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In the beginning was the Word, and the Word
was with God, and the Word was God.

And the Word was made flesh, and dwelt among
us, (and we beheld his glory, the glory of the
only begotten of the Father,) full of grace and
truth.

And ye shall know the truth, and the tfuth
shall make you free.

John 1:1,14
8:32



ABSTRACT

Studies of the effect of pressure on the physical properties
.of acetone water solutions and the pure components from O to
40,000 psig. under controlled temperatures were made in an
extensively modified (33) high pressure apparatus. The properties
. investigated were viscosity and specific volume.

The proposed equation of state is (6)
P= I‘B(v)q

where B( = (VO/V)4 - (vo/v)2

v)
and r and q are empirical constants and v and v, are the specific

volumes at any pressure, and atmospheric pressure respectively.

The viscosity pressure correlation is

n = ngexp(mp)
where m is a function of composition.

m= _1n(N1/0.0467)
0.11

X 10"6

where Nl is the mole fraction acetone in the solution.

The viscosity dataare estimated to be correct to within

+ 1.14% and the specific volume data correct to within + 0.63%.
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I. INTRODUCTICN

Since the development of the ideal gas law which predicts much
of the P-V-T behaviour of gases, man has strived to duplicate
this feat with a similar simple law for liquids. The kinetic
molecular theory of gases led to the f&rmulation of the ideal
gas law, however, because of the complex. nature of the liquid
molecule and its associated forces, purely theoretical attempts
at a liquid law have failed. Because of theoretical failures, the
semi-empirical relationships have replaced these attempts and
have met.with varying degrees of successo It was a purpose of
this project to measure the volume-pressure relationship of a
liquid mixture system under controlled temperatures in order to
increase the physical property data available today and

consequently to increase the evidence supporting the semi~empirical

equation of Chaudhuri et al (6). Mixtures as well as pure components

were chosen as the subject of this study to test the general
applicability of this equation of stateo

Since viscosity is also an important physical property,
equipment was designed to measure both liquid viscosity and
densitye. It is this equipment developed initially by Chaudhuri (5),
Ruhgta (33) and extensively modified by the author which has
made possible the present study of viscosity and density as

functions of pressure.



II. LITERATURE SURVEY

Although P.W. Bridgman (2) is given the credit for being the
father of high pressure research, some work was performed in the
measurement of viscosity and compressibility of liquids under
pressure in 1914. At this time O. Fausé (15), drew from his
measurements, the conclusion that at high pressures viscosity
tends to a limiting behaviour, in that it is a iinear function
of volume only, so that viscosity is constant at a given volume and
independent of temperature. Other early investigators who studied
the behaviour of liquid viscosity as a function of temperature
and pressure were R.B. Dow (11,12), R.H. Ewell and H. Eyring (13,14).
An extensive survey on this subject was performed by Bridgman (2,3)
including the early investigators through to the year 1958.

Since 1958 many investigators (19,21,26,29) have further
sncreased man's knowledge of the behaviour of liquid viscosity,
however, very little of their work has had to do with liquid
mixtures and then only at atmospheric pressure (19,21,26).

When scientists turned their attention to the investigation
of viscosity under pressures, most of their attention was
devoted to the dense gas and liquid states of substances
normally found as a gas. DeWitt and Thodos (9)_investigated
the viscosity of a methane-tetrafluoro-methane system up to 400

atmospheres at temperatures between 50 and 200 degrees



centigrade. Their data were correlated and presented as a
single relationship between (uruo)g and the reduced density//7R.

Their relationship was
(W) § = 17.0x 10_5(e1°23/R - 1) 1

where 4 is the viscosity at atmospheric pressure and § is a viscosity

1/6 1/2 2/3

parameter, equal to T, /M Pg .

Previously, Jossi, Stiel, and Thodos (25) investigated H2, Ar,
N2, 02, C02, S0, NHg» and many light hydrocarbons in their
dense gas region and used a similar relationship of (u—uo) g
and/£7R.-

Griest et al (18) used a rolling ball viscometer of the type
originated by Flowers (16) to measure the viscosity of seven
hydrocarbons having 25 or 26 carboé atéms, to a pressure of

3450 bars, and correlated their results with the equation

log(n/n,) = (K/T) [(vc;/V)4 - (vo/V)z-J 2

where n, was the viscosity at atmospheric pressure, Vv  was
the specific volume at atmospheric pressure, T was the
absolute temperature and K was an experimental constant.

Huang et al (23) used a falling cylinder viscometer to



measure the viscosity of methane and propane from -170 % té 0 %
at 5000 psia. Their results showed much the same trend as Thodos
and co-workers (9,25) when they tabulated their data in a
residual viscésity versus reduced density forme.

Lee and Starling (28) also correlated the viscosity of

light hydrocarbon systems with reduced density, using the equation

Y(T
Wy, = exp X(T)P (1) 3
where | X(T) = Cl + Cz/T
and. ,Y(T) = 03 -+ C4X(T)

and Gy, C2 ’ CB’ énd C4 are constantss,

Reéd and Taylor (32) studied mainly fluorocarbons and
McAllister (31) studied the viscosity behaviour of mixtures
of methanol-toluene, benzene-toluene, cyclohexane-heptane and
acetone-water. However, in all cases the work was done only at
atmospheric pressuree.

More recently Chaudhuri (5), Rungta (33), and Chaudhuri et
al (7,8) made measurements on the viscosity of liquids under
extreme pressures. The work consisted of measuring the viscosity
of a;iphatic and aromatic aldehydes and correlating the data

with the equation

n = n_exp(nP) 4

where m is an experimental constant.



Early work in the field of compressibility of liquids wa§
also covered extensively in Bridgman's book (2) and cbllected
articles (3). Again since the time of Bridgman much work has
taken place in measuring the change in density of substances
with increasing pressure, however, much of this data céntred on
gases and the dense gas state (4). '

Chaudhuri (5), Rungta (33), and Chaudhuri et al (6,7,8) made
measurements on the P-V-T behaviour of liquids under extreme

pressures. Their work, again on aliphatic and aromatic

aldehydes gave rise to a new equation of state for liquids (6)
q
P = I‘B(V)
4 2
where B(v) = (vo/v) = (v /v)

and r and q were constants.



I1I. THEORETICAL CONSIDERATIONS

There is little or no theory involved in the measurement
of the compressibility of liquids. It suffices to say that a
change of volume AV is measured and the compressibility is

defined herein as -AV_ where Vo was the volume of the system

Vo

at atmospheric pressure.

There is, however, more theory to consider in the development
of a falling body viscometer. Flowers (16) was the first to use
the falling body viscometer, but Lawaczeck (27) and later
Heinze (20) studied the theory behind the fall. From their
work, three distinct resistances to the fall of the plummet
through the liquid have been enumerated. They are:

1. the resistance which results from the liquid flowing in
the annulus between the plummet and fall tube wall.

2. tﬁe viscous drag resulting from the relative movement of
two cylindrical walls.

3. a head resistance caused by the formation of stream lines.

The head resistance is lowered by thé relative size and
Ehape of the piummet and fall tubes (5). By using a relatively
long plummet 1.273 inches and a very small clearance 0.007 inches
" between the plummet and fall tube the effect of head resistance

is minimized.



Lawaczeck's proposed equation for absolute viscosity is

n= !U’—ﬁp X 6 3d
s 3(a+28)2 1482

whereo is the density of the plummet,
p is the density of the test fluid,
t is the time of fall of the plummet,
§ is the clearance between the plummet and the wall of the fall
tube, and
d, and s are the diameter of the plummet and the fall distance.
respectively. This equation is applicable if the fluid flows
through the annulus in a laminar mode.

Jobling (24) modified this equation and measured viscosities

up to 420 atmospheres, using a simpler form of the equation

n=___(@-z) (a-b) qt
6sb

where a is the radius of the fall tube
b is the radius of the plummet
and g is the acceleration due to gravity.

3
Setting the instrument constant k = (a=b) g we are left
6sb

with a rather easy equation to handle
n= kt(v--p)

It is also encouraging to see that k was dependent here only



on measurable quantifies associated with the system. This séme
relationship was verified by thé British Standards Institution
and reported by Dinsdale and Moore (10) in 1962 and by Lohrenz,
Swift, and Kurata (30) in 1960.

The above equation was found suitable, and used in this work
because the flow in the annulus was laminar.

Additional theory that applies only to individual problems
that arose during this project, and not with the overall mechanics
of the equipment, will be dealt with as the individual components

are described.



1V. EQUIPMENT AND PROCEDURE

The high pressure equipment for measuring viscosity and
compressibility consisted mainly of three distinct sections.
These were the viscometer tube, the compressibility tube and the
pressure systeme. Along with each of these three systems, of
course, was the peripheral equipment ngcessary to precisely
measure the physical properties.

1. VISCOMETER

The viscometer tube consisted of a 57.562 inch long stainless
steel tube as shown in figure (1). The plummet wes made of an
Alnico magnet, highly polished with a length of 1.273 inches and
a diameter of 0.175 inches. The ends of the magnet were rounded
to produce more streamline flow.

The timing device consisted of two magnetic reed switches

secured from I.B.M. of Windsor. They were mounted on a rod which

enabled them to be swung into contact with the fall tube and also

moved aside to allow the passage of an external magnet which was
used to raise the plummet between readings. As the plummect
_passed the upper reed switch, a start signal was sent to a
Hewlett Packard 522B electronic counter, and a stop signal

was sent to the counter as the plummet passed the bottom switche
Details of the entire system can be seen in figures (2,3,4).

In operating the viscometer the plummet was raised by the
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external magnet, approximately five inches above the start
switch, and the switches put in'place. After waitingkapproximately
fifteen to thirty seconds for the turbulence caused by raising
the plummet to subside, the external magnet was raised higher
and the plummet which was restricted by a plug in the fall tube
was allowed to fall triggering the swiiches. After the time was
recorded the procedure was repeated.

The estimated accuracy of the viscosity measurement was
+ 1.14%. (refer to page 21 for error calculation)

2. COMPRESSIBILITY TUBE

The compressibility tube was joined to the fall tube at the
top by means of high pressure tubing and fittings. The tube itself
was L/4 inch stainless steel high pressure tubing with an inside
diameter of 0.083 inches and a length of 61.625 inches. A small
tight fitting rubber piston was inserted into the compressibility
tube to prevent the mixing of the hydraulic fluid and the test
liquid, yet still to allow the trnsmission of pressure. A one inch
long 1/16 inch diameter magnet was positioned on top of this
rubber piston and by locating the position of this magnet the
volume change with pressure couid be calculated..The measurement
of this position was made by an electronic circuit and another
reed switch. The reed switch was mounted on a threaded rod
which allowed the switch tc travel up and down the length of

the tube. When the switch came into proximity to the magnet
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the resulting electrical signal turned on a light on the.control
panel and the reading was recorded. The accuracy of the
compressibility measurement was estimated to be within + 0.61%.

3. PRESSURE SYSTEM

The pressure Was’appliedfb;-the system by means of aﬁ EnerPac
hand operated hydraulic pump. This pump was capable of generating
10,000 psig. This pressure was applied to the low side of an
Aminco 10:1 ratio pressure intensifier thus making the pressure
system capable of delivering 100,000 psig. The pressure in the
system was measured by a Heise Bourdon pressure gauge , with a
12 inch dial scaled from O to 75,000 psig and a precision of + 50 psi.

Although these were the three main pieces of equipment,
there were several other important accessories and techniques
which should be noted here. The entire test section was
maintained at constant temperature'i 0.5 °C for each fun by
means of a one foot diameter. six foot long stainless steel
water bath held at temperature by a Lab-line control unit
and pump.

4. METHOD OF FILLING

The correct method of filling the test section was essential
to reliable results. The section was filled from the top by
the removal of two plugs, one for each tube. Long plastic
spaghetti tubing was inserted through the openings, and pushed

down to the bottom of the tubes. By using a hypodermic syringe
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the test liquid was élowly injected into the tubes through the
spaghetti. After the level of the test fluid had reached the top of
the test section and the spaghetti had beeﬁ removed, the plummet
was dropped several times to dislodge any bubbles that might
have formed on the walls of the fall tube. The top plugs were then
reinstalled and secured in position.

Before operation, the pressure system was also checked.
Initial pressure was applied to the unit and the position of
the compressibility magnet waé determined after the release of this
pressure. This procedure was repeated several times until no
further movement in the position of this magnet could be

detected.



T o

1

V. ERROR ANALYSIS

In the measurement of viscosity and compressibility there are
various errors which must be taken into account. As the viscosity
was calculated from the equation !

‘ n= kE-A)t | 8
the error can be determined by analyszing the terms in this
equation.

The instrument constant k was found for each individual run.
By using the atmospheric viscosity and atmospheric density of the
liquid and the fall time at zero gauge pressure, k was calculated.
The error, then, in the determination of k would be due to the
other variables in the formula and would be present in all
subsequent portions of a particular run.

The first term to be considered is the viscosity at atmpspheric
pressure. This property was found experimentally by the use of
Cannon-Ubbelohde Qiscometers in different ranges such that the
efflux time was always greater than 200 seconds in accordance
with American Society for Testing Materials procedures (1).

The viscometers were calibrated using freshly distilled water
at 20 °c as a reference, haviﬁg a kinematic viscosity of
1.007 centistokes. With the viscometers calibrated and the

instrument constants found, the error in fiﬁding the unknown ‘ ;

17
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kinematic viscosities were predicted. The error normally-.
encountered in the time for the efflux bulb to empty was + 0.8
seconds in 200 seconds. Therefore the error in kinematic viscosity
was + 0.8/200 x 100% = + 0.40%.

The atmospheric density of the liquid mixtures was found
experimentally by using a pycnometer with graduated limbs
for use at various temperatures. The dgﬁign of this pycnometer can
be seen in figure (5) and a detailed report on it can be found in
reference (36).

For the calibration of this instrument the volume A up to Bi
and B, was determined by using distilled water as the standard.
This volume A was also found at the different temperatures of
the expériment and thus the expansion of the glass was eliminated.
The volume change with temperature and the weight were recorded, and
hence density was found. The maximum deviation in the weight for

any run between the start and finish was found to be

0.0164 10 = 0.176%.
9.o080 * 1L00% = 0.176%

That is, the potential error due to evaporation was 0.176%.
waever, the error for evaporation was éompensated for by the
fact that it was assumed that the evaporation was uniform with
time and the weights'changed ;ccordingly.

Each capillary tube was approximately 10 cm. in length and
had a range of 0.5 ml. graduated in 0.0l mi. Each meniscus reading

was made with the help of a lens to about 0.001 ml. If this
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figure was taken as the standard deviation of the reading in
each arm, then the error of the combined observations in the
two arms was 2 x 0.00l = + 0.002 ml. Now the total volume of A

o
at 25 C was 11.33148 ml. Therefore the % error in the volume

was .l_g’:%g_ﬁ.é. x 100% = + 0.0176%
Thus the overall error in the absolute viscosity determination
at atmospheric pressure was + 040 + + 0.0176 = + 0.42%,

The second variable which affected the error in k was the
combined term 6T—f0. Here the error in liquid densiﬁy was
negligible with respect to the error in the plummet density.

The density of the plummet was determined by fhree methods. The
first method consisted of physical weight and measurement
techniques, assuming the rounded ends of the plummet to be half
spheres with the radius 1/2 the diameter of the plummet. The
other two methods were by volumetric and weight displacement in
a pycnometer of 25 and 50 ml. capacity. The average density

of the plummet for the three cases was found to be 7.2544 gm./cc.
and the average deviation from the mean was 0.283%.

The last error in the determination of k was fhe fall time.
The timing circuit measured the time of fall of the plummet
to the nearest 0.0l seconds.’As the time of fall for the least
viscous fluid was approximately 12 seconds, the érror involved

in the measurement of fall time was at a maximum
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-O—i-g—l x 100% = 0.0833%

Since k=
-t

the total error involved in determining the instrument constant
was + 0.08 + + 0.28% + + 0.42% = + 0.78%.

Now that the error in k has been established the total error
in the viscosity was found by seeing that the remaining terms
that appear in the determination of abéblute viscosity of the
unknown mixtures were Gr-p) and t. The errors in these terms
as already shown were + 0.28% and + 0.08% respectively.

Therefore the total error in the determination of absolute
viscosity was + 0.78 + + 0.28 + + 0.08 = + l.14%.
ERROR IN THE COMPRESSIBILITY MEASUREMENT
The compressibility -AV was a physically measured property
o
as well as viscosity, and hence there were certain errors involved.
One of these errors was in the measurement of V.

In obtaining V0 there were many lengths of tubes and diameters
that were measured. The length of the fall tube was measured to
the nearest 1/16 of an inch and hence fhe error in the length
was + 0.03125 inches. Thé I.D. of the fall tube was + 0.0005 in.

The volume of the fall tube was V = TrDzl « Therefore the error
4

can be approximated by the relationship



e

R

dav =-gD21 dl + 2wDl dD where dl and dD were the errors in
4 4

the length and diameter respectivelye. Therefore the error in the
f£all tube volume was T/4(0.002897) in.3 = + 0,002276 inS

In a similar manner, the error in the volume of the
compressibility tube was found to be + 0.00475 in.3 The error
in the volume of connecting tubing was i 0.0004053 in.3
There were additional errors in the two tees and tte error in the
plummet itself however, these measurements had a tolerance
of + 0.0005 in. and the errors were negligible'compared to
those already mentioned. Therefore the total error_in V, was
+ ( 0.00é276 + 0.00475 + 0.0004053)-in.3 Therefore the ¥ error
in V_ was 0.0074313/1.88218 x100% = + 0.393%.

The remaining term in the compressibility was the »oV.
The compressibility indicator traveled along the compressibility
tube by the advancement of a threaded rod at the rate of 1/11
of an inch per revolution. The control of this rod was such that
1 degree or 1/360 of a revolution could be indicated. However,
the readings were only reproducible to & 30 degrees, and hence

the error in the length was 30 1 in. = 0.00758 in.
360 11

The error in the diameter of the compressibility tube has
already been given as % 0.0005 in. Therefore the error in the A&V
measurement was ﬂ/4(0.0832 x 0.00758 + 2 x 0.083 x -0.0005 x 61.625)

3
= 4 0.004058 in. Therefore the % error in AV was 0.004058 x 100%
1.88218



+ 0.2156%. Therefore the total error in the compre551b111ty
measurement was +( 0.395 + 0.2156) = + 0.61%.

Since the density at high pressures was one property that
was important, the error in this property will be diséussed.
For any experimental test run, the mass was a cons‘tant,o0 o*

At any elevated pressure the mass remained a constant /N.

That is/ovo =/V Or/o = A\

But V = Vo +AV
/ = /jVo +aV)
lo = AL+ ay )

Vo

n

7o /9(1 - compressibility) Therefore the density at any
pressure =(original density)/(1 - compressibility).

Here we have an error in the density at high pressures
coming from the atmospheric 'density which was reported as
+ 0.0176% and the error in compressibility of + 0.61%.
Therefore the estimated error in the density at high pressure
was + 0.63%. |

There were also other uncertainties in the system but either
no value could ﬁe placed on them or some means was applied to
compensate for them. As was mentioned in the equipment section

the run temperatures were kept within 4 0.5 °C and when the

atmospheric runs were performed the temperatures were kept
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within 4+ 0.1 °C with a thermometer furnished by the National
Bureau of Standards.

In making up the test solutions, freshly distilled water was
used and acetone that was certified 99 mole¥ pure was supplied
" by PFisher Scientific. The solutions were prepared using pipettes,
and the graduations on the pipettes were to the nearest 0.0l ml.
This would make an error of 0.005 ml. for water and 0.005 ml. for

the acetone, for a combined error of 0.0l x 100% = 0,0324%.
30.84343

Therefore the solution mixtures were assumed to be the recorded
percentages + 0.0324%.

In order to minimize other errors, a temperature and a pressure
correction was applied in analyzing the data. The runs were
performed at essentially constant temperature, and as the major
effect of temperature was on V, @ correction was applied to this
termo. The Vo at 35 oC would be greater than the Vo at 25 0C by
the following relationship '

v (1 + BaT) 9

o2 Vo35
where B was the coefficient of thermal volume expansion. The
linear coefficient of thermal expansion.for type 316 stainless steel
was 8.9 x lO-6 /OF. The coefficient of volume expansion B may be
approximated by 3 times the coefficient of linear expansion.
Therefore B = 3 x 8.9 x 10-6 /OF

= 2.52 x 107° /°F

-5 '
= 4.536 X lO / OC.



From this relationship new V,'s were calculated for the test
runs at 35 °C and 45 °C thus minimizing any errors due to
expansion of the tubes because of temperature.

The largest correction, however, was the correction that must
be made for the expansion of the tubes due to the increased
pressure. The correction was made according to the principles
laid down in the book Applied Elasticity (35). For this discussion
the nomenclature used in that text will be used . According'to
figure (6) let us consider a thick cylinder, submitted to uniform
pressure on the jnner and outer surfaces. Let a and b be the
§. ‘ - jnner and outer radii of the cylinder and P; and P be the
. internal and external pressures respectively. Upon integration
of the compatability equation we have:

‘ Eu = 2C5(1-V)x - c3(1-f)1/:'c ' 10
where u is the increase in radius

E is Young's modulus-of elasticity = 28 x ld6 for 316 stainless

Y is Poisson's ratio = 1/3 for stainless.

Also for a thick walled cylinder

. 2 2
2C2 = Pza - Pob 11

2
1 . b~ - a

2

and ' 03 = a2b2§PD - Pi) . 12
2
b” - a .

Now, in this investigation P, = O psi., that is O psige
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FIG.
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;I'HICK WALLED CYLINDER UNDER UNIFORM PRESSURE



Thus,

and 2
C3 = =b“Pj
b2

=z -1

Also for this experimental set up in both the fall.tube and

the compressibility tube b/a = 3. Therefore Eu at r = a was

Fu= _Pi _ (1-1/3)a+ _b%Pi _ (L + 1/3)1/a
2 ")
— - 1 _—2 — 1
a2 a

n

pi (2a) + bPi(4/3a)
8 3 8

pia/l2 + b°Pi/6a

a2pi 4+ 2b°Pi

12a

u=  a’Pi + 2b°Pi
12aE

Also ©r 460 ) + E€z = (ends free to expand)

!
0
N
n
(@}

Therefore Er +64)

1
!
[x¢]
[
N

13

14

15

16

17

27



Now g, .+6e = (2Pia2)/(b2-§2) 18

Therefore €= -2Pia2

2
(25 - 1)E
a

= Pi/4E " 19

'gnowing the change in the radius and the length of the tubes
with pressure, a corfection was made in the computer program
that handled the data and thus this efror was minimized.

The expansion of the tubes with pressure will also give rise
to an error in the viscosity measurements. This error is due to the
increase ir. clearance between the plummet and tube walls and can be
predicted mathematically and thus minimized using the same analysis
as used in the density correction. However, the error was not
discovered in time to incorporate a correction into the quoted data.
Consequently(a correction which will increase the quoted viscosity
values by 1.3% at the maximum pressure (40,060 psig.) is suggested.
The correction may be applied proportionately at intermediate

pressures.
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VI. RESULTS AND DISCUSSION

A; TREATMENT OF COMPRESSIBILITY DATA
One of the first concerns in the treatment of the compressibility
data was the frictional effect of the rubber piston. Figure (7)
showing a 45% acetone 55% water solution at 25, 35, and 45 °c,
demonstrates adequately that the effect of friction on the rubber
piston at increasing and decreasing pressures was indeed
negligible. However, to establish that this was the usual case and
not just a coincidence, data for increasing and decreasing
pressure were taken for several other runs as well and the same
result waé obtained. Examples of this can be found in Appendix (l);
An additional test of the reliability of the compressibility
data was to check the deviation between separate runs performed
on separate days. Good agreement was again found to be the case
as evidenced by the 20% acetone 80¥% water run at 35 °c figure (8).
An additional concern was eliminated when it was found that
ng'apparent discrepancies resulted when a tesf run was started
at high pressure and reduced as in the case of the pure acetone
run at 25 °C, figure (9).
As shown in the error analysis, page (23), the compressibility
or densiiy data was found to be in er¥or by i 0.61% for

compressibility and + 0.63% for density. Since there was only a
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very limited amount of data in the literature for this particular
mixture, only distilled water data could be used as a comparison
of results under high pressure. In figure (10) the data of
Whalley and Kell (37) at 25 %C was shown with the experimental
data, and the maximum deviation was found to be approximately
0.55% which was within the error limits placed upon these results.

B. TREATMENT OF VISCOSITY DATA

Upon examination of the viscosity data at atmospheric pressure
and the test runs from the experimental equipment,'the instrument
constants were calculated. The results of these calculations are
shown in table (1). It was seen that there was no apparent
relationship between the liquid concentration and the constant.
However, there was a temperature dependency. It was clearly seen
in every case that as the temperature increased the instrument
constant decreased. This deﬁendency that was noted, added weight
to the reason for finding an instrument constant fér each run
rather than an average instrument constant. For each test run
pressure, between 5 and 10 fall tiﬁes were recorded in orderv
to insure reproducibility of the results and the error in the
viscosity was predicted at + 1.14% (page (21)).

As the entire viscosity measuring technique was based on
the fact that terminal velocity had been essentially attained
when the timer circuit was started, it was felt that this fact

should be proved. R.A. Horne (22) suggested that the plummet

33



FPSREIE

1.20

l.16 |

l.124 .

“
—

8
>

=

O

~—

S

=

- .

(7]

a =z
w

(=]

o
@ 25 °C WHALLEY & KELL (37)
0.96 | ' o
O 3%
A 4%
0.92 ! ! ! |
0 10 20 30 40 50

FIG. 10

P X 10°° (PSIG)

EFFECT OF PRESSURE ON DENSITY OF
PURE WATER ‘



35

9Lc e
Gcete
Hmm.m
i8€°¢e
[4348
1231482
£8E°¢€
81e°¢t
aev e

0, S¥

FUNLVYIAWIL HLIM INVISNOO INIWNYISNI J0 NOILVIWVA T

zeee . 1LE°E
T e 10€°€
LIV°E T9v°¢
6Gv°¢e J XA
116°€ 0£9°¢
(> 989°¢
151l ‘ 809°¢
gev e 169°€
8Ly*e 986 ¢
9, GE 9, S¢

e OT X 3 LNVISNOO INIWMHISNI

001
GL
1°14
114
0c
114
0T

ERELAS

INOLIOV ¥ TTOW




36

be elevated 4 to 5 cm. above the start switch in order to
achieve this state. However, to insure terminal velocity this
system was designed to have 4 to 5 inches above the start signal -
to achieve the desired result. For the worst case the Reynold's number
never exceeded ninety-three. Also experimental data taken over
different fall distances resulted in velocities that were
within 1% of each other. For a theoretical determination of fall
time necessary to approach terminal velocity see Appendix (2)o
It was determined that to approach within 99.9% terminal velocity
oniy 0.1 seconds of fall time was necessary, The actual total fall
time always exceeded 12 seconds.

C. PRESSURE VOLUME CORRELATION

The density of the solutions was plotted against pressure
for the three temperatures, and these Tesults are shown in
Appendix (1l). With the excepfion of pure water, figure (10) there was
very little dependency of density change with temperatﬁre but the
densities increased with pressure. Ratﬁer than correlate the

density with pressure, the equation of state of Chaudhuri et al (6),

P= rB(v)q ' 5
wés employed. In this correlation, B(v) was a volume function

equal to (Vo/'V)4 - (Vd/V)2

and r and q were constants. As shown in table (2) and by

figure (11) the degree of fit of this correlation was extremely
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good. In all cases the correlation coefficient indicated that
there was less than a 0.001% chance of having rejected the null
hypothesis of having no correlation and still being wrong.

From the compressibility data Appendix (3) it was noted that
when anothexr liguid was added to water, the Compressibility
was decreased as compared to water alone, regardless of the liquid
added having a greater or lesser compressibility than that of
pure water. This phenomenon was also noted by Bridgman (2).

The data corresponded to this behaviour until the volume of added
liquid became greater than the voiume of water. This corresponded
to a 20% acetone 80% water solution by moles. However, this

was more than 50% acetone by volume. The above compressibility
phenomenon was not noted, however, where the temperature was

at 45 °c.

Attempts were made to correlate r and q with either composition
and/br temperature, however, no satisfactory correlation could
be found. |

De. VISCOSITY PRESSURE CORRELATION

The viscosity behaviour of the liquid systems studied, showed
several interesting effects. The first interesting effect was
the anomoly of water. As the pressure in the system increased
the viscosity of water first decreased, unlike other liquids.
This trend is shown in figure (12), and it was noted that this
effect did not occur when the femperature was at 45 °C. This

was in agreement with the works of Stanley and Batten (34), and



r oo

cP)

(

VISCOSITY

1.0 - I
0.9Q
008 [~
EW

0.7 |. )
0.6 AWB”‘“"—A——A

: (o]

O 25 ¢

O 35 °c

A 45 °c

1 1 ! l

0.5 ¢ 10 20 - 30 40 50

-3
P X0 (PSIG)

FI1G. 12 EFFECT OF PRESSURE ON VISCOSITY OF PURE WATER

40



Horne and Johnson (22). The anomoly in water could be explained
as a function of two simultaneously occuring processes. Under
pressure, there would be a breakup of the hydrogen bonded water
causing a decrease in viscosity, and there would also be a
compaction of the associated and unassociated water molecules
which would result in an increase in viscosity.

It has been postulated by Franks and Good (17) that at one
atmosphere pressure and 36 oC water undergoes a change from a
quasi-crystalline structure to a suspension of clusters. Hence
at temperatures above 36 °C the decrease in viscosity with
pressure would not be noted. This explained the absence of this
phenomenon at 45 °C. It was also noted that as the pressure
increased more and more, the viscosity of water eventually
started to increase as well.

Al)l the other liquid solutions increased in viscosity with
an increase in pressure. The Visco;ity pressure relationship
used was of the form:

n = noexp(mp) 4
where m was a constant determined from the experimental data.
The viscosity pressure relationship could be correlated to this
form or it could be correlated in a linear fashion

n/n, = mP + 1.0 - 20

Both methods gave good correlation fits, tables (3,4), however,

41

each method was a compromise. The viscosities seemed to be linear

figure (13) at lower pressures and then exponential as the pressure
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increased. The data was fitted to the linearized form of equation k4)
and all the solutions gave good correlation coefficients with no
better than a 0.00l chance of being incorrect. This was true for
every liquid éxcept pure water at 25 and 35 °C. The reason for
this discrepancy has already been explained. It should be noted,
however, that pure water at 45 oC was adequately fitted to this
form. Thus it could be said that pure water above approximately
36 °C behaves as other liquids, Appendices (4,5).

The value of m in equation (4) was found not to be constant
but rather to be a function of composition of the solution.
Figure (14) shows the variation of m with composition; m could be
correlated by the following expression,

m = _1n(N1/0.0467) % 10-6 o1

0.1l

where N; was the mole fraction of acetone. The correlation
coefficient of 0.9895 indicated a good fit and there was only
a 0.001 chance of wrongly rejecting the null hypothesis. my of
equation (20) was also correlated to composition figure (15)
ahd was found to be of the form

m, = _1n(N1/0.0605) , 107 22

0.717

with a correlation coefficient of 0.9691.
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E. VISCOSITY COMPOSITION CORRELATIbN

The variation of viscosity with composition can be seen in
figure (16). It was noted that as acetone was added to the
pure water the viscosity increased to a maximum at about 15 mole %
acetone and then decreased to the minimum at pure acetone. The
atmospheric pressure data of Howard and McAllister (21) are
shown also to be.in good agreement witﬁ the present experimental
results. The cubic and quartic models of McAllister were based
on the two and three dimensional interactions of acetonevand water
molecules. Because there was a large size difference between
the two types of molecules McAllister poncluded that an eighth
order system would be needed to adequately describe the results.
This approach though explaining the situation seemed rather
cumbersomg for engineering and design purposes, and to use
an eighth order system on approximately 8 data points is quite
meaningless. From the pure theoretical point of view the work
of McAllister was important.

It could also be noted that at increased pressures, the same
general trend of viscosity with composition remained, and the
temperature effect of higher temperature lower viscosity was
evident for each mixture in addition to the pure substances

involved, Appendix (6).
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VII. CONCLUSIONS

The instrument used in this experiment is a reliable high
pressure instrument capable of measuring liquid densities
and viscosities almost simultaneously. This feature should make
this type of instrument applicable to industry where high
pressure absolute viscosity and density measurements might
be necessary.

fhe measurements of viscosity and density made in this
experimen% were correct to within 4 1.14¥% and + 0.63% respectively.

From this data a pressure volume correlation P = rB(v)q and
a viscosity pressure correlation n = noexp(mP) were checked
and found to be very good correlations. This now lends needed
support to the equation of state for liquids proposed by
Chaudhuri et al (6). Until the present study this equation
had not been supported by any liquid mixture data.

The constant m in the viscosity versus pressure
correlation was found to be a function of the composition,
thus expanding the knowledge of liquid mixtures.

This. study has only begun the investigation into high
pressure liquid mixture properties. However, with more and
more research, man will no doubt gain the needed insight

into understanding the complete liquid state.
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IX NOMENCLATURE

B coefficient of volume expansion /°C
B(v) volume function = (vo/v)4 - (vo/'v)2

C1sC55C35C, constants in equation (3)

: E Young's Modulus of Elasticity psi.
E F force 1lb.f.
E K constant in equation (2) %k
M " molecular weight |
i | Ny mole fraction acetone
P pressure psig.
T absolute temperature °K
v volume of system cc.
AV change in volume of system cc.
X function of temberature in equation (3)
Y function of temperature in equation (3)
a radius of fall tube in.
b radius of plummet in.
d diameter of plummet in.
g acceleration due to gravity ft./sec.2
9 constant for dimensional consistency (lbm./1bf.) ft./sec.2
k instrument constant
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function of compositiop in equation (4)
empirical constant in ;quation (5)
empirical constant in equation (5)
flight distance of plummet in.

time of fall sec.

increase in radius of tube with pressure

specific volume cc./bm.

GREEK SYMBOLS

in.

n o absolute viscosity cp.

U absolute viscosity " Cp.

g viscosity parameter

Y density of test liquid gm./cc.

o density of plummet gm./cc.

§ clearance between plummet and fall tube .in.
& stress on tube walls with pressure psi.

€ strain on tube walls with pressure in./in.
Yf Poisson'sAratio

SUBSCRIPTS

o at atmospheric pressure

R reduced

c .critical

i internal

r direction in polar coordinates



.
1
H

w = O N

el

direction in polar coordinates
direction in polar coordinates
drag

weight

buoyaﬁt

plummet

liquid

terminal
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APPENDIX I

EFFECT OF PRESSURE ON DENSITY OF ACETONE WATER SOLUTIONS
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FIG. 18 EFFECT OF PRESSURE ON DENSITY OF 5% ACETONE 95% WATER SOLUTION
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FIG. 21 EFFECT OF PRESSURE ON DENSITY OF 25% ACETONE
75% WATER SOLUTION
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With the positive direction downwards, let us assume that
the plummet is falling with velocity Vv, acceleration a, and the
downward direction is the z direction. Now, the drag forcé

FD = -kv/gc 23

where k is a constant and g, is a constant for dimensional

consistency. The weight force of the plummet is

F, = Vol.,apg/gc 24

and the buoyant force 1is

Fp = --Vol./lg/gc 25

Now, tF = ' ma/gc ‘ 26
Therefore

Vol.(/p-fl)g/gc - kv/gc = \Iol./pa/gc

7o A 2 | 27

——— g - (k/Vol. dz = d 2z
7 g - (k/Vol./) dz iz
P dt
Let dz = v and A = k/Vol. and B = (1-
d—'E / /p ( /l//p)g
Therefore ' dv Av _B_- g o8

Integrating and applying poundary conditions we have

v = B (l-e-At)

2 29



e ptr g tsn T AT 8, 2

s

At terminal velocity $F=0 and the acceleration a = 0.

Therefore

v, = Vol.(pp-/l)g/k . 30
or

k/Vol. = (/’p-/i)g/vt ' _ 31 .
Also A = 1</Vo1./p : . 32

Combining equations 31 and 32 we get .,

A= (1-,ﬂ1//p)g/v,c 33

Combining equations 29 and 33 we get

v = B/a(1-e~ 11/ F )9t vy 34

Now B/A = /p-/l g
' P

7w

= (/p—/l )Vol.g/k | 35

¢

Notice here that equations 30 and 35 are identical. That is
v, = B/A.
Substituting this in equation 34 we have

. ~(Pp=fL )at
v = vi(l-e P Vi) 36
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Assuming bej/l)éﬂp is approximately 1, and g is 32.2 ft./sec.2
and that the average velocity of 0.289 ft./sec. is the terminal

velocity for a first approximation we get

~-111t

v/'vt = (1L ~e ) 37

After 0.1 seconds v/vy = (1 - e-ll.l)

(1 - 0.00005)
0.99995

Therefore after only 0.1 seconds we have reached better than

99.9% terminal velocity.
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APPENDIX III

EXPERIMENTAL DATA
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PURE WATER

TEMPERATURE 25 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 ‘ 0.89044 0.99708 0.00000
5450 0.86952 1.01979 0.02227
10500 0.85996 1.03410 0.03580
15350 0.85511 1.04715 0.04781
20550 0.85319 . 1.06009 0.05944
31800 0.85889 1.08496 0.08100
36225 0.86139 1.09440 0.08893

o
TEMPERATURE 35 C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.71940 0.99406 0.00000

5600 0.71247 1.03947 0.04369
10500 0.70874 1.05344 0.05637
15350 0.70491 1.06642 0.06786
20000 0.70459 1.07782 0.07771
25825 0.70396 1.09151 0.08928
30550 0.70700 1.10200 0.09795
35525 0.71700 . l.11248 0.10645

TEMPERATURE 45 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.59593 0.99024 0.00000
5850 0.59671 0.99693 0.00671
10850 0.59789 1.00111 0.01086
15200 0.60051 1.00905 0.01864
20600 0.60252 1.02098 0.03011
25500 0.60586 1.03062 0.03918
31350 0.61127 1.04193 0.04961
35950 0.61574 1.05070 0.05755

0 0.99120 0.00097



5% ACETONE 95% WATER SOLUTION

TEMPERATURE 25 °C

PRESSURE (PSIG)

0
5900
10400
15600
20900
25750
31400
34300

VISCOSITY (CP) DENSITY (GM/CC)

1.19594
1.20936
1.21981
1.22688
1.23810
1,25245
1.26750
1.27789

TEMPERATURE 35 °C

PRESSURE (PSIG)

0
5750
10750
15200
20100
26150
31450
36475

0.97945
0.99652
1.00854
1.02127
1.03329
1.04413
1.05610
1.06170

COMPRESSIBILITY

0.00000
0.01713
0.02885
0.04094
0.05211
0.06195
0.07258
0.07747

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.92319
0.93640
0.94648
0.96071
0.97299
0.98905
1.00382
1.02133

TEMPERATURE 45 °C

PRESSURE (PSIG)

0
5600
10300
15550
20350
26400
31200
37050

0.97332
0.98935
1.00252
1.01359
1.02482
1.03826
1.04933
1.05912

0.00000
0.01621
0.02913
0.03973
0.05025
0.06255
0.07243
0.08101

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.74345
0.75505
0.76944
0.78170
0.78950
0.80367
0.81918
0.83432

0.96677
0.98218
0.99502
1.00786
1.01894

. 1.03225

1.04209
1.05393

0.00000
0.02839
0.04077
0.05120
0.06344
0.07228
0.08270
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10% ACETONE 90% WATER. SOLUTION
. TEMPERATURE 25 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 ' 1.36012 0.96332 0.00000
5450 1.40962 0.98270 0.01972
10500 1.45550 0.99590 0.03272
15100 1.49454 v 1.00697 0.04335
21100 1.52821 - 1.02079 0.05630
26550 1.57616 1,03233 0.06685
31500 1.62058 1.04226 0.07574

37300 1.66290 1.05329 0.08541
o .
TEMPERATURE 35 C

PRESSURE (PSIG)  VISCOSITY (cp) DENSITY (GM/cC) COMPRESSIBILITY

0 1.02852 0.95639 0.00000
6150 1,07730 ' 0.99521 0.03901
10600 1.10893 1.00759 0.05081
15300 1.13981 1.01935 0.06177
20200 1.16892 1.03092 0.07229
26100 1.20414 1.04409 0.08399
31300 1.24461 1.05496 0.09344
36350 1.27370 1.06489 0.10189
24250 1.18812 1.03990 0.08031
20400 1.03333 0.07446
10400 1.10813 1.00962 0.05275
2100 1.04425 0.98304 0.02711

TEMPERATURE 45 °C

PRESSURS (PSIG)  VISCOSITY (CP) DENSITY (GM/cC) COMPRESSIBILITY

0 0.82238 0.94851 0.00000
5600 0.85444 0.98905 0.04099
10550 0.88139 1.00299 0.05432
15250 : 0.90906 . 1.01509 0.06559
20250 . 0.93725 1.02694 0.07638
25500 0.96415 1.03880 0.08692
30600 : 0.98089 1.04956 0.09628
36950 1.02656 1.06209 0.10694
30250 0.99070 1.04870 0.09554
25350 0.96233 1.03806 0.08627
20350 0.93898 1.02692 0.07635
10700 . 0.88726 1.00537 0.05656
5700 0.85783 0.98872 0.04067

0 0.83054 0.94812 ~0.00041



15% ACETONE 85% WATER SOLUTION

TEMPERATURE 25 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0
5500
10200
15400
20500
26150
30500
35800
30500
20450
10875
0

TEMPERATURE 35 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0
5875
10650
15150
20175
25975
30900
36675
20950
0

TEMPERATURE 45 °C
PRESSURE (PSIG)

0
5675
10475
14950
20100
25400
30850
35450

1.39483
1.48151
1.55752
1.63649
1.71102
1.79292
1.85531

1.92894

1.85506
1.70.3%
1.56614
1.39545

1.06064
1.12353
1.18585
1.24140
1.29951
1.36214
1.41504
1.47439
1.30804
1.06264

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.84462
0.90452
0.95920
0.99566
1.04035
1.08749
1.13492
1.17074

0.94396
0.96365
0.97660
0.98977
1.00160
1.01384
1.02279
1.03335
1.02347
1.00267
0.98021
0.94890

0.93616
0.95686
0.97009
0.98180
0.99372
1.00668
1.01682
1.02822
0.99587
0.93641

0.92763
0.94983
0.96390
0.97584
0.98838
1.00038
1.01193
1.02119

0.00000
0.02043
0.03343
0.04628
0.05755
0.06892
0.07708
0.08651
0.07769
0.05856
0.03698
0.00521

0. 00000
0.02163
0.03497
0.04649
0.05793
0.07005
0.07933
0.08954
0.05996
0.00027

0.00000
0.02338
0.03762
0.04941
0.06147
0.07272
0.08330
0.09162
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20% ACETONE 80% WATER SOLUTION

TEMPERATURE 25 °C

PRESSURE (PSIG)

o
5675
10600
15500
20400
26050
30950
35650
13100
0

VISCOSITY (CP) DENSITY (eM/cC) COMPRESSIBILITY

1.33368
1.45795
1.67245
1,76830
1.86761
1.98708
2.08715
1.61988
1.33732

TEMPERATURE 35 °C

PRESSURE (PSIG)
0
5300
10300
15100
20050
25500

30750
35700

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

1.02346
1,10247
1.17734
1.25242
1.32530
1.40229
1.48056
1.56245

(o]
TEMPERATURE 35 C

PRESSURE (PSIG)

0
5350
10400
15225
20300
25250
30800
35950
0

VISCOSITY (CP) DENSITY (am/cc) COMPRESSIBILITY

1.02349
1.10764
1.19003
1.26250
1.33449
1.40540
1.49618
1.57464
1.01727

0.92766
0.94825
0.96271
0.97538
0.98705
0.99938
1.00977
1.01913
0.96214
0.93306

0.91945
0.93774
0.95251
0.96542
0.97754
0.98981
1.00109
1.01186

0.91945
0.93979
0.95483

" 0.96772

0.98024
0.99145
1.00326
1.01354
0.92273

0.00000
0.02171
0.03640
0.04892
0.06017
0.07176
0.08131
0.08131
0.03583
0.00579

0.00000
0.01950
0.03470
0.04761
0.05943
0.07109
0.08155
0.09133

0.00000
0.02164
0.03705
0.04988
0.06201
0.07262
0.08353
0.09283
0.00356
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20% ACETONE 80 WATER SOLUTION

' TEMPERATURE 45 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0
5950
10600
15100
20850
25300
31100
36025

0.81897
0.89423

1.00173
1.06534
1.10775
1.17865
1.23948

0.91015
0.93299
0.94705
0.95926
0.97366
0.98386
0.99633
1.00661

0.00000
0.02448
0.03896
0.05120
0.06523
0.07492
0.08650
0.09583

)



25% ACETONE 75% WATER SOLUTION
TEMPERATURE 25 °C

PRESSURE (PSIG) = VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

o 1.21710 0.91184 0.00000
5350 1.34293 0.93330 0.02299
10150 : 1.45796 0.94783 0.03797
15050 1.57189 0.96116 0.05131
20800 1.70638 0.97528 0.06505
25900 1.81976 0.98721 0.07635
30950 1.92678 0.99923 0.08746
37000 2.08567 1.01285 0.09973

TEMPERATURE 35 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) OCOMPRESSIBILITY

0 0.95470 0.90301 0.00000
5850 1.05896 : 0.92226 0.02088
10700 1.14559 0.93724 0.03652
15500 1.23487 0.95049 0.04996
20150 1.31896 0.96231 0.06162
25400 1.40913 0.97493 0.07377
31500 1.50201 0.98930 0.08723
36200 1.59118 0.99997 0.09697
20200 0.96724 0.06641
0 : 0.90357 0.00063

TEMPERATURE 45 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.76570 0.89230 0.00000
5900 0.84676 0.90742 0.01666
10200 0.91071 0.92129 0.03147
15200 0.97829 - 0.93576 0.04644
20800 1.05238 "~ 0.94996 0.06070
25850 1.11882 0.96205 0.07250
31350 1.18666 0.97494 0.08476
38900 1.30382 0.99314 0.10154

(¢} " 0.75989 0.89110 -0.00135



45% ACETONE 55% WATER SOLUTION

TEMPERATURE 25 °C

PRESSURE (PSIG)

o
5700
10350
15275

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.78202
0.90275
1.00305
1.11649

TEMPERATURE 25 °C

PRESSURE (PSIG)

0

5200

© 10300
15250
20100
25400
Jub50
35850

VISCOSITY (CP) DENSITY (GM/CC) COMP

0.78209
0.90067
1.01976
1.14521
1.27462
1.43470
1.62004
1.79397

TEMPERATURE 35 °C

PRESSURE (PSIG)

0
5350
10200
15050
20500
25850
31150
35900
22300
15375
10400
5250
2000
- 150

viscosITY (CP) DE

0.64170
0.73808
0.82861
0.92128
1.02712
1.13505
1.24760
1.36323

0.64679

0.86308
0.88647
0.90349
0.91914

0.86308
0.8859%4
0.90402
0.91953
0.93261
0.94588
0.95778
0.96906

0.00000
0.02639
0.04472
0.06099

RESSIBILITY

0.00000
0.02580
0.04529
0.06139
0.07455
0.08754
0.09887
0.10937

NSITY (GM/CC) COMPRESSIBILITY

0.85243
0.87734
0.89553
0.91126
0.92656
0.94019
0.95189
0.96303
0.93196
0.91261
0.89674
0.87757
0.85309

0.00000
0.02840
0.04813
0.06456
0.08000
0.09334
0.10449
0.11485
0.08533
0.06595
0.04941
0.02865
0.01289
0.00078



45% ACETONE 55% WATER SOLUTION

TEMPERATURE 45 °C

PRESSURE (PSIG)

0
5350
10350
15500
20350
25150
30100
36800
30350
25300
20450
- 15600
11000
875

0

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.54355
0.61564
0.68786
0.76582
0.83774
0.91314
0.99080
1.09634

0.84653

0.53679

0.84052
0.86421
0.88332
0.90040
0.91426
0.92697
0.93893
0.95372
0.93983
0.92765
0.91509
0.90111
0.88538
0.84592
0.84030

0.00000
0.02741
0.04845
0.06651
0.08065
0.09326
0.10481
0.11869
0.10567
0.09393
0.08149
0.06724
0.05067
0.00638
-0.00026
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75% ACETONE 25% WATER SOLUTION
TEMPERATURE 25 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.41462 0.81245 0.00000
5500 0.49083 0.83923 0.03191
10100 - 0.55678 0.85758 0.05262
14900 0.62383 0.87413 0.07056
19900 0.69511 0.88913 0.08624
25600 0.77733 0.90440 0.10167
31200 0.86246 0.91803 0.11502
35700 0.94040 0.92788 0.12440
31450 ' 0.91980 0.11671
25850 0.90493 0.10219
20200 0.88974 0.08686
. 15100 0.87653 0.07311
10650 : 0.85892 0.05411

TEMPERATURE 35 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.36692 0.80046 0.00000
5350 0.43225 0.82527 0.03006
10400 0.48880 0.84699 0.05494
15500 0.55100 0.86511 0.07473
20500 0.61102 ‘ 0.88053 0.09094

(o]
TEMPERATURE 35 C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0 0.36692 0.80046 0.00000
5600 0.43869 0.82801 0.03328
10700 0.50222 0.84999 0.05827
15400 0.56120 0.86683 , 0.07657
20150 0.61991 0.88155 0.09198
26250 0.69857 0.89860 0.10921
31100 0.76051 0.91065 0.12100

36450 0.83808 0.92282 0.13259



75% ACETONE 25% WATER SOLUTION

TEMPERATURE 45 °C

PRESSURE (PSIG)

0
5500
10550
15400
20450
26500
31150
36850
12350

VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0.32700
0.39596
0.45048
0.50269
0.55457
0.62536
0.68082
0.74080

0.78874
0.80906
0.83161
0.84890
0.86470
0.88169
0.89386
0.90683
0.83731

0.00000
0.02511
0.05155
0.07087
0.08784
0.10543
0.11760
0.13022
0.05800
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TEMPERATURE 25 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0
5100
10050
15375
20100
25900
29900
24950
15400
0]

TEMPERATURE 35 C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/cc) COMPRESSIBILITY

0
5600
10250
14950
20450
25450
30650
20500
10500
0

TEMPERATURE 45 °C

PRESSURE (PSIG) VISCOSITY (CP) DENSITY (GM/CC) COMPRESSIBILITY

0
6750
10400
15075
20150
25550
30550
33100

PURE ACETONE

0.30714
0.37264
0.43506
0.49907
0.55178
0.62404
0.67484
0.61215
0.49921
0.30963

0.27990
0.34528
0.39858
0.44917
0.50488
0.55779
0.61944
0.50631
0.40141
0.27778

0.25593
0.32796
0.36575
0.41569
0.46262
0.51182
0.56535
0.59240

0.78424
0.81621
0.83932
0.85977
0.87491
0.89072
0.90118
0.88940
0.86026
0.78596

0.77223
0.80739
0.82928
0.84747
0.86593
0.88119
0.89471
0.86662
0.83047
0.77230

0.75944

0.80075 °

0.81733
0.83677
0.85409
0.87016
0.88399
0.89044

0.00000
0.03917
0.06562

. 0.08785

0.10364
0.11954
0.12976
0.11823
0.08837
0.00219

0.00000
0.04355
0.06879
0.08879
0.10821
0.12365

0.10892
0.07013
0.00009

0.00000
0.05159
0.07083
0.09242
0.11082
0.12724
0.14089
0.14712
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APPENDIX IV

'EFFECT OF PRESSURE ON VISCOSITY OF ACETONE WATER SOLUTIONS
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APPENDIX V

'EFFECT OF PRESSURE ON VISCOSITY OF ACETONE WATER SOLUTIONS
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APPENDIX VI

VARIATION OF VISCOSITY WITH COMPOSITION OF ACETONE WATER SOLUTIONS
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