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R-1259 Sippican Ocean Systems, Inc.

1.0 INTRODUCTION

Sippican under Contract N00014-82-C-0579 is developing an Expendable
Conductivity and Temperature probe (XCTD). Phase I of that contract, as defined
in Report R-1087A, encompasses the conceptual design and laboratory testing of
temperafyre and conductivity sensors and associated circuitry for the expendable
probe. fThis report describes the activities and results of Phase I of this
contracef“i“'The report is an overall description of the XCTD probe and its
progress to date. A general description of the circuit operation, lab setup,
calibration procedures, software and data formatting, transmission, detection
%nd processing is presented. The attained system accuracies, the sources of
jnaccuracies and how they might be improved in the final configuration is also
presented. Descriptions of the model conductivity cell, thermistor, and model
probe are included along with their performance test results. Finally, in the

last section the remaining major design areas are outiined. ‘*\\\\
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2.0 EXPENDABLE, CONDUCTIVITY, TEMPERATURE, DEPTH (XCTD) SYSTEM

The XCTD System, as presently configured, is shown in Figure 2.0-1. The
free falling XCTD probe transmits time multiplexed frequency modulated data up a
standard 39 gauge BT wire pair. The time multiplexed data consists of sequen-
tial samples of conductivity, temperature and calibration data. The BT wire is
terminated at the hand, deck, or thru-hull launcher and interfaced to the
Sippican MK-9 Recorder with an XCTD card set via the launcher cable. The MK9
Recorder demultiplexes the data samples and measures the frequency of the
appropriate data samples. These data samples are transferred to the Hewlett
Packard 85 desk top computer where real time calibration data is compared to

initial (time of manufacture) calibration data to determine any changes in gain

and offset of the electronics. These changes in gain and offset are used to

correct the real time conductivity and temperature data. The corrected data is
displayed on the HP85 display, printed on the printer and stored on the
cassette. The data reduction and display performed by the HP85 occurs almost

simultaneously with the probes descent, so data is available very nearly real
time.

The accuracy requirements for the XCTD system were defined in Sippican
Report R-1087A as + 0.03 mmho for conductivity and = 0,03°C for temperature. An
initial assessment of sensor, electronics and processing errors resulted in the
following apportionment of allowable tolerances and errors.

Probe Deck Gear

Sensor Electronics Processing

Conductivity 0.01 mmho 0.01 mmho 0.01 mmho
Temperature 0.01°C 0.01°C 0.01°C

1-2
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2.0 EXPENDABLE, CONDUCTIVITY, TEMPERATURE, DEPTH (XCTD) SYSTEM

The XCTD System, as presently configured, is shown in Figure 2.0-1. The
free falling XCTD probe transmits time multiplexed frequency modulated data up a
standard 39 gauge BT wire pair. The time multiplexed data consists of sequen-
tial samples of conductivity, temperature and calibration data. The BT wire is
terminated at the hand, deck, or thru-hull launcher and interfaced to the
Sippican MK-9 Recorder with an XCTD card set via the launcher cable. The MK9
Recorder demultiplexes the data samples and measures the frequency of the
appropriate data samples. These data samples are transferred to the Hewlett
Packard 85 desk top computer where real time calibration data is compared to
initial (time of manufacture) calibration data to determine any changes in gain
and offset of the electronics. These changes in gain and offset are used to
correct the real time conductivity and temperature data. The corrected data is
displayed on the HP85 display, printed on the printer and stored on the
cassette. The data reduction and display performed by the HP85 occurs almost
simultaneously with the probes descent, so data is available very nearly real
time,

The accuracy requirements for the XCTD system were defined in Sippican
Report R-1087A as * 0.03 mmho for conductivity and *+ 0.03°C for temperature. An
initial assessment of sensor, electronics and processing errors resulted in the
following apportionment of allowable tolerances and errors.

Probe Deck Gear
Sensor Electronics Processing
Conductivity 0.01 mmho 0.01 mmho 0.01 mmho
Temperature 0.01°C 0.01°C 0.01°C
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[t is noted that the contributing errors are summed directly to provide the
+ 0.03 mmho and + 0.03°C total accuracy, rather than by the usual RMS method.
This is to allow for worst case conditions with a preference to err on the safe
side.

Preliminary analysis showed that for a suitable conductivity cell to be inter-
changeable, the dimensional accuracy required was not tolerable in an inexpen-
sive expendable. For example, a tubular 3 or 4 electrode conductivity cell 8.0
* Jong by 0.157" I.D. requires a #+ 0.000015 inch tolerance on its inside
diameter in order to be accurate to * 0.01 mmho. A similar case exists for the
temperature sensor in that a device accurate to 0.01°C costs more than our total
material budget for the XCTD probe.

The approach became to provide very stable resistor references in each probe and
at the time of manufacture to calibrate the performance of an inexpensive but
stable conductivity cell and an inexpensive but stable thermistor against the
very stable resistors contained in each probe. At the time of probe deployment,
the circuit performance with the reference resistors is compared to what it was
when the probe was calibrated.

Any changes are calculated, and corrected for. This allows the accuracy of the
conductivity cell and thermistor to be orders of magnitude less than before.
The accuracy is obtained by factory calibration and stability.

The small drawback of this system is that the initial calibration data that is
used to determine conductivity and temperature performance versus the reference

resistors is unique to each probe and must be available at the time of probe
deployment.

A
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2.1 XCTD Probe

A prototype XCTD probe assembly, as shown in Figure 2.0-2, is
comprised of a number of parts similar to other Sippican p -~be parts. The zinc
nose provides a controlled rate of stable descent., The hc in the center pro-
vides water flow thru the glass tube of the conductivity c The electronics
packages contain the batteries required for probe operatior 'd the two printed
circuit boards. Both the batteries and the P.C. boards - otted to ensure
water integrity. The two outer electrodes of the four electrode conductivity
cell protrude through the potting and are available to the outside water flow
via holes in the probe afterbody. The afterbody houses the probe spool and
attaches to the ABT canister spool. Both spools together contain approximately
2,560 meters of BT wire. This is sufficient for a 1,000 meter probe drop from a
ship traveling at 12 knots. This is based on a probe sampling increment of 1
meter,

2.2 XCTD Probe Electronics

Functional

A block diagram of the XCTD circuit is presented in Figure 2.0-3. The
basic function of the circuit is to sequentially measure the voltages across a
high and low calibration resistors, a thermistor, and a conductivity cell, ali
connected in series, convert the four voltages to proportionate fregquencies and
transmit the frequencies as time multiplexed FM through a 2 conductor BT cable
to a surface receiver. The thermistor resistance varies with temperature and
the conductivity cell resistance varies with water conductivity. The key to an
accurate measurement is knowing the exact resistance of Ry; and Ry and knowing
that they are stable with temperature and time. Vishay Type S102 resistors
having a resistance tolerance of + .005% and a temperature coefficient of 1 part
per million per °C are used. The voltages across the thermistor Ry and the con-
ductivity cell RS are therefore directly proportional to the voltages across
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Ryp and Ry since at any one time the current through all the resistors is the
same (assuming leakage and bias currents are zero). Using a balanced drive out-
put all four frequencies are transmitted approximately four times a second
through a 2 conductor BT cable to a surface receiver.

2.3 Operational

Referring again to the block diagram, the lkHz oscillator is used to
generate a square wave signal, which serves three functions as follows:

l. To drive the resistor chain consisting of Rg, Ryr, Ry, Ry g, and
Ré6. The signal is AC coupled through the capacitor C thus pro-
viding a good symetrical AC square wave.

2. To drive the divider which provides the channel address to the 4
channel differential multiplexer.

3. To drive the synchronous demodulator.

The AC voltages across Ryr, Rt, R g, and RS are sequentially sampled by the
differential multiplexer. The output of the multiplexer drives the synchronous
demodulator, and the AC signal is converted to a DC signal of equal peak ampli-
tude. This DC signal is amplified by the instrumentation amplifier, converted
to a proportional frequency by the VFC (Voltage to Frequency Converter) and
divided by two by the squarer for a 50% duty cycle square wave. Finally the
signal is fed to a balanced driver, which drives the line with voltages of oppo-
site polarity, reversing the polarities each 12 cycle. This provides a very
large voltage swing which compensates for the heavy wire attenuation. Also, the
induced currents in the wire cancel each other thus minimizing circuit inter-
ference since battery ground is also seawater ground via the conductivity cell
electrodes.

2-1
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2.4 Electrical

A detailed schematic is attached. The lkHz oscillator ICl is a multi-
vibrator. The frequency stability requirements will be dictated by the data
receiving equipment and will be within the capabilities of ICl - with the proper
selection of external components. The.E output drives the resistor chain Rg,
Ryrs Rt.Rigs and Rs. The Q output drives the divider chain 1C2, IC3, and IC4.
Both the Q andla outputs are also the commutating signal for the guad bilateral
switch IC6, which acts as the synchronous demodulator. A switch type demodula-
tor, or commulator was used since it's response to changes in amplitude is fast
compared to traditional type peak detectors. The output of the dividers provide
the channel address to the differential multiplexor. Since the dividing chain
divides the lkHz oscillator signal by 120, the output of IC4 addresses each of
the four channels for 60 ms each, thus the voltages across Ry, Ry, RLg> and R§
are sampled for 60 ms each., The output of IC6 is fed to the differential input
of the instrumentation amplifier IC7, whose high common mode rejection elimina-
tes any common mode voltages and provides a ground referenced positive output.

The gain is 10 and is determined by external pin connections. The output of the
amplifier is the input signal to the Voltage to Frequency Converter IC10 via the
low pass R/C filter comprised of the 2K resistor and luf capacitor. This filter
averages any ripple due to any imbalances (DC voltages) at the input to the dif-
ferential multiplexer. The output of IC10 is a frequency proportional to the
voltage input in the range of approximately 200 to 2200 hertz. The output fre-
quency does not have the desired 50% duty cycle, and is thus squared by the
divide by two circuit IC8., The resulting 100-1100 Hertz signal is AC coupled to
a balanced driver output stage. When IC9, pin 12 is positive at about 6 volts,
IC9 pin 10 is negative at about -6 volts. Therefore, IC9, pin 12, swings from 6
volts to =6 volts and ICY9, pin 10, is simultaneously swinging from -6 volts to 6
volts thus the total voltage swing is 4 x 6 or 24 volts.

2-2
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cem = =

2.5 Power

The electronics is powered with four alkaline 9V batteries contained
within the probe and provide a total of *18V. The voltage is regulated down to
+12 volts. The alkaline batteries can be expected to retain 70% of their origi-
nal capacity after two years if stored at temperatures less than 30°C, and at .
circuit current drains of approximately 30 ma are capable of powering the probe
throughout its descent. The major advantage in using alkaline batteries is
their low cost. Activation of the probe electronics will be via three electro-
des on the outside of the probe body. These electrodes will be commoned to cir-
cuit ground, which is also seawater ground, upon contact with seawater. This
will in effect pull the negative battery and the positive battery to circuit

ground, thus completing the power/ground circuit.

2-3
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3.0 SYSTEM OPERATION

3.1 Laboratory Set-up

For the purposes of development testing of the electronics, conduc-
tivity cell, thermistor, and the accuracy demonstration of the final probe
configuration, the lab set up shown in Figure 3.0-1, was assembled. The XCTD
circuit as described in Section 2 is shown in the center. Its inputs are
*12VDC, Ry or a thermistor, and RS or a conductivity cell. The outputs are the
instrumentation amplifier output and the divide by two squarer and these are
connected to the HP3455A voltmeter and the HP5316A counter, respectively. A
special interface circuit to properly gate the counter-to-measure time intervals
is included in the XCTD breadboard. This interface circuit is not part of the
normal probe electronics and its function will be included in XCTD deck gear.
An HP85 computer sequentially inputs data from the voltmeter and the counter via
an HPIB interface bus and processes the data to determine temperature and con-
ductivity. Subsequently, temperature and conductivity is also input as measured
with the Neil Brown Model CT III Calibration Standard via the RS-232 link. The
three seawater baths are mixed to provide three different levels of conductivity
- low, middie, and high. These three conductivities are used to calibrate the
conductivity cell. Similarly a microprocessor controlled temperature bath pro-
vides three levels of temperature to calibrate the thermistor. Both the tem-
peratures and conductivities are known by measuring with the Neil Brown
Standard. Also, temperature and conductivity can be independently profiled by
varying the bath temperature and adding salt to the low conductivity bath,
respectively.

3.2 XCTD Communication and Timing

The calibration temperature and conductivity data is contained both in
the voltage and frequency outputs of the XCTD circuit. The data output is for-
matted as shown in Figure 4. In order to properly gate the counter, an inter-
face circuit was breadboarded to output a single pulse enveloping 2, 4, 6, 8, or
10 cycles (selectable) of each channel at a predetermined delay from the
beginning of each channel.
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This provided for the analysis of the relative merits of cycle averaging and
determined the minimum wait required after the beginning of each cycle to
account for settling time. The frequency bandwidths shown are approximate and
some overlapping may have to be accounted for in the processing as a price for
thermistor and conductivity cell noninterchangeability. The channel widths are
approximately 60 ms wide resulting in a data rate of approximately four
measurement sets per second. The counter and the voltmeter serve temporarily as
the XCTD receiver and processor. Therefore, in crder to measure as many as ten
cycles after a delay and provide enough time for the voltmeter or frequency
counter to make a conversion, the channel width was expanded to approximately
one second each. The XCTD circuit is continuously and asynchronously outputting
the data in the order shown in Figure 3.0-2. The voltage across the 400Q
resistor R g is sampled, amplified, and fed to the voltmeter while simulta-
neousiy being converted to a frequency followed by a pulse of width equal to a
predetermined number of cycles of the frequency, and fed to the counter after a
predetermined delay. The same process follows with the conductivity cell (or R§
resistance decade), the 4 XKa resistor Ry; and the thermistor (or Ry resistance
decade). Upon a command from the operator the HP85 computer continuously
addresses the counter and the voltmeter and looks for the Low Cal frequency.
The frequency is determined from the pulse width knowing the cycle count (2, 4,
6, 8 or 10). Once found the frequency is stored for subsequent use. The con-
ductivity channel is expected next, followed by the High Cal and Temperature
channels. If these channels are not found in the correct order the computar
deletes all previous channel information and begins another search for the Low
Cal channel. ATl accepted frequencies are followed immediately by the storage
of voltage data. Once the computer has received all four channels of data it
proceeds with the processing of the data. Signal attenuation is shown graphi-
cally in Figure 3,0-3, The maximum frequency is approximately 1 kHz which is
attenuated by 57 dB for 8500 ft. of wire. The output signal from the probe is
approximately 12 VRMS, This results in a minimum signal at the surface of
0.017VRMS, At 100 Hz the surface signal amplitude is attenuated by approx. 18
dB and results in a 1.5 VRMS signal.

3-2
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3.3 Calibration and Test Requirements

In order for the XCTD probe to make an accurate measurement of conduc-
tivity and temperature the characteristics of both the conductivity cell and the
thermistor must be determined. These characteristics are determined by actually
measuring the cell's and thermistor's in-circuit response under known conditions
of conductivity and temperature. Effectively this is determining the measured
resistance of the cell and thermistor at three discrete values of conductivity
and temperature, respectively. To date, conductivity and temperature calibra-
tions, and consequently, actual measurement profiles have been taken with one of
the sensors simulated with a resistance decade box. DOuring Phase II both sali-
nity and temperature will be changed simultaneously in a controlled bath during
calibration and testing of deployable units. The required setting of Ry is
known approximately from previous tests or manufacturer's data for the ther-
mistor. The same holds true for R&é knowing the approximate cell constant.
Therefore, the calibration procedure, under program direction, involves the
acquisition of extra temperature or conductivity data, ie. Low Cal,
Conductivity, High Cal, Temperature, at three different levels. Once acquired,
temperature (conductivity) can now be profiled by varying the temperature
(conductivity) of the temperature (seawater) bath, while varying or holding
constant the R&(Ry) decade box. During both the calibration and measurement
phases, measurements are continuously received from the Neil Brown Standard.
The accuracy of the Neil Brown Standard is *0.005°C for temperature and +0.005
mmho/cm for conductivity. The measurements received during the calibration are
stored by the computer and are incorporated in the calculations during the
measure phase. The measurements received during the measure phase are used for
comparison purposes only.

3.4 Data Processing and Software

The HP85 is the central component on the receiving end of the XCTD
system in the lab configuration, and its functions are to:

3-3
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e Manage calibrate and measure operations

e Input temperature and conductivity as measured by the Neil Brown
Standard

e Input time interval data from the counter and convert to a fregquency
e Input voltage data from the voltmeter

o Generate the circuit transfer function before each calibrate and
measure cycle

° Calculate thermistor and conductivity cell sensitivities from
calibration data

 Calculate actual conductivity and temperature based on measure=-
ment data and thermistor and conductivity cell sensitivities

e Provide a printout of:

Temperature and Conductivity as measured by the standard
during calibration and in situ measurements

Voltage and frequencies as measured during calibration
and in situ measurements

Resulting XCTD in situ temperature and Conductivity measurements

3.4,1 Initialization

A flow diagram of the software program is shown in Figure 3.0-3,A-D.
The program begins with the initialization of the interfaces as required by the

3-4
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HP85 and/or instruments. The Neil Brown Standard uses an 25-232 data link,
which requires the setting of certain control bits. The counter requires
trigger polarities, gate, and mode settings and the voltmeter requires scale and
mode settings.

3.4.2 Calibration

Following the instrument initializations the program requests a low,
middle, or high calibration run and the XCTD and Neil Brown Probes are immersed
in the low/middle/high bath. If simultaneous temperature and conductivity
calibrations are being made, no decade box is required. When ready, required
calibration level 1is input to the computer and the computer inputs the XCTD
data, followed immediately by the calculation of R vs F and R vs V circuit
transfer functions as determined from the Ryr and Ry g resistors and their
resulting frequencies and voltages. This is shown graphically in Figure 3,0-4
along with the circuit transfer function. For simplification only frequencies
will be used in the following descriptions, but voltages can be directly substi-
tuted for the frequencies. The applicable variables used in Figure 6 are
defined as follows:

RCH» Frey ++- Cal High resistor (=4Kp, +0.005%)
and resulting output frequency.

ReLs FReL »-- Cal Low resistor (=4002, +0.005%)
and resulting output frequency

Ry, F eevese.. Calculated resistance R as determined
from the measured frequency F

The circuit transfer function is derived for every calibration or

measure cycle, thus compensating for any circuit variations such as amplifier
gain, offset, drift, power supply fluctuation, etc. Next the program calculates

3-5
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variables in Figure 6 as:

FRTCHs RTCH «--

Farcss Rrgs ---

FrRcLs RrcL ---

FR@CH’ RGCH eee

FRGCS, RSCS cee

FRSCL’ RGCL )

As a result of

Sippican Ocean Systems, Inc.

the thermistor and conductivity cell resistances using the transfer function and
the measured temperature and conductivity frequencies. The process is repeated
for the remaining two calibration levels, This now introduces the remaining

Frequency of temperature channel at
Cal High and resulting calculated resistance

At Cal Middle

At Cal Low

Frequency of conductivity channel at Cal High
and resulting calculated resistance

At Cal Middle

At Cal Low

all the foregoing measurements each individual XCTD

probe has now been "characterized" and with the thermistor and conductivity cell

sensitivities assumed stable over time the following parameters are assumed

never to change:

Tews RrcH
Tess Rres
TeLs RrcL
ScHs Récy
8css Récs

ScLy Récy

3-6




R-1259 Sippican Ucean Systems, lInc.

The final process at each calibration level is a printout of actual
temperatures and conductivities and corresponding voltages and frequencies. A
sample calibration phase printout is presented in Figure 3.0-5. In summary, the
calibration phase of the operation is to determine the temperature and
corresponding calculated resistance and the conductivity and the corresponding
calculated resistance at three different calibration levels. These parameters

are stored permanently as probe characterizing data.

3.4.3 Pre-Lab Measurement

After the calibration phase the program is ready to initiate a
measurement. Referring again to the flow diagram in Figure 3.0-3 the original
calibration (or cnaracterizing) data is used in the generation of pre-launch
equations. This is shown graphically in Figure 3.0-6 the pre-launch equations
are curve fitting equations, which use the probe characterizing data to generate
functions of temperature and conductivity in terms of resistance. These
equations are fixed for the life of the probe. Therefore, after the generation
of the two equations the XCTD is ready to make measurements. At this point the
variable temperature and/or conductivity bath(s) are prepared. If only tem-
perature (conductivity) is to be profiled, the R" (Ry) decade box must be used
to simulate the conductivity cell (thermistor).

3.4,4 Lab Measurement

A measurement begins on command from the operator. I[f the Rt (R )
decade box is used, the Low, Mid, and High Cal temperature (conductivity) will

3-7




R-1259 Sippican Ocean Systems, Inc.

£223x LOw 23 xx= FEX MID 8L EH3Y XRZ I Al k2
' NETL BROWN T AN &- NETL BROWN T aN - NEIL 3ROWM T AN & 4
. . ' c. ) * . e’ *
Ta = 22 33:% * - Ta = 27 3823 Ta = 2l 3334
& = 21 2%5@ ..iAx = 337328 3% = TT.2T6

RQTE FREQUENCISS: - XCTU FREQUEMCIES: #CTZ FREQUENCIZS:

T Frem = 342 18T Fren = 331 743 Srmos 395 45
Frcl = 136 71y, Srel = 113 Tes Tooio= 1iro3£3
Frtcl = 324 Za3 Frecz = 13.352 * Srrom o= 134 27
Frscl = 423 356 Fréiez = 135 137 ricn = 1IF 331

#CTO WOLTRGES: XCT. VOLTAGES: =273 JOLTAGES:

Yrey = g4 Sz Yrom o= g4 53 vrom = ge TSE

Mrel = 33 3t Wrzl = 39338 wrcl = 39 TeT
L %rtel = 92 333 ¢ - Vrrtes = 91 358 ¢ Nrrch o= 39 534
¥rscl = 31,384 Yrics = J8. 743 Yoden = 39,473

* IN THIS EXAMPLE ONLY CONDUCTIVITY (6) IS BEING VARIED, TEMPERATURE (T)
OCES NOT APPLY

CALIBRATION PHASE PRINTOUT
(CONDUCTIVITY )

FIGURE 3.0-5




R-1259 Sippican Ocean Systems, Inc.

AT 9QELAUNCH
SQELAUNCH SJUATIONS 2RE 3SENERATED 3ASED N
3R0BE CAL-DATA:

(o}
3—-‘

\
“Ran 3

1

COMDUCTIVITY ZQUATIOM:

Om = £y, Rac;{), (3cs. Qécs), ‘e, RACL ?é.wi

TEMPERATHRE ZQUATION:

T = A(Texw, Rycads (Tess Rres), (Feue el 37w

PRELAUNCH EQUATIONS

FIGURE 3.0-6

G3
3/8/83




R-1259 Sippican Ocean Systems, Inc.

have to be input manually to satisfy the software requirements, while conduc-
tivity (temperature) data is received from the Neil Brown Standard. If simulta-
neous calibrations of temperature and conductivity were made, the measurements
can be performed in the same manner and without the use of a decade box. The
1ab measurement begins with received data from the XCTD, followed immediately by
the generation of the circuit transfer function using Fpey and Fpep measurements
just as during calibration. Once the circuit transfer function is known the
thermistor (or Ry) and conductivity cell (or R$) resistances are calculated as
RtM and Réy, respectively. Next, the pre-launch equations are used to calculate
the temperature and conductivity TM and Sy, respectively. Finally, the data
from the Neil Brown Standard 1is received and a printout of the actual and
measured temperatures and conductivities along with frequencies and voltages is
printed. A sample measure printout is presented in Figure 3.0-7. This is for
Tab measurements only when conductivity and temperature errors are being
measured.

3.5 Summarz

Figure 3.0-8 is a block diagram summarizing the whole calibration and
measurement process. The first step is to generate three discrete temperatures
and conductivities and calculate their respective resistances via the R/F
(resistance to frequency) transfer function, which is generated at every cal
point. These six data pairs characterize the probe and are used to generate the
pre-launch equations. The pre-launch equations are curve fitting equations,
although to date a linear equation has been used for conductivity with good
results. This equation utilizes only High and Low conductivity calibration
data. Following pre-launch the probe is ready for the lab measurements and as
shown in the block diagram, the transfer function is first calculated for each
measurement followed immediately by the determination of the temperature and
conductivity sensor's resistances. Finally, utilizing the pre-launch equations
the temperature and conductivity is calculated.

3-8
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4.0 SYSTEM ERROR ALLOCATIONS

As mentioned previgusly the errors have been proportioned to three areas as
follows:

1. Conductivity/Temperature
2. Probe Processing Electronics
3. MK 9 Data Recorder

tach catagory is allowed a maximum error of 0.01°C and 0.01 mmhos/cm,

4.1 Sensor Error Contribution

Sensor error contributions have been analyzed separately in terms of
accuracy and stability. Each show the ability to meet or exceed the maximum
allowable error.

4,1.1 Conductivity Sensor Error Contribution

The conductivity sensor or cell is a linear device with a measured
cell constant of approximately 37.5/CM. The cell is a four electrode device,
therefore, its stability is influenced only by the internal volume and not the
electrodes. The volume can be changed in only two ways: Buildup of film within
the walls of the cell and changes in volume due to expansion or contraction of
the cell due to temperature changes. The coefficient of expansion is
32 x 1077 in/in°C. Therefore cell constant changes which are per

K =L/A
for this type of cell are equivalent to that which produces approximately a 0,001
mmho error over 60°C of temperature change. Buildup of film within the cell

would not occur since the cell is intended to be used only once and no contact
with fluids are made following calibration at the factory until depioyment,

4-1
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1.1.2 Temperature Sensor Error Contribution

The temperature sensor is a glass encapsulated thermistor whose long
term stability is dependent on its operating current and environmental exposure.
The operating current is very small (approximately 43 microamperes) and is of
course zero while in storage. Therefore, how well the thermistor is sealed in
the glass over a long period will have the most influence on the thermistor's
long term stability. During the years 1974 to 1975 tnhe National Bureau of
Standards tested 405 thermistors from 6 manufacturers. The bead in glass ther-
mistors, which is the type selected for the XCTD application, exibited only a
0.00042°C per 100 days average drift in a constant 60°C temperature bath. This
is equivalent to a temperature drift of 0.003°C in two years. Specifically, the
Thermometrics thermistors showed a 0.00020°C per 100 days temperature drift,
which is equivalent ot approximately 0.001°C in two years. Therefore, the ’
0.01°C allowable error will be attributable mostly to linearizing errors.
Linearizing is performed in the MK 9 software using the three temperature
calibration points and is accurate to better than 0.01°C over the temperature
range. Self heating due to operating current is also well below the allotted
sensor accuracy as described in Section 7.0.

4,2 Probe Processing Electronics

Overall circuit accuracy, independent of the thermistor and conduc-

tivity cell was determined. The test was performed both immediately and using
the same characterization data, three days after calibration. Both decade boxes
were used to simulate the sensors during the calibration and measure phases.
The conductivity decade was varied according to the following relationship:

1 |
Rs == (K) x 1000

4-2

R —




R-1259 Sippican Ocean Systems, Inc.

Where K = 35.7 cm™t

mmhos/cm and RS is resistance in ohms. The temperature decade was varied during

is the cell constant, 5 is equivalent conductivity in

calibration but held constant during measure to investigate the magnitude of
change due to varying conductivity. A three point calibration was performed for
both temperature and conductivity to satisfy software requirements but only high
and low cal data was used in the conductivity pre-launch equation. All results
were based on output voltage measurements rather than frequency due to the rela-
tive non-linearity of the Voltage to Frequency Converter. Table I shows the
resulting equivalent conductivity errors over a range of 20 to 75 mmhos/cm. The
largest error occured at 65 mmhos/cm and is 0.006 mmhos/cm. The eauivaient
temperature variation over the whole range of conductivity was 0,003°C, Three
days later the same test was run using the same characterizing data, ie., the
calibration phase was not repeated. These results are also presented in Table I.

4.3 MK 9 DATA RECORDER XCTD INTERFACE

The XCTD interface in the MK 9 Data Recorder will be allotted one third of
the overall system accuracy. The inaccuracies will be directly dependent on the
inaccur ies of the system clock and jitter in the detector circuitry in the
analog receiver section.

4-3




R-1259 Sippican Ocean System, Inc.

TABLE I
OVERALL SYSTEM ACCURACY

L Rr s RS Ty M1 31 M2 SE2

°C Q mmho/cm Q °C mmho/cm  mmho/cm  mmho/cm  mmnho/cm

2.0035 217.0 20,000 1785.0

15,0005 1243,0 50,000 714,0  Calibration Phase. T is from measurea dJata.
29.9895 686.0  75.000 476.0

2.0035 2174,0 20,000 1785.0 2.004 20.000 0.000 20.000 £.500
' } 25.000 1428.0 2.003 25,000 0.000 24,998 -0.302
| 30.000 1190.0 2.003 30.001 0.001 29,999 -0,001
] 35,000 1020,0 2.002 35.001 0.001 34,999 -0.001
' 40.000 892.5 2.002 40,000 J.000 40.001 -0.901
| 45,000 793.3 2.002 45,002 0.002 44,999 -J.001
| 50.000 714.,0 2.002 50,003 0.003 50.000 J,300
t
|
l
|
l

|
|
|
|
|
|
| 55.000 649,1 2.002 55,001 0.001 54,998 -J.3492
| 60.000 595.0 2.002 60.001 0.001 £0.000 J. 000
j 65,000 549.2 2.002 65.006 0.006 64.996 -d.J04
| 70.000 510.0 2.001 70,004 J.004 v7,998 -J.00¢
| 75.000 476.0 2.001 75,003 0.003 75.002 J.002
'
T... tguivalent temperature in °C as obtained from typical thermistor sensitivity
data {(decade box set at 2174 ohms during measure phase to represent 2,0035°C!.

Rleeeeneens decade resistance simulating T
Sevane «.e...Cuivalent conductivity at RS
RBeeusvasnan .ade resistance simulating $
TMeeons- sulting equivalent temperature

$M1,6Ey... esulting equvalent conductivity and error, day l.

$M2,3E5... resulting equivalent conductivity and error, day 4.
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5.0 CIRCUIT STABILITY {

Circuit stability was determined by independently varying amplifier gain
and offset after the initial calipration phase. Resistance decade hoxes were

P

uysed in place of the sensors as in Section 3. Table Il shows the results of

varying the gain from the nominal of 15 to 10 and then to 20. The top of Taple
I1 shows the absolute readings at three different conductivities and tem-
oeratures. Circuit calibration was performed at a gain of 15 in this case,
followed by measurements at the three different gain settings. The middale of
Table Il shows the absolute error as a result of the gain variation from nominal.
Finally, the bottom of Table II shows the deviation of conductivity and tem-
perature as a result of varying the gain from its nominal value. The resulzs

show that with only two exceptions ihe errors due *o a gain change were less i
than 03,01 mmhos/cm and 0.01°C. A similar test was performed to determine j
variation with circuit offset. Table IIl shows the results in a format similar
to that used in Table Il. Here, calibration was performed at an offset of OJ.0
volts and measurements were made at an adjusted offset of 0.30 volts and -0.20
volts. The results show that with only a few exceptions the error is less than
0.01 mmhos/cm and 0.01°C. Considering that the offset and gain were varied
aporoximately 30 times greater than would be expected over the temperature range

these errors are very conservative.
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TABLE II

CIRCUIT GAIN STABILITY

IN 5 =20 55=45 54=65 T =2.004 T¢=15.001 T4=29.989
10 19.996 14,984 65,019 2.005 15,200 29.932
15 19.999 44,987 54,990 2.003 14,999 29.987
20 19.996 14,381 54,381 1.392 13,381 29,986

ERROR
10 0.004 0.016  -0.019  -0.001 2.001 2.007
15 0.001 0.013 0.010 0.001 1.002 2. 002
20 0.004 0.019 0.019 0.006 0.020 0.003
DEVIATION
10 -0.003 0.003  -0.029  -0.002 -0.001 0.005
15 0 0 0 0 0 0
20 -0.003 0.006 0.009 0.005 0.018 0.001

§ is in mmhos/cm

T is in °C
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TABLE [I1I

CIRCUIT OFFSET STABILITY

OFF SET 51520 S5g=45  &y=65 T =2.004  Tg=15.001  Ty=29.989
0.30  19.998 34,995 65,005 1.998 15.000 29.991
0 20.001 44,991 65,002 2.004 15.001 29.987
-0.30 19,998 44,978  £3.972 2.003 14,999 29.978
ERROR
0.30  0.002  0.005  -0.005 0.006 0.0012 -0.002
0  -0.001  0.009  -0.002 0.000 0.000 0.002
-0.30  0.002  0.022  0.028 0.001 0.002 0.011
DEVIATION

0.030  0.003  -0.004  -0.003 0.006 0.001 -0.004
0 0 0 0 0 0 0
-0.30  0.003  0.013  0.03 0.001 0.002 0.009

§ is in mmhos/cm

T is in °C
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6.0 SYSTEM MEASUREMENT ACCURACY

During the course of the XCTD circuit development a number of both tem-
perature and conductivity profiles were made to determine the relative accuracy
of each. At no time were conductivity and temperature simultaneously profiled
but a reasonable approximation was made by simulating one of the sensors witn a

resistance decade,

6.1 Conductivity

Using the laboratory procedures described in Section 3 measurements of
temperature and conductivity were individually made and accuracies based on the
Neil Brown Standard were determined. Table IV shows the results of a measure-
ment made in one time period, ie., immediately following the calibration phase.
A11 the measurements were made in approximately a two hour period. Temperature
was simulated with a decade box while conductivity was a real measurement.
During the conductivity profile the decade box resistance was held constant at
that resistance representing 2.000 C. Two outputs, frequency and voltage, are
listed and the conductivity accuracies as a result of each are also included.
The conductivity range was from approximately 20 to 75 mmhos/cm.

6.2 Temgerature

A temperature profile was generated over a temperature range of
approximately 2°C to 30°C., Calibration data was simultaneously taken during the
profiling procedure at low, mid (15°C), and high temperature. A decade box
substituted for conductivity during the procedure and was held constant during
the entire profile. Table V Tists the results of the test.

6-1
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TABLE IV

CONDUCTIVITY ACCURACY TEST

20.912 20,913 20.920 -.001 -.008
27.576 27,581 27.596 -.005 -.020
34.008 34,016 34,017 -.008 -.009
40.244 40.254 40.259 -.010 -.015
46,295 46.300 46.274 -.005 -.021
52.150 52.159 52,148 -.009 +.002
57.850 57.862 57.840 -.012 +,010
63.457 63.470 63,452 -.013 +,005
68.759 68.771 68.750 -.012 +.009

Sppee---Conductivity as measured by the Neil Brown Standard.
Units are in mmhos/cm.

Smye++s++-Conductivity as measured by the XCTD as per voltage
measurements., Units are in mmhos/cm.

Smfe++-s-Conductivity as measured by the XCTD as per frequency
measurements. Units are in mmhos/cm.

Ev «se...Resulting error per voltage measurements in mmhos /cm.

E¢ .....Resulting error per frequency measurements in mmhos/cm.
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TABLE V
TEMPERATURE ACCURACY TEST

T, Two T & &
3.0045 -0.001 -0.002 0.006 0.007
2.0105 2.006 2.007 0.005 0.004
4.0025 3.999 4,001 0.004 0.002
6.0020 5.997 5,997 0.005 0.005
8.0045 8.001 8.002 0.004 0.003

10.0030 9.996 9.999 0.007 0.004
12.0045 12,002 12,004 0.003 0.001
14,0040 14.000 14,000 0.004 0.004
16.0030 15,997 15.999 0.006 0.004
13.0025 17.998 17.999 0.005 0.004
20.0010 19,996 19.997 0. 005 0.004
22.0010 21,997 21.998 0.004 0.003
24,0000 23.995 23.995 0.005 0.005
25.9980 25,993 25,994 0.005 0.004
27,9955 27.991 27.993 0.005 0.003
29.9930 29,989 29.989 0.004 0.004
Tnb.....Temperature as measured by the Neil Brown Standard.

Units are in °C.

Tmyeee+«Temperature as measured by the XCTD as per voltage
measurements. Units are in °C,

Tf «e...Temperature as measured by the XCTD as per frequency
measurements. Units are in °C.

Ey .....Resulting error per voltage measurements in °C.

E¢ .....Resulting error per frequency measurements in °C.
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7.0 THERMISTOR TYPE

Two thermistors, a Fenwall type GB31MZ2 and a Thermometrics type P20BA102M,
were used in the cab tests. Both thermistors are glass encapsulated noninter-
changeable devices with tolerances specified at +20% from the nominal resistance
of 1K at 25°C. The Thermometrics thermistor was used in the test which produced
the data shown in Table V, page 6-3. A linearization equation and three point
calibration is used to obtain the specified accuracies. The time constant,

which is the time required for the thermistor to change its own temperature 63%

of the way from its original value to the value impressed upon it in a step
change, was experimentally found to be 200 msec for the Fenwall type and 20 msec
for the Thermometrics type. Figure 7.0-1 shows a scope trace of the response of
the Thermometrics thermistor. The thermistor was taken from air temperature,
the THigh reference line on the trace, and plunged into a temperature bath at
2.30°C, the TLow reference line. The Tg39 line is the 63% point mentioned
above. The stability of the thermistors is insured by the glass encapsulation
as described in Section 4.1.2. Both thermistors meet the stability require-
ments, and with the smaller time constant, the thermometrics thermistor also
meets the required speed. A time constant of 20 msec means that in 5 time
constants or approximately 100 msec, a step change in temperature is fully
sensed by the thermistor.

The self heating of the thermistors were experimentally found to be
approximately .002°C for the Fenwall type and .005°C for the thermometrics type.
The above values, which refer to worst case conditions (lowest temperature and
highest resistance), are below the allotted sensor accuracy. The current
through the thermistor, approximately 43pA, is relatively small. The typical
amount of power across the thermistor will be approximately 2uW and around that
power range the self heating for the thermometrics thermistor is approximately
.002°C. The Fenwall thermistor, which has a diameter of .060," and the
Thermometrics thermistor, with a diameter of .020" will both be tested more
extensively for accuracy and overall applicability in Phase II,
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8.0 CONDUCTIVITY CELL
The conductivity cell is of the four electrode type utilizing a Pyrex glass
tube and platinized platinum electrodes. The cell configuration as advised by

Neil Brown of Neil Brown Instruments, Inc. 1is pictured in Figure 8.0-1.

8.1 Configuration

The pyrex glass tube is approximately 8 inches in length with an I.D.
of 2.157 inches and an 0.D. of 0.24 inches. Inside the tube at its midpoint is
a current electrode Cl1 and a voltage electrode V1. The remaining current
electrode C2 and voltage electrode V2 are outside the cell. They will consist
of wires within a protected flooded chamber within the probe body. The cell
will reside at the center of the probe along its axis surrounded by the wire
spool and electronics. During deployment water will enter the cell through an
opening in the zinc nose and exit at the tail with the dereeling wire,

8.2 Ogeration

A schematic representation of the conductivity cell is shown in Figure
8.0-2. The cell functions as a four terminal resistor where a constant ampli-
tude current AC square wave is applied to Cl and C2. The polarization impedan-
ces 72 and Z4, which are a result of chemical reactions as the electrodes have
no effect on the measurements since the voltage terminals are connected to a
high impedance device. Similarly Z1 and Z2 have no effect since they are not
part of the measurement circuit. Impedances R1 and R2 are the effective
resistances of the seawater between the current electrodes and the voltage
electrodes and are also not part of the measurement circuit. Therefore, this
four electrode configuration is capable of accurately measuring the resistance
of the seawater R§ independent of any unwanted series resistances.
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8.3 Electrode Platinjzation

The electrodes used in the conductivity cell are made of solid plati-
num. Platinum is a noble metal, and therefore, is ideal in a saltwater environ-
ment, but its cost is very high and warrants efficient utilization. Electrodes
also require a large surface area to be effective in passing an AC signal with
the minimum of loss. This is equivalent to a large effective series capacitance
in series with the seawater resistance. Therefore, in order to increase surface
area without adding material, the electrodes are platinized using a solution of
0.3% platinum chloride and 0.025% lead acetate in water. This creates a coating
of platinum black which is extremely porous and increases the effective surface
area of the electrodes. The electrode: are immersed in the platinizing solution
and a small DC current is allowed to flow alternately between them at fifteen to
twenty second intervals. Alternatively, both electrodes can be platinizea
simultaneously without current reversal by immersing both electrodes in the
solution with a third electrode, which is made of stainless steel, nickel, or
platinum. The third electrode would be the positive terminal. The platinizing
continues until a uniform black matte finish appears and usually takes just a

few minutes depending on the current density.
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9.0 REMAINING DESIGN AREAS
There are two subsystem design functions that must be addressed, These are
probe characterization or calibration data storage and custom LSI technology

conversion of the probe electronics.

9.1 Calibration Data Storage

A1l XCTD probes are characterized with 6 pairs of calibration data.
These are comprised of three pairs of temperature vs. frequency and three pairs
of conductivity vs. frequency data. This data can be stored on cassette tape,
which would be packaged one in each case of 12 probes. The tape would contain
not only the calibration data but would provide the storage medium for the
measured data. Another approach would be to use a bar code, which would be
printed on each probe canister and provide an "intelligent" launcher or launcher
modification kit, which would automatically read calibration data prior to
launching of the probe. Another approach is an expendable prom or magnetic card
which could be implemented in the MK9 processor. One prom or card would be
supplied with each case of ACTD probes. For the present, system calibration
data will be entered via the HP85 keyboard by the operator just prior to
launching of the XCTD probe. The calibration data will be supplied with each
probe.

9.2 Custom LSI Integrated Circuit

The XCTD circuit can be converted to a single custom integrated cir-
cuit. The circuit can be broken down into a number of functions, i.e., basic
timing, multiplexing, voltage to frequency conversion, etc., all of which can be
functionally incorporated on a single wafer containing analog and digital cir-
cuitry. The larger timing capacitors would be external to the custom I.C. In
large quantities customizing of the circuit would reduce costs both in hardware
and in assembly and test.
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10,0 ALTERNATIVE APPROACHES

Sippican has considered various alternative approaches to the conductivity
measurement problem. These approaches have been attempted previously by the

named authors. Only a few though show any adaptability to expencables. They
are:

1. Concentric cylinders, one containing standard seawater
and the other sample seawater.

Lawrence C. Murdock
Westinghouse Electric Corp.
2. Free falling probe containing a chamber with a small opening
to admit seawater. Inner and outer electrodes are used to

measure the conductivity.

Michael C. Gregg
S. Cox

United States of America as represented
by the Secretary of the Navy

3. Four electrode conductivity sensor for moored sensor chains.
Robert B, Sudar
Edward L. Lewis

Albert W. Koppel

Canadian Patents & Dev. Ltd.
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4. Saline aelay line,

Albert 3eniaminson

Jcean Searcn, Inc.

5. dual neecdle conductivity cell,

Arthur M. 2ederson

Applied Physics Laboratory

The first three approaches named above are mechanically complex and would
be expensive for an expendable. The saline delay line wnile appearing simple
anough mechanically, aoces not lend itself to a simple self calibrated circuit.
The thermistor, which must work with the conductivity cell is a resistive sen-
sor. It is desirable then to have a conductivity cell wnich is also resistive,
A resistance measurement 1S the easiest, and therefore, least expensive to
implement. The dual needle approach by Pederson is a resistive sensor, but it
is not a four electrode configuration., This sensor is designed for use in a
stratified tank as a reference sensor. The stability of a two electrode cell is
not at all good since polarization resistance and changes <thereof cannot be
calibrated out in an expendable in a practical manner. The cell must be stable
and the sensitivities independent of pclarization resistance. This is achieved
only in a four electrode cell. The cell which Sippican has huilt and testea
under the consultation of Neil Brown of Neil Brown Instruments, Inc., has to
date demonstrated the capability of being constructed at a relatively low cost,
shown repeatability in measurements, is resistive, and is expected to be stable
since it uses four electrodes which are only immersed during calioration and
deployment.
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11.0 cosrt

A material breakdown of the XCTD components, manufacturing cost and
calibration/test has yielded a sell price, based on 5,000 manufactured
units/year, of $180.00 each.

12.0 SCHEDULE

Attached is a schedule which shows past and future develcopment and manu-
facturing milestones for both the XCTD and deckgear programs.
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