe identifier, zero ratio of bridge
(T9,A4, T25,F)

For each nominal temperature

'l card - nominal temperature, data date, initial bridge
ratio, volts across thermistor, number of book containing
original data, page in book

(T9,F4.1, T14,3A4, T36,F, T52,F, T63I, T74,I)

1l or more cards - data pairs consisting of position in bath,
bridge ratio, and uncorrected resistance
(T8,I2, T10,2F)

Type 3, Mueller bridge
For each batch

1 or more cards - list of thermistor numbers in calibration
batch in order of subsequent data appearance
(161)

For each nominal temperature

2 cards - nominal temperature, data date, zero error of bridge,
volts across thermistor, book containing original data, page
in book

(ro,F, T13,3A4, T34,F, T52,F, T63,I, T74,I)

1 card - NRML1MA,RVRSIMA,RVRS14MA,COEFF ,RZERO (For definitions
see program listing)
{r9.,r, T26,F, T44,F, T59,B, T73,F)

For each thermistor

1 card - data for this nominal temperature; BRIJN1MA,NULLNIMA,
BRIJRIMA,NULLRIMA ,BRIJM14MA ,NULLM14MA ,RES
(T9,7F)
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CALIBE, 3
OUTPUT:
For GUILDLINE or MUELLER input

Printer: Listing of computed platinum resistance temperatures and
corrected thermistor resistances by nominal temperature
for data validation

Card punch: Temperatures and resistances for each thermistor
for data archiving

For all three input types

Printer: Listing of A,B,C constants and statistics of fit for
each thermistor

Card punch: Three duplicate cards for each thermistor containing
thermistor number, batch number, calibration data, A,B,C
constants, temperature RMS residual (measure of fit)

USEAGE:

For processing using the source deck

!LIMIT (TIME,2), (CORE, 20)
IMESSAGE PUNCHES CARDS
IINTERP FULL

!FORTRAN LS, GO

!LOAD (GO), (UNSAT, (3))

SOURCE DECK
! RUN
!DATA

DATA CARDS

RESTRICIIONS: None

STORAGE REQUIREMENTS: Not applicable

SUBPROGRAMS REQUIRED: None

OPERATIONAL ENVIRONMENT: CP-V Monitor

TIMING:

Batch of 24 thermistors and 7 nominal temperatures requires about
3.9 charge units when run with the source deck, 2.2 charge units
when run with an object deck
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CALIBB,4

ERRORS AND DIAGNOSTICS:

1. NUMTHERM TOO LARGE
Number of thermistors on first data card greater than 25

2. NUMNOMTEMP TOO LARGE
Number of nominal temperatures on first data card greater than 10

PROGRAMMER: R. E. Payne
ORIGINATOR: Buoy Project
DATE: August 1976

REFERENCES: None
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PRHGRAM CALTRY
BY Re PAYNE ET AL
8 SEPTEMBER 1976

ey F Y R R E N R R R R R R R A R R A R A A R A R R R e  E E E R T L R R R R R R RN TR Y

CALIB FITS A SET BF THERMISTAR CALIBRATIBN DATs T9 THE EGQUATIBN
1/7T3A+B# [ N(R)+Co(ILN(R)#%x3), CALIB PERFORMS Tie FSLLAWING TASKS!

1+ READS THE INPUT DATA

2« CHMPUTES TEMPERATURES FRBM THE PLATINUM RESISTANCE THERMBMETER (PRT)
BRID3E READINGS AND PRINTS BUT THE RESUI TING R/T VALUES FBR DATA
VALINDATI®N. pRBVISIBN IS mMADF FBR INPyT AF R,T DATA DIRECTLY FBR TASK 3

3. FITS THE R/T DATA TB THE ABBVE pQUATIAN AND SUTPUTS THE RESJULTS 6F
THE FIT FBR pACH INDIVIDUAL THERMISTAR,

BRDINARILY, CALTBRATIBN MgASUREMENTS ARE MADE AN 24 THERMISTARS AT SgVEN
TEMPERATURES, NAMINALLY 0430 C AT 5§ C INTERVALg,

gBTH A MUELLER AND a GUILDLINE BRIDGE HAyE =cgn USED TB MgASURE THE PRTY
RESISTANCE ALTHAUGH BNLY THp GUILDLINE 1S gD AT PRESENT, STARTING WITH
BATCH gp CARRECTIBNS ARE APPLIED WlTHIN THE PRAGRAM FAR LgAD RESISTANCE AND
BRIDGE DECANE RESISTANCES,

Cu¢u4ui;iﬁiini.a&»iQDQiﬂIO**i!*iii.‘o'iigiitilll.ui'in.i!llliiiiiilllll!illllli.

€

s#UTLINE 8F CaL18B AND SUBRBUTINES

C'GOQI**.li"llil.'il*"'Ql'l*"'.ll'#‘l‘"'l'nluln"Qi.’l.lI'I-'.!'l".'."!‘.'.lli'l!"

aNalaRalalicligisiginisligiag asNaNolaNalalnioNalalalaNelakaln

#RpAD BaTCH NUMBER (BATCHNUM), [NPUy SARURCg TYPE (GMD), NUMBER BF T~cRMISTBRS
IN BATCH (NUMTHERM), NUMBER 8F NeMinaAL TEMPERATURES (NUMNBMTEMP,
CALIARATIBN DATE (CALIBDATE), PLACE BF DATA BRIGIN (CALIRPLACE).
#TEST FHR pRDspND BF DATA
#TEST F3R RFAGANABLF VALUES AF NUMTHERM» NUMNBMTEMP
#TEST GMD FAR GUILDLINE, BR MUELLER BRIDGE, BR NDIRECT R,T INPUT
#CaALL GUILD,MUgLL,8R DIRECT
#FRR EACH THERMISTHR
#CALL ABCFIT
#CALL PRINTAUT
PRINY BUTPUT 8F LpAST SWUARES FIT FBR BNE THERMISTHR
#CALL PUNCHAUT
PUNCH ReT DATA PgINTS AND RESULTs 8F LEAST sRUARES FIT Fgr EACH TWERMISTBR
#END

SUBRBUTINES FAR [NPUY AND CBNVERSIAN BF BRIDGE DATA
GUILDLINE BRIDGE
¥SUBRBUTINE GUILD
#READ THERMISTAR BATH SEQUENCF NUMBERS (THERMID)
#READ PTPRBBE o WHICH PLATINUM PRRABE USENM, BRADsBRADSHAW, BUBYLBJBY LAB;
AND PRSBE BRIDGE RATI® AT 5 C AND ¢ Map (ZERBRATIB)
#FBR FACH NBMINAL TEMPERATURE
#READ: NOMINAL TEMP (NBMTEMP, ,DATE,BRINGE RATIB WHEN PROBE 1S AT
MEASUREMENT TEMPERATURE(INTTRATIB),VBLYS ACRBSS THERMISTOR(VBLTS).
BABK AND PAGE BF DATA [N SCHLEICHER'!'S NBTEBOBK,
#FAR FACH THERMISTHR
#READ: BATH SEWUENCE NUMBEQ(BATHIDYsDIFFERENCE BETWEEN INITRATIS
AND ACTUAL BRIDGE RATIA(DELTRATIB, UNCBRRECTED RESISTANCE BF
THERMISTBR(URES) o
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#TEST FAR BATCHNUMeGT.51 50
#YES
#CALL RESCBRR
CORRECT ALL THERM]gTpr RESISTANCES FeR LEAD AND BRIDGE DAL
RES]ISTANCE
#SET PLATINUM PRBBE CBNSTANTS
#FBR EACH THERMISTBOR
CAMPUTE PLATINUM PRBBE TEMPERATURE
#CBMPUTE INDIVIDUAL BRIDGE RAT?1H
COMPUTE FIRST .PPRBXIMATIBN TB PRT
#CALL CALLENDAR
CBMPUTE ITERATIVELY A CBRREFTIAN T8 PRT TA YIELD FINAL
CBRRECTED TEMPERATURE
BUTPUT DATA FBR VALIDATIBN
#WRITE BATCHNUM,DATE,PTPRABE,VOLYS, ZpRORATIH, INITRATIB8,B89K,PAGE,
NBMTEMP
#FBR EACH THERMISTBR
#WRITE BATHIDsTHERMIDIRATIR,T6BIURESIRES
#RETURN
MUELLER BRIDGE
#SUBRBUTINE MUELL
#READ THERMISTBR BATW SEQUENCF NUMBERS (TWERMID)
#FBR EACH NBMINAL TEMPERATURE
#READE NBMINAL TEMP (NBMTEMP),DATE,BRIDGE ZERS ERRBR (ZERBERR),
VaLTs ACRaSS THERMISTAR (VBLTS)s Bgak AND PAGE gF DATA 1y
SCHLEICHER'S NBTEHBBK, INITIAL BRIDGr READING WITH NBRMAL ¢ Ma
CURRENT THROUGH PRT AT MEASUREMENT TpMPERATURE (NRMLyMA), AS NRML,MA
BUy WprH CURRENT RpVERSED (RVRSIMA), SENSITIVITY BF INTERPALATING
NULL RRIDGgE RECHBRDER IN 8HMS,/CHART ﬁrulsxau (CBEFF), pREBE
RESISTANCE AT g C AND g MA CURRENT (RZERB),
#FAR EACH THERMISTHR
#READ: CHANGE IN BRIDGE SETTINGS FRAM NRML{MA IN STEPS 8F .0pQiBHM
(BRIJN{MA), AMBUNT BRIDGE IS 8FF nULL WHEN SET AT NRML{“A«BRIJqMA
IN CHARY DIVISIBNS (NULLNIMA), CHuNGE 1N BRIDGE SETTINGS FRgM
RyRS{MA [N STEPS BF .pp0y1 BHM (BRy JRIMA), AMBUNT BRIDGE 1S BFF
NULL WHEN SET AT RVRS{MA+BRIJR{MA IN CHART DIVISIBNS (NULLR{MA),
CHANGE N BR|DGg SgTTINGS FRBM RVRgluaMa [N STEPS BF <0001 6RKM
(BRI JM14MA), AMBUNT BRIDGE IS BFF NULL WHEN SET AT RyRSi4MAe
BRIJUR{4MA IN CHART DIVISIBNS (NULIMq4uMA), THERMISTOR ReSISTANCE
(RES)
#FRR FACH THERMISTHR
CAMPUTE PLATINUM PRBBE TEMPERATURE (TR}
¥CBMPUTE PRT RESISTANCE
#CgMPUTE FIRST APPRgX[MAT1gn Tg PRY
#CALL CALLENDAR
CBMPUTE A CBRRECTIBN TB FIRST PRT ITERATIVELY
BUTPUYT DATA FBR VALIDATIEBN
#WRITE BATCHNUHaDATE:PTPRBBEJVGLTS:RZFRSaZFRBERRJCBE;;:BQOK:PAGE
NAMTEMP
#FAR pACH THERMISTHR
#WRITE BATH SEWQWUENCE NUMBER,THERMIN,PRT RESISTANCE(PTRES)sTeR2RES
#RETURN

DIRECT R,T INPUT
#SUBRBUTINE DIRECT
#FaR EACH THERMISTER
#READ THERMID AND BATCHNUM
#FBR pACH NAMINAL TEMPERATURE
¥READ: TEMPERATURE AND THWERMISTBR p=SISTANCE
#RETURN
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1460
167
J4Be
143
150+
191
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153
194
195+
156+
197
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lese
les.
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SECHND LEVEL SUBRBUTINES

51

SURRBUTINE CALLENDAR

CALLENDAR CBRMPUTES A CHRRECTIBN T8 THE CAMPUTED PRT TEMPERATURE 3Y AN
ITERATIVE TECHNIOUg SPECIFIED IN THg PRT PRARE MANUAL,
#CBMPUTE CARRECT18N (CBRR) BASED BN DELTA (PRT CANSTANT) AND TEMPERATURE,
3 g HAN
,cﬁiiu?iqfugrﬁgn ggsgéCszN (DELTAT) BASED aN THUS FAR CBRRECTED
TEMPERATURE AND SHBMp COBNSTANTS,
#F INAL Tea HAS BATH CORRECTIBNS INCBRPBRATEN,

#RETURN

SUBRBUTINE RESCHARR

ReSCHRR CBRRECTS THE THERMISTBR RESISTANCES(URES) FBR THE RESISTANCE 8F
THE BATH THERMISTHR LEADS AND tHe BRIDGE Dir,L RESISTANCES.
#TEST FBR GMD.E@.4HERBR (ER BRIDGE)
YeSeGB TR LEAD RESISTANCE CBRRECTIONS
NH.PRACEFD WITH GUILDLINg BRIDGE D1AL CBRRECTYIONS
#FBR EACH THERMISTHR
#*TEST FAR URESeLTe100e
YES-SET CBRRECTION EWUAL TB p
NR=PRACEEN W]TH CHMPUTING CBRRECTIBN
WCALL GETDIGITS
#CBMPUTE CBRRECTIBN FHR EACH DIAL (LEAD o DIGITS BNLY,
#APPLY TRATAL CHBRRECTIHN T8 URFS, ABTAINING RES
#F AR EACH TWERMISTHR
#APPLY LEAD CRRRECTIBN TH RES
#RETURN

SUBRBUTINE GETDIGITS
GETDIGITS CINVERTS A o DIGIT 'NUMBER: [NTR A  DIMENSIBNAL ARRAY, 'STORE!.

#/ERB THE ARRAY 'STBRE!

#CONVERY THE 6 DIGITS OBF TWE RESISTANCE INTA AN INTEGER
#PUT THE DIGITS 8F THE INTEGER RFSISTANCE INTO® 1STORE!
#RETURN

SUBRARUTINE ABCFIT

ABCF 1T PERFARMS A LEAST SGUARES FIT BF THE CALIBRATISN DATA T8 THE
FUNCTIBN YeA+R#EX+CHeX8]
WHERE Y=1/T68,; Xs_ H#8G(RES)
ABCFIT IS RUN BNCE FBR EACH THERMISTOR IN yHE RATCH
#F 89 FACH NBMINAL TEMPERATURE
#CBMPUTE MEANS BF X,Y,Xwe®3
#FgR EACH NAMINA| TEMPERATYRE
#SUBTRACT MEANS FRABM FRQUATION T8 Bg FITTED AND COMPUTE SUMMATIBNS
NECESSARY FBR DgTeRMINING B,C, RgMBVING THE MEANS RpDUCES THg
RBUNDRFF ERRBR. '
HCBMPUTE BacsA CANSTANTS
#FBR EACH NAMINAL TEMPERATURE
#COMPUTF £STIMATED VALUES BF Y AND T USING A,B,C AND X, AND RgSIDUALS
#RETURN

SUBRBUTINE PRINTBUT

PRINT BUTPUY BF LEAST SQUARES FIT FAR BNE THERMISTAR
HPRINT THERMID, BATCHANUM

#PRINT TIME F CALIB RUN(ICLX)2CALIBDATE»CA| 1BPLACE
#PRINT A,B,C CHNSTANTS

#PRINT Y,YHAT,RES]IDY FBR gACH NBMINAL TEMPERATURE
#PRINT RESsT68sTHATIRESIOT FAR EACH NBMINAL TEMPERATURE
H#RETURN



180
1810
1820
183.
184
185.
186
187
188
189
190-
191
192
193¢
194,
195
196
197.
198.
199.
200
201~
202«
203,
2064«
205.
206
207«
208+
209
2100
211
212
213.
214.
215
2160
217
218
219.
220
221°
222
2283-
224«
225.
226
227
2e8.
229-
230-
231
232-
233
234
235
236°
237,
238.
239¢

#FBR

1 faNa alaNalaRalalalaNalalaNakalalalaNalnlsa)

o

SUBRBUT [NE PUNCHBUT
PUNCH R,T Dava PBINTS AND RgSULTS BF LEAST SRUARES F1T FBR EACH THERMISTOR

EACH BATCH

#PUNCH BATCHNYUMsNUMTHERM, NUMNBMTEMPs CAL IBNRATE, cAL IBPLACE
pCOMPUTE NUMBER BF CARDS(NCARDS) REQUIRED T8 HBLD R,T DATA FBR BNE

THERMISTOR AT & PBINTS PER CARD

#FUR EACH THERMISTOR

SPUNCH THERMID,BATCHNUMs CALIBDATE
#FBR EACH R, T CARD
#CAMPUTE THE SUBSCRIPT 8F TME FIRST DATA PAIR B8N THE CARD (PalRl),
AND THE LAST PAIR(PAIRF)
#]F PAIRF IS GREATER THAN NUMNBMTEMP THEN SET PAJIRF
EGUAL TB NUMNBMTEMP
#CAMPUTE THE NUMBER 8F R,7 DATA PAIRS 78 Bg PUNCHgD
aN THIS CARD (NBNCARD)
#PUNCH NANCARD,NONCARD SETS BF Tgg,RES, AND THERMID,BATCHNUM

#PUNCH 3 SETS BF3

#FpR EACH TuEnHISTg
#PUNCH THERM] ATCHNUM, CAL1BDATE, A,R,C,NUMNBMTEMP,RMSRESIDYT

#RETURN

c..l.I.IIO...'.I.ll..l..‘..l.l...l.l..'.'....'Il.ll..l......'Il"...'.i.'l'.".0
GRREREVIBNERRGV BBV RNNTARVRBERNBBIRRO NV BORERAVEYADRCIBDORNOBNPITRNVT ROV B BBV ERES

c

ConaponspionasdandotispailitatiasdisoRaudoantiaodiaguoedaonsadioaaasanadadoatonatasen

c

C PROGRAM CALIBB

c
C Re PAYNE 9 JULY 1976

c

CGO'..ill.I...i.‘.l.!I.I.CI....I.'.I.l..'..‘...D.O'I.....0......'...'....DU..O..

c

REAL CALIBDATE(3)» CALIBPLACE(3)
INTEGER BATCHNUM,GMD, ICLK(&)
CallL TBDAY(ICLK)
300 READ (105,10002ENDs150) gATCHNUM, <MD, NUMYHERM, NUMNOMTEMp,

]F
$
IF
]
IF
1F
IF
1F
De

CALIBDATE»CALIBPLACE
(NUMTHERMsGT o p5%) BUTPUT NUMTHERM TB8 LARGE )

Ge ;B 200

{NUMNBMTEMPoGT»10) BUTPUT 1+ NUMNBMTEMP vAB LARGE';
GB T8 909

(GHMpEQe&uGYIL) CALL GylLp

(GMD«EG.4HERBR) CALL GUILD

(GMD.EQ.sHMUEL ) CALL MUELL

(GMpDegBesWDIRE) CALL DIRECY

120 NTHg1s NUMTHERM

CALL ARCFITY

CALL PRINTBUT

120 CBNTINUE

1F

(GMD.EQ.4HDIRE) GO& T8 100

CALL PUNCHBUT

GB

T8 100

150 CONTINUE
900 CONTINUE

c
1000 FORMAT (T7,13s Ti62A4s T36012s TSq,12. 2Xoa2s (XsA3s (XsAps

$
=

lK,3A4)

ConsasenetedootassslisstooaRlsaRaleRtsaduaaniadiagautaoaeslionaaaediaatssoctaondansl



240
E“l-
2420
243.
2440
245,
2460
247.
248
249
250
251
252
253
2h4 e
255
256+
257,
258
259
260
261
262-
263,
264
265
266
267+
268
269
270
271
272
273
274-
275
276
277
278
279
280
281~
282
253
254,
285
286
287
288
289
290.
291.
292
293
294.
295-
296+
297
298
299

53
SUBRBUTINE DIRECT
c

C'u'*ib&Qioiaai&*u4ii'oil{iiii.ii.ilo;ll.--GQnil"lnil#il*O*iiolniiiiilliiiliunl

SURRBUTINE DIRECT READS INpPUT T8 CALIg FRBM CARDS, INpUT 1S pROVIDED
AS VALUES BF PRECISE TEMPERATURE AND RESISTANCE FBR EACH THERMISTHR,

INPUT ! CALIBBaNLMTHERM) NUMNYMTEMP
CARDS=THFERMID,; T682RES
BUTPUT; CALIBR-THERMID,TEB8,RES FRBM 1 CALIBRATIAN BATCH

SPRHBARSHSNS

OO0 n0aOn

INTEGER THERMID(2%)
DRUBLE PRECISIBEN RES(10+25)2T68(10:25)
DB 200 NTHs ¢ s NUMTHERM
READ (105,2005) THERMIDINTH) ,BATCHNUM
READ (10522010)(THB(NNTaNTH) ;RES(NNT s NTHYsNNTa s NUMNBMTEMp)
200 CBNTINUE
RETURN

C
2005 FURMAT (T43:14s Tp5.13)
2010 FBRMAT (4(2F))

c

A AE XSS ARl dl il iR Rl A RS ARRR AR R AR 2 R R R R R R R
*

c
SUBRBUTINE sUILD

LE XS RS R R 2 R R R X RS R AR R AR R AR A R R R AR R SRR R R AT RALL SRR SRR SRS ISA S EE AL XX X 3

GUILD RgADS IN AN CARDS PLATINUM THERMAMETER BRIDGg DATA AND THERMISTOR
ReSISTANCES, CARRECYS FBR LgaD AND BRIDGE ReSISTANCE (VIA RESCBRR), COMPUTES
TEMPERATURES FRAM PRT Dava (via CaALLENDAR), aANRm BUTPUTs BetH INPUT aND
CEMPUTED DATA FAR yaALIDATIBN,

INPUT: CALIBBaNIMTHERM,; NUMNOMTEMP , BATCHNUM
CARDs-THEQHID:PTPRHHE:LERURAYIBsNBHTEHP,INxTnArlg,VgLTS.BaeK.PAse,
DELTRATIB,URES
BUTPUT: CALIBR.THERMID,TgusRES(CBRRECTED)
PRINT<BATCHNUM,DaTg ,PTPRBBE ,ZeRORATIB, NITRAT]IO,VEL TS, BBBK, PAGE,
NBMTEMP,; THERMID,RATIB, TgrsRESsURFS

RERGERESERE

nNooooonNnoOoooonOoon00o0n

REAL NBMTEMp,DATE (3)

INTEGER BREBK,PAGE,PTPRBBE,BATHIN(28)

PaUBLg PRpCrs18N URES(10,25) ,ALPHA,DELra, INITRATIB,ZERBRATIS,
s RATIA(25),DELTRATIH(25)sPT

s [NPUTHew

ann

READ (10552101) (THERMID(NTH)sNTHs 1 ,NUMTHERY)
READ ({nS.2102) PTPRUBE, ZERBRATIB
DA 215 NNTs1,NUMNBMTEMP
READ (105:2104) NEMTEMPsDATE, INITRATIO, ySLTS,BA0BK, PAGE
READ (105s2106) (BATHID(NTH),NELYRATIBINTH ), URES(NNT,NTH),
L] NTHa{ ,NUMTHERM)

IF (BATCHNUM.GTe51) CALL RESCORR



300.
301«
302
303
304
305.
306«
307
308,
309
310e
311
312-
313.
3lbe
315
316
317,
318
319
320+
321
322
323
324

3250
326
327«
328+
329
33Q0-
331,
332.
333
334,
335,
336
337
338
339
3400
341
3420
343
Jbbhe
345
3“6-
347
3480
349
350
351
352
353
354
355
356
357
358
359,

54

a
c ssecOMPYTE TEMPERATURES FROM PLATINyM PROBF INPyT
c
IF (PTPRABE+FQe4HBRAD) ALPHA®en392577 1 DELTA®{e497
IF (PTPRABEEQeéHBUBY) ALPHA=+003926364 ) DpLTaA®1e4966
IF ((PTPRBBE+NEe4HBRAD)«AND, (PTPRBBENE,4HBUBY)) BUTPUT
s 'PTPROBE INCBRRECT!
D8 214 NTH3{, NUMTHERM
RATIB(NTHISINITRATIO®DELTRATIA(NTH)
PTa( (RATIB(NTH) /ZERBRATIB )= ,00) /ALPHA
CALL CALLENDAR
214 CBNTINUE
c
C seelUTPUTo e
C
WRITE (10822190) BATCHNUM,DATE,pTPRBRE,yBLTS,
s ZERBRATIB, INITRAT[®,B8HK,PAGE ,NBMTEMP
WRITE (108,2192)
WRITE(10822194) (BATHID(NTH), THERMID (NTHy ;RATIB(NTH),
s TEB(NNT s NTH ) s URES (NNToNTH ), RES (NNT, NTH ), NTHe g , NUMTHERM)
215 CBNTINUE
RETURN
C

2101 FBRMAT (161)
2102 FBRMAT (79,44, T25,F)
2104 FORMAT (T9,Fkeys T14s3A4s T364Fs T52+Fs Téuals T75:1)
2106 FBRMAT (T8,I12s Ti002F)
2190 FORMAT (1H1,9X,'BAYCHNUME!, 3/
10xs 'DATE OBNEs12 3Aby
10X, '"PTPROBE=122Xs A4/
10X» 'VBLTS ACROSS THERM=', Fge3/
10X, 'ZERBRATIBE', F10.6/
10X " INITRATIOeY, F10e6/
$10Xs 'BOOK NUMBER®1» 15/10Xs 'PAGE®1, [5//
82X, 'NBMINAL TEMPERATURES', Fke2//)
2192 FORMAT(+ gATH THERH!JT}7J'PRT'JTEBt'PRT"TJ5J!UNCORRl1748ilCBﬂR'/
ot ID1sT8, NGB 1, T80 RESIST 15T27, 1 TEMP1,T34, 1 THERM RES THERM RES))
2194 FERMAT (1X, 134 |70 F11°6, FOek, 2r11e2)
2195 FORMAT (1 THERMI TR 12 la4ar BATCH 12 132 2x0344)
2196 FBRMAT (4(F12042F80e2))

L N N N

€

CoasnutuototapleattidtaastlilioRasdiotasdost it gitiissdiittestiandodnaousnianesd

SUBRBUTINE MUELL

PR R T R T T Y E L T Y Y Y Y Y Y Y TR SRR XTI TR AT R AN

SURRBUTINE MUELL READS IN ON CARDS pRT gRIDGE MATA AND THERMISTER
RESISTANCES, CBMPUTES TEMPERATURES FROM PRT DATA (VIA CALLENDAR), AND
BUyPUys BaypH [NPUp 4ND CB”PUrEU Data FBR VaL1D,718Ne BNLY yHc BR,DgH,W PREBg
HAg BREEN UgED WITH THE MUELLFE BRISGEo MUELL Ig FA8R H!sraalcEL DATA BNLY,
THE MUELLER BRINGE IS NB LUNGER USED.

INPUT S CALIBBeNUMTHERMy NUMNBMTEMP
CARDg® THERM [Ds NBMTEMPSDATE» ZFRBERRIVEL Tq2BagKsPAGE s NRMLIMAS RVRSIMAs
RyRS14MAsCBEFF,RZERD, BRIUNIMA,NULLNIMASBRIURIMA, NULLR YA,
RRIJMIA4MASNULLMI&4MARES
BUTPUT g CALIBReTHERMID) TeB2RES
PRINT'BATCHNUH‘DATE'PTPRBBElvBLTS!RZERHjZEQBERR,CBEFF,BQBK'PAGE‘
NAMTEMP, THERMID,PTRES, Tga,RES

OO0 NMOOnN OO0 0n



360
361
362
363
364
365
366
3670
368
369
370"
371
372
373
374
375.
376
377
378
379
380
381«
382
383
384
345
386
387 e
JRB
389.
390
391
392«
393
39%-
395.
396
397
398
399.
400+
401,
402+
403
4D4 e
405
406
407
408+
409
410
411
412e
4130
414,
415
416
417,
418
419

oo

aono

oOn

55
SRVEBERDES

REAL NRML{MA,NULLN{MA(25)sNULLRY{MA(25),NUL| M{4MA(25),

$ BRIJNIMA(25) ;BRIJRIMA(25) ,BRIJMI4MA(25)

DBUBLE PRECISION TBTALN{MA(25), TBTALR{MA(2K),MEANTOT,SHR,
s PTRES(25)

sunINPUToun

READ (105:2402) (THERMID(NTH) ;NTH={ ,NUMTHERM)
PYPREBHBE=BRAD § ALPHA=¢00392577 ; DplLTA=le4q?
DB 245 NNT=1,NUMNBMTEMP

READ (105s2406) NBMTEMPsDATE, ZERRERR,VB| TS, B00KsPAGE,
s NRML {MA s RVRS {MA , RVRS { 4MA, COEFF, RZERS

READ (105s2408) (BRIUNIMA (NTH) s NULLN{MA (NTH), BRI JRIMA (NTH),
L ] NULLR{MA(NTH) ,BRIJM4MA(NTH) ,NULLMQ 4MA(NTH) ,RESINNT,NTH),
$ NTH=1 sNUMTHERM)

*##COBMPUTE TEMPERATURES FRBM PRY [INPUT

DB 244 NTHa1, NUMTHERM
TATALNGMA(NTH) aNRML 1 MASBRTJUNYMA (NTH) 4NULLN{MA (NTH) CBEFF
TATALRIMAINTHISRVRSIMA+BRIJRIMAINTH ) 4NULLRIMA(NTH) #CBEFF
MEANTAT = (TBTALNI{MA(NTH) 4 TBTALR{MA(NTH)) /200

SHRaRYRS14MASRYRSIMASBRI JM14MA(NTH) wRRT JR1MA(NTH)
s + (NULLM{4MA(NTH) /104D NULLR{MA(NTH) ) CBEFF

PTRES(NTH) sMEANTBTeSHR© 9000100« ZERBERR
NUNs INT(PTRES(NTH) =20

IF ((NUNJEQe5)eBRe(NUNGGE.7)) PTRES(NTH)sPTRES(NTH)we00001
Prs(PtRESINTH)«RZERB) /(RZERB®ALPHA)
CALL CALLFNDAR

244 CBNT INUE

BesUTPUT®»»

WRITE (10822490) BATCHNUM,;DATE,pTPRBRE,yALTS,RZERS,
s ZERBERR,COEFF ,B00K, PAGE ,NEMTEMP
WRITE (108s2492)
WRITE (10852494) (NTHs THERMID (NTH) s PTRES(NTH) 2 T68(NNT4NTH)»
$ RES(NNTsNTH)aNTHa1 s NUMTHERM)
245 CENTINUE
RETURN

2402 FORMAT (161) :

2406 FARMAT (T19,F, T13,3A4, T34,F, T52,F, 163,11, 174,17
€ T9sFs T26sF» TussFs TSIFs T73,F)

2408 FBIMAT ( T9,7F)

2490 FBRMAT (1H1,9X,"BATCHNUMSE! , 13/
10xs "DATE DBNEs=!,3A4/
10X, 'PTPRBBE=1,2X, A4/

10X,'veL 1S ACROSS THgRMs! F6,3/
10xs 'RESISTANCE BF pRBGE AT Te DEGREES'sF9+6/
10Xp 1ZERA BF BRIDGE® 1,F9:6/
10X,'CApFF . (AKMS/DIAL DIV AT 1Mp)s=' F9 4/
10Xs 'B9AK NUMBERa'1,15/10Xs '"PAGE NUMBER= 1,15/
'0'29%, 'NBMINAL TEMPERATURE= 1,Fge2//)

@ R AR R RS @B



420,
421
Ceg2e
423
Y- T
425
4260
427 e
4280
429,
430
431
432
433
4340
435.
4360
837«
438
439
4400
bol.
4420
4843
Gh4e
“45.
Bbuhe
4470
L48.
4490
450
hblo
520
453
454
4595,
4560
457
458
“590
4600
461
4620
463
4640
bbHe
bhbe
457 e
46Re
469
47Qe
.“71.
“72.
473
474
475
4760
4770
478
479

56

2492 FARMAT (' BATH THERM PY RES PT TEMP THERM RES!')
2494 FORMAT (1X%s I32 172 F11°6s FOeks Fy1e?)

2495 FARMAT (v THERMISTOR 1y Jas ' RATCH ', 13, 2X,3A4)
2496 FARMAT (&4(F12e4sF8e2))

c

C.’........!Qi..'.QII..DQQII....III.'I...O.QQ..I'l.i'.ll...‘IQ....‘Q....'.'...I.

=
SUSRBUTINE CALLENDAR

&

Cll..ﬁ.l'l.'ﬂ'l.tl'.’lI'I'Il"'..li.l....ii..'.l.l."i..'i.'.i..l"'l...ll."ill

C
C CALLgNDAR CAMPUTES A CBRRECTIBN T8 T BY AN [TERATIVF TECWNIQUE SPgCIFIED
IN THE PRT PRABE MANUAL.,

INPUT? GUILD B8R MUELLePT
RUTPUTI GUILD MR MUELL=Té8

(2 A XXX XX

(glcslaNaNalnle]

NCBUNTel ; CORR{al ; CORRsQ
TEMPSPT
REPEAT 225, WH]LE DABSI(CBRR1=CARR),GT.0.00n01
CORR1{=CPERR
CBRRENELTA®,~1DO*TEMPe (a1 DaeTEMPeq4NQ)
TEMPsPT+CBRR
NCHUNTeNCBUNT +1
IF(NCAUNTGT,.95) BUTPUT +CALLENDAR EUUAYION DBOES NAT CBNVERGE )
$ RETURN
225 CONTINUE
DELTATe.n4ENQ®en1DO* TEMPe (e DpeTEMP=1+40n)e(TEMP/419+58Dg=1eDp)*
3 (TEMP/43Ne74D0=1200)
TEBINNT ,NTH)sTEMP+DELTAT
RETURN

C INPUT
c.il.I...i...OI‘OQ...OD"...COI0.0I....l......I...'.IQ.'*.I.’.C....'..I.I.Q.l&lﬂ

SUBRBUT INF RESCARR

BOVPGBIBEBIPOVB OBV BIVVBDIVOBINVNPBBRET RV IRBTEYIBRRRERBROBBNABOTREDNBDIRRBCRROREN

RESCRRR CURRECTS THE THERM]STBR RESISTANCES gfr THE RESISTANCE Bp THE gATH
LEADS AND THE BRIDGF DIAL WeSISTANCFS,

INPUT! GUILD AR MUELL = URES
BUTPUTE GUILLD pR MUELL = RES

(2 X2 XXX AR 2}

NnNOoOoNDOOooMNMOnNnN

REAL LEADRES(2%),80C(gi1p9eg:3)

INTEGER STARRE(6),01G,0eC™ALS

DATA LEADRES/12(3%)212(401/

DATA BDC/aDp? 10=5220=522(000)22(*50=8)122(=70*5)22(~8D"5)»
g EIODO}..10.5'2(000"lD.s.ODO,ED.5,3D-5"ﬁ-S.10-51
3 g(0DN)23(1D=5y/

se#gR BRINDGF [S USED wWlTH 5800 SERIES THERMISTARS, NB DlAL CORReCTIBNS
ARE USED wiTW THE gR RRIDGE RUYT LgaAD RpsISTANCE CORRECTIBNS THE
SAME AS pBR THE L AND N GUARPED HEATSTANE RRIDGE.

sEalaknin!

IF (GMDeFRe4HHERRBR) GA TH 239



480
481
482
483
4840
4585
48K
487 e
488
489,
490
491
4920
493
494
495
4960
497
498
499,
500
501
502
503
504&e

* 505

506
507
- BO8e.
509-
510.
=511»
512
513,
-514e
515
516
517
518.
519
520«
521
522
523.
5240
525
526¢
527«
528
529
530¢
531
532
533.
5340
535
536+
537
538
539

e
C sss CORRECT FOR BRIDGE DIA| RESJSTANCES
=
DB 238 NTHe{sNUMTHERM
LDCHBRR=0D
IF (URES(NNT,NTH)eLTe100s) DCBRR=s(e;
s GR TB 236
CALL GETDIGITS
MULT=NUMDIGIT=2
DB 236 DIG=1,3
DCARReDCBRR+BDC(STORE(DIG)sDI1G)#10eseMULT
236 CBNTINUE
RES(NNT,NTH)sURES(NNT,NTH) +DCBRR
238 CBNTINUE
E wssAPPLY LEAD RESISTANCE CORRECTIBNS,
E
239 CANTINUE
D8 240 NTHs1aNUMTHERM
IF (RES(NNT,,NTH) oL Te100e) GB 71O 240
IF (GMDoEQesHERBR) RES(NNT,NTH) g URES(NNT,NTH)
RES(NNT,NTH)sRES(NNT,NTH)«LEADRES (NTH)
240 CANTINUE
RETURN
c

57

C.QCilIID".QIII'QQ"....'I..’.'.I.O'C".Il.."..l.'lI..."'l..l."..il.'..'l'Oi

SUBRBUTINE GETDIGITS

GETDIGITS cANVERTS A 6 DIGIT 'NymBgR' INTH A ¢ DIMENSIGNAL ARRAy,

FAR EXAMPLE, RgS®41713%5 BgCoMgs!
STBRF(1)=d STBRE(&4)s]
STORE(2) =] STORE(S)=3
STORE(3)e7 STARE(6)aS

INPUT: URES(NNT,NTH)

BUTPUTE NUMDIGIT,STARE

sesaenbons

anNnoOoonoOonNnNoOoOOOnNn

INTEGER NUMDIGIT,NUM,DIGIT, TRUNCNUM
INTEGER BLANK/! '
REAL RoD

c ses/EHA THE ARRAY (STBRE
D8 21 NDXmi,é
STBRE (NDx ) sl ANK
21 CONTINUE
RaURES(NNT,NTH)
IF (ReLTe100°) G8 T8 26
C sesMAKE THE & DIGITS BF THE RESISTANCE INTA AN INTEGER
D=R=100000
DECIMALS=D
HEPEAT 23, WHILE DelTeD
HeR#{0
D=R=100000
DECIMALS=DECIMALS+1
23 CONTINUE

X T X X R R R R R AR R R AR R AR R AR R R AR AR AR PR A R A SRR R 2R XX RX R X2

1STORE 1,

THE VALUES 8F STORps AR THE DIGITS OF RES STARTING WITH THp HIGHEST BRDER,



S54Q¢
541
542
543
S4bo
5450
S4be
547+
S48
549
550
551
552
553»
554
555
556+
557«
555-
559.
5600
561«
S62e
563¢
5640
565«
566
567«
568
569
570-
571
572«
573
574
575
576
577
578
579,
580
581
582
583
5840
S5a5.
58p°
587
588,
589
590+
591
592.
593
594
595,
596
597«
598,
599

58

c s#% PUT INTEGER [NTB STURE
NUMeR
DIGIT=7
REPEAT 25, WHILE DIGIT«GT.0
DIGIT=DIGIT=9
TRUNCNUMaNUM/10
STORE(DIBIT)aNUMe ( TRUNCNUMs10)
NUMa TRUNCNUM
25 CBNTINUE
NUMD]IGITas
26 CONTINUE
RETURN
c

c.lli.Qi.'l'ﬂﬂl*l‘."ll".‘..'.l.lﬁ'I.O'l.ll..'."lll..'...I'il.l..."."ﬂ"*l.l

SUBRBUTINE ABCFIT
T S X2 AR R R E R R R R A R Rl R 22 22222 i 2 XY A A S S VR A A R R A XX RTINS XYY )

ABCF 1T PERFARMS A LgAST SGUARES FIT OF THE CAL1BRATION DATA 7O THE FUNCTYIBN
YeA+BaX+CEXuR3
WHERE ym=1/T, Xa|BG(R)

INPUT; CALIBBeTg8sRES, NUMNBMTEMP
BUTPUT! CALIBB.A,H,C,YHAT, THAT,RESINY,RFSIDT, RMSRESIDYT

SR NBOIREE

Oonon Qoo onnon

REAL RESIDY(10).RESIDT(10)sRMSRESIDT(25)

DBUBLE PRECISIBON Y(10),%X(10), YMgAN, XMEAN, XaME AN, SDXDX,SDXDX3,
s SDxDY»SDx30x3sSDx30YsDYsDxsDx32A(25)2B(23)2C(25)sYHAT(10)»
] THAT(10)

= owsCOMPUTE NEW yARIABLES AND MgaNs,

YMEANsSXMEANsX3MEAN®Qe

D8 302 NNT=1,NUMNBMTEMP
Y(NNT)aqDO/(TEB(NNTaNTH)4273+18D0)
X(NNT)sDLBG(RESINNT,NTH) )
YMEANSYMEAN®Y (NNT) /NUMNBMYEMP
XMEAN=xMEANSy (NNT) /NUMNBMTEMP
XIMEANs XqMEANS (X (NNT)&s3) /NUMNBMTEMP

302 CanNTINUE

*##SUBTRACT MEANS TO AVOID RBUND BFF ERRBR N CURVE FIY

aNslaNals]

#2«COMPUTE SUMS FBR CALCULATING B AND C CBNSTANTS,

SDXOXmSDXDX3=SDXDY=SDX 30X 385DX30Y=p,

DB 304 NNTasq,NUMNBMTEMP
Oysy(NNT)eyuEAN
DX=X (NNT j= XME AN
DX3sX(NNT)#83 X3IMEAN
SDxDx=SDxDx+Dx«Dx
SDXDX3=SDXDX3+DX#DX3
SDXDY=EgDXDY*DX®*DY
SDx3D0x3=5Dx3Nx3¢Dx340x3
SDX3NY=gDX3DY+DX3#DY

304 CBNTINUF
o



600
601~
602+
603
604»
605.
606+
607
608+
609
610
6110
612-
613-
614
615+
616
617.
618+
619
620
621
622
6230
624
625
626
627
628+
629
630
631
632
633
634
635,
6360
637
638
639,
640
Guye
b4z
643
Bb4e
645
46
647
648«
649
650‘
651
6520
653,
654
655
656
657
658.
659

o $ESBCAMPUTE A4;8,C CBNSTANTS >3

BINTH) = (SDXDY#SDX3DX3+SDXDX3#SDX3DY )/ (SDXDX#SNX3IDX3=eSDXDX3##2)
CINTH) = (SDXDX#SDX3DYeSDXDY#*SDXDX3) /(SDOXDX#gNX3DX3eSDXDXI#42)
A(NTH) s YMEAN=B(NTH) s xMEANC(NTH) #x3MEAN

no

#%#(OMPUTE ESTIMATED VALUES BF Y AND T USING A,B,C AND X

RMSRESIDTINTH) =0,

08 306 NNTs1,NUMNBMTEMP
YHAT (NNT) s A(NTH) 4BINTH) #x (NNT) & C(NTH) 8 (y (NNT ) wu3)
THAT(NNT)e1eDp/YHAT(NNT)=273.1500
RESIDY(NNT)SYHATI(NNT) eY{NNT)
RESIDT(NNT)sTHAT (NNT)=TEB (NNT,NTH)
RMSRESIDT (NTH)sRMSRESIDT (NTH)*RESIDT (NNt ) ##3 /NUMNBMTEMP

306 CBNTINUE
RMSRESIDT (NTH)=SQART (RMSRESIDT (NTH) ) 41000
RETURN
&

o 2 R S A A AR R e R R Rl R A R e A R R e s Y Y oy e

c
c

c.iiililiﬂlﬂfll!ﬂIi'.‘GI.l'.il.I"C*Q#.!lII'*I.'.O.'QIll“‘.il{l....QiﬁlﬂiI.*Q.I’

SUBRBUTINE PRINTBUT

C

C PRINT AUTPUT AF LEAST SQUARES FIT FBRR BNE THERMISTBR

INPUT: CALIBBoTHERMID,BATCHNUM, ICLK,CALIBDATE,,B,C,
YsYHAT+RESIDYsRES2T6B» THAT#RESIDT.RMSRESIDT

BUTPUT; PRINT«SAME AS INPUT

SRBUBDEENE

OO0 00 N0

WRITE (10824000) THERMID(NTH)»BATCHNUM
WRITE (4nBa4p02) ICLKsCALIBDATE,CALIBPLACE
WRITE (108,4004) A(NTH) ,BINTH) ,CINTH)
WRITE (10824006)
WRITE (1nBs40n08)
WRITE (10B,4010) (NNT2YINNT) ,YHATINNT) ,RpSIDY(NNT),
s NNT={ s NUMNBMTEMP)
wRITE (108:4012)
WRITE (103,4014;(NNT,HEStNNT,NTH);ng(NNT,NTH;.THATtNNT)s
$ RESIDT(NNT),NNT®q,,NUMNBMTEMP)
WRITE (108,4016) RMSRESIDTINTH)
RETURN

C .
400 FBRMAT (liTHERHISTUR| 1s lagsr BATCHp 45 1)
“oog FBRMAT ('0 DATE 8F CBMPUTER RUNI ',4Ak/
s 10 CALIBRATIBN DATEi') 2xsA2» 1xsA3s 1X,A2//
Y ' CALIBRATIPN SBURCEj'1s 3A4)
4004 FBRMaAT ('0 CALIBRATIGN CBNSTANTS'/
$ Sxs'Ast, F15.13/
$ 1QrobXp1Bers F15¢13/
oRmar e e s Aot BF RESIDUALS
4006 FBRMAT (,///25x2 1 TAGLE ')
“gga FBRMAT ('8{1T133'585ERVED'JT281'ESTIMATED|,T453'RESIDUAL'/
$ Tiéa'Y': T3E"Y;J T“aé'I;}1o
4010 FORMAT (1xs 152 F15¢102 2F16¢10)
4012 EBgHAT (///T7112'BBSERVED 8BSERVED ESTIMATED RESIDUAL'y,
$ Ti4,'R', T26:'T', T37:'T, Ta7,'T")



6600
6610
6620
6630
6640
6650
666
667
668
6690
6700
671
672
673
674
6750
676
6770
678
679,
680,
681
682
6830
6840
685,
686
687,
688+
689+
690.
691¢
692
693,
594
595+
5960
697
698,
699«
700
701
702
703e
704«
7050
706°
707«
708+
709
710e

60

4014 FORMAT (1Xs I%2 F1303s F11082 F10eBs F1le6)
4016 FORMAT (101,733, 'RMS RESIDUAL',F7.3,' MDEG!')
4022 FORMAT (la, "/7,130 '/'2A2: '81,A3, '8i,Ap, 1/1,E13:9: '/'2E13e9,
® 1/1,E13e92 1702120 '712F502)
e

CousneslataeastpasiRountlondonisdat aplonpRdldea el N RsRREdlulanoRaUaRORRONERRGY

c
c

c‘.‘........l.‘...'ll.'....l"OI.Q...‘..ll.'l‘......i."..'II..'..‘."C..'..I'..

SUBRBUTINE PUNCHEUT

E PUNCH CARDS WiyW R,7 CALIBRATIBN DAvyA P8R FILEs AND A,B,C CANSTANTS FOR
C THgRMISTOR INTERCOMPARISONS,

E INPUTE CALIBB(MUELL)oBATCHNUM, GMD, NUMTHERM, NUMNaMTEMP, CAL1BDATE, THERMID,
€ T68:RES
C BUTPUTI PUNCHe SAME AS [NPUT

(TIXZXL 2T}

INTEGER NCARDS,PAIR],PAIRF,NENCARD

O oo

IF (GMD.EQ.4HERBR) GB T8 SQa
WRITE (106,5010) BATCHNUM,NUMTHERM, NUMNBMTEMP, CALIBDATE,
8 CALIBPLACE
NCARDSaNUMNBMTEMP /441
D8 502 NTH= s NUMTHERM
WRITE (106,5025) THERMIDINTH) ,BATCHNUM.PALTBDATE
DO 501 NCeisNCARDS
"PAIRIu4#NCe3
PAIRFR&SNC
IF (PAIRF ,GTo«NUMNBMTEMpP) pAlRFgNUMNBMTEMp
NBNCARD-PAIRF-PAIRIaE
WRITE (106,5028) NBNCARD, (T6B(JP,NTH) ,RES(JP,NTH),
. JPaPAIRY, PATRF), THERMED (NTH) 5 gATCHNUM
501 CONTINUE
BEp2 CONTINUE
So4 DB 505 Keygs3
WRITE (106,5035) (THERMID(NTH) ,BATCHNUM AL IBDATE,AINTH),
&  B(NTH) ;C(NTH) , NUMNBHTEMpP, RMSRES 1DT (NTH) , NTHp 1 » NUNTHERM)
505 CONTINUE
RETURN

€
5010 FORMAT (BATCH® 1,13, T12,1GMDeDIRELT s T27, 1NUMTHERMB 1, 12,
] T40, "NUMNBMYEMP® !, 12, 2X,A2, 1X,A3, 1X,23, 3a4)
5025 FORMAT (1 TWERMISTER 1,]6,1 BATCH 15 132 sxsA2: tX2A3s 1Xx2A2)
5028 FORMAT (N(F7e4s {XoF9e2s (X)2 T732142 %1213)
5035 FBRMAT (18, "/1,13, "/',A2, 'e',a3, "81,A2, '/1,g13:9, /1,139,
] YZVEL3e90 1400120 1/15F502)
c
END
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BATC
DATE

HNUMs &7
DBNEs 2

PTPRBBE:s BU
VBLTS ACRBSS THERMs 2,800

LERS
INIT
BBBK

RATIO=
RATIO=
NUMBER=

PAGE= 41

NBMINAL TEMPERATURES

BATH

1D

O QNN F W

THERM
NB

7
32
109
132
155
156
163
168
187
189
190
238
239
240
242
244
319
320
323
324

326
328
345
357

Input data verification page for 0° C nominal temperature

PRT
RESIST
Pe555336
Pe555337
29555337
2¢555337
24555337
2555337
Pe555337
2555337
20555337
20555337
2555337
2555337
2°555337
20555338
20555338
2555338
22555338
2¢555338
2¢555338
2555338
25553338
20555338
2555338
2555338

2 JuL 76
8y

24555259
2:855533n0

761

» 00

PRT
TEMP
°0076
*0n77
°nn’7
eqn77
*00?7
00077
00’7
*ogrr
*0077
0077
*0p’?7
00077
v0077
'0p78
°0pn78
0078
078
°0n78
*0p78
0’78
-0078
*0078
00078
aOOTB

UNCBRR

THERM RES

95046020
94927+00
9506700
9579910
9476380
9535110
9461500
9496810
95264+ 80
9517570
9504150
95210°40
97882010
9504240
95439500
95460°10
9511500
9518840
9501730
95167930
9503880
95012+00
95196450
9518900

CBRrRR

THERM RES

9504515
94925495
9506595
95798+5
uT6pe65
9535005
94613°8%
9439679005
9526375
95174965
9504045
95209+ 35
97881e2p
504139
9549399y
95459 p
9511399
95187+3p
9501620
9516620
950377p
95010° %90
95195 4p
951879p

69 -



THERM]ISTBR} 7 BATCHI &7

DATE B8F CBMPUTER RUNJ 14305 SEP 24,'76
CALIBRATIAN DATE:! 23 JUL 76
CALIBRATIAN SBURCE! wHB!

CALIBRATIBN COBNSTANTS
A® +0009087846954

Be ¢0002250005862

C®= +0000001149649

TABLE B8F RESIDUALS

RESIDUAL
h {
=+ 0000000007
*0000000012
*0000000010
=+0000000031
*00000000189
*+0000000003
0000000000

ESTIMATED RESIDUAL

BBSERVED ESTIMATED
¥ Y

1 e 0036608908 *0036408901

2 » 0035952332 *0035952344

3 20035316941 *0035316951

4 20034704710 0034704679

5 *0034113163 *0N34113182

6 00033541115 e0033541112

7 vO032988069 s0032988070

BRSERVED BRSERVED

R T s
1 95045150 e D076 00761
? 744850250 409961 4099598
3 587364750 10°0002 10°+00015
4 4664842750 1409953 14999559
5 372864250 19¢9920 1999184
6 29983¢150 2409915 24499457
7 242550950 29:9899 29.9899p

RMS RESIDUAL

Output page for thermistor No. 7

T
* 000051
=*0000%90
=*000082
*000258
*'000163
*000028
*=e000002

0126

MDEg

70
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Appendix III
CALCOLIN Program

The CALCOLIN program is used to evaluate the calibration data and
compare the results of several calibrations on a single thermistor. Its
use over the last three years has allowed us to determine drift rates
of thermistors, has helped us to detect errors in calibration data, and
to evaluate the consistency of our calibrations. CALCOLIN is written
in Xerox FORTRAN IV.

Following the listing of CALCOLIN is an example of the output of

the program. There are two sets of numbers for each thermistor.

In the first set of numbers, the first four.
columns are, respectively, thermistor number, calibration batch number,
r.m.s. calibration residual and calibration date. The numbers in the
following seven columns are derived in the following way. The numbers
at the tops of the columns, at the top of the page, are temperatures
( 40, +5, etc.) in °C. The numbers directly below these are nominal
resistances for this thermistor type at those temperatures from one of
the input cards. The numbers for the individual thermistors and calib-
rations in Table A for each thermistor are the temperature differences
which result from: (1) calculating a temperature using the nominal
resistance at the head of the column and the A, B, C constants for
that thermistor and calibration; (2) subtracting the temperature at
the top of the column; (3) multiplying by 1000 to get the temperature
difference in m® C. The absolute value of one of these temperature
differences has little meaning except to tell one whether an individual
thermistor is within manufacturer's specifications or not. Comparing
ali the temperature differences at a given temperature for one thermistor
can reveal several things. If the numbers stay quite constant over a
period of several years as in thermistor 122, we can say that the
thermistor is stable and the random variations in the temperature
difference give us a good idea of the repeatability of a given tem-
perature in the calibration bath. If the numbers change with time
as in thermistor 131 then we know the thermistor is drifting. If the

temperature difference increases with time this indicates that the
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thermistor resistance at the specified temperature is increasing and

vice versa.

The second table of numbers, for each thermistor,

is an estimate of

drift rate of the thermistor together with data which

allow us to evaluate that drift rate. Each row in this second table is

the result of computations on the numbers in the corresponding column

of the first table.

The columns

T - The
N - The
TIME - The

represent:
nominal temperature in °C as in the previous table
number of calibrations performed on this thermistor

elapsed time in days between the first and latest calib-

rations of this thermistor

YBAR - Mean of the temperature differences in the previous table for

nominal temperature T over all the calibrations

SEMV - The

standard error of YBAR

YINTER -b in the equation

y =at + b
where y = temperature difference from Table A
t = time in days from the first calibration to the
calibration from which y was obtained and a
and b are the result of the least squares fit
of temperature difference vs. time
SIOPE - a in the above equation; the drift rate in m° C/day
DRIFT - The drift rate in m°® C/year; SLOPE * 365
SELF - Standard error of the least squares fit
VSL - Variance due to the slope of the line
VAL - Variance about the line
CORR - Correlation between temperature difference and time
SELF/SEMV - An indication of whether the least squares fit with time
variation is better than a simple mean
CAL/VSL - An indication of how important the variance about the

line is compared to the variance due to the slope of the line
Following the seven lines at nominal calibration temperatures

is a final line with five numbers. These are, respectively,

the overall means of YBAR, SEMV and DRIFT, the square

root of the mean of VAL, and the overall mean of CORR

The final table is a listing of all the input cards.
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Of the two examples shown, thermistor number 126 is stable with
a standard deviation about the mean of #1.2 m°® C. Thermistor number 76
is drifting although the drift rate has decreased considerably in recent

calibrations.
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he
7 e
He
2 9.
10°
1:q0e
1.2
13
14
15¢
16+
17-
180
19
20°
21
22
23
24
.25
26
27
PR
29.
30
31
32
33
“34.
35.
36
37.
38
39.
40
by
420
43,
Gbio
45
4bHe
47
48
49,
“5Qe
51
hPe
"S53
S54e
55
56
h7e
57
59

74

€ ECALCBLIN

C CALCULATE DeLTA TEMPS AT GIVEN RESISTANCES AND LEAST SQUARES

C FIT BF DELTA TEMPS TH TIME

Cx»PRYGRAMMER®R.PAYNEs#16 SEPTEMBER (97g##

DIMENSIAN NTHERM(1000)2NB(1000)+PATE(3,1000)2NPTS(1000)+
{RESID(1non) 2 IND(11),MD(1000'2MB(100n) 2DTEMP(25,7)2DTEMP (25)2
ANL25) ,NNDAY(100) , ICLK(4) ,,DAYDIFF(25)

NYULLE pPRECISIBN RES(7)eNRES(7)sNRESK(7)2T(7) s
1 A(1000):BU1000)2C(1000)2TEMP

DATA T/273+15,27R+15,283+15,288+15,293¢15,298¢15,303+15/

C NDAY THRHBUGH RATCH g9, DAY 1 IS 1 JAN, 1973

DATA NDAY/33246,572722660000000020s2540260026422672270027722820
1 020202331235223732379238720240224n724162456200477202515202528.
2 557156402673+ 702¢733:738s708,75027541795,808,8162822,02918,

3 9272946597029 38510P6202110921124202117120:120R21221202129921331+»
4 349

Crn&uuw;ichéQHAT STATEMENTS s ss#sseuu

1010 FBRMAT (T10s11)

1012 FBRMAT (A4)

1015 FARMAT (14,1X21321x23A321%23(F13e9,1x)21221%2F5e229%x22A1)

1020 FHBRMAT (7(F102))

111C FARMAT ('"1',5X,'THERMISTAR CALIRRATIBN COMPARISAN' ,4X,44)

1112 FORMAT (v SLBPFE AND DRIFT ARE MINUS THE RATE AT WHICH TEMPERATURE
¢ WAULD APPpaAR1/1 718 CHANGE IF THE THERMISTAR WFRE MBUNTED IN A CO
$NSTANT TEMPERATURE BATH!)

1115 FBRMAT (51x» 'RESISTANCE/TEMPERATURE ")

1120 FBRMAT (40Xs '+ s6Xp ' +5195Xa '+ 118X '+15125X»1+20125X, 14251,

1 BXt+3nt)

1125 FORMAT (4x,'THER DAYS gTCH RSDL DATE "27FRe1)

1145 FARMAT (111)

1205 FHRKMAT t'0")

1210 FBRMAT (1x22A123152F6e221x23A3,7F84125x%22A1)

1215 FBRMAT (13X,1T N TIME YBAR SEMV YINTER SLBPE DRI
1FT SELF VsL val CORR SgLF/ VALZY)

1216 FORMAT (13Xs'C DAYS MDEG MDEG MDEG MD/DA MD/
1YR MDEG MD2 MD2 SEMV Vsl

1220 FARMAT (23XsF9e¢33F7:3220%X,F943,14X,F7e2,Fge3)
1314 FHARMAT ('1':4X24A4)
1315 FARMAT (1 TH BA DATE A B Cc

1 PTS RES'")
1320 FHRMAT (1x22A121x2214s1x23A3s3E159,13,F5:2:2x22A1)
CresunsunptePRAGRAME ¥ iin 8860

Ms [END=Q)

Lsys=]

CALL "TBDAY({ICLK)
Crasunsnnny [NPUT #otuandinn
Css 1Dm=p USES ANLy gRBD CALIRRATIBNS
Ce#w» 10Bs®sq USES alLlL CALIBRATIBNS

READ (105,1n10) DB
Caw RES ARE RESISTANCES T8 Qg SUBSTITUTED T8 GET TEMpERATURES

READ (195:11720) (RES(I)a2l=1,7)
Co*wWRITE PAGE HEANING

“RITE (19%,1110) ICLk

wRITE (12%:1112)

“RITE (1n0R»1115)

ARITE (10R8,1120)

WwRITE (10851125)(RES(I)s121,7)

wRITE (108s1205)

100 CHNTINUE



AQe
hle
62
£3-
b4e
65
bk
aTe
58
A9
70
71
72°
73.
Tyoe
75«
76
77
78.
79
B0 e
Hqe
32.
H3e
Rye
B5e
KEie
R7e
BR e
RG e
90+
91-
S92
93
Gge
95 e
Ye e
7.
95.
99,
120~
101
1iN2e.
1C3.
1(:—“.
105
106
107
10R
109
110
111+
112
113
114-
115-
116
117 .
115
{19

Ces READ CARD FRAM CALIB PRHGRAM 75

Cees D [N CALUMN 79 MEANS THERMISTBR HAS REEN LBST AR DESTRBYED
Ces# H [N CBLUMN 30 McaNS BAD CALIBRATIBN
Cc* L INCREMENTS | FBR EACH NEwW ApBsC CARD
READ (105,1n152"NDe405) NTHERM(L),NB(L)» (DATE(I,L)s 131,53,
TA(L) ,B8CL) ,CILI,NPTSI(L) ,RESID(L) ,MD(L),MBLL)
IF (LeERel) NTHFRM{Q)aNTHERM(1); NDAy1aNDAY(Ng(L))
IF (IDB«EfRes1) GR TB 200
IF (MD(L) egRelHNeBR+MB(L)«gRe1HR) GA TH 100
ConvnuaneesCALCULATIBNS S sasasuns
200 CONTINUE
IF (INTHERM(L)+NE«NTHERM(L=1)) GP T8 410
210 CANTINUE
Cew ‘CALCULATE TEMPS FBR GIVEN RES
DY 40n 1=127
TEMPE1 ./ (A(L)+B(L)#DLAG(RES(]))+C(L)#DLBGI(RES(]) ) ##3)
DTEMP(Js 1) (TEMP=T(1))+1000
Ce=» DAYDIFF IS N@. RF DAYS FRAM FIRST CALIB. TO CALIB.
Conw UNDEFR CANSIDERATISBN
400 CONTIMNUE
NAYUIFF(J)sNDAY(NB(L) ) =NDAYY
WRITE (10R,1210) MDIL)IsMB(L)sNTHERM(L),DAYDIFF(J)aNB(L),
IRESIDIL) ,(DATEC T ,L) 5 I=1,3) , (DTEMP(J,M) M1 ,7) MD(L)  ,MB(L)
JaJ+l
LaL+1
59 T8 100
C* J INCREMENTS ¢ FBR FACKH NEW A,B,C CARD BUT RESETS WHEN
Ce##s® THERMISTRR NUMBER CHANGES
405 T1END=1
410 CANTINUE
WRITE (10%2,1215)
WRITE (108,1216)
Jisg=1
Cunnunsnnwal INEFAR FIT PF TEMP DIFFSsssvsnnnns
YHBARMSDRIFTMaYBARVARM=ALFMaCBRM=q
o4 620 Meil,7
DB 610 k=1s g1
DTEMP{ (K)=DTEMP (K,M)
610 $BNT!NUE
X MYen73e4R
EiLL(L%N?T$ %DEYD!FF;DTE"pi:JinTEoYBARVARaVALFnCBRi
YBARMaYR ARM+YRAR/ 7 e
DRIFTMeDRIFTM4DRIFT/ 7«
YHARVARMsYBARVARM+YBARVAR/(7,8J1)
 ALFMBALFM$VALF /7
CORMsCRRM4CHR /7
620  COUNTINUE .
Y4ARSDsSHRT(YBARVARM)
™ FM) 2
:;??gS?T;;:%gao) YRARM, YRARSD ,DRIFTM, ALSD,CARM
WRITE (108,120%)
I[F (IENDeEQe1) GAR TH 1000
Ja1
NDAYLENDAY(NB(L))
59 TR 210
1000 COANTINUE
ml =
C#® RUT UT, IMAGE gF (NPUT CARDS
ARITE (1n08»21314) ICLk
SRITE (19R21315)



120-
121-
122
1230
124
125
126
127
128
129.
130-
131
132-
133.
134
135-
136
137
138
139
149
141
142,
1“3.
1440
145+
146«
147
148
149
150
151-
152.
153-
154+
155.
156+
157
158
159
160
16]1-
162,
163
164
155
16K
167e
164d.
169
170
171

c

76

WRITE (108,1320)(MD(1),MB(1)NTHERM(]) ,NBI(]),
(DATE(K-1)2K2123)5A(1)2BlI)sC(]),
NPTS(I)sRESID(TI)sMD(I)sMB(1)pT=1,L)

Cuonaansadacsttandaitsaldiasideioaatadentipedigiiadaedacondotdannesandtennns

c
c

SUBRBUTINE LINFIY (X,YsN,TEMaSDY2,VALsCORR)

ClﬂltdIi!l.!ia.oIQOCIQ-Dlﬁilli.l.i.!GGCD.Ibin'lio|0.|¢Q0.0.'.|'.|'l|.|§.

c
c

aRalgNa

100

200

DIMENSIBN X(25),Y(25),TIME(25)
CAMPUTE MEANS
XHARsYBARR(D
DB 100 I=1sN
XBAR=XBAR+X([)/N
yBAReyRAR+y(I) /N
COUNT INUE
CaMPUTE SLAPE, YINTERCEPT,CORRELATIAN (R),vARIANCE DUE T8 SLBPE OF
LINE(VSL), TOTAL VARJANCE BF LINEAR FIT(VLF)
SDXDY=gNX2=5DY2=0
D8 200 I=s12N
SUXDYsSNXNY+(X(])=XBAR)#(Y(])eYBAR)
SUX2eSDOX2+(X{TJ)eXBAR)® D
SUyeaSDy2+(y(])=vBAR)#ap
CONT INUE
SLBPESSDXNY/SDX?2
DRIFT=SLLBPF#365
VINTERsYRAR=SLUPE#XRAR
CERRESDXDY/( (SDX2#5DY2)#20e%)
VSLESDXDYs#2/SDX2

CAMPUTE vARTANCE AB®RUT LINE (vAL),STANDARD ERRBR AF LINEAR FIT (SELF)

AND STANDARD gRRAR BF MEAN VALUF (SEMV)

IF VSL 1S MUCH GREATER THAN VAL THEN SLBPING LINE IS BETTER

FIT TO NDATA THAN MEAN VALUE

VAL=0.
DO 300 I=1,N
VALsVAL4(v(1)ayINTER=SLOPEeX(1))ss2
CONT INUE

SELFeSURT(VAL/N)

SEMVaegGURTISNY2/N)

TETIMEax(N)=x(1)

KSLM=jen

IF (SDY2,G744001) RSLMeSgLF/SEMV

KyLM=Qen

IF (VSL<GTenepo1) RVLMBVAL/VSL

CrenancssanagTP|yevtdesnatne

#RITE (10823001) TEMaN,THTIME, ypAR,SEMys YINTER,

1SLBPEsDRIFT,SELF,VSL,VAL,CBRR,RSLM,RVLM
3001 FORMAT (11XsF4e0,13,15,F9.3,F7:3,F1n:3,F10.5,F9.3,

F7e3,2F7¢”P8F7:4s2FRa3)
RE TURN
END
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11:12 SEP 17,176

TH
76
76
76
76
76
76
76
76
126
126
126
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126
126
126
*STBP* 0

BA

2
21
&2
45
46
47
57
68
2é
34
36
37
40
%1
49
59

DATE
15#FEB*73
27#NBV#73

3# JAN®75
20*JAN§75
24w JAN®TS

6buMARST7S
23*RCT*75
PIRALIGRTE
1R#DEC*73
30#MAv«74
128JUNS74
11*JUL*74

4rNBV*T4

3+PEC«74
27 #MAR#%T7H
15%# JAN#%#76

A
e 9n7276662E=03
*90R975703E=03
*90B024765E=03
+999638957E+=03
+909740989E =03
v978756534E=03
*90827n114E=03
2909072729E-03
'RI6BE4289F =03
*897339085F =03
*89774056E=03
*»89491n969E=03
*8964783946FE <03
'895466766E=03
"85616nB33E=n3
e895809412F«03

B
2 225276166E=p73
+225058981E=03
1225184518E=03
*2P4953966E=03
e P224942586F«03
*225080322E=03
+225147885E=03
0 225026889E=073
122672701 7E=03
0 226609665E=03
1226546207E=p3
*226668113E=03
W 226728121FE =03
2 226841587E=03
v 226770858E=p3
+226809092E =03

78

C
*113410045E=n6
0114031042E=np
e113765542E=n6
©114474836E=n6
0114489273E=ng
*114098987E=n6
©113906734E=p6
©114297329E=n6
«110085143E=05
*110487051E=n6
°110728311E=n6
*»110289750E=06
«110142294E=ng
*109816519E=n6
*110018335E=p6
+109991134E=nNg

NN NN N NN NNNN NNN YA

w

RES
e 3R
031
*13
*17
273
e 24
ODS
en8
e 3R
s 21
27
22
elo
017
LR |
e10
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