Conclusions. The close accord between the ohserved
and calculated values for the enthalpy of combustion is
an indication that the internal strains in the triethyl-
enediamine molecule, whatever its conformation, are
relatively small.
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Latent Heat of Vaporization of n-Hexane

JOHN HUISMAN aond B. H. SAGE
California Institute of Technology, Pasadena, Calif.

The enthalpy change upon vaporization of n-hexane was experimentally determined
by calorimetric measurements at temperatures between 110° and 340°F. The results
are presented in tabular and graphical form. Good agreement is indicated with the

limited data available.

LIMITED calorimetric measurements of the latent
heat of vaporization of n-hexane over a range of temper-
atures appear to be available. Waddington and Douslin
(10) measured values of the latent heat of vaporization
at temperatures between 77° and 156° F. Both Young (12)
and Kay (2) measured the vapor pressure and the specific
weight of the saturated liquid and gas from 140° to 455° F.
Values of vapor pressure and latent heat of vaporization
are also available from a recent correlation (I). Stewart
and coworkers (9) reported values of the specific weight
of the liquid. Thermodynamic properties of n-hexane have
been reported by Weber (11). In the latter work the
latent heats of vaporization of Waddington and Douslin
(10) were used at temperatures between 77° and 156°F.
and the Clapeyron equation was employed at other temper-
atures. The present investigation involves calorimetric
measurements of the latent heat of vaporization of n-hexane
at temperatures between 100° and 340° F.

METHODS

The experimental apparatus employed in this investiga-
tion has been described in some detail (4, 7). Principles
and methods are similar to those developed by Osborne
and coworkers (5, 6). An isochoric vessel containing a
heterogeneous mixture of n-hexane was located within an
adiabatic vacuum jacket. A mechanical agitator and
electrical heater were provided within the isochoric vessel.
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The n-hexane was withdrawn as a gas and the quantity
withdrawn determined by conventional weighing bomb
techniques (8). A detailed thermodynamic analysis of
the process is available (3, 4) which permitted the minor
digressions from isobaric, isothermal conditions during the
evaporation to be taken into account. Corrections were
applied for the mechanical energy added to the system as
a result of the agitation of the liquid phase and the minor
thermal transfers between the calorimeter and the nearly
adiabatic jacket. The fact that the gas phase was with-
drawn from the isochoric chamber at a slightly different
temperature than the evaporating liquid temperature was
also taken into account. It is beyond the scope of this
discussion to review the thermodynamic analysis (3, 4)
of the process.

The latent heat of vaporization under idealized isobaric,
isothermal conditions is given by the following expression:

l=(Hg—H1)=[Q]TP<XLVE—Vl) 1)
where the quantity [@]r, » represents the net energy required
per unit weight of material withdrawn from the isochoric
calorimeter under isothermal conditions.

In the current measurements, the deviations from
idealized isobaric, isothermal conditions did not introduce
corrections to the latent heat of vaporization of more than
0.3%. The energy associated with the agitation was less
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than 1.3% of the electrical energy input at all states
investigated. The estimated uncertainties of the several
variables associated with measurements of the enthalpy
change upon vaporization of n-hexane are set forth in
Table I. The information in Table I is presented in terms
of the fraction of the measured enthalpy change upon
vaporization of n-hexane at a temperature of 280°F.

Equation 1 indicates that a knowledge of the volumetric
behavior of the coexisting liquid and gas phases is necessary
even under idealized conditions in order to relate the
measured energy input [Q]r » to the latent heat of vapori-
zation !. It appeared desirable to eliminate the use of
directly measured specific volumes of the saturated gas
since these are subject to uncertainties as the result of
absorption.

By combining the Clapeyron equation with Equation 1,
the latent heat of vaporization of n-hexane may be evalu-
ated in the following way:

1=[Q)rs— VT (dP/dT) )

In the application of Equation 2 the volumetric measure-
ments of Stewart (9) were employed to establish the
specific volume of the saturated liquid as a function of
temperature. The vapor pressure measurements reported
by Young (12) as well as values submited in a critical
review (1) were employed in the present measurements
to evaluate the quantity dP’’/dT. Residual techniques
were employed in these operations and it is believed that
the derivative dP’’/dT does not involve uncertainties of
more than 0.2% from the measured values of vapor pressure
reported (I). The specific volume of the dew-point gas
was evaluated from the current measurements of the latent
heat of vaporization by application of the Clapeyron
equation:
l

V5=VI+—T—(3—137,/d—T) (3)

MATERIALS

The n-hexane utilized in this experimental investigation
was obtained as research grade from the Phillips Petroleum
Co. which reported it to contain not more than 0.0004
mole fraction of impurities. The specific weight of the
material was 40.881 pounds per cubic foot at 77°F. which
compared with a value of 40.878 pounds per cubic foot
reported (1) for an air-saturated sample at the same temp-
erature. Measurements of the index of refraction relative
to the D-lines of sodium at 77°F. indicated an index of
1.3723 as compared to a value of 1.37226 reported (I) for
an air-saturated sample at the same temperatures. A
review of these data leads the authors to believe that
the sample of n-hexane employed had a purity of at least
0.9996 mole fraction. The probable impurities are isomers
of this hydrocarbon. It should be recognized that traces
of impurities in calorimetric measurements of the latent
heat of vaporization do not introduce uncertainties of the

Table I. Estimated Uncertainties of Measurement

Probable
Uncertainty,
Quantity Per Cent
Energy added electrically 0.03
Energy added by agitation 0.15
Energy exchange between
calorimeter and jacket 0.01
Change in temperature of
liquid and vapor 0.03
Weight of material withdrawn 0.02
Volumetric correction factor 0.05
Superheat of liquid 0.04
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same magnitude as similar quantities of impurities would
in the case of volumetric or vapor pressure measurements.

EXPERIMENTAL RESULTS

The results of the experimental measurements upon
n-hexane are reported in Table II. It should be recognized
that an error of 1% in the slope of the vapor pressure
curve which is recorded in Table II introduces less than
0.08% uncertainty in the measured enthalpy change at the
highest temperature recorded. The specific volume at dew
point was calculated by application of Equation 3 and the
and the compressibility factor recorded was evaluated,
employing a molecular weight of n-hexane of 86.172 and a
value of the universal gas constant of R = 10.73147 (p.s.i.)
(cu. ft.)/(lb.-mole)(°R.). Values of the latent heat of
vaporization recorded in Table II are presented in Figure 1.
Critically chosen values (I) have been included for com-
parison.

In order to permit a more precise comparison of the
present measurements with data reported by other investi-
gators, residual techniques were employed. In the present
instance, the residual latent heat of vaporization has been
calculated by the following expression:

I=1-(173.00 - 0.22t) (4)

Values of the residual latent heat of vaporization obtained
in the present measurements are set forth in Figure 2
along with critically chosen values (1) and the experimental
measurements of Waddington and Douslin (10). The
“‘standard error of estimate’’ of the current measurements
of the latent heat of vaporization from the smooth curve
shown in Figure 2 was 0.21 B.t.u. per pound. This measure
of uncertainty is defined by:

; =[{f (5= 5} /N - 1) ] 5)

In equation 5, ¢ is the standard error of .estimate, x. the
experimental value, x, the smooth value, and N the number
of experimental points. The corresponding measure of
uncertainty of the experimental work of Waddington and
Douslin (10) was 0.58 B.t.u. per pound. Smooth values
of the latent heat of vaporization are reported as a function
of temperature in Table III. The internal energy change
upon vaporization and the specific volume at dew point are
presented also.

The compressibility factor for the dew-point or saturated
gas as a function of pressure is shown in Figure 3. The

N f

8
v
L

BTU PER LB
A

Wil
/dr'

140 \J\

N
(R{] \
lool- O AP 44 () \

o AUTHORS Q\
| | \
50 100 150 200 250 300 350
TEMPERATURE  °*F
Figure 1. Latent heat of vaporization
for n-hexane
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Vaporization
B.t.u./Lb.

Volumetric Latent Heat of

Compressi-
bility Correction
Factor Factor’

Bubble
point”
cu. ft./1b.

Specific Volume

D
point
cu. ft./lb.

dpP’/dT
PSI./°R.

Superheat
of Liquid,
°F

Weight of
Material

Table il. Experimental Results for n-Hexane
Withdrawn, Lb.

By conduction
B.t.u.

Energy Added
Electrically, By agitation, and radiation,
B.t.u

B.t.u.

Press.”
PS.I.A.

Temp.,
°F

Identifi-
cation

VOL. 9, No. 2, APRIL 1964

035224
036916
037931
039344
038383
027936
053526
035810
050426

°Stewart et al (9). *Not used directly in evaluation of latent heat of vaporization.

Table ). Critically Chosen Values
of Some Properties of n-Hexane

Internal Energy Latent
Specific Vol. Change on Heat of
Temp., at Dew Point Vaporization Vaporization
°F. Cu. Ft./Lb. B.t.u./Lb. B.t.u./Lb.
50 42.90 150.30 161.90
60 33.73 148.35 160.15
70 26.45 146.36 158.37
80 21.09 144.41 156.60
90 16.80° 142.44 154.80°
100 13.71 140.55 153.08
110 11.21 138.61 151.31
120 9.290 136.70 149.56
130 7.699 134.78 147.79
140 6.474 132.88 146.03
150 5.460 130.99 144.27
160 4.605 129.11 142.51
170 3.922 127.21 140.73
180 3.348 125.30 138.90
190 2.902 123.29 137.00
200 2.495 121.23 135.02
210 2,187 119.10 132.96
220 1.913 116.94 130.85
230 1.684 114.73 128.67
240 1.488 112.48 126.43
250 1.299 110.20 124.13
260 1.152 107.87 121.76
270 1.019 105.48 119.31
280 0.9046 103.03 116.78
290 0.8109 100.50 114.14
300 0.7109 97.87 111.37
310 0.6406 95.10 108.43
320 : 0.5742 92.25 105.40
330 0.5102 89.37 102.28
340 0.45%4 86.39 99.05
350 0.4139 83.34 95.73

“Values at this and lower temperatures extrapolated from data
at higher temperatures.
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Figure 2 . Residual latent heat of vaporization

standard error of estimate of the experimental values of
the compressibility factor of the dew-point gas recorded
in Table II from the smooth curve shown in Figure 3 is
0.0017. As a matter of interest, the compressibility factor
calculated from the directly measured values of the specific
volume of the dew-point gas as reported by Young (I12)
has been included for comparison. These data indicate a
standard error of estimate of the experimental values
reported by Young (12) of 0.0072 from the smooth curve.
Likewise, the values of the compressibility factor calculated
from the more recent compilation of the thermodynamic
properties of n-hexane by Weber (Z1) have been included.
It is understood that the specific volumes of the dew-point
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gas reported by Weber (11) were at least in part based
on the data of Young (12). The standard error of estimate
of the values tabulated by Weber from the smooth curve
shown in Figure 3 is 0.0063.
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Figure 3. Compressibility factor for dew-point gas

ACKNOWLEDGMENT

The experimental work reported was carried out with
the financial support of the Standard Oil Company of
California which made available a fellowship to John
Huisman. The -calorimetric equipment was originally
constructed through the support of the Jet Propulsion
Laboratory of this Institute by Project MX-121 of the
Air Materiel Command and by the Ordnance Department.
Viginia Berry contributed to the calculation of the ex-
perimental results and B. Lawson Miller to the preparation
of the manuscript.

226

NOMENCLATURE

d
{

differential operator

latent heat of vaporization, B.t.u./lb.

residual latent heat of vaporization, B.t.u./lb.

enthalpy, B.t.u./lb.

vapor pressure, p.s.i.a.

heat added per unit weight of material withdrawn under
idealized conditions, B.t.u./lb.

thermodynamic temperature, ° R.

temperature, ° F.

specific volume, cu. ft./1b.

=
<oy D im
NERRE

Su

o

scripts

gas phase
liquid phase
pressure
temperature

o B - Y
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