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ABSTRACT

THE EXPERIMENTAL, DETERMINATION OF THE ENTHALPY OF MIXING
OF BINARY GASEQUS MIXTURES UNDER PRESSURE

by
Arun Vasudev HeJmadi

Chairman: John E. Powers

Reliable and accurate data on the thermal properties of mix-
tures are essential for the design of equipment and the testing of en-
thalpy prediction methods. The importance of the enthalpy of mixing is
that it directly measures the solution effect--that is the difference
between the enthalpy of the mixture and the enthalpy of its constituents.
Thus, the objectives of this fesearch were (1) to design and construct a
flow calorimetric facility for the experimental meésurement of the en-
thalpy of mixing of binary gaseous mixtures at elevated pressures, (2)
to calibrate and test the equipment and (3) to obtain data on systems of
industrial significance and iﬁ regions of theoretical importance.

In this flow calorimetric facility, the system brings two gases
at the same pressure and temperature to the calorimeter where they are
mixed, If there is a decrease in the temperature of the resultant mix-
ture, electricél energy is supplied to the gases to minimize the tempera-
ture difference between the inlet pure gases and the outlet mixture
stream. If there 1s an increase in the temperature of the mixture, the
calorimeter may be operated without the electrical energy input. The
flow rate of each gas is metered prior to entering the calorimeter., Each

flow meter was calibrated by flowing for a measured period of time under

stewly state conditions into a tark of measured volume. The accuracy of

xix



Lhe flow mebering was checked by comparing compositions calculated from

the flow rates of the two gases with the results of a gas density analysis.
Data were obtained on the following systems at the nominal con-

ditions listed:

(1) Nitrogen-carbon dioxide mixtures at 31°C, 500 psia and 950 psia, and

at L0°C at the same pressures at a minimum of four compositions.

(2) Nitrogen-ethane mixtures at 32.38°C and 401 psia at four compositions.

(3) Nitrogen-oxygen mixtures at 25°C and 1001 psia at one composition.

The data on the nitrogen-carbon dioxide system at 31°C and on
the nitrogen-ethane system at 32,38°C represent the first enthalpy of
mixing measurements made at a reduced temperature of unity of one of the
components in a mixture.

The experimental measurements on these three systems were inter-
preted to yield values of the excess enlhalpy at the measured cbnditions
of pressure and temperature at the calorimeter outlet. The excess
enthalpies were then normalized to nominal experimental conditions and,
finally, smoothed with respect to composition.

Results on the nitrogen-carbon dioxide system at ho°C and 500
psia were used to check on the adiabaticity of the experimental measure-
ments. Ten repetitive measurements made at 0.5 mole fraction nitrogen
over a range of flow rates indicated that the heat leak in the calori-
meter was less than the experimental precision (0.3 percent).

The estimated accuracy of the data is 0.8 to 2.1 percent for
the data on the nitrogen-carbon dioxide and nitrogen-ethane mixtures and
ten percent for the data on the nitrogen-oxygen mixtures.

Comparisons were made with experimental results on the nitrogen-
carbon dioxide system of another investigator at 40°C and at the same

pressures as the present measurements. The excess enthalpy values agreed



within the combined experimental error of both investigations. Excess
enthalpy values were calculated from the original Benedict-Webb-Rubin
equation of state and were found to deviate five percent or less from

the experimental results for the mixtures of nitrogen with ethane and

with carbon dioxide.

XX






INTRODUCTTION

Most process streams encountered in industry are mixtures of
two or more components. Hence, it is important to obtain information
on the thermal properties of mixtures.

Very limited quantities of data are available on the enthalpies
of mixtures because of the experimental difficulties and the consider-
able expense involved. Therefore, it is preferable to obtain data in
limited and crucial regions--near the two phase envelope or close to the
critical point of one of the components--where substantial deviations
from ideal solution behavior are anticipated. The thermal property which
yields the most information in such regions is the enthalpy of mixing or
the excess enthalpy because by definition it measures the deviation from
ideal solution behavior.

For the reasons stated earlier, it is not possible to obtain
data on the unlimited number of mixtures which may exist. A feasible
alternative is to employ an enthalpy prediction method. Before such a
method is used, however, it is necessary that its reliability be proved.
This may be accomplished by comparing predicted excess enthalpies with
the experimentally determined quantities. The enthalpy of mixing is
obtained from a prediction method as the difference of two quantities--
the enthalpy of the mixture and the enthalpy of the ideal solution of its
constituents--both of which are of the same order of magnitude. Hence
such a comparison constitutes an extremely severe tcst of the applicabil-
ity of a prediction method.

Therefore, the objectives of this research are (1) to design
and build a flow calorimetric facility for the experimental determination

of the enthalpy of mixing of binary mixtures in the gas phase and under



o

pressure (2) to calibrate and test the cquipment (3) to obtain data on

systems of industrial signilicance and in repions of theoretical impor-

tance,



EXPERTENCE OF PREVIOUS INVESTIGATORS

This review covers both sources of data and experimental tech-
niques. References are given to excess property measurements of mixtures
of relatively simple molecules in the gaseous and liquid phase. Calori-
metric techniques for enthalpy of mixing measurements of liquids and gases
are discussed. Enthalpy prediction methods are considered very briefly.
A review is presented on the thermodynamic properties of those pure com-

ponents and mixtures which are relevant to this research.

Excess Property Measurements on Liquids

The measurement of the enthalpy change on mixing liquids at
ambient conditions preceded the work at low tempcratures. Recently, cal-
orimetric data have been obtained for systems with endothermic (Mrazek

(122) (1146)

and Van Ness, Savini, Winterhalter, Kovach and Van Ness, Savini,

Winterhalter and Van Ness(lu7)) or exothermic enthalpies of mixing

(Winterhalter and Van Ness(l82)).

The systems so investigated generally
consist of components (alcohols, aromatics) whose behavior does not ap-
proximate that of simple molecules, e.g. argon, krypton, etc.

Measurements of excess properties at low temperatures and low
pressures occurred next in chronological order. Table I lists investiga-
tions of excess volume, excess enthalpy and exccegs free energy of binary
systems of liquid mixtures of relatively simple molecules. All of these
experiments have been performed below -240°l" and at pressures lower than
200 psia.

In the references listed in Table I, excess free energies were

calculated from volumetric and phase bechavior measurements., There have

been three different approaches used in excess volume investigations.
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Knaap, Knoester and Beenakker(79) directly measured the volume change
which accompanies the mixing of the pure components. In the calorimeter
of’ Jeener(7o) constant pressure is maintained in the mixing chamber by
exbornal means and excenss volume and excess cnthalpy are determined simul -
tancously. The third and most commonly uscd bechnique involves calculat-
ing excess volumes from density studies on pure components and thelr
mixtures using a pyknometer (e.g. Pool EE_§£,<1BO)).

The calorimeters employed in making enthalpy of mixing meagure-
ments have certain common features. They are all "closed-system'" calori-
meters. The two pure components are charged into separate chambers which
share one common wall made of thin aluminum or copper foil. The liquids
are brought into contact by breaking the aluminum or copper foil parti-
tion and mechanically stirring the mixture. The cooling which accompanies
the mixing process 1s compensated for by applying a measured pcetential
difference to a resistance wire wound around the mixing chamber. The
mixing chamber is enclosed by a vacuunm jacket and the entire unit located
in a constant temperature bath during the measurements. The main objec-
tive of this basically unsteady state technique is to minimize heat losses
from the calorimeter to the surroundings by adding a controlled quantity
of electrical heat input so as to maintain isothermal conditions in the
calorimeter throughout the experiment.

Sommers, Keller and Dash(l57) made one of the first enthalpy
of mixing measurements. They brought He3 and Heh together by break-
ing a glass vessel containing one component within a flask containing the
other pure component. The first enthalpy of mixing calorimeters were
(131) and Jeener.(7o)

reported at about the same time by Pool and Staveley

Pool, Saville, Herrington, Shields and Staveley(130> subsequently published
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the design of a modified version of their original calorimeter.(l3l)
Knobler, Van Heijningen and Beenakker(Sl) reported measurements on a
calorimeter that eliminated the vapor spaces which existed in calorimeters
of other investigators. Knaap<78) modified the calorimeter of Knobler

et al.(8l) for measuring small values of excess enthalpy such as in the

hydrogen-deuterium system.

Discussion of Closed-System Calorimeters

Some of the design and operational problems encountered with
closed system calorimeters are outliried in this section. This account is
not intended to be exhaustive since detailed discussion of such types of

(106)

calorimeters are available. The object of this section is to pro-
vide a basis on which to compare closed-system calorimeters with flow
calorimeters (discussed in next section) with a view to applying them for
eéxcess enthalpy measurements under pressure on gases.
There are three areas in which difficulties arise with a closed-
system calorimeter. They are:
1. DNeed for mechanical stirring: The energy injected into the system by
mechanical stirring must be accounted for when calculating excess
enthalpies. Magnetic stirrers have been used in all calorimeters

thus bypassing the need for stirrer shaft packing suitable for low

temperatures. In all but the calorimeter of Pool et al.(13o’131) the

rotor on which the magnetic field acts is separated from the paddle
by a long stirrer shaft. To eliminate field effects, Pool gz_g;.(lgl)
switch off the stirrer when making temperature measurements.

2. Constancy of pressure during mixing: Volume changes accompany the

mixing process and maintaining the pressure or volume constant intro-

] (130,131)

3
duces errors. The calorimclers of Pool ¢t ul., Knobler ¢t u].((l)
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(70)

and Knaap(78) are essentially constant volume devices. Jeener
maintains constant pressure by adding or withdrawing measured quanti-
ties of material from the calorimeter. He, therefore, has to make cor-
rections for the mass withdrawn but he also simultaneously determines
excess volumes.

3. Corrections for vapor spaces: Some evaporation or condensation of
material accompanies the mixing process if there are vapor spaces in

the calorimeter. Both Pool et al.(l3o’l3l) and Jeener<7o> make sub-

stantial corrections for this effect when calculating excess enthalpies.

Closed-system calorimetefs may be used for measurements on
gases without corrections for vapor spaces. However, working with gases
introduces some unique problems. Excess enthalpies of gas mixtures are
smaller than for liquids except near the critical temperature of one of
the components. Hence, large masses of the two gases are necessary to
increase the magnitude of the overall heat effect to bring it into a
measurable range. This implies larger calorimeters than are used for
liquids since gases occupy larger molar volumes than liquids. Mechanical
stirring of large volumes of gases and the design and construction of a
large calorimeter for high pressure usage introduces considerable diffi-

culty.

Discussion of Flow Calorimeters

A flow calorimeter eliminates or reduces the magnitude of these
problems:
1. TNeed for mechanical stirring: A flow calorimeter can be built with
devices (e.g. baffles) which facilitate internal mixing without the

need for externally introduced devices (e.g. stirrers). Such devices
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usually cause a pressure drop across the calorimeter which must be
accounted for when interpreting the data. However, they can be de-
signed to minimize this effect.

2. Constancy of pressure during mixing: The nature of the flow process
is such that the calorimeter is at essentially constant pressure
regardless of any volume change on mixing.

3. Corrections for vapor spaces: This can be solved by eliminating any

dead spaces in the calorimeter where the flowing material can accumu-

late.

The magnitude of the heat effect (Btu/minute) can be amplified
by increasing the flow rate of the two gases rather than increasing the
size of the calorimeter. The residence time of the gases can be increased
by lengthening the flow path of the gases within the calorimeter.

Flow calorimeters suffer from certain disadvantages. The factor
which limits accuracy is the determination of the flow rate. Also, once
they are mixed, the gases cannot be recycled to the calorimeter via a
compressor without a separation facility. This once-through facility
requires large quantities of gases. This entails considerable operational
expense especially with costly materials.

Design and construction of a suitable calorimeter presents few
special problems especially since gtneralized criteria for the design and
construction of flow calorimeters Have been discussed by other investi-

(45,101)

gators. The advantages of a flow calorimeter so outweigh the
alternative closed-system calorimeter for measurements under pressure

that all such enthalpy of mixing determinations on gas mixtures have

employed flow calorimetric systems.
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Excess Enthalpy Measurements on Gases

Pioneering work was done at Leiden, Netherlands, by Beenakker

2
and associates.(10’11’8 ,170)

They investigated a variety of systems
all of which are listed in Table II. Of perticular interest are their
excess enthalpy measurements on the nitrogen-hydrogen, nitrogen-argon and
hydrogen-argon systems because Zandbergen and Beenakker(187) measured
excess volumes of the same systems at very similar conditions of pres-
sure and temperature. He utilized a technique closely resembling that
of Knaap, Knoester and Beenakker.(79> Tee and Mather(go) report that
their results on the nitrogen-hydrogen system agree within three percent
with the excess enthalpy values measured by Knoester EE_El'<82)
Table II presents references to all the excess enthalpy data
currently available. The accuracy of this data is believed to be three
to five percent with the exception of the data of Kotousov and Baranyuk.(85)
The latter are the only investigators among those listed in Table IT who
did not employ a flow calorimeter. They allowed the counter-current
diffusion of the two pure gases along the axis of a tube and recorded
temperature and composition profiles with time. Though direct comparison
at identical conditions is not possible, their excess enthalpy values are
an order of magnitude higher than the extrapolated results of Khoester<82)
and Van Eijnsvergen.(170) A flow facility which is under development but
from which no data has been reported has been described by Jacobsen and

(69)

Barieau. This facility is designed to measure €XCESS enthalpies and
excess heat capacities of helium-nitrogen mixtures.
This review would be incomplete without the mention of some in-

direct determinations of excess properties of industrially significant

systems: Ernst(ug) calculated excess heat capacities of freon mixtures
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from his own measurements ol heat capacities on the pure components and

(101

their mixtures. Mather b plotted excess enthalpies ol a methane-
nitrogen mixture between -280 and +40°1" at 1000, 1500 and 2000 psia. He
calculated these values from his experimentally determined enthalpy values
for that mixture and the enthalpy values of the pure components deter-

16)

mined by previous investigators. Bhirud and Powers( report excess heat
capacities of methane-propane mixtures derived from measurements on the

mixture and the pure components.

Comparison of Flow Calorimetric Techniques for Gases

The similarities and differences between the experimental and
data interpretation techniques used by various investigators are des-
cribed in this section. The object of these descriptions is to facilitate
comparison of previously done work with the present research as it is
described in later chapters. The descriptions will be under the following
headings:

1. Calorimeter Design
2, TFlow and Composition Measurement
3. Mode of Operation

L., TInterpretation and Smoothing of Data

Calorimeter Design

The same design principle is used by all investigators. The
temperatures of the two pure gases are monitored as they enter the calori-
meter. On mixing, a controlled quantity of heat is added to maintain the
exiting gas mixture at the same temperature as that of the two inlet gases.

(10,11,%2, 170)

A1l but Beenakker and coworkers use a similar

mixing capsule. Mixing of the two pure gases is accomplished by Beenakker
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and COWOrkers(lO’ll’82’l7O)

with perforated baffles placed at right angles
to the direction of flow of gas. Heat is supplied via a resistance wire
that is wound on the outside of the mixing chamber. The resistance wind-
ings are suitably shielded from radiating heat to the surroundings. The
mixing capsules used by the other investigators<77’9o> consist of concen-
tric cylindrical baffles with the gas being introduced in the innermost
baffle. Gas flow is parallel to the cylinder axes and the direction of
its flow is reversed when it goes from one baffle to another. The resis-
tance wire for supplying heat is wound on the inner baffles and is in
direct contact with the gas.

All the calorimeters except Klein's(77) employ a vacuum jacket
for overall insulation. Klein's(77) calorimeter is distinctive in its

usage of bakelite and nylon for insulation and for reducing the heat

Ccapacity of the calorimeter.

Flow and Composition Measurement

All the investigators measure flow rates by collecting the mix-
ture at atmospheric pressure in a gasometer over a measured period of
time.

Beenakker and coworkers(lo’ll;82,170>

use an ingenious flow sys-
tem which allows them to calculate and control the mixture composition:

The gases are stored separately in cylinders of differing internal volumes.
One cylinder is charged with gas at a slightly higher pressure than the
other  Flow is commenced by opening the valve on the cylinder with the
higher pressure in it. Adjustment of a valve downstream from the calori-
meter sets the operating pressure in the latter, When the pressure in

the two cylinders is equal, the valve on the previously isolated cylinder

1s opened. The composition of the gas mixture may be calculated from



- ]_14, -

the ratio of internal volumes of the cylinders and the densities of the
gases contained in them.
. (90) . . .

The flow system employed by TLee and Mather ig similar to
that of Beenakker and associates. Hence they use the same technique to
rglrulsse the composition of" the nitrogen-hydrogen mixturce. However, the
nquantitative analysis of their nitrogen-carhot dioxide mixbures was done

by gas chromatography. Klein((7) also employed the latter method for

analyzing methane-nitrogen mixtures.

Mode of Operation

Beenakker and associates(lo’ll’82’l7o) vary the pressure in the
calorimeter by allowing the supply cylinders to exhaust continuously.
Hence data is obtained at constant temperature with unsteady conditions
of pressure in the calorimeter. Excess enthalpy measurements are made ab
clogsely spaced values of pressure from 1900 down to 120 psia, which are
then corrected for the heat capacity of the calorimeter. Iurther, with

a given set of cylinders, the composition of the gas mixture varies if

the ratio of the isothermal compressibilities [% 2!:%] of the two com-
P
ponents changes with pressure. For the gases studied by Beenakker and co-
1,12 0
workers<l ,12,80,17 ) this correction is small since the gases in the

tanks at room temperature are at high reduced temperatures.

TLee and Mather(9o) encountered difficulties with their excess
enthalpy measurements on nitrogen-carbon dioxide mixtures because the
carbon dioxide supply tanks were at room temperature where, due to the
proximity of the critical temperature, the compressibility varies rapidly
with pressure. For every set of cylinders used, they obtained data at

scattered values of pressure and composition.
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Klein's(77) calorimetric measurements were at steady state con-

ditions. Pressure regulators controlled the pressure of the gas entering

the system from the supply cylinders.

Interpretation and Smoothing of Data

Different techniques are used to compensate for coperational
variations in pressure, temperature and composition in the data obtained

(10,11,82,170)

from the three facilities. Beenakker and associates present

their raw experimental data in tabular and graphical form and do not

(64)

attempt to smooth the data. Recently,Hsi and Lu published values of

excess enthalpies, excess entropies and excess free energies obtained by

graphically smoothing excess enthalpy data of Beenakker et al.(lo’ll) and

(82) (187)

Knoester and excess volume data of Zandbergen on the nitrogen-
hydrogen, nitrogen-argon and hydrogen-argon systems.

Klein(YY) took data as a function of composition at constant
temperature and at slightly varying values of pressure. Smoothing this
data for pressure and composition variation involved the use of a virial
equation of state. The latter was mathematically manipulated and equated
to the excess enthalpy. Constants for the equation were determined by a
least squaresanalysis. The equation of state with the regression coef-
ficients was then used to generate smoothed values of excess enthalpy.

This approach requires a large number of data points. For example, approxi-
mately 40 excess enthalpy values at a given temperature required the evalu-
ation of 16 constants (using up to “he fifth virial coefficient) before the
standard deviation was less than the experimental uncertainty (3 to 6 percent).
The calorimetric data obtained by Lee and Mather(go) require

smoothing over pressure and composition at a given temperature. Their

B
H
pressure interpolation method involves plotting (

;TT:;TEJ versus pres-

sure. At low pressures where molecular interactions are purely binary in
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nature, the ordinate is independent of pressure. Even at elevated pres-
sures, this technique reduces the variation of excess enthalpy with pres-
sure by an order of magnitude. It loses its efficacy, however, in high
pressure regions where the excess enthalpy versus pressure curve goes
through a maximum.

For smoothing with respect to composition, they use plots of
( EE J versus mole fraction, x . This method reduces the error due

wxfl-xi

to composition interpolation because it changes the parabolic plot of g?

against x to a monotonic variation in [ = versus X .
| X(I-X)

Prediction Methods

Methods for the prediction of the enthalpies cf pure components

(60,61)

and mixtures have been reviewed by Hobson and Weber, Nathan(123)

and Mather.(lol) Curl and Pitzer(3o) developed an enthalpy correlation
based on the principle of corresponding states which utilizes three macro-
scopic parameters: reduced pressure, reduced temperature and acentric
factor. A corresponding states treatment based on two molecular para-
meters was suggested independently by Prigogine(l33> and by Scott.(lu8)
Various equations of state, such as the Benedic’t;-Webb-Rubin(]'2> or the
virial equation of state can also be used to determine enthalpies.
Powers(l32) and Sehgal EE_EL'<149) have shown by comparisons
with other prediction methods and with experimental data that the B-W-R
equatidn(lg) is one of the better methods for predicting enthalpy depar-
tures, g-g? , in the gaseous phase for both pure components and mixtures.
Hence, it is chosen as the method by which excess enthalpies may be pre-
dicted for comparison with the experimental results of this research.
This equation is pressure explicit:

2

C 2
P - RTp + (B_RI-A - %_0.)02 + (bRT-a)p3 + E% 03(14702)e7® + agp” (1)
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and contains eight constants which are usually determined from a least
squares fit of PVT data. These constants have been determined for a
large number of pure substances--as may be seen in the compilation of
constants for 58 compounds by Cooper and Goldfranck.(EB) For mixtures,
however, constants are less readily available and therefore it is neces-
sary to estimate them from constants for pure substances with mixing

rules such as those suggested by Benedict, Webb and Rubin.(l3)

Review of Thermodynamic Properties

Raw calorimetric data normally do not directly yield values of
the enthalpy of mixing. Some corrections have to be made to the raw data
for effects such as Joule-Thompson cooling due to pressurc drop across
the calorimeter. These corrections, which are discussed in detail in
later chapters, require values for the thermodynamic properties of pure
components and their mixtures.

The object of this review is to give references to work on
pbure components and mixtures which are relevant to this research. This
consists mainly of references to thermal properties with some mention of
more recent investigations of other thermodynamic properties. Unless
specified, the references given in this review are to measurements of
pProperties under pressure. This review covers the properties of':

1. DNitrogen

2. Carbon dioxide

3. Ethane

L. Oxygen

5. Nitrogen-carbon dioxide mixtures
0., Nitrogen-ethane mixtures

Nitrosen-oxyeen mixtures
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There are several excellent general reviews available. Reviews
of experimental measurements of the thermsl properties of pure component s

have been reviewed by Masi(99) and of mixtures by Mage, Jones, Katz and

(184)

Roebuck<97) and more recently by Yesavage, Mather, Katz and Powers.

Investigations into PVT, thermal and transport propertics of several pure

(181)

components have been reviewed by Wilson, Clark, and Hyman.

Nitrogen

A literature review and compilation of the properties of nitro-

(34) (9k)

gen has been made by Din. Lunbeck, Michels and Wolkers calculated

the PVT and thermal properties from -193°F to 302°F and up to 90,000 psia.

(166) and Tsiklis and Polyakov(l68) studied the PVT

More recently Tsiklis
behavior up to 750°F and 147,000 psia of nitrogen by two different tech-
niques and calculated the thermodynamic properties(l69) to the same limits
of pressure and temperature.

Second virial coefficients of nitrogen have been reported by
Otto,(126) Pfefferle, Goff and Miller<128) and Huff and Reed.(65> Values
at low temperatures (-328°F to -185°F) have been listed by Din(Bh) and
measured by‘Brewer(go) to -2L0°F.

Heat capacities at constant pressure were measured at and above
room temperatures and at high pressures by Workman<183) and Mackey and

(95)

Krase. The former measured the ratio of the heat capacity at the

experimental pressure to the heat capacity at one atmosphere at 78.8°F
and 140°F. Mage et al.(97) give enthalpies of nitrogen from O to 2000

psia and -250°F to 50°F.

(140

Roebuck and Osterberg ) measured Joule-Thompson coefficients

for nitrogen which were subsequently corrected for an experimental

(156) (2)

error, Ahlert also measured integral Joule-Thompson coefficients



-19-
over a wide range of pressure (0-2400 psia) and temperature (-100°F to

+100°F). Data on isothermal Joule-Thompson coefficients have been re-

(68) 24)

ported by Ishkin and Kaganer, Gusak,<5h) Charnley, Isles and Townley,(

and Mather, Katz and Powers.(log)

Michels and Gibson<112)

give viscosity as a function of pressure
(200-15,000 psi) and temperature (78°F-170°F). Kestin and Leidenfrost(74)
obtained viscosities of nitrogen at 68°F as a function of pressure on the
oscillating-disk viscometer.

Constants for the Benedict-Webb-Rubin equation of state,<12) are
reported by Stotler and Benedict,(l6o) Bloomer and Rao,(l9) and Crain and

Sonntag.(27)

Carbon Dioxide

Liley(gl) reviewed the data up to 1957 and presented tabulations
of high temperature and high pressure properties. Subsequently, Newitt,
Pai, Kuloor and Huggill(lgu) compiled and calculated the properties of
carbon dioxide between -112°F and 302°F and up to 44,000 psia. Volumetric
data on carbon dioxide were obtained by Michels and coworkers(lo7’108’ll3>
and thermodynamic properties calculated from them have been published by
Michels and DeGroot.(lll) The most recent compilation and review is the
book coauthored by Vukalovich and Altunin.(l72) They describe experimental
techniques, evaluate the accuracy of the data, and then present tables of
thermodynamic and transport properties from the triple point to 1430°F
and up to 9100 psia.

A considerable amount of work has been done on carbon dioxide
in the USSR. A large volume of work is published in Teploenergetika
(Thermal Engineering). A number of density measurements have been reported
in that journal since the publication of book by Vukalovich and Altunin(l72)

but are not directly referred to here as they are too numerous.
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Tow pressure volumetric data have been reviewed by Vukalovich

and Altunin.(l72)

Second virial coefficients at several temperatures
above ambient conditions have been given by Huff and Reed.(65) Pfefferle,
Goff and Miller(128) report second and third virial coefficients at 86°F.
The data used in this research is that of Michels and Michels.(ll3)

Constant pressuré heat capacities of carbon dioxide were meas-
ared by Shrock'™3) from 15 to 1000 psia and 150 to 950°F. Koppel and
Smith(8u) obtained enthalpy differences and heat capacities close to the
critical point. Vukalovich and associates(l75’l79) report heat capacities
of carbon dioxide between 68 to 932°F and 76 to 3300 psia. Extremely
precise determinations of heat capacity between 50 to 266°F and 1300 to
3700 psia were obtained by Rivkin and Gukov.(l36> A total of 171 data
points within this range of pressure and temperature permits the accurate
determination of the maxima in plots of isobaric heat capacity versus
temperature. Recently Altunin and Kutznetsov<3) measured isobaric heat
capacities between 62 and 1LO°F and 150 to 750 psia. Isochoric heat
capacity measurements other then those listed by Yesavage gﬁ_gi.(l8u) are
those of Amirkhanov.<u15’6)

Roebuck, Murrel and Miller<l39) measured Joule-Thompson coeffi-
cients of carbon dioxide between -60°F and 570°F and up to 3000 psia.
Tsothermal Joule-Thompson coefficients have been reported by Charnley,
Isles and Townley(gh) between 32°F and 113°F and 59 and 660 psia, Vukalo-
vich, Altunin, Bulle, Rasskozov and Ertel(l73) describe a calorimeter for
measuring isothermal Joule-Thompson coefficients for carbon dioxide and
report some data.(l7%)

Viscosity measurements have been made by Michels, Botzen and

Schurman(llo) by the transpiration method. They review all the work

done previous to thelr own.
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Constants for the Benedict-Webb-Rubin equation of state<12)
have been calculated by Eakin and Ellington(37) for use in mixture pro-

(29)

perty calculations. Cullen and Kobe give two sets of constants each

of which is to be used in a different temperature range. Sass, Dodge and

Bretton<luu)

calculated B-W-R constants for carbon dioxide, ethylene and
their mixtures by regressing on compressibility factor data obtained

between 122°F to 257°F and up to 7350 psia.

Ethane
(162)

Tester has reviewed and compiled the thermodynamic proper-
ties of ethane. Michels, Van Straaten and Dawson(116) report PVT data
and Michels and Nederbragt(llu) report compressibility factors of ethane.
Other PVT data on ethane are those of Reamer, Olds, Sage and Lacey,(l3u)
Beattie, Hadlock and Poffenberger(S) and Beattie, Su and Simard.(g)

Early work on second virial coefficients have been reviewed by

(162)

Tester. Hoover, Nagata, Leland and Kobayashi(62) reviewed the more
recent work and presented their own accurate measurements. Data have
been reported by Huff and Reed(65) and Michels, Van Straaten, and Dawson.(llé)

. (143) . .

age, Webster and Lacey obtained a large quantity of PVT

data. They also determined isochoric heat capacities and Joule-Thompson
coefficients but over a small range of pressure and temperature. Saurel<luu)
has given a single plot of CP/CV versus pressure at the critical temper-

ature of ethane. Tsaturyants, Mamedov and Eivazova(l65) report isother-

mal Joule-Thompson coefficients abcve 116°F. Furtado et al.(h8) have

measured the effect of both pressure and temperature on the enthalpy of
ethane but have not published their results.
Viscosity data on ethane have been reviewed, and selected values

(39)

given by Eakin, Starling, Dolan and Ellington. Benedict, Webb and
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Rubin, Oplell, Schlinger and Sagre

(43)
(12)

(179) and Tubank and Iort have

evaluated constants for the Benedict-Webb-Rubin equation of state.

Oxygen

Hust(66) has authored a bibliography of thermophysical proper-
ties of oxygen. Another NBS publication, Circular 564 by Hilsenrath et
3&.(59) presents calculated thermophysical property values. The volu-
metric properties of oxygen have been measured by Michels, Schamp and
de Graaf,<ll5) Otto and Holborn,(127) and others.(u9’l67>

Weber(18o> and Goodwin<5o) have published calculated values of
the thermodynamic functions of oxygen up to 4800 psia and from its triple
point to 80°F. The only measurements of isobaric heat capacity under
pressure have been those of Workman.(l83) Voronel', Chaskin, Popov and
Simkin(l7l> and, more recently, Goodwin and Weber (51,52) have measured
isochoric heat capacities in the region surrounding the critical point.
Joule-Thompson coefficients have been measured by Brilliantinov(gl) at
low pressures and by Bennewitz and Andreewa<15) near the critical point
of oxygen.

Viscosities in the gas phase under pressure have been reported
by Kestin and Leidenfrost<7u) and Luken and Johnson.<92) Constants for
the B-W-R equation of state(lg) have been calculated by Seshadri, Vishwanath

(151)

and Kuloor.

Nitrogen-Carbon Dioxide Mixtures

The major experimental investigations of the thermodynamic

properties are given 1in Table ITI. The ice point is the lowest temper-

(87)

ature at which PVT work has been done. Tow temperature vapor liquid

equilibria have been reported by several investigators.(32’72’129) Smith,
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Sonntag and Van Wylen(155) studied solid-vapor phase behavior. Grossman(53)
made Joule-Thompson coeftficient measurements on nitrogen-carbon dioxide
mixtures over a limited range of pressure and temperature. Precise values
of the viccositics of several binary mixturces have been measured by Kestin,
Kobayashi and Wood(73) using the oscillating-disk viscometer.

Volumetric propérties at low pressures were made initially by
Fuchs(u6) and Trautz and Emert.(l6u> Measurements of interaction virial
coefficients at single values of temperatures were made by Fdwards and
Roseveare,(ul) Tunbeck and Boerboom,<93) Miller and Gorski,(ll9) Michels
and Boerboom,(lo9) and Pfefferle, Goff and Miller.<128) Data on virial
coefficients at several temperatures between -58°F and 392°F have been
reported by zaalishvili,(136) cottrell et al.(?®) muee and reed, (?%) ana

2
Brewer.( O)

Nitrogen-Ethane Mixtures

A list of experimental investigations of the nitrogen-ethane
system under pressure are given in Table IV. Reamer, Selleck, Sage and
Lacey(135) made PVT measurements up to extreme pressures and from ambient
temperatures to 46heF, Sage and Lacey(lMQ) have published tables of
thermodynamic properties of nitrogen-ethane mixtures based on that work.
The only investigations of thermal properties have been the Joule-Thompson
(65)

measurements of Head(57) and Stockett and Wenzell.(l59> Huff and Reed

report virial coefficients of nitrogen-ethane mixtures.

Nitrogen-Oxygen Mixtures

Of the three mixtures of interest here, the largest amount of
work has been done on nitrogen-oxygen mixtures. The majority of the in-

vestigations have been on mixtures with the composition of air. An
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extensive bibliography of the thermophysical properties of air have been
authored by Hall.(55) Of the few experimental investigations listed in

Table V, only the work of Kuenen, Verschoyle and Van Urk(75) and Dodge
(35)

are not on air. Virial coefficients of nitrogen-oxygen

(119)

and Dunbar

mixtures near room temperature have been given by Miller and Gorski.
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THERMODYNAMIC RELATTONS

This chapter presents the mathematical relations which are
required to calculate the enthalpy of mixing from measurements such as
pressures, temperatures, composition, mixture flow rate and power input
in a flow calorimeter,

Basic definitions of mixing and excess functions are presented.
Mathematical relations are given for calculating thermodynamic properties
from the Benedict-Webb-Rubin equation of state. The first law of thermo-
dynamics is applied to a flow calorimeter in which two reasonably pure
gases are mixed., Corrections for impurities are detailed. The expres-
sions used to normalize excess enthalpies to nominal experimental condi-

tions and subsequent smoothing with respect to composition are described.

Thermodynamic Definitions

The enthalpy of mixing and excess enthalpy are defined along
with the excess heat capacity and the excess isothermal Joule-Thompson
coefficient. The excess enthalpy and excess heat capacity are expressed
in terms of enthalpy departures and heat capacity departures for use with
. . . (12)
the Benedict-Webb-Rubin equation of state.

Thermodynamic mixing functions of binary solutions define the
changes in various state functions (e.g. enthalpy, entropy) on mixing

pure components at constant pressure and temperature. The enthalpy change

on mixing two pure components A and B to form the mixture AB 1is

M
H® = Hap

Ay - *pHp (2)

where x, and xp are the mole fractions of A and B respectively.
This definition is independent of the nature of the pure components and

their molecular interactions.

-28-
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For ideal solutions, the mixing function is
H#Y = 0 (3)

where the superscript star signifies ideal solution behavior.
Excess functions are obtained by subtracting the mixing function
of an ideal solution from the value of the mixing function itself. The

excess enthalpy at corstant pressure and temperature is therefore:

g® = gl - gt (%)

Substituting for the enthalpy of mixing, ﬂM of Equation (2),
and the enthalpy of mixing of the ideal solution, EM% of Equation (3),

into the last equation yields

H' = Hpp - XHy - %pH; (5)

The excess enthalpy and the enthalpy of mixing defined as in Equation
(5) and (2), respectively, are identical.

The excess enthalpy of a binary mixture at zero pressure, (EF)O,
may be written in terms of the zero pressure enthalpies of its consti-

tuents as

(HEYY = 1) - 10 - x 1 (6)

—AB A=A B=B

Subtracting (EE)O from the definition of the excess enthalpy, Equation

(5) gives
HY = (Hpp-HRp) - xpa(Hp-H) - xp(Hp-HQ) (7)

noting that the excess enthalpy at zero pressure has the value zero. By
comparing the last equation with the definition of excess enthalpy, Equa-

Lion (9), it may be seen that the oxcess enthalpy may be evaluated cither
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from enthalpies or from enthalpy departures for the pure components and
the mixture. Written in this form, the excess enthalpy can be calculated,
from Equation (7), with an equation of state which yields values of en-
thalpy departure for the pure components and the mixture.

The excess heat capacity and the excess isothermal Joule-Thompson
coefficient are obtained starting with the definitions of the heat capacity

and isothermal Joule-Thompson coefficient:

oH

, :<3’fp (8)
oK

¢ :<5-1;T (9)

where the latter may be related to the volumetric properties by the iden-

tity:

Tay' ~ (10)
o-v-os),

and where the heat capacity and isothermal Joule-Thompson coefficient may

be related to the adiabatic Joule-Thompson coefficient, p , by the

identity:
b= - oA (11)

The last two equations will be used later for calculating isothermal
Joule-Thompson coefficients for data interpretation.
The excess heat capacity is the derivative of the excess en-

thalpy with respect to temperature

E  /OH
Cr = | e 12
P oT ;L,x (12)

Substituting for the excess enthalpy from Equation (5) into the last

equation gives
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g _( OHap OHp Clip
(), () (P )

The partial differentials in this equation may be replaced by the heat

capacity of the mixture and of the pure components according to Equation

(8)

E
Cp = C - x,Cp = %5C (1k4)
P Pap AP, T *B"Py

The excess heat capacity may be expressed in terms of the heat capacity
departures by a procedure similar to the one utilized with excess enthalpies.

The expressiorn obtained is

E 0 0 0
CP = (CPAB-CPAB) - XA(CPA-CPA) - XB<CPB-CPB) (15)

where the excess heat capacity is zero at zero pressure., By comparing
the last equation with the definition of excess heat capacity, Equation
(14), it may be seen that the excess heat capacity, too, may be calculated
from either heat capacities or heat capacity departures.

The excess isothermal Joule-Thompson coefficient is the deriva-

tive of the excess enthalpy with respect to pressure:

D B
oF ﬁ)f (16)
s

\op

Utilizing a procedure similar to the one used in obtaining Equation (1k)
for the excess heat capacity, the excess isothermal Joule~Thompson co-

efficient may be written as:

¢ = CPAB - XACPA - XBCPB (17)

Correlation of Excess Lnthalpy with Composition

The variation of the excess enthalpy with composition at constant

pressure and temperature may be correlated with a mathematical expression



which satisfies the Gibbs-Duhem type relation:

(), 43,

where ﬁi and ﬁg are the partial molal enthalpies of A and B .
The simplest expression which may be used is the one for regular
solutions given by Hildebrand and Scott(58)
E
H
= = (19)
)

where a plot of excess enthalpy versus the mole fraction of one of the
comporents is a parabola symmetrical about a line through x = 0.5.
Since most gas mixtures approximate this behavior, the excess
enthalpies may be fitted to a curve which simultaneously represents
deviations from regular solution behavior and satisfies the Gibbs-Duhem
type relation, Equation (18). One such curve is represented by the

equation:

gE
Xy - &t bp(x-0.5) + cn(x-0.5) (20)

Relations for the Benedict-Webb-Rubin Equation of State

This equation of state is used to calculate three thermodynamic
properties: enthalpy departure, isothermal Joule-Thompson coefficient
and heat capacity departure. The enthalpy departure is used in making
corrections for impurities in the nitrogen-ethane mixture data and in
calculating excess enthalpies for comparison with the experimental results
of this research. The heat capacity departure is utilized in determining
the heat capacity of the ethane used in these experiments. Excess 1so-
thermal Joule-Thompson coefficients and excess heat capacities used in
data interpretation are evaluated from the heat capacity departures and

isothermal Joule-Thompson coefficients for pure components and mixtures.
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In the following paragraphs, expressions will be given for the
three thermodynamic properties, mentioned in the last paragraph, which
are suitable for use with a pressure-explicit equation of state (see
Equation (1)). That is, the expressions will have only derivatives of
pressure with respect to temperature or volume e.g. < :z <
The expression for the enthalpy departure, has been

derived by Hougen, Watson and Ragatz(63) as

v
H -1 = PV - RT -f [P-T@% | Jay (21)

The relation for the enthalpy departure obtained afﬁer performing the
mathematical manipulations given in the last equation on the B-W-R equa-
tion of state is given in Table XLIV in Appendix C.

The isothermal Joule-Thompson coefficient, ¢ , has been given
in Equation (10) in terms of the differential of volume with respect to
temperature, <§%§g . This equation may be rewritten to handle the

Pressure explicit B-W-R equation as

o)

Pertforming the dil'ferentiations ol the last (quatléu on the B-W-R cqua-
tion gives the equation for the isothermal Joule-Thompson coefficient
given in Table XLIV in Appendix C.

The expression for the heat capacity departure is obtained
starting with the relation between isobaric and isochoric heat capacities

(63)

given by Hougen, Watson and Ragatz

Cp - Cy = -2—91)@%)2 (23)

oplitting the diiferential (SY/ST)P as before, the last equation may be

writ bons



_’3)|._

v ) @)
(63)

Hougen et al. also give the derivative of the isochoric heat capacity

o) <o)

Integrating this relation isothermally gives

with respect to volume as

0 [ 2P

At zero pressure, the isochoric and isobaric heat capacities are related

as shown:
0] 0
Cy = Cp - R (27)

aubstituting the zero pressure isochoric heat capacity from the last

equation into Equation (26) gives

v
Cvzcg—R+Tj<§_E av (28)
2 —
oT \i

Substituting for Cy from the last equation into Egquation (23) and

transposing terms in the resultant expression gives

v
2
0. D& v [ (22
Cp-Cp=-R- T[@EE} BP>T + T @Tg A dy (29)

Carrying out the differentiations and integrations indicated in the last
equation on the B-W-R equation, Equation (1), yields the expression for
the heat capacity departure in Table XLIV.

The three expressions for the thermodynamic properties given in
Table XLIV require values for the eight empirical B-W-R constants. For
the pure components used in this research the constants are given in Table
YIV. For mixtures the constants are estimated by combining the pure com-

ponent constants according to the mixing rules of Benedict et al.(l3>
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In calculating the excess properties for binary mixtures, for
example excess enthalpy, first the enthalpy departures for the mixture
and for the two pure components are calculated and then they are sub-
tracted according to Equation (7) given earlier. The excess heat capac-
ity is similarly determined from Equation (15) and the excess isothermal

Joule-Thompson coefficient obtained from Equation (17).

Application of First Law of Thermodynamics

The experimental scheme is illustrated in Figure 1. Gas A at
flow rate Fp and gas B at flow rate Fp enter the calorimeter at
almost identical conditions (Py,Ty) and (Pp,Tp) respectively. TIf
the gases cool on mixing then enough electrical heat input, ﬁ , is
supplied to make the temperature of the exiting gas mixture, T, , almost
identical with the inlet gas temperatures, Ty and To . This is the
case for the nitrogen-carbon dioxide and nitrogen-ethane systems but when
nitrogen and oxygen are mixed there is evolution of heat and the outlet
temperature is higher than the inlet temperatures. For measurements with
the latter system, the calorimeter may be operated without any power in-
put i.e. W = 0 . There is a small preésure drop across the calorimeter
hence the outlet pressure, Py 5 is slightly lower than inlet Pressures,
Pl and P2 .
The mathematical derivation which follows is applicable to all
three systems. Since the gases used contained some impurities, rclations
are obtained here for mixing two impure gases and corrections for im-
purities made later. Henceforth the added subscript M refers to the
impure gas stream and the absence of M implies that the gas stream

1s assumed to be pure, e.g., the subscript A is pure A and the sub-

script AM 1is impure A .



*ISGBWTIOTE) MOTA ® UT SIUSWRINSBIN BUTIXTN JO AdTeyiud JOJ oTaewsyoS *T oan3dTd

M ‘Indu] jesH |ed14}08|3

L '8 Adjpyju3z
8, ajps mol4
©L%) 0
v —
“8VR  Adipyu3 O, g seo
8Y) ajos mol4 ~
3 (°L*Y) 40
a+v
ainy seg — © AMAAAA .
| "B &djoysuz
| V4 e)poa mo|4
D «—
18j8wiiojp) Mmo| 4 Y Se9




=37~
Neglecting potential energy effects, the first law of thermo-

dynamics when applied to the system illustrated in Figure 1, at steady

state, yields

o F F F
W-qQ AM BM AM
e A g + =g - " + A g
Fapy Fapy 51 Fppy =BM,2 0 SABM,0 T o0 BRAM,
Fpym
T oy M2 T Eam,o (30)

where FABM is the total flowrate of both gases and é‘ is the rate of
heat leakage to the calorimeter. The heat leak term is the most diffi-
cult term to evaluate numerically in Equation (30). Hence the prime

criterion in the design and operation of the enthalpy of mixing calori-
meter is to make the heat leak negligible. For purposes of calculation,
the assumption is made that the cxperiments are carried out under adia-

batic conditions:

Q=0 (31)

The results of the experimental verification of this assumption
of adiabaticity are discussed in the chapter entitled "Results."

The kinetic energy, KE , of a given stream is calculated per
unit mass of that stream and expressed in terms of the average velocity,
u , of the stream. For example, the kinetic energy of the impure stream

B at (T,,P,) is

oY § o

KBpy = ﬁgM,E

where

= _ Fam
BM,2 ~ (pBM 2)(cross-sectional area of flow)
2

(32)

and Pop. 0 is the density of impure B at (PQ,TQ). Substituting the
)
assumed value of Q = O and abbreviating the differences in kinetic

energy by
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I I
M B }

ARy = == KBy ) + 7 Ky o - Kfppy o (33)
ABM ABM

reduces Equation (30) to

dl

wo_ T g

F
BM
—_— + H - H + AKE (34)
=] 2
Fagyt  FApM =AM, 1 y BM, ZABM, 0 M

The first three terms on the right hand side of Equation (3k4)
represent an enthalpy difference between three streams that are at differ-
ing pressures and temperatures. A similar enthalpy difference can be

defined at the outlet conditions of the calorimeter, (T.,P,) , as

F T
AM BM
AH = H - = H - —H (35)
o ~ =ABM,o0 FABM =AM, o0 FABM =BM, 0

Adding Equation (34) to (35) and transposing W/FABM gives

AH~————W——+-]1A£/[—-(H -1 )+E]-3-}-/[—-(H - B ) + A
o - FABM FA.BM —A_M,l —-A_M,O FABM —BM,2 —BM,O K:EN[

(36)
The two terms on the right hand side of Equation (36) that
represent enthalpy differences can be expressed in terms of the calori-

meter inlet and outlet pressures and temperatures:

: F il F 1
W AM j AM
NH = - + (pppdP), + f (Cp, dAT)
©" TFpem  FamM 1 Tpy FaM " Fo
Py To
P To
B (gar)y, 2 [ (cp am) (37)
=L ), + j Cp_ dT)p, + AKy 7
FaBM P BM Fo
1DO O

The energy balance as expressed by Eguation (37) may be used directly if
power is supplied to the calorimeter. If there is no power input, then
the energy balance, Equation (37), may be used after setting the power

input to zero, W =10 .
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Primary Corrections

Experimental measurements give values of the power input, W,
and the flow rate of the mixture, Fppym » from which may be calculated

the power per unit flow or the power/flow ratio, (W/F) .
iy W
(W/F) = — (38)
ABM v

s s B
The excess enthalpy at calorimeter outlet conditions, S,
is obtained by applying four corrections to the power/flow ratio. Collec-
tively, these corrections are called primary corrections. They are:

1. Correction for pressure drop across the calorimeter expressed by

F F
AM BM
AP = = QplP1-P ] + —— [P~>-P ] (39)
corr = F o A P o Ny Pl Fo=Fg

The two terms in this equation are the integrated forms of the terms
involving pressure drop in the energy balance, Equation (37).

2. Correction for temperature difference across the calorimeter described

by
F F
AM BM
Fapy ~AM Fppy “BM

which are the integrated formg of the terms involving temperature
difference in the energy balance equation.

The pressure and temperature differences are sufficiently small
(maximum values of about 0.1°C and 0.4 psi) to justify assuming that
the values of Cp and ¢ are constant during the integration. The
numerical values of the properties are obtained at nominal experimental
conditions from literature sources which will be referred to in the
chapter entitled "Results." Only for oxygen, the isothermal Joule-
Thompson coefficient is calculated from a slightly different form of

Equation (10)



o=

cp~v[l-\/l< >/;1_’r (41)

(180) of volume and the differentials,

using the tabulations by Weber
> < > , obtained from his own PVT data.
3. Correction for kinetic energy differences between incoming and out-
going gases, AKEy , detailed in Equation (33). This term, too, occurs
in the energy balance,Equation (37). Density data is needed on im-
pure A and B and on their mixture.
These three corrections are applied to (W/F) , the power to

flow ratio, to obtain the enthalpy difference, AH This enthalpy

o
difference is the enthalpy change which takes place with the isothermal,
isobaric mixing of the impure streams of A and B at calorimeter out-
let conditions, (T,,P,) . To determine the enthalpy of mixing of pure
A and B it is necessary to make one more correction.

L. Correction for impurities in the substances under study. This cor-

rection is applied to the enthalpy difference, AH to ottain the

O

excess enthalpy, Eg , of the mixture of the two major components in

the stream exiting the calorimeter.

H = Al + AT (42)

corr

where AIcorr is the correction for impurities. The nitrogen-carbon

dioxide system uses the experimentally obtained enthalpy differences,
AH, , whereas the nitrogen-ethane system requires an enthalpy predic-

tion technique to make this correction.

Corrections for Impurities

The mathematical manipulations required to extract the excess
I3
enthalpy, gg, from the measurable enthalpy difference, AHy , will be

derived in this section. The two cases of the nitrogen-carbon dioxide
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system and the nitrogen-ethane system will be considered separately. To
maintain continuity with the previous development, the subscripts used
will be A and B . A 1is assumed to signify nitrogen and B the other

component, ethane or carbon dioxide.

Nitrogen-Carbon Dioxide System

As indicated in Table IX, the nitrogen used in this research
contains only 0.02 mole percent oxygen and the carbon dioxide contains
0.05 and 0.09 mole percent nitrogen and oxygen, respectively. Both streams
are relatively pure and contain one principal impurity--oxygen. As will
be described, the impurity correctiohs for the data on the nitrogen-carbon
dioxide system are based on certain assumptions regarding the major im-
purity oxygen, and the implementation of these corrections require the
experimental results of this very research.

The enthalpy change on mixing nitrogen and oxygen was measured
in the course of this research and found to be at least two orders of
magnitude smaller than the excess enthalpy values of the other two systems.
Therefore, since the amount of oxygen impurity is small, the nitrogen
stream is assumed to be pure. Based on the same results, it seems reason-
able to assume that the excess enthalpy of the oxygen-carbon dioxide sys-
tem is very similar to that of the nitrogen-carbon dioxide system at the
conditions of experimental measurements of the present research. Since
the fraction of oxygen impurity in the carbon dioxide isg small, for pur-
poses of making impurity corrections, the oxygen is lumped with the
nitrogen and the carbon dioxide stream is assumed to contain only one
impurity--0.14 mole percent nitrogen.

For this system, the measurable quantity, AH, , which was de-

fined in Equation (35) for mixing impure A and B streams must be
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modified to

7 I

BM A

gy oM Ay 4
Mo =g o " Frp SMyo - Fap —A,0 (43)

where A 1is pure nitrogen, BM is carbon dioxide with only nitrogen
as impurity, and AB is the nitrogen-carbon dioxide mixture.

The enthalpies of the impure carbon dioxide and the nitrogen-
carbon dioxide mixtures may be defined in terms of the excess enthalpies

(as in Equation (5)) E%M , and EE’ respectively:
J

E

Hpm,o = Bam,0 * Yala,o + V8,0 (hh)
B

BAB,O = H + XAﬁA,o + XB§B,O (45)

where yp and yp are the mole fractions of nitrogen and carbon dioxide
in the latter feed stream,

Substituting for Hpy and Hyp , from Equation (L44) and (45)
in the expression for AH, , Equation (43), and collecting coefficients

of HA,O and EB,O yields

F F F
E BM BM A
AHy = Hy - < [E%M,o] + Hy o [xp-vp 7 T F ]
AB AB AB
F
" 2 (46)

Hp o [xp-vp Tag

A mass balance on A and B entering and leaving the system

gives
Fp + ¥p Fpy = %o Fap (47)

- 3wy F (48)

Vg M AB

Substituting for the mole fraction of A , Xp from Equation (47),

and the mole fraction of B, xg from Equation (48), into the expression
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for AH, , Equation (46), reduces the coefficients of EA,O and EB’O
to zero. Transposing terms in Equation (46), the excess enthalpy of the

exit stream, EE , may be expressed as

F E
Hy = ol + o L] (49)

Comparing this equation with Equation (42) in which the appli-

cation of the impurity correction was originally expressed yields

F
_ 'BM [.E
AL,y = For [HBM,OJ (50)

The excess enthalpy of the impure carbon dioxide stream, E%M o 2
2

required to estimate the impurity correction is obtained from the experi-

mentally determined enthalpy difference, AH The enthalpy difference

o -
1s fitted to an equation similar to Equation (20).

AH

O
_-—-__}'(—I;TT = 8.0 + bO(XN—O.‘i) + CO(XN'-O.5

2
x(1 )

(51)

where Xy is the mole fraction of nitrogen and a., b and c¢, are de-

02 Yo
termined by a least squares analysis. Since the carbon dioxide stream is
assumed to contain only nitrogen and since the fraction of this impurity

is small, the excess enthalpy of the impure carbon dioxide sbream, EﬁM,o s

is equated to the enthalpy difference, All, , and gubstituted in the last

equation along with mole fraction impurity XN = ¥yp ¢

E%M’o = v (Typ)la, + b (y,-0.5) + c_(y,-0.5)7] (52)

The excess enthalpy of the impure carbon dioxide feed stream EgM o is
)

evaluated by substituting the mole fraction impurity nitrogen, (in this

cage dts value sy, = 0.0014), in the last equation and the impurity cor-

rection, Al. pe , determined from Equation (50).
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Nitrogen-Ethane System

The ethane used in this investigation has ethene, propene and
propane as impurities as indicated in Table IX. Whereas it was possible
to make use of binary enthalpy of mixing data to account for nitro-
gen as an impurity in carbon dioxide, the presence of several impurities
other than nitrogen necessitates another approach, which is outlined below.

The enthalpy difference, AH_, for this system is defined in

O

o similar way as for the nitrogen-carbon dioxide system, Equation (43),

) B
A BM
Ao = TaBM,0 ™ Fopy 4,0 T Tpy 1M, (53)

assuming that the nitrogen is pure and that the impurities are in the
ethane feed and in the nitrogen—ethane mixture stream.
The excess enthalpy of the nitrogen-ethane mixture, as defined

in Equation (5), may be written in terms of the molar flow rates of A

and B as
E T 3
Hy = H-AB,Q - FAB Hp,o - Fap Hg o (54)
F F
where X5 =& and Xp = B
- F F
AB AB
Fapm
Multiplying the expression for AH, , Equation (53), by T
. AB
subtracting it from Equation (54) for Eg , and writing the resultant
expression explicitly in EE gives
g FamM "amM e
= . —_— - — 4 —
E% EAB,O Fap EB,O + FaR A, FaR EABM,O Fap EBM,O (55)

The tflow rates of the impure ethane and nitrogen-ethane streams
may be written as the sum of the flow rate of impurities, Fr , and the

1low rate of the remainder
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Fpy = Fg + Fy (57)

where FB is the flow rate of pure ethane and Fpg is the flow rate of
the impurity-free binary nitrogen-ethane stream.
Substituting for FABM and FBM from the last two equations

in the expression for gg , Equation (55% and regrouping terms gives

Frt+F F
Tt B
( } t [H_BM,O - EB,oJ + [EAB,O - EABM,O}
AB - -

Hm,0 - EABM,O:I (58)

By transposing terms in Equation (L42), the correction for impurities,
Alcoryr » may be expressed as the difference between the excess enthalpy,

Eg , and the enthalpy difference, NHy

Aloopy = EE - AH (59)

Substituting for the excess enthalpy at calorimeter outlet
conditions, Eg » from Equation (58) in the last equation and performing
the subtraction of Equation (59) gives the impurity correction:

Fy

F
B
= —— [AH F o= -
Aleorr T [ o] F |:EBM,O -}EB,OZI

Bﬁ
T
* Ugp,0 - Hapy,ol + Fan [Hpy, 0 - Hapm,ol  (60)

Evaluation of the impurity correction, requires values for the
enthalpy difference, AH, , and the six enthalpy terms in Lquation (60).
The former is determined experimentally. The six enthalpy terms are
estimated from the Benedict-Webb-Rubin equation of state.(lg’ls’lh)
equation ol” stabe, however, vicelds values of the enthalpy departurc rather
than values of the enthalpy itself (See Equation (21)). As will be shown,

it is sufficient to use enthalpy departures in place of the six enthalpy

terms in Equation (60) to evaluate the impurity correction.
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The equation for the impurity correction, Equation (60), was
derived from Equation (53) for the enthalpy difference, AH,, ~nd from
Equation (54) for the excess enthalpy. Farlier in the chapter, it was
shown that the excess enthalpy can be calculated from enthalpy departures.

It will now be shown that the enthalpy difference, AH

o » can also be cal-

culated from enthalpy departures.

The enthalpy difference at zero pressure is

0 0 Fa 0 a0
AH. = H - —H - —— H (61)
o ~ =ABM,o0 FApM Ao FanM =BM, o

The zero pressure enthalpy of the impure nitrogen-ethane mixture may be

written in terms of the zero pressure enthalpies of its constituents:

0 F, 0 F0 F
A B T
H 2 e H + — H + H (62)
HaBM, 0 Hy o oo Hr o
% Fppy 77 Famm T Famw T

noting that the excess enthalpy at zero pressure is zero and where the
subscript I refers collectively to all the impurities. In a similar

way the zero pressure enthalpy of the impure ethane may be written as

0 g .0 T .0
HpM,o0 = F Hp ot F B0 (63)

BM BM
Substituting for EiBM,o and EgM,o from the last two equations into

Equation (61) for the zero pressure enthalpy difference gives

F I F
0 A 0 B 0 T 0 A 0
Mg = =——Hi,o* 5 EB,o“LF——H_I.O‘F—H_A.o
ABM ABM ABM ABRM
i I F ’
BM ( R 3 -
i s _H.‘;E,J (54)
ARM T BM BM
All the terms in the lasl equation cancel out reducing the zero pressure

enthalpy Jdit'terence to sero.  'This implics that the enthalpy difference,
All, o like the excess enthalpy, EE , may be calculated with enthalpy
departures only, and turther implies that the impurity correction, AI

corr

requires only enthalpy departures for its evaluation.
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Therefore, the impurity correction for the nitrogen-ethane
mixtures is determined by substituting the values for the enthalpy de-
partures, calculated from the B-W-R equation, instead of the enthalpy
terms in Equation (60). The expression for the enthalpy departure for
the B-W-R equation of state is given in Table XLIV. The B-W-R constants
for the pure components are given in Table XLV and the mixture constants

are determined from them using the mixing rules of Benedict et al.(lg)

Secondary Corrections and Smoothing of Data

The primary corrections described in the previous sections of

E

this chapter serve to yield values of H

Hy , the excess enthalpy at the

experimentally determined conditions of Pressure and temperature at the
calorimeter outlet. Tt is necessary to make a second set of adjustments
to the excess enthalpy Eg , to obtain a normalized excess enthalpy

i .

operational variation in temperature and pressure level (+ 0.05°C and

These adjustments, called secondary corrections, compensate for the

+ 3 psi) at the calorimeter outlet. The normalized excess enthalpy at
nominal experimental conditions (T, ,P,) is obtained from the excess

enthalpy at calorimeter outlet conditions (T,,P,) wusing the equation
. P T
X E :E ‘LI': m NE
g+ | (@ ey [ (et (1)
oY, 1
i T,
where Cg and @L have been defined earlicr in lquations (14) and (17),
respectively. The actual calculations are carricd out on the integrated

form of the last equation
E _ 4B Fro _ Ero _m
I_{_n - '}'ED + (\D [Pn PO] + CP[TH ‘10] (66)

with the thermodynamic excess properties being assumed constant over the

integration.
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As explained, thermodynamic dala are required on the variabion
o' excess enthalpy with temperature and pressure, respectively. 1In the
absence of experimental data, these quantities are estimated using the
Benedict-Webb-Rubin equation of state. The heat capacity and the iso-
thermal Joule-Thompson coefficient are estimated from the equations in
Table XLIV for the pure components with the constants given in Table XILV.
For the mixtures, the equations in Table XLIV are used with the mixture
constants being calculated from the pure component constants using the

(13) The excess heat capacity and the ex-

mixing rules of Benedict et al.
cess Joule-Thompson coefficient are calculated by substituting the values
of the thermodynamic properties so obtained in the expressions given
earlier in this chapter for these quantities, Equation (15) and (17)
respectively. The excess properties predicted by the B-W-R equation are
believed to be of doubtful accuracy (estimates of accuracy will be given

in chapter entitled "Results"). The thermodynamic properties are evalu-
ated at the nominal experimental conditions and are assumed to be con-
stant over the pressure and temperature differences of Equation (66).

In the chapter entitled "Results," the experimental results on
the nitrogen-ethane mixtures are presented both with and without impurity
corrections. When impurity corrections are made, the secondary corrections
on the binary nitrogen-ethane mixtures are made as described. For the
case where impurity corrections are not made, the "excess" heat capacity

and "excess" Joule-Thompson coefficient are calculated from the follow-

ing equations at nominal experimental conditions:

1 F F
cg - ¢, S Cp - B Cp (67)
ABM,n  Famm "A,n Fagy "BM,n
F F
EY oA oM 68
¢ = PapM,n . Pan T 7 %ai,n (68)
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where A is pure nitrogen, BM is impure ethane and ABM is the impure
nitrogen-ethane mixture. The heat capacities and the isothermal Joule-
Thompson coefficients in the above equations are the derivatives at nomi-
nal experimental conditions of the enthalpy terms in Equation (53) ror
the enthalpy difference, AH, , of nitrogen-ethane mixtures. The prime
in the above equations indicates that these are not true excess proper-
ties. However, they are used just like "true" excess properties for
normalizing the data as described in earlier paragraphs.

The values of excess enthalpy normalized to nominal temperature
and pressure are correlated with the mole fraction of nitrogen, XN
using Equation (20) written previously

£ 2
;Ezzzagy = apn + by(xy-0.5) + cn(xy-0.5) (69)
where xy 1is the mole fraction of nitrogen. The constants ban, b, and

C, are obtained by a regression analysis.



APPARATUS AND EXPERIMENTS

In this flow calorimetric facility, the system brings two gases
at the same temperature and pressure to the calorimeter where they are
mixed. A measured quantity of electrical energy is added to the gases in
the calorimeter to minimize the temperature difference between the in-
coming pure gases and the exiting mixture stream. Fach pure gas stream
is metered individually, hence both the flowrate and the composition of
the mixture are determined simultaneously.

The experimental details of these measurements are given in
this chapter. The design of the flow calorimeter used to make these
measurements is presented. The facility in which it is incorporated is

described. An account is given of the mode of operation of this facility.

APPARATUS
A description is given here of the calorimeter and the flow
calorimetric facility. Measurements and procedures are presented 1n

later sections.

Calorimeter

The design of the calorimeter is based on several factors. The
heat leak to and ffom the calorimeter must be minimized. The calorimeter
must have a low heat capacity so it can respond quickly to changes in
experimental conditions. The pure gases which enter the calorimeter must
be adequately mixed so that the exit mixture is of uniform composition.
Simultaneously, the pressure drop generated by internal mixing devices
must be small. Differences in kinetic energy between the pure gases
entering and the mixture leaving the calorimeter must be minimized. The

experience of previous investigators(u5’71’9b’98) with flow calorimeters

-50-
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for isobaric heat capacity measurements heavily influenced the design
and construction of this calorimeter. Especially valuable was the work
of Faulkner(h5) who in his thesis gives an excellent review of' various
aspects of calorimeter design and instrumentation.

A sketch of the calorimeter is given in Figure 2 with the key
on Table VI. The pure gases A and B enter the calorimeter through
ports 1 and 2, respectively, via 3/8-inch tubing union tees. The temper-
ature difference between the gases entering is measured by duplicate
six junction copper-constantan thermopiles which are inserted in thermo-
wells 4. The temperature difference between the gas entering port 1
and the outlet mixture is monitored by similar duplicate thermopiles
inserted in thermowells 1la and 11b. The bottoms of the thermowells are
packed with Apiezon-N grease to improve thermal contact.

The pressure is measured via l/8—inch tubing pressure taps 5
and 6 for the inlet gases and 10 for the outlet mixture. The l/8-inch
tubes are welded to sleeves which are concentric to the 3/8-inch tubing
carrying the gas. The gas pressure is transmitted to the sleeves through
six 1/32—inch diameter holes equally spaced on the circumference of the
3/8-inch tubing. The six holes are at the same location along the axis
of the 3/8-inch tubing as the multiple Junctions of the thermopiles in-
serted in the coaxial thermowells,in order that the pressure and temper-
ature be measured at the same point.

The pure gases flow through two concentric tubes and are mixed
at the point labeled 7 within the mixing chamber. Reversing the direc-
tion of flow, the gas mixture Lhen passes into the annular space, 8, he-
tween the outer most of the two concentric tubes and a thin (0.01 inch
thick) copper cylinder. ‘he laller is the firgl of" four concentric

cylindrical bauf'fles (obher threo hal'tles ot shown in Migure ) over
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Table VI)

(Key:

Enthalpy of Mixing Calorimeter.

Figure 2,



1. Gas inlet A
2. Gas inlet B
3. 3/8-inch tubing union tees
L, Thermocouple wells to measure differential temperature at inlet
5. 1Inlet pressure tap--Gas A
6. Inlet pressure tap--Gas B
7. Mixing point of Gases A and B
8. Annular space for flow of gas mixture
9. Helical tubes carrying mixed gases to outlet tubes
10.  Outlet pressure tap--mixture A+B
1la. Outlet thermocouple well
11b. Inlet thermocouple well to measure temperature differential between
gas inlet and gas outlet. Thermocouple junctions placed in wells
1la and 11b
12. Gas outlet tube
13. Heater leads
4. Tube for housing thermocouple lead
15. Tube for housing heater leads
16. Outer vacuum jacket
17. Vacuum line
18. Bottom flange
19. Teflon gasket
20. Teflon mechanical partition
21l. Brass collar with coarse interrupted threads. Collar attached to
outer jacket
22. Gold-plated thin copper shield
23. Silver-plated thin copper shield
Note: Sketch on right shows details of inlet assembly and mixing chamber.
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TABLEE VI

KiY TO SKETCH OF CALORIMETER IN FIGURE 2
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which the gas mixture flows back and forth. 1In passing trom one baftfle
to the next the mixture flows through approximately 30 symmetrically
distributed holes of l/32-inch diameter located at alternate ends of the
hemispherical ends of the baffles. Detailed drawings of similar baffles
have been given by ]E‘a,ulkner.w5> The only difference is that the cluster
of holes in each of these baffles are locgted at the opposite end of the
baffles shown by Faulkner. From the top of the outermost baffle, the gas
mixture passes into a helical 1/4-inch diameter tube, 9, which leads it
to the outlet measuring station. The gas mixture exits the calorimeter
via tube 12. This tube is made as long as possible to minimize heat
conduction along it.

The first two of these baffles is wound with 180 ohms of in-
sulated Nichrome wire. Heater leads, 13, are brought into the mixing
capsule through a conax gland. The two remaining baffles and the helical
tube serve to equilibrate the mixture. An externally goldplated copper
radiation shield, 22, is in contact with the helical tube and facilitates
regenerative heat transfer.

A silver plated copper shield, 23, completely surrounds the
mixing chamber and the outlet measuring station and isolates them from
the line of sight of the surroundings as well as the gas inlet assembly.
A single junction copper-constantan thermocouple measures the temperature
difference between the skin of the shield and the exit tube, 12. The
shield, 23, is supported by three small copper pins which rest on the
teflon partition, 20, Very little, if any heat is conducted away from
the shield through these supports and through the teflon partition. The
partition is bolted to a circular brass ring. Interrupted threads on
the brass ring mate with similar threads on a brass collar, 21, which is

attached to the outer jacket, 1o, of the calorimeter.
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A vacuum jacket, 16, surrounds the mixing chamber, and the
measuring stations. The vacuum serves to minimize conductive and con-
vective heat transfer between the calorimeter and the surroundings,
Twelve symmetrically placed socket head screws squeeze a teflon gasket,
19, between the bottom flange, 18, and the flange on the vacuum Jjacket.
An operational vacuum level of one to four microns Hg is maintained with-
in the jacket with a vacuum pump.

Conductive heat transfer along the thermopile wires is mini-
mized by using 30-gauge wire and making the distance between the two
sets of six junctions about four feet in length. The 30-gauge copper
lead wires are brought out of the calorimeter bath through a 1/4-inch
0.D. stainless tube, 1L, about three feet long welded to the bottom
flange, 18. The copper wires are threaded through teflon tubing betore
inserting them in the 1/h-inch tube. At the end of the l/h-inch tube,
the wires are soldered to the Covar sealed pins of an octal plug. A
vacuum tight seal is maintained by soft-soldering the octal plug and the
tubing to an annular stainless steel cylindrical adaptor. The 22-gauge
copper lead wires from the calorimetric heater are brought out of the
calorimeter via a similar stainless steel tubing, 15, and octal plug

arrangement,

Ilow Calorimetric Facility

The flow calorimetric facility supplics the two gases to the
calorimeter where measurements are made under steady state corditions.
The flow system is described by tracing the path followed by the two gases
from the supply cylinders to the exhaust system. Details of the gas supply

assembly, the conditioning baths and the control panel follow separately.
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Flow System

A flow diagram is presented in Tigure 3 with the key on Table
VII. The two gases under investigation arc suppliced from c¢ylinders, 1
and 2. These cylinders are manifolded, as shown, to dampen the rate of
decrease of supply pressure caused by continuous withdrawal of gas. Manu-
ally operated pressure regulators, 3, set the pressure of the gas enter-
ing the flow metering section at about 1100 psia (except for ethane flow
metering pressure of 500 psia). 1In the case of ethane and carbon dioxide
only, the gas is heated with heating tapes wound onto the pressure regu-
lator and gas supply tubiﬁg to prevent it from condensing when it is
throttled from supply to flow metering pressure.

The flow rate of each gas is metered separately in high pres-
sure flow meters, 5 and 6, which are located in the flow meter bath. The
temperature of the bath is maintained at 25°C for the nitrogen-oxygen
system and at 45°C for the other two systems.

The gases are preconditioned prior to entering the bath by
heating tapes wrapped onto the tubing. The power input to the heating
tapes is adjusted to maintain the gas temperature within + 1 to 2°C of
the bath temperature. Gas temperatures are monitored by single junction
copper-constantan thermocouples, 13, inserted into the gas streams through
conax glands. On entering the bath, the gases flow through 50 feet of
copper conditioning coils.

Traces of oil and gross particles are filtered out by passing
the gases through glass-wocol filled bombs (not shown in Figure 3) vefore
thev enter the bath., Micron filters, 4, on the gas inlet, outlet and
pressure taps to the flow meter further cleanse the gas and prevent de-

position ot particles within the flow meters.
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The gases are throttled from the flow metering pressure to the
required pressure in the calorimeter by metering valves, 21. Preheating
by heating tapes on the tubing, 12, prevents condensation. Ball valves,
22, are used as on-off valves as they provide negligible resistance to
flow. They occur at this and other points in the flow path of the gases
wherever throttling or metering valves are located.

The temperatures of the gases entering the calorimeter bath,
which are measured by thermocouples, 13, are brought to within + 1 to 2°C
of the bath temperature by controllirg electrical power input to heating
tapes, 12, wound on the tubing. Gas temperatures are equalized with the
bath temperature by passing each of the gases through 50 feet of copper
Ccoils in the bath. The two gases are mixed within the calorimeter. The
difference in temperature between the mixture exiting the calorimeter
and the two pure gases entering it is rendered negligible by passing the
mixture over heated resistance wire within the calorimeter,

On leaving the calorimeter bath, the gas mixture is preheated
with heating tape, 12,to prevent condensation when it is throttled to
7> psia pressure by pressure reducing valve, 18. Valving is provided at
this point to withdraw mixture samples at a pressure of 75 psia for com-
position analysis.

Again, the mixture is preconditioned as described earlier before
entering the flow meter bath. The two flow meter baths in Figure 3 are
in reality a single bath. They are drawn as shown for clarity in the flow
diagram. The low pressure flow meter, 19, is not calibrated but used only
for operational control. A glass wool bomb located prior to entering
the bath, and micron rilters, by al the flow meler remove oil and parti-

culate matier from Lhe gas mixLurc.
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10.
11.
12,
13.
1k,
15.
16.
17.
18.
19.
20.
21.

22,

23.
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TABLE VII

KEY TO FLOW DTAGRAM IN FIGURE 3

Gas A tanks

Gas B tanks

Pressure regulator

Micron filter

High pressure flow meter
High pressure flow meter
Pressure taps

Thermometer

Stirrer

Controlled heat input
Cooling water or compressed air
Heating tapes

Thermocouples

Thermometer

Inlet pressure tap--Gas A
Inlet pressure tap--Gas B
Mixture outlet pressure tap
Pressure reducing valve
Meriam flow meter--mixture A+B
Flow metering valves
Metering valves

Ball valves

Two-way outlet solenoid valve
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The mixture is throttled to atmospheric pressure through flow
metering valves, 20. It is then vented through a two way solenoid valve,
23. During normal operation, with the solenoid valve switch off, the
gas mixture is vented to a tunnel located beneath the laboratory floor.

A fan at the end of the tunnel exhausts the gas mixture to the air out-
side the building. When the solenoid valve switch is thrown, the mixture
is diverted to a calibration tank. The latter is a tank whose volume
(about six cubic feet) has been measured accurately. It is used only
during flow meter calibrations to measure flow rate by collecting the

gas in it over a measured period of time.

Gas Supply Assembly

Fach of the nitrogen and oxygen supply cylinders are filled
with about 250 standard cubic feet of gas at approximately 2300 psig.
Seven cylinders are connected to the supply manifold of each gas. Gas 1is
withdrawn from the manifolded cylinders with a resultant decrease in
pressure level of 30 to 4O psi/hour till an internal pressure of 1200 to
1300 psig is reached after which they are replaced with fresh cylinders.

Both the ethane and carbon dioxide in the supply cylinders are
in coexisting liquid and gaseous phases. The ethane cylinders contain
about 30 pounds at 350 psig whereas there is 50 pounds of carbon dioxide
at about 850 psig. The cylinders after manifolding are heated with heat-
ing tapes to raise the gas pressure to the required level. The four
manifolded ethane cylinders are kept at 700 psig. The carbon dioxide in
the six cylinders is maintained at about 1300 psig. Variacs control the
power inpul Lo the heating tapes to sustain the pressures at these levels

within + 50 psi.
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Constant Temperature Baths

There are three constant temperature baths: The cooling water

bath, the flow meter bath, and the calorimeter bath,

1.

Cooling Water Bath: This bath, as its name implies, supplies cooling
water at a controlled temperature. Water is recirculated by a floor-
mounted centrifugal pump to a 50-gallon drum, fastened to the wall
near the roof. Cooling water is tapped from the exhaust of this pump.
An overflow drain on the drum maintains a constant head of water.

The temperature of the water draining from the bottom of the drum into
the pump is measured by a temperature sensing probe. A pneumatic
error signal is transmitted by it to an air-pressure controlled valve
which regulates the amount of water entering the drum to control the
temperature of the water in the recirculating system. A constant
amount of heat is supplied by a 2000-watt immersion heatér in the
drum. Once steady conditions are achieved, the cooling water tempera-
ture does not vary by more than a few tenths of a degree.

Flow Meter Bath: Tt consists of a 27-inch long by 15-inch wide by
25-inch deep stainless steel bath insulated with 2-inch thick styro-
foam blocks on the side and bottom and with 1 1/2-inch thick styro-
foam on the top. The assembly is enclosed in a l/2-inch thick plywood
box.

The bath fluid water is stirred by a Lightnin' 10X mixer. A
100-watt tubular heater, used fr on-off control, and a 300-watt
tubular heater, for continubus heat input, are immersed in the water.
These two low lag heaters consist of a resistance wire packed with
high thermal conductivity material within 5/16-inch copper tubing.

The temperature of the bath igs sensed by a mercury-to-wire Philadelphia
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