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ABSTRACT

The purpose of this report is to examine the feasibility of the very deep borehole
experiment and to determine if it is a reasonable method of storing high level nuclear
waste for an extended period of time. The objective of this thesis is to determine the
escape mechanisms of radionuclides and to determine if naturally occurring salinity
gradients could counteract this phenomenon. Because of the large dependence on the
water density, the relationship between water density and the salinity was measured and
agreed with the literature values with a less than 1% difference. The resultant relationship
between the density and salinity is a linear relationship with the molality, and dependent
upon the number of ions of the dissolved salt (e.g. CaCl, contains 3 and NaCl has 2).

From the data, it was calculated that within a borehole with a host rock porosity of 10°
Darcy, it would take approximately 10° years for the radionuclides to escape. As the rock
porosity decreases, the escape time scale increases, and the escape fraction decreases
exponentially. Due to the conservative nature of the calculations, the actual escape
timescale would be closer to 10° years and dominated by I-129 in a reducing atmosphere.
The expected borehole salinity values can offset the buoyancy effect due to a 50°C
temperature increase.

Thesis Supervisor: Michael J. Driscoll
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1 Introduction

The desire for cleaner energies has never been more apparent than in the past
couple of decades. Fossil fuels dump nearly a trillion metric tonnes of carbon dioxide into
the atmosphere each year, perhaps accelerating climate shifts significantly. As a result,

much research has been performed on cleaner energies, such as wind, solar, and nuclear.

Among the available carbon-free energies, nuclear energy can run at full power
all the time. In fact, most reactors operate at full power for about ninety percent of the
year. The quantity of nuclear fuel on this planet, the lack of greenhouse gas emissions,
and the high energy density of nuclear materials make nuclear energy a promising energy

source for the future.

However, nuclear energy does come with a downside. After the fuel has been in
the reactor typically for three fuel cycles of eighteen months each, the fuel assemblies,
which include the cladding, the nuclear fuel, as well as the fission products are highly
radioactive and must be stored so that these materials can decay without harming people
or the environment. The materials that are the most dangerous are the fission products
and the actinides, which can be very toxic and have long half-lives. These materials must
be safely stored so that they can decay away while not adversely affecting the

environment. Currently, the United States does not reprocess spent fuel. As of now, most



nuclear waste is contained at the reactor sites in dry casks. However, this is only meant to
be a temporary solution. As such, safe means of disposing of the nuclear waste are a

necessity.

Because of the cancellation of Yucca Mountain as a disposal facility for high
level nuclear waste, a new initiative for storing nuclear materials has become necessary.
One promising method to store these materials is in deep boreholes. Deep boreholes are
deep holes in granite bedrock that can be up to several kilometers deep. The nuclear
assemblies are encapsulated in casks to prevent corrosion and release of radioactivity into
the surrounding ground water, and then placed in the boreholes. Due to the heat from the
nuclear materials as well as the natural diffusion of the radionuclides into the ambient
water, it is conceivable that the decay heat will produce a buoyant plume effect such that
the ground water rises and consequently the radionuclides will rise with the heated water.
Accordingly, the objective of this thesis is to evaluate this escape mechanism, and, in
particular, to assess the ability of naturally occurring salinity gradients to counteract this

phenomenon.



1.1 Deep Borehole Concept

Deep boreholes are a promising method for storing high level nuclear waste. The
concept is that a hole is drilled into granite bedrock in relatively stable areas. These holes
are around four to five kilometers deep. The bottom one to two kilometers of the hole is
the waste emplacement zone where the nuclear canisters will be placed. The nuclear
waste is encapsulated in casks in order to prevent corrosion and release of radioactivity
into the surrounding ground water. Above the emplacement zone is the granite capstone
region, typically greater than or equal to one kilometer thick. This region acts as a natural
barrier between the surface and the entombed radionuclides. This barrier also prevents

influence from the environment on the casks and the deep borehole system [1].

There are many motivations behind the very deep borehole concept. Because of
the depth of the boreholes, the escape probability for radionuclides is low over a long
time frame. As such, deep boreholes offer a high degree of protection from radionuclide
exposure to people and the environment. Also, because of the many locations available
for deep boreholes to be drilled, citing is facilitated. The natural and engineered barriers
of the deep boreholes require little to no ongoing maintenance costs. Another benefit of
the deep borehole concept is the reduced risk of proliferation. All of these reasons make
the deep borehole concept an attractive method to store high level nuclear waste. Figure

1-1 shows the reference borehole concept.
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Figure 1-1 Deep Borehole Disposal Schematic [2]



1.2 Decay and Hazards of Nuclear Waste

Radiation can have harmful effects on biological organisms and the environment.
Radiation can ionize particles and in the process damage the structure of biological
molecules. Therefore, nuclear waste that contaminates the water supply can be hazardous
to the local environment. As a result, the safe storage of nuclear waste is vital to any
nuclear energy related field. One of the biggest factors affecting the safe storage of
nuclear waste is the long lifetime of the radionuclides, which is on the order of tens of
thousands of years and some even as long as, or longer than, a million years, e.g. Iodine-
129 with a half-life of 16 million years. As such, nuclear waste fuel disposal facilities
must be constructed to last for a very long time and must be able to withstand natural

disasters that may influence it.

The nuclear waste generated from nuclear reactors is made up of fission products
and minor actinides. Because the fission products are the result of the fission of very
heavy atoms, which have many more neutrons than protons, these fission products tend to
be very radioactive. The actinides are the result of neutron capture followed by beta
decay, mostly starting with U-238, or alpha decay. These radionuclides produce a
significant amount of heat and must be stored in such a way that this heat not only does
not adversely affect the host environment, but that the heat does not cause the nuclear

waste to melt, or otherwise leak and undergo accelerated dissolution in ambient water
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1.3 Buoyancy Driven Nuclide Flow

Over time, radionuclides will naturally leak out of the corroded casks. Because of
the decay heat produced by the radionuclides, it is conceivable that the decay heat will
create a significant temperature gradient within and close to the boreholes. As a result of
the temperature gradient, a plume effect may be created which could cause the
radionuclides in the water to rise over time and possibly escape from the borehole at is

surface.

There are several conditions within the borehole that will affect how the
radionuclides will travel. The density of the water will determine how fast the water will
travel in the borehole. However, density changes as a function of temperature, pressure,
and salinity. While it is almost impossible to vary the temperature and pressure within the
borehole, it is possible to tailor the salinity of the water to suit our needs. This can be
done by the careful choice of the borehole location. The porosity of the surrounding
bedrock will also determine the diffusion rate of radionuclides through the cap rock.
Potentially, at large distances underground away from the boreholes, the far field effects
could potentially affect how the water will travel. The energy released by the decay of the
radionuclides is the driving force behind the entire radionuclide movement. Figure 1-2
shows the thermal power released over time for commercial nuclear waste from a

pressurized water reactor (PWR). As can be seen, after a century, the decay heat will

11



decrease by an order of magnitude, and after a thousand years fall to levels which are far

less likely to promote both corrosive release and buoyancy-induced upflow.
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Figure 1-2 Log-Scale Thermal Power Released for Waste from a PWR for 1 MTIHM,

60,000 MWD/MTHM Burnup, and 10 Year Cooling [3]
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2 Background Information

2.1 Introduction

While very deep boreholes offer significant protection against escape of
radionuclides, due to their inherent geophysical and geochemical properties, their
performance assurance relies on chemical and thermal-hydraulic modeling. Essentially
the only escape mechanism is by transport of dissolved chemical species in water, as

reviewed in this chapter.

2.2 Waterborne Radionuclide Transport

Because of the very long half lives of some of the radionuclides that are the result
of neutron irradiation, it is important to know the movements of the radionuclides for
several thousand years after the casks have been placed. Because of cask fracture by
corrosion, over the course of a few thousand years, the ambient water surrounding the

casks could have a certain concentration of radionuclides. One of the main factors in
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determining how fast the radionuclides will travel and thus escape is the host rock
permeability. Equation 2-1 describes the velocity of the water as a function of the

pressure gradient and time [4].

k He\ (aP\~1
— =\—)\— 2-1)
NR t daz
In Equation 2-1, k is the permeability in Darcys,

1 Darcy =0.97 x 10" m?

n is the dynamic viscosity of the fluid in centipoises, one centipoises is 107 kg/(ms), R is

the retardation factor due to sorption, H is the caprock thickness in centimeters, € is the

ap
rock porosity, t is the transit time in seconds, and e is the pressure gradient in bar per

centimeter. From this equation, the expected hold up time can be calculated. For water at

55°C, n is 0.5 centipoise.

Similarly, Darcy’s Law expressed in equation 2-2 describes the bulk projected

velocity of water in a porous medium with a hydraulic gradient [1].

=)

Expressing Equation 2-2 as a function of density, the equation becomes

K = k% (2-3)
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where K is the transit velocity in meters per second, g is the acceleration due to gravity

9.81 m/s’, and p is the density in kilograms per cubic meter.

From equation 2-2 and 2-3, the escape fraction of the radionuclides in transit can be

estimated. The escape fraction is defined as
EF = e (2-4)

where EF is the escape fraction, lambda is the decay constant, and t is the time spent in

transit.

2.3 Effects on Radionuclide Transport

Different conditions affect the rate at which radionuclides will move through the
bedrock. Since the salinity (hence density) of the water increases with depth in most
continental shield bedrock, the water will be virtually stagnant down hole. However, this
stagnation can be affected by the thermal output due to the decay heat from the casks.
Heating of in-hole and adjacent water can produce an upward buoyant force due to

reduced water density.
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As the heated water moves up the borehole, there is a possibility that due to the
reduced salinity in the far field region, the water will diffuse horizontally away from the
borehole. However, as it diffuses away from the borehole, it will cool down. This will
negate the upward driving force of the water and it will begin to fall back down. By the
time it reaches the down hole depth, it will tend to move towards the much warmer near
field region and thus will create a flow between the near field region and the far field

region [5].

Another influence on the movement of the radionuclides is the water’s movement
in the caprock region. While the water is in the emplacement zone, it will have a constant
heat source and thus will have a driving force allowing it to move up. However, after it
leaves the emplacement zone, the only heat source it has is the radionuclides being
carried along in the water. As a result, it is possible that the water will lose its driving
force and will thus stagnate. As it stagnates, it will disperse its heat radially away from

the borehole [5].

2.4 Plume Effect

As noted, the water surrounding the casks can experience local heating. Because
water density decreases with temperature increase, when there is localized heating, the

density of the water will decrease. As a result, the heated water will rise, carrying the

16



radionuclides with it. While the density will slightly increase with depth due to the
hydrostatic and lithostatic pressures exerted on the water, the density decrease due to a

rise in temperature is much larger [1].

While the water is rising through the rocks, it must pass through the pores in the
colder bedrock. As a result, in order for the water to continue to rise through the bedrock,
the heating due to the radionuclides must offset the heat loss due to the heat transfer
between the bedrock and the water. If the heat generated due to the radionuclide decay is
less than the heat loss due to the heat transfer, than eventually the water’s driving force
will disappear and the water will stagnate. However, if the heat generated is greater than
the heat loss, than the water should continue rising and eventually will penetrate the

bedrock [1].

The overall conclusion is that a sufficient vertical salinity gradient can prevent
initiation of this complicated water (hence radionuclide) circulation pattern. Hence the
principal focus of this thesis is on quantification of the density vs. salinity relation for

salts dissolved in water.
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3 Density Calculations

3.1 Introduction

Because of the significant dependence that radionuclide transport has on the
density of the saline water, it is important to determine the relationship that the density of
water has on differing temperatures, pressures, and salinities. The density of the water
will determine how the water will move inside the borehole and the host rock. Lower
density water will move upward, while higher density water will naturally move

downward. This behavior is important in terms of whether net upward flow dominates.

3.2 Effect of Pressure and Temperature

Deep in the borehole, the pressure and temperature are high and must be taken
into account with regards to the density of the water. At the depths in question, the
pressure exerted on the water due to the lithostatic and hydrostatic pressure is on the

order of 100 to 250 atm per kilometer, respectively [1]. In general, the hydrostatic

18



pressure is most often prevalent. As a result, the boiling point of the water is quite

elevated and the water remains in the liquid phase.

The dependence of the density of water on the external pressure exerted on it is
rather small. Because water is nearly incompressible, it requires a very large pressure to
be exerted on it in order for the density to increase. At a depth of 4 km underground, the

density of water will increase by approximately 1.6 percent [1].

On the other hand, the dependence of the density of water on the temperature of
the water is quite significant. As the temperature of water increases, it expands and
becomes much less dense. While the density of water at fifty atmospheres and 20 degrees
Celsius is about 1000.44 kg/m3, at the same pressure and a temperature of 200 degrees
Celsius, the density falls to 867.26 kg/m3 [6]. This difference is much greater than the
difference in density due to pressure. The data representing the dependence of water on

its pressure and temperature is displayed in Appendix A.
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3.3 Previous Salinity Experiments

Because most of the sites where the boreholes are drilled are located at sites
where water may eventually become present, it is important to know how changes in
water salinity will affect the water density. When salt is dissolved in water, the volume

changes slightly as a function of the amount of solute dissolved.

Due to the uncertainty in this change in density, many previous experiments have
been performed. These experiments tested the relationship between salinity and density
for various pressures and temperatures. Based on some experiments compiled in the
American Institute of Physics’ Journal of Physical and Chemical Reference Data |7], an
empirical formula relating density as a function of temperature, pressure, and salinity was

developed by me in Equation 3-1.
p(T,P,S) = po +0.0378S + 4 1075P — (2 x 107°T2 + 2.25 * 107*T) (3-1)

In Equation 3-1, po is the density at a known, reference value, S is the molality in molals,
in which 1 molal is defined as one mole of solute per 1 kilogram solvent, P is the pressure
in bars, and T is the temperature in degrees Celsius. The equation above has an error of
less than half a percent for values of salinity of 2 molals or less, temperatures of 200
degrees Celsius or less, and pressures of 400 bar or less. Equation 3-1 assumes that the

density follows a linear increase. However, when the temperature, pressure, and/or the

20



salinity values increase beyond the values listed above, the rate of change in density
begins to drop and thus Equation 3-1 will provide a result slightly larger than the actual
value. Since the most significant factor affecting the density is the temperature, as the
temperature increases, the rate of change in density increase begins to drop because the
temperature of the water is approaching saturation. As a result, the water cannot continue
to expand and eventually begins to vaporize. Figure 3-1 shows how density changes as a

function of salinity for a few different temperatures and pressures.
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Figure 3-1 Change in water density as a function of salinity for three different

temperatures and pressures.
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Appendix B is a compilation of tables describing the relationship between specific
volume and salinity for varying temperatures and pressures, in which specific volume is

the inverse of the density.

3.4 Salinity vs. Density Experiments

Because the water that will be used in deep boreholes may contain dissolved salts,
it is important to know the relationship between density and salinity. However, it is
uncertain whether or not different salts will act similarly. For instance, will sodium
chloride (NaCl) act the same as calcium chloride (CaCl,)? The reason why sodium
chloride may not act the same as calcium chloride is because of the extra ion in calcium

chloride.

In order to test this, an experiment was designed. A one liter volumetric flask (see
Figure 3-2) was filled with distilled water at room temperature. Afterwards, the salt being
dissolved in the water (the first experiment involving sodium chloride at 98% purity, the
second involving anhydrous calcium chloride at 96% purity) is measured out to known
quantities, 0.1 mols, 0.25 mols, 0.5 mols, and finally 1.0 mols, and weighed on a balance.

In incrementing steps, each quantity of salt was dissolved into the water. After having

22



sufficient time to fully dissolve into the water, first the change in height along the stem of
the volumetric flask was measured, then using the Cole-Palmer Low-Cost Specific
Gravity Meter, 1.000 to 1.300 SGU, ° C model as seen in Figure 3-3, the density was

again measured.

Because the volume of the flask, the mass of the water, the mass of the salt
dissolved, and the change in height of the flask due to the salt, the change in volume of
the flask and thus the change in density of the water can be calculated. This was done to
confirm the accuracy of the density probe. Figure 3-4 shows the density as a function of
molality for three different test runs, one sodium chloride trial and two calcium chloride
trials, and Figure 3-5 shows the density as a function of mass dissolved salt per 1

kilogram water.

Figure 3-2  One liter Pyrex Volumetric Flask
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Figure 3-3 Cole-Palmer Low-Cost Specific Gravity Meter, 1.000 to 1.300 SGU,°C

model
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From the data collected, there is a clear relationship between the number of ions
dissolved in the water and the density of the solution. The resulting relationship between

the density of the water and the salinity is
p(S) = (0.02667 *xn) * m + p, (3-2)

where n is the number of ions being dissolved in the water, m is the molality, and po is
the density with no solute dissolved at some reference temperature and pressure. For
compounds like sodium chloride, n will be equal to two, while for calcium chloride, n
will be three. For the relationship between density and the mass of the solute dissolved in

water, the equation becomes

p(M)=(25*107*xn) * M + p, (3-3)

where M is the mass of the salt dissolved in the water, and n is the number of ions of the
compound. Based on the data from the CRC handbook relating salt dissolved in water

and density, the data collected agreed within 1% of the literature values.

Some sources of error in the experiment are the uncertainties involved in
measuring the change in height of the flask, some of the salt not completely dissolving in
the water or otherwise not making it into the flask when the salt was added, air bubbles
dissolved within the water, the impurities in the calcium chloride and sodium chloride
salts, and the temperature of the water. Furthermore, when the calcium chloride was
dissolving in the water, at times clumps of salt would form in the flask neck. Due to the

effect of the heat of solution, the local temperature was measured to increase due to the

26



heat of solution for calcium chloride, which is -737.221 J/g[8][9]. This may have resulted
in some slight error in the density calculations, although some subsequent time was

allowed for temperature equilibration and the meter corrects for water temperature.
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4 Analysis

4.1 Introduction

Based on the information that has been collected thus far, it is important to
determine how likely it is for radionuclides to escape from the borehole. Based on well
known equations describing the movement of water through a porous medium, the
velocity of the water through the bedrock and thus time it will take the radionuclides to

escape from the borehole can be estimated.

4.2 Radionuclide Movement Timescale

Under dry conditions, the movement of radionuclides in deep boreholes by means
of diffusion is on such a long time scale that escape prior to decay is negligible [1].

Therefore, radionuclide escape due to water movement is the only viable method that
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radionuclides could conceivably escape from the boreholes. From equation 2-3, the
velocity of water through the host rock, given a porosity of 107 Darcy is approximately
1.9 x 10" mys. This yields an escape time of approximately 10° years. However, the
porosity of 107 Darcy is a rather conservative estimate and could well be a lower value.
Also, there is retardation due to absorption by the rock surfaces. On the other hand, the
density used for this calculation was assuming pure water, and thus the actual velocity
assuming all other factors remain constant would be slightly higher. Nevertheless, this
does give a good, conservative estimate on the escape timescale of radionuclides from the
boreholes. However, the porosity of granite ranges from 10° Darcys to 107 Darcys [1].
Using the other end of the spectrum, the water velocity due to a porosity of 10® Darcys is
approximately 1.9 x 107 m/s yielding an escape time of about 10° years [1]. Note that
these escape times are for radionuclides travelling through one kilometer of granite and
thus do not take into account the top one kilometer of sedimentary rock. Because of the
uncertainty in the porosity of the sedimentary rock, it is extremely difficult to model it
accurately. Moreover the porosity is typically much higher-- e.g. several Darcy—and

here transit time is much faster.
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4.3 Radionuclide Escape Probability

Now that the water velocity is known and thus the radionuclide escape time, the
escape probability of the radionuclides must be calculated. By the time that the
radionuclides reach the surface based on the escape times, most of the radionuclides will
have decayed away and the main contributor to the radionuclides will be neptunium-237
and/or lIodine-129. By using equation 2-4, which takes into account the decay rate of

Iodine-129, the escape fraction for the radionuclides can be calculated.

For Iodine-129, the decay constant is approximately 4.41 x 10® yr''. From this
value and using the escape time for the conservative estimate, the escape fraction after
10° years is approximately 0.996. However, this value is more than likely a large
overestimate of the actual escape value. Table 4-1 shows the escape fraction for varying

levels of porosity.
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Table 4-1 Escape Fraction of Iodine-129 by Water Transport

Porosity (k, Darcy)

Time (Years)

Escape Fraction

10° 10° 0.996
10° 10° 0.957
10”7 10’ 0.643
10° 10° 0012
10° 10° 7.04 x 10°°

As is seen in Table 4-1, the amount of radionuclides that escape from the borehole
is progressively less as the porosity decreases. And since the porosity is smaller at large
depths, the more likely average porosity would be closer to a value of 107 Darcy or even
smaller. Figure 4-1 shows the relationship between escape time and escape fraction up to

a time of 10® years. Beyond that point it becomes almost impossible to distinguish the

value of the escape fraction [1].
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Figure 4-1 Escape fraction of Iodine-129 as a function of time.

Although it will take a porosity of less than 5 x 10”7 Darcy in order to achieve an
escape time of fifty million years or greater, this is not an unreasonable value for the
porosity of the host rock. As such, the danger that the radionuclides pose to people or the

environment is minimal.

44 Summary

While for quite porous rock of 107 Darcy there is a significant amount of lodine-
129 that could escape, most of the host rocks used for deep boreholes will have a much

lower porosity, due to the lithostatic pressure exerted on the rocks as well as the smaller
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porosity of the host rock. Moreover, species such as iodine will be significantly retarded
by absorption on such rock surfaces. In a more realistic scenario, it will take closer to five
to ten million years for any radionuclides to escape from the borehole and even then, the

amount that will escape will not have any significant affect.
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5 Summary, Conclusions, and Recommendations

5.1 Summary and Conclusions

The very deep borehole concept offers a safe and viable method to store high
level nuclear waste for a long time. The storage of nuclear waste in boreholes can offer
protection for hundreds of thousands and perhaps millions of years. One concern about
deep boreholes is the heat generated due to the nuclear decay causing localized heating.
As a result of the heating, ambient water density will decrease and the resulting
buoyancy-induced upflow could accelerate the time scale over which the radionuclides

could potentially escape.

While initially the borehole would be placed in a dry location, the chance that
flooding could occur is a possibility. Based on relationships describing the motion of
water through a porous medium under hydrostatic pressure, the rate at which water would
traverse the boreholes was calculated. In the most conservative estimate, it was found that
it would take on the order of 10° years for the water to escape. However, this was very
conservative and the actual timescale would probably be much greater. Factors
influencing this would be the porosity of the host rock, its absorptive properties, the
density of the water, the decay heat transferred into the water, and the salinity of the

water.
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As a result, the escape fraction of radionuclides from the borehole, which would
be dominated by Neptunium-237 in an oxidizing environment, would be relatively small.
A host rock having a porosity between 10-6 Darcy and 10-7 Darcy would reduce the

escape fraction significantly and thus effectively completely contain the radionuclides.

Therefore, the deep borehole concept appears to be a viable option to store high
level nuclear waste for a long period of time. While deep boreholes can store nuclear
waste in the form of spent nuclear fuel, the available nuclear materials in dry storage
could instead be used in a reprocessing facility, not only producing more energy, but at
the same time producing more fuel to be used. The reprocessing of nuclear materials
would reduce the amount of nuclear waste that would need to be stored in deep
boreholes, and thus all that would be needed to be stored would be the dangerous fission

products as well as the actinides that cannot be reprocessed.

5.2 Future Work

There is still much research that needs to be performed on this concept. For
example, a viable means of determining the best drill locations so that there are no
anomalies when the boreholes are created is a necessity. Also, this thesis deals with a
rough, simplistic model of the deep borehole concept. A more sophisticated, detailed

simulation could produce much more accurate results and could determine problems that
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would otherwise be neglected or completely missed. More research could be done on the
porosities of granite which is generally dominated by interlinked microcracks, if different
layers in the crust have different porosity spectrum, or what dependence pressure has on

the host rock porosity.
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APPENDIX A: Steam Tables —From Ref.

10—

[ [7
P o Py L hy  Ahby 8 ] As; | (mikg (“i"l
§°C) bar kym® kgm® | kikg kikg  kdkg | kikgK kikgK kikgK| x10%) x10%)
0.01 00061173 999.78 0.0048%5 0.00 25005 2500.5 0.00000 9.1541 9.154! 1.00022 205990
1 0.0065716 999.85 0.005196 4.18 25024 24982 0.01528 9.1277 9.1124 1.0001% 192440
2 0.0070605 999.90 0.005563 840 25042 24958 0.03064 9.1013 9.0707 1.00010 179760
3 0.0075813 999.93 0.005952 12.61 25060 24934 0.04592 9.0752 9.0292 1.00007 168020
) 0.0081359 999.9% 0.006364 16.82 25079 2491.1 0.06112 9.0492 8.988! 1.00003 157130
s 0.0087260 999.94 0.006802 21.02 25097 24887 007626 9.0236 8.9473 1.00006 147020
6 0.0093837 999.92 0.007265 25.22 25115 24863 0.09133 $.998! 8.9068 1.00008 137650
7 0.0100209 999.89 0.007756 2942 25134 24840 0.10633 8.9729 8.8666 1.00011 128940
8 Q0107297 99984 0008275 31361 25152 2481.6 Q12127 8.9479 8864 1.00016 120850
9 0.0114825 999.77 0.008824 37.80 25171 24793 0.13615 8.9232 8.78%0 1.00023 113320
10 0.012281 999.69 0.00940% 4199 25189 24769 0.15097 8.8986 8.7477 1.0003} 106320
11 0.013129 999.60 0.010019 46.18 25207 24745 0.16573 8.8743 8.7086 1.0004C 99810
12 0.014027 999.49 0.010668 50.36 25226 24722 0.18044 8.B502 8.6698 1.00081 $3240
13 0.01497% 99937 0.011353 $4.35 25244 24698 0.19509 8.8263 8.6313 1.00063 88090
14 0.015988 999.24 0.012078 5873 25202 24675 0.20969 §.8027 8.5930 1.00076 82810
13 0.017056 999.09 0.012837 6292 25280 2465.1 0.22424 8.7792 8.55%0 1.00091 77900
16 0.01818% 998.93 0.013641 67.10 2529.9 24828 0.23873 8.7560 8.5173 1.00107 73310
17 0.019380 998.76 0.014488 71.28 25317 24604 0.25317 8.7330 8.4798 1.00124 69020
18 0.020644 998.58 0.015380 7547 2533.5 2458.1 0.26757 8.7101 8.4426 1.00142 65020
19 0.021979 998.39 0.016319 79.65 25353 24557 0.28191 8.6875 8.4056 1.00161 61280
20 0.023388 996.19 0.017308 83.84 23372 24333 0.29621 8.6651 8.3689 1.00182 57778
i 0.024877 997.97 0.018347 88.02 25390 24510 0.31045 8.6428 8.3324 1.00203 34503
22 0.026447 997.7% 0.019441 92.20 2540.8 2448.6 0.32465 8.6208 8.2962 £.00226 51438
23 0.028104 997.52 0.020590 96.39 2542.6 24462 0.33880 8.5990 B8.2602 1.00249 43568
24 0.029850 99727 0021797 | 100.57 2544.5 24439 0.35290 8.5773 8.2244 1.00274 45878
25 0.031691 997.02 0.023065 104.75 25463 24415 0.36696 8.5558 8.1889 1.00299 43357
26 0.033629 996.75 0024395 | 10894 2548.1 24392 0.38096 B.5346 B.1536 1.00326 40952
27 0.035670 99648 0.025791 113,12 2549.9 2436.8 0.39492 85135 8.1185 1.00353 38773
28 0.037818 996.20 0.027255 117.30 25517 24344 0.40884 3.4926 8.0837 1.00381  366%0
2 0.040078 99591 0.028791 121.49 25535 24320 042271 84718 8.0491 1.00411 34734
30 0.042455 995.61 0030399 [ 125.67 25553 24297 0.43653 84513 8.0147 1.00441 3289
3 0.044953  995.30 0.032084 | 129.85 2557.1 24273 045031 8.4309 7.9806 1.00472 31168
32 0.047578  994.99 0.033849 | 134.04 25590 24249 046404 84107 7.9466 1.00504 29543
3 0.050335 994.66 0035696 | 13822 25608 2422.5 0.47772 83906 7.9129 1.00537 28014
34 0053229 9954.33 0037629 | 14240 25626 24202 0.49137 83708 7.879%4 1.00570 26575
3s 0.056267 99399 0.039650 146.59 2564.4 2417.8 0.50496 8.3511 7.8461 1.00605 25220
36 0.059454 993.64 0041764 | 150.77 25662 2415.4 0.51851 83315 7.8130 1.00640 23944
37 0.062795 993.28 0.043973 15495 25680 24130 033202 83122 7.7802 1.00676 22741
38 0.066298 992,92 0.046281 159.14 2569.8 24106 054549 82.293¢ 7.7478 1.00713 21607
39 0.06996% 992.55 0.048691 163.32 25716 2408.2 0.55891 8.2739 7.7150 1.00751 20538
40 0.073814 992.17 0.05121 167.50 25734 24059 087228 8.25%0 7.6828 1.00789 19528
4 0.077840 991.78 (.05383 171.69 25752 24035 0.58562 8.2363 7.6507 1.00829 18576
42 0082084 99139 0.05657 175.87 25769 2401.1 0.5989] 8.2177 7.6188 1.00869 17676
43 0.086464 990.99 005943 180.05 2578.7 2398.7 0.61216 8.1993 7.5872 1.00909 16826
M 0.091076 990.58 0.06241 184.23 25805 23963 062837 8.1810 7.5557 1.00951 16023
45 0.095898 990.17 0.06%52 188.42 25823 23939 0.63853 8.1629 7.5244 1.00893 15263
46 0.100938 989.74 0.06875 192.60 25841 23915 063166 R1450 7.4933 1.01036 14545
47 0.106208 989.32 0.07212 196.78 25859 2389.1 0.66474 8.1271 7.4624 1.01080 13866
48 0.111706 988.88 0.07563 20096 2587.6 2386.7 0.67778 8.1094 7.4317 101124 13222
49 0.117449 988.44 0.07928 205.14 25894 23843 0.6%078 8.0919 7.4011 101170 12614
50 0.12344  987.99 0.08308 2060.33 2591.2 23819 0.70374 8.0745 17.3708 1.01215 12037
51 0.12970 937.34 0D.02703 213.51 25930 23798 Dtbd 8.0573 7.3306 101282 1140
52 0.13623 987.08 0.091i4 217.69 25947 23770 0.72954 8.0401 7.3106 101309 10972
83 014303  986.61 0.09541 22187 25965 2374.6 0.74238 8.0232 7.2808 1.01357 10481
54 0.15012  586.13 0.09985 22606 25983 23722 0.75518 8.0063 7.2511 1.01406 10015
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vi

P ” . b hy  Ahy 5 sg  Asg | (mikg (m?ﬂge

®°C) bar  kg/m?® kgm® | kikg kikg  kikg | ki/kg-K kikg-K klkgK x10°) x10%)
ss 0.15752 98565 010446 | 23024 26000 23698 | 076795 7.9896 7.2216 | 1.01455 9573,

56 0.16522 98517 010928 23442 26018 23674 0.78067 7.9730 7.1923 1.01505 9153

57 017324 984.68 0.11423 | 23860 26038 23649 | 0.79336 79566 7.1632 1.0155 874,

53 0.18159 98418 O0.11939 | 24279 2605.3 23625 | 0.80600 7.9402 7.{342 1LOI608 8376,

89 0.19028 98367 0.12475 | 24697 26070 2360.] | 0.81862 7.9240 7.1054 101660 8016

60 019932 983.16 0.13030 | 291.1S 2608.8 2357.6 | 0.83119 7.9080 7.0768 | L0172 7674

61 0.20873 982.65 0.13607 | 25534 2610.5 23552 | 0.84373 7.8920 7.0483 1.D1766 7349,

62 021851 98213 014204 | 259.52 26123 23528 | 0.8%22 7.8762 70200 | 1.01820 7040.

63 0.22868 9B1.60 0.]4824 263.71 26140 23503 0.86869 7.8605 6.9918 1.01875  6746.

[ 2] 0.23925 981.07 0.15465 267.89 2615.8 23479 088112 7.8450 69638 1.01930 6466,

s 025022 980.53 016130 | 27208 2617.5 23454 | 089351 7.8295 69360 | 1.01986 6200.

66 026163 979.98 0.16819 | 27626 2619.2 23430 | D.90586 7.8142 6.9083 1.02043  $946.

67 0.27347 979.43 (.17532 280435 26209 2340.5 0.91819 7.7989 6.8808 1.02500 3$704.

68 028576 978.88 0.18269 | 284.63 26227 23380 | 0.93047 7.7838 6.8534 [ 102158 5424,

69 0.29852 978.32 0.19033 28B.82 2624.4 23336 094272 7.7689 68261 102216 5254

10 0.31176 S77.75 0.19823 | 29301 2626.] 23331 | 095494 7.7540 6.7990 | 102276 5044.6

T 0.32849 977.18 020640 | 29720 26278 23306 | 096713 7.7392 63721 102336 48449

T2 033972 97660 021485 | 301.39 2629.5 2328.0 | 097928 7.7246 67453 | 102396 46544

73 035448 97602 022358 | 30558 26312 23257 | 099139 7.7100 67186 | 1.02457 44726

7 036978 97543 023261 | 30077 26329 23232 | 100348 7.6956 6.6921 102519 4199.0

75 038%3 974.84 024194 | 31396 26346 23207 | 101583 7.6813 66657 | 1.02581 41333

% 0.40205 974.24 0.25158 31818 26363 23182 1.02754 7.6670 6.6393 1.02644 39750

7 041505 973.64 026153 | 322.34 26380 23157 | 103953 7.6529 66134 | 102708 382317

78 043665 973.03 0.27180 326.54 26397 23132 105149 76389 6.5874 102772 36751

kL 045487 97241 028241 | 33073 26414 23107 | 1.06341 7.6250 6.3616 | 1.02837 33410

80 047373 97179 0.29336 | 334593 26431 2308.] 107530 7.6112 6.5359 | 1.02902 3408.8

81 0.49324 971.17 0.30465 339.12 26447 2305.6 1.0B716 7.5975 6.5103 1.02969 32824

B2 051342 970.54 031631 | 34332 2646.4 2303.1 1.09899 7.5838 6.4849 | 1.03038 31615

83 053428 969.91 032832 | 34752 26481 23006 | 1.11079 7.5703 64595 | 1.03103 304538

84 055585 969.27 0.34072 | 35172 2649.7 22980 | 1.12255 7.5569 6.4344 | 1.03171 29350

85 057815 968.62 0.35349 | 35592 26514 22955 1.13429 7.5436 6.4093 1.03239  2828.9

86 0.60119 967.98 036666 | 360.12 2653.1 22929 | 1.14600 7.5304 6.3844 | 1.03308 27273

%7 062495 96732 D3IMM3I | 36432 26549 22904 | 115763 75172 635 | 10537 26300

a8 0.64958 966.66 0.39420 368.52 2656.4 2287.8 1.16932 7.5042 6.3)49 1.03449  2536.8

39 0.67496 966.00 0.40860 372.73 26580 228513 1.18054 7.4912 63103 1.03520 24474

%0 0.70117 96533 042343 | 37593 2659.6 22827 | 1.19253 7.4784 6.2858 | 103591 23617

91 0.72821 964.66 043870 381.14 2661.3 22801 1.20409 7.46%6 6.2618 1.03664 22795

92 0.75614 963.98 045441 | 38835 2662.9 2277.5 | 1.21563 7.4529 6.2373 | 103736 2200.7

93 0.78495 961.30 0.47058 | 38956 2664.5 22750 | 1.22713 74403 62132 | 1.03810 21350

o4 081465 06261 048723 | 39377 26661 22724 | 1.23861 74278 6.1292 | 1.03884 20524

95 0.84529 961.92 0.5043 39798 2667.7 22698 | 1.25006 7.41%4 61653 | 1.0395%9 1982.8

% 087688 961.22 0.5220 40220 2669.4 22672 | 126148 74030 61416 | 104034 19159

97 0.90945 960.52 0.3401 40641 2671.0 22645 | 127287 73908 61179 | 104110 18516

L] 094301 959.82 0.5587 41063 26725 22619 | 1.28424 73786 60944 | 104186 1789.9

99 097759 959.11 05778 41484 26741 2259 1.29557 7.3665 6.0709 1.04264 17306

100 1.0132 95839 0.5978 41906 26757 22567 1.30689 7.3545 6047 1.04331 16736
101 1.0496  957.67 0.6177 42328 26773 22540 | 131817 7.3426 6.0244 | 1.04420 16189
102 1.0877 95695 0.6385 42751 26789 22514 | 1.32943 7.3307 60013 | 1.04499 15662
103 1.1266 95622 0.6598 43173 2680.5 22487 | 1.34066 7.3189 5.9783 | 1.04578 15155
104 1.1667 955.49 0.6817 43595 26820 2246.1 1.35187 7.3072 59553 | 1.04659 1466.8
105 1.2079 95475 0.7042 44018 26836 22434 1.36305% 7.2956 5.9325 1.04739 14200
106 1.2503 95401 07273 44441 26851 22407 1.37420 7.2840 5.9098 1.04821 13749
107 1.2939  953.26 0.7511 44864 26867 22380 | 1.38533 7.2726 58872 | 1.04903 13314
108 1.3388 95251 07754 45287 26882 22353 | 139644 7261 S$.8647 | 1.04986 12896
109 1.3850 951.75 0.8004 45710 2689.7 22326 1.40751 7.2498 5.8423 1.0506% 12494
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Vi ¥,
P P pa W by oAby | & s A8, | (mPkg (mIkg
7°C) bar _ kg/m® kgim® | kikg kikg kikg | kikgK kikg-K kdkgK| x10%) x10%)
110 14324 951.00 08260 461.34 2691.3 229.% 141857 7.2386 458200 1.05153  1210.6
111 14812 950.23 0.8523 465.87 2692.8 22272 1.42960 7.2274 $.7978 1.05238 11733
112 1.5313 94946 08793 469 81 2694.3 22245 1.44060 7.2163 S5.7757 1.05323 11313
113 1.5829 O48.69 0.9069 474,05 2695.8 22218 1.45138 7.2052 S5.7536 105409 11026
114 1.6358 94791 0.9353 47829 2697.3 2219.0 1.46253 7.1942 S5.7317 105495 1069.2
115 1.6902 947.11 09643 482.54 26988 2216.3 1.47347 7.1833 5.7099 1.05582 10370
116 1.7461 946.34 0.9541 486.78 2700.3 22135 1.48437 7.1725 5.6881 1.05670 1005.9
117 1.8034 945.55 1.0247 49103 27018 22108 1.49526 7.1617 S5.6664 1.05758 9759
118 1.8623 944.7¢6¢ 1.0559 495.28 2703.3 22080 1.50612 7.1510 5.6449 1.05847 947.0
119 1.9228 94396 1.0B80 499.53 2704.7 22085.2 1.51695 7.1403 5.6234 1.05937 519.%
120 1.9848 943.16 1.1208 503.78 2706.2 22024 1.52776 7.1297 5.6020 1.06027 892.2
121 20485 942,35 1.1545% $0R.03 27076 21996 1.538%5 7.1192 5.5807 1.0611{8 866.2
122 2.1139 941.54 1.1889 512.29 2709.1 2196.8 1.54932 7.1087 5.5594 1.06210 841.1
123 2.1809 940.72 1.2242 516.55 2710.5 21940 1.56006 7.0983 S.5383 1.06302 8169
124 2.249% 93990 1.2603 5§20.81 27120 2191.2 1.57078 70880 55172 1.0639% 793.5
128 2.3201 939.07 1.2972 525,07 27134 11833 1.58148 7.0777 5.4962 1.06488 7.9
126 2.3924 938.24 11,3351 529.31 2714.8 21855 1.59216 7.0675 5.4753 1.06582 749.0
127 2.4606 937.4% 1.3738 53360 27162 21826 1.60281 T.0573 S5.4%45 1.06677 7279
128 25425 936.57 14134 53786 2717.6 21798 1.61344 7.0472 S5.4338 1.06772 707.5
129 2.6204 93573 1.4539 542.13 27190 2176.9 1.62405 7.0372 S5.4131 1.06869 687.8
130 27002 934.88 1.49%4 546.41 27204 21740 1.63464 7.0272 5.392% 106968 668.7
113 27820 93403 19378 55068 2721.8 21711 1.64521 7.0172 5.3720 1.07063 650.3
132 2.85657 933.18 1.5811 55496 2723.2 21682 1.65575 71.0074 S5.3516 1.07161 632.%
133 2.9515 932.32 1.625% 559.23 2724.5 21653 1.66628 6.9975 S5.3313 1.07260 618.2
134 3.0393 93145 1.6708 563.52 27289 21624 1.67678 69878 5.3110 1.07359 598.5
13§ 3.1293 930.59 1.7172 567.80 2727.2 2159.4 1.68726 69780 5.2908 1.07459 $82.4
136 3.2214 92971 1.7646 57208 271286 21568 1.69772 69684 52706 1.07560 366.7
137 3.31187 S2R 84 1.8130 576.37 27299 2153.8 1,70816 6.9587 5.2506 1.07661 551.6
138 3.4122 92796 1.B62S 580.66 2731.2 2150.6 1.71858 6.9492 35.2306 107764 536.9
139 3.5100 927.07 19130 58495 27325 21476 1.72898 6.9397 S.2107 1.07866 522.7
140 3.6119 92618 1.9647 589.24 2733.8 2144.6 1.73936 6.9302 5.1908 1.07970 508.99
141 3.7153 92329 20174 593.54 2735.1 2141.6 1.74972 69208 S$.1711 1.08074 495.68
142 38211 924.39 20713 $97.84 27364 21386 1.76006 69114 51513 108179 482.78
143 3.9292 92349 21264 602.14 2737.7 21356 1.77038 69021 5.1317 1.08285 470.28
144 4.0398 92258 2.1826 606.44 27390 21325 1.78068 6.8928 5.1121 1.08391 458.17
145 41529 921.67 2.2400 61075 27402 21295 1.79096 6.8836 5.0926 1.08498 446.43
146 4.268% 920.76 2.2986 615.06 2741.5 2)26.4 1.80122 68744 50732 1.08606 435.05
147 4.3867 919.84 23584 61937 274277 21233 1.81146 6.86%2 503518 1.08718 424.01
148 45075 91892 24195 623.68 27439 21203 1.82169 6.8562 5.0345 108824 413.31
149 4.6310 91799 24818 62800 2745.2 2117.2 1.83189 6.8471 5.0152 1.08934 402.93
150 47572 917.06 25454 632.32 27464 2114.1 1.84208 6.8381 4.9960 1.09044 392.86
181 4.8861 916.12 26104 636.64 27476 21109 1.85224 6.8251 4.9769 109156 383.00
1852 S.0178 918518 2.6766 64096 2748.8 21078 1.86239 6.8202 4.9578 1.09268 373.61
153 51523 91424 2.7442 645.29 27500 21047 1.87252 6.8113 4.9388 1.09381 364.41
154 52896 91329 28131 64962 2751.1 2101.5 1.88263 6.802%5 4.9198 109498 355.48
155 54299 9]2.33 28834 653.95 2752.3 2098.3 1.89273 6.7937 49010 1.09609 346.81
188 5.5732 911.38 2.9551 658.28 278314 209583 190280 6.7849 48821 1.09724 338.40
157 57194 91041 3.0282 662.62 27546 20920 1.91286 6.7762 4.8633 1.09840 330.23
158 $.8687 909.45 3.1028 66696 2755.7 2088.8 192290 6.7675 4.8446 1.09957 322.29
159 60211 908.48 3.1788 671.30 2756.8 20855 193292 6.7589 4.8260 1.10074 314.58
160 617656 907.50 31.2564 675.65 27580 2082.3 194293 6.7503 4.B073 1.10193 307.09
161 6.3353 906.52 3.33%4 680.00 2759.1 2079.1 1.95292 6.7417 4.7888 1.10312 299.82
162 6.4973 905.54 34159 684,35 2760.1 2075.8 1.96289 £.7332 47703 1.10432 292,75
163 6.6625 904.55 3.4980 688.71 27612 20728 197284 £6.7247 4 7518 1.105%2 288.87
164 6.8310 9031.56 3.5817 693.07 2762.3 2065.2 198278 6.7162 4.7334 1.§0674 279.19
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P o g I hy Ay
1°C) bar _kg/m® kg/m® | kikg kJkg kdkg |
165 7.0029 90236 1.6670 69743 2763.3 20659
166 7.1783 901.56 37539 70179 27644 2062.6
167 7.3570 900.55 3.8424 706.16 2765.4 2059.3
168 75394 89954 39326 710.53 27664 20559
169 7.7252 898.53 4.0245 71490 2767.5 2052.5
170 7.9147 897.51 4.118) 719.28 27685 2049.2
171 8.1078 896.48 4.2135 723.66 2769.4 2045.8
172 B.3047 89546 4.3106 72805 27704 20424
173 8.40S3 85442 44098 732.43 27714 20389
174 B.7098 893.38 4.5102 736.83 2772.3 2035.5
175 89180 89234 4.6127 74122 27733 20320
176 9.1303 891.30 47172 745.62 27742 20286
177 9.3464 B830.24 4.8235 750.02 2775.1 2025.1
178 05666 889.19 49317 75443 27760 2021.6
179 9.7909 888.13 5.0418 758.84 27769 2018.1
180 10019 887.06 5.154 763.25 2777.8 2014.5
181 10.252 885.99 5.268 767.67 2778.6 2011.0
182 10.489 884.92 5.384 77209 277195 2007.4
183 10.730 883.84 5.502 776.51 2780.3 2003.8
184 10.975 88275 5.623 780.94 2781.2 2000.2
185 11.225 881.67 5.745 785.37 27820 1996.6
186 11.479 88057 5370 789.81 27828 19930
157 11.738  879.47 5.99% 794.25 2783.6 1989.3
188 12.001 878.37 6.125 798.69 2784.3 1985.6
189 12260 877.26 6.256 203.14 27851 19820
190 12542 876.15 6390 807.60 27858 1978.2
191 12.819 87503 6528 21206 2786.6 1974.5
192 13.10]1 87391 6.663 816.52 2787.3 19708
193 13.383 87278 6.804 82098 2788.0 1967.0
194 13.680 871.65 6.946 82546 2788.7 1963.2
195 13976 87051 7.090 829.93 27894 1939.4
196 14278 86937 7.239 83441 2790.0 19%5.6
197 14.585 868.22 7.389 83890 2790.7 1951.8
198 14897 86707 7.541 843.39 2791.3 19479
199 15.214  865.91 7.697 847.88 2791.9 1944.0
200 15.537 864.74 7.854 85238 27925 1940.1
201 15.864 861.57 8.014 856.89 2793.1 19362
202 16197 86240 8177 86140 27937 19323
203 16.536 86122 8.343 86591 2794.2 1928.3
204 16.880 860.04 8.511 87043 27948 19244
205 17.229 B858.85 8.682 874.96 27953 19204
206 17.984 B8S$7.65 8.856 879.49 27958 19163
207 17.945 85645 9.033 88402 27963 19123
208 18.311 85525 9.213 888.56 2796.8 1908.2
209 18.684 854.03 9.39% 893.11 27973 1904.1
10 19.062 85282 9.581 897.66 2797.7 1900.0
211 19446 851.59 9.769 902.22 2798.1 18959
212 19.836 850,37 9.961 906.78 2798.6 1891.8
213 20232 R49.13 10155 911.35 27989 18876
214 20.634  847.89 10.353 91593 2799.3 18834
218 21.042 84665 10554 92051 2799.7 18792
216 21.457 84540 10.758 925.10 2800.0 18749
217 21.878  844.14 10.965 929.69 2800.4 1870.7
218 22,305 842.88 1).176 03429 28007 1866.4
219 22738 841.61 11.389 938.90 28010 1862.1

40

o s  ASy | (mikg (mikg
kd/kg-K kikg-K kJkg-K| x10%) x10%)
1.99271 6.7078 4.7151 1.1079¢ 272.70
2.00261 6.6994 4.6968 110919 266.39
201250 6.6910 4.6785 1.11043  260.2%
2.02237 6.6827 4.6603 1.11168 25428
2.03223 6.6744 4.6422 1.11293 243848
2.04207 6.6662 46241 1.11420 242.83
2.05190 6.6579 4.6060 1.11547 23733
2.06171 6.6498 4.5880 1.11675 23199
2.0715C 6.6416 4.5701 1.11804 226.78
2.08128 6.6335 4.5522 111934 22172
209105 6.6254 4.5343 1.12065 216.79
2.10080 6.6173 4.5165 1.12196 21199
2.11054 6.6092 4.4987 1.12329 207.32
2.12026 6.6012 4.4B810 1.12462 20277
2.12996 6.5932 4.456)3 1.12596 198.34
2.13966 6.5853 4.4456 | 1.12732 194.03
2.14934 65774 4.4280 1.12868 189.82
2.15900 6.5654 4.4104 1.13005 18573
2.16865 6.5616 4.3929 1.13143  181.74
217829 6.5537 4.3784 1.13282 177.8%
2.18791 6.5459 4.3580 1.13422 174.06
219752 6.5381 4.3406 1.13563 170.37
220712 6.5303 4.3232 1.13704 166.77
2.21670 6.5226 4.3059 1.13847 163.26
222628 6.5148 42886 | 1.13991 159.84
2.23583 6.5071 42713 1.14136 156.50
2.24538 6.4994 4.2541 1.14282 15325
2.25491 6.4918 4.2369 1.14429 15008
2.26444 ©6.4841 42197 1.18576 14698
227395 6.4765 4.2026 1.14725 14396
2.28344 6.4689 4.1855 1.14875  141.02
2.29293 6.4613 4.1684 1.15026 138.14
2.30241 6.4538 4.1514 1.15178 135.34
231187 6.4463 4.1344 1.158332 132,60
2.32132 6.4387 4.1174 1.15486 12993
2.33076 6.4312 4.1005 1.15641 12732
2.34019 6.4238 4.0836 1.15798 124.77
2.3496) 6.4163 4.0667 1.15958  122.29
2.35902 6.4089 4.0498 1.16114 11986
2.36842 6.4014 4.0330 1.16274 11749
2.37781 6.3940 4.0162 1.16435  115.17
2.38719 6.3866 3.9994 1.16597 11291
2.39656 6.3793 3.9827 | 1.16761 110.70
2.40591 6.3719 3.9660 1.16925 108.55
2.41526 6.3646 3.9493 1.17091 10644
242460 6.3372 3.9326 117258 104.38
2.43393 6.3499 31.9160 1.17427  102.36
244326 6.3426 1.8993 1.17596 100.40
2.45257 63353 1.8827 1.17767 98.47
246187 6.3280 3.8662 1.17939 96.59
247117 6.3208 3.8496 1.18113 54.75
2.48046 6.3135 3.8331 1.18288 92.96
2.48974 6.3063 3.8166 | 118464 9120
249901 6.2991 3.8001 1.1864) 89.48
2.50827 6.2919 3.7836 1.18820 87.80



P o Pa h
#°C) bar kg/m?® kg/m® | kikg
220 23178 840.34 11.607 943.51
221 21625 83906 11.827 948.13
222 24078 837.77 12.052 952.75
223 24.538 83648 12279 957.38
24 25005 B35.18 1251) 962.02
215 25479 83387 12745 966.67
226 25959 B32.56 12.984 971.32
227 26446 B31.25 13226 975.98
228 26941 82992 13472 980.65
29 27442 82859 13722 985.32
230 27981 B27.25 13.976 990.00
231 28.467 82591 14233 994 69
232 28990 B24.36 14.49$ 95939
33 29,521 82321 14.761 1004.09
234 30,059 821.8¢ 15.031 1008.80
238 0.604 82047 15.304 1013.52
236 31.157 819.10 15.583 1018.25
237 3718 81771 15.865 1022.98
238 32286 81632 16.152 1021.72
239 32.863 81493 16443 1032.48
240 33447 81352 16739 1037.24
241 34039 812.11 17.039 1042.00
242 34639 B10.69 17.344 1046.78
243 15247 80927 17.6%3 1051.57
44 35,863 807.83 17.967 1056.36
245 36.438 806.39 18.286 1061.16
246 37,121 80494 18.610 1065.98
247 37,762 80345 18939 1070.80
248 R412 80202 19.273 1075.63
U9 39070 B00.55 19.612 1080.47
250 39737 799.07 19.956 1085.32
151 40412 797.58 20.305 1090,18
252 41.09 796.09 20.660 1055.05
253 41.789 79459 21.020 1099.93
254 42491 79307 21.386 1104.82
258 43.202 719155 21.757 1109.72
256 43922 790.03 22.134 1114.63
257 44651 78849 22817 1119.55
258 45390 78694 22.905 1124.48
259 46137 785.39 23.300 1129.43
260 46.895 78383 23.700 1134.38
261 47.661 78225 24.107 1139.34
262 48437 78D.67 24.520 1144.32
263 49223 77908 24939 1149.31
264 50018 77748 25368 1154.31
265 50.823 77587 25.797 1159.32
266 51.638 77425 26.236 1164.38
267 52463 77263 26682 116538
268 $3298 77099 27.135 1174.43
269 54.143 769.34 27.59% 1179.49
270 54999 767.68 28.061 1184 57
m 55.864 76601 28.53¢ 1189.66
m 56.740 764.34 29017 1194.76
m 57,627 762.65 129.506 1199.87
274 $8.524 760.95 30.003 1205.00

28013
2801.3
28018
28020
2802.2

28024
28026
2802.7
2802.9
28030

2803.1
2803.1
2803.2
28032
2803.3

28033
2803.2
2803.2
2803.1
28031

28030
2802.8
2802.7
28025
2802.2

2802.1
28019
28016
28014
28011

2800.7
28004
28000
2799.6
2799.2

27988
27983
27978
27973
17968

2796.2
27956
27950
27944
27937

2793.0
2792.3
2791.6
2790.8
27900

2789.1
2788.3
2787.4
2786.5
27855

4]

Ahy
kd/kg
1857.8
18534
1849.0
1844.6
1840.2

1835.7
183).2
1826.7
1822.2
1817.7

1813.1
1808.5
1803.8
1799.2
1794.5

1789.7
1785.0
1780.2
1775.4
1770.6

1765.7
1760.3
17559
17510
1746.0

1741.0
17359
1730.8
1725.7
1720.6

17154
1710.2
1705.0
1699.7
1694.4

1689.1
1683.7
1678.3
1672.8
1667 4

1661.9
1656.3
1650.7
1645.1
1639.4

16337
1628.0
16222
1616.3
1610.5

1604.6
1598.6
1592.6
1586.6
1580.5

(m“!ltg

Ve

] & A5, (m"lkg
kd/kg-K kdrkg-K kikgK| x10%) x10%)
251753 6.2847 137671 119000  86.16
252678 62778 37507 | 119182 84.$S
2.53602 62703 3.7343 1.19365 8298
2.54525 6.2631 3.7179 1.19549 38144
2.55448 6.2559 3.7015 119735 719.93
2.56370 6.24B8 3.6851 1.19922 78.46
2.57292 6.2416 3.6687 120111 77.02
2.58212 6.2345 3.6524 1.20301  75.61
2.59133 62274 136361 1.2049)  74.23
2.60052 6.2203 3.6197 1.20687 72.88
2.6097) 6.2131 3.6034 1.20882  71.5%
2.61890 6.2060 3.5871 1.21078  70.26
262808 6.1989 3.5709 1.21276  68.99
263725 6.1918 3.5546 1.21476 6775
2.64642 6.1847 3.5383 1.21678 66.53
2.65559 6.1777 3.5221 1.21581 6534
2.66475 6.1706 3.5058 122086 64.17
2.67390 6.]635 3.4896 1.22292 6303
2.68306 6.1564 3.4734 1.22500 61.91
269220 6.1494 34572 1.22710 6082
2.70135 6.1423 3.4409 1.22922 59.74
2.71049 6.1352 3.4247 1.23136  58.69
2.71963 6.1282 3.4085 1.23351  $7.66
2.72876 6.1211 33923 1.23569 55668
273789 6.1140 3.3761 1.23788 5566
2,74702 6.1070 3.3600 1.24009  54.69
275618 6.0999 3.3438 1.24232 5373
276528 6.0929 3.3276 1.24458 52.80
277440 6.0858 3.3114 1.24685 51.89
2783582 6.0787 3.2952 1.24914 S0.99
2.79264 60717 3.2790 1.25145 50.111
2.80176 6.0646 3.2629 1.25379  49.248
281088 6.0575 3.2467 1.25614 48403
2.82000 6.0505 3.2305 1.25852 47.%73
282911 60434 3.2143 1.26052 46.760
2.83823 6.0363 3.1981 126334 45962
284735 60292 3.181% 126578 45.180
285646 6.0222 3.1657 126825 44.4]2
286558 6.0151 3.1495 1.27074 43.658
287470 6.0080 3.1313 1.27328 42919
2.88382 6.0009 3.1170 1.27579 42194
2.89294 5.9938 13.1008 1.27836 41.482
290206 5.9866 3.0846 1.28095 40.783
291119 59795 3.0683 1.28356 40098
292031 59724 30521 1.28620 39424
292944 5.9652 3.0358 1.28887 38.764
293858 59581 3.0195 1.29156 38.115
294771 59509 3.0032 1.29429 37478
295685 5.9437 2.9869 1.29704 36.853
296599 $5.9365 29705 1.29981 36.239
2.97514 59293 29542 1.30262 35616
298439 59221 29378 1.30546 15044
299345 59149 29215 1.30833 34462
3.00261 59077 2.5051 1.31122  33.891
301178 59004 2.8886 1.31415 33330



v

P m Pa b hy Al 8 sy ASg | (m¥kg (mg
1°C) bar  kg/m® kg/m® | kifkg kdkg kikg | kkg-K kirkg-K kikgK| x10%) x10%)
78 59.431 759.24 30.507 1210.15 27845 1574.4 | 3.02095 58931 2.8722 131711 32719
276 60.350 757.52 31.020 1215.30 27835 1568.2 | 303013 5.8859 2.8%5%7 1.32011  32.237
7 61.279 75578 31.541 1220.47 27825 1562.0 | 3.03931 $878 28392 1.32313  21.708
278 62.219 75404 32.069 1225.66 2781.4 1555.8 | 3.04850 5.8712 2.8227 1.32619 21.182
27Te 63.170 752.28 32.607 1230.86 2780.3 1549.4 | 305770 S5.8639 28062 1.32929  30.669
280 64.132 750.52 33.1852 123608 2779.2 1543.1 | 106691 58565 2.7896 1.33242  30.164
281 65.105 74874 33.707 1241.3} 27780 1536.7 | 107613 $.8492 2.7730 1.33558 29.668
282 66.089 74695 34.270 1246.56 2776.8 1530.2 | 3.08535 S.8418 2.7564 1.3387%8  29.180
283 67.085 74514 34.843 1251.82 27755 1523.7 | 1.004%8 5.8344 2.7398 1.34202 28.701
284 68.092 74333 35424 1287.10 27743 15172 | 110382 58269 2.7234 1.34530 28.22%
288 69.111 741.50 36.015 1262.40 2773.0 15106 | 3.11308 5.8195 2.7064 1.34862 27.766
286 70.141 739.66 36.616 1267.71 2771.6 1503.9 | 3.12234 58120 2.6896 1.35197 27310
287 T1.183 737.81 37.226 1273.04 27702 14972 | 3.13161 538045 26729 1.35537  26.863
288 71.237 73594 37.847 1278.39 2768.8 1490.4 | 1.14089 5.7969 2.6560 1.35881 26422
289 73.303 73406 38.478 1283.75 2767.4 14836 | 31.15019 57694 2.6392 1.36229  25.989
290 74.380 73216 35.119 1289.14 27659 1476.7 | 3.15950 S5.7818 2.6223 1.36581 25.563
201 75.470 730.26 39.770 1294.54 27643 1469.8 | 3.16882 5.7742 2.6054 1.36938 25.144
292 76.572 72833 40433 129996 27628 14628 | 3.17815 S5.7665 2.5884 1.37300 24.732
293 77.686 72640 41.106 130540 2761.2 14558 | 3.18750 5.7589 2.5714 1.37666 24.327
204 78.813 724.45 41.791 1310.86 2759.5 1448.7 | 3.19686 S5.7511 2.5%543 1.38037 23928
295 79952 72248 42488 1316.34 27578 14415 | 3120623 S5.7434 2.5372 1.38412  23.536
296 81.103 720.50 43.196 1321.84 2756.1 14343 | 321563 S5.7356 2.5200 1.38793  23.150
297 82.268 718.50 43.917 1327.36 2754.3 1427.0 | 3.22503 5.7278 2.5028 139179 22770
298 83.445 71649 44.650 133290 27525 14196 | 31.23446 57200 2.4855 1.39570  22.397
299 84 635 714.46 451395 133847 27507 14122 | 324390 S.7121 24682 1.39967 22.029
300 85.838 71241 46154 1344.05 2748.7 1404.7 | 3.25336 S5.7042 2.4508 140369 21.667
301 87054 710.35 46.926 1349.66 27468 1397.1 | 3126284 56962 2.4334 140777  21.310
302 £8.283 708.27 471.711 1355.29 2744.8 1389.5 | 3.27233 S5.6882 24159 1.41190 20.960
303 89.526 706.17 48.510 1360.95 27428 1381.8 | 3.28185 5.6802 2.3983 141610 20614
304 90.782 704.05 49.324 1366.63 2740.7 1374.0 | 3.29139 5.6721 2.3807 142035 20274
303 92.051 70192 SO.IS 137233 27385 1366.2 | 3.30095 5.6640 23630 1.42467 19940
306 93.334 69976 51.00 - 1378.06 27363 1358.3 | 3.31053 5.6558 2.3453 142906 19.610
307 94 631 697.59 51.8% 1383.81 27341 13503 | 3.32014 5.6476 2.3275 1.43351  19.285
308 95642 695.40 52.73 1389.59 27318 1342.2 | 3.32977 5.6393 2.30%96 1.43803  18.966
309 97.267 693.18 53.62 139540 2729.4 1334.0 | 3.33943 5.6310 2.2916 1.44262 18.651
310 98.605 690.95 $4.52 140123 2727.0 13258 | 3.34911 5.6226 2.2735 1.44728 18.340
311 99 958 68B.70 55.45 1407.10 2724.6 1317.5 | 3.35882 56142 22554 1.45202  18.035
31 101.326 686.42 56.39 143299 2722.1 1305.1 | 3.36856 S.6057 2.2372 1.45683 17.734
313 102.707 684.12 57.35 141891 27195 1300.6 | 3.37832 5.5972 2.2189 146173 17437
£ 104 104 621.80 $8.33 142486 27169 12920 | 3.38812 5.5886 2.2005 146670  17.145
315 105.51 679.46 59.32 1430.84 2714.2 1283.3 { 3.39795 5.5799 2.1820 147176  16.856
316 10694 67709 60.34 1436.86 2711.4 1274.6 | 340781 55712 2.1634 1.47691 16.572
37 10838 67470 61.38 144290 27086 12657 | 3141770 $.5624 2.1447 1.48215  16.293
318 109.84 67228 62.44 144899 2705.7 1256.7 | 342763 $5.553S 2.12%9 148748 16017
319 11131 669.83 63.51 1455.10 2702.8 1247.6 | 343760 5.5446 2.1070 1.49291  15.745
320 112.79  667.36 64.62 146125 2699.7 12385 | 344760 S5.5356 2.0880 1.49843 15476
an 114.29  664.87 65.74 1467.44 2696.6 1229.2 | 345765 5.5265 2.0688 1.50406 15.212
a2 11581  662.34 66.89 1473.67 26935 1219.8 | 346773 $.5173 20496 1.50980 14.951
323 117.34 65978 6806 147993 2690.2 12103 | 347786 S5.5081 2.0302 1.51565 14.693
324 118.89 657.20 69.26 1486.24 26869 1200.7 | 348803 $.4987 20107 1.5216)  14.43%
328 12046 65458 70.48 1492.58 26835 11909 | 349825 5.4893 19911 1.5276% 14.189
326 122.04  651.93 71.73 1498.97 2680.1 11B1.1 | 350852 54798 19713 1.53390  13.942
37 123.64 649.25 73.00 1505.40 2676.5 1171.1 | 351884 54702 1.9513 1.54024 13.698
3 125.25 64653 7411 1511.88 26729 1161.0 | 3.52921 S5.4605 1.9313 1.54671 13.457
329 126.88 643.78 75.65 1518.4]1 2669.1 1150.7 | 3.53963 54306 19110 1.55332  13.219
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v [/

p [ Po A hg  Ah, 8 % As; | (m¥kg (m¥kg
H°C) bar__kgim® kg/m® | kikg kikg kikg | kikgK kikg-K kikgK| x10% x10%)
330 128.52 6410 7701 15250 26653 11403 | 3.5501 54407 1.8906 | 1.5601 12.985
n 130.19 6382  78.41 1531.6 26614 11298 | 35607 34307 18700 | 13670 12.753
as 131.87 6353 75.84 15383 26574 1119.1 35713  5.4205 1.8493 1.5740 12.524
333 133.57 6324 8131 15450 26533 1108.3 | 3.5819 5.4103 18283 | 15813 12298
kX | 135.28 629.5 82.82 15518 2649.0 1097.2 1.5927 5.3999 18072 1.5887 12.07s
338 137.01 6265  84.36 1558.6 26447 10861 | 3.6035 53894 17850 | 1.5963 11.854
336 138.76 623.4 85.94 15653 26403 10747 36144 33787 17643 1.6040 11.636
337 140.53 6203 87.56 15725 26357 1063.2 | 36233 53679 17426 1.6120 11421
338 142,32 617.2 89.22 15795 26311 10515 | 16364 S5.3569 1.720% 1.6202 11.208
39 184.12 6140 90.93 15867 26263 1039.6 | 3.6475 5.3458 1.6983 1.6286 10997
340 14594 6108 92.69 15938 26213 1027.5 | 3.6587 53345 1.6758 1.6373 10.788
1 147.78 60715 94 50 16011 26163 1013.2 3.6701 5.3231 16530 1.6462 10.582
M2 149.64 604.1 96.36 16084 2611.1 1002.7 | J.6B15 53114 1.6299 1.6553 10.378
343 151.52 600.7  98.27 16158 26087 989.5 | 3.6930 5.2996 1.6066 | 1.6647 10.176
344 153.42 5972 10024 16233 26002 9769 | 3.7047 $.2876 1.5829 | 1.6745 997
s 155.33 5937 10227 16309 25945 9636 | 37164 52753 1.5589 | 1.6845 9.778
346 13727 5900 10437 16386 25887 9%0.1 | 3.728) $.2629 1.5345 | 16948 9.8l
7 159.22 $86.3  106.53 16464 25827 9363 | 37404 52502 1.5098 | 17056 9387
M8 16120 5825 10877 16543 25765 9222 37326 5.2372 14847 17166  9.19%4
M9 163.20 S787  111.08 1662.3 2870.1 907.8 | 3.7649 5.2240 1.4591 17261 9.002
350 16521 5747 11348 1670.4 2563.5 8930 | 37774 S5.2105 1.433] 1.7301 8812
s 167.25 570.6 11596 1678.7 25566 8779 3.7901 51967 1.4066 1.7525 8.623
asz 169.31 5664 118.54 1687.1 2549.6 B62.4 | 3.8030 S.1825 1.3796 | 17654 8436
353 171.38 562.2 121.22 1695.7 1542.2 B466 3.8161 5.1681 1.3520 1.7788 8.249
as4 173.48 S57.8 12401 17044 25346 8302 3.8294 5.1532 13238 1.7929 8.064
355 175.61 5512 12692 17133 25267 B135 3.8429 5.1379 12950 1.8076 7.879
356 177.75 S48.5 12995 1722.4 251B.S 7962 38568 5.1222 1.265% 1.8230 7.695
357 179.92 5437 13313 17317 25100 7783 38709 51060 1.2352 1.8392 7.512
358 182,11 5387 13646 17412 25011 7599 | 3.8853 5.0893 1.2040 | 18563 7.328
359 184,32 33315 13996 17509 24918 740.8 | 3.9001 $.0721 11719 1.8744 7.145
360 186.55 5281 143.6% 17610 24820 721.1 | 39153 30542 11388 | 18936 6962
361 188.81 $22.5 147.54 17703 24718 700.5 | 39310 50355 11046 | 19140 6778
362 191.10 3166 151.68 17820 24610 6790 [ 39471 50161 1.0690 1.9358 6.593
363 193.40 $10.4 156.08 1793.1 24496 6565 | 39638 4.9958 10320 | 19392 6407
364 195.74 5039 160.80 18046 24375 6329 39812 49745 09933 1.9845 6219
365.0 19809 4970 165.88 18167 24246 6079 | 39994 49520 09526 20120 6028
365.8 199.28 4934 16858 18229 24178 5943 40088 49402 09314 2.0268 5932
3660 20048 489.7 171.39 1829.3 24107 381.3 | 40185 49230 0909 | 20422 5835
366.8 201.68 4858 17433 18359 24033 5674 | 40284 49155 08870 | 20585 5736
367.0 202.89 4818 177.42 1842.7 2395.6 5529 | 40387 49024 08637 2.0757 5.636
3675 204.11 4776 1B0.67 1849.8 23876 5378 | 4.0493 4.8888 0.8395 2.0939 5.535
368.0 20533 4732 184.11 1857.0 23792 522.1 | 4.0602 4.8746 08143 | 21133 5432
368.5 206.56 468.6 187.78 1864.7 23703 505.6 | 40717 4.8597 0.7880 2.1340 5.326
369.0 207.80 4638 191.63 18726 23609 488.3 | 4.0836 4.8440 0.7604 | 21563 $.218
369.5 209.05 458.6 195.79 18809 23509 4700 | 40962 4.8274 0.7313 2.1804 5.107
37100 210.30 4531 200.29 1889.7 2340.2 4504 | 41094 438098 0.7003 2.2068 4993
3108 211.56 4472 20521 1899.1  232RS 4294 41236 4.7907 0.6671 2.2361 4.873
3710 21283 4407 210.64 19093 23158 406.5 | 4.1389 47700 0.6311 | 22689  4.747
3718 21411 4335 216.74 1920.5 23016 3812 | 41558 4.7471 0.5913 1.3067 4.614
3720 21539 4253 22374 19330 22885 3325 | 41748 47212 05464 | 23515 4,469
3725 21669 4154 2321 19477 22666 3189 | 41971 4.6910 04939 2.4074 4.309
3730 21799 4024 2427 1966.6 22430 2764 | 42258 4.6536 04277 24850 4.121
3738 219.30 3850 2890 1991.6 2207.3 2157 | 42640 4.5977 03337 2.5974 3.861
373,97 220.55 322 2086 o 4.409 0 3.106

Source: Reprinted from NBS/NRC Steam Tables by L. Haar, et al., New York: Hemisphere, 1984, pp. S—-16: with permission.
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APPENDIX B: Density Tables for NaCl in H,0 as a Function of

Temperature, Pressure and Salinity -From Ref. 7 —
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TEMP  PRESS

€°C) (BAR)
0 200
10 200
20 200
25 200
30 290
40 200
50 200
50 200
60 200
7 200
av 200
90 200
100 200
110 200
120 200
130 200
140 200
150 200
160 200
170 200
180 200
190 200
200 200
210 200
220 200
230 200
240 200
250 200
260 200
270 200
280 200
290 200
300 200

. 1000 . 2500 .5030 .1500
L986107 979894 . 989937 . 940426
.986943 980946  9TIIIT 982097
.988895  .9813034 971 94577
.990212 . 984397 975047 . 96075
L991729 985950  .976553 . 97728
.995310  .989570  .980336 . 971464
.999554 993820 .98459/  .91573%
. 999 .9938 .9845 .9758

1.0049 .9987 .989 . 9805
1.0098 1.0041 L9947 .9858
1.0158 1.0100 1.0005 .9015
1.0224 1.0164 1.0063 L9977
1,0294 1.0233 1.0136 1.0043
1.0370 1.0308 1.0209 1.0113
1.0452 1.0388 1.0286 1.0188
1.0539 1.0473 1.0368 1.0268
1.06131 1.0563 1.0455 1.0353
1.0730 1.0660 1.054% 1.0992
1.0835 1.0762 1.064r 1.0537
1.6947 1.0871 1.0751 1.0837
1.1066 1.0987 1.0862 1.0744
1.1192 1.i110 1.0980 1.0857
1.1327 1.1241 1.1105 1.0%79
1.1472 1.1381 1.31239 1.1106
1.1627 11531 1.138) 1.1242
1.1794 1.1693 1.153% 1.1390
1.1973 1.1867 1.1702 1.1548
1.2168 1.2055 1.1880 1.1719
1.2380 1.2259 1.2074 1.1904
1.2613 1.2483 1.2286 §1.2105
1.2056% 1.2729 1.2517 1.232%
1.315% 1. 300! }.2773 1.2566
1.3478 1.3307 1.3057 1.2833

-= MOLALIT

Y
1.0000

.951324
.953251
.955893
957446
.959139
.962921
L967196

L9672
.9720
9772

2.0000

. 918449
.92112)
.924219
. 925922
.92772%
.931614
. 935872

.9359

3.0000

.898408
.90025%
. 904167
. 908366

4.0000

.874105
.8759%64
.879856
.883982

.884¢0

5.0000

.852393
.854257
.858128
862192

.8622
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TEMP  PRESS MOLALITY
(°C) (BAR) .1000 .2500 .5000 7500 1.0000 2.0000 3.0000 4.0000 5.0000
0 400 L977044 . 9TIOT0 961490 . 952335 . MI568 . 911854
10 400 .978376  .972581 963271 .954353 95792 (914647
20 400 .980625  .974942 965806 957038 . u8e08 .917820
25 400 -982037 .976394 96736 .958601 L950215 919549 892715  .868956  .B84T668
30 900 .983622  .978008 .948974 .960297  .9519%% 921355  .89455%  .BTO797  .@49512
40 400 .987267 981886 972702 964068 955750 .92523%  .B896430  .BT4éM1 853332
59 400 L991498 .985919  .9T69%2  .968310 959992  .929443 ., 902569  .A7BT00  .857327
50 400 . 9915 .9859 L9770 .9683 L9600 . 9295 . 9026 .87817 L8574
60 200 . 9963 L9907 .9817 .9730 L9647 . 9340 .9070 . 8029 . B61S
70 400 1.0016 L9959 .9869 .9781 L9697 .9388 L9116 .8874 .8658
80 400 1.007% 1.0016 L9925 .9837 .9752 L9439 . 9165 . 8920 .8702
0 400 1.0136 1.0078 .998% .9896 .9810 L9994 .9216 .8969 .8748
100 400 1.0204 1.0145 1.0050 L9959 .9872 .9551 L9769 .9019 L8796
119 400 1.0276 1.0216 1.0119 1.0026 .9937 .9611 .932% .9071 . 8846
120 400 1.0353 1.0291 1.0192 1.0099 1.0006 .9674 .9383 .912¢ . 8a9r
130 400 1.0436 1.0372 1.0270 1.0173 1.0080 L9740 L9443 .9182 L8951
140 400 1.0523 i.0457 1.0352 1.0252 1.0157 .9609 . 9506 .9241 . 9006
150 400 1.061% 1.0547 1.0939 1.0336 1.0238 .9881 L9572 .9202 . 9064
160 400 1.0713 1.0643 1.0531 1.0425% 1.€323 .9957 L9651 L9365 . 9123
170 400 1.0816 1.0743 1.0628 1.0518 1.€413 1.0036 L9712 9411 .9185
iéd 400 1.0926 1.0850 1.0730 1.0617 1.€508 1.0119 .9787 L9499 .99
190 400 1.1042 1.0963 1.08238 1.0720 1.¢608 1.0207 . 9865 L9571 L9315
200 400 1.1165 1.1082 1.0953 1.0030 1.C7T14 1.0299 .9947 L9645 . 9389
210 400 1.1296 1.1209 1.1074 1.0946 1.0826 1.0396 1.0033 .972) . 9958
220 400 1.1434 1.1344 1.1202 1.1070 1.0944 1.0498 1.0123 . 9804 953
230 400 1.1582 1.1487 1.1339 1.1204 1.1070 1.0607 1.0218 .9889 . 9608
250 400 1.1740 1.1640 1.1485 1.1340 1.1203 1.0722 1.0319 L9970 . 9689
250 400 1.1908 1.1803 1.1640 1.1489 1.1346 1.0885 1.0426 1.0073 .97
260 400 1.2089 1.1978 1.1807 1.1648 1.1499 1.0976 1.0541 1.0173 . 9861
270 400 1.2204 1.2146 1.1986 1.1819 1.1663 L1tr 1.0663 1.027% .9953
280 400 1.249 1.2369 1.2179 }.2004 1.184%0 1.1269 1.07%% 1.0392 1.0050
290 400 1.2723 1.2590 1.2388 1.2204 1.2032 1.1433 1.0935 1.0512 1.0151
300 400 1.29712 1.2830 1.261¢6 1.2421 1.2240 1.1612 1.1089 1.0682 1.0257
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TEMP  PRESS MOLALITY

(°C) C(BAR) .1000 .2500 .50¢0 .1500 1.0000 2.0000 3.0000  4.0000  5.0000
4] 500 9685271 .96277) . 9535371 . 944706 L334 249 .9055717
10 609 .970289 L 964678 955661 947019 .338718 .908479
20 400 1972800  .967207  .958405  .94988%  .341687  .911717
25 400 1974299  .96RB1Z  .959983 951504  .993341  .913457  .@87267  .B86402%  BN3I1N5
30 00 .975948 .870483 . 961890 .953240 .345103 .91827r . 889098 . 865848 . BN49TO
40 400 "979655  .9T421T  .965462  .9570W5  .948933  .919146  .892942  .86%4T  .BNBTH0
50 500 .983879 . 978442 . 969688 .961268 953151 .923312 .89T026 .873%92 852668
50 400 .9829 .9784 9597  .9613 .9532 .9233 .8970 .8736 .e521
50 600 -9886 -9831 J9T43 19659 9577 9278 9013 -8778 “856T
70 400 -9938 "9883 9794 19709 J9627 29325 29058 .86821 - 8609
80 600 . 9994 .9938 . 9849 L9783 .9680 .93715 .9106 .8867 . 9653
90 400  1.0055 19998 19907 9820 9736 Sqw27 .9155 18913 - 8697
100 600  1.0119  1.0062 9970  .9881 "9795 -9482 - 9207 18962 Fith
110 400  1.0189  1.0130  1.0036  .9945 .9859 .9540 .9260 .9013 .68792
120 «00 1.0262 1.0202 1.0106 1.0013 . 4928 .9600 .9316 . 9085 L8841
130 600 1.03480 1.0279 1.0180 1.0085 L1994 .9663 93718 919 .8893
140 ¢00  1.0423  1.0359  1.0256  1.0161  1.0068 19729 T943y RIL: - 8946
150 $00 1.0510 1.0449 1.0340 1.0240 1.0145 9198 9497 .9213 . 9001
6 ¢00  1.0602  1.0539  1.0426  1.0323  1.0225 .9869 L9562 .9294 .9058
170 400 1.0699 1.0628 1.0617 1.0411 1.0310 994y .9630 .93%6 9117
1 400  [.0801  1.0728  1.0612  1.0503  1.0398  1.0022 -9700 21 9nrr
190 €00  1.0908 1.0832 1.0713  1.0599  1.0492  1.0104 ‘9773 - 9488 “e2u1
€00  1.1021  1.0943  1.0818 1.0701  1.0589  1.0189 9850 19558 29306
210 600  1.11%1  1.1059  1.0930  |.0808  1.0692  1.0279 .9929 .9630 9374
220 400  1.1267  L.1182  1.1047  1.0920  1.0800  1.0373  1.0013 ~9708 Rt
230 400  1.1400  1.1311  1.1071  1.1037  1.091%  §.0472  }.0100 “9785 L9517
240 €00  1.1542  §.1498  §.1302  1.1165  1.1035  1.0576  1.0192 ~9867 19592
250 €00  1.1692  f.159%  1.144t  1.1298  1.1163  1.0686  1.0289 -9954 RIS
260 600  1.1852  1.1748  1.1588  1.1439  1.1298  1.0803  1.0391  1.00W L9783
270 600  1.2021  §.1913  §.1745  1.1589  1.1443  1.0928  1.0500  1.01%0 -9838
280 600  1.2203  1.2088  §.1913 11750  1.1597  1.1061  01.06%6  1.024% e927
290 12397  §.2276  1.2092  1.1922  1.1763  1.120  1.07%  }.0W9  1.0020
300 600 1.2605  1.2478  1.2265 1.2107  1.191  1.1359 1.0075  1.0%S  1.6118
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——

TEMP  PRESS - MOLALITY
(°C) (BAR) .1000 .2500 .5000 . 1500 1.0000 2.0000 3.000) 49,0000 $.00
0 a00 1960519 . 954961 .946041) L931506 929323 .899616
10 800 962645 957201 .9uBys1 . 942061 .932000 .902598
20 800 .96%383 960018  .951375 L943079 935097, 905884
25 800 966958 961614 . 953013 . 944750 936793 . 907639 .8B205D .859300 .8388
30 800 968661 963336 954762  .945522  .938588 909464 . BEIBT? 061107  .840&.
40 800 972428 967122 958577  .950358 942436 ,913329  .88T768F . B64362 8443
50 800 LFT6851 L 9T1342 962792 954567 9460634 917453  .091718  .B86B797T  .B4B2
50 800 L9767 .9713 .9628 . 9546 L9466 .9175 .8917 .8688 . 8482
60 800 .9813 L9760 L9674 . 9591 9512 .9218 .8959 .8729 .8522
70 800 . 9864 .9810 L9724 . 9440 9560 . 9265 . 9004 L8171} L8561
80 800 L9919 . 9864 9177 . 9693 9612 L9313 . 9050 .8816 L8606
90 800 L9917 .9922 .9834 L9749 L9666 . 9365 .9098 . 8861 L8649
100 800 1.0040 . 9984 .9894 . 9808 L3724 L9418 L9149 . 8909 . 8695
110 802 1.0107 1.0050 . 9958 . 9810 .978% L9474 .5201 . 8958 . 8741
120 800 1.0177 1.0119 1.0025 .9935 .9849 .9532 . 9255 .9009 L8789
130 800 1.0252 1.0192 1.0096 1.000% L9916 .9593 L9311 . 9061 . 8839
140 800 1.0330 1.0269 1.0170 1.0076 .998¢4 . 9657 . 9369 L9115 . 8890
150 800 1.0413 1.0350 1.0249 1.0152 1.0060 .9723 L9429 917 .8943
160 800 1.0500 1.0935 1.0330 1.0231 1.0136 L9791 . 9492 .9229 .8997
170 800 1.0591 1.0524 1.0416 1.0214 1.0216 .9862 L9556 .9289 L9054
180 800 1.0687 1.0617 1.0506 1.0401 1.0300 .993r L9621 .9351 L9112
190 800 1.0787 1.0715 1.0600 1.0492 1.0388 1.0014 . 969 .9415 L9172
200 800 1.0893 1.0818 1.0699 1.0587 1.0479 1.0094 .9765% L9461 . 9238
210 800 1.1004 1.0926 1.0802 1.0486 1.0575 1.0178 . 9840 L9550 .9298
220 800 1.1120 1.1039 1.09114 1.0790 1.0676 1.0266 9N L9621 9388
230 800 1.1243 1.1158 1.1025 1.0900 1.0781 1.0359 1.0000 . 9695 9434
240 800 1.1371 1.12863 1.1145 1.1015 1.0892 1.0454 1.0085 L9772 L9505
250 800 1.1507 1.1415 1.121m 1.1136 1.t008 1.0555 1.0174 .9852 9519
260 €600 1. 1651 1. 1554 1.1404 1.126% 1.1131 1.0661 1.0267 L9935 .965%
270 800 1.1802 1.170} 1.1545 1.1299 1.1261 1.077) 1.0366 1.0023 L9735
280 800 1.1962 1.1857 1.169% 1.1541 1.1358 1.0892 1.0870 1.0115 .96117
90 800 1.2132 1.2022 1.1852 1.1493 1.1584 1.1019 1.0580 1.0212 - 9904
300 800 1.2313 1.2197 1.2020 1.1655 1.1700 1.11%8% 1.0699 1.0315 . 9994
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APPENDIX C: Density Probe Specifications

The Cole-Palmer Low-Cost Specific Gravity Meter, 1.000 to 1.300 SGU, ° C
model works on the basis of pressure differentials. Because hydrostatic pressure is

dependent on the density, as seen in Equation C-1
P(z) = pgz + P (C-1)

where p is the density, g is the acceleration due to gravity, z is a depth at which a pressure
P is measured with respect to a reference pressure, Py. By measuring the pressure at two
locations and thus measuring the change in pressure, the probe determines what the
density is by using equation C-1. Table C-1 list the specifications for the density probe.
The probe measures the density on the principle of specific gravity, where specific

gravity is defined as

SGirye = Prample (C-2)

PH30

where pgample is the fluid that is being measured. The probe measures the temperature of

the water and adjusts its water density accordingly.
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Table C-1

Cole-Palmer Low-Cost Specific Gravity Meter, 1.000 to 1.300 SGU, °C

model Specifications

Dimensions

Meter: 4"W x 8-1/4"H
x 1-1/2"D
Probe: 8"L x 1-1/4" dia

Specific gravity range

1.000 to 1.300

Specific gravity

resolution 0.001 SGU
Specific gravity

accuracy +0.004 SGU
Probe immersion depth | 5" (12.7 cm)
Temp accuracy +0.8¢C

two-line, alphanumeric LCD;

Display backlit
Max sample viscosity 400 cp
Temp range 0 to 50C
Temp resolution 0.1¢C

Power

four AA batteries (included)
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