I. ENTHALPY CHANGE UPON VAPORIZATION

OF THE HYDROCARBONS n-PENTANE, CYCLOHEXANE AND 1-BUTENE

II. EVALUATIONS OF DIFFUSION COEFFICIENTS
FOR THE METHANE-n-BUTANE SYSTEM

BASED ON GRADIENTS IN THERMODYNAMIC STATE PROPERTIES

Thesis by

William Kozicki

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1962



ACKNOWLEDGMENTS

I wish to express my appreciation and gratitude to Professor
‘Bruce H. ‘Sage, under whose direction this research was conducted,
for the éncouragement, helpful advice and assistance rendered through-
out the course of the research.

Ernest R. Boller, Henry E. Smith and Robert F. Cuffel
assisted in the measurements of the heat of vaporization for which I
am most g‘rateful, The cooperation and assistance received from
H. Hollis Reamer is greatly appreciated. Lee T. Carmichael
reﬁdered invaluable assistance on several occasions in repair work
on the calorimeter. The continued interest and helpful advice of
Dr. R. A. McKay, who also kindly permitted the reproduction of
his :figures of the apparatus, is acknowledged with gratitude. The con-
tributions of Y. L. Wang, who performed the chromatographic ahalysis
on the l-butene employed, and of Willard M. Dewitt, George A, Griffith,
Paul B. Holmen, Raymond Reed, Virginia Berry, Larry Beaulieu,
William Lockwood, Seiche Nakawatase and others are also gratefully
acknowledged.

| . I wish to acknowledge with gratitude the financial support of
the experimental work by the Standard Oil Company of California who
also made me the recipient of a fellowship. Much éf the apparatus
available in this work was made available by the Jet Propulsion

Laboratory of the California Institute of Technology.



ABSTRACT

I

An experimental investigatiqn was made of the enthalpy change
upon vaporization of three hydrocarbons in the pure state. The hydro-
carbons studied were n-pentane, cyclohexane and 1l-butene. Direct
calorimetric determinations of the enthalpy change were carried out
ét 30° temperature intervals in the temperature range 100° F. up to
310° F. and at pressures in the range 3-250 lb. per sq. in. abs. The
experimentai data was smoothed and interpolated utilizing residual
techniques. Critically chosen values of the enthalpy change upon
vaporization of n-pentane, cyclohexane and l-butene are presented at
even temperature increments of 10° F. The data extrapolated to
77° F. is in excellent agreement with selected values at 77° F. re-
ported by Rossini which were measured at the National Bureau of

Standards.

| 1I
Evaluations were made of the phenomenological coefficient and
the diffusion coefficients based on gradients in the chemical potential
and fugacity for methane diffusing in the liquid phase of the methane-
»n—but-ane system. Values of these coefficients are presented at six
pressures evenly spaced in the pressure range 250-1500 1b. per sq. in.
at each of the temperatures 100°, 160° and 220° F. The evaluated coef-

ficients are marked functions of the state of the phase.
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PART I

ENTHALPY CHANGE UPON VAPORIZATION

OF THE, HYDROCARBONS n- PENTAN_E, CYCLOHEXANE AND I-BUTENE
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INTRODUCTION

The enthalpy change upon vaporization is of importance in es-
tablishing the thermodynamic behavior of pure sui)stances in the two
phase region. Most of the availaiale data relaﬁng to direct calorimetric
e\}aluations of this quantity pertains to atmospheric pressure or lower (1).
Calcula£ed values obtained by application of the Clapeyron equation (2)
to PVT data are available for a large number of hydrocarbons upv to the
critical states of the substances (3, 4,5,6). However, the accuracy of
thé enthalpy change upon vaporization, evaluated in this way, in general
is not as good as that attainable by the direct measurement. In many
cases,‘ accurate enthalpy change measurements can be used to provide
evaluations of the specific volume of the saturated gas under conditions
when such data cannot be obtained conveniently by direct measurement.
In addition, these measurements afford a desirable check upon the con-
sistency of the thermodynamic data related to the saturated liquid and
gas.

A review of the literature indicates that limited effort has been
devoted to the direct calorimetric evaluation of the enthalpy change upon
vaporizatidn of n-pentane. Griffiths and Awbery (7) carried out meas-
urements on a sample of commercial n-pentane at temperatures between
-4° aﬁd 86° F. and reporteg fheir data in terms of line‘ar functions of
temperature. Young (3) studied the volumetric behavior of the saturated

liquid and saturated gas of n-penf’a.ne, and from these measurements

and measurements of the vapor pressure computed the enthalpy change
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by the appliéation of the Clapeyron equa.tion.‘ More recently Canjar
et al. '(5) repeated the analytical evaluation utilizing their more recent
llvdlumetri‘c measurements. Calorimetric measurements of the enthalpy
change had been made between 82° and 200° F. at this laboratory (8)
with an earlier apparatus. Osborne and Ginnings (9) carried out direct
m‘easurementé on a large number of hydrocarbons at 77° F. and have
réported’a value for n-péntane at the same 'temperature. Messerly (10)
reported a determination by direct measurement at 77° F. There ex-
istgd significant differeﬁces between all of the above data and a further
investigation of the enthalpy change upon vaporiiza.tion‘of n-pentane
seemed desivrable, particularly since relatively pure n-pentane is now
readily available and the maximum previous tempefature of measure-~
ment was 200° F. Rossini (1) has made a critical review of the thermo-
dynamic properties of hydrocarbons including n-pentane and has reported
values of the enthalpy change at 77° F. and at the normal boiling point.
Measurements of the enthalpy change upon vaporization of cyclo-
hexane have been limited to only a few temperatures. Spitzer et al. (11)
determined the enthalpy change at two temperatures from measurements
conducted in a flow calorimeter system. Osborne and Ginnings (9) also
obtained a value for cyclohexane at 77° F. Rossini (1) has reported
'iialues for the enthalpy change at 77° F. and at the normal boiling point.
Accurate information concerning the etitha.lpy change upon vapori-
zation of 1-butene has been scarce. From available experii’nental PVT
data, by means of the Clapeyron equation, Weber (4) computed the en-

thalpy change for a tabulation of the thermodynamic properties of
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l—buténe, Osbo_rné and Ginnings (9) carried out a measurement at 77° F.
Aston et al. (12) made measurements of the enthalpy change upon vapori-
VZa_;cion at six temperatures between ~95. 5° aﬁd 20.4° F. and represented
thié data by a quadratic function of temperature. Rossini (1) has also
reported values for l-butene at 77° F. and at the normal boiling point.

| ’;‘here is a great deal of information in the literature (6, 13, 14,
15, 16, 17, 18, 19) which pertains to the estimation of the enthalpy change
upon vaporization. In general, such data is unsuitable for thermody-
namic tabulations although it serves as a useful substitute in thevpracti-
cal situation where éxperimental data is lacking. Most of the methods
described in the literature are based on utilization of the Clapeyron
equation. Probably the most noteworthy of these is the technique of
Pitzer et al. (13) which yields values ‘appearing, in many instances, to
agree quite well with the reliable experimentally determined data. In
this method, PVT data required in'the Clapeyron equation is supplied
by the application of the law of corresponding states, with the incluéion
of an additional variable, the "acentric factor, " to account for the differ-
ences in geometry of the different molecular species. O'Hara (6) de-
rived a relation for the enthalpy change, beginning with the Clapeyron
equation, utilizing a relation derived by Haggenmacher (20) for the
difference between the specific volumes of the saturated vapor and liquid
and the Antoine equation (1) for the vapor pressure. He also calcﬁlated
the enthalpy chang‘e of 88 organic compounds in the pressure range 1 mm
‘ to the critical pressure. A further discus siqn of the more approximate
methods of evaluation as well as of correlations of the enthalpy change

lies outside of the sphere of interest of this study.
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METHOD AND APPARATUS

The method and general features of the a.f;p’aratus used in the
es;r,a;luatibn of the 7entha.1py change upon vapo:c;izatién were essentially the
same as developed ‘by Osbornei and co-workers (9, 21, 22).

The method consisted ‘in vaporization'of the material under in-
ve sti‘gation in an isochoric vessel, the material vaporized being with-
drawn and collected in a cooled weighing bomb. A constant vaporization
rate was maintaine.d by means of an orifice, operating at sonic vélocity,
which maintained a stéady discharge rate under isobaric conditions in
thé calorimeter. Energy required in the vaporization was provided by
means of é.n electrical heater, at a rate necessary to maintain substan-
tiallsr sfe ady state conditions within the calorimeter. By maintaining
the surroundings at the same temperature as the bomb, energy transfers
by conduction and radiation between the calorimeter bomb and the sur-
roundings wére eséenﬁally elirriina;ted.

Figure 1 illustrates schematicaily the general features of the
éalorimeter and associated equipment. The calorimeter bomb, A, was
situated within a vacuum jacket, B, which was enclosed by an oil bath,
not shown in the figure. The pressure within the vacuum jacket was
maintained below 10™8 inches of mercury by means of an oil diffusion
pﬁmp, L, and a suitable mechanical forepui’np. To prevent the exchange
of energy between‘the vacuum jacket aﬁd the calorimeter bomb, the tem-

pera.tur;'e of fhe oil bath was controlled at the same temperature as the

bomb. A small centrifugal agitator, C, provided circulation of the liquid
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ih the bo'mb.‘ The liquid flowed past a heater, D, around and through
porfs in Athe shield, E, é.ﬁd past a thermometer well, F. The saturated
'gas- was’ w;'.thdrawn from the top of \the calorimeter through a small tube,
I—I.' The rate of withdrawal was controlled by the orifice, I, operated
at an upstream to downstream pressure ratio greater than two to one in
‘ofder to attain sonic flow conditions. At these conditions, the flow rate
was inseﬁsitive to small variations in pressure downstream from the
orifice and was dependent only upon the pressure within the calorimeter.
The material withdrawn was condensed in either of two weighing bombs,
J or K. Condensation in the withdrawal tube was prevented by maintain-
ing the temperature of the walls of the tube slightly above that of the
calorimeter. Provision was made for measurement of the pressure in
the calorimeter bomb with a pressure balance; G, through a connection
at the bottom of the calorimeter.

The enthdlpy change upon vaporization, in the case of the ideal-
ized isothermal-isobaric process, is evaluated by means of the simple

expression,

2.2 Va4V

-H. =

b 1
However, the expression for the enthalpy change in an actual vaporiza-
tion process involving minor perturbations from isothermal-isobaric
conditions and a certain amount of superheating of the liquid phase and

- subcooling of the gas phase is lengthy and considerably more complicated.

It involves several line integrals to be evaluated along the actual path of
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the vaporization process. The net heat added during the process, Ql 2
e

includés, in addition to the energy added electrically, small corrections

due to the ‘mechanical agitation of the material in the bomb and due to

the existence of small temperature differences between the bomb and the

adiabatic jacket.
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THERMODYNAMIC ANALYSIS

A t‘hermodynamic analysis of the vaporization process is avail~
able (23, 24) for a one-component system and a multi-vcomponent system
with a single volatile component. The subsequenf analysis of the one-
component case does not differ materially from the previous treatments.
An a.tten;xpt has been made to present the derived relations in a form
which clearly indicates the relative importance of the various experi-
mental variables in the evaluation of the enthalpy change and the effect
of the incorporation of certain refinements in the experimental procedure

on the accuracy of the evaluation.

Thermodynamic System

The thermodynamic system under investigation is illustrated by
the simple schematic diagram in fig. 2. Briefly, it is comprised of an
isochoric vessel within which there is confined a one-component hetero-
geneous system consisting of a liquid phase and the coexisting gas phase.
The vessel is provided with an electrical heater and an agitator and is
enclosed within a jacket, as shown. The system undergoes a change in
weight due to the withdrawal of material vaporized in the vessel. Energy
is added by the heater duﬁng the proces‘s in the amount necessary to
maintain steady conditions within the vessel, except for minor perturba-

tions.

Analysis
The conservation of energy for the process may be conveniently

written as,
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dE=d-w+E,dm, =g4 P,V dm, +E dm, ()

— ot

v"]?he second equality results since the vessel is isochoric and work in-
vb'lved in the process is limited to that associated with the withdrawal
of material from the vessel.

| Representing the state of the material being withdrawn by the

state of the gas phase within the vessel, equation 1 may be rewritten

d_F;:=g+Pngm 2 TE dm (2)

g g 82

It is convenient to consider that the electrical energy dissipated
by the heater as well as the mechanical energy dissipated #ithin the
calorimeter by the agitator are transferred to the thermodynamic sys-
tem as heat. The system also may exchange heat with the s‘urroundings,‘
by conduction and radiation, due to a temperature difference between
the outer boundary of the system and the surroundings. In view of these
considerations, the net heat gained by the system is given by

d :-C-l-e + s * gc+r (3)

It is assumed that each of the quéntities on the right side of equa-
ﬁon 3 can be determined as a function of the time elapsed during the
vaporization process. The details pertaining to the actual evaluation of
each of these terms do not properly belong in the thermodyhamic analy-

- sis and are presented in another section. It should be realized that the

net heat transferred to the system, 9 is comprised for the most part



._9_

LS

c.:\f the energy transfexfred by the electrical heater, Ge» the other energy
terms béing of smaller order of magnitude by comparison.

Utilizing the extensive character of internal energy, the change
iﬁ'thé in‘te':rnal energy of the system may be related to the changes in

the individual pa.rtvs comprising the system as follows,

dE = dE / + dE_ + dE,[£(T)] (4)

The assumpfion is made in equation 4 that the change in internal energy
of the vessel, considered a part of the thermodynamic system, may be
represented by a function of temperature alone.

The first law of thermodynamics may be utilized to obtain the
changes in internal energy of the liquid and gas phases, d_.’t_E_i and dE
respectively, in equation 4. If this is done, then the expression obtained
for the liquid phase is

dE

) 8y oV
;= ml[ C,P— P(FT)P] £<ilT + mﬂ[ Lp- P(-gp)T] ﬂdP

+E,dm (5)

£, 17
and for the gas pbase,
| af_,:g =mfepm PEYIL] 4T + m Lep- PEY) ] ap
+ B dm, . ' : (6)

Similarly, the change in the internal energy of the vessel can

be established from
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aEA[f(T)]‘ o ar . (7)

A

In equation 5, the differential change in weight of the liquid

phase is given by dm_ ., representing material transferred across the

4,1
interface. The differential change in weight of the gas phase in equa-

tion 6 involves, in addition to the material ti:ansferred across the inter-
face dmg i the weight of gas phase withdrawn from the vessel, dmg ar

The following relationships involving these quantities may be written:

dm = dmg’ Q = dml + dmg (8)
dml = dmﬂ, : (9)
dm = dmg,i + dmg, a ' (10)

It follows from these three relations that

‘dm‘e’i = -dm, (11)

It is evident that the identity of dm and dmg* ,» in equation 8 is con-
tingent upon the same assumption as was made in arriving at equation 2,
viz., that 't.he state of the material withdrawn is the same as that of the
gas phase, '\x.rhich excludes liquid entrainment from the analysis.

The relationship between the weight of material withdrawn as gas
and the améunt éf material vaporized is obtained from basic consideras
tions utilizing fhe extensive property of volume and the basic assumption

that the calorimeter is isochoric. It follows, therefore, from the re-~

lations
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V=mV +#11V1 (12)

and

dv =0, (13)

dVg dVl
dml,. ~ Vg‘-l- mg'a_ﬁ +m1—&'—m ”
dm - Vg-V1 (14)

The superheating of the liquid phase and subcooling of the gas
phase, which is encountered to various extents in vaporization pro-

cesses, can be accounted for by means of the relation
-H = AH ) - A
Hg H.(l (Hd + Hg) (Hb + HI) (15)

where AH designates the change in the enthalpy of a phase resulting

from superheating or subcooling. More specifically,
T
A .
A =H -1 = .
H.ll I—II Hb S‘ CP*EdT
: Tb

and ' o (16)

Derivation of the General Enthalpy Change Relation

The general enthalpy change relation is readily derived by com-
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bining the relations presented in the discussion of the previous section.

o " If the relations for d—E—.lZ’ dEg and dEA given by equations 5, 6
anjd‘ 7 resp‘eptively, are substituted into equation 4, and the resulting
e;":‘pré‘ssi.on is equated to the right side of equation 2, the following ex-
préssion is obtained, after cancellation of the term E drn.g’ a from
both-sides of the equation,

_ v v
q+ Pngmg’ 0= {ml[ °pg" P(gT )P]£+ mg[ cp- Plyw )P] gt cp YT

av aVv
+ {mﬂ[IP- P(-ﬁ,)T]ﬁ mg[lp— P(gp )] g}dP— (B~ Ey)dm, (17)
Making the substitution,

E, - E, =(H - H) - (PV_- PV)) (18)

in equation 17 and carrying out a simple rearrangement of the resulting

expression yields

(Hy- H))dm, ;= -g+ {m[cp-Plgy)pl + m [ cp- Plp )p) gt caXT

+ {ml4p- PgE gl # mlep- P(EEL)7] 1P - PV dm + V,dm,)

(19)

A simple rearrangement of the expression obtained by combina-

tion of equations 12 and 13 results in
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- = 2
(V dm, + V,dm) = (m dV  + m,dV)), (20)

which can be expanded to give

oV 9V

- = (8 8
(ngm + Vldml) mg[( 5T )PdT + 5D )TdP]

g

A A
+ ml[ (57 )pdT + (_a.P.)po] (21)

Substituting the expression given in equation 21 for

(V. d
(Vgdmy

tions results in the following relatively simple expression,

+ Vﬂdml) into equation 19 and making the necessary cancella-

(Hg—- 'Hl)dml, i

= -q+ (mICP,1+ mch’ g+ CA)dT
+ (mﬂP,.z + mgipy g)c'lP (22)
Substitution of the relations given by equations 14 and 15 into

equatidn 22 yields the following relation,

S av, av,
(Hg- H)(V gt my —p2 4 m, am)

dm = -g+ (m!_cowt» m,Cp g+ cA)dT
~Vg - Vﬁ

(AHI-AHQ(Vg{hm By m -2)
+ m ap , :
g £

+ (mli

(23)
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which can be integrated from the initial to the final conditions, along

the pé.th of the process, as follows,

m, av, av,
S" (Hg- Hb)(vg+ ™o dm ™ dm )dm
m, - Vg Yy

2 my
- ' ‘ dT
"S a+ g (mycp ) + M Cp o+ Cplgy, dm
1 ml'

dP
§ (mylp ot Melp o) qm I

m, dVg dVi

(AH - AH )(V_+ m +m —21)
+'§ f g g gdm £dm g (24)
m,

Vg -V,

If an average value of Hy - Hb is assumed, equation 24 reduces

to the following expression for the enthalpy change upon vaporization,

2
(Hg- H) = 1 [S.-g
Vg+ mng. + ml T don
Vg - V[

+ (mICP,£+ m CP’ g-k- cA)a-—— dm+§ (m IP l-l—rn 1p g)a— dm
1

m, dV dVl
A
(Hl AH)(V +mg—a—+ Y ~dm )

+ dm (25)
: v_ - V

™ g
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The a‘xst‘erisk over the enthalpy difference term in equation 25
“ser{res' t; indiéa’ce that thé enthalpy change evaluated is an average value
vov,-er‘the, r‘angé of conditions encouﬁtered in the process. In the present
wérk, however, the magnitudes of the perturbations were so small as
to have substantially no effect on the enthalpy difference involved,
within the precision of the measurement.

Tile analysis assumes that each of the phases involved in the
vaporization process can be represented by a single state although in
an actual process slight temperature gradients exist within each phase.
Furthermore, in the derivation of equation 25, the assumption is made
that the state of the material withdrawn from the vessel is the same as
that of the gas phase, which precludes liquid entrainment in the gas
phase withdrawn. The state of the vessel is represented by a function

of temperature alone.

Simplified Enthalpy Change Relations

If average values of the subcooling and superheating terms are

assumed, the general enthalpy change relation, equation 25, becomes

2
% 1
(Hy- Hp) = &7 v av, [g "3

: V +m + m, = 1
5' g g d 2 dmdm
.4 vy -V,
™2

[(mc +mc +c }H——+( gt s d'P]dm.
P,y A g P;.g)?l?n

|

%k L3 .
+ OH, - AH (26)
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If the t‘elmperature variation in the process is sufficiently small
and-the temperature at condition 2 is made identieally equal to the tem-
perature a:t the initial condition, the second integral in the bracket
eéuation 26, vanishes, the specification of averages becomes unneces-

i

sary and equation 26 reduces to the following simple form,

Q Vv -V
H,-H = —22 &8 L Ay . Al (27)
a™ M~ sy TV, ) g

For the isothermal-isobaric process with no subcooling or super-

heating of the phases the following familiar simple expression results,

Q V.-V
Hy-H = —22 _S

b m; - m, Vd

b

(28)
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DESCRIPTION OF APPARATUS

The calorimeter used in this work waé a modification of an
earrlier é.pparatus (25) used for the measurement of the heat capacity of
liquids. As a consequence of the modification, the utility of the calorim-
eter was, extended‘to include the measurement of the enthalpy change
upon vaporization. A detailed description of the apparatus in substan-
tially the present f01;m is available (23, 25). In the following, an attempt
has been made to present the main and important features of the vappara—

tus. The reader interested in additional details is referred to the above

references.

Calorimeter Assembly

‘Figure 3 shows the general arrangement of the calorimeter as-
sembly, the principal part of the apparatus. The calorimeter bomb, A,
in fig. 3, is comprised of two parts machined from type 302 stainless
steel. These two parts are joined at the equator by means of a tapered
Acme thread, which was sealed with pure tin. The vessel was designed
originally to operate at pressures up to 1000 lbs. per sq. in., which
correspoﬁdéd to a maximum stress in the steel of 20, 000 1b. per sq. in.
However a leak was developed in the tin seal of the bomb, (during a vap-
oriza.t‘ion process with l-butene at a temperature of 25 0°F. anda pres-
sure of 385 1b. vper sq¢. in.), after the calorirﬁeter had been operating
succes'sfull& for an extended period of time in which three systems had
' been investigated. The leak was repaired and the subsequent pressure

test was conducted up to a pressure of 350 Ib. per sq. in. This pressure
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éxceeded by more than a factor of 2 the maximum anticipated pressure
o:E systems to be 1nvest1gated The calorimeter bomb is supported
from the jacket J by means of three wires fastened to lugs in the upper
pért of the bomb.

Agitation of the liquid within the calorimeter was provided by
m.é,ans of a centrifugal agitator B, fig. 3. The liquid leaving the agi-
tator thrc;ugh the ports C, in the shield D, flowed upward through the
annular passage between the shield and the inner wall of the calorim-
eter, A, past a heater situated in this annular space which is not shown
in the figure, down past the thermowell enclosing the resistance ther-
mometer, E, returning to the agitator along the radial guide vanes, F.
The calorimeter heater consists of a heating element enclosed within
1/8 inch diameter steel tubing turned into a helix of 7-1/2 turns on a
diameter of 4-5/8 inches. The heater extends from just above the ports,
C, in the shield, to slightly below the mid-point of the calorimeter.
Additional porté in the shield D, not shown in fig. 3, permit circula-
tion of liquid samples only slightly in excéss of the amount fequired
to cover the heater with no circulation. These additional ports and the
heater arraﬁgement permit a considerable variation in voiufne of the
's;a.mple in the calorimeter. A small portion of the l,'iquid leaving the
agitatbr B, through the ports C in the shield D, flowed downward
below the a.gitat'or then upwar‘d through ‘openiﬁg,s located near the eye of
the agitator;

The calorimeter agitator, supported by steel and bronze bearings,

indicated in fig. 3, was driven‘by the shaft G. This shaft is enclosed
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by thevtube I—I,,‘ connected to the lowest point of the calorimeter bomb
andié"aviAng the vacuum jz;.cket through the seal I, located in the sleeve
U. The .sl‘eeve U, which ,is an e:’:ténsion of the vacuum jacket, serves
toﬂlengthen the path of direct contact between the calorimeter and its
surroundings at the lower end of the calorimeter, thereby reducing
thé tem;;erature gradient along the path. The tube H is thin-walled
along thié path. The annular space between the shaft, G, and the in-
terior of the tube, H, is connected to the interior of the bomb through
two small ports, located at the lowest point of the bomb. These pas-
éages were used in the loading and unloading operations of the bomb.
The shaft G, the tube H, and all of the parts within the bomb, exclud-

ing the bronze bearings, are of stainless steel.

Oil Bath

The vacuum jacket, J, is enclosed by the oil bath, K, in fig. 3. '
Circulation within the oil bath was provided by the impeller L, which
pumps oil through the ports M, up and along the circulation shield N,
past two heaters arranged helically and parallel to one another in the
annular region between the shield N and the outer wall of the vil bath
“ K. The brackets supporting the posts on which the oil bath heaters are
wound may be seen in the photograph, fig. 4. The 6i1 then flowed down-
ward, through the opening O at the top of the circulation shield, fig. 3,
past a resistance thermome‘;er, not shown, an& along the wall of the
. vacuum jacket, J. The flow continued, past the radial guide vanes P,

through:the ports S, downward past the circulation shield T turning
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vs}ith the imp;allér, then inward toward tube H and upward, past sleeve
U back into thé impeller.‘ A detailed description of the impeller drive
é.ssembly and associated bearings,‘ packing glands, etc. is available (23).
Tﬁe main features are readily discerned from fig. 3 and the accompany-

ing l_egend.

Calorimeter Agitator Drive

The tube H, which encloses the drive shaft for the agitator B,
is sealed to the steel shell E' just below the nut F'. The armature
hoﬁsing G' is suspended by means of the drive shaft G and rotates
between small steel and bronze bearings, located at I' and J'. The
bearing at I' is a combination journal and thrust bearing, although in
the assembly of the apparatus the parts had been proportioned so as to
leave a small gap at the thrust bearing I', so that the bearing supporting
the agitator also supported the armature. This:arrangement insured
that the shaft G was under tension, thereby minimizing whip.

Torque for turning theiagitator was transmij:ted to the armature
H' by means of rotating electromagnets K', energized through the slip
rings L' and M!, in fig. 3. The electromagnetic assembly is sup-

ported by bearings at O' and N' and was driven by the pulley P'.

Calorimeter Agitator Motor Assembly

The calorimeter agitator motor assembly consisting of a motor
and speed reducer is a replacement of the motor previously in use (23).
" The motor is the synchronous type with a power rating of 1/8 horsepower

operating at a speed of 1800 revolutions per minute. The speed reducer
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output rating is 85 in. lb. of torque and a speed of 75 revolutions per

minute corresponding to the reduction ratio 24:1.

Arrahgefnent for Pressﬁre Measurement

The tube H, which encloses the agitator drive shaft is connected
at the lower end to the steel sheli E'. This tube and a tube leaving the
béttorn of the shell are connected to the free space within the shell
through small ports, not shown in fig. 3, which bypass the bearings at
I' and J'. Provision was made for measurement of the pressure in the
shé;ll with a préssuré balance (26). A steel diaphragm transmits the
pressure and prevents mixing of the oil in the pressure balance system

with the material in the calorimeter.

Adiabatic Jacket

The oil bath, K, in fig. 3, which encloses the vacuum jacket and
calorimeter bomb, is enclosed by an adiabatic jacket, not shown in the
figure. Air is confined in the a.nnular space between the oil bath and the
adiabatic jacket. The adiabatic jacket is équipped with heaters and manual
controls for maintaining the jacket temperature close to the temperature
of the oil bath. In this way, small additions of energy were required to
maintain a constant oil bath temperature, a necessary condition for the

fine temperature control needed in this work.

Calorimeter Bomb Heater Detalils

The calorimeter heater is constructed of No. 24 AWG Chromel-A

wire, approximately nine feet in length, installed within a stainless steel
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tube 0. 055 inch in diameter. No. 24 AWG copper wire leads, extending
five‘ih‘che;s within the calérimeter, are connected to the heater. Electri-
cal ener‘gy‘waé supplied by two 6 vélt batteries in series and was con-
trélled by means of a suitable resistor in series with the heater. Poten-
tial leads, of No. 36 AWG copper wire for establishing the voltage drop
aré coﬁrfected to the heater circuit leads one inch from the external sur-

face of the calorimeter bomb.

Calorimeter Thermometer Well

‘ The calbriméter bomb rebsistance ‘thermometer is enclosed within
a thermometer well E, fig. 3. An atmosphere of helium gas, supplied
from a helium reservoir by the same tube carrying the thermometer
leads, wa s maintained within the well to improve the response of the
thermometer to variations in the tempepature of the bomb. The reservoir
for the helium is situated outside of the calorimeter assembly where it
. is in contact with surroundings at room temperature. The volume of the

reservoir is sufficient for the pressure of the helium not to be affected

appreciably by the temperature excursions of the calorimeter.

Tube for Calorimeter Thermometer Leads

The calorimeter bomb resistance thermometer leads are en-
closed within a thin-walled stainless steéltube (outside diameter 0.093
inch). This tube extends from a fitting at the ’top of the calorimeter
bomb to a small chamber situated just outside of the calorimeter assem-
bly, serving as the reservoir for the helium in the thermowell. The tube

leaves the vacuum jacket and the vacuum system via the vacuum line. It
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is soldered to a copper junction block at the junction of the vacuum line
‘an,d‘ thé \nracuum jacket to'eliminate temperature gradients and thermal
vlqsses alo;lg fhe tube. A i’leating element is also wound around the tube
oﬁe inch from the junction block on the vacuum jacket side. It was con-
trolled manually to maintain nearly zero temperature difference between
a,.point, on the tube near the bomb and another near the heater. A differ-
ential twé-junction thermocouple measures the temperature difference
between the two points.

The resistance thermometer leads emerge from the helium reser-
voir through a wax seal on top of the chamber. The chamber is equipped

with a pressure gauge which indicates the pressure of the helium.

Tube for Vapor Withdrawal

The vapor phé,se was withdrawn from the top of the calorimeter
bomb through a Withdrawé.l tube, of stainless steél (outside diameter
0. 072 inch), which passes through the vacuum chamber and the vacuum
line in the same manner as the tube carrying the thermometer leads.
The withdrawal tube is connected at the top of the calorimeter bomb to
the same fitting to which the tube carrying the thermometer leads is
fastened. The fitting and the paths of the two tubes from the top of the
calorimeter tothe:vacuumline are shown in the photdgraph fig. 4. The
Withdrawal tube emerges from the Vacuum line through a suitable fitting
and terminates in a valve block, located near the fitting.

The section of withdrawal tube between the bomb and the junction

block is provided with a guard heater and differential thermocouple in
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the sameb rnannér as the tube with the thermometer leads. The sections
Qf wifﬁdrawal ‘tube in the vacuum line and between the vacuum fitting and
;;h_e valve I‘;lOCk are each clad with close fitting copper tubing (outside
diémeter 1/8 inch). Two separate heaters are wound around the length
of copper %ubing in the vacuum line and one heater is situated along the
le,ﬁgth of tubing between the vacuﬁm fitting and the valve block. One
heater is also wound around the vacuum fitting. Each heater is provided
with an autotransformer in series with an isolation transformer for
manual control of the vapor line temperature.

A comparison of the temperature of the vapor tube at the two
heated sections with the temperature of the vacuum jacket, at a point
remote from the vacuum line, is affofded by means of differential two-
junction thermocouples. Differential thermocouples are also provided
for comparison of the femperatures of the vacuum fitting and the section
of vapor line between the fitting and the valve block with the temperature
inside the tube enclosing the thermometer leads, at a point about one

inch from the calorimeter bomb.

Orifice Block

The vapor withdrawal rate was controlled by three orifices,
used individually or in combination, which were situated in the orifice
block. Eight orifice sizes inrthe range_from\O'. 0014 to 0. 0198 inch in
diameter at the throat were available for use.

The orifice block also is provided with a heater for manual con-

trol of the temperature of the block. ‘A differential two-junction thermo-
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‘co'uple, used in the measurement of the temperature of the block, utilizes
the same reference junction as the thermocouples associated with the

vacuum fitting and the adjacent downstream section of tubing.

Withdrawal Manifold

The material withdrawn was collected in one of two weighing
bombs connected to the withdrawal manifold and serving: as condensers.
No heaters are installed on the withdrawal manifold or along the section
of copper tubing (outside diameter 3/16 inch) which connects the orifice

block to the manifold.

Calorimeter Thermocouple Locations

Three differential two-junctionh thermocouples are available for
comparison of the temperature at three lécations on the exterior surface
of the calorimeter bomb with the temperature of the vacuum jacket I,
fig. 3. The lécé,tions of the thermocouple junctions situated on the bomb,
with respect to the vertical position, corresponded approximately to the
1/3, 1/2,, and 2/3 volume levels in the bomb. A differential two-junction
thermocouple is instavl‘led within the thermometer well with éne junction

situated near the top and the other approximately 3.1 inches lower.

Temperature Measurement

The temperature of the oil bath K, in fig. 3, was determined by
means of a strain-free platinum resistance thermometer of the coiled
- filament type. The thermometer was calibrated relative to the Inter-

national Platinum Scale with an instrument calibrated by the National
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Bureau of Sté.n’da.rds. The temperature within the calorimeter bomb

was measured in the same manner.

| Thé resistances of the resistance thermometers were measured
Wi‘th Mueller bridges using the conventional four-lead connections. Tem-
peratures evaluated by this method could be determined to within O. 020 F.
in,‘re.lation to the International Platinum Scale. Changes in temperature

could be measured with an uncertainty of not more than 0. 003° F.

Calorimetef Heater Circuit Details

Figure 5 is a circuit diagram showing the calorimeter heater
circuit and the arrangement of the equipment used in establishing the
voltagé drop and current through the heater. The nomenclature and
circuit values accompanying the figure are presented on the two pages
following the figure.

In the figure, A represents the calorimeter heater and includes
the portion of the leads situated within the heater tube. F is an auxiliary
heater situated outside of the calorimeter assembly of approximately the
same resistance as heater A. It serves the purpose of permitting a
current flow, required for the stabilization of the heater circuit in ad-
vance of actual operation. Two high capacity 6-volt storage batteries
arraﬁged iﬁ series provide the electrical energy supply;_ C.

Adjustments to the current in the circuit were made by means of
the variable resisfors E and M. Both of these resistors are decade
boxes, M having a smaller current capacity than the similar resistor
E. The finer adjustrnenfs to the heater current wére made by means of

the variable resistor M. A shunt resistor P of fixed resistance serves
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the, double pﬁrpose of decreasing the current requirement through the
éontr’oll resistor M and feducing any effects due to unstable contact
fe‘sistance‘(Z?;).

| The current in the circuit was determined from the voltage drop
across the series resistor D. The voltage drop across the heater A
wés established by means of the high resistance voltage divider JK, in
parallel with the heater. The voltage divider is connected to the current
leads B, with the potential leads ¢, at points one inch from the calorim-
eter. The potential drop across the heater A was determined from the
voltage drop across the resistor K of the voltage divider. On account
of the fact that the resistors D and K were measured with the same
potentiometer G, these resistances have been selected so that the voltage
values measured with the potentiometer fell in the same region of the

slidewire scale for convenience in measurement.

Voltage Measurement

A White double potentiometer was ,used in the mea.surement of the
electromotive force of the thermocouples with both junctions in the vacu-
um jacket. These ‘inclvuded_ the thermocouples measuring the temperature
difference between the calorimeter bomb and jacket, thermocouples
'measurin‘gvtempérature gradients along the tubes leaving the top of the
bomb and along one heater lead, and the thermocouple within the ther-
mometer well. The uncertainty involvéd in the voltage measurements

was about 0.1 microvolts.
A Leeds and Northrup "student potentiometer" was used in the

measurement of the electromotive force of those thermocouples having
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a éingle jﬁnctidh in the vacuum jacket. These thermocouples play a
prorﬁiﬁerit part in the conu‘;rol of the temperature along the path followed
by the va.pc;r leaving the calorimeter. The uncertainty in the voltage
measurements obtained with this instrument was approximately 2 micro-
volts.

| Vbltage measurements for evaluation of the electrical power input
to the calérimeter bomb heater were made with a K-2 model Leeds and
Northrup pjotentiometer with an estimated uncertainty of not more than

0. 02 per cent.

General Layout

The general arrahgement of the calorimeter and some of the as-
sociated equipmént is shown schematically in fig. 6 and in a perspective
view in fig. 7. The éalorimeter and associated equipment is enclosed
in a housing unit comprising two small rooms. The structure of the
housing unit is steel. The inner and outer walls of the room containing
the calorimeter have been constructed of transite sheeting as a safety
measure against failure of the calorimeter during previous studies con-
ducted with corrosive materials.

. The calorimeter assembly in fig. 3 is located in the calorimeter
room B, fig. 7. The drive mechanisms for the calofimeter agitator and
oil bath impeller are situated on the floor, below the bench E. The
adiabatic jacket D and other barriers to thermal transfer surrounding
the calorimeter are supported above the bench, E, by a supporting struce
ture mounted on the bench. The location of the orifice block and condens-

ers may be seen in fig. 6.
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Auxiliary Equipment

" 'Most of the auxiliary equipment is housed in the second small
r’oqm in fig. 7. A mechanical vacuum pump G in series witha three-
sté;ge jet pump H was xJ;sed to evacuate the vacuum jacket between the
calorimeter bomb and oil bath. A second vacuum system consisting of
a meéhanical forepump and mercury diffusion pump and auxiliary equip-
_ment used in the evacuation of the lines up to the orifice block is situ-
ated in the space below G, near W. The potentiometgr I, a Leeds
and ‘Northrup student model, was used in the measurement of the tem-
perature differences along the vapor path, in conjunction with the light
source M and galvanometer J. Galvanorﬁeter deflections were observed
on the ground glass scale, O, which receives the lighf beam originating
at the light source 4M, after deflection by the galva.nometerb mirror, the
mirror N and another mirror not shown. The controls for potentiom-
etér I are located on panel Q.

The Leeds and Northrup type K-2 potentiometef used in establish-
ing the caiorimeter heater voita.ge drop and current is shown as R in
fig. 7. VC'ontrols for the heater circuit are located above the galx}anometer
J on the pahéi S. Controls for the K-2 are located on the panels Q and
S. Galvanometer deflections were obsefved on the g;'ound glass scale T,
r'eceiving a light beam from the light source U after reflection by the
galvanometer mirror V and another mirror not shown in the figure.
Variacs us_ed in the control of immersion and external heaters associated
‘with the oil bath are located on panel:X. The heaters controlled from

this panel were used only for heating the oil bath to the desired operating
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te\inperature.‘ The control panels of fig. 7 are shown in the photograph,
fig. 8. Additional controls mounted below the bench in fig. 8 are shown
iﬁ the phptégréph, fig. 9. The uppér variac in this photograph controls
thévbelectrical input to a transformer 'providing power for heating the
adiabatic jacket. The other variacs control the input to transformers
prdviding‘ the ‘electrical supply to various heaters situated along the vapor

line to the orifice block.

Additional Equipment

Additional instruments and control equipment used in conjunction
with the calorimeter are located in another room and may be seen in the
photograph, fig. 10. These include the two Mueller‘bridges used in the
measurement of the calorimeter bomb and oil bath temperatures, a K-2
model potentiometer for measurement of the temperature difference be-
tween the adiabatic jacket and oil bath and the White double potentiometer
used in evaluating temperature differences inside the vacuum jacket.
These have been enumerated earlier in this section. The electronic
modulating circuit used in conjunction with one of the Mueller bridges
to control the temperature of the oil bath is not shown, although the as-
sociated contz_:ols may be seen on th.e panel above the bridges, fig. 10.

-VTWO operators located at the two control stations, shown in figs. 8
and 10, were required for the successful operation of the equipment and
to take readings during the run. Commﬁnication between the operators
was carried on through an inter-communication system with components

located at the two consoles.
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MATERIALS

The. n-pentane employed in this investigation was obtained as
research gradé from the Phillips Petroleum Company, which reported
it to contain not moré than 0. 0002 mole fraction of impurities from
detéﬂning.tioris of the melting point. The sample yielded an index of
refraction‘ of 1. 3549 relative to the D-lines of sodium at 77° F. » as com-
pared to a value of L 735472 reported by Rossini (1) for an air-sa%;urated
sal;nple at the same temperature. From these indications, it is be-
liev;sd that the effect Vof impurities in the n-pentane employed on the
evaluation of the enthalpy change was negligible. | Before use, the n-
pen’caﬁe was dried with freshly extruded metallic sodium and then de-
aerated. The dissolved air was removed by freezing the material, using
liquid nitrogen as the refrigerant, and subsequent evacuation. This oper-
ation was repeated until a constant pressure was observed above the
frozen material in two successive operations.

The cyclohexane involved in this investigation was also obtained
from the Phillips Petroleum Company, as research grade, and was re-
ported to contain not more than 0. 0006 mole fraction of impurities from
determinatipns of the melting point. The sample showed an index of
refraction of 1. 42353 relative to the D-lines of sodiuin at 77° F. » Which
compares favorably with a value of 1. 42354 reported by Rossini (1) for
an air-saturated sample at the same temperature. On the basis of this
information, it is believed that the uncerfainty involved in the measure-

ments by the presence of the impurities is negligible. The cyclohexane
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sample was ériéd and deaerated before use in the same manner as the
nfpehtén.s:. | |

| The‘research grade l-butene used in this work was also obtained
from the Phillips Petroleum Company and was reported to contain 0. 0030
mole fraction of impurities. The most probable impurities were listed
as .1, 3-butadiene, isobutylene and trans 2-butene. An independent purity
check, cbté.ined by chromatographic analysis, indicated the ﬁresence of
propylene, n—butane' and 1, 3-butadi‘ene in the amount 0. 00024, 0. 00126
~and 0. 00147 mole fraction, respectively, The total impurity level
agrees with that reported by the Phillips Petroleum Company. The 1-

butene was deaerated before use in the same manner as the n-pentane.
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PROCEDURES

Material Transfer into Calorimeter

A material transfer was first preceded by an evacuation of the
calorimeter bomb to remove the remaining traces of the previous ma-
terial under investigation. The transfer was carried out by distillation
of the ma;;eria.l from the transfer cylinder to the calorimeter bomb, the
transfer cylinder being fastened to a loading block and submerged in
boiling water. The quantity of material transferred was sufficient to
insure that the calorimeter heater was well below the surface of the
liquid phase and that at least 20 per cent of the volume of the bomb was
occupied by the gas phase. The latter requirement was necessé,ry to
prevent the carry-over of liquid entrainment with the gas phase with-
drawn in a vaporization process. Since material was contimially re-
moved from the calorimeter, a record was kept of the amount of material
remaining in the bomb and subsequent additions were made when neces~

sary.

Preliminary Operations

The operations described subsequently were carried out in prepa-
ration-for a VaporiZation process. The cba.lorimeter bomb and oil bath
first were heated to the selected vaporization temperature. At this tem-
perature, the oil bath temperature was set on a‘utomatic control by meéns
of the thyratron éontrol circuit. The temperature gradient é,long each
of the two tubes leading from the top of the bomb was reduced to nearly

zero by adjustment of the appropriate guard heaters. The temperature
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of ‘the section‘ of withdrawal tube between the vacuum jacket and orifice
block 'vxlras" adjusted to appfoxima.tely 3-5°% F. above the temperature of the
b’omb by méané of four guard heaters situated along this length of tube.
The temperature of the orifice block was similarly adjusted by means of
a separate guard heater.

| Af:‘ this stage, two weighing bombs were attached to the vapor re-
ceiving mé.nifold and cooled with liquid nitrogen. The appropriate lines
were eva.cuafed to the weighing bombs and the orifice block. In addition,
the vacuum in the vacuum jacket, maintained by a separate vacuum sys-
tem, was checked. | |

The agitator was then started and electrical energy introduced to

the heater within the calorimeter bomb. A valve to one of the weighing
bombs and one or more of the orifice valves were opened, starting a
vapor flow. The rate of energy addition to the heater was then adjusted
until the temperature of the calorimgter bomb was nearly constant and
close to that of the jacket. A withdrawal rate in the range 0.2 to 0.6
grams per minute was usually selected which required a heater current

between 0. 25 and 0. 50 amperes.

Vaporization Test Run

When the various operating variables as de scribed above were
adjusted to the desired conditions, the vaporization test run was started
by diverting the vapor flow into the second tared weighing bomb. The

timer switch, vstrategically situated near the weighing bombs, was tripped

simultaneously. During the run, readings were taken to determine the



following:

W

(2)
(3)
(4)

(5)

(6)

(7)

(8)
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Voltage drop and current through the calorimeter heater,

féken at one or two minute intervals.

Temperature inside calorimeter bomb.

Temperature of the oil bath.

Temperé,ture difference ‘b'etweeﬁ the calofimeter bomb and
the jacket.

Temperature difference between liquid phase and outgoing
gas within calorimeter bomb.

Differences in temperature between the withdrawal line and
the calorimeter bomb, determined at four points along the
withdraWal line andvat the orifice block.

Temperature gradients along the two tubes leaving the top of
the calorimeter bomb.

Temperature gradient along one of the calorimeter heater

leads situated between the calorimeter bomb and the jacket.

Manual adjustments of the heaters along the withdrawal line and

on the orifice block were made, as required, to maintain the tempera-

tures within acceptable limits during the test (3-5o F. above the tem-

perature of the calorimeter bomb). The minor adjustments to the current

through the calorimeter heater were made at specified integral times

noted on the timer.

The run was usually stopped after a minimum of 10 grams of

‘sample was withdr:iwn by diverting the flow of vapor back to the original
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wéighing bomb and stopping the timer. The weight of sample collected
dur»ihg the run was determined from the initial and final weights of the

second weighing bomb.

Control of Operating Conditions

The temperature of the oil bath and vacuum jacket could be main-
tained constant to within approximately 0. 010 F during the vaporization
tests. The maximum variatic;n in the temperature of the calorimeter
bomb experienced in the tests was 0. 05° F. and the average of the maxi-

ma for all of the deterrminations was aﬁout 0.025° F. 1In all of the tests,
the temperature of the bémb at the end of a test was identical to the tem-
péra’;ure at the starty Qf the test, as a result of corrective adjustments

to the calorimeter heater current before the end of each test. This
practice of matching the initial and final temperatures eliminated an
ejnergy correction term in the calculations as a result of the heat capacity
of the calorimeter bomb and contents.

A typical figure illustrating the variation in the temperature of the
bomb with elapsed time during a test is shown in fig. 11. The power
input to the calorimeter heater is also shown over the same time interval,

The difference betweén the temperature of ﬁhe liquid phase and out-
going gas, associated with the thermal transport proéess, varied between
approximately 0. 04 and 0. 31° F. depend'}ng upon the rate of vaporiiation
and othevr factors affecting it. However, the temperature difference

was substantially constant over the duration of an individual test.
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‘Calorimeter ‘Bdmb Agitator Calibration
. II;. the éalibration 6f the agitator, the calorﬁneter bomb and oil
Eath were ileafed to the desired,terﬁpera‘cure region for the calibration.
With the calorimeter agitator in operation, the temperature of the oil
bath was then adjusted by approximate adjustments of the thyratron con-
trpi circuit temperature control setting, as indicated on the Mueller
bridge, uﬁtil it was the same as the temperature of the bomb. Since
the calorimeter temperature increased with time, as a result of the
operation of the agitator,. it was necessary to continually reset the
temperature control setting to maintain the condition of zero tempera-
ture difference between the oil bath and the bomb. The two differential
thermocouples measuring the temperature difference between the
calorimeter bomb and adiabatic jacket in the tipper and lower regions
of the calorimeter were used in establishing the condition of zero tem-
perature difference.

When this condition was reached, readings of the temperature
of thé’ calorimeter as a function of time were started. The oil bath tem-
peraturé control point was adjustéd upwards as required during these
readings to ﬁlaintain the zero temperature difference between the
calorimeter bombv and adiabatic jacket. After a sufficient number of

- readings were taken to determine the rate of rise of temperature of the
bomb dué to the operation of the agitator, electr,icé.l energy was intro-
ducved in the heater at about the same rate as added by the agitator. The
readings of temperature versus time were continued and a zero tem-

perature difference between the bomb and jacket maintained in the same



POV - -.38-

ﬁanner as earlier. In addition, readings were taken to establish the
volta;gé‘ d;-op'and current t’hrough the heater as a function of time. Ap-
prQXimatel;r ‘thé same number o reé.dings, taken over an equal tempera-
turé increment of the bomb, were taken with the heater in operation as
in fhe previous case with just the agitator in operation. The evaluation
of fhe rate of energy addition by the agitator, described in the subsequent
section, c‘onsisted in comparing the rate of temperature rise of the bomb
due té the operation of the agitator and heater with the rate due to the
operation of the agitator alone. The actual calibration was 'usually
started at a temperature slightly lower than that of interest so that the
temperature of the bomb at the instant of:the electrical energy addition

was the same as the desired temperature of calibration.
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EVALUATION OF ENTHALPY CHANGE UPON

o VAPORIZATION FROM EXPERIMENTAL DATA

The general relation for evaluation of the enthalpy change from
experimental data is given by equation 25. In the present case how-
ever the perturbations from isothermal-isobaric conditions were suffi-
ciently small to permitfhe use of the simpler expression presented as
equation 27. The maxifnum perturbation in temperature, experienced
in this work, was 0. 04° F. The uncertainty introduced by the use of
‘ equa:tiOn 27 in place of equation 25 was determined to be less than 0. 01%.
Rewriting equation 27 here for convenience the enthalpy change

is given by

Ql’z V "’V

g oe g0 Aw
a” B = mom, v tAH, - AH, (27)

The net heat added during the vaporization process, Q1 2 is comprised
. : . ) s
of three parts, each of which is evaluated separately. As discussed in

the thermodynamic analysis, these quantities are related as follows,

2 2 2 2
Q2= 5&’9.% + 5;‘,15 Y 9eyr (28)
1 1 1 1

The remainder of this section is devoted to a presentation and discussion
of the methods employed in the evaluation of the terms appearing in

equations 27 and 28.



Energy Added‘ Eiectrically

. ;I‘hAe enefgy added e.lectrically was established from the voltage
réadings taléen ﬁuring the vaporization process in order to yield the
volfage drop and current through the heater as a function of the elapsed
time. The following ekpression involving the voltage drop and current

was used to evaluate the energy dissipated electrically in the heater:

2 2
_c_zez..ggezgiAvAde. (29)
1 i :

The actual integration of equation 29 was performed graphically utilizing
the evaluations which were made of the current and voltage as a function
of time.

The calorimeter heater circuit and the arfangement of the associ-
ated equipment used to obtain the measurements for use in the evaluation
of the current and voltage are described in detail in the Description of
Apparatus section. For present purpose‘s, the circuit diagram presented
as fig. 5 is sufficient to illustrate the method which was used in obtain-
ing the current and voltage. Additional information pertinent to the
diagram is torbe found'on the two pages which follow the figure. The
relatio'ns by 'meané of which the current and voltage were calculated
from the voltage readings and a knowledge of the resistances of the.

standard resistoi-s, as well as of the leads, are given by

v
. _ D
1A_r_]5-__ (30)
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and

r.+r. +r +1r
- I" 'K Ty zz>_-
v—vk< Z;Er

A rK (31)

A
Thé"se‘ reiations have also been presented with the circuit diagram.

The second term in equation 31 represents the correction for
the-vdltage drop across the portion of the heater leads situated outside
of the calorimeter bomb but within the part of the calorimeter. heater
circuit which is within the voltage divider loop. The resistance of this
section of the leads was calculated from the resistivity of copper,
takeﬁ from the literature (27), and the dimensions of the leads. A plot
of the resistance of the leads as a function of temperature is shown in
fig. 12. The resistance values r. and r. andthe combined values

D K

+r, and r <+ r were obtained by calibration against standard
J K 11 12

resistors.

r

The extent of uncertainty in the resistances of the standard re-
sistors was less than 0. 02 per cent. The uncertainty involved in the
evaluation of the power input to fhe heater was estimated to be less than
0. 04 per cent. The time readings could be obtained with a maximum un-
certainty of 0. 2 second. From this, it was estimated that the maximum
’ un’certé;inty involved in the evaluation of the energy added electrically
was less than 0. 05 per cent. Since the net heat added, _@_1’ 2 is com-
prised for the most part of the energy added electrically, the same

uncertainty was introduced into the net heat added.



Energy Added Mechanically

' ' The energy transferred mechanically by the agitation of the

calorimeter contents is given by

2 92
9= §a,= § 4,0, (32)
1 61

which reduces to the following under the conditions of the vaporization

proceés
Q, = 44(6,- 0) 33

The rate of energy addition by the agitation, -és’ was determined
at each temperature of measurement By calibration against a known rate
of electrical energy iriput. The calibration procedure consisted in com-
paring the rate of rise of temperature of the calorimeter bomb, resulting
'from the operation of the agitator, with the rate of rise due to the opera-
tion of the agitator and the simultaneous addition 6f energy electrically
with the heater. T.he electrical energy additic;n rate was about the same
as that with the agitator. A representative plot of temperature versus
- time ot_)tained in such an agitator calibration is shown in fig. 13. The
rate of the energy addition by the agitator was determined from the
slopes of the two lines, in such a plot, and a knowledge of the power

input to the electrical heater by means of the relation

45 575 Pu (34)
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where S1 is the slope corresponding to the operation of the agitator,
S5, the Slt;pe due to the opération of both the agitator and the heater and
PE\ is the e‘lectrical power input to fhe heater.

H The rate of the energy addition by agitation is a function of a num-
ber of variables including the speed of rotation of the agitator and the
viséosity,‘ specific weight and quantity of the fluid in the calorimeter.

For this réason a constant speed motor was employed to drive the agitator
and the agitator calibrations were carried out at each temperature in-
vestigated. In addition, a separate set of agitator calibrations were
carried out for each new system investigated. The amount of variation

in the quantity of fluid in the calorimeter was small and the ef-fe.ct of

this variation on the agitator calibration was less than the uncertainty
involved in the evaluation of the rate of energy addition by the agitator
and hence was neglected.

Itis estimated that the uncertainties in the rate values for the
energy addition byithe agitator weré not greater than 10 per cent. Since
the energy contributed by the agitator amounted to as much as 2 per cent
‘of the net energy added in the vaporization process, the uncertainty in-

troduced into the net energy term, Ql 2 amounted to as much as 0. 2
: ‘ = =1, 27

per cent.

Energy Transferred by Conduction and Radiation

The rate of energy transfer by conduction and radiation was as-
sumed to be directly proportional to the temperature difference existing

between the calorimeter and the surrounding jacket. It can be shown (23)
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that this a’ssu;mp‘tion, which is not in general agreement with Stefan's

law f'orlenAergy fransfer by' radiation, is reasonable in the present case
iﬁvolving a ‘sméll temperature difference. Hence, the energy transferred
by conduction and radiation is given by

0

2 2
—Q—c+r = Sgcﬂ' = S k(TJ‘ TA)de ! (35)
' 1 91

which reduces to the following under the conditions of the process:

%

Q... =‘k5. (T;- T,)do (36)
3] .

1

The integration of equation 36 for the energy transferred by con-
duction and radiation was performed graphically. In the calculations,
the temperature difference (TJ— TA) was ref)resented by the difference
in temperature between the calorimeter and the oil bath. It was con-
venient in the calculations to express the temperature difference and
proportionality constant in terms of resistance units re‘a.d directly off
the Mueller bridges which were used in the measurement of the thermom-
_eter resistances.

'The proportiOnality constant, k; was determined by applying
equation 36 to an actual case in which a known amount of energy was ex-
changed, under conditions approximating those of the vaporization pro-
cegs. The procedure 'consisted in adding a measured amount, -ge” of
énergy electrically to the calorimeter and recording the temperature

difference between the calorimeter and surrounding jacket, (TJ- TA),
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as a function of the time, 0, over the time interval required for the
calori'me.teﬁr to return to its. initial temperature. The temperature of

thé jacket , T‘J, Was maintained at & éonstant value throughout the deter-
mination. The proportionality constant was solved for directly utilizing
the above data and equation 36. The proportionality constant deter-
miné.tions were carried out at two temperatures, 130° F. and 310° F., and
values at thé other temperatures of interest were obtained by linear
interpolation and extrapolation of these values. The values of the pro-
portionality constant are presented in Table 1.

The values of the proportionality constant actually measured are
probably known to within 4 per cent and it is believed that the interpo-
lated values are uncertain by not more than 10 per cent. This uncertainty
introduced less than 0. 006 per cent uncertainty in the evaluation of the
net energy associated with the vaporization process. In this work, the

energy transferred by conduction and radiation amounted to less than

0. 06 per cent of the net energy involved in the vaporization process.

Weight of Material Withdrawn

The weight of material withdrawn, which established the change
-in the Weight ‘of the calorimeter contents, m;- m, in equation 27, was
obtained from the initial and final weights of the weighing bomb used to
collect the material. It is estimated that the uncertainty involved in

the weight measurement did not exceed 0. 02 per cent.
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Volumetric Factor

v _- Vl
—gV— » was evaluated from published

' "I“hé volumetric factor,
eiperimentai dafa which were available for the n-pentane and l-butene
systems’ (28, 29, 30). In the case of cyclohexane, however, such data
was available only for the saturated liquid (31). | The specific volume of

the _éaturafed gas was obtained by the simultaneous solution of equation

27 and the Clapeyron equation,

dp" |
Hd—Hbr—THT—(Vd-Vb), (37)

using unpublished vapor pressure data of cyclohexane available in this
laboratory. Residual techniques were employed in the evaluation of the
slope of the vapor pressure curve, %I%“ » utilizing a theoretical logar:
rithmic relationship similar to the Antoine equation (1) for the reference
. vapor pressure as a function of temperature. It was established that
volumetric data for the saturated gas, obtained in this way, is in: =
excellent agreement with reliable experimentally measured values (32, 33,
34).

The effect of uncertainties in the volumetric data on the volumet-
- ric fact_or, and hence, the enthalpy change, depends upon the location of
the region of measurement relative to the critical state. An analysis
of the uncertainty involved indicates that the uncertainty in the volumetric
factor, and the enthalpy change, is inveréely proportional to the value of
trhev volumetric factor, which approaches zero as the critical state is

approached. In this work, the enthalpy change measurements were
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terminated at a témperature sufficiently remote from the critical region
that the ﬁn;:ertainty involved as a result of the uncertainties in the
volumetric d:ata was not significant.

| On the basis of the reported accuracy of the volumetric data,
the maximum uncertainty in the enthalpy change introduced through the
«volu.metric‘ factor was calculated to be less than 0. 039%. The lowest
value of the. volumetric factor involved in the calculations was 0. 88491

.calculated for n-pentane at 310° F.

.Superheat and Subcooling Corrections

The evaluation of the superheat and subcooling correction terms,
AH p and AI—Ig' respectively, in equations 16 and 27, requires a knowl-
edge of the actual temperature of the vaporization. This temperature
could not be determined exclusively from a knowledge of the tempera-
ture of the liquid and the temperature difference between the liquid and
the gas phase withdrawn, which were measured. It has been shown (23)
however that for the purposes of the evaluation of the temperature-
enthalpy change relationship, the relationsﬁip obtained is the same re-
gardless of the temperature of vaporization that is selected in the calcu-
" lation, in the range extending from the temperature of the liquid to the
temperature of the gas phase. In view of this, the temperature of
vaporization assumed in the calculations was the same as that of the
iiquid phase since this temperature was actually measured and therefore

could be determined accurately. Hence, the superheat involved in the

calculations was zero and the measured temperature difference between
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the liquid é,nd thé gas phase withdrawn represented subcooling of the
gas pﬁ#se.

The correction to the enthalpy change due to subcooling was evalu-
ated by means of the following relation, obtained from equation 16,

T
g

AL = dT = T - 38
AHy .y “p cp (Tg=Ty) (38)
5 Pg g
d

The last equ’ality in this relation follows from the last sentence in the
previous paragraph.

The heat capacity of the dew-point gas used in the calculations
Was obtained from published experimental data (35, 36) and the data of
Rossini for the ideal gas state (1). It was also calculated from pub-
lished data of other thérmodynamic properties (28, 37) by means of the

following rigorous thermodynamic expression,

¢ e . d(Hd— Hb) (8_1-_1) ) (@ dpt (39)
Pqg Py dT opP T P T dT
, : P g

The maximum contribution to the enthalpy change by the cor-
- rection for subcooling of the gas phase amounted to less than 0. 10 per
cent of the enthalpy change upon vaporization. The uﬁcertainty intro-
duced in the enthalpy change as a result of the uncertainty in the evalu-
ation of the subcooling correction is believed to be less than 0. 83 per

cent.
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Evaluation of Internal Energy Change upon Vaporization

' The internal energj change was evaluated from the enthalpy change

and PVT dafa bjr means of the familiar relation

Ey - B, = (H, - P(Vy-V (40)

b) ~ b)

The.bsame ‘volumetric data was used invthis evaluation as in the evalua-
tion of the volumetric factor. The vapor pressure data required in the
calculation was available in published (28, 29, 30, 31) and unpublished
form from measurements conducted in this laboratory.

With reference to equation 40, it may appear that uncertainties
in the volumetric data would have a more pronounced influence on the
accuracy of the internal energy change evaluation than in the case of the
enthalpy change. However, an.analysis of tiqe error involved indicates
this is not the case over the region of measurement covered by this
investigation. This can be explained by the fact that the PV term in
equation 40 amounts to less than 15 per cent of the enthalpy term and
there is a partial cancellation of errors involved due to the fact that the
uncertainty introduced in each of fhe terms on the right side of equation

40 is of opposite sign. On the basis of the reported accuracy of the
volumet-ric daté., it has been estimated tha.t the uncertainty in the internal
energy change values introduced by the volumetric data is less than

0. 04% over the region of measurement.
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RESULTS

bThe :1ndividual experimental measurements for n-pentane are
recorded in Table IL Recorded for each determination are the electrical
energy added, the energy added mechanically by the agitator, the small
corxfectiOn for conduction and radiation, the weight of material with-
dfawn, thf;‘mea.sured temperature difference between the liquid phase
and the gas phase withdrawn, the volumetric correction factor and the
evaluation of the enthalpy change. The values of the enthalpy change -
set forth in Table II are shown plotted versus the temperature in fig. 15.
This diagram illustrates the density of experimental measurement and
the general behavior of the enthalpy change as a function of temperature.
To indicate the deviations between the measurements for n-pentane more
clearly, a residual method has been employed. The. following relatively
simple analytical expression was used to calculate the residual enthalpy

change from the enthalpy change and the temperature of vaporization:

(H = (Hy - Hy) - (31694. 45 - 82.127 T)]/Z

d-—H

b)res.

where T represents the temperature in degrees Fahrenheit. A com-
\parison- of the meaéuremén’cs of this work‘with the determinationsv of
se'veral investigators (1, 3, 8) can be seen in the plof of the residual en-
thalpy change versus temperature ’shown in fig, 16. The full line in this
figure represents the critically chosen values of the enthalpy.change
obtained from a consideration o;E the experimental values of this work

only. The average deviation, with and without regard to sign, and the
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standard dgViatioﬁs of the data of each investigator, calculated with
‘ reiere;ﬁce to the current critically chosen values are presented in Table
III. The temperature range over which the comparison was made is
also included. The critically chosen values of the enthalpy and internal
energy change upon vaporization, based on the smooth curve in fig. 16
as depictir;g the experimental data, are recorded in Table IV at ten
degree intervals in the temperature range 100° F. to the critical tem-
perature 385, 90 F. The variation of the volumetric factor for n-pentane
‘with temperature is shown in fig. 17. It is seen that the\volumetric
factor decreases rapidly above 310° F. towards the value of zero at the
critical temperature. Enthalpy change measurements were not made
above this temperature for this reason. The energy addition rates of
the agitator, obtained by calibration and used.in the evaluation of the
energy added by the agitator, are presented for each temperature of
measurement in Table V.

The experimental results obtained with cyclohexane are presented
in Table III in the same manner as for n-pentane. In addition, the specific
volumes of the saturated liquid and the saturated gas are also included
for each temperature of measurement. Since volumetric data pertaining
to the sé.turat‘ed gas was not available in the literature, it was computed
as described previously. The values of the enthalpy change upon vapori-
zation of cyclohexane recorded in Table VI are plotted versus the tem-
perature of vaporization in fig. 18. Critically chosen values reported by

Rossini (1) at two temperatures have been included. The standard error
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of estimate of the experimental points from the smooth curve is 0. 35
Btu per lb. Residual methods were also employed in the smoothing of
the data for cyclohexane. The residual enthalpy change upon vapori-

zation in this case was evaluated from

(H H

bres, = (Hg - Hy) + 0.18T - 181.

a-

A plot of the residual enthalpy change as established from the current
experimental data and the two values of Rossini (1) is shown in fig; 19,
In locating the cur\}e in the figure, the measurements at 190° F. identi-
fied in Table VI as number 289 were not considered since the vaporiza-
tion rate involved was lower than in the othe\r measurements and there-
fore probably involved larger uncertainty. The energy addition ratés
of the agitator obtained by calibration for cycloheﬁane are presented in
Table VII for each temperature of measurement. As can be seen from
fig. 19, the agreement of the current measurements with the point of
Rossini (1) at 77° F. measured at the Bureau of Standards (9) is excellent.
However, the deviation at 177° F. is ap;pr bximately 1. 3 Btu per 1b. The
smoothed values of the enthalpyk change and internal energy change are
reported in Table VIII at 10° inérements over the temperature range
100° - 310° F. involved in the measurement. In addition, the specific
volumes at dew-point and bubble-point have been included.

The experimental results for l-butene are presented in.Tablé IX
in the same form as in the case of the two ?revious systems. These
measurements were atopped at 220° F. because of the approach to the

critical state where the volumetric behavior exerts a pronounced
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influence upoﬁ the values obtained from the calorimetric measurements.
The variation of the volumetric correction factor of l-butene with tem-
perature, computed from experimental volumetric data (29), is illustrated
gréphically in fig. 20. In Table X, the results of the agitator calibration
conducted on l-butene arev recorded for each vaporization temperature.
The féllowing relation was used in the calculation of the residual en-

thalpy change upon vaporization of 1-butene:

1/2
(Hy- H = (Hy- Hy) - (29, 584 - 90. 78T) /

b)res.

The experimental data for l-butene obtained in this work and the two
values feported by Rossini (1) are shown in fig. 21 in the plot of the |
residual enthalpy change versus temperature. |

It is seen that the extrapolati‘on of the smooth curve drawn through
the currently reported data is consistent with the values reported by
Rossini (1). A value obtained by the National Bureau of Standards was
not available in Rossini and hence a comparison could not be made for
the case of l1-butene. Table XI records the critically chosen values of
the enthalpy change upon vapprization of l-butene as well as the internal

. energy change based on the curve in fig. 21



DISCUSSION

An éstimate of the uncertainty involved in an-evaluation of the
enfha.lpy change upon vaporization can be obtained by considering the
uncértainties in the individual quantities by means of which the enthalpy
change is-evaluated. These quantities, which appear in equations 27
and 28, include the enérgy added electrically, the energy added by the
agitator, and by conduction and radiation; the weight of material with-
drawn, the volumetric correction factor and the subcooling of the gas
phase. The uncertainty introduced by the individual energy terms in
equation 28 into the net energy added 9_1, »» has been discussed in the
respective sections dealing with the evaluation of these terms. The
maximum uncertainty.in 9—1, 2 is the sum of the uncertainties intro-
duced individually by these terms. The maximum uncertainty associated
with the evaluation of the volumetric correction factor and the weight of
material withdrawn, respectively, has also been discussed previously
in the sections dealing with the evaluation of the particular quantities.
It can be shown from an error analysis that the maximum uncertainty
introduced in the enthalpy change by the uncertainties in the evaluations
of the net energy added _(._)1’ 2 the weight ‘of material,rwithdrawn, and
the volumetric correction factor is the sum of the uncertainties involved
in each of these quantities. The amount of the‘uv.ncerta.inty associated
with the evaluation of the subcooling correction term, which is added to
this sum, is small and has also been discussed previously.

Two additional sources of uncertainty must be considered which
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arise as a resu’lf of the limitations in the precision and the accuracy of
the témic:e;r-ature measurerﬁent associated with the calorimeter bomb.
Referring tc; the "Thermodynamic Analysis" section and equations 26 and
27 m this section, equation 27 follows from equation 26 if the perturba-
tions from isothermal-isobaric conditions are small, a good assumption
in the present case, and in addition, if the initial and final temperat{lres
are idel}ti’ﬁial. The validity of the latter assumption is determined by

the precision of fhe temperature measurement. It is estimated that the
uncertainty involved in’matching the initial and final temperatures be-
cause of limitations in the precision of temperature measurement intro-
duced an uncertainty of 0. 08% in the enthalpy change evaluated. It should
be emphasized that this uncertainty arises from practical limitations
alone and is not due to the use of eqﬁagion 27 in place of equation 25 in
the evaluation of the enthalpy change. As discussed earlier, the use of
equation 27 introduced an uncertainty amounting to less than 0. 019. The
uncertainty introduced into the enthalpy change as a result of limitations

in the accuracy of temperature measurement is given by

, d(H
5(Hy - Hy) =

- H

a - Hy)

2
T §T + O(&T)

where the § is used to denote the uncértainty involved in the tempera-
ture and enthalpy change. It is evident that for the same uncertainfy in
temperature, the uncertainty in the enthalpy chahge depends upon the
region of the measurement and increases with an increase in temperature.

In the present case, a liberal estimate of the uncertainty, representing
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most of the region investigated, is 0. 01 per cent of the enthalpy change.
‘The aforementioned uncertainties associated with the evaluation

of the entha‘lpy change are listed below.

Max. resultant uncertainty

‘Source of Uncertainty inHg - Hb’ %o

Evaluation of:

ele.ctrical energy 0. 05
agitator energy ' 0. 20
energy exchange by conduction and

radiation 0. 006
weight of material withdrawn 0.02
volumetric correction factor 0.03
subcooling of vapor 0. 03

Limitati‘ons in:

precision of temperature measurement 0. 08

accuracy of temperature measurement 0. 01

use of equation 27 0. 01
TOTAL 0.436

It is seen thaf the maximum possible uncertainty in an evaluation of the
enthalpy change isv 0. 436%. 1Itis reasonable to expect however, that

the actual uncertainty involved is much lower since this figure repre-
sents an extreme case. This is supported by the excellent reproduci-
bility inthe values of the enthalpy change upon vaporization for n-pentane,

observed in Table IL
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All of thé uncertainties in the individual quantities-and in the
finalievvall;.ation of the enthalpy change discussed above were evaluated
by cc‘msider‘ing, the limitations in the instruments involved in the measure-
meﬁts. Obviously, an additional uncertainty attributable to limitations
in the operator carryingvout the measurements might be considered.
Thié would depend upon such factors as experience, aptitude, interest
and desire‘of the operator, and others. The uncertainty introduced by
the operator cannot be easily predicted beforehand although an approxi-
mate evaluation can be made from a consideration of the reproducibility
of the final results obtained. In this connection, it may be worthwhile
to mention that the author was assisted by a different operator in carry-
ing out the measurements of each different system.

With reference to the above table, the agitator constitutes the
greatest source of error in the evaluation of the enthalpy change. This
error can be reduced by reducing the fraction of the total energy contri-
buted by the agitator, which can be acéomplished by a reduction in the
speed of rotation of the agitator. However, the resultant mixing obtained
may not be sufficient to maintain a relatively uniform system with re-
spect to temperature gradients. It is felt that the present speed repre-
sents a reasonable compromise between a high speed resulting in a more
uniform temperature within the calorimeter and a low speed desired for
reasons of calibration.

Thev:enthalpy change evaluation is based on the absence of liquid
entrainment in the gas phase withdrawn and the existence of a uniform

temperature throughout the individual phases (no temperature gradients).
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These asSumptibns are involved in the thermodynamic analysis. Meas-
ures-t'a‘ke;'l to ensure agaiﬁst entrainment consisted in operation at
réasoma.ble lva.p‘orization rates and nia.int'enance of a vapor space of at
least 20% within the calorimeter bomb. The problem of temperature

gradients has been discussed in the previous paragraph.

-
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NOMENCLATURE
c .heat capacity
- ci) heat capaCity at constant‘pressure
d differential operator
E specific internal energy
E - total internal energy
f function of
H specific enthalpy
‘k heat transfer coefficient
lp latent heat of pressure change
m weight of material within calorimeter
O order
P pressure
P pressure in two-phase region
q infinitesimal amount of energy transferred to calorimeter

9_1 2 net energy added to calorimeter

Q energy flux

T temperature

A\ specific volume

v total volume ’

w infinitesimal amount of work performed by the system

0 time

AH finite increment in enthalpy associated with superheating

or subcooling



Subscripts

A .calorimeter

a ~ pertaining to the material leaving the calorimeter

b bubble -point liquid

c by conduction

d . dew-point gas

e electrical

g gas

i interface

J vacuum jacket

{ liquid

T by radiation

5 agitator

1 initial condition

2 final condition
Superscript

* average value
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Legend - Figure 1l

calorimeter bomb
vacuum jacket

agitator

heater

circulation shield
thermometer well
pressure balance

vapor withdrawal tube
orifice

condenser weighing bomb
condenser weighing bomb

oil diffusion pump
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Legend - Figure 3

caloriméter bomb

agitator |

ports in circulation shield D
circulation shield
resistance thermometer
radial guide vanes

drive shaft for the agitator B

m QM E 0 o w >

tube

et

seal between tube H and gleeve U

L]

vacuum jacket

oil bath

impeller

ports in cir;ulation shield N
circulation shield

opening in cirqulation shield

radial guide vanes

O W 0 Z ¥ b K

ports in path Q-R-S-T
guide vanes

ports

circulation shield

sleeve--part of vacuum jacket

<

sleeve--part of drive for the impeller L

M < o X4 n W

packing gland through which the sleeve W leaves

the oil bath



T -69-
Legend - Figure 3 (cont.)

Y . packing gland through which the tube H leaves

the oil bath

Al bearing

B' pulley

c',. D! support bearings for the pulley B'

E! ‘ steel shell

F! sealing nut between tube H and ghell E'

G' armature housing

r,J steel--bronze bearings in which the armature

housing rotates

K' electromagnets

L, M! slip rings through which the electromagnets
are energized

N', O! support bearings for the electromagnet aése;nbly

P! pulley. to'drive'the electromagnetic assembly
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Figure 4.  View Showing Paths of Tubes from Top of

Calorimeter
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Nomenclature - Figure 5

calorimeter heater

part of current leads

current leads

batteries

resistor for measuring current in circuit
variable resistor for coarse control
auxiliary heater

potentiometer

currenf

voltage divider

leads in voltage divider loop
variable resistor for fine control
shunt resistor

energy (electrical)

resistance

voltage
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Circuit Values - Figure 5

12 volts

0. 01001376 abs. ohr.ﬁ

0, 1, 2, ... 19, 20, or 240 ohms
10, 344 abs. ohms

679. 07 abs. ohms

1. 41 ohms
40, 41, 42, ... 48, 49 ohms
10 ohms

See figure 2A
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Legend - Figure 7

oil bath

calorimeter room

drive mechanisms for agitator and impeller
adiabatic jacket

shelf

equipment room

mechanical vacuum pump

T @ "3 B U Q ®w >

thrée~stage jet pump

L. & N student potentiometer

ot

Vgalvarirb:r'neter' ,

photoelectric circuit

1igh{: SOﬁrce

light source

mirror in light path from M to O
vground' glass éc‘a‘,le

cdntrol panel for circuit K
control panel for potentiometer I
L & N type K-2 potentiometer
controls for calorimeter heater
ground glass scale

light source

mirror in light path from U to T

location of vacuum pumps

X & < ¢ 4 » W p Y O Z ¥ K K oo

control panel for oil bath heaters
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Table I

Results of Heat Transfer Calibration

Proportionality
Tem%erature, Constant k,
F. watt sec. /ohm sec.
100 1.229
130 1.369
160 1. 505
190 1.642
220 1,781
250 1.918
280 2,057
310 2,197

340 2.335
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Fig. 15. Effect of Temperature on Heat of Vaporization for n-Pentane.
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Table III

Comparison of Experimental Results for n-pentane
from Different Investigators

Av, Deviation Standard
a b c Erroxé,
Temp. With sign’, Without sign ™, Est. 7,
Source oF, Btu/1b. Btu/1b. Btu/1b.
Rossini (1) 77° - - -
Sage, others (8) 100-200 0.72 0.72 0.84
Young (3) 104-302 -0, 68 0. 68 0.73

a ot . . .
Range of temperature within which comparison with present measure-
ments was possible.,

‘b_

f
Z (£ g~ JzA)] /N

cr

.

‘ {[y(ﬂs B ’ZA)Z}/N}I/Z

Lormadd
€
Single value.

! represents the enthalpy change upon vaporization; the subscripts S
and A denoting smoothed and actual values, respectively.
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Table IV

Critically Chosen Values of Internal Energy and Enthalpy Change
upon Vaporization for n-pentane

Internal Energy Change Enthalpy Change
Temperature on Vaporization on Vaporization

o Btu/1b. Btu/1b.
100 138,75 153.12
110 , 136. 63 151.09
120 134,41 149,00
130 132.14 146,94
140 129.90 144, 62
150 127. 66 142,35
160 125,33 140,01
170 123,00 137.63
180 120.55 135.18
190 118,19 132,63
200 115.63 130,04
210 112.98 128,34
220 110,42 124,49
230 107.55 121. 54
240 104, 65 118.46
250 101.73 115,26
260 ) 98. 68 111,86
270 ) 95,55 108. 28
280 92.35 104, 47
290 88. 60 100,36
300 84. 62 95.95
310 80.32 91.16
320 75.51 86,052
330 70,39 80,42
340 65.13 74.21
350 59.95 67. 20
360 54,96 59.06
370 48, 94 49, 21
380 34,41 38,45
385, 9b 0 0

%Values at this and higher temperatures extrapolated from the data
at lower temperatures,

bCritical (1).
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Table V

Agitator Calibration Data for n-pentane

Agitator Energy

Temperature, Addition Rate,
OF. watts
100 0,0284
130 0.0250
160 0.0219
190 0.0195
220 0.0172
250 0.0152
280 0.0134

310 0.0119
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Table VII

Agitator Calibration Data for Cyclohexane

Agitator Energy

Temperature, Addition Rate,

OF. watts

100 0.0205
130 0.0202
160 0.0199
190 . : 0.0196
220 0.0194
250 0.0191
280 0.0188

310 0.0185
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Table VIII

Critically Chosen Values of Internal Energy and Enthalpy Change
upon Vaporization for Cyclohexane

Internal Energy Enthalpy

change upon change upon
Temperature Vaporization Vaporization Specific Volume, cu. ft. /lb.
oF Btu/1b, Btu/1b, Dew Point  Bubble Point
100 152.10 165,05 21,55 0,02109
110 150,30 163.45 17.49 0.02121
120 148. 48 161.84  14.31 0.02134
130 146. 67 160,22 11.85 0.,02147
140 144, 88 158, 61 9.893 0.02165
150 143,08 156. 99 8. 283 0.02180
160 141.29 155,37 6. 995 0.02200
170 139.47 153,71 5. 941 0.02216
180 137. 64 152.03 5,085 0.02234
190 135.79 150.32 4,369 0,02252
200 133.92 148. 58 3.769 0.02271
210 131.04 146,82 3.305 0.02291
220 130.15 145,04 2. 854 0.02311
230 128.22 143, 20 2. 515 0.02333
240 126.30 141.35 2.197 0.,02355
250 124.34 139.46 1.931 0.02377
260 122,38 137.54 1.710 0.02397
270 120.38 135. 56 1.522 0.02418
280 117,32 133.50 1.345 0.02442
290 116,20 131.36 1.195 0.02466
300 114,00 129,13 1.066 0.02494

310 111.69 126.77 0.9559 0.02523
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Table X

Agitator Calibration Data for 1-Butene

Agitator Energy

Temperature, Addition Rate,
oF, watts
100 0.0186
130 0.,0172
160 0,0157
190 0,0143

. 220 0.0129
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Table XI

Critically Chosen Values of Internal Energy and Enthalpy Change
upon Vaporization of l-Butene

Internal Energy Change Enthalpy Change
Temperature on Vaporization on Vaporization
°F, Btu/1b, Btu/1b,
10 155,01 171,03
20 152.72 168,96
30 150.33 166,78
40 147. 87 164, 49
50 145,33 162,12
60 142,73 159. 67
70 140,08 157,15
80 137.36 154,53
90 134, 58 151,832
100 131.75 149,03
110 128,94 146.10
120 125,88 143,07
130 122. 63 . 139.92
140 119.33 136, 64
150 116.00 133,22
160 112,61 129.65
170 109.02 125,88
180 105, 29 121.91
190 ‘ 101,40 117.72
200 97.25 113,25
210 92. 87 108.45
220 88,31 103.34
230 83.35 97.77°
240 78,06 91, 68
250 72.19 84,93

? Values at this and lower temperatures extrapolated from data of
higher temperatures, also utilizing data of Rossini (1) in this range.

Values at this and higher temperatures extrapolated from data at
lower temperatures,
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PART II
EVALUATIONS OF DIFFUSION COEFFICIENTS
FOR THE METHANE-n-BUTANE SYSTEM

BASED ON GRADIENTS IN THERMODYNAMIC STATE PROPERTIES
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INTRODUCTION

The available relations in material transport (1) involve
diffusion coefficients which are marked functions of the properties
used to describe the sta1;e of the system. In general, when these
relations are applied to problems involving diffusional processes
they do not yield solutions readily, except for a few simple cases.
Reliable information concerning the behaviour of the diffusion coef-
ficient as a function of the state of the system is usually relatively
scarce because such information must be determined experimentally.
In many cases, correlations (2) for estimation of diffusion coefficients
must be used.

These considerations point to the advantages and desirability
of a diffusion coefficient which is constant with respect to variations
in the state properties of the system. The discover; of such a coef-
ficient would undoubtedly also lead to a better understanding of the
diffusion process. The possibility of either of the coefficients based
on the gradient in chemical potential or on the gradient in fugacity
of the diffusing species satisfying the requirement has been pro-
posed (1). A dependence of diffusion on the chemical potential or
fugacity gradient is suggested from thermodynamic considerations.

The purpose of this study was to evaluate these coefficients
for méthane diffusing in the liquid phase of the methane-n-butane
system, for which data was available, and to investigate the suitability

of these coefficients in regard to the aforementioned requirement.
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Evaluations also were made of the phenomenological coefficient (3, 4, -
5, 6) of irreversible thermodynamics since little additional calculation

work was involved and this represented an additional possibilitys
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ANALYSIS

Chemical Potential Gradient Diffusion Coefficient

Al
b

The ordinary Fick diffusion coefficient is defined by the relation’

K = U0y = uey - DF, kgrad LEN (k=1,2,..04n) (1)

The hydrodynamic velocity u is related to the individual com-=-

ponent velocities u, as follows (1)

n
Z Uk

3 - (2)

In view of equations 1 and 2 the following expression can be written

n

z DF’kgrad o, =0 (3)
k=l

By analogy with the above definition of the Fick diffusion coeffi-
cient, a diffusion coefficient based on the chemical potential gradient can

be defined as follows

m, =uey - DH: K grad Py (4)

The following expression, analogous to equation 3, can also be

written

“Is otropy is assumed throughout this analysis.
No special effort was made in the nomenclature to distinguish the

vector quantities since these quaatltles are readily discernible from
the context.
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DH’ k grad By = 0 (5)

iavgl

1

Combination of equations 1 and 4 results in the following equality

DN’ k grad p, = DF,. K grad o (6)

If the concept of local equilibrium is utilized,

Hk = ék(T* P, 0'1? 0'2,, P ﬂ'n__l) s (7)

the chemical potential gradient can be related to the gradients in tem-
perature, pressure and partial specific weights of n-1 components as

follows

, n-1
d = apk ad T+ apk rad P 4 | »89 ad 8
gra P‘k T BT gr 50 g , 'S‘_U.m gr Um ( )
1 ,

m=

For the case of binary diffusion in a system at uniform tempera-
ture and pressure, equation 8 reduces to the following simple expression
relating the chemical potential and concentration gradients of the diffus-
ing species

apk
grad M = 35 grad oy (9)
k

Consideration of the expression which results from a combination
of equations 9 and 6 yields the following relationship between the ordinary
Fick diffusion coefficient and the coefficient based on chemical potential

gradient
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D
F.k
D = (10)
Be K ™ :

<“k T, P

Equation 10 can be rewritten in terms of the fugacity, related to
the chemical potential as follows

by = P{T) + b, T In £ (11)

If this is done, equation 10 becomes

D D

~ F, k 5Pk
DLk~ “9InT, = 3T, (12)
5T (55 ) b, T (“‘ag )
x /T, P k/T,P

Either of the equations 10 or 12 enables the evaluation of the
chemical potential diffusion coefficient in a binary system from a
knowledge of the Fick diffusion coefficient and data pertaining to the

thermodynamic behaviour of the system.

In the same manner as in the foregoing, a diffusion coefficient

based on the fugacity gradient can be defined
rhk = ug‘k - Df, k grad fk . (13)

bearing the following relationship to the ordinary Fick coefficient

F, k (14)
k
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Irreversible Thermodynamic Considerations

The phenomenological relations of irreversible thermodynamics
(3, 4,5, 6) for diffusion in a system at uniform temperature and pressure

may be written

_Jk =

~NAB

) Lkﬁgradpﬂ (k=12,...,n) (15)

=1

1l

where the "forces" are represented by chemical potential gradients.

The "fluxes, " jk in equation 15, are defined as follows

jk = crk(uk - u) (16)

In the present case of barycentric diffusion, u 1is the hydro-
dynamic velocity whose relationship to the individual component velocities

is given by the same expression as in the previous section

B

k' k
U= — (2)

i

It follows from the latter relations, equations 2 and 16, that

} Ji =0 (17)
k
The entropy production as a result of the diffusion process L)
is given by the following expression (3,4,5,6) involving the fluxes and

chemical potential gradients of the diffusing species
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n

n
() i srad )
_ k=l (18)

o =
d T

As a consequence of Onsager's theory (3,4,5,6), the phenomeno-

logical coefficients L in equation 15 satisfy the reciprocal relation-

kg
ship

Loy = Lk (19)

A number of additional relations between the n2 coefficients
in equation 15 exist as a result of the relationship existing between the
fluxes, expressed by equat ion 17. In view of equation 17, the entropy
production given by equation 18 can be rewritten
n-1
}J —jk * (grad Ry - grad “n)
k=1

= (20)
(Td -

At the condition

grad p, = gradp, =... =grad B

the entropy production is zero, no diffusion flows exist, and hence

n
>“ Lkﬂzo (k=1,2,...,n) (21)
v
=1
Another relationship between the coefficients is obtained when
equation 15 is inserted in equation 17 resulting in an identity between

arbitrary values of the gradients in chemical potential and the require-
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ment that

L. =0 (£=12,...,n) (22)

n
N
L, ke
k=l

Utilization of equation 21 in elimination of the phenomenological
coefficients Lkn in equation 15 yields the n-1 independent relations
n-1

—jk = Z Lkﬂ grad (}‘Ll‘}in) (k = ls 29 LA n—l) (2'3)
=1

By

which could be expected from the form of equation 20.

The coefficients Ln (1 =12,...,n) inthe nth relation of

£
equation 15 can be eliminated by the utilization of equation 22 resulting

in the relation

n =) e
k=1

expressing the already familiar fact that the fluxes are not independent.

In the foregoing, the original phenomenological relations of
equation 15 were reduced, with the help of the relations 21 and 22, to
the n-1 independent relations presented in the expression 23. In
view of this and the restrictions imposed on the coefficients by the
Onsager relations Lkﬂ =L ., it is seenthat the number of independent

1K
phenomenological coefficients is given by
2
)

(n-1)% - 3 (n-1)(n-2) = Z n(n-1) .
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Generalization of Fick'!s First Law of Diffusion

If the relation for the chemical potential gradient given by

equation 8, at the condition

grad T = grad P = 0,

is substituted in equation 15, the expression obtained is

n;l n ap

— ]

~Jp = _, E/ ka ———aﬂ_m grad T (24)
m=l g=1 '

which, upon making the substitution

n
- 8P*£
Dim = } Ly 5o (25)
m
=
becomes
n-1
N D d | 26
_Jk_ [ZJ km gra G'm ( )
ms=1

Combination of this equation with equation 16 yields
n-1

my = u 0, = uey - D, grade  (k=12...,7) (27)

L
m=1

which is a generalization of Fick's first law for diffusion. Although this
relationship was deduced directly from the phenomenological relations
of equation 15, the diffusion coefficients ka defined by equation 21

do not obey the Onsager reciprocal relations. It is interesting to ob-
serve that for a binary system equation 27 reduces to the ordinary Fick

diffusion expression in equation 1.
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Application to Binary Diffusion

For the case of diffusion in a binary system, the phenomeno-

logical relations 15 become

-J; = Lyy grad p; + Ly, grad y,

(28)
—j2 = L21 grad byt LZZ grad Mo
In accordance with equations 21 and 22, the coefficients are
related as follows:
Lipt Ly = 0, Lopt Ly = 0 (29)
and
Liypt Ly = 0, Lyp + Ly = 0 (30)
Combination of the relations 28, 29 and 30 yields the following
relations, analogous to the relations 23,
- = j2 = L11 grad (“l_P“Z) = -L;, grad (“1_“2) (31)

Utilization of the local equilibrium concept enables the following
relationship involving the gradients in chemical potential and concentra-

tion to be written

O(p1- ko)
grad (Hl - Hz) = ——é}-l——"“

grad o (32)
T, P

Combination of this equation with equation 31 yields
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— l:a(ul-uz) ] . (33)
-], = ——— graa o
1 11 ara'l T, P 1
which can be combined with the following relation, derived from equations

1. and 16,
—j1 = DFl grad oy ) (34)

to yield a relation between the phenomenological coefficient and the

ordinary Fick diffusion coefficient

py-po) -
H17H2 J (35)

Dp1=In [ R
T, P

It is seen that this relation is identical to the expression for the
generalized Fick diffusion coefficient obtained simply with equation 25,
which is to be expected since equation 27 reduces to the ordinary Fick
diffusion relation 1 in the binary diffusion case.

With the help of the Gibbs-Duhem relation
oqdyy + o,du, =0 (at constant T and P), (36)

equation 35 can be rearranged to give the following simple relation between
the phenomenological coefficient and the ordinary Fick diffusion coeffi-

cient
_ NpDgy

1l_<8|¢1> )
901 /1 p

*

(37)
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The various relations existing between the diffusion coefficients,
presented in the foregoing, have been summarized in the following
expression relating the diffusion coefficients

B NZD
11 - 89,1

3y
¥, /7 p %0y /1 p

N,D N, f
F1 2”1l _nup =_21g (38)
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EVAILUATION OF COEFFICIENTS

The chemical potential and fugacity gradient diffusion coef-
ficients were evaluated using the relations given by equations 12 and
14 respectively. The phenomenological coefficient was derived from
the chemical potential gradient diffusion coefficient by the simple
relationship given in equation 38.

The Fick diffusion coefficient data required in the evaluations
was taken from the published work of Reamer and Sage (7). Values
of the Fick diffusion coefficient ;for methane were available for the
bubble-point states of the methane-n-butane system at six pressures
equally spaced in the pressure interval 250-1500 1b. per sq. in. and
at the temperatures 1000,, 160° and 220° F. The diffusion coefficient
evaluations presented subsequently are for the same conditions of
étate.

The relationship bbe‘tween the fugacity and the partial specific

weight of methane, required in the solution of equations 12 and

“cH,
14, was established from the experimental data of Sage et al. (8,9) re-
lating to the volumetric and phase behaviour in the liquid and two-phase
regions. The fugacities for: methane in the liquid phase at bubble-
point conditions were available (8) and the fugacities at pressures

greater than the bubble-point pressure were calculated by means of

the familiar equation

£ . P
In "““‘“‘“5 v dp
b b T Jp K
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The integration indicated by this relation was performed at the con-
dition of constant temperature and weight fraction of methane. The
partial specific weight of methane at each state was determined from
the weight fraction of methane and the specific weight of the phase by

means:. of the relation

The evaluation of the derivative of the fugacity of methane with respect
to the partial specific weight of methane was performed graphically

utilizing plots similar to those illustrated in figs. 1, 2 and 3.
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RESULTS

The behaviour of the fugacity of methane as a function of the
temperature, pressure and partial specific weight of methane is shown
graphically in figs. 1, 2 and 3. The derivative afCH4/a¢CH4, in
equations 12 and 14, was obtained from the slope of the tangenf to an
isobar, at the point of intersection of the isobar with the bubble-
point curve. In fig. 4, the evaluations of the derivative are plotted
versus the fugacity of methane for lOOO, 160° and 220° F. values of
the temperature parameter. It is seen that the derivative decreases
continuously, with an increase in the fugacity of methane, to the value
of zero at the fugacﬁy corresponding to the critical state. An esti-
mate of the uncertainty involved in an evaluation of the fugacity-partial
specific weight derivative, as well as in an evaluation of the resultant
coefficient, can be obtained from fig, 4. The fugacity values used
in the subsequent calculations are tabulated in Table I as a function
of the state of the methane-n-butane system. The partial specific
weight of methane at each individual state is also included in the table.
The evaluations of the various diffusion coefficients are summarized
in Table II. Included in this table are the diffusion coefficients based
on the gradients in chemical potential, fugacity and partial specific
weight (ordinary Fick coefficient) of the diffusing species as well as
the phenomenological coefficient. In addi\tion to the temperature and
pressure of the bubble-point states represented in the evaluations, the

table presents the weight fraction, partial specific weight and fugacity

of methane at each state.
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The various diffugion coefficients listed in Table II aresshown
plotted in the figs. 5, 6, 7 and 8 as a function of the fugacity of
methane at the values 1000, 160° and 220° F. of the temperature param-
eter. The curves in the figs. 6, 7 and 8 correspond to smooth values
of the fugacity-partial specific‘weight derivative represented by the
curves in fig. 4. The dashed vertical lines in the figures, which are
approached asymptotically by the curves in the figs. 6, 7 and 8, repre-

sent the fugacity of methane at the critical state for the temperature

in question.



-119-
DISCUSSION

In figs. 6, 7 and 8, each of the vertical dashed lines passing
through the critical state fugacity is asymptotic to the diffusion coef-
ficient curve representing the same temperature. The infinite value
of the diffusion coefficients at the critical state arises from the fact
that the fugacity-partial specific weight derivative is zero at the critical
state, if it is also supposed that the Fick diffusion coefficient at the
critical state is not zero. Referring to fig. 5, it is seen that this is
not an unreasonable assumption.

It should be emphasized that the relations used were derived
for the case of a system at uniform pressure, the pressure gradient
associated with a grav‘itational field being neglected. It can be shown
that if the effect of this pressure gradient is considered, the value of
the diffusion coefficient evaluated at the critical state will not be infinite.
The effect of the gravitational field was neglected in this study because
of the unavailability of the additional experimental ihformation that
would have been required in the evaluatiéns. It is suggested, however,
that it be considered for future work,

From irreversible thermodynamic considerations, the phenom-
enological coefficients should be evaluated at conditions approaching
equilibrium, that is, where the gradients involved are small. The
applicability of the Fick diffusion coefficient data to this.condition could
not be ascertained from the available information (7). Furthermore,

it was not possible to determine the probable error involved in the
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evaluation of the phenomenological coefficient because of the lack of
information.

The uncertainty involved in the Fick diffusion coefficient data was
reported (7) to be about 5 per cent for the conditions of measurement.
On the basis of the reported accuracy of the volumetric data (8, 9) and
in view of the procedure by means of which the fugacity is evaluated,
it is estimated that an uncertainty of up to 5 per cent was involved in
the fugacity values. It is difficult to specify a representative value

for the uncertainty associated with the evaluation of 8f /o

CH4 CH4
since it varies for each state of the phase. From consideration of the
curvature of the curve in the vicinity of the point where the derivative
is determined and the magnitude of the slope of the tangent at the point,
it is probable that the values for the states in close proximity to the
critical state involve the greatest uncertaintx. An estimate of the un-

certainty might be obtained from the deviations of the individual values

from the curves in fig. 4.
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CONCLUSIONS

Evaluations of diffusion coefficients based on gradients in the
chemical potential and the fugacity, as well as the phenomenological
diffusion coefficient, have been presented for methane diffusing in the
liquid phase of the methane-n-butane system. The diffusion coef-
ficients evaluated are marked functions of the state of the phase. In
the case of the chemical potential and the phenomenological diffusion
coefficients, the valges vary from zero to infinity, the latter value
obtaining at the critical state. The values for the coefficient based

on the fugacity gradient vary from a finite value to infinity at the critical

state.
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NOMENCLATURE

Universal gas constant
molecular weight of k

gas constant given by
generalized Fick diffusion coefficient, sq. ft. /sec.

diffusion coefficient of k used in conjunction with the fugacity
gradient, ft/sec.

ordinary Fick diffusion coefficient, sq. ft. /sec.

diffusion coefficient of k used in conjunction with the chemical
potential gradient, 1lb. /(sq. ft. )sec.)

fugacity of component k, lb./sq.in.

flux of component Kk, jk = u‘k(uk- u), lb. /(sq. ft. )(sec.)
natural logarithm

phenomenological coefficient, 1b. /(sq. ft. )(sec.)
transport rate of component k, lb./(sq. ft. )Esec. )
weight fraction of component k

pressure, lb./sq.in.

temperature, °F.

hydrodynamic velocity, related to the momentum per unit
volume m by u = mg/s, ft./sec.

transport velocity of component k, ft./sec.
a characteristic of species k and a function of temperature

specific weight, 1b. /cu. ft.

entropy production due to diffusion
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o partial specific weight of component k, Ib./cu. ft.
Z summeation operator

¢ function of

(Vo chemical potential of component k, ft. -1b. /lb.

0 partial differential operator

Subscripts

k, g, m,n, 1, 2 components k, 4, m,n, 1, 2

ale
4

This quantity is not to be construed as a partial derivative of an exten-
sive property as is the partial specific volume, for example. In the
present discussion, the partial specific weight is the concentration of

the component given by o = Nyo.
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Table I
Fugacity Values for Methane in the Methane-n-Butane System

100°F.
Partial
Weight Specific Weight Fugacity
Pressure Fraction Methane Methane
1b. /sq. in. Methane 1b. /sq. ft. 1b. /sq. in.
X o f
CH4 - CH4 CH4
250 0. 0049 0.172 47, 23
0.0100 0. 348 94, 85
0.0152 0.524 141. 3
% 0. 020 0. 684 186. 4
500 0. 0152 0.5231 148. 0
0. 0257 0. 880 241. 6
0. 0368 1.239 330. 2
0. 0484 1. 601 413. 4
750 0. 0368 1. 249 346. 0
0. 0484 1. 616 433, 6
0. 0604 1.981 512.9
% 0. 079 2.516 621.1
1000 0. 0368 1. 235 362.1
0. 0484 1.629 454, 3
0. 0604 1.999 538. 2
0. 0859 2. 736 689. 0
0.1136 3.458 814. 0
1250 0. 0604 1.969 563.9
0. 0859 2. 762 724, 4
0.1136 3.508 859. 4
0.1452 4. 243 968. 3
% 0.1540 4, 420 990. 6
1500 0.1136 3. 547 905.0
0.1452 4,323 1024. 7
0. 1540 4,517 1050. 3
0.1821 5,051 1117.3
* 0. 2030 5. 345 1149

* bubble-point conditions
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Table I (Continued)

160°F.
Partial
Weight Specific Weight Fugacity
Pressure Fraction Methane Methane
1b. /sq. in. Methane 1b. /sq. ft. 1b. /sq. in.
X o f
CH4 CH4 CH4
250 0 0 0
0. 0025 0. 0811 26,50
0. 0068 0, 219 71..32
% 0.012 0. 376 115. 3
500 0. 0068 0.221 75. 37
0. 0165 0.527 167.8
0. 0261 0.818 255, 0
% 0. 0363 1.112 337.1
750 0.0261 0.827 269. 8
0. 0363 1.129 ) 357. 4
0. 0469 1.427 437, 8
i 0. 064 1. 860 545
1000 0.0363. 1.142 377. 7
0. 0469 1. 446 463. 7
0. 0691 2,035 615.1
¥ 0. 0943 2. 628 742
1250 0. 0469 1.463 489, 6
0. 0691 2. 067 652, 3
0. 0943 2. 683 792. 3
0.1210 3. 228 903. 2
* 0.1285 3. 357 927
1500 0. 0943 2. 731 841. 2
0.1210 3.330 967.0
0.1285 3. 479 995, 6
0.1542 3. 896 1060, 6
* 0.1740 4,123 1089

xbubble-pohﬁ conditions
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Table I (Continued)

Weight

Pressure Fraction
1b. /sq. in. Methane

X
CH4

. 0049
. 0136
. 0229

. 0136
. 0229
. 0328
. 0491

. 0229
. 0328
. 0543
. 0784

1250 0. 0543

0/0784
. 1063
. 1145

. 1063
. 1145
. 1227
. 1457
. 1768

QOO0 ODOO0O0O OO0

OO OoOC OO

>Fbubb le-point conditions

220° F.

Partial
Specific Weight
Methane
1b. /sq. ft.

o
CH4

WWINNIY WiV == OO0 OO0 OO0

. 142
. 385
. 6303

. 393
. 645

. 899
. 267

. 660
. 921
. 437
. 904

. 481
- 995
. 430
.528 .

. 573
. 700
.812
. 045
. 181

Fugacity

Metha

Ib. /sq.
fCH

52.
139.
222.

150.
239,
323.
430, 2

257, 2
347. 8
502. 3
616

541.9
674
772
789

849
874
896
934
944

b ND b O DN

ne
in.

4
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PROPOSITIONS
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Proposition 1

A general relation, analogous to the Clapeyron equation (1)
for pure substances, for /the enthalpy change upon vaporization and
another for the enthalpy change upon condensation is proposed for
multi-component systems. These relations are, respectively, for

vaporization
n n
“ - ap N -
Hy - Z Nk,de,b”T(?ﬁ?) (Vy- E Nk,dvk,b)’ (1)
k: k:

and for condensation

n
< o ap v .
>_, Nep Hy g Hb“T(Eﬁ)d (}: Neb Vg~ Vo) (2
k=1 k=1

Derivation of Equation 1

For a multi-component system at equilibrium,

Mo g = M K=L2,ecaeim) (3)

and we can also write

Ay g = Ay g, -

If the change in the equilibrium position of the system, along
the .two phase boundary, ‘is at constant composition of the bubble- =

point liquid, then we may write
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dpy q, = - sk’b dT + Vi b dP (5)
and
-1
n- a“k q
= ,_- v 4 d .
dpk’d Sk’ddT-ka’ddP%- (BN ) Nfz 4 (6)

: ’d T) 2 . !
PR PN,

Equations 5 and 6 can be combined, with the help of the relation-

ships
n-1 BHk .
= ’ 4
’ =1 : T,P,N.
J
and
!J.,k - I’I}( - Tsk 3 (8)

to yield the following

Hk, d

(

k,b - - i, .
= )dT -(Vk’d—Vk’b)dP = (de,d)T (k=1,2,...,n) (9)

. P

If both sides of equation 9 are multiplied by Nk d and a sum-
mation is made of the n relations resulting, recalling the Euler

relations

and ; (10)
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and also the Gibbs-Duhem relation:

n

TN

Z Ny 4 dpk,d =0 (T,P constant) , (11)
k=1
we obtain the desired result, equation 1,
Equation 2 for the enthalpy change upon condensation can be
obtained similarly. Equations similar to 1l and 2 can also be obtained

for the fusion process.
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Legend
d differential operator
H specific enthalpy
H partial specific enthalpy
k component k
£ dummy variable
n nth component
N weight fraction
P pressure
S partial specific entropy
T . temperature
v specific volume
v partial specific volume
v chemical potential .
Subscript:
b bubble-point
d dew-point
j represents all components but 2
k component k

Superscript:

" two-phase region
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Proposition 2

Recalculated values of the equilibrium constant K for the

dissociation reaction

NZO4 = ZNO2

were presented by Giauque and Kemp (2). The purpose of this prop-
osition is to point out the nature of the correction that is involved.

The relations used by Giauque and Kemp in obtaining the corrected

values are derived in the following analysis. It is shown that the difference
between the corrected and uncorrected values can be attributed, simply,
to the fact that Giauque and Kemp employed pseudo-empirical equations

of state in the evaluation of the degree of dissociation of NZO4° This
quantity was determined previouslgy from the perfect gas relations,

Both sets of values involve the ideal solution approximation.

Analysis

The following equations of state were employed by Giauque and

Kemp:
For NO.;: PV = RT(l + % P) (2)
For N,O,: PV = RT(1 + BP) (3)

The quantity B is a function only of the temperature.

The equilibrium constant for the above reaction is given by
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aZ
NOZ ”
K = - , (4)
NZO4
which reduces to
2
PNO.2
K = S (5)
NZO4

with the assumption of an ideal solution, ideal gas behaviour and the

choice of unit fugacity as the standard state,

Representing the degree of dissociation of NZO4: by a, itis

easily shown that at equilibrium

2a
N z
NO2 l+a
and (6)
N . 1l =-a
NZO4- 1 +ta
Recalling the definition of partial pressure, PNOZ = NNOZP,
equations 6 and 5 can be combined to yield
2
4
K = Paq (7)
2
1l -a .

Equation 7 permits the evaluation of the equilibrium constant from a

knowledge of the degree of dissociation of NZO4 and the pressure of the

systemo.
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The fugacity of NO2 can be obtained by means of the relation (3)
f P
NO, 1 §

In L
0

o<t

aP
NO, " (8)

P
NNOZ RT

assuming ideal solution behaviour andthe equation of state for NO2

given by equation 2. The expression obtained for the fugacity of NO2

is

(p/2)P (B/2)P
f . = N Pe =P e ' (9)
NOZ NOZ NOZ
and similarly for fN o
24
: pP PP
£ . =N Pe =P__ e (10)
NZ 4 NZO4 NZO4

Using these expressions, the equilibrium constant K in terms

of fugacities becomes

2 2
fNo2 PNoZ

K = = 5 , (11)
N2O4 N2

which is the same as the partial pressure expression for K, equation
5, As a result, the equilibrium constant for this case can also be

represented by equation 7.
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It should be apparent from equation 7 that K is a function of |
the equation of state used in the determination of a. This is illustrat’ed
in the following.

Assuming an ideal solution and ideal gas behaviour, we can

write
pV =(l+a')RT (12)

where a' is the degree of dissociation of NZO4 as computed by means

of this equation. Itis assumed that 1l mole of NZO is present initially,

4
For an ideal solution of gases whose equations of state are
equations 2 and 3, respectively, we can write similarly

2aRT
P,

(l+-§~P)+(1 - a)

RT
V= — (1 + BP) (13)
- P
Combination - of equations 13 and 12 yields the following relation-

ship between a, computed by means of equation 13, and a', computed

with equation 12,
a=a'+pP (14)

Substitution of this expression for a into equation 7 results in
the same expression as presented by Giauque and Kemp (2) ,

4P(a' + ﬁP)Z

)Z

K =

. (15)
1-(a' + BP
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It is seen that the correction to the equilibrium constant results
from the use of equation 13 in place of equation 12 in the evaluation of

the degree of dissociation of NZO4 .



Greek:

< <

e
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Legend
activity
differential operator
natural logarithm base
fugacity
equilibrium constant
natural lbgarithm
nitrogen
mole-fraction
oxygen
pressure
with subscript, partial pressure
universal gas constant
molar volume
partial molar volume
total molar volume

residual partial molar volume, }Z = B@? V

degree of dissociation of NZO4

degree of dissociation of NZO computed by eq. 12

4

a function of temperature
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Proposition 3

A relation derived from thermodynamic considerations is
presented which describes (4) the process of water sorption by cation
exchange membranes of the styrene sulphonic acid type in atmos-

pheres at low relative humidity, The relationis

-1.8 v¢ (capacity of membrane)
In (relative humidity)

Per cent water in membrane =

The osmotic coefficient ¢ is evaluated from osmotic coefficient data
(5) for sulphuric acid solutions and the dissociation number v is taken

to be one for the cation exchange material,

Derivation of Relation

At equilibrium with respect to the process of water sorption,

we can write

. =R ' (1)

The ‘chemical potential of the ‘water vapor c¢an be represented by

st
5

uw TRTIna
W, g W 8

81

ok P
b +RTIn —t&

it

The second relation in equation 2 follows from the use of the
Lewis Generalization and the assumption that the water vapor in the

pure state behaves as an ideal gas.
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The chemical potential of the water in the cation exchange

membrane can be represented by (5)

o vRTmdéo

Mo, m,l atm ™ ,1l atm = 55.55 (3)

The following expression can be written for the chemical

potential of pure water at the pressure of 1 atmosphere:

latm
o * p° § o
o 1atm M +RT1n;;k— + . v, ap (4)
P
W, g

Combination of equations 3 and 4 yields

o 1l atm
% P o vRTmdé
=y +RTIn=— + dp - —= ¢
P&, m,1 atm M nf* g Ve 9P - 55753 (5)

P

Combination of equations 1, 2 and 5 and rearrangement of the

expression obtained, after also equating V; to zero, will yield
Pw g v mdad
1 2 =R
 ( -0 ) * - 55,55

Replacing m, the internal concentration of the membrane by
the capacity and the water content at equilibrium, according to the
relation,

per cent water _ 100
capacity molality

we end up with the final relation, after some rearrangement,
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per cent water _ -l.8 v ¢ . ~1.8v¢
capacity P In(relative humidity)
W, g
In ——=
p°
W, g
Definitions

The capacity of a cation exchange material is a measure of the
number of exchange groups present, Itis measured by direct titration
and is determined as milliequivalents per gram of bone dry resin.

The per cent water in the exchange material is determined on

a dry weight basis.,
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Legend

a activity

atm. atmosphere, pressure unit

f fugacity

In natural logarithm

m molality

P pressure

p° vapor pressure of water

R universal gas constant

T temperature

v° molar volume of pure water
Greek:

b chemical potentizl

p,o chemical potential of pure water

v dissociation number of electrolyte

o) osmotic activity coefficient
Subscripts:

g gas phase

i liquid phase

m membrane

W water

Superscript:

% standard state, not specified



-152-

Proposition 4

The information presented in Part II of the thesis indicates
that the diffusion coefficients based on gradients in the chemical
potential and fugacity are marked functions of the conditions describing
the state of the system. It is proposed that evaluations be made of
the diffusion coefficient based on the activity gradient to determine the
variation of this coefficient with change in conditions. If the standard
state selected in the evaluation of the activity is that of the pure liquid
at the same temperature and pressure as the system, the relative
positions of the coefficients will not be altered considerably from those
of the Fick coefficients, as was the case in the evaluations based on the
above gradients. The possibility exists that the alteration will bring

the coefficients closer together.
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Proposition 5

The ideal solution rule enables one to estimate the thermo-
dynamic behaviour of multi~component systems from a knowledge of
the behaviour of the pure substances. This principle can be extended
so as‘to enable one to utilize thermodynamic data pertaining to multi-
component systems in the prediction of the behaviour of higher multi-

component systems.
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