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FOREWORD

This report was prepared by the Chemical and Structural
Producte Division of the Von Karman Center, Aerojet-General
Corporation, under USN Contract No. NBy 62182. The work was
administered under the direction of the Navzal Civil Engineering
Laboratory, Port Hueneme, with Dr. J. D. Stachiw acting as
Program Manager.

The principal investigator and author of this report is
Mr. H. C. Edgingion, who was assisted by Mr. L. E. Gressingh
and Mr. B. W. Liebel. Immediate management control was the
responsibility of Mr. R. M. Roberts.

The report covers work conducted from 17 January 1966
through 17 July 1966 and the supplemental period from 11 October
1966 through 13 December 1966. It is submitted in partial ful-
fillment of the contract and is catalogued by Aerojet-General
Corporation as Report No. 3247,
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ABSTRACT

This report describes the work carried out in the study and
preliminary design of a Sea Water Simulator. The purpose of the
device is tc approximate for various locales and depths, the sea
water chemistry represented by eight chemical parameters:
salinity, alkalinity, carbon dioxide, pH, oxygen, hydrogen sulfide,
phosphate, and Eh.

A literature search was conducted to elucidate this chemistry
and to obtain data quantitatively interrelating these chemical systems
and their physical states. A survey was made to compare the
characteristics of commercially available control instrumentation
and transducers. Based upon the information gathered, a system
was then designed. The envisioned system incorporates computer
control of both closed-loop and open-loop chemistries. Predicted
accuracies for output composition control are reconciled with
suggested USNCEL performance specifications.
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I. INTRODUCTION

As interest in the ocean and in the exploration of its depths intensifies,
it becomes increasingly vital to formulate and evaluate materials for ocean
environment service. Ranking high in importance, the corrosion character-
istics of materials need to be determined under the various physical aad
chemical conditions that may exist at various locales and depths. It is now
routine, although often costly, to evaluate test specimens by exposing them in
the natur:l environment. However, the diurnal variations, seasonal fluctuations,
and other natural disturbances render it virtually impossible to fix the predomi-
nant corrosive factors to the degree available from coniroiled experimental
work. Such studies would be facilitated if the tests could be performed in the
laboratory using sea water adjusted to resemble closely the desired environment.

A step in the simulation of the ocean environment has been made in the
development of equipment such as the AMF company's Controlled-Environment
System. This device variably pressurizes and refrigerates sea water to provide
physical conditions found in even tne lowest ocean deeps. However, simulation
of the physical environment alone cannot provide complete test realism, since it
is well known that the chemistry of the sea changes with depth. In recognition
of this problem, the Naval Civil En'.neering Laboratory has generated specifi-
cations within which a system for chemical control should operate. Aerojet-
General Corporation has been funded te study the feasibility of such a system
and to prepare a preliminary design. When coupled with the AMF equipment
this envisioned system would thus permit corrosion and other types of testing
to be performed in ocean water controlled in terms of both physical and chemical
parameters.

The chemical control system would be capable of supplying at a rate of
one gpm sea water simulating the ocean environment at pressures from 0 to
20, 000 pei and at temperatures from 0 to 20 deg C. This system would be
capabl. of continuously monitoring and controlling the sea-water chemistry
with respect to the following parameters and within the indicated ranges and
tclerances:

Parameter Range Tolerance
Salinity, ppt 33.0 to 35.0 0.01
Alkalinity, meq/l 0.5t0 3.0 0.1
Dissolved free carbon dioxide, ppm 0 to 50 0.5
pH 6.0t09.0 0.02
Eh' mv +2000 to -2000 10.0
Dissolv:: - .vygra, ml/l 0 to saturation 0.05
Dissol. > - :drogen sulfide, ppm 0 to 50 0.5

Phospl.ate, ppm 0 to 100 0.1




Additionally, the system should be corrosion resistant so that it does not
contribute heavy-metal ions to uncontaminated sea water in excess of the
following concentrations:

Heavy-metal ion Concentration, ppm

Copper 1
Lead |
Iron 5
Nickel 1
Mercury 05
5
1

0
Vanadium 0.

Manganese

Practical considerations would also demand that the system be capable of
achieving these requirements in long-icr™m. continuous operation. The system
should be operable by any qualified engineering technician who would also be
capable of providing periodic maintenance adjustments during the normal
eight-hours-per-day, five-days-per-week work week.




11, SUMMARY

The program effort falls logically into three tasks constituting a pro-
gression from feasibility determination to design generation. The initial
task was the clarification and definition of the problems attending the control
of sea water chemistry in the complex ocean environment. The second task,
an engineering survey, was initiated simultaneou: .y to determine the avail-
ability of commercial components for making the required measurements .nd
for fabrication of the simulator system. After the results of these two tasks
were screened, the third task, the preliminary design of the simulator, was
undertaken and completed. The results of these efforts are summarized below
and discussed in detail in the body of this final report.

The first task consisted primarily of a technical survey to clarify the sea
water chemistry of interest to this program, as it is affected by changes in
temperature and pressure and by the presence of other chemical and biological
species. Generally speaking, the available information indicated that each of
the eight chemical parameters is affected to some extent by each of the others,
and by pressure and temperature changes. The effects are exhibited variously
as interactions or interdependencies of the u.ssolved species, changes in dis-
sociation values, and changes in the solubility parameters of solute gases.

Thus it is not possible to consider the eight chemical parameters as simultaneous
independent variables.

Tabulated data or equations expressing these effects were then gathered
and the overall problem defined in terms of the quantitative relationships
operating among the several variables. Existing data were found to be adequate
to cover the ranges specified for this program except in some cases where
pressure d:pendence was sparse or lacking for the higher pressures. It was
noted, however, that in many cases the most recent data were obtained about
1930; it would thus be desirable to express these dependencies in terms of
data acquired by more mondern and reliable techniques.

The second task was an engineering survey to determine the current
availability of commercial components for the development of a simulator system
that would meet the ranges and accuracies initially specified. Approximately
200 companies were contacted for inisrmation regarding pumps, tanks, heat
exchangers, valves, piping, mixing coclumns, filters, eductors, transducers,
materials of construction, computers, controllers, and other necessary devices.
Mechanical components of compatible materials are produced commercially in
the required sizes and configurations. Commercial transducers are adequate
to make the required temperature, pressure density, flow, and level measure-
ments. Analytical devices are currently marketed to measure each of the eight
chemical parameters, but for several the transducers do not provide the
specified accuracy and/or the short response time desired (but not indispensible)
for this system. Computers required for calculating the interdependent control
fundions and {or generating reference signals will easily provide the needed
accuracies, but industrial controllers generally introduce up to a three percent
error in the control operation. Certain of these errors can be minimized by the




selection of the proper control mode, but even so it was found necessary to
relax the accuracy limits for several of the eight chemical control parameturs.
The suggested new control ranges and accuracies are as follows:

Parameter New Range Ne:7 Tolerance
Salinity, ppt no change 0.035
Alkalinity, meq/l no change no change
Dissolved free carbon dioxide, ppm no change 1.0
phi no change 0.03
Eh’ mv +1400 tc -1400 no change
Dissolved oxygen, ml/l no change 0.15
Dissolved hydrogen sulfide, ppm no change 3.0
Phosphate, ppm no change 3.0

The third task involved the design of a simulator system based upon the
findings of the first two tasks. The design is based upon treatment of the sea
water stream at 0 deg C as it circulates in a closed loop at a flow rate of
20 gpm. The circulating stream is continuously analyzed and the composition
is adjusted by the addition of solutions and by equilibration with proper gas
mixtures. The adjusted stream is drawn off from the main stream of the re-
circulating loop at one gpm, and is given a final alkalinity and phosphate
adjustment prior to delivery to the AMF Controlled-Environment System. As
the stream of adjusted water is continuously removed, it is replaced by a fresh
input stream of sea water that has been filtered and pretreated to a desired
alkalinity and pH. DBecause of the complexity of the chemistry of tc system,
a digital process computer is incorporated to calculate the required concen-
trations based upon selected, set-point values and instantaneous transducer
signals, and to provide the rapid updating of reference signals based on these
calculations.

As part of the design effort, drawings and specifications were prepared to
cover the simulator design and the preliminary component requirements. It is
believed that this iesign, utilizing commercial components, will provide a system
capable of giving a one-gpm adjusted stream whose composition is within the
ranges and accuracies of the revised specification plan.

Finally, a b. ief experimental effort was carried out. The purpose of this
work was twofold: (1) to demonstrate that the key process effects in the simulator
design would produce the results predicted and without delet.rious side chemical
eifects. and (2) that comimercially available sensors envisioned as suitable for
this design would perform as rated. The first task element resulted in gratifyin,
validation data; the secun was frustrated by a lack of loan-equipment availabiiity.




[lI., SEA WATER CHEMISTRY

The chemistry of sea water is extremely complex because of the high ionic
strength and the diversity of ions present. Because of these two factors the sea
water system ie well buffered with respect to pH (hydrogen ion) and E,, (redox
potential) changes. The concentrations of the major species vary onl ¥ within
a limited range - one that is governed by oceanographic, geologic, atmospheric,
and climatic factors. Biologically active solutes may fluctuate over a wider
range, bhut these variations are generally cyclic in nature.

Data olttaiaed from the literature and private communications indicate that
the concentrations of the eight chemical parameters of interest on this program
fall well within the contrel ranges specified, and in many cases occupy orly
small porticns therenf, Typical values for the Pacific Ocezn area or in the
vicinity of Port Hueneme ar~ given in Table 1.

The ions and dissolved gases present in sea water react or are capable of
reacting and interacting in a variety of ways. The reaction rates and paths, as
well as the completeness of the reactions are affected by ionic concentrations, the
presence of other species and by the pressure and temperature of the sea water,
This discussion is presented to define these interactions and interd ~pendercies.

It will, however, be limited to the chemical and physical parameters affecting
the design of the simulator system.

A, SALINITY

In 1901 Knudsen defined salinity as ''the weight in grammes of the
dissolved inorganic matter in 1 kg of sea water, after all bromide and iodide have
tcen replaced by the equivalent amount of chloride, and all carbonate converted
to oxide.'" However, the direct determination of salinity in accordance with this
deiinition prcved too difficult and other methods were explored for its measnre-
ment. Subsequent comnparisons of density, salinity, and ch'arinity indicated a
reasonably constant relationship between salinity and chlorinity. Chlorinity was
defined as the halide concentration in parts per thousand (ppt) by weight measured
by the silver nitrate reaction and computed on the assumption that all the halide
is chloride. The mathematical expression relating chlorinity to salinity was
given as:

S = 1.805C1 + 0.030 (1)

where: S
Cl

salinity, ppt

chlorinity, ppt

In 1940 the definition of chlorinity was revised to correct for changes in the
accepted atomic weights of silver and chlcrine. The revised definition stated:

""The chlorinity is the mass in grammes of pure silver
necessary to precipitate the halogens in 328. 5322 grammes
of sea water, "

I
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On the basis of 1963 atomic weights this definition is now in error by 43 ppm.

The salinity of sea water, to within 0,01 ppt, may be expressed 23
the sum cf just twelve of the elements in solution: chlorine, sodium, magnesium,
sulfur, calcium, pntassium, bromine, carbon, strontium, boron, silicon, and
fluorine. Salinity and chlorinity are weight ratios and thus independent of
temperature and pressure. In consideration of the chemical parameters of
interest on this program, it is seen that of the twelve elements comprising the
bulk of the salinity value, only carbon (in its carbonate forms) will be specifically
measured and controlled in the simulator system.

The method selected for the determination of salinity in the simulator
is based upon the rmeasurement of electrical conductivity. In contrast to the
gravimetric procedure, electrical conductivity values are affected by temperature
and pressure as well as by carbon dioxide {carbon) concentration.

1. The Salinity Role of Carbon Dioxide

The effect of dissolved free carbon dioxide on the electrical
conductance of sea wate: has been investigated by Park and Weyl (Reference 1)
in the pH range of 5.0 to 9. 0. Using a sea water sample with a chlorinity of
19.0 and a carbonate alkalinity of 2.6 meq/l, they found that the conductance
decreases linearly with an increase in the concentration of dissolved free
carbon dioxide at the rate of 0,013 percent per millimole of carbon dioxide per
liter (0.013% /mmole CO,/1). This corresponds to an 0.0148 percent decrease
at 50 ppm COZ’ or an apparent error of 0,005 ppt at 35 ppt salinity.

These investigators also obaerved that the CO,, influence on
salinity measurement varied with pH. In the range of 6.5 to 7. .';the conductance
varied less than the error of measurement, about 0.003 percent, Above and
below this pH range, to pH values of 9.0 and 6.0 respectively, the conductivity
error increased to about 0.05 percent. The latter corresponds to an error of
about 0.02 ppt at a salinity of 35 ppt. Since the maximum errors are within
the limits of accuracy of process-type salinity transducers, it will not be neces-
sary to correct for the effect of carbon dioxide on the measured conductivity.

2. Temperature and Pressure Effects

Temperature and pressure both have fairly large effects upon
the measured electrical conductivity at a given salinity level. Although numerous
papers have been published on this subject, only two of the more recent papers
giviny detailed treatment of these effects need be mentioned here. Weyl
(Refer¢nce 2) reviewed and compared the published data of several authors and
developed an equation relation conductivity to salinity and temperature. Be-
cause of the awkwardness of Weyl's equation, additiona. equations relating
conductivity (K) to the salinity and temperature of sea water were - .veloped on
this program. Table 2 gives conductivity-salinity-temperature da.a and three
different equations relating these three parameters. Additionally, the effect of
pressure at various temperatures ani salinities was published recently by
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Schleicher and Bradshaw (Reference 3). T ble 3 shows these data and an equation
relating the effect of pressure on conductivity at various temperatures and
salinities. This latter equation furnishes the multiplicative factor to the equations
in the previour table when the effect of pressure must be included. At constant
atmosnvpheric pressure the effect of pressure is negligible, and the simpler
equation (Table 2) can be employed.

B. ALKALINITY, DISSOLVED FREE CARBON DIOXIDE AND pH

It is virtually impossible to separate the discussion of these three
species since the pH, alkalinity, and carbon dioxide concentration are all
intimately related. The chemical interactions of the carbon dioxide/carbonate
system are shown by the equation:

Ko Ky y ot - Kot -
CO, + H,0 — H,CO, ——= H" + HCO, ——32H  + CO,
A A \
(a) (b) (c) (d) (c) (e)

It should be pointed out, however, that equilibrium does not always exist among
these species. In this system the concentration of dissolved free carbon dioxide
is indicated by (a), the carbonate alkalinity is the sum of {d) and (e), and the pH
is proportional to (c) via the equation:

(2)

pH = -log C,; (3)

where: CH = hydrogen ion concentration, moles/l

or expressed in terms of the hydrogen ion activity:
pPH = -log a (4)

where; aH

The relationship among alkalinity, carbon dioxide, and pH
values at equilibrium is given by the equation:

= hydrogen ion activity, moles/1

pH pH
CA = 0.022722Cxdx =2 | 1.0 + 2910 (5)

10PKL)’ 10PK2




where: CA = carbonate alkalinity, meq/l

C = carbon dioxide concentration, ppm
d = solution density, g/ml
- pH = solution pH
pKLl' = -log KLI'
KLI' = Lyma.n"s first dissociation constant for carbonic acid
pKz" = -log K2
KZ = Lyman's second disscciation constant for carbonic acid

The three steps of the reaction given in equation (2) are reversible
and incomplete. The completeness of the reactions as written is expressed in
terms of their thermodynamic equilibrium constants, indicated above as Ko,
Kl' and K

2'
a
. . H,CO,
o a., ~.a
H,0 *?co,
i % cho3
1T 3y co
2~Y3
34 - 3co
_ 3
KZ - a
HCO,

The use of activities is impractical and therefore new constants have been
derived for oceanographic work. In one set the carbonate and bicarbonate
values are expressed as concentrations rather than as activities and K

and K1 are combined to give two apparent dissociation constants:

, H® HCO3
Kl - a . a
HZO CO2
' aH . CCO3
KZ - a
HCO3

-8-

(6)

(7)

(8)

(9)

(10)
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Lyman has prepared a set of values in which the first dissociation
constant differs slightly from that given in equation (1). It is related to Kl as
follows:

K1

= K. (p/p,) (o /&) (11)

where: P, = vapor pressure of sea water, atm

P, = vapor pressure of pure water, atm

c(o = solubility coefficient of (JOz in pure
water, moles/1/atm
O(s = solubility coefficient of CO, in sea

water, moles/1/atm

It will be noted that Lyman's constants were used in equation (5), above; his values
(Reference 4) will be used throughout this report. Tables 4 and 5 give the values
for pl( pK& respectively, at various temperatures and salinities.
Equatx&hs denve by project personnel aré aiso given showing the effect of
temperature and salinity upon the two dissociation parameters. The table
following, Table 6, shows the effect of pressure upon these dissociation values

as reportefi by Harvey (Reference 5) and gives equations derived at Aerojet re-
lating pKL‘1 and pKz to the salinity, temperature, and pressure of the sea water
sample.

Reviewing the factors that affect the carbonate alkalinity as determined
by equation (5), one observes that it is dependent upon (1) carbon dioxide concen-
tratxon. (2) solution density, (3) solution pH, and (4) the dissociation values -
pKLl and pK The dissociation values are, in turn, dependent upon salinity,
temperature, and pressure. It should be noted that soluticn density is also a
function of salinity, temperature, and pressure, as is discussed in paragraph lL,
E, following. Thus the complexity of the chemistry of this system is readily
obvious. It is also apparent that for given salinity, temperature, and pressure
conditions, the alkalinity, carbon dioxide concentration, and pH are inter-
dependent variables. Under such circumstances only two of the latter can operate
as independent variables. The third will of necessity be a dependent parameter.

A Fortran IV computer program was prepared to solve equation (5)
for representative temperature, salinity, pH, and carbon dioxide conditions.
This actual computer program derived for the solution of this equation is repro-
duced as Figure 1. The data generated are given in Tables 7, 8, and 9. The
program was set up so that density, pK and pK. values were derived from
the temperature and salinity conditions. l'I‘he cargonate alkalinity was then
computed based upon the representative pH and carbon dioxide conditions and
calculated values for density, pK and pK The pressure variable was
intentionally omitted from this program.
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Referring again to equation (2), it is important to note that the steps
in the reaction can be characterized by their velocity constants as well as by
their equilibrium constants. In this particular system, step 1 (K ) is slow and
becomes slower with decreasing temperature, whereas ateps 2 ard 3 (K, and

) are rapid. The slowness of step |1 imposes severe restrictions on tge design
otz a system that is expected to control accurately ind respond rapidly. If the
reaction were rapid, for example, the carbonats alkalinity could be controlled
through the addition or removal of CO, and tne adjustment of pH. But because
of the slowness of the eguilibzium, thé chemic:l factcrs on each side of the
reaction must be controlled. The importance >f this factor will be brought out
again later in the discussion of the system des n.

The foregoing discussion and equatinns were concerned only with
the carbonate alkalinity, The total alkalinity is compirised of the carbonate
alkalinity plus other minor amounts of alkalinity contributed by phospha‘e,
sulfide, borate, silicate, selenate, and ammonium ions. (n normal surface
sea water these minor constituents make up a fairly constant alkalinit, of
approximately 0. 10 meq/l.composed mainly of borate alkalinity. This no~.-
carbonate zlkalinity would be increased by the addition of phosphate or hydrogen
sulfide, as indicated by the equations:

Pxd

PA = 1.0 +
35 10°PH | 1o~ 7-125

where: PA = phosphate alkalinity, meq/l

P = phosphate concentration, ppm
d = solution density, g/ml
d s - S x d 10-7.041
: 3T | R, T AT
where: SA = sulfide alkalinity, meq/l
S = hydrogen sulfide concentration, ppm
d = solution density, g/ml

As examination of these equations for representative pH values at the desired
maximum phosphate (100 ppm) and hydrogen sulfide (50 ppm) control values
indicate the possible magnitude of their contributions. At a pH of 6.0 the
phosphate alkalinity would be approximately 1.2 meq/l and the sulfide
alkalinity would be approximately 0. 15 meq/l, whereas at 2 pH 2of 9. ¢, the

-10-
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(13)

d




phosphate and sulfide alkalinities would be respectively 2.2 and 1.5 meq/l.
Thus their contributions cannot necessarily be neglected and the total alka-

linity (TA) would properly be expressed by the equation:
TA = CA + PA + SA + 0.10

The solubility of carbon dioxide in sea water is considerably
greater than that of oxygen or nitrogen because of its chemical interaction.
If, however, account is taken only of the dissolved carbon dioxide as such,
Henry's law is obeyed. In pure water the concentration is given by:

r - P . o
COz = COz o
and in sea water:
C = p - 4
C()z CO2 s
where: CCO = carbon dioxide concentration,

2 moles/1

= applied pressure of carbon
2 dioxide, atm

solubility coefficients, moles/l/atm

) |
R

The applied pressure has a linear effect upon the carbon dioxide solubility, but
the solubility coefficient,o( , is further affected by the temperature and salinity
of the sea water. This rell‘ionlhip, determined by Bohr, was taken from
Reference 4 and is shown in Table 10.

In summary, it will be noted that among the chemical and physical
parameters of interest in the simulator design, there is a marked interaction
involving the a'alinity-carbon dioxide-pH system. In addition to reacting
among themselves, they are affected by the salinity, temperature, and pressure
of the solution in which they interact; alkalinity is also increased by the
addition of phosphate or hydrogen sulfide in proportion to the pH of the solution.

The factors discussed above reveal that, within the control ranges,
only discrete, compatible combinations of the chemical and physical variables
can be employed to effect a resulti_t that in all respects falls within the
specified limits. For example, it will nat be possible to obtain the minimum
alkalinity (0.5 meq/l) at a high pH in the presence of high phosphate or high
hydrogen sulfide concentral‘~ns. Similarly the data in Tables 7, 8, and 9
reveal that it would be impossible to remain within the specified alkalinity range
while maintaining a high pH and a high carbon dioxide concentration. These and
other similar factors must be taken into account in the selection of operating
conditions.

-11-
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(15)

(16)




C. DISSOLVED OXYGEN, DISSOLVED HYDROGEN SULFIDE,
AND Eh

The redox potential (E, ) of sea water is determined primarily by the
concentration of dissolved oxygen or dissolved hydrogen sulfide. Roughly
speaking, positive redox potentials correspond to the presence of dissolved
oxygen, whereas negative values indicate a reducing medium such as exists in
the presence of dissolved Lydrogen sulfide. The progression from positive to
negative values corresponds roughly to increases in depth. This is shown in
the data of Table 11 taken from Riley (Reference 4). The data also indicate
that the sensitivity of the redox potential to changes in oxygen or hydrogen
sulfide concentrations is greatest in the transition region where the concen- ‘
trations of both are low. i

The oxygen in sea water may come from the atmosphere or be
generated in photosynthetic processes. It is consumed by respiration (bio-
chemical) and by chemical reactions. The possible chemical reactions include
oxidation of organic matter and the oxidation of hydrogen sulfide or other dis-
solved inorganic substances. The chemical reactions may be written in the
general form:

aH' + 0, + Red” —> oxtt + 2H,0 (17)

whigh shows that the reduced form (Rcdz) is oxidized to the oxidized form
(Ox**), and oxygen is reduced to water,

T* . redox potential of this reaction is expressed by the Nernst

equation:
E=:=E --qg InL (18)
or E = Eo' 0.000nl984'1‘ log L (19)
where: £ = half-cell potential, volts

E

o standard potential of the half-cell, volts
T = temperature, deg C

n = number of electrons involved per mole
of reactant

++ (H+)4 (O

< (1,02

In the case of L, the values in parentheses denote concentrations of the indicated
species.

L

-12- 1




In the measurement situation the redox potential is determined by
measuring the potential of the (predominant) half-reaction versus a reference
electrode baving a potential, E__.. The value for sea water containing dis-
solved oxygen may, therefore, expresséd by the equation:

+.4

E =E  -E +200U¥T ,, (H)(0) (20)
(H,0)

It will be noted that this equation shows the interdependence between the dis-
solved oxygen concentration and E,. It also shows that temperature and pH
(H+) have an effect upon the measured value of E, ; however, in most cases
the effect of these two pararneters will be small.

The coexistence of dissolved oxygen and hydrogen sulfide is
apparently not a thermodynamically stable situation. Ostlund and Alexander
(Reference 6) investigated the rate of oxidation of sulfide in sea water at
25 deg C. They found that if there is a large excess of oxygen or a good supply
from convection, the reaction between oxygen and sulfide ion may be treated
as a first-order reaction. At an oxygen concentration of S ml/1 the rate con-
stant was approximately 0.04/min. and the half-life of sulfide was about 17
minutes. They suggested that where diffusion of one or both reactants is re-
qQuired to obtain contact, steady-state concentrations may be established.
Indications are that the reaction proceeds according to the equation:

ZHS + ZOz —p SZO3 + H,0 (21)
As both theoretical and practical evidence indicate that the two species will not
remain together in substantial concentrations for any reasonable length of time,
redox potential is predicated on the concentration of dissolved oxygen or hydrogen
sulfide, but not both.

The saturation concentration (upper limit of solubility) of oxygen in
sea water is established by the temperature and salinity of the sea water system.
Thermodynamic calculations indicate that the saturation solubility of oxygen in
sea water is relatively unaffected by pressure. The solubility at various temper-
atures and chlorinities (salinities), as determined by Fox (Reference 7), is given
in Table 12. This table also contains an equation that fits the data. The equation
expresses the solubility ot oxygen in ml/l at NTP in sea water equilibrated
with dry air at a total pressure of 760 torr. Later values obtained by Truesdale,
Downing, and Lowden (Reference 8) are somewhat lower than those of Fox.
Recent experimental work by Montgomery, Thom, and Cockburn (Reference 9)
gives results that are in fair agreement with those of Fox and thus his values
will be used.

Ostlund and Alexander (Reference 6) state that, "At the pH of sea
water, 8.2, about 95 percent of the sulfur is present as HS . "' Clearly then,
if a hydrogen sulfide concentration of 50 ppm is to be maintained, the bisulfide
(HS") concentration will have to be approximately 950 ppm (. 028 molar). More
realistically, it is taken that the upper limit of 50 ppm will, in solution, be
the combined hydrogen sulfide and bisulfide concentrations.
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D. PHOSPHATE

The dissolved phosphate in sea water is evidently present as the
orthophosphate, primarily as HGPO and HPO{. The average phosphate
concentration is approximately U. 2 3pm, although in the uppermost 100 meters
or so the concentration is usually a good deal less because of the biological
processes that consume it. In the simulator system the factor of primary
concern, aside from the interference of phosphate with alkalinity as noted
previously, would be the biological removal of added phosphate. Kuenzler,
Guillard, and Corwin {Reference 10) have described a procedure for the pre-
paration of phosphate-free sea water for reagent blanks by brief contact
with phosphorus-deficient diatoms, P. tricornutum. Under the conditions
they used, more than 97 percent of the phosphate was removed in 2 to 3 hours.
Since sea water normally contains less than one ppm of phosphate and the
simulator specification calls for the addition of up to 100 ppm, if phosphate-
consuming microorganisms are present they might thrive on the hugh excess
and make it difficult or impossible to maintain the desired concentration.

E. DENSITY

The relationship of changing physical and chemical conditions to
the density of sea wate - bears on the design problem at hand. In the case of
parametrically expressed weight ratios (salinity, carbon dioxide, hydrogen
sulfide, and phosphate), simple density variations brought about by systemic
changes in temperature and pressure have no effect. However, density changes
can have a significant effect in cases of weight/volume, volume/volume
(oxygen), or equivalent/volume (alkalinity) ratios. Sea water density is a
function of salinity, pressure and temperature. Typical values of density as
a function of temp. rature and salinity are given in Table 13 along with an
equation derived at Aerojet relating density to these parameters. The data
of Newton and Kennedy (Reference 11) given in Table 14 also includes the effect
of pressure. The data are given as specific volume, the reciprocal of density.
The equation given in the same table relating these parameters is more generally
applicable than the one in Table 13, but the equation in the latter table is more
convenient to use at constant atmospheric pressure, where the effect of pressure
may be neglected.
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IV, TRANSDUCER REVIEW

In screening transducers for potential application to the simulator design,
consideration was given only to automatic methods of measurement. As in any
proc ss control system, in-line transducers were favored and are suggested for
use the simulator design, wherever possible. Acceptable in-line transducers
were .ot found for several chemical measurements, which dictated that off-line
automatic or repetitive-type analysis procedures be adopted. High priority was
given to high accuracy and rapid response.

The sections that follow review the various procedures known to be
commercially adapted in hardware form and make recommendations for
acceptable transducer types for each analysis. Transducers for the measure-
ment of pressure, temperature, flow, level, and density are not reviewed here,
since a wide variety of devices meeting the requirements of this system have
been commercially available for many years.

A. SALINITY

Several physical methods have been considered by oceanographers
for the determination of salinity. Of the four popular approaches - conductivity,
refractive index, sound velocity, and densit- - each is temperature and pressure
sensitive. However, most commercial salinometers are based upon the measure-
ment of refractive index or conductivity., The latter technique is preferred by
most workers, as it probably offers the highest ultimate accuracy.

1. Refractive Index

The use of refractive index for the determination of salinity
apparently has not gained widespread use among oceanographers in spite of the
fact that the temperature sensitivity of this technique is much lower than that of
conductivity measurements. Sample temperature can vary by + 2 deg C with-
out producing a significant error in the salinity value derived by refractive
index. For a one ppt increase in salinity, the refractive index increases by
approximately 0, 0002, In order to achieve a sensitivity of C. 05 ppt, one would
have to measure the refractive index precisely 10 0. 00001, Since the best
commercial in-line refractometer has a sensitivity of about 0. 0002 refractive
index units, these process instruments are capable of monitoring salinity values
to only about one ppt.

2. Conductivity

A large selection of instruments are commercially available
for determining salinity conductimetrically. The two basic types involve: (1)
the measurement cf d- ¢ conductivity between two electrodes (usually platinum),
and (2) the determination of a-c conductivity between two coils inductively
coupled by the sea water mediurn. The two techniques appear to provide
equivalent accuracies. The inductive coupling approach offers the advantages
that (1) there is no polarization problem at the slectrodes, and (Z) the metal
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electrodes do not come into direct contact with the sea water, and thus are
relatively unaffected by fouling and corrosion. Inductively coupled, conductivity-
type transducers are recommended for use in this desig..

As the conductivity measurements are pressure and temperature
sensitive, the accuracy obtained in salinity determinations will depend upon the
degree of compensation of the iransducer as well as its own intrinsic accuracy. A
temperature change of 0, (01 dej C produces a change in conductivity of one part
in 40,000 at 35 ppt salinity. In order to obtain an accuracy of 0,01 ppt, the
temperature woull have to be controlled to within approximately 0.0} deg C.
Commercial sensors, temperature-compensated over a range of 0 to 30 deg C and
suitable for in-line installation, furnishing accuracies of 0.03 ppt are available
(quality laboratory devices give accuracies of 0,003 ppt). Pressure (to 6000
meters) and temperature compensated sensors are also available that provide an
accaracy of 0.03 ppt.

B. ALKALINITY

As far as is known there is no true in-line alkalinity sensor. The
continuous analyzers available are simply devices that have automated the cclor-
imetric or titrimetric procedure for the alkalinity determination. Sea water is
removed ‘rom the process line by means of a sampling tee and directed to the
automatic analyzer, Some devices mix sample and reagents and measure
alkalinity colorimetrically, while others titrate to an acidimetric end point. In
each case a signal proportional to alkalinity is produced. These processes may
give repetitive or continuous analyses of the stream.

The best accuracy of such devices is on the order cf two percent
and may typically be three percen’., The response time, determined by the
length of the sample-and-measure cycle, is typically 3 to 5 minutes. Although
these analyzers do not possess the accuracy or response-time characteristics
that are desired, they must be incorporated in the simulator design because no
other alkalinity-measuring technique appears to be currently available,

C. DISSOLVED FREE CARBON DIOXIDE

Carbon dioxide is commonly measured in process streams by gas
chromatographic (GC) or non-dispersive infrared (NDIR) techniques. Recently
one company introduced a '"carbon-dioxide electrode.' These three techniques
for carbon dioxide measurement are reviewad here with a view to their appli-
cability to the present analysis situation. The NDIR approach is recommended
in this design,

1. Carbon Dioxide Electrode

In recent months Beckman Instruments has developed an
electrode for the measurement of carbon dioxide concentrations. The sensing
element consiste of a glass-calomel electrode pair immersed in an electrolyte
that is one molar in potassium chioride and one-hundredth molar in sodium
bicarbonate. The electrolyte is separated from the process fluid by means of a
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gas-permeable membrane. Carbon dioxide in the process stream diffuses through
the membrane and reacts with the electrolyte, changing its pH. The pH change,
sensed by the glass-calomel electrode pair, is proportional to the carbon dioxide
concentration in the sample stream (which may be either a liquid or gas) from

0 to 100 percent. The manufacturer reports that a ten-fold change in the carbon
dioxide concentration gives a 55 to 57 mv signal change. The optimum sensitivity
is in the range from 1, 3 to 100 percent carbon dioxide (gas phase).

One major problem with this sensor is the long response time.
In the 1. 3-to-100 percent range the response tirne is approximately 10 to 15
minutes. Below 1. 3 percent the response time may be as long as 25 to 30 minutes.
Thir slow response arises, not from mass transfer rate through the membrane,
but because of the slow rate of hydration of carbon dioxide to form carbonic acid.
This is the same slow reaction discussed earlier and indicated in equation (2) as Ko'
This veiocity constant is temperature dependent, so that the response time of the
carbon dioxide sensor will also be temperature dependent., Inasrnuch as the carbon
dioxide levele operating in the simulator will be well below one percent, the carbon
dioxide electrode would not be acceptable for use,

2., Gas Chromatography

Recent interest in the rapid analysis of dissolved gases in sea
water has led to the development of specialized gas chromatographs for this
purpose. One commercial gas analyzer is based upon the technique described by
Linnenbom, Swinnerton, and Cheek (Reference 12) of the U.S. Naval Research
Laboratory (USNRL) for the determination of dissolved oxygen, nitrogen, and
potentially carbon dioxide. Williams and Miller (Reference 13), also of the USNRL,
have described an instrument for the analysis of oxygen, nitrogen, and carbon
dioxide in sea water. Both groups of workers noted that their methods may be
adaptable for hydrogen sulfide determination. This research has established the
feasibility of gas chromatographic methods for the determination of dissolved
gases, as has been amply dernonstrated by the U.S. Navnl Oceanographic Office
both at sea, and in the laboratory.

The actual analysis invelves first the separation of dissolved
gases from the sea water by stripping the latter with a carrier gas. After any
necessary gas treatment such as drying, the remaining gases are separated into
components, which are then detected by the gas chromatograph. Two different
stripping methods are utilized in the two approaches mentioned above. The first,
using a glass column with a fritted-glass disk in the bottom, achieves separation
by bubbling the purge gas up through the sea water, The second employs a
multipie spinning-disk stripper to transfer dissolved gases from the liquid to the
purge gas, In each case the purge gas, helium, serves as the carrier gas for the
s zparaticn step in the gas chromatograph. Both techniques employ a Molecular
Sieve packing in the separating column and thermal conductivity detectors.

In general a Molecular Sieve column will separate nitrogen and
cxygen, but will not elute peaks for carbon dioxide, hydrogen sulfide, and certain
other dissolved-gas components, The determination of carboui dioxide, for example,
requ.res a special second column,
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Although the two reports cited here do not indicate specifically
the sensitivity to carbon dioxide, this value can be estimated from the sensitivity
to oxygen, The latter states that in the use of a five-ml sea water sampie, the
technique can sense differences in the oxygen or nitrogen content as low as 0,02
ml/1, Assuming saturation values for oxygen of 10 ml/1, this represents a
sensitivity of C, 2 percent. Howecver, the typical accuracy for an analysis by gas
chromatography is not bctter than 2 percent,

The characteristic cycle time for an analysis by gas chroma-
tography is 4 to 5 minutes. This :8 cne of the primary factors operating against
its use in this application,

3. Non-dispersive Infrared

The MDIR technique has been applied quite effectively to the
determinatic- of carbon dioxide and other infrared-absorbing gases in process
streams. The cample gas is passed continuously through a sample cell and the
intensity of its infrared absorbance is compared to that of a non-absorbing gas
in a reference cell, The detector cell, sensitized to carbon dioxide, compares
the intensity of radiation received from sample and reference cell and generates
a signal proportional to the carbon dioxide content of the sample stream.,

Several factars infiuence the analyzer readings, including (1)
the composition of the sample gas, (2) the total pressure of the sample gas, and (3)
the temperature of the system. There is no problem if carbon dioxide is the only
‘nfrared-absorbing gas, but if other compounds are present that absorb sig-
nificantly in any of the principal regions cf the carbon dioxide spectrum, they must
be removed. In the analysis of sea water, drying the stripped gas to remove
moisture is normally adequate treatment. Fluctuations in temperature and pressure
produce corresponding changes in sample volume that results in apparent variations
in concentrations,

Although the readout from a NDIR analyzer is continuous, a
finite time is required to sense a change in the carbon dioxide content of sea
water, This time lag results not only from the stripping and dryirg operations, but
from the delay occasioned as the prepared sample gas displaces the gas already
present in tke cell of the analyzer. While sensitivity requirements dictate a long-
path cell, a short response time demands a short-path (smaill volume) cell.
Optimization will involve a trade-off between these two factors,

One of the earliest and most accurate NDIR analyzers wags
described by Smith (Reference '4), Several of these instruments have been used
in oceanographic lahoratories with good results. Takahaehi (Reference 15) found
that in laboratory use the instrument provided continuous measurements at an
accuracy of 0, 3 ppm at the 100 ppm level. Unfortunately, an instrument of this
specitic design is no longer commercially available,

At the present time there are four or five companies offering
NDIR analyzers for process type applications, These instruments provide accuracies
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of one or two percent. The response time of the instrument is approximately 0.5
sec, but the response time of the entire carbon dioxide sensing step is on the order
of one to two minutes because of the intermediate gas processes just mentioned.
Nontheless, the accuracy and response tiine of NDIR are still better than those
obtainable by gas chromatography.

D. pH

The pH of sea water may be determined conveniently using the glass-
calomel electrode system, Commercial, in-line devices are available covering
the pH range from 0 to 11 with an accuracy of 9, 02 pH unit and with a 24-hour
stability of 0.01 pH unit, The response time is on the order c‘ 10 seconds, Thus
the accurate measurement of pH should be no problem.

Ey

E.

The redox potential (E, ) of sea water and other agueous solutions is
commonly measured by means of a platinum-calomel electrode p2ir., Electrode
assemblies for in-line monitoring are commercially available giving accuracies of
+ 10 mv over the standard range of +1400 to -1400 rav. It should be noted that
the redox potential of sea water normally falis within the range from +400 to -150
mv, The maximum cange that could be obtained in sea water would probably be
+1300 to -~ 1000 mv, where water or dissolved species would be respectively oxidized
and reduced, The suggested specification range of +2000 to -2000 is unnecessarily
broad, Becauss the platinum-calomel electrode pair provides a response time of
approximately 10 sec, available commercial devices would appear to offer the
required accuracy over an adequate range,

F. DISSOLVED OXYGEN

Many oxygen sensors have been developed for process applications.
The techniques employed include catalytic oxidation of hydrogen, measurement of
oxygen paramagnetism, the electrochemical reaction of oxygen, and various
automnated colorimetric methods, Then, too, dissolved oxygen may be stripped
from the soluticn and determined by gas chromatography, as discussed in paragraph
IV. B, above. Devices based upon the electrochemical principle are best suited to
the present design, as they are commercially available as in-line sensors, provide
short response times, and offer accur:cies equivaient to other techniques,

In the elc¢ctrochernical sensors, the oxygen-sensitive electrodes are
scparated from the sample stream by a selectively permeable membrane of
poiyethylene or polytetrafluoroethylene, Oxygen diffusing through this membrane
reacts electrochemically at the electrodes by a galvanic or coulometric process.
In the galvanic cell the electrochemical reduction of oxygen produces a potential
in proportion to its concentration, In the coulometric cell an appropriate voltage
applied to the electrodes of the cell cause the electrochemical reduction of the
oxygen at the cathode and, in turn, produces a current in proportion to the oxygen
concentration, The response times of these dissolved oxygen sensors is approxi-
mately 10 sec., and the accuracy is normally one percent of full scale at constant
temperature,
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When the sample temperature varies, temperature compensation can be provideo,
although at a considerable sacrifice in accuracy. By operating the simulator
system at constant temperature, it should be possible to measure oxygen concen-
tration to an accuracy of + 0.1 to 0.2 ml/1 over the range up to saturation,

G. DISSOLVED HYDIIOGEN SULFIDE

Several sulfide-sensitive electrodes have been evaluated by manu-
facturers for commercial applications. These metal/metal sulfide couples include:
silver/silver sulfide, mercury/mercury sulfide, and lead/lead sulfide. Evidently
these electrode systemns exhibit irreversibility and drift problems, and have not
come into general use for the measurement of hydrogen sulfide in either solution or
the gas phase.

The USNRL gas chromatographic method described previously in
paragraph IV, B, could perhaps be developed for hydrogen sulfide determination,
but insofar as is known, there are no available commercial devices based on this
technique.

Colorimetric gas analyzers have been developed for the measurement
of hydrogen sulfide over concentration ranges as low as 0 to 8 ppm. The hydrogen
sulfide is absorbed from the gas phase by a liquid reagent to produce a colored
species that is measured colorimetrically. Becaus: a gas sample is required,
the first step necessarily involves the separation of the dissolved hydrogen sulfide
from sea water by means of an inert stripping gas. The colorimetric procedure
requires approximately 10 minutes and gives an accuracy ot approximately three
percent of full scale. Although the accuracy and response time offered here do not
meet those desired, the technique would perhaps be acceptable if the response
time could be brought more in line with the present design requirements.

The analyzer recommended for inclusion in tne simulator system is
a coulometric gas analyzer that is available commercially for the determination
of hydrogen sulfide and other suvilfur-containing compounds in gas streams. The
hydrogen sulfide, stripped from sea water by means of an inert carrier gas such
as nitrogen, is absorhed in a coulometric titration cell where it is continuously
reacted with electrolytically generated bromine. The net generating current
required to maintain a slight excess o1 bromine is directly proportional to the
hydrogen sulfide concentratior. The response time of the instrument is 30 secons,
to which must be added the lag time of the sample line of approximately another 30
seconds. This electrolytic titrator is sensitive to 0. 08 ppm of hydrogen sulfide,
but provides a measurement accuracy of only 5 percent,

H. PHOSPHATE

Direct-reading electrodes for phoaphate measurement have recently
been developed. The electrode features a phosphate-sensitiva membrane which
unfortunatelv, also responds to large concentrations of chloride and sulfate. The
manufacturer claims that the electrode has a specificity of one ppm phosphate in
40 ppm chloride or in 100 ppm sulfate. Thus it is prnbable that in sea water the
electzode would be totally insensitive to phosphate.
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It appears that the only device for continuous phosphate analysis
is, as in the case of alkalinity, an automatic analyzer. The colorimetric
procedure used in the laboratory for phosphate determination has been automated,
furnishing a response time of three to five minutes. [he accuracy of the
analysis falls in the range of 2 to 5 percent. Although this does not meet the
0.1 ppm accuracy originally specified (at the 100 ppm level), it is the best
currently offered device adaptable to process control.




V. SUMMARY OF TRANSDUCER RANGES AND ACCURACIES

In view of the ranges and accuracies available in commercial systems
for process stream applicatione, the transducer specifications summarized

below reflect what is believed to be the best available.

The transducer specifi-

cations are compared with the original specifications suggested for the ultimate
systern. This list includes only the transducer accuracy and does not factor
in the accuracy contributions of other process control parameters, which will

be considered in later sections.

Chemical Parameter

Salinity, ppt
Alkalinity, meq/1

Carbon Dioxide, ppm

Hydrogen Sulfide, ppm

Phosphate, ppm

Tentative
33.0to0 35.0, +0.01
0.5t0 3.0, +0.1
0to 50, +93.5
6.0t0 9.0, +0.02
+2000 to -2000, + 10
0 to saturation, + 0.905
0to 50, +0.5

0 to 100, + 0.1
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Transducer

33.0 to 35.0, +0.03
0.5t03.0, +0.06
0to 50, +0.5

6.0t0 9.0, +0.02
+1400 to -1400, + 10
0 to saturation, + 0.2

C to 50, 12.5

0 to 100, + 2
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VI, MATERIALS OF CONSTRUCTION

In the construction of the simulator, non-metals are preferred wherever
their use is practical. However, it is realized that metals will have to be used
in contact with sea water in certain components. This section briefly discusses
and lists some of the metals and non-metals that are reported to possess accept-
able corrosion resistance in sea water service. The list includes only the
more common materiale, since cost considerations would often rule out the use
of exotic materials.

A, METALS

The corrosion of metals in sea water has been reviewed by Fink
(Reference 16). He notes that, '"The chemistry of sea water is complex and
much more information needs to be developed. Many materials behave un-
predictably in sea water, particularly when incorporated into actual designs. "
He also stresses that corrosion is electrochemical in nature, pointing up the
need for care in the use of dissimilar metals in the system. Although this
report deals specifically with the protlems erncountered in desalting plants, the
information presented indicates that titanium, Monel, Inconel, and Hastelloy C
would be acceptable for use in components that would come into contact with
sea water in the simulator. Titanium should normally not be coupled with most
other metals in the presence of sea water because the attack upon the other
metal is greatly increased. Titanium is the preferred metal for all parts in
this system in contact with sea water,

B. NON-METALS

Nearly all plastics, polymers, and rubbers are chemically com-
patible with sea water. The two basic problems encountered are (1) the growth
of molds and microorganisms on certain surfaces, and (2) flow under stress.
Thus acceptable non-ne’ils should possess the following characteristics:

® No added plasticizer:- Plasticizers tend to promote or
support the growth of molds and microorganisms.

@ Low moisture absorption:- The absorption of moisture
causes dimensional changes in polymers.

@ Low cold flow:- Pclymers with high cold-flow yield
more readily under stress.

The cold flow problems can be m.inimized by designing the system so that the
weight distribution and location of parts results in minimum stress.

In general the halogenated (chlorinated or fluorinated) polymers
yield better corrosion resistance than do the non-halogenated materials. Thus
chlorinated polyethers, polyvinylchloride, polytetrafluoroethylene, and other
halogenated polymers are recommended for first consideration as materials of
construction, keeping in mind their cold-flow characteristics. Polyethylene
and polypropylene are also acceptable materials of construction, as are Pyrex
~lass arnd glass-reinforced plastics.

-23-




VII. DESIGN

The design of the Sea Water Simulator is based upon the chemistry
described in Section lil and upon the availability and characteristics of trans-
ducers reviewed in Section IV. The design is set forth in Aerojet Drawing
No. 099562, Sheets 1 through 12, reproduced in this report in reduced format
as Figures 2 through 13, inclusively. A preliminary specification, AGC-10545,
covering the requirements of the components of the simulator is contained in
this final report as an Appendix.

This section provides a description of the design and an amplifi-
cation of deta.ls shown in the drawing. The individual sheets present functional
and detailed representations of the process flow plan and the computer/controller.
The content of the twelve sheets of the drawing is indicated by the titles:

Sheet  Figure Title

1 2 Index

2 3 Equipment List

3 4 Instrumentation Code

4 5 Identification of Physical and Chemical Parameters
5 6 Process Flow Plan

6 7 Functional Block Diagram of the Computer/Controller
7 8 Functional Details of the Digital Computer

8 3 Computer Corrections

9 10 Computer Corrections
10 11 Block Diagrams of the Analog Controllers
11 12 Block Diagrams of the Analog Controllers
12 13 Block Diagrams of the Analog Controllere

A, OPERATIONAL DESCRIPTION

The Sea Water Simulator is designed to provide a one gpm flow of
adjusted sea water at 0 deg C and at less than 50 psig. The process flow plan
for the system is given in Figure 6 (Sheet 5). The incoming (raw) sea water
stream is obtained from an existing NCEL facility, which takes sea water from
a point some 1000 ft ofishore. This raw stream, at ambient temperature, is
pumped by the simulator system through two filters in series to remove sand,
suspended particles, and microorganisms, thus effectively sterilizing the raw
feed stream. The filtered sea water is then carried to pretreatment tanks for
a preliminary adjustment of alkalinity and pH. Just prior to entering the first
tank, the alkalinity of the filtered stream is periodically measured and, if the
alkalinity is above that desired in the final output stream, a controller system
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is activated causing hydrochloric acid to be continuously added to bring the pH
of the solution in the first tank down to 5. Simultaneously, air cr nitrogen gas
is bubbled through the solution to strip the sea water of the carbon dioxide
liberated from the carbonate systemn by the scid addition. The ckoice of air or
nitrogen depends upon whether oxygen or hydrogen sulfide is to occur in the
final output stream. If, on the other hand, the alkalinity of the filtered input
stream is at or below that required in the output stream, acid will be continu-
ously added to the first tank, if required, but only to adjust the pH of the in-
coming stream downward and to within 0. 1 unit of the pH required in the output
stream. In the second tank, if required, the pH is adjusted upward by the
continuous addition of sodium hydroxide solution to bring the p'H to within 0. 1
unit of the desired {inal pH. These pH adjustments are preliminary and aimed
at simplifying the process chemistry that follows.

After this pretreatment the stream is pumped into a recirculating
loop via a heat exchanger that lowers the sea water temperature to approxi-
mately 0 deg C. Within this closed loop, the sea water stream is circulated
at a rate of 20 gpm, during which time the stream is constantly analyzed,
adjusted by the addition of solutions, equilibrated with a gas mixture, and
maintained at a2 temperature of zero to one deg C. In completing one cycle
around the loop, the sea water receives, as required, sodium bicarbonate
solution (alkalinity adjustment), concentrated sea water or distilled water
(salinity adjustment), and additional sodium hydroxide solution or hydrochloric
acid solution (final pH adjustment). The stream is passed through a heat
exchanger and then through a counter-current mixer in which the liquid stream
is equilibrated with a gas stream. The gas mixture, containing oxygen, carbon
dioxide, or hydrogen sulfide, as required, has & composition such that the
concentration in the solution phase is brought to that desired in the final output
stream. As the sea water stream exits from the mixing column, it is again
passed through a hecat exchanger and then pumped through the analyzer section.
This section, consisting of duplicate parallel lines to facilitate servicing and
calibration during extended testing, contains in-line transducers or sampling
tees to bypass strearn samples to analyzers. Here the analysis of salinity,
alkalinity, dissolved free carbon dioxide, pH, E,, dissolved oxygen, dissolved
hydrogen sulfide, phosphate, temperature, and pressure are accomplished. On
leaving the analyzer section, the stream continues around the loop. A portion
of this adjusted sea water is removed at a rate of one gpm, while the remainder
acquires a one gpm input stream of pretreated sea water prior to recycle.

On leaving the loop, the one gpm stream of chemically adjusted sea
water passes through an eductor and ther to another heat exchange stage. The
required amount of phosphate solution and sodium bicarbonate solution (final
alkalinity adjustment) are added at the eductor to create the concentrations
desired. The eductor also provides mixing of the merging streams. The final
heat exchanger brings the temperature cf the adjusted stream to the same
temperature as required in the AMF System. This sea water stream is now
adjusted to the firal concentrations and conditions, except for those brought
about by pressurization. For the reasons outlined below, it must be injected
into the AMF System without delay.
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The design incorporates a computer/controller to handle the complex
chemistry of sea water. A small digital computer is incorporated to calculate
the interactions among salinity, alkalinity, carbon dioxide, pH, oxygen, hydrogen
sulfide, phosphate, temnperature, and pressure; these are indicated in Figure 8
(Sheet 7) and shown in detail in Figures 9 (Sheet 8) and 10 (Sheet 9). Tae actual
control of these and the other functions, such as the pretreatment steps, level
control, etc., is handled by analog controllars. Their function is indicated in
the block diagrams of Figures 11 through 13. The combined digital-analog
system is designed to give the optimum accuracy througi. the use of proportional
analog control with digital error reset.

The actual mathematical calculations are handled in the digital section
of the computer/controller. Salinity, carbon dioxide, pH, oxygen, and hydrogen
sulfide would be controlled on a closed-loop basis. Phosphate is added on an
open-loop basis at the esductor in the output stream to avoid the possibility of its
concentration being reduced by microorganisms during the continuous treatment
in the loop. The alkalinity is handled on a combinec closed loop/open loop basis
because of the physical and chemical interactions operating. The data of Tables
7 through 9 show the equilibrium alkalinity values at various pH, salinity, carbon
dioxide, and temperature levels. These data show that in going from 0 deg C to
some higher temperature, increased alkalinity is zequired to maintaia equilibrium
among fixed values of pH, carbon dioxide, and salinity. Thus if the alkalinity,
carbon dioxide, and pH parameters were adjustad to equilibrium in a solution of
fixed salinity, temperature, and pressure, and then this solution were warmed
to some higher temperature (or subjected to a higher pressure), equilibrium
would no longer prevail. Some anticipatory effect is therefcre necessary. The
slow step, Ko, indicated in equation (2) prohibits any practical dependence upon
a chemical shift to achieve the desired adjustment. The present design provides
for the addition of alkalinity at the eductor to make up the deficiency that is
created by the change of temperature and pressure. Thus alkalinity control
invclves closed-loop control in the recirculating stream and open-loop adjustment
just before the solution is delivered to the AMF Controlled-Environment System.
In effect, then, the chemistry of the output stream is equilibrated with respec: to
the AMF System environment and must therefore experience that environment
quickly to prevent chemical drift. Similarly, in the Sea Water Simulator, accu-
rate control can only be realized if equilibrium ccnditions are maintained.

In the alkalinity-carbon dioxide-pH system of interacting parameters,
only two may be treated as independent parameters at one time. This design
establishes pH as always being one of the independent parameters, while the
other is to be chosen by the test engineer.

The operation of the simulator will normally involve a one to two
hour start-up time. This will include time for filling the loop, and the time
required for the output stream to be brought to within the control accuracy.
This does not include time for preparation of solutions, standardisation, and
the like.
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B. REAGENTS

The reagente used in the sdjustment of composition will include
gases and prepe ted solutions. The gasee - nitrogen, oxygen, hydrogen
sulfide, and carboa dioxide - will be used neat and not as standardised
mixtures. The prepared solutions will include hydrochioric acid (1.0 N),
sodi um hydroxzide (1.0 N), concentrated sea water (70 ppt), sodium bicarbon-
ate solwtion (700 meq/! aikalinity at 0 deg C), and sodium dihydrogen
phosphate solution (30, 000 ppm phosphate at U deg C). In addition, distilled
water will be required.

All the soluticns will be made up in distilled water. The hydro-
chloric acid, sodium hydroxide, and concentrated sea water do not nesd to be
standardised solutions, aithough the concentrations should be fairly near to
the notet values. The alkalinity an1 phosphate adjusting solutions must be at
the pH desired in the output stream and care: illy analysed, as the concen-
tration and density at 0 deg C necd t. be k10wr accurately. These values are
used in the equations utilined by the c. mputa, 10r calculating control points.

C. EXPLANATION OF SYMBOLS

1. Sysiem and 7 ~ncentration Designations

For convenience in discuseing the adjustment process and in
expreossing mathematically the values and relationships of parameters associated
with the various stepe in the z atrol process, the important sections of the
simulator have been assigned umber subscripts. The sections are described
in the upper left-hand area f Figure 5 (sheet 4) under "Positions or Conditions
in the 8ea Water Sirmulator "' The solutions for increasing or decreasing
concentrations in the sea water stream are also included, giving a total of eight
sections numbered 0 *hrough 7. 'Thus, for example, in a discussion of the
system it is convenient to refer to "the flow rate from the loop at T = 0°C and
P =215 to 30 psia' simply as F_ _ 2 o7 "the density of raw sea water {filtered) as
d 5.

Similarly the chemical parameters requiring additions,
adjustment, or control have been numbered. As indicated in the figure, they
lave been assigned numbers | through 11. Thus "the salinity concentration’
is simply C 1 - The salinity concentration at some specific point may be indi-
ra.ed by ndang the section designation. For example. C,,, represents 'tue
salinity of the adjusted sea water lesaving the loop, COIS c?czlgmtn the salinity
of the raw sea water (filtered), otc.' Thus it may be seen that the system,
once understood, greatly simplifies the process of referancing certain positions
and conditions ' ithin the Sea Water Simulator.

A further examination of the gituaticn reveals that the density,
volume, weight, and flow rate of sea water at a given point in the system possess
one value whaether they are being discussed with respect to salinity, to alkalinity,
or to any other of the chemica! parameters. Thus dou is identical to dOZZ and
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F is identical to F . For the most part, it is not necessary to maintain
the identification between the physical and the chemical parameter. A list of
equivalent terms is given in the upper right-hand section of Figure 5 (Sheet 4)
together with the equivalent subscript that does not tie it tc any specific
chemical parameter. This latter, the 00- subscript. is used extensively
throughout the drawings and equations. [t should be noted, however, that
similar relationships do not necessarily apply for the concentrations nor for
the volume, weight, density, and flow rate characteristics of solutions added
to the sea water stream.

2. Transducer Symbols

Tne previous section shows the derivation of the terms used
in expressing concentrations, volumes, densities, etc. at various points in
the sea water simulator. In many cases these pai.meters will be measured
by means of transducers that produce an electrical signal proporticaal to the
quantity expressed by C 12’ Fo , etc. This section explains the symbcls
used to express these in?errelatxonshipa.

The transdiacer symbols employed in the Process Fiow Plan,
Figure 6 (Sheet 5), follow the Instrument Society of America (ISA) recormmended
practices. The set point, transducer, indicate anua record, and control notations
are shown in Figure 4 (Sheet 3). The relationships between the transducer
symbols and the quantities they irdicate are given in Figure 5 (Sheet 4). Ths
electrical outputs from the transducers are designated simply by X and the
quantity being measured. Thus, C.,, is the alkalinity of the sea water ztr=am
coming from the loop at T =0°C ax.d?l; =15 to 30 psia, and XC 2 is the electrical
signal produced by the transducer measuring that quantity. Ser%iar?.y, the
reference signals generated by the digital computer are designatedt - Y and the
quantity to be contrclled, such as YC0 . These relaticaships are shown in
Figure 5 (Sheet 4) and again in Figure Q(Sheet 8).
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VIII. SUGGESTED CONTROL ACCURACY

The overall control accuracy is based upon the combined errors of
the transducers and coatrollers., The error is minimized in this design by the
incorporation of digital error reset. The estimated control accuracy given
below is based upon these considerations and upon the assumption of steady-
state operatior without wide fluctuations in the composition of the incoming
sea water. The values listed below compare (1) the tentative values listed in
the original statement of work, (2) the transducer accuracies, and (3) the
suggested overall control accuracy level.

Control Accuracy

Parameter Tentative Transducex Control
Salinity, ppt 0.01 0.03 0.035
Alkalinity, meq/1 0.1 0.06 0.1
Dissolved free carbon dioxide, ppm 0.5 0.5 1.0
pH 0.02 9.02 0.03
Eh’ mv 10.0 10.90 *
Lissolved oxygen, ml/l 0.05 0.1 0.15
Dissolved hydrogen sulfide, ppm 0.5 Z.5 3.0
Phosphatsz, ppm 0.1 2.0 3.0

%*
The redox potential will not be controlled.
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IX, EXPERIMENTAL

Although bagically a design effort, this program also included a brief
experimental effort. The purpose of this supplementary work was tc validate,
inscfar as practical, the theoretical chemistry implicit in the design and
functions of the Sea Water Simulater, and to evaluate the suitability of available
commercial eensors for use in such a system. This work is deacribed below.

A, PROCESS VALIDATION TESTS

Chemical manipulations of sea water were performed to ue non-
strate that the process design reccrnmended here will effect the adiuétments
predicted, and without iatroducing unexpected and undesirable rezults. The
experimnents selected were intended to reproduce the following key precers
functions of the Sea Water Simulator: (1) pretreatment, (2) closec-icop
adjustment, and (3) final phosphate addition. The aimn of step (1) was to
demonstrate the efficacy of gas stripping for the reduction of sea watex
aikalinity (to less than 0.50 meq/l), while the aim of both steps (2} and (:
was to arrive at a product brine having (at 09C) the following arbitrzry
composition:

Salinity: 34,00 ppt

Alkalinity (carbonate): 2.24 meq/l (dependent variable)
Dissolved carbon dioxide: 2.00 ppm

pH: 7.80

Dissolved oxygen: 3.89 ml/1

Phosphate: 25.0 ppmn

A target value of 5. 00 ppm of dissolved oxygen was originally
planned. DBecause this fell very close to the analyzed content - 4. 95 ppm - of
the stock sea water used, the value was changed to that shown. While the above
composition was otherwise wholly arbitrary, the choice between using oxygen or
hydrogen sulfide was not. The latter gas was found to be absent in the stock
(surface) sea water. It was decided, therefore, that test meaning would be
enhanced by manipulating the gas (oxygen) of this incompatible pair that would
necessarily undergo both the removal and addition processes.

The techniques for reproducing the Sea Water Simulator chemical
processes involved the use of conventional laboratory glassware. Because of
this, and the difficulty of performing conventional oceanographic analyses on
pressurized samples, all of the process effects were accomplished at ambient
pressure.

1. Sea Water Analysis

A five-gallon sample of sea water was taken from the
Santa Catalina channel at 117953'W; 33032'N from a depth of 2 few feet. This
was brought to the laboratory, filtered through ar 0 :5  filter, and analyzed
by standard oceanographic technique:. The procedures used were those given
by Strickland and Parsons in "A Manual of Sea Water Analyses' (Reference 17).
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In the case of alkalinity and dissolved carbon dioxide measurements, supple-
mental data was obtained, respectively, by acid titrimetry and mass
spectrometry. The sulfide analysis was done by the Gustafsson colorimetric
method. The following analysis was obtained for this stock sea water.

Chemical Parameter Analysis
1. Salinity, ppt 33.75
2. Alkalinity, meq/1 2.38
3. Dissolved carbon dioxide, ppm 1.0
4. pH 7.90
5. Eh' mv 143
6. Dissolved oxygen, ml/l 4,95
7. Dissolved hydrogen sulfide, ppm none detected
8. Phosphate, ppm 0.024
2. Validation of the Pretreatment Process

A 400 ml sample of the filtered, room-temperature sea
water was processed to evaluate the efficiency of acid stripping for the removal
of carbonate alkalinity. Nitrogen gas, introduced through a fritted glass
cylinder, was used to remove the carbon dioxide. Without interrupting the gas
flow, the pH of the sea water was carefully lowered to 5,00 with N/10 hydro-
chloric acid and then, without pausing, returned to the original value (7. 90)
with N/10 sodium hydroxide. Following this treatment, samples were analyzed
and found to contain a residual alkalinity of 0.20 meq/l, which is well below the
target value of 0,50 meq/l.

3. Validation of the Closed-loop Adjustment Process

A 3-liter sample of stock sea water was taken through
exactly the same pretreatment step as just described. At the completion of
the pretreatment, the solution was cooled and maintained at a temperature
between 0 and 2°C. Based on Tables 10 and 12, the purge gas was changed
from pure nitrogen to a mixture in nitrogen containiag 0.071 volume-% CO
and 10. 1 volume-% O, to produce the desired concentrations of dissolved gases
in the end product. onllowing brief equilibration, a measured amount of
carbonate alkalinity solution {b2sed on equation 5 and Table 8) and concentrated
sea water were added to give the desired product concentrations. The pH was
then adjusted to 7. 80 using N/10 HC1l. The voclumes added up to this point were

as follows:
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Solution Added Concentration Volume, ml
Untreated sea water see analysis, above 3000.0
Hydrochloric acid 0.100 N 70.0
Sodium hydroxide 0.106 N 13.5
Carbonate alkalinity 5¢9 megq/1 14, 34
Concentrated sea water 67.50 ppt 103. 35
Hydrochloric acid 0.100 N 7.50

4. Phosphate Addition

Phosphate and sodium hydroxide solutions (2. 728 and
3.00 ml, respectively) were next added to provide a product brine containing
25.0 ppm phosphate, while maintaining the pH at 7. 80.

5. Results

The final product was quickly packaged in zero-ullage
containers to prevent the loss of dissolved gases, and was then chemically
analyzed. The results obtained are tabulated below together with the target
values. Necessarily, certain of the data were based on calculated (asterisked)
values derived from volumetric and ""by-difference' data. The contribution of
phosphate to the total alkalinity, for example, was calculated using equation 12.
This is fully consistent with the limitations of the present oceanographic
analytical methodology. Replicate values were all within the experimental
precision required of the standard oceanographic techniques.

Chemical Parameter Goal Result
Salinity, ppt 34,00 33.94
pH 7. 80 7.80
Alkalinity, meq/1, total - 2.84

" " , carbonate 2.24 2.18 *

" '" , phosphate - 0.49*

" " , residual - 0.20
Dissolved COZ' PPmM 2.0 1.8
Eh’ mv - 132
Dissolved 02. ml/1 3.89 3.86
Phosphate, ppm 25.0 25.1
Hydrogen sulfide, ppm 0.0 0.0

It is obvious from these data that the chemical manipu-
lations implicit in the process design features of the simulator do provide the
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expected results. It is also gratifying to note that, with only one small
exception, the values obtained fall within the control tolerances suggested
in Section VIII. In view of the many manual operations employed in this
experiment, results of such quality were not expected.

B. EVALUATION OF COMMERCIAL TRANSDUCERS

Attempts were made to obtain various transducers and measure-
ment systems for laboratory evaluations under conditions approximating those
envisicned for the simulator. Efforts to acquire on loan a gas chromatograph
for oxygen, carbon dioxide and hydrogen sulfide measurement; an electrolytic
titrator for hydrogen sulfide analysis; and a NDIR instrument for carbon
dioxide determinations were not met with cooperation. The manufacturer of
the carbon dioxide-asensing electrodes, Beckman Instruments, loaned two
prototypes for evaluation. The Model 78525 electrode was tested at three
carbon dioxide levels - 0, 0.1, and 100 percent using standard electrolyte
(1M potassium chloride, 0.01 M in sodium bicarbonate) and electrolyte without
the sodium bicarbonate. For both electrolytes the 0 to 100 percent carbon
dioxide change gave a deflection of approximately 300 mv, while the 0 to 0.1
percent change produced a deflection of about 3 mv. (The second prototype had
essentially the same sensitivity characteristics.) While this latter change is
not detectable on a 1400 mv range, the 3 mv signal could be amplified to a
measurable deflection by expanding the scale. Unfortunately, this also amplifies
the instability and drift of the pH meter used, and at very low carbon dioxide
levels this noise could impair the accuracy of readings or mask the change due
to carbon dioxide, The response time at low carbon dioxide levels was observed
to be on the order of 30 minutes, as stated by the manufacturer. Thus it
appears that the sensor would not be applicable for direct determinations of
carbon dioxide in sea water at the 0 to 50 ppm level. It might, however, be
useful for the determination of carbon dioxide in the gas phase after it had been
stripped from the sea water and concentrated by some appropriate method.
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X. CONCLUSIONS AND RECOMMENDA TIONS

A. CONCLUSIONS

The technical survey revealed that all the pertinent data with regard
tc chemical interactions and to physical interaction of salinity and temperature
with chemical parameters are available covering the ranges of interest in this
system. Data showing the effect of pressure are generally complete up to about
10, 000 psi, but data covering the range from 10, 000 to 20, 000 psi are sparse.
This, of course, would not prevent the use of the Sea Water Simulator in the
ranges where data are known. Although there is no absolute method of verifying
the accuracy of published data, the values used in this design are believed to be
the most accurate available at this time. As the information regarding sea
water chemistry and interactions are updated, expanded, and improved in
accuracy, it would be desirable to incorporate the new values to improve the
accuracy of the interaction equations.

The review of commercial transducers shows that devices for the
measurement of all eight chemical parameters are available. Many of thesge
commercial analyzers do not provide the full accuracy that was hoped for, and
many have a response time that is much longer than is desirable in the analysis
and control of a process stream.

The design set forth here involves a combined closed-loop/open-
loop control of seven of the eight chemical parameters. The simulator incorpo-
rates a digital computer to provide rapid calculation and updating of the control
signals, to make digital reset corrections, and to give a continuous reference

signal for the controllers without regard to the response times of the transducers.

By combining these featuree, and because the sea water being brought to the
simulator for adjustment will have a relatively constant composition, the output
stream under steady-state operation can be controlled to an accuracy that is
either equal to or only somewhat lower than that originally specified.

B. RECOMMENDA TIONS

It is recommended that the study and work completed and the con-
clusions arrived at under this contract be utilized in planning and executing three
further steps in an overall program of determining the chemical properties of
sea water.

1. Finalization of Denigg

The preliminary design provided under this contract should be
finalized with a view to the early construction of the Sea Water Simulator. The
final design should provide versatility so that results and improved data obtained

in its use or derived in later experimentation can be incorporated into its program

or control routine.
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2. Fabrication

The fabrication of the Sea Water Simblator should be completed
a8 800N as possible so that urgently needed corrosion data can be derived. As
an added bonus, the simulator should also find use in the derivation of improved
chemical data for sea water and for the evaluation of future transducers.

3. Development of Transducers

It is suggested that more accurate and more rapidly responding
transducers be developed, particularly for alkalinity, phosphate, carbon dioxide,
and hydrogen sulfide. These improved transducers would greatly benefit the
study of the chemical balance in the ocean environment and aid in the under-
standing of chemical interactions.
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TABLE 1

TYPICAL COMPOSITION OF PACIFIC OCEAN OR
PORT HUENEME SURFACE SEA WATER

Chemical Parameter , Typical Range
Salinity, ppt 33.25t0 33,32 =*
Alkalinity, meq/!l 2.4t02.6
Carbon Dioxide, ppm 16 to 40

pH 7.62 to 8.17 T
Eh, mv +63 to +187 *
Oxygen, ml/1l 5.42 to 5. 74 *
Hydrogen Sulfide, ppm 0
Phosphate, ppm 0.003t00.3

*
Shallow water in the vicinity of USNCEL, Port Hueneme.




TABLE 2

SPECIFIC CONDUCTIVITY OF SEA WATER*

*Conductivity in milliohms/cm

0

26.005
26.771
27.535
28. 298
29.060
29. 820

2
29.968
30. 843
31. 716
32. 588
33, 457
34, 325

AGC Equations:

K=K
°
K

» O

Temperature, deg C
1 15
34,131 37,467
35.122 39.57¢
36.110 40. 688
37.096 41. 794
38,080 42.896
39. 061 43,996
2 3

+a+bT +cT -dT

= 1. 5596

= 0.81051S - 0.10070903S
b = 0.084806 + 0.023184S - 0.000032470S
c = -0,0028267 + 0.00030630S - 0.0000024800S

2

20 25
42,954 47.584
44.192 48. 951

45,426 50. 314
46. 656 51.671
47,882 53.025
49,105 54.374

2
2

d = -0.000065601 + 0.0000045195S - 0. 00000005040552

S = aK

-b

a2 =1.3105]1 - 0.035740T + 0.00067476T% - 0.0000065556T>

b =3.0850 + 0.071596T - 0.0021210T

Weyl's Equation:

log X
t

0.57627 + 0.892 log Ci - C 000} tc

25 - T

e

c = 88,3+ J.55t+ 0C.0l0Tt

2

+ 0. 90003”?8'['3

- Cl (0.145 - 0.002t + 0.0002t°)

Ay

{d

(d
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IABLE 3

EFFECT OF PRESSURE ON THE ELF.CTRICAL
CONDUCTANCE CF SEA WATER

(d.cf;::::r‘. Temperature, 0.00 deg C Temperature, 5.00 dug C Temperaturs, 10.00 deg C
atmospheric S, ppt S, ppt S, ppt
pressurs) 31.00 35.00 39,00 31,00 35.00 39.00 31.00 35.190 39.90
0 0 0 0 0 o 0 0 0 0
1723 2,683 2.612 2,546 2.301 2.247 2.188 ' B8 1.942 1.89%6
3446 5.055 4.928 4. 791 4,334 4,228 4,122 3. %1 2.661 1.576
51869 7.127 6. 940 €.761 6.120 5. 968 5.818 5. 3053 5.174 5.052
6892 8. 924 8.685% 8. 449 7. 667 7.471 1.282 6. b4¢ .. 48¢ 6. 336
8615 10, 457 10, 162 9.891 8.99%¢ 8. 765 8. 540 7.806 7,619 7.432
10338 11.739 il.410 11.094 10. 140 9.861 9.593 3. 791 8.571 8. 364
Pressure e ~
(decibars al Temperature, 15.00 deg C Temperature, 20.00 deg C Tsmperature, 25.00 deg C
atmospheric S, ppt S, ppt S, ppt
pressurs) 31.00 35.00 39.00 31.00 35.00 39.00 31.00 35.00 39. 00
0 0 0 0 0 0 0 0 0 0
1723 1.734 1. 695 1.6%" 1.523 1.493 1.46! 1. 343 1. 320 1.294
3446 wnamn 3, 200 3.13 2.870 2.819 2.757 2. 543 2.493 2. 444
5169 4.632 4,528 4.426 4.072 3, 985 3.901 3.596 3.528% 1. 459
6892 5.814 5.619 5.55% 5.112 5.002 4,89% 4,526 4.43% 4,337
8615 6.82y 6.670 0. 518 6.01) 5.883 5.7 5. 321 5.211 5.098
10338 7.692 7.5%12 1.3%0 6. 7182 6.631 6.476 6. 002 5.881 5. 148
%Inc, = (adb+cd} x (1l +af)
where: & = 1.%192 -0.045302T +0.00083089T2 -0.000007%0‘3‘3
bs1.04200 x 107°P -3.3913 x 10°%F% 13.300 x 10713P°

5

caax10™ 22 517 x107%p -2.492 x 107%P2

z ~.0001657T3

d=1,000 -.1835T +,008276T
e = 006950 -.0000766T

f=35.00-5

Note: P in this equatios has :he units, db above atm press. Dividing the coefficients of
P by 1.4504 gives P in psig.




EFFECT OF « HLORINITY AND TEMPERATURE ON pK

-

TABLE 4

L1
T, deg C

°© s 15 20
6.18 6. 14 6.11 6.07 6.G5
6.17 45.13 6. 10 6.06 6.04
6.16 6.12 6.09 6. 06 6.03
6.15 6.11 6.08 6.05 6.02
6.14 6.10 6.07 6.05 6.01
6.13 ¢.09 €.06 6.03 6.00

pK = 6.34 -0.010 Cl - 0.00650T

L1




TABLE 5

A

EFFECT OF CHLORINITY AND TEMPERATURE ON PKZ‘

Cl, ppt

16
17
18
19
20

21

T, deg C

o 3 1 5 20
9.46 9. 40 9.35 9.29 9.23
9.44 9. 38 9.32 9.27 9.21
9.42 9. 36 9.30 9.25 9.19
9. 40 9.34 9.28 9.23 9.17
9. 38 9.32 9.26 9.21 9.15
9.36 9. 30 9. 25 9.19 9.13
pK, = 9.78 - 0,020 Cl - 0.0115T
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TABLE 6

EFFECT OF PRESSURE ON K; AND K; OF CARBONIC ACID

Depth (D), Pressure (P), Il"xcrea.se% %
meters psig K X2
0 0 ' 0 0
2000 2940 26 9.6
4000 6880 ' 58 20
6000 8820 100 32
1¢,C00 14700 202 55

1' 0.01107D + 0.600000915D°

1
% Increase in KZ

% Increase in K
' 2

0.00470D + 0.0000000300D

D

P/1.470

pKL£ = -log Ei. 571 x 107%(1.0 + 7.528 x 107°P + 4.235 x 10'9P2)1
-0.010 (5-0.030)
1,805 ~-0.0065T
'
pK, = -log|1.660 x 107:%(1.0 +3.196 x 10™°P + 3. 702 x 1o'1°p2)]

-0.020 (S- 0. 030)

1565 ~0.0115T
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TABLE 10

EFFECT OF TEMPERATURE AND CHLORINITY
ON THE SOLUBILITY OF CO, IN SEA WATER

2
o, moles/liter /atmosphere x 1074
Chlorinity, ppt

T, degc 16 17 18 19 2 21
] 667 660 653 646 640 633
2 617 611 605 599 593 587
4 573 567 562 557 551 546
6 533 528 524 519 514 509
8 499 495 490 486 482 4717
10 468 464 460 456 452 448
12 438 434 431 428 424 421
14 413 410 406 403 400 396
16 390 387 384 381 377 374
18 168 365 362 359 356 354
20 348 346 343 340 337 335
22 329 327 37¢ 321 319 317

R

. E-b(Cl- 162‘ x 1074
2 3

a = 666.6 - 26.04T + 0.7072T" - 0.01008T

2 3

b = 6.80 -0.4160T + 0.01593T" - 0.0002784T




TABLE 11

REDOX POTENTIALS AS A FUNCTION OF
DEPTH AND OXYGEN AND SULFIDE CONCENTRATIONS

Depth, Redox Potential, Oxygen, Sulfide,
meters mv ml/1 _ml/l
0 395 5.60 -
25 408 7.06 -
50 404 5.35 -
100 340 1.08 -
150 -26 .25 0.62
200 -88 0.08 0.67
200 -139 0 1.74
500 -170 0 3.60
750 -152 0 5.29
1000 -144 0 6.15

1500 -129 0 7.34




TABLE 12
SOLUBILITY OF OXYGEN IN SEA WATER

Chlorinity, ppt

Temp.,
degC_ 15 1 17 18 19 20
0 8.55 3. 43 8.32 8.20 8.08 7.97
2 8.11 8.02 7.91 7.80 7.69 7.58
4 7.74 7. 64 7.53 7.43 7.33 7.23
6 7.38 7.28 7.20 7.10 7.01 6.91
8 7.06 6.97 6.89 6.80 6. 71 6. 62
10 6.177 6. 69 6. 69 6.52 6.44 6.35
12 6.50 6.43 6.35 6.27 6.19 6.11
14 6.26 6.19 6.11 6.04 5.97 5.89
16 6.03 5.96 5.89 5.82 5.76 5.69
18 5.83 5.76 5.69 5.63 5.56 5.49
20 5.65 5.56 5.50 5.44 5,38 5.31
OX = 10.291 +a -0- Cl

a = -0.2809T + 0.006009T% - 9.00066320T°

b= 0.1161 - 0.073922T + 0.00006310'1"2

oX

oxygen solubility, ml/1 at NTP in water equilibrated witk dry air
at a total pressure of 760 torr.




Temp.,
deg C

@ o B

10
15

20

TABLE 13

DENSITY OF SEA WATER

Salinity, ppt.

30

1.02410

1.02400
1.02384
1.02363
1.02340
1.02308
1.0221¢

1.02098

1.02571
1.02560
1. 02543
1.02521
1.02494
1.02464
1.02364

1.02250

d = a+ b(S-30)

1]

1.02411 - 0.0000472004T - 0.00000549012T

0.000806199 - 0.00C00314213T + 0.0000000469203T

34

1.02732
1.02719
1.02701
1.02678
1.02651
1.22619
1.02522

1.02402

36

. 02893
. 02879
. 02860
. 02836
.02808
. 02775
. 02676

. 02554

.03055
.03040
.03019
.02994
. 02965
.02931
.02830

.02707

2

l wie

1.03216
1.03200
1.03179
1.03153
1.03122
1.03088
1.02985

1.02860

2
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Pressure,

Bars

100
200
300
400
500
600
700
800
900
1000
1200
1300

100
200
300
400
500
600
700
800
900
1000
1100
1200
1300

100
200
300
400
500
600
760
800
900
1000
1100
1200
1300

TABLE 14

SPECIFIC VOLUME OF SEA WATER

Temperature, deg C

0

S = 30.52 ppt

0.

9761

. 9715
. 9672
. 9629
. 9589
. 9547
. 9508
. 9471
. 9434
. 9398
.9364
. 9298
. 9267

S =34.99

PPt

. 9726
. 9682
. 9639
. 9598
. 9557
.9518
. 9480
. 9443
. 9406
.9371
. 9337
. 9303
.9271
. 9240

S -41.03

ppt

. 9680
. 9637
. 9595

. 9554

.9514
.9476
. 9438
. 9402
. 9366
.9332

. 9298

.92¢5
. 9233
.9202

0.9764
. 9720
. 9677
. 9636
. 9596
. 9556
.9518
. 9481
. 9445
. 9409
. 9375
.9311
. 9281

. 9730
. 9€8?
. 9645
. 9605
. 9566
. 9527
. 9489
. 9453
. 9417
. 9383
. 9349
.9316
.9284
. 9253

. 9685
. 9643
. 9602
. 9562
. 9523
. 9485
. 9448
. 9413
.9378
. 9344
. 9311
. 9278
. 9247
.921¢

10

0.9771
.9728
.968¢
. 9646
. 9606
. 9567
L9530
. 9493
. 3458
.9423
. 9389
. 9325
. 9295

.9737
. 9695
. 9654
.9614
9575
. 9537
. 9500
. 9465
. 9430
. 9396
. 9363
. 9330
. 9298
. 9268

. 9693
. 9652
. 9611
. 9572
.9534
. 946G7
. 9460
. 9425
. 9390
. 9357
. 9324
. 9292
. 9261
L9231

15

0.9779
L9737
. 9696
. 9656
.9617
.9579
. 9542
. 9506
.9471
. 9437
. 9403
. 9340
.9311

. 9747
. 9705
.9664
. 9625
. 9587
. 9549
. 9513
.9478
. 9444
.9410
.9377
. 9344
.9313
. 9283

.9703
. 9662
.9622
. 9583
. 9545
. 9509
.9473
. 9438
. 9404
.9371
.9338
. 9327
.9276
. 9246

0.9791
. 9749
. 9708
. 9669
. 9630
. 9592
. 9556
. 9521
. 9486
. 9452
.9418
. 9356
. 9327

. 9758
L9717
. 9677
. 9638
. 9600
. 9563
. 9527
. 9492
. 9458
. 9424
. 9392
. 9360
. 9329
. 9299

. 9714
.96 74
. 9635
. 9597
. 9559
. 95213
. 9487
. 9453
.9419
. 3386
. 9353
. 9322
. 9292
.9262




TABLE 14 (cont'd)

1/density = a - bP + cP?
where: a = d+eT + {T°
b = (g-hT+iT% x107?
c = (j - kT~ lTZ) x 1078
d = {0.97612 - 0.0007900m + 0. 1563 x 10™°m?)
e = (0.4408 + 0.02906m + 0.001407m%) x 10”4
f = (0.5286 - 0.0008976m - 0.C009502m?) x 10~°

g = (0.45824 - 0.004632m + 0.0002114m?)

2
h = (0.3088 - 0.02354m + 0.00:i31m?%) x 107°

i = (0.6397 - 0.05537m + 0.001547m%) x 1~
i = (0.60133 - 0,02428m + G.001429m?)

k = (1.081 - 0.1644m + 0.008846m2) x 107%

1 = (0.2890 - 0.04708m + 0.001888m>) x 10>

m = (S - 3).52)

I bar = 14,504 nsi
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EQUIPMENT LIST

T- TANK, ALKALINITY PREADILISTMENT, WiTH MIXER M=l MIXING COLLIMN

T-2  TANK, pH ADILUSTMENT ., WITH MixER

-3 TANK, PHOSPHATE, FEED

T-4  TANK, ALKALINITY, FEED

T-5  TANK, DISTILLED WATER ,FEED

T-6 TANK,CONCENTRATED SEA WATER,FEED

T-7T  TANK,SODILM +=YDROXIDE , FRED

T-8  TANK, HYDROCHLORIC ACID, RFEED

T-9  TANK,NITROGEN HUMIDIFIER

T-0  TANK,PHOSPHATE . MAKE-~LP, \WITH
MIXER (NOT SHOWN)

T-11 TANK, ALKALINITY , MAKE-LP, \WITH
MIXER (NOT SHOWN) :

T2 TANK, CONCENTRATED SEA WATER, J-l EDLICTOR , PHOSPHATE AND ALKALINITY
MAKE-UP, WITH MIXER (NOT SHOWN) ADDITION

-3 TANK, SODIUM HYDROXIDE , MAKE -LP,
WITH MIXER (NOT SHOWN)

T4 TANK, HYDROCHLORIC ACID, MAKE-UP,
WITH MIXER (NOT SHOMWN)

-5 TANK, STANDARD SOLUTIONS FOR CAL-
IBRATION , WiTH MIXER AND SIGHT GLASS

F-1 PREFILTERS (2)
£2 FICTERS (D)

E-l FRECOOLER, INCOMING SEA \WATER

E-2 COOLER, RECIRCULATING LOOP, TOP
E3 COOLER, RECIRCULATING LOOP, BOTTC:
€-4 COOLER, STANDARD SOLUTION

E-5 HEAT EXCHANGER , ADJUSTMENT TO

P-1 PUMP, INCOMING SEA WATER TEMPERATURE OF AME TEST SYSTEM
PL PUMP, FILTERED AND PRETREATED
SEA WATER

P-3 PUMP, METERING,PHOSPHATE ADD!TION

P& PUMP, METERING , ALKALINITY
DIFFERENTIAL ADDITION

PS5  PuMP, METERING , ALKALINITY ADDITION

P-6 PLMP,METERING,DISTILLED WATER
ADDITION

P PuMP, METERING, CONCENTRATED SEA
WATER ADDITION

2-1 REFRIGERATION SYSTEM

CV-1 CONTROL VALVE | AUTOMATIC,

. MET X FLOW TO T-I
P8 S;;;;f.j:&;c’ NaOH FOR pH CV-2 CONTROL VALVE . AUTOMATIC
FLOW TO M-l
B PIMETERING, M
> ERING. SODILM HYDROXIDE CV-3 CONTROL VALVE, ALTOMATIC,
FLOW FROM 2-1
- MP,METER! F ALINIT
o ;LQJETE’EAiw?EN:G » HCL FOR ALKALINITY CN-4 CONTROL VALVE, AUTOMATIC,

FLOW TO ADJUSTED STREAM

CN-5 CONTROL VALNE , ALUTOMATIC,
Nt FLOW TO M-\

CN-6 CONTROL VALVE | ALUTOMATIC,
O+ CONTROL

CV-7 CONTROL VALVE, ALUTOMATIC,
COr CONTROL

C\-8 CONTROL VALVE, AUTOMATIC,
1S CONTROL

P-it  PUMP,METERING , HYDROCHLLOR:IC
ACID ADDITION

P2 PUMP MIXING COLUMN RECIRCULATION

P-3  PUMP,STANDARD SOLUTION
RECIRCLULATION




N, B
on] amm wow |
"MENT LIST
NG COLLUIMN Vel VAWNE, MANUAL , TWO-WAY , FILTER
STREAM SELECTOR
N-2 VAWE, MANUAL, TWO-WAY, FILTER
STREAM SELECTOR
V-3  VAWE, MANUAL , TWO -\WAY, FiLTER
STREAM SELECTOR
TERs (2) V-4  VALVE, MANUIAL, TWO-WAY, FILTER
3 (D STREAM SELECTOR
V-5  VALVE . MANUAL, FOLIR-\WAY, ANALYZER-
CALIBRATIOM STREAM SELECTOR
N-6  VALVE ,MANUAL, FOUR-WAY., ANALYER -
CALIBRAT.ON BTREAM SELECTOR
V-1 YALVE . MANUAL |, FLOW ADILSTMENT IN
OR , PHOSPHATE AND ALKALINITY RECIRCULATING LOOP
ON N-8  VALVE, MANUAL. , THREE - WAY, PLURGE GAS
CONTROL FOR T-i
N-D  VALVE , MANUAL, PURGE GAS TO ANALYZER
SECTION
N-IQ VALVE  MANUAL | SHUTORE AT T-3
V-1 VALVE, MANUAL , SHMUTORF AT T-4
“OOLER , NCOMING SEA WATER V-2 VALVE , MANUAL, SHlLJTOFF'- AT I?
_ER. 2ECIRCULATING LOOP, TOP V-3 VALVE ,MANUAL, SHLITOFRE AT T-5
’ ] -,
_ER. RECIRCULATING LOOP. BOTTOM N4 VALVE, MANUAL, SHUTORF AT =)
] .
_ER, STANDARD SOLUTION N-IS \IAL\JE,MAQUA;.. SHUTOFRFE AT T-8
- V-6 YALVE MAMUAL, SHUTORE AT P-)
T EXCHANGER , ADJUSTMENT TO . ) .
SERATURE OF AME TEST SYSTEM N-1T VALNEMANUAL, SHWTORE AT P-2
V18 VALNE,MANUAL , SHUTORF AT P-12
V-9 VALVE,MANUAL , THROTTUNG AT P-13
™M
H
AGERATION SYSTEM 9|
o
TROL WALVE | ALTOMATIC,
N TO T-\
“ROL VALVE , AUTOMATIC,
N TO M- I
“ROL VALNE, AUTOMATIC,
~N FROM R-| ,
TROL VALNVE, AUTOMATIC, |
N TO ADJUSTED STREAM
TROL VALNE , ALUTOMATIC,
WOW TO M-
JTROL VALNE | ALITOMATIC,
ZONTROL
TROL VALVE , AUTOMATIC,
. CONTROL
TROL VALNE ,, AUTOMATIC,
CONTROL
@E?ses 62
2 7.6) Jee L
Figure 3




I ANALYSIS AND CONTROL PARAMETERS

AL SALINITY
B. ALKALINITY
C. DISSOLNED FREE CARBON DIOXIDE
D. pH
E.En
F. DISSOLVED OXYGEN
G.DISSOWNED HYDROGEN SULRIDE
., PHOSPHATE
I. A KALINITY , DIFFEREMTIAL
J.LMALINITY , PRE ADJUSTMENT
K. pH PREADIUSTMENT
L. ALKALINITY , CHECK
2. LEVEL
AINCOMING , TANK 1, ALKALINITY REMOVAL
2.EQUICBRATOR TANK , viXBE M-
3, PRESSURE
ALINCOMING SEA WATER
B.FLOW LOOP, AT EXIT
C.AT USE !N AME TEST DEVICE
4. TEMPERATLRE
AL FLOW LCOP,TOP
B, =.Ow LOOP AT EXIT
C. REFRIGERATION SYSTEM -
D. AT USE, IN AMF TEST DEVICE
E.CALIBRATION STREAM

/

@O0 @0@&a0®B

O O®® O®@ O O O

5. FLOW
AL INCOMING SEA WATER STREA'M, 1GPM
B. NITROGEN GAS
C. LOOP, 20 GPM
D.ADJIUSTED STREAM,IGPM AT O'C
E.PHOSPHATE ADDITION
ELALKALINGTY DIFFERENTIAL
G.CALIBRATION STREAM

©. DENSITY
AL ADIUSTED STREAM

O OO0 ®O

SET POMT

O @D B B D

ST UMENTATION CCDE
(ISA NOMENTZLATURE ¢§ SYMBOLS

TRALSOUCER

SEORGRCNCNS
CHCECEONCNS

L)

S

©d

) @ @

L

QA3 @ 08 O
DO S

&

SIGNAL

INDICATE
s

BO0O3 86 0B® O COBG BB




1
JMENTATION CODE I
JENCLATURE § SYMBOLS, 2P 5.1)
SIGNAL , - -
JCER INDICATE , REQORD, RECORD,
ALARM _CONTROL

D BDO DB
O & e & @ B

O OO DB B P

&

B OB O OCODBPDDD
O

O e O
C E3:;erl]

CeaO00 OO0 OO0 o»

& O @ S
O OBDBd &HD &
O &R

lmu4:| 02956T
o Z e = ¥
% Figure &4
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IDENTIFICAT.ON OF PHYSIC AL AND CHEMICAL PARAMETERS
leg . —~ ! j ] 5
b y - ~ : I < .
g3 | & | £ | 2 ¥ lrE 5%
ro| 2 b o 2 |« 52,2597
POSITIONS OR é f~ - o 7 | 2dv | 23F
CONDITIONS 2y S b ] i < w P 50'— 3
N THE SEA gg 32 fl 4 T . . : B TRE YR
o - o 0 < (] m' ~ © e O e
O. EINAL, AT USE
T:0' 10 20°C OO0 [0I0 |020 |030 |oc40 |[OsO |00 [O10 |oeo
P+O TO 20,000 PS)
1. FINAL
T-0C lo'e]! ol o | O3 o4 |08 | O8I on  |osl
P15 TO IO PSIA
2. onm LOOP
002 |On” |o’2 |032 (o042 |0s2 |02 |02 |oer
P-ISTOBOP'SlA
3W\T}-«\NLOOPAFT§2
G A N ER loos |03 |o2s |03 |04z |os3 |oces |c13 |ces
ITION _T-0'C
P=I5TQ 30 PSIA
+.eurfzmc. LOOP
“’%? DISTED) loos |04 |024 | 034 |04s O34 |06s |O14 |oB4
P15 TO 30 PSIA
N
M TEgeD) oos o5 |05 |035 |o4s |oss [oes (o5 lows
[ S ] . -
&.MAKE -LP FOR o [ N
2 y cee |0%6
INCREASING ..
cren 06 |oOw |Oo%e | 046 066 016 |1 oec |teorc He
t
LMAKE-UP FOR .
DECREASING on o% | o4l oe1 |[{om lop
CONC
NOTES:
. THE NUMBERS WiTHIN EACH BLOCK ARE
SUBSCRIPTS REFERENCING SOLITION
PARAMETERS AT SPECIF'C POINTS IN
THE SEA WATER SIMULATOR.,
2. THE SOLUTION PARAMETERS TO BE
SUBSCRIPTED AS INDICATED N NOTE
t ARE:
C , CONCENTRATON (OR VALLE)
Vi NVOLUME | i
W, WEIGHT,
4. DENSITY,
F. FLOW RATE , wi/min
THUS : Ceqy REPRESENTS THE SALNITY
OF THE SEA WATER LEAVING
THE LOOP,
3, A VACANT BOR INDICATES THAT NO SUCH
CONDITION , SOLUTION , OR MEASUREMENT 1S
MADE OR REQUIRED 1N THE SEA WATER
SIMULATOR

p
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XESS FLOW PLAN

HUMDIFER

?%%%%%%% '

COMPUTER/CONTROULER
. 'Y
D AN an A B3 s
DOOOOOEE
4
ZA{
l LEGEND:
N Cy L1M7 - FLOW RATE, GPM
[/ FLOW RATE,LPM

C D+ TEMPERATURE , °C

T-15

[F] 09956
[l 599562
Q) Figure 6
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FUNCTIONAL 8LOCK DIAGEAM OF THE COMPUT:

i
I
)
e
! o e e em e e e 1
i | DIGITAL COMPUTER :
[ ) |
AT —————@—-—1—1 ! ; |
L i ARTHMETIS I
] ? i UNIT |
- ‘
S S W | |
I | o | |
— S | :
- N
Als Lot —— E |
e — _;' N~ | $ | l
Ll ' :
| -3
AT L _@__4__ A—=D - MEMORY T
i | |
— — i |
w et l .
L - : | |
‘ |
AT L————-@%———J—-‘ l |
. ! ' CONTROL '
——— L
! il J UNIT |.
R T | |
I S S —J

|
|
oT, L————@—-#
I
|
!

SIGNAL CONDTIONING

|
] I —
PTe @ + INPLT SIPRINT O

i

|

I

FTs

DIGITAL. PROCESS CONTROLLER

. — . — — — —— —— — ——— — — T —r— WA m— — ———— — p=  vee v m— —m— ——

NOTES:

fe A—eD sANALOG TO DIGITAL CONNVERSION.

2. D—eA 2 DIGITAL TO ANALOG CONVERSION .
8, A e ANALOG HOLD CIRCULT.
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DIAGRMAM OF THE COMPUTER/CONTROLLER

Tmos) |
i SALWITY
| CONTROL ACia
l @—-——‘ C\‘
{
A (wocPT |
! ALKALINITY
! CONTROL
I @———o Ca
S ST ) | T
\ : ALKALINITY
]
| AH @ ~*l correcion Acs
| o |
AR(THMETIC 1 Y [
UNIT | ; |
| o B oy B i
| | CARBON DIOKDE
! | _| CONTROL ACs
| H !
‘ E * Nmary
! ALKALIMITY
| E A S e
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UNIT i | @—o (Coo®)
l i OXRYGEN
CONTROL
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1 [ HYDROGEN SULE-
1 1O CONTROL
)
|
| (ouTP™ur)
Am 6 ; PHOSPHATE
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FUNICTIONAL DETAILS OF THE DIGITAL COMPUTER

\ >
&6r =
AD
Az #* e _ﬁ, —oX core
——nd
- s
ary ‘
(e { ———
> —
B8O t— B2 e
conr
e
N )
dooo l‘ ‘Nt >
' o
“cota
C
UPPER 4
LiMiT 49— Ceeto
t- 2
/‘\ *‘
NOTES
I. CROSSING TO THE INSIDE OF THIS AREA INVOLVES 2. THE NUMBERS WIiTHIN THE INDIVIDUAL BOXES IN
ANALOG TO DIGITAL (A TOD) CONNERSION , WHILE THE DIGITAL SECTION REFER TO SIGNAL
THE REVERSE INVOLVES D TO A CONVERSION . CORRECTIONS INDICATED ON SHEETS 8¢9,

s

m ¢




e DIGITAL COMPUTER

CEEHYRE
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Ko ol Kot %@
4 Ceoto Fo%e :‘Wé/—‘ %59
PR . ]
¢ L
> Cot2 =@
. Co22 hat
P e Ccon \
¢ - /> "Neow
Conr o os e@
> R o
—lCob'l I L2 D :@
.
o 0_: Fo.‘
+ Conn
& Ceoro
Con
2l ¢
YCost ‘@
Cost
®OA
— offCont :@
et
——— Fose %
< THE INDIVIDUAL BOXES IN
. REFER TO SIGNAL
2D ON SHEETS 8¢ 9.
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COMPUTER CORRECTIONS

dooi Foo
dooiFoo: - doseFose - LoseFone

F oo
Foor ~Fose -Foee

Ra

Rl

\
( a-bPooo + ¢{PocsY")
a s (d+aTooo +£(Toce)*)
be (a -hToos + 4 (Tooo)?) x 1O°*
e (i -ATaoos |(Toce)t) A 1O
+(0.%1612-0.1900 x 103w + 0.i563 » 10°%m?)
+ (0, 4408 + 0.029206 ™ + 0.00140Tm ) = IO *
+(0.5286-0.8918 « O3 m -0.9502 x 103 m) £ 10°*

* (0.45824 -O.004632 m + O.0002114 m*)
1(0.3088 - 0.02354 m + ©.00013I1m2) x 107
+(0.63%] ~0.0553]m + O.00I5 47T mt) x 10" *
2(0.60133 - 0.02428m +0.001429-m?)

A +(1.081-0.1644 . . O.00884Gm?) xIO™
L+ (0.2890-0.04108m + 0.001888 1) 11073
m s (Coe - 30.52)

dooz + m+ @ (Coz -20)

e 102411 -4.7200 x 103 (T002)-5.4901 x 0™ ( Too2)?

o +8.0620x10°%-3,1421  I0°%(To02)-4.6920x IO ( Teo2)?

Co-t - PKm'}. '%

£ +1.3105] -3.5140x10°(Toon) +6.7476 x10" #(Toot)t - .555G x10°* (T eor)?
¥ 3.0850 + 1.1996 2 102 (Toez ) - 2.1210 2 1O ¥ Toot)? + B.iT18 x 102 (Toor)®

ADs -LOG [#.511 110 (1.0+7.52810™(Poos) 1 #.235 110" (Poee)?)] - °'°‘?(§;°5‘°-°5°’ - ©.0065(Teec)

doooo »

> o h e O

BO » ~LOG [1.GE0 1107 (1.0 + 3196 1 10 (Pose) s 31024 107%(Peas)?)] - o.oz?(ecé%-o.oao) -0.0115(Teod)

A2 + -LOG[45T1 1 10(1.0 11,528 x 10 (Peot) #4235 110°3(Poor)?)] - 22(C21:0089) - 0.0065(Teed)

. . \
B2 » -LOG[1.660 1 10™°(1.0 +3.196 x10°* (Pee1) 13,702 x 10”"*(Past)?)] - O.020(Cor -:0.030) -0.0115(Toor)

1.805

WINT SED TER TIONS

PARAMETER LINLT
PRESSURE (Poss ,Poo) Py
TEMPERATURE (Tew , Toot) c
DENSITY (Leso, deei, deet) a/mL
FLOW RATE (Fos. Fose,Fose) wLimin
SALINITY {Cow.Cor) PPt
CONDUCTIVITY (Kat) willionmalem
ALKALINITY (Cete, Coate, Cort,Ceatt Cow) mlb/ L
CARBOMN DIOXIOE (Coso, Cest) ppom
PH (Cou.Coc-,Cotﬂ -
Ewu (Cowo, Cos1) "
OXYGEN (Coso, Conr) wijl
HYDROGEN SULFIDE (Ceve.Cot) PP~
PHOSPHATE (Cose. Cost,Cone) P~
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COMPLTER CORRECTIONS
EQUINVALENCE BETWEEN THE INSTRUMENTATION
CODE AND MEASURED PARAMETERS AT SET POINTS
Cowns @ Conns @ s XKaiz
Cotos @ »* Corzs @ « XCo22
Coses @* Cosz s + XCon
Coso s @ Cosze 3 XCos2
Cosor @ * Cosze @
Covor @ * Cowrs @ « XCoo2
Coso:r @ Conze » XCom
Poso = @ Ceoars @ * XCos2
2.0%0) . .0065(Toss) Tooo = @ Poor » @ + XPoo2
‘;-0—.—1 '0.0lls(Tuo) Foo & @ Toor = @ * XTooz
22-0.030)_ - 0.006%(Teo . .
F=N (Toon) doo @ XDoo:
Zo1 - 0.030) .
?053"—"‘—)' ©.0115(Teon) AaTHS 1S TRUE ONLY WHEN THESE QUANTITIES 3
ARE INDEPENDENT VARIABLES. »
gl
o
Py
O}
Foaff| 099862 |

'b Figure 9

.. - > - e




COMPUTER CORRECTIONS

SALINITY BY CONDUCTIVITY

Ko 1.5596 +n + 9(Toor) + £(Toe)? + a(Toer)® G.
»n +O.8105) (ConR)-1.0903 x 10"*(Cow )
s +0.084806 + 0.023184(Cowe - R)-3.2410x 10" *(Cow -R)* B
t 000282671+ 3.0630 1 10" *(Coa ' P) - 2.4800x I0°*(Coo-R)E >
#2560 w10 - 4,595 % I0°*(Con-R) + 5.0405 x 10°*(Core - R)*
s Yo * 2Konn - XK o

23,4 ALKALINITY, CARBON DIOXIDE AND pH:
NOTE: pH WILL ALWAYS BE AN INDEPENDENT
VARIABLE, 80 THAT: CosrCotisConr
a. ALKALINITY AS THE DEPENDENT VARIABLE, CARBON
DIOXIDE AS THE INDEPENDENT VARIABLE: 1.
Cosm *Cose
& YCoar® 2ot~ XCost
Conis Cosei2
% YCom = 2Com- XCom
CC“ ‘m ‘o 1.04¢
S SSE T o)
(Ceoro: dooi [Lece - Ceom) ‘Foe +Ceott -Fose 8.
Fote « {Come - Ceorr)

s YFoss *Fose Y
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SPECIFICATION
(PRELIMINARY)
SIMULATOR, SEA WATER

l. SCOPE

Scope. - Develo;:mental experimenta at the U.S. WNaval Civil
Engmeermg ratory require the conversion of surface sea water tc sea
water whose physical and chemical paramecers approach those found at
different depths in the ocean. This specification covers the requirements for
a Sea Water Simulator to analyze and control certain chernical parameters of
a sea water stream to provide a one gallon per minute output of sea water
having the desired compositicn.

2. APPLICABLE DOCUMENTS

2.1 The following documents of the issue in effect on the date of in-
vitation for bids, form a part of this specification to the extent sjecified herein.

STANDARDS
Military
MS 33586 Metals, Definition of Diasimilar
(Copies of documents required by contractors in connection with specific
procurement functions should be obtained from the procuring activity or as
directed by the contracting officer.)

DRAWINGS

AGC 099562 Sea Water Simulator

PUBLICATION

Report No. CR 67.004 Monitoring and Control of
Sea Water Compositioan
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3. REQUIREMENTS

3.1 General requirements. - The Sea Water Simulator shall provide for
the compositional analysis and control of a stream of sea water with respect to
the eight chemical parameters discussed in paragraph 3.2. It shall be capable
of being operated by any qualified engineering technician after an initial train-
ing period. The simulator shall be capable o continuous operation for durations
of up to six months based on the availability of a technician for occasional
periodic maintenance adjustment cight hours per day five days per week,
Monday through Friday; the sunulator must be capable of automatic, completely
unattended operation throughout other periods.

3.2 Performance characteristics. - The simulator shall provide for the
analysis of the eight chemical parameters and within the ranges indicated in
Table 1. With the exception of E, which will not be controlled, the chemical
parameters shall be controlled so that an output flow of one gpm will have a
specific composition within the limits of accuracy indicated in Table 1.
Appropriate corrections or compensations shall be provided so that sea water,
when adjusted at the temperature and pressure in the simulator will have a
desired composition for use in 2 test system that may be operated at temperatures
from zerc to 20 deg C, and at pressures from zero to 20,000 psi. It should be
understood that chemical interactions and physical effects may occur as a result
of this transition, and that the arbitrary selection of certain limiting values
within the control ranges may result in incompatible situations, as indicated in
paragraph IlI of Report No. CR 67.004.

3.3 Design. - The design is contained in AGC Drawing No. 099562. The
simulator is designed to provide a continuous stream of controlled-composition
sea water at a flow of one gpm. The majority of adjustments are made within

a closed loop portion of the simulator. Before entering the closed loop, sea
water is filtered, pretreated to remove carbonate alkalinity if this is greater in
‘he incoming sea water than is desired in the output stream, and adjusted to
some desired pH value. This preadjusted sea water is used to feed the closed
locp of the simulator at a required rate for the duration of the test period.
Within the closed loop the sea water stream is maintained at zerc to one deg C,
and at zero to 15 psig and i3 circulated at a rate of 20 gpm. Solutions are
metered into this circulating sea water stream to adjust the salinity, pH, and
alkalinity. The sca water is then passed through a mixing column in which the
sea water is equilibrated with a gas mixture to add or remove carbon dioxide,
oxygen, ana hydrogen sulfide as required in maintaining the composition.
Beyond these addition points the stream is analyzed by means of chemical
transducers, from which signals are derived to control the rate at which
reagents are added. Between the chemical transducers and the points of
further sea water addition, a one-gpm stream of sea water is d-awn off for
final adjustements for alkalinity and phosphate and is conveyed to a heat
exchanger and then to the point of use.




TABLE 1

Chemical Parameter

Salinity, ppt

Alkalinity, meq/1

Dissolved free carbon dioxide, ppm
pH

Eh’ mv

Dissolved oxygen, ml/1

Dissolved hydrogen sulfide, ppm

Phosphate, ppm

Range
33.0 to 35.0

0.5t03.0

0 to 50
6.0t09.0
+1400 to -1400
0 to saturation
0 to 50

0 to 100

AGC-10545

Accuracy
0.035

0.10
1.0
0.03
10
0.15
3.0
3.0
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Because of the interaction of certain physical and chemical
parameters, it is necessary in many cases for the rates of reagent additions to
be computed to compensate for differences in the conditions prevailing in the
loop and those employed at the point of use. This necessitates that transducer
and set point values be fed into a computer/controller so that a corrected control
signal can be calculated and directed to the appropriate metering device.

3.4 Materials of constructioa. -

3.4.1 Materials contacting the sea water stream. - The selection of
materials shall be guided by the need to avoid he2vy metal ion contamination of
the sea water stream. The concentrations of such ions added to the uncontami-
nated sea water strezm under normal operating conditions shall not exceed:

Copper 1 ppm
Lead 1 ppm
Iron 5 ppm
Nickel 1 ppm
Mercury 0.05 ppm
Vanadium 0.5 ppm
Manganesc ! ppm

3.4.1.1 Non-metals. - The preferred materials for all parts contacting the
sea water strearn are halogenated, unplasticized polymers having low moisture
absorption and cold flow characteristics.

3.4.1.2 Metals. - Where the use of plastics is impossible or impractical,
metals showing minimal corrosion in sea water, or glass or plastic coated
metals shall be used. Titanium is the preferred metal for sea water service.
Dissimilar metals shall not be used in intimate contact with each other. Dis-
similar metals are defined in MS 33586.

3.4.2 Other components. - Mechanical components and surfaces that do
not come into contact with the sea water stream shall be constructed of materials
that will withstand occasional exposures to salt water, such as might occur be-
cause of leakage or spillage. Electrical and electronic devices forming a part

of the simulator shall be suitably protected or isolated.

3.5 Components, - Sheet 2 of Drawing No. 099562 lists the mechanical
equipment required in the construction of the simulator. These components
together with the necessary piping, the computer/controller, and the transducers
shall comprise the components of the Sea Water Simulator.

3.6 Details of components. - The types o components required in the
construction ol the Sea Water Simulator are listed below. This listing also gives
the number of each required and references the paragraph of this specification
where detailed descriptions may be found.
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Component Number Required Paragraph
Tank 15 3.6.1
Pump 13 3.6.2
Mixing Column 1 3.6.3
Filter 4 3.6.4
Eductor 1 3.6.5
Heat Exchanger 5 3.6.6
Refrigeration System 1 3.6.7
Valve 19 3.6.8
Computer /Controller 1 3.6.9
Transducer i3 3.6.10
3.6.1 Tanks. - The tanks T-1 through T-15 shall meet the requirements

given below and in Table 2.

3.6.1.1 Materials of construction. - Tanks T-1, T-2, 1T-3, T-4, T-5, T-7,
T-8, T-10, T-11, T-13, T-14, and T-15 shall be constructed of rigid polyvinyl
chloride, or polyethylene, or an equivalent, sea-water compatible plastic.
Tanks T-6 and T-12 shall be constructed of rigid polyvinyl chloride or of
fiberglass-reinforced bisphenol-A, polyester resin, or epoxy resin. Tank T-9
shall be constructed of AIST Type 304 stainless steel.

3.6.1.2 Support. - All the tanks except T-9 shall be self-supporting or shall
be provided with a steel cradle frame to support the tank when filled with water.

3.6.1.3 Working pressure. - All tanks will be used at atmospheric pressure
except for T-9, which will operate at 50 psig.

3.6.1.4 Other requirements. - See Table 2 for working capacity, size,
connections, and special instructions.

3.6.2 Pumps. - The pumps P-1 through P-13 shall meet the requirements
given in Table 3,

3.6.3 Mixing column. - The mixing column M-1 shall have the character-
istics described here or equivalent.

3.6.3.1 Design. - It will be a counter-current mixer consisting of ten 3-in.
high stages separated by horizontal baffles. The tarbine shaft will pass through
a center hole in each horizontal baffle, Each stage will contain a 2-in. diameter
turbine. Vertical baffles will be located in the periphery of each stage to create
turbulence. The turbine shaft will be driven with a variabie-speed, one-half
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horsepower motor., The column will be provided with liquid inlet and gas outlet
at both top and bottom. The column will be approximately 6 in. in diameter and
approxirnately 4-ft, high (6-ft overall),

3.6.3.2 Material of construction. - Thke column will be of Pyrex glass. The
internal parts will be of titanium.

3.6.4 Filters, - The filters F-1 and F-2 shall meet the requirements set
forth below when operated at ambient temperatures.

3.6.4,1 Materials of construction. - The preferred materials of construction
are polyvinyl chloride, polypropylene, or polyethylene, or other non-metallics
which are corrosion-resistant in sea water service,

3.6.4.2 Pressure characteristics, -
3.6.4.2.1 Pressure rating. - The minimum pressure rating shali be 50 psig.

3.6.4.2.2 Pressure drop. - The normal pressure drop shall not exceed one psi
and the maximum pressure drop with cartridge loaded shall not exceed 10 psi.

3.6.4.3 Porosity. -

3.6.4.3.1 Prefilters, F-1.- The porosity will be recommended by manufacturer
to permit optimum performance of filters, F-2.

3.6.4.3.2 Filters, F-2.- The pore size will be 0.25 microns rated for 99. 99 per-
ceni removal of 0.45-micron particles and 100 percent removal of 0.8-micron
particles. The filter will deliver clear sea water with an average removal of not
less than 99. 999 percent of incident bacteria,

3.6.4.4 Capacity. - The fiiter system F-]1 and F-2 shall have the capacity to
operate continuously at a one-gpm flow rate meeting the requirements of para-
graphs 3.6.4.2 and 3, 6. 4. 3 without attention, cleaning, or filter replacement for
at least 72 hours.

3.6.4.5 Servicing. - The design of the filter housing shall provide easy access
for cleaning, replacement of filter cartridge, and other maintenance requirements,

3.6.5 Eductor. - The eductor shall ineet the requirements set forth below.

3.6.5.1 Materials of construction. - The eductor shall be constructed of a
compatible plastic such as polyvinyl chloride, polypropylene, or polyethylene.

3.6.5.2 Operating conditions. - The eductor shall be suitable for continuous
service at a temperature of zero deg C and 2 minimum pressure of 100 psig.
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3.6.5.3 Characteristics. - The eductor shall be capatle of providing
intimate mixing of a one-gpm sea water stream delivered at 2V to 25 psig with

two miscible aqueou# streams delivered at flow rates of up to 0. 20 gph and at
pressures up to 50 psig.

3.6.6 Heat exchangers. - The heat exchangers E-1 through E-4, and E-5
shall have the characteristics indicated below and in Table 4,

TABLE 4
PRELIMINARY HEAT EXCHANGZER SPECIFICATIONS

E-1 E-2 E-3 E-4 E-5
Sea water flow 1 20 20 20 |
rate; gpm
Input temperature; ambient 0-2 0-2 ambient 0-1
deg C
Output temperature; 0-2 0-1 0-1 0-1 0-20
deg C
Pressure rating; 50 50 50 50 50
min, psig
Pressure drop; 5 5 5 5 5
max, psi
3.6.6.1 Material. - The preferred material for heat exchange is Teflon or

graphite. Titanium is also acceptable.

3.6.6.2 Coolant. - The coolant may be any fluid that allows the requirements
of Table 4 and of paragraph 3. 6. 7 to be met.

3.6.6.3 Type. - The heat exchangers shali be saturation-type exchangers with
an exchange capacity and efficiency such that the temperature of the sea water
gtream approaches to within 0.5 deg C of the coolant temperature in traversing
70 percent of the exchange: tube length,

3.6.7 Refrigeration system. - The refrigeration system R-1 shall have the
cooling capacity o maintain the temperature conditions of E-l, E-2, E-3, and
E-4 as specified in Table 4. This will assume the flow rates given in paragraph
3. 6.6 and be based upon a specific heat for sea water of 4.2 abeolute joules per
gram of sea water, The coolant temperature shail be maintained within the range

10
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from zero to one deg C. The refrigeration system shall not be required to
maintain the conditions for E-5; temperature control for the latter will be
available from existing devices at the U.S. Naval Civil Engineering Laboratory.

3.6.8 Valves. - The automatic and manual valves, CV-1 through CV-8
and V-1 through V-19, respectively, shall meet the minimal requirements

given below,

3,6.8.1 Automatic valves. - The valves shall be constructed of compatible
plastic or metal and shall be supplied with a pneumatic or electric ontroller
that will be actuated and controlled by a low-level electric signal., Additional

requirements are given in Table 5.

TABLE 5
PRELIMINARY SPECIFICATION FOR AUTOMATIC VALVES

Cv-1 Cv-2 Cv-3 Cv-4 Cv-5 CV-6 Ccv-7 Cv-8

Size; in. 3/4 3/4 as 1/2 1/4 1/4 1/4 1/4
required

Service & liquid > & gas —>

Fluid {low 2 2 as 1 0.5 0.25 0.25 0.025
max, gpm required

Fluid tem- ambient 0 0 €———— ambient >
perature,
deg C

3.6.8.2 Manual valves. - These valves shall be constructed of compatible
plastic or metal and shall meet the additional requirements given in Table 6.

3.6.9 Computer /Controller. - The function of the computer/controller is
to receive transducer signals, to amplify the signals to the proper level, to
compute from appropriate set point and transducer signals the control signal,
to generate a reference signal by comparing the control and transducer signals.
It shall accomplish the control functions shown and described on Sheets 6, 7,

8, and 9 of Drawing No. 099562 so as to provide the accuracies specified in
paragraph 3.2. The requirements listed below are suggested requiremerts for

the components of the computer/controller.

11
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3.6.9.1 Signal amplification. - The amplifiers will amplify the transducer
signals from the output levels noted in 3.6, 10 t» some convenient standard

value such as zero to 10 v. The long-term gain accuracy shall be + 0.01 per-
cent in an operating temperature range of 20 t 40 ceg C. The input and output
impedances shall be compatible with the trar.sduceis and the multiplexing device.

3.6.9.2 Input and output multiplexers. - The input and output multiplexers
shall each be capable of scanning 20 points per second. Each shall be czpable
of random programming.

3.6.9.3 Analog-to-digital converter. - The analog-to-digital converter shall
have a conversion time of leas than one millicecond. It shall give a conversion
accuracy of 0.01 percent per year while operating at 20 to 40 deg C. The output
and the word format shall be compatible with the computer and with the digital-
to-analog converter.

3.6.9.4 Digital computer. - The digital computer shall have the memory
capacity to store the program and data input and to perform the calculations
indicated in Sheets 8 and 9 of the Drawing No. 099562. It shall provide a
calculation accuracy of 0.01 per.ent. The computer speed shall be adequate
to meet the time requirements specified for signal updating at the analog hold
circuits,

3.6.9.5 Input to computer. - The method and devices for putting programs
and data into the computer may be any commercial approach such as punched
card, punched paper tape, typewriter, etc. Factors of primary consideration
will be low cost and ease of cperation by laboratory personnel.

3.6.9.6 Printout. - The printed . ecord may be a typewriter, teletypewriter,
or other common commercial devices. It shall be capable of printing out a
complete record of simulator parameters and concentraticns in five minutes at
30-minute intervals.

3.6.9.7 Digital-to-analog converter. - The digital-to-analog converter shall
have a conversion time of less than one millisecond. It shall give 2 long-term
conversion accuracy of 0.01 percent per year. It shall be compatible with the
output and word format of the analog-to-digital converter and the digital
computer. Its analog output shall be compatible with the input to the analog-to-
digital converter and with the output multiplexer.

3.6.9.8 Analog hold circuits. - The analog hold circuits shall provide
reference signal accuracies of 0. 10 percent compared to those of the computer
output based upon the signals being updated once each second. The hold circuits
shall operate over the voltage range selected for the output of the digital-to-
analog converter.
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3.6.9.9 Analog controllers. - The analog controllers will receive and compare
the transducer signals with the computer reference signal to generate the appro-
priate error signals (electric or pneumatic) necessary to control the appropriate
valves or metering pumps. The accuracy shall be 3 percent or less.

3.6.9.10 Transducers. - The transducers used in the construction of the Sea
Water Simulator shall have characteristics equivalent to or better than those
given in Table 7. In-line devices shall be used wherever possible. These de-
vices shz.ll be constructed of compatible non-metals wherever possible.

3.7 Selection of specifications and standards. - The components used in
the fabrication of the simulator shall, insotar as possible, be commercial parts.
If it becomes necessary to modify commercial parts or to manufacture special
parts, the work shall be in accordance with commercial standards.

3.8 Maintainability. - The arrangement of components shall be such as to
provide easy access for maintenance, repair, removal, replacement, and cali-
bration of parts requiring attention, such as transducers, valve controllers,
metering pumps, filters, etc. The insulation on insulated portions of the loop
shall have joints or break points to facilitate the removal and replacement of

parts.

3.9 Measurements. - The dimensions and weight of the Sea Water
Simulator shall be a minimum commensurate with design characteristics given
in paragraph 3.3 and in Drawing No. 099562 and the maintainability constraints
given in paragraph 3. 8.

3.10 Finish. - Commercial parts may be used with the original standard
commercial finish. Altered or fabricated parts shall be touched up, finished,
or refinished in accordance with standard commercial practice. Insulated parts
shall have no special finish over thz insulation. Corrosion-resistant coatings
shall be applied only to metal surfaces outside the treatment loop that are not
inherently corrosion resistant and that may be expected to be evposed to sea
water in case of leakage or spillage.

3.11 Identification of product. - The simulator shall be labeled with a
metal or durable plastic nameplate containing the following information:

SEA WATER SIMULATOR
CONTRACT NO.

If in the construction it is necessary to assemble the simulator in two or more
physically separate cabinets or chassis, each shall be labeled as above 2xcept
that each unit tag shall also contain a descriptive phrase (such as LOOP,
COMPUTER/CONTROLLER) between ''Sea Water Simulator' and "Contract
No. " to indicate its use or function. Identifying tags shall be placed in
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a conspicuous location but so as not to interfere with the operagion of the
simulator. The tags shall be lettered legibly »nd shall be, or shall be coated
with, non-corroding material to maintain legibility. Identifying tags, marks,
or codes on individual components shall not be altered, defaced, or removed
in the construction of the siinulator, except they may be coated with a trans-
parent coating to provide corrosion resistance.

3.12 Workmanship. - The Sea Water S_mulator, including all parts and
accessories, shall be fasricated and finished in a workmanlike manner,

4. QUALITY ASSURANCE PROVISIOLIS

4.1 Quality control and inspeclion. - The qiality control and inspection

system of the contract-r shall be such as > ascure *‘ae delivery of components
of good commercial quality and workmansh.>. The prime contractor shall be
responsible to see that the inspcctiun is compleied catisfactorily, whether in

his own shop or by a subcontractor. This shall in no way relieve subcontractors
of their responsibilities.

5. PREPARATION FOR D+ .IVERY

5.1 Packing and packaginv. - The simulator and sub-assemblies shall
be pre.ervea, pacfagea, and pacﬁed in accordance with the contractor's best
commercial practice in order to astc ire safe arrival at destination and be
acceptable to common carriers.
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