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Viscosity of Hydrocarbon Solutions

Solutions of Four Hydrocarbon Gases in a Crude Oil

B. H. SAGE,* W. R. MENDENHALL,* AND W. N. LACEY *

In previous studies the viscosity of solutions of meth-
ane, ethane, propane, and nbutane gases in a highly-re-
fined hydrocarbon material, known as crystal oil, has
been determined. It is the purpose of the present paper
to report the results of similar studies when the same
gases were dissolved in a crude oil. This work was a
part of the investigation of the behavior of hydrocarbon
mixtures being carried on as Research Project 37 of the
American Petroleum Institute.

Materials Used

The crude oil used in this study was a blended sample
produced from several zones in the Santa Fe Springs
field in California. The sample, which has been used in
other studies,” > ™ was kindly furnished by the Shell
0Oil Company, Los Angeles, Calif., together with an
analysis made in the following manner: Three liters of
the sample was placed in an iron still (9 in. in diameter
by 10 in. high) equipped with a 2-in. diameter vertical
pipe rising 4% in. before the delivery or condenser tube
branched off. Ice water and ice were used to cool the
condenser tube. The crude was topped with fire alone
until a still-head vapor temperature of 518 deg. F. (270
deg. C.) was reached. The distillation was then con-
tinued with the injection of steam until the residue in
the retort had a Saybolt Furol viscosity of 120 sec. at
122 deg. F. The combined distillate was then charged
to a “ Badger-type ” distillation column, consisting of a
3-liter electrically-heated pyrex distillation flask dis-
charging vapors to a 1-in. diameter fractionating column
4 ft. long filled with glass beads nearly to the vapor
outlet tube. The column was surrounded by an electri-
cally-heated jacket. The overhead vapors passed to a
glass spiral-tube condenser cooled with ice water. In
this column the material was separated into gasoline,
kerosine, and stove-oil fractions, the latter being the
residue in the flask. Each of these fractions was then
subjected to ASTM Engler distillations. The results of
these distillations and various determinations upon the
original oil and the several fractions are summarized in
Table 1.

The methane used was obtained from natural gas by
fractional-condensation and charcoal-adsorption meth-
ods previously described * with the addition of a frac-
tional condensation directly as solid at liquid-air tem-

#* California Institute of Technology, Pasadena, Calif.
a Figures refer to bibliography on p. 7.

perature and a pressure of 2 in. of mercury, absolute,
to aid in removal of nitrogen and similar impurities.
The resulting material gave an analysis in terms of mol
percentages as follows: 99.5 per cent methane, 0.02 per
cent ethane, and less than 0.5 per cent of nitrogen and
similar gases. The ethane was prepared from a sample
of crude ethane (approximately 90 per cent ethane) by
fractional-condensation and charcoal-adsorption meth-
ods. The material used contained 0.5 per cent nitrogen
and methane, 99.2 per cent ethane, and 0.3 per cent
propane and higher hydrocarbons. The samples of
propane and nbutane were used as obtained from the
Phillips Petroleum Company. Analyses of these two
materials were furnished by that company. The former
was 100.0 per cent propane, while the nbutane sample
contained 0.18 per cent isobutane, 99.14 per cent nbu-
tane, and 0.68 per cent isopentane.

Apparatus and Methods

The apparatus used for the measurement of the vis-
cosity of the saturated solutions has been deseribed by
Sage and co-workers.” * The viscometer consisted of an
inclined tube, filled with the solution to be investigated,
and a closely-fitting, spherical ball which was allowed to
roll down the tube from one electrical contact to another.
The roll time of the ball was determined by means of a
chronograph. The temperature of the viscometer and
contents was kept within 0.02 deg. F. of the desired
value in an oil thermostat bath. Equilibrium between
gas and liquid phases was attained by mechanical agi-
tation and re-circulation of the liquid through the ap-
paratus. The equilibrium pressure in the apparatus was
measured by means of fluid-pressure scales having sensi-
tivities of 0.1 lb. per sq. in. up to 300 1b. per sq. in., and
of 1 1b. per sq. in. for higher pressures.

The sample of crude oil was placed in the apparatus,
filling about two-thirds of the total volume. On account
of the volatility of the oil, it was not feasible to remove
the residual air from the apparatus by evacuation. The
reported pressures represent, therefore, the increase of
pressure due to addition of gas. The gas was added in a
succession of quantities, the system being brought to
equilibrium for measurements after each addition. The
necessary values of the density of the saturated solu-
tions were taken from previously-published data for the
propane solutions® and from as yet unpublished mea-
surements by the authors for the other cases.
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TABLE 1
Analysis of Crude-Oil Sample

Gravity, 34.8 deg. API
Water and sediment, trace
Sulfur, 0.39 per cent by weight

Viscosity, Saybolt Universal, at 100 deg. F., 42 sec.; at 130 deg. F., 39 sec.

Products
Gasoline Kerosine Stove 0il Residuum Loss
Per cent af charge () s v oihsom kit e b nahd bss sian oo 37.87 6.83 18.20 36.20 1.40
Graviby, Qemi APIL o ot o i 5 oo s 5 o s s 0 ot 5 508 58.2 38.6 33.3 178
Flash point (closed cup), deg: P civnenntvrsnonnsanta sons 182 2304 230+
Viscosity, Saybolt Universal, at 100 deg. F., sec........ . R 42 Jiw 4
Viscosity, Saybolt Furol, at 122 deg. F., sec............ . EPE st 120
Absolute viscosity (at 68 deg. F.) centipoises........... PR 2.16 e e
Sulfur; per cent by weight. oo oe e sie s snsas Sases 0.047 0.125 0.33 0.79
Octape, NooSASTIVERE = 0. L oot oot i s 59 = i ST
Pourtpomt sdeoMERaS. (5, B Pl bl s Be s Lok e 85
Distillation Summary, in Deg. C.
Inittal bollinOIRIT. .. ... . 0o s e eede o e enn e o b i e i s oo & 52 220 258 294
=T COTE R DOIIIIE &y ec e b i s sienoage bss er it o atss S e ke s 88 223 272
20-Der-Contu MmO . ... . s 5. (5 dss s 55 6 e s s s e s 99 224 275
S0-Der-cENTNDUMIGR. . . ... - ... oo viieissnesononess oo 110 225 278
AD-DEr-CENT DOINEIM. « v ocomr ouv s 7o 516 5 s svee s 0 shale, 4b 81 s 5 s 120 226 285
BU-peg-cent POINBM. <o« s s hsms s sims s she s s 5 v o st amnes 130 227 290
OO-DET-CEnE TOMIEE . - . . ... ..o o s e me sios v e siie mis oliss sre s 143 228 297
TO-per-centEHIHIL . ... ... coovveosvennosunansnssuscoss 156 229 307
SODEL-CORUNPOIIG . < oiso s a/a v s s 4k s 389 B 5 58 8 in § 28 Syis o 0% 170 230 323
GORPEL-CENT TIOTIE © & s« v 0 s s s sior s s o fore 5 e s 6o o s o doe) s st 185 233 345
EENdSPoInte S 0 S T A S A D e 205 242 387
Per cent over ab 100-deg; Cis s ioncmsmisminsrnisane 20.5 S ek e
Pex' cent over! af: 300 .deg: €.t cne v aiinsion o aeiinmns s a O g 64.0 1.0
Per Getil TeCOTEBOM 110 daibdd sy win 45 o shasts Mo oot s et 98.0 98.0 98.0

Experimental Results

The viscosity of saturated solutions of methane in the

crude oil was measured at five temperatures from 100 7

deg. F. to 220 deg. F. and for equilibrium pressures up
to 3,000 Ib. per sq. in. At the higher pressures, appre-
ciable quantities of the more volatile constituents of the

MILLIPOISES

crude oil were transferred to the gas phase as a result
of proximity to the critical state of the mixtures under
these conditions. In order to render the results for
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different temperatures comparable to each other, the
same amount of crude oil was used in each set of
measurements.
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The experimental results for the viscosity of the
methane solutions, as a function of equilibrium pressure
for the series of different temperatures, are shown in
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Fig. 1. The same data are re-plotted in Fig. 2 to show
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viscosity as a function of temperature for a series of
different equilibrium pressures. Table 2 presents inter-
polated values of viscosity for convenient pressures at
each of the temperatures at which measurements were 500 1900
made. PARTIAL PRESSURE
In the solutions of the three other gases—ethane, Experimental Results for V
propane, and nbutane—the maximum concentrations Solutio

studied were limited by the appearance of a second FIG.
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liquid phase. This new phase, probably asphaltic in
character, was semi-plastic, and prevented further mea-
surements at higher concentrations. For these three
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Experimental Results for Viscosity of the Ethane
Solutions.

FIG. 3

gases the large increase in volume of the liquid phase
with increasing saturation pressures necessitated the
withdrawal of portions of the liquid phase in the course
of a set of measurements.

TABLE 2
Absolute Viscosities of Solutions in Millipoises
g .
75~
& oS B B % < R
Ay + . g
28 B g g Hy g
E=R N A A A a /A
s 5 g = = 2 & S
Ay = 4 — — ]
NO SOLUTE
0 35.3 28.7 L7 13.3 10.6
METHANE
200 29.0 - 20.3 15.4 121 10.0
400 25.3 18.3 14.2 11.2 9.4
600 22.6 16.8 131 10.4 8.8
1,000 18.8 14.7 11.5 9.2 7.9
1,500 15.6 12.5 10.0 8.1 6.9
2,000 13.4 10.8 8.7 7.1 (6.1)
2,500 11.6 9.4 (7.7} (6.3) (5.4)
3,000 104 8.3 (6.7) (5:7) (4.9)
ETHANE
100 23.5 17.9 14.1 11.8 9.4
200 16.7 13.9 115 9.7 8.4
300 12.3 11.0 9.5 8.5 7.5
400 8.8 8.8 8.1 7.5 6.8
500 (5.7) 6.8 7.0 6.6 6.2
600 b (5.0) 6.1 (5.8) (5.7)
800 O e (4.5) (4.8) (5.0)
1,000 (4.0) (4.5)
1,250 (3.8)
PROPANE
25 26.5 19.7 15.3 12.2 10.0
50 18.3 16.3 13.5 11.1 9.4
75 12.3 13.2 11.8 10.1 8.8
100 8.1 10.4 10.2 9.1 8.3
150 Mt (6.3) 7.5 7.4 7.3
200 ensis (3.5) (5.5) (6.1) (6.5)
300 ' e T4 (3.8) (5.1)
nBUTANE
10 alstee 19.3 15.4 1251 10.0
20 el 15,1 13.6 11:1 9.5
40 e 7.9 10.1 9t 8.4
60 Rk S (6.9) 7.3 74
80 o o (3.9) (6.7) (6.4)
100 (4.1) (5.4)
125 (4.3)

The experimental viscosity values for the ethane solu-
tions, at three of the five temperatures studied, are
shown in Fig. 3. Table 2 presents values for even pres-
sures. The viscosity of these solutions is plotted as a
function of temperature for a series of different pres-
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sures in Fig. 4. The highest equilibrium pressure in the
case of these ethane solutions was 1,600 lb. per sq. in. at
220 deg. F.
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FIG. 5

The corresponding values for propane solutions are
given in Fig. 5 and 6 and in Table 2. The maximum
pressure in this case was 400 lb. per sq. in. at 220 deg. F.

In the case of mbutane solutions, only four tempera-
tures from 130 deg. F. to 220 deg. F. were included in

the study, the vapor pressure of nbutane at 100 deg. F.
being too low to permit study at that temperature. The
maximum pressure was 160 lb. per sq. in. at 220 deg. F.
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FIG. 7

Plots and a tabulation similar to those for the other
cases will be found in Fig. 7 and 8 and in Table 2.

A comparison of the effect upon viscosity of dissolv-
ing separately each of the four gases in the crude oil is
shown in Fig. 9, for equal equilibrium pressures at



SOLUTIONS OF FoUR HYDROCARBON GASES IN A CRUDE OIL

20

MILLIPOISES

|/
Vi

80

ABSOLUTE VISCOSITY
o

)99/

125 150 175
TEMPERATURE i

o]

Viscosity of the nButane Solutions as Related to
Temperature.

FIG. 8

130 deg. F. The smaller decreases in viscosity for the
gases of lower molecular weight are partly due to their
smaller solubilities in the crude oil on the basis of equal
saturation pressure. A corresponding comparison on
the basis of equal concentrations of dissolved gas was
not attempted on account of uncertainties in the com-
positions of the various solutions when as volatile a
solvent as this crude oil is used in the presence of a
gas phase.
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TEE THERVODYNAMIC PROFTRTIES OF VORMAL FUTANE

Introduction

In recent develooments of petroleum production and refiming, the
spplication of the thermodynamic properties of the oils and gases, and
those of their components, to desigm problems is constantly increzsing,
The properties which are the most useful in such ealculations are, be~
sides the pressure-volume-tempersture relastiong, the hest content, en~
tropy. and fogaclity. The P-¥V-T relations have been studie_& expériment-
ally and the other quantities celeculated for normsl butane, Alse values
of the internzl enerzy have been calculated, although they are not as
useful as the heat content in enginesring calcuistions., The range coversd
wag from 20 to 3000 pounds per sguare inch absolunte pressurs, and from
70 to 220 degress Fshrevheit.

In order %o be able to calculate the thermodynsmic properties of 2
gubstance, the necessary and sufficient data are the pressure~volume~
tenperature relations and one measurement of the chanse of internsl en-
ergy with tempersture throughout the ramge to be covered., Two sets of
data were zvalleble from which the latter could be calculated, namely
the specifiec heats at constant volume, and the Joule Thomson coefficients,
both of which have been previously published (1,2). The pressure~volume-

tempersture relations have been studied and are here reported,
Appsratug and Procedure

The work wes done as part of the American Petroleum Institute

Regearch Project Mumber 37 and all of the apparatus and procedures have



"

been fully described in previcuvsly publiehed papers (%,4,5). They
will therefore only be briefly trested here.

The pressure-volume-temperature measurements were made in a warisble
volume cell, The pressures were measursd by use of fluid pressure scales,
the values below 300 pounds per sguare inch being gzood to 0.1 pound,
those from 300 to 3000 pounds being good to 1 pound per sguare inch., The
tempersture was held constant st the desired wvalue éuring & run by means
of an oil bath, whose terperasture was sutomatically controlled to within
0.01 degrees ¥, The temperatures chosen were 70, 100, 130, 160, 180, and
220% P, The volume of the ssmple under considersztion wszs controlled by
the sddition oy removal of mercury from the cell., The meagurement of the
volume wag sccomplished by loeating sccvrately the top of the mercury
with an electric contact. The contact was moved vertieslly by & care-
fully machined gear mechanism to which a counter was attached, The volume
occupied by the sample could be then measured to within 0.0012 cubic in=
ches after sultsble calibration, whick zave an accursey of 0.1%4.

A constent volume, adizbatic calorimeler was used for determining
the specific heate. 7The apparatus consisted of e boumb {vhose volume was
about 160 ce) in which the sample was placed., The bomb wes suspended in
an evacusted gpace from 2 ring by three fine steel wires. ?helgressﬂre
in the vagavm chamber waes meintained at spprozimsately 10.4 millimeters of
mercury by an oil diffusion pump, and was measured by & lcleod gamge.

The vacuum space was surrounded by an cil bath, the temperature of which
was kspt within 0.02° of that of the surface of the bomb by a heater
which was controlled sutomatically by a photo-slectirie circuit. tThis
circult consisted first of a thermocouple, one Jjunction of which was on

the surface of the bomb, the other in the oil bath, The electromotive



forces preduced in the thermocouple deflected a galvenometsr from which

a light beam was reflected to a vhoto electric cell, the beam falling on
the cell vhen the surface of the bomb and the oil bath were 2t the same
temperature, and falling to one gide when the temperatures were different.
The cell, then, actuated relays vhich controlled the current to the bath
heater. The 0il in the bath was circulated so that temperature equili-
brivm in the bath wss repidly attained.

Around the oil bath there was sn ailr thermostat, whose temperature
was kept within 2°F of that of the oil bath manvally, using electric heat-
erg snd a thermometer,

In order to assure eguilibrium within the bomb, it wes agiteted by
rocking an arm, attached rigidly to the ring supporting the bomb, by
electromagnete external to the vacuum chamber, The temperziure of the boumb,
after equilibriun had been reached, was measured to an accuracy of 0.0029F,
by means of a thermocouple, the cold junction of vhich was kept in & cone~
stantly agitated ice and water mixture, and the hot junction of which wes
in a2 well in the bowb, The eleclromotive forces yproduced were resd by
means of & potentiometer whose scale was divided into 10,000 divisioans for
s renge of 5 millivolte, each reading being estimated to 0.10 of a division,

The procedure was to welgh & sample into the bomb, measure ghe ten-
perature after equilibrium was established (as determined by no further
change in the temperature for at least five minutes), 2d4d heat electric-
ally for a period of time, szitate uniil equilibriwm was again reached,
and measure the mnew tempersture. This rrocess was then contimued through-
out the temperature range to be coversd. The smount of heat added was
measured by determining the current and veoltage in the heater cireuwit and
the length of the heating period., In this manner C, as a function of

temperature could be determined for a given sample throughout the whole

£
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tenperature range without removing the sample from the spparatus.

The Joule Thomson coefficients were determined, usine the ap-
paratus described by Sage and co~workers (£) and briefly treated else-
vhere in this thesisa,

The butane used in 211 this work was furnished by the Fhiless
Company, and was reported ss being 99,21 percent n-butane, 0,187 igo~

butane, and 0.61% iso-pentane,
Celenlations

In the celevlation of vslues of heat content, svecific heats at
constont pressuré are wmore useful than at constant volume, conseguently,
the velues obtained from the experimental measursments were converted to
the constant pressure basis, The amount of gas pghase present in the
bomb was small in comparisen to the amount of 1iquid phase, and therefore,
the heat absorbed by it was & very smsll portion of the whole and 48id not
need to be corrected for. me eq&ation@ veed for the other corrections
Q. BX.- X | ()

SEaTM T AT Jr-r

were

and = g "(aT dTT (2)

(See 1ist of symbols used for definitions of symbols) TFquation (1) was
used to correct for the amcunt of heat used in the vaporization of 2 portion
of the liguid upon rice in temperazture, after which equation (2) corrscts
the values from those of gaturation to ones of constent pressure, These
equations can be derived by consideration of approprilate eycles (6).
Values of cp ecalculated in this wey have been publisghed (1) and were uged
in the calcvlations described below.

Iso~baric changes of heat content can be caleulated by integration

of the eguation
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dH = C,dT 3
and those of entropy by
- L
9S= TdT 4

In these calculations, since it would be necessary to make measurements
of the properties near absolute zero to be sble to evaluate absolute
valuee of heat content and entropy, the reference state was taken as
3000 pounde per square inch absolute pressure and 60° F. at which state
the heat content and entropy were set equal to zero. The above inte-
gration was cerried on along the 400 pound per square inch 1ind, The
values of heat content vwers then determined throughout the condensed by
integration of the eguation
dH :[V-T(g—v-iIdP 5

oT,
along the G0° F. isotherm from 3000 pouvnds to 400 pounds per square inch,
adding this value to that obtained by the integration of equation (3),
as shove, and subsequent integration of equation (5) alone the various
isotherms from the 400 pound point., A similar calculation, unsing the

resultes of the above integration of equation (4) and of the equation
dsz- (ﬂ)’dP 6
oT.

gave the values of entropy for the condensed region.

By the sddition of the heat of vzporization, or the entropy of
veporization, from the corresponding valuve st saturation obtained sbove,
and continuing the same processes, one could complete the celculations
throvghout the superheated region also. However, by choosing a new
reference point znd ueing different methods of csleulations for the
values irn the superheated region, 2 new set of saturatisn values could
be obtained which should be different from each other by a constent
value after the proper applicstion of the values for the vaporigzation

procses had been unsed., This would render a check on the sccuracy of
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the calculations or values of the heat of vaporization . Such procedure
was followed,

The new reference point wes chosen as atmoepheric pressure and
60° ¥., again the values being sasumed to be zero at the reference point.
Instead of veing equation {B) for the heat content in this region, the

T
ewetion  dH=-C3F5)aP 7
was veed, sinece the values of the Joule Thomson coefficient, M=

(%%) H were known, Thig was especislly velusble since the values of

QV

-a—:r':) P for the superheated rezion wers not considered to be as accurate
as those of C s and since the former were obiained by graphicel differ-
entistion of the isobars on the veoluvme-temperalture charts. TFor the gmme

reagon, use wes made ol the egustion ( a H
aV)- V-(oP J,T
2V °T e T
for wvaluss of (‘37- Pt‘a be nsed in the integration of eguation {5) in the
guperheated region.
Por the quality, volume, and heat content lines on the tempersture-

entropy dlagrsm, in the two phase reg::iczn, the relations

ViV

. __ V-

vll- VI
+

Y=
’ x’f ‘
Se” ST T
were used,
By definition, HY B +PV, consequently the calculation of the valves
of internsl energy entails only the svbtraction of the FV preduct from the
values of heat content as obtained =bove,

The fugacities were calculated by the proper integration of the

4
expression lr\f=j zdinp
(-4



Py
in vhich =

a3

In this csleulation, wag considered to be constsnt below 10 pounds

x
dv
per square inch absolute pressure, and at gzero oressure the fugeecitiy was
assumed equal to the prescure,

Begults

Table I is the complete tzbulation of the physicel and thermodynamie
properties of n-butzne as obtained from the present worl, ewxcept that the
internsl energies are not included, since they can be essily caleulated
from the tzbulated values, Table II gives the vropertiss of saturated
liguid and gas for even pressures.

The pressure-volune-tempersture relstions are presented in the first
thres figurss, Figure 1 is & plod of the isobars in the super hested re-
gion. The next figure shows specific gravity as = function of pressure
for the seriees of temperstures. The deviations from a perfect gas are
shown by the PV/RT chart vs. P chart in figure 3, since a perfect zas be-
hevior would be renresented by & straight, horizontal line., The triangle
in the upver left hand corner represents & value tzken from en stmospherice
density measurement at 104%F, This furnishes & point obtained by a 8if-
ferent method from the rest of the dats and is 2 good check., The deter-
mination was made by weighing 2 sample in a bomb, withdrawing a definite
volume, and then redetermining the weight. On Figure 3 the values for
70 degreecs are not shown since they sre not feasible to present on the
same scale as the other values, due to the pressures being so low.

Yalves of heat content as a function of temper=ture 2t s series of
nressuores in the superheated region are shown =s Figure 4. 4 similer
dizgram for the liquid region is not shown since the lines lie very close
tomether and cross each other at the higher temperatuvres., On the temper-

asture-entrony dlasgram. Pisure B. the values of pressuvre, volume, and
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temperature are shown, 285 well as those of cuality in the two phase re-
glon, A heat content-entropy diasram, or Mollier chart, was not included
eince interpolation on it would be very difficuli, due to the position
and slope of ?he lines. It should be noted, however, that the entropy
of saturated gas is alwost independent of heat content, which would meke
the liollier chart very different from that of water.

The whole range of pressuree was not ineluded in the internsl energy-

pressure disgram, Pigure 6, since beyond the range shown the valuves continue

nesrly linesrly. As for the fugacity values, in the supérheateci region
fugaeity divided by pressure is shown plotted against oressure in Figure 7
while figure 8 deplets Tugecity of the condensed liguid as & fmetion of
pressure for the series of temperstures,

Tigure 9 is = representztion of a relation followed by hydrocarbons,
namely that if the recinrocal of the sbsolute temperature is plottied
against the lozarithm of the cerrespon&ing. vanor pressure, the result is
& line that ie almost straight. Ordinarily this would indicate that the
ras follows the perfect zas laws and that there is no change in the heat
of veporization with temperzture. Butane follows neither of theeé stip=-
ulations, but the deviations from the perfect gas laws comnensate for the
chenge in the heat of vaporlizstion, consequently the relation remains
nesrly linear. This relation has been usged for hydrocarvong in ganeral
to extrspolate vapor pressures beyond the critieal temperature for the

nae of Reoultes law in that region,
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pa

Satd. wvapor 2.707

700
(31.67)

v £fp

Satd, liquid 0.02777 0.9453

20
40
60
80
100
125
180

76

225

400

1000
1280
1600
1750
2000
2280
2500
2780

4.7659 0.970

- -

0.02768 0,1573

- -

0.027v5% 0.0833

©0.02750 0.05%0
0,02740 0.0470
0.02730 0.03%4
0.,027m8 0.0338
0.02707 0.0302
0.02698 0.0277
0.02687 0.0260
0.02679 0.0248
0.02670 0.0239
0.02661 0.0232

0.02655 0.0228

b

=-3.26

1683.59

-

2,92
=24 39
~1.84
~1.27
0470

0.03

0.769

1.5
2.27
3.03
3.81
4,59

5.38

4

0.9453 162.01 0.3168

0.0220

0.3241

0.0211
0,0202
0.0193
0.0185
0.0176
0.0166
0.0157
0.014%
0.0138
0.0129
0.0121
0.0111

0.0103

pressure ib. per sg. in. sbs.; ¥

v
1.6988
0.0286l1
5.0173

2.3722

-

C,.02851
0.02837
0.02823
0.02810
0.02799
0.02784
0.02772
0.02760
0.02748
0.02738
0.02728
0.02718

0.02709

specifie volume, cvw. ft, per 1b,

100°
{52.81)

/e

h

0.918% 161.32

0,9183

14,14

00,9785 165,20

0.9443 163.01

-

0.2525
0.1324
0.0940
0.0744
0.0629
0.05328
0,0480
0.0440
0.0411
0.,0391
0.0376
0.0365

0.0357

-

14,90
15:37
15.88
16.40

17.07

17.78
18.47
19.20
19,94
20.69
21.45

22.21

8

0.3175

0,0538 |

0.3554
0.3281

-

0.0530

-

0.0519
0.0809

0.0499

0.0490
0.0479

0.0468

0.0488
0.0448

0.0439
0.0429
0.0421

0.0412

v
1,107
0.02962
5.5114
2.5649
1.6286
1.1628

-

0.02928
0.02911
0.02895
0.02878

'~ 0.02861

0.,02845

0.02829

1 0,02813

0.02800
0.02788
0.02777
0.02766

f fugecity, lb. per sq. in.; h heat content, B.t.u. per 1b.; ¢

TABLYE I

PHYSICAL AND TEERMAL FROFERTIVS OF VORVAL BUTANE

Superheated Gas and Condensed Liquid Reglons

130°

(82.59)

2/ h
0.8882 170.34
0.8882 32.71
0.9790 177.15
0.9545 175.31
0.9250 173.16
0.8925 170.68
0.3787 32,89
0.199¢ 33.23
0.1406  33.60
0.1112 34,01
0.0939 34,45
0.0819 35.04
0.0M4  35.66
0.0653 36,31
0.0610 36.98
0.0578  37.67
0.0865  38.37
0.0538 39,10
0.0525  39.84

s
0.3194
0.0858
0.3762
0.3504
0,3338

0.2209

-

0.0880
0.0838
0.0826
0.0814
0.0808
0.0791
0.0779
0.0768
0.0787
0.0747
0.0737
0.07%

0.0718

v
0.7419
0.03080
5.6112
2.7386
1.7689
1.2706

0.9766

-

0.03066
0.03037
0.03012
0.02992
0.02972
0.02948
0.02928
0.02906
0.02888
0.02871
0.02856
0.02840

0.02827

160°

(123.7)

f/p h
0.8618 17891
0.8618 52.40
0.9835 189.47
| 0.9645 187.86
0.9453 186,07
0.9196 184,07
0.8945 181.85
0.5443 52,45
0.2871  52.61
0.2019  52.82
0.1594 53,09
0.1344 53,40
0.1147 53,84
0.1020 54,33
0.0931 54,86
0.0868 55,42
0.0822  56.02
0.0788 56,65
0.0762  57.71
0.0743  57.98

0.1Im fosm

s v
0.3222 0.£081
0.1181 %
0.3965
0.3713
0:3653
0.3432 }.3764
0i3308 | :

- 0.5194

0i1158 0.03179
0.1142 0,02142
0,1130 0,0%110
0.1118 0.03084
0.1108 0.02052
0*.108??3 0.03026
0.107 0.02999
0.1083 0,020%6
0.1051 0,02954
0.1040 0.02934
0.1029 0,02913

0.1019 l0.02898

190°
(178.5)
£/ h
0.8308 186.97
0.8308 73,28
0.9880 202.1¢
0.9743 200.84
0.9575 199,54
0.9388 197.87
0.9181 195,85
0.8912 193,34
0.8633 180.58
0.8348 187.44
0.7459 ) 73.35
0.3933 ?5.12
0.2764¢ 73,01
0.2184 73.00
0.1841 73.08
0.1869 73,27
0,1393 jﬁ.ﬁﬁ
0.1272 73.89
0.1184 74.29
0.1118 74.73
0.1072  75.20
0.1036  75.70
0.1009 76.22

8
0,3249
0.1506

0.4166

'0.3890

0.3764

0.2646
0.3549
0.2444
0.33850
0.3261
0.1504
0.1482
0.1463
0.1445
0.1428
0.1408
0.1292
0.1275
0.1260
0.1346
0.1332
0.1319

0.13086

v

043444
0.03443
6.2202
3.,0681
2.0089
1.46486
1.1435
0.8802
0.7036
0.5768
0.4799
0.4043
0.03382
0.03328
0.03278
0.03238
0.02191
0.03152
0.03118
0.03089
0.03060
0.03034
0.03009

0.02939

220°

(249.2)

/v
0.8010
0.8010
0.9925
0.9840
0.9786
0.9584

0.9423

10,9208

0.8973
0.8731
0.8485
0.8231
0,.8197
0.3656
0.2890
0.2438
0.2077
0.1844
0.1682
0.1566
0.1480
0.1416
0.1367

0+1330

entropy, B.t.u. per 1lb. per © ¥, sbs.

h

194.41

215.21

214,19

212.95
211.60
219.1%
208,10
205,86
203,40
200.6%7
197,85
94.98
94,35
93.91
83,860
93.28
93,25
93,23
93,29
93.42
93.59
93.80

94,06

8
0.32273

0.1833

. 0,4363

0.4117
0.3984
0.3851
0.2759
0.3661
0.3575
0.3495
0.3419
0.2345
0.1809
0.1782
0.1757
0.1725
0.1710
0.1687
0.1665
0.1645
0.1626
0.1608
0.18590

0.1673



8 8 5§ 8 °©

£ @
44,30
82.85
108.25
127.77
143,67
160.83
175.44

188.33

199,93

210.53

220.28

TABLE 11

FEYSICAL AND THERMAL PROPERTIES OF N-BUTARE

Saturated Liguid and Saturated Gas

Saturated Ges Saturated Liquid
f/p v h s v b 8
- = - - 0.027156 - s

0.9338 2.2069 156.1 0.2158 0.02812 4.2 0,0353
0.9100 1.5051 163.8 0.3176 0.02887 19.1 0.0623
0.8910 1.1427 169.6 0.3190 0,02953 31.2 0.0835
0.8759 0.9183 174.2 0.3207 0.03013 41.6 0.1008
0.8602 0.7340 172.1 0.3224 0.0%084 £2.9 0.1192
0.8459 0.6081 183.1 0.3236 0.03151 62.9 0.1343
0.8723 O0.5161 186.5 0.3247 0.03220 72.2 0.1487
0.8205 0.4485 130.5 0.7256 0.03202 80.5 0.1612
0.8101 0.3894 192.1 0.3268 0.03366 88.5 0,1729

0.8008 0.3433 194,4 0.3274 0.0%443 96,8 0.1838

t temperature in °F.; other #nits se in Tsble I.
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THE JOULE~THOMSON CORPTICIENTS OF ISO=BUTANR

Introduction

The Joule-Thomson coefficient 4  of s subetance is defined as the
rate of change of tempersture with pressure when & change of state of the
substence talkkes place under conditions of constent hest content. The
coefficient is of vslue in obtaininz the change in intereal enerpy with
pressure, vhich ig ore of the necessary pieces of data needed to enable
one to caleulate the thermodynawic vroperties of & substonce, as wes
mentioned in part two of this thesis., The coefficients of iso~butane were
mezeured at temperatures ranging from 70 to 220 °F, st 20 degree intervals,
the pregsures being varied from atmostheriec to within ten vounda ner souare
inch of the Vapor Dressure at the temmersture in question,

The lso-butane used in these determinations was furnished by the
Fhilgae Company. Their analysie showe 0,00 percent propene, 100,00 percent

" iso-butsve, znd an vmmessurable Lrace of a=butane,
bpparatus end Fropedure

Since it hes been done elsewhere,(5), the spparatus will only be
deseribed briefly here. It consisted of & porouns alundum thiamble, throuzh
which the gae wes Forced to flew., A cam pump wae used to maintain the
flow, by-pase valves spd pipes beine included to facilitate the main~
tenance of constant flow, After the gas had pagsed throuzh the thimble,
it wee recirculated throuvgh the system, which effected & great ssving in
the smount of gag necegsary for a determinstion. A megnetic valve, onér-
ated through releys by =2 mercury menometer, kept the pressure differential
across the thimble constent to within 0.5 percent. In order that the
temperature of the manometer would not change with the temverature of the

bath or room, =rd that the gas in the apparatus would not condense in the
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menoweter, the latier was enclosed in s steam jacket, =zo that its tem=~
perature wae slways 212 °F. The pressure differentisl which the steam-
Jacketed manometer maintained was calibrated by the use of another meno-
meter, parallel to thé first, whose differentisl covld be measured by an
especially desisned vertical component cathetometer, The d1ifferential

vas determined by the height ehich one arm of the steam~jaciheted manaﬁaetef
reached before it touched an electric eontact, closing & cireuit which,

in tvrn, closed the magnetic valve,

The 1 e+ mognetic valve, ond cell eontaiving the thimble were im=-
mersed in azn 0il bath, vhose temperatuvre was held at the desired valme,
with an absolute accuracy of 0.02 °F., by a control vhose drift was less
than 0,002°7, per howr. 3Istween the msgnetic valve and the thimble wus a
conditioning coil, {aleo immersed in the nil bath) which was shent twelve
feet lonz., The temperature difference meross the thimble was measured by
a three junction differential thermccouple, there being three junctions
on each side of the thimble. A three junction thermocouple, the thermo;

eouple beinz in series, wae used so that the electromotive forces vroduced

would be measursble with s greater desree of scovrscy than would be possible

with the esmall electromotive forces which would be produced by one thero-~
ceuple. The electromotive foreces were measured by a potentioneter vhose
gscele wos divided into 10,000 divisionz for a rangs of 0.5 millivolts,
being reszd to the nearest division. The total opressure on the gysten was
determined by a fluld pressure scale vhose accvrsey was 0.1 pound per
square inch in 300 pounds per sguare inch,

Before sny gas was added to the system it wos evacusted to sn sbso-
lute preseure of approximately 4 millimeters of mercury, then purged
tvice with the gse, re-evecuabting cach time., ¥With the oll beth regulating

at the desired tempersture, gos was s8ded vntil the prescure reached the



velue chosen, the csm pump started, and then the by-pass valves gset sgo
that just enocush fas was flowlne throvsh the moenetic valve to keep it
rhythmically opening and closing, = could be determined by watching a
lamp in series with the exciting electric circuvit of the valve. As ruch
ae half an hour was sometimes needed before the temversture 4iffersntiszl
wovld become constant. It was found that equilibrium was rezched much
sponer vhen the amount of gag in the apparstvus was increzsed from deter~-
minabion to determination then when it wes decressed., Also, 25 soon ag
saturation was spproached, the values dropped below that which would be
expected (probably dve te small drovlets of lignid appearine in the sgas),
and, conseguently, no valueg could be messured at pressures closer then
10 pounds per sguare inch to the vspor pressure at the temperzture under
considerstion.

Trages of impurity, such ss oil from lesks inte the system from 1te
surrounding bath, or from the zresse used on the cam pump, caused moch
trouble, necessitating fregquent, thorough clsaning of the apparstus, B3Suck
impuritiss would often condense in the thimble end then wouvld have to be
removed, either by burnine them out or by replscing the thimble entirely.

¥esides the errore due to impuvrities, the ensll drift in bath tem~
persture yas enoungh to be a frultPul source of epror, With a three junct-
ion thermocovrple, the tempersture measurements were not hard to obtsin
within satisfoctory aconrscy. The meintsinsnce of the vressure differ-
ential was more d1fficvit. A4 differentisl of 2lichtly under one pound per
sgonare inch wes ueed throughout the determinstions, the value changing
slightly from time to time., Frequent celibrations were made to eliminate
zn error in this value., However, the by-pass valve adjustments were very
delicate =und had to be continuvzlly waitched, Hechsniesl difficultiss were

encounterad in the megnetic valve, due to the close fit between the moving
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part and the side walls, 1In spite of these difficulties, the azcouraey

of the values a2t a2 whole is believed to be about ome and one half percent.

Celevlations snd Results

The scale divisions on the potentiometer per degree Fahrenhelt were
were determined by celibration of the wires unsed in the thermocouple cir-
culte. These values, when divided into the potentiometer reading, yielded
the tempersture difference between the inside and outside of the thimble.
The tempersture differentizl wes then divided by the pressure differential,
giving the Joule~Thomson coefficient,

The coefficients have been calculated by the above method =nd are
tabulated in Table I. They are shown plotted azsinst vpressure inm Figurel,
showing the experimental vpoints., Flgvre 2 shows them interpolated spainst
temperature.

In seneral, the curvature of the lines in Figure 1 i¢ somewhat zreater
than that »f similer curves for the other hydrocarbon gases which have
beer studied and reported. It is of the seme seperal shane as would be
expected for gases in the region in vwhich this vork was done, namely that
of low reduced pressure and temperszture, vwhere a reduced velue consists of
the sctual value divided by the criticsl valuve. At higher temper:tures,
the slope of the line would be expected to become less until finsally; not
far below critical temperzture it would cheange in sign., ALbove criticsl
temé?rature, the slope would he negative, and the lines become nesrly lin-
ear at still hisher temperatures. The sbove remarks pertain only to the
ges, Tor the corresponding liquid valuves at the low temperstures, the lines
on & similar'AA vs. P plot wovrld be etraicht snd horizontsl. However, ss
the temperzture rises, they show an ever increasing negative slope and

curvature, until the critical tempersture is reached.
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Abs:
Pressure,
Lb./Sq, In,

3z4d. Ges

TABLE I,

JOULE=THOKSON COTFYICIVNTS OF GASVOUS ISO-BUTANE

oy
0.3544
0.1503
0.2298

0.3280

s ® F, per Lb. per S5q. In,

100°r
0,3090

0.1312

0.1830

0.2330

0.2790

-

130°7
0.2748
0.1118
0.1468
0.1799
0.2110
0.2388

0.2635

160°F
0.2488
0.0828
0.1187
0.1450
0.1727
0.1542
0.2115
0.2290

0.2439

on

180°r
0.2221
0.0738
0.0972
0.1216
0.1421
0.1600
0.1760
0.1919
0.2055
0.2160

0.2242

220°F
.28
0.0844
0.0791

0.1008

0.1185

0.1225
0.1469
0.1612
0.1735
0.1830
0.1925

0.2078
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Syrhols

Specific Heat at constant pressure
Specific Heat at saturation céndiﬁions
Specific Heat =zt constant volume
Pogaeity

Eeat‘cantent

Mechanical equivalent of heat
¥olecular weight

Pressure

Heat absorbed

Gas constant

Heat of vaporization

¥ntropy

Temperature

" Volume

Guality

Joule Thomson cosfficient
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