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ABSTRACT

I. An apparatus has been constructed for the determination
of the thermal conductivity of fluids. In this eguipment the
thermal flux between concentric spheres is measured. The
apparatus has been used to measure the thermal conductivity

0

of nitrogen dioxide in the liquid state at 40°, 100°, and

16OOF., and at pressures up to 5000 pounds per square inch.

II. The thermal conductivity of nitric oxide was measured
at atmospheric pressure from 40° to MOOOF., and the vari-
ation of its thermal conductivity with pressure was observed
at 40°, 220°, and 340°F. o a maximum pressure of 1400 pounds
per square inch. At higher pressures the nitric oxide was

found to undergo catalytic decomposition.

III. A rolling ball viscometer was»utilized to measure the
viscosity of nitrogen dioxide and mixtures of nitrogen di-
oxlde and nitric oxide. A temperature range of 40° to 280°F.
was used at pressures from bubble point to 5000 pounds per
square inch. Mixtures containing up to 20 weight per cent

nitric oxide were studied.
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INTRODUCTION

The oxides of nitrogen are compounds of increasing
industrial and scientific importance. Nitrogen dioxide,
alone or in combination with nitric oxide, is of value as
an oxidant in special fuel systems. In order to make the
best use of these compounds, and to design equipment to
handle them, a knowledge of their physical properties
is needed. Investigators at the Chemical Engineering
Laboratory of the California Institute of Technology have
studied the volumetric behavior of nitrogen dioxide,
nitric oxide, and some of their mixtures. In operations
involving heat transfer or fluid flow a knowledge of their
transport properties is necessary. The present work is
concerned with the evaluation of their thermal conductivity
and viscosity. The viscosity measurements were done under
an Office of Naval Research contract and the thermal con-
ductivity measurements were sponsored by Project SQUID
.which is jointly supported by the Office of Naval Research,
the Office of Scientific Research (Air Force), and the

Office of Ordnance Research (Army).



PART I

THERMAL CONDUCTIVITY OF NITROGEN DIOXIDE
IN THE LIQUID PHASE



INTRODUCTION

The measurement of the thermal conductivity of fluids
as a function of temperature and pressure has been one of
the more difficult research problems to solve. A knowl-
edge of this molecular transport property is of importance
because of its theoretical interest as well as its engineer-
ing applications. Yet only a limited amount of experimental
data is avallable, and most of 1t 1s in the realm of low
pressure gases. Many different types of apparatus have
been employed, but none has been free from limitations or
inaccuracies. The object of the present work has been to
construct an apparatus for measuring the thermal conductivity
of fluids over a wide range of temperature and pressure and

then to study nitrogen dioxide.

Experimental Results

The literature concerning experimental studies of
thermal conductivity is extensive. Some of the most im-
portant work has been summarized in several reviews which
give'critical evaluations of the experimental results and
many references to the original sources. The thermal conduc-
tivities of a number of the most common gases at atmospheric
pressure may be found in the reviews of Keyes (1), Hilsen-

rath and Touloukian (2), and in a very comprehensive set



_

of tables published by the Natlional Bureau of Standards
(3). Sakiadis and ‘Coates present a very good summary of
available data on liquids (4) and in a later work give
their results for 53 organic liquids (5). Mason (6) re-
ports the thermal conductivity of twenty industrial
fluids at temperatures from 0° to lOOOC. The effect of
pressure has been considered by Comings and co-workers
(7,8,9) and Stolyarov (10). Keyes has reported some
values of thermal conductivity at higher pressures (11).

There has been very little experimental work on nitro-
gen dioxide, and the small amount done is for the gas phase.
Magnanini and Zunino (12) studied the rates of cooling of
bulbs of nitrogen dioxide. From these data Nernst (13)
calculated the thermal conductivity. These data are for
the gas phase near atmospheric pressure, and cover the
temperature range of 20° to 7000. The errors in these
values are probably large. The thermal conductivity of
nitric oxide and nitrogen dioxide at atmospheric pressure
was measured by Todd (14). The design of the experiment
and the difficulties reported vitiate his results.

In the design and operation of a thermal conductivity
cell other physical properties, chiefly volumetric behavior
and viscosity, are needed. Much information on the oxides
of nitrogen is presented by Yost and Russell (15). The
properties of nitrogen dioxide are summarized by a com-

prehensive literature survey by Gray and Yoffe (16). In-
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vestigators at the Chemical Engineering Laboratory of the
California Institute of Technology have determined a num-

ber of the needed properties of nitrogen dioxide (17,18,19).

Theoretical Studies

The greatest amount of theoretical study of molecular
transport properties has been concentrated on the behavior
of gases at low pressure. Maxwell derived the first equa-
tion for thermal conductivity that had any success in

*
agreeing with experiments. His relation is

£ = /523,77 (1)

His derivation gave a value of 2.5 for the constant F. The
basis of the reiation is rigorous kinetic theory and the
assumption of molecules repelling each other according

to an inverse fifth power of distance. It has been found
that this value of F holds only for monatomic gases, which
ha#e no internal degrees of freedom. This result for mon-
atomic gases has been generalized to include any inverse
power repulsion law or any case of spherical symmetry by
Chapmen (20,21). The value of F remains between 2.522 and

2.5 for monatomic gases for any type of intermolecular force

*
Symbols appearing in the text are defined in the
nomenclature on page 55 .
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that has been considered. The experimental valueg are
within one per: cent of 2.5, except in the case of helium
for which the experimental results are about 3 per cent
lower,

From a consideration of the energ& of internal motions,
Eucken (22) developed a correction for the case of poly-

atomic molecules,

I

k= = (75-5)C, 7 (2)

Using the Chapman-Enskog kinetic theory of gases, Hirsch-

felder has developed the form

s R/R[(4C 3
k= M \/SR +f)q’? (3)

This form gives somewhat improved results for monatomic
gases, especially helium. For most diatomic gases the
agreement of theory to experiment is within two or three
per cent, but for triatomic or larger molecules the agreement
is not good.

Another valuable result of theoretical studies is
Sutherland's formula for the termperature dependence of

the viscosity of gases. The formula is

72 Ve (://://z(c +7' (8)
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This formula may be combined with the known temperature
variation of *heat capacity and equation 3 to give an ap-
proximation for the temperature variation of thermal con-
ductivity.

These relations depend upon knowledge of molecular
behavior, particularly intermolecular forces and colli-
sions. For simple gases at low pressures, values of the
thermal conductivity can be calculated that agree well
with experimental work. For more complicated systems a
better theoretical knowledge is needed. The equations
are derived and the theory presented by Jeans (23),
Kennard (24), and Hifschfelder, Curtis, and Bird (25). The
last authors in particular give a complete treatment of
molecular theory and the transport properties as under-
stood today.

For gases at high densities or for liquids the theo-
retical results are not satisfactory. No adequate theory
has been developed to describe either of these states. The
approximate theory of Enskog for dense gases and Eyring's
theory of absolute reaction rates for liquids are the
best descriptions availlable. Until a more rigorous
theory may be completed, the transport properties in these
regions cannot be derived satisfactorily from theory.

Several attempts have been made to develop simple

equations for liquids that could be used in correlating
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data. One such equation was developed first by Bridgman
(26) and later medified by Kardos (27). Bridgman's equation

is
k = L_Lé/oC;, (5)

Errors involved in the use of this equation average over
twenty per cent. One example of its use is by Sakiadis
and Coates (28). A more recent work by Uhlir (29) con-
siders a liquid as a dense gas of hard spheres in a uniform
potential well. Applied to liquid argon and nitrogen,
theory and experiment agreed to within five per cent.
Most of the work on generalized liquid thermal conduc-
tivity has been done with a purely empirical equation such
as that of Smith (30) or by modification of the theorem
of corresponding states as was carried out by Sakiadis
and Coates (5). Such methods may be used for classes
of similar compounds, but are not successful for all
liquids. 7

The only methods that have been presented for calcula-
tion of thermal conductivities of gases at high pressure
have hot been based on rigorous theory. The most reason-
able correlations seem to be those of Comings and Nathan
(7), which is based on the theorem of corresponding states,
and the empirical equation of Stolyarov (10).

In the case of a chemically reacting system, there can
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be anomalous values of the thermal conductivity. TFor a
simplified example, consider thermal transfer across a

fluld in which a reaction is occurring of the type
A+ A== B (6)

that 1s, an association-dissociation reaction. A concen-
tration gradient of both the monomer and the dimer will

be set up because a temperature gradient is imposed upon
the fluid. This assumes that the equilibrium is shifted

by ‘tiemperature change and that the rate of reaction is
large compared to the rates of transport of molecules
within the fluid by diffuslion. Under the influence of

this concentration gradient, the dimers will be transported
to the region of high temperature and the monomers to that
of low temperature. At the higher temperature the dimer
will dissociate with the absorption of the energy of
dissociation and in the low temperature region the monomers
will assoclate and liberate the energy of dissociation. 8o -
the net result is the diffusion of the dissociation energy
across the fluid, which gives a high thermal conductivity
for the reacting system. Actual cases can be more compli-
cated owing to complex reaction mechanisms and higher poly-
mers, but the basic phenomenon is the same. This effect

is especially large in the case of the gas phase equili-~
brium involving nitrogen dioxide and dinitrogen tetroxide

in the regidn from 0° to 15OOC. where the equilibrium between
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the species shifts from dinitrogen tetroxide to nitrogen
dioxide as the primary constituent of the .gas. The ef-
fective thermal conductivity of this system 1s several
times as large as would be predicted from kinetic theory.
Similar increases are also found in fluids near the criti-
cal state and in very high temperature systems in which
the common gases, such as nitrogen, dissociate. The
additional conduction due to the transport of the energy
developed iﬁ the chemical reaction must be added to the
thermal transfer due to the transport of the kinetic

and internal energy of the molecules. The subject of
reacting systems was first considered by Nernst (13)

and has been presented/more recently by Prigogine et al.

(31) and Hirschfelder (32).
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Design of Equipment

General Criteria

The rational choice of a design for a thermal conduc-
tivity cell involves a consideration of many factors. The
geometrical configuration involved must be amenable to
mathematical analysis and it must be possible to make all
of the needed measurements, Difficulty of construction may
be a deterrent to the use of some systems. It must be
possible to calibrate the cell with precision. This in-
volves determination of sizes and distances and calibration
of ‘electrical energy measurement circuits and temperature
measurement devices. The cell must be designed so that these
determinations are stable, The possible limits of accuracy
in measuring the quantities needed to calculate the thermal'
conductivity depend upon the design. But perhaps the most
useful criterion in making a decision is the ability %o
eliminate methods of energy transport other than conduction
through the fluid of interest.

Transport by radiation cannot be eliminated, but its
effect can be minimized and corrected for. The surfaces
of the containing walls of the cell should be made to have
as low an emissivity as is possible., This can be done by
constructing the cell frommaterial that has a low emissivity,

or by putting a special coating on the surface, such as gold
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or silver plating. Special efforts must be made to insure
that the surface conxdition does not change with time.
Radiation 1s considered in some detail by McAdams (33).
Natural convection can be eliminated by proper design.
This may be accomplished in two ways. First, when a fluid
is confined between two walls a stabilization occurs that
tends to prevent convection. The tendency for circulation
to occur depends upon the state of the fluid, increases
with increased temperature gradient, and decreases as the
spacing between the walls decreases. The most common
design method of eliminating energy transport by convection,
is to use a thin film of fluid, however the use of thin
films, of the order of a few hundredths of an inch, creates
additional problems in gaining precision in measurements
of the spacing and the temperature drop across the film.
Kraussold (34) has accumulated a considerable amount of
data and made an analysis of the problem. FProm this work
he determined that, for cases in which the product of the
Grashof and Prandtl numbers 1s less than 1000, convection

would be negligible., That is, convection is unimportant

G?;f‘d—r)( %) < /000 (7)

Kraussoldt's work and some later work is summarized by

wnen

Lenoir and Comings (8).
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The second method for eliminating convection is to
arrange the heated %surfaces so that the 1éast dense fluid
occurs at the highest point in the system. Thus the
tendency for circulation is eliminated. In general this
means placing the higher temperature surface highest be-
cause the i1sobaric change of volume with temperature is
usually positive.

There is another class of errors that affect the
results obtained 1in any cell., No actual cell corresponds
exactly to the mathematical model used to describe it.
There are always some end effects, where the geometry
disagrees with the ideal used as the model, and almost
always there are mechanical supports or measuring instru-
ments whose presence 1s not considered in the analysis.
These factors can be minimized and corrected for, but
they do place a limit on the inherent accuracy of inter-
pretation of the results from any design.

An additional difficulty arises in some types of
’equipment when they are used at low pressures. When a
temperature gradient is imposed upon a confined fluid there
is a discontinuity in the temperature at the boundaries.
This discontinuity, or so called temperature Jump, occurs
because of incomplete interchange of energy when the mole-
cules hit the wall. It is usually treated by means of the
aécommodation coefficient, which is the fractional extent

to which the molecules colliding with the wall adjust their
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energy to that corresponding to equilibrium with the wall.
The phenbmenon becomes important when the mean free path
of the molecules becomes significant with respect to the
dimensions of the container, and depends on the tempera-
ture gradient, the fluid, and the type of surface. It

is treated from the standpoint of kinetic theory by Jeans
(35) or Kennard (36), and Dickens (37) gives an analysis

of the problem as it occurs within a thermal conductivity

cell.

Types of Designs Used

There are two maJjor classes of designs»in use, steady
and unsteady state. Those operating at steady state may
be subdivided according to geometry into parallel piate,
cylindrical, or spherical systems. The analysis of all
the steady state systems leads to relatively simple equa-
tions, but they differ greatly with respect to other fac-
tors.

A cell involving heat transfer between parallel plates
is the simplest system to consider. In general it con-
sists of two parallel circular plates, one a heat source
and the other a heat sink. The plates are placed in a
horizontal position, generally the one with the higher tem-
perature uppermost. This orientation eliminates convection
by having the most dense fluld at the lowest point. The

basic parts are very simple and the geometrical constants,
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spacing and areas, are very easily determined. The spacings
used vary from a thin fil¥m to a layer of perhaps an inch.
The major difficulty lies in eliminating heat losses from
the edges of the plates and in eliminating deviations in
the pattern of heat flux from that found in the model of
infinite parallel plates. Many schemes have been proposed
for eliminating these effects of the ends of the plates,
but none is completely satisfactory. The method of paral-
lel plates has not been used extensively recently. Bates
(38) utilized this design with a thick layer of fluid and
also discusses other types of equipment. Martin and Lang
(39) utilized parallel plates with a thin layer of fluid.

There are two main types of cylindrical cells. The
hot wire types have a thin wire mounted along the axis of
a cylinder. The wire serves both as a heat source and
as a resistance thermometer. The other method uses con-
centric cylinders, or what may be called a thick wire sys-
tem.,

In the hot wire methods, care must be taken to
eliminate convection and the effect of a non-unity value of
the accommodation coefficient, as well as to eliminate the
end effects. Experimental and computational techniques make
it possible to eliminate convection and correct for the
temperature jump. Two schemes have been used to eliminate
thermal losses from the ends and to insure that only radial

heat flow is obtained. The first is due to Schleirmacher (40)
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and is often called the potential lead type cell. By
attaching potential? leads to the ends of a central section
of the hot wire, the temperature and heat loss of this por-
tion of the wire may be determined. This section is assumed
to be free of all end effects, and the calculations are
based on this section. The Schleirmacher principle has been
utilized by Weber (41) and Taylor and Johnston (42). Another
type of approach, originated by Goldschmidt (43), utilizes
two hot wire cells, identical except for length. It assumes
that the end effects are the same in each cell and that they
can be eliminated from the results by working with the dif-
ferences between the two cells. The Goldschmidt, or compen-
sating type of cell, has been used by Weber (44) and by
Dickens (37), who also analyzed the equipment. The great-
est part of the thermal conductivity data for gases has come
from hot wire cells., Their behavior has been extensively
studied and 1s well understood. At high pressures and for
use with liquids they have some disadvantages due to in-
creased tendency for circulation and to mechanical problems.
So theilr application lies in the area of gases at pressures
from the vicinity of atmospheric to that of a millimeter of
- mercury or less.

In the thick wire, or concentric cylinder method, end
effects are eliminated by a combination of guard heaters
to block heat losses and corrections applied to the data by

analysis of the actual situation. A thin film of fluid is
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used to minimize convection, and the temperature jump
phenomenon is not ,important. This design is suited to high
pressure work and either liquids or gases may be studied.
The method was used and analyzed by Kannuluik and Martin
(45,46) and has been used by Keyes and Samdell (47),

Keyes (48), and Kannuluik and Carman (49).

The use of concentric spheres to contain the fluild
offers the advantage of reducing end effects to a minimum.
The major deviation from the ideal case of spheres, which
have no boundaries at whiéh end effects can occur, is a
Small shaft needed to carry the electrical leads to the
heater in the center sphere. By the use of a guard heater
the energy losses through this shaft may be essentially
eliminated. The deviations from radial flow of heat caused
by the shaft should be negligible. It is a design suitable
for high pressures, and it is adaptable to both liquids
and gases. The greatest drawback to this design is the
extreme difficulty of construction of the cell. The only
reported use of a spherical cell is by Riedel (50,51).

Unsteady state methods may be employed to measure
thermal conductivity. In general, the rate of change of
temperature is obtained for some point in a container of the
fluid being studied, when the container is subjected to some
predetermined change in temperature. An example of this is
thé cooling thermometer method which has been used by Curie

and Lepape (52). In this method the rate of temperature
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change at the center of a spherical flask of the fluid is
obtained when the exterior of the flask is changed from one
steady temperature to another. Cells of this type are very
susceptible to errors caused by convection.

Any unsteady state method will have less accuracy
than a steady state method for several reasons. An analysis
of such a system shows that it is the thermometric conduc-
tivity which is obtained. Hence, to get the thermal conduc-
tivity, a knowledge of the fluid's density and heat capacity
is needed. Also, owing to their nature as unsteady values,
‘the measurements are more difficult to obtain preciéely than
steady values. And in the particular case of the cooling
thermometer method only comparative measurements can be
made, This 1s not desirable, since the accuracy of the
results must depend upon the accuracy of values of thermal

conductivity determined by other investigators.

Cholce of Design

For the present work it was decided to use the method
of heat transfer between concentric spheres. This method has
been utilized previously in only one instance because of
problems of construction, but these can be overcome. It was
believed that the difficulties of overcoming the mechanical
problems of construction would be more than compensated for
by the minimization of end effects in the completed cell.

In addition to minimizing end effects, this type of cell is
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more easily adapted than most others to the immediate objec-
tives &f the work, a study of a corrosive fluid at high
pressures and over a wide temperature range. All of the cell
that 1s exposed to sample can be made of metals that are
resistant to chemical attack and the cell can be made to
withstand the effects of high pressure and temperature.
Figure 1 shows a schematic view of the cell. By using

four concentric spheres the effects of pressure on the

cell can be made negligible. The fluid is contained between
the inside and outside spheres. Thus the intermediate spheres
are pressure compensated since they are immersed in the

high pressure fluid, and the measurements can be based on
them., Thermocouples are used to measure the temperature
difference between the spheres. Use of a small spacing
between the spheres makes it possible to minimize convection,
The effect of mechanical supports is small. Special prepara-
tion of the surfaces keeps radiation transfer small, and

the temperature Jump phenomenon is negligible. Calibration
of all the geometric factors and meagsuring instrument
characteristics is possible, and the analysis of the opera-
tion of the cell leads to a calculation method that is
straightforward. It is possible to make accurate measure-
ments of the quantities needed to calculate the thermal

- conductivity.
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Equations of Thermal Transport by Conduction

& between Concentric Spheres

The basic hypothesis for the mathematical theory of
conduction of heat is that the heat flux at a point across

an isothermal surface is

e _ _ p 3T
g = /%A (8)

This hypothesis is generally known as Fourier's Law. The
only assumption made in this equation is that all of the
transport is by the mechanism of conduction., For the case
of an isotropic, quiescent medium the heat flux at a point

may be generalized to
5‘:-———-/%?/@7&7” (9) .

A complete treatment of the mathematical theory of conduc-
tion may be found in Carslaw and Jaeger (53) or in the
work of Fourier (54);

In the case of transfer between spheres, if the
spheres are concentric and each is isothermal, the tem-
perature and heat flux will depend only upon the radial
position and the time. Under these conditions, and expreé-
singkthe equations in spherical polar coordinates, the

heat flux becomes



-1~

o' =—k 4L (10)

& dr

- At steady state the heat transferred through any spherical

surface 1s constant and given by

o

Qe = —FT A"k -fjf (11)

This equation may be integrated over the distance between

the spheres to give

G- LTET T (12)

This may be rearranged to give the thermal conductivity

— Qcc (/bo "-/2’()
R= FTN, 2, (7-T,) (13)

In the actual thermal conductivity cell two of the
assumptions used in the derivation are not strictly cor-
rect."There is transfer of heat by other mechanisms than
conduction through the fluid, and the shaft to the center
sphere alters the geometry from complete spheres. The
amount of heat transferred by conduction may be calculated
by subtracting from the measured total heat transfer
the amounts transferred by radiation and by conduction
through the supporting mechanism. These quantities may be

obtained by calibration and calculation, The heat transfer
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through the supporting pieces is considered in two parts,
that through the shaft leading to the center sphere and

- that through the pins used to space the spheres. In
addition to conducting heat away from the center sphere

the shaft changes the area of the fluid film by intersect-
ing part of the surface of the spheres., If it is assumed
that the only effect of the shaft is to prevent heat from
being carriled across the intercepted, spherical area, the
ratio of heat transferred across a complete sphere to that
actually transferred is the same as the ratio of tThe area
of the complete sphere to that of the sphere minus the area
intercepted by the shaft. Using this to correct the amount
of heat transferred, the complete equation for the calcu-

lation of the thermal conductivity becomes

/%:___ (ém’ Qop —’QOA,_QOS)(/Z’O~'/2’1)¢A (14)
FT A (7,T)
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Construction of Eguipment
8

Description of the Apparatus

A schematic view of the thermal conductivity cell 1is
shown in Figure 2. The heavy walled pressure vessel A is
mounted within a constant temperature bath B. The central
sphere C contains an electrical heater D which maintainsf
the temperature of sphere C above that of the rest of the
equipment. The amount of energy dissipated in D is deter-
mined electrically. Two carefully machined spherical
shells E and F are mounted in the space between the central
sphere C and the pressure vessel A. These shells are
supported relative to C and to each other by means of small
pins shown at G. Thermocouples are mounted in the interior
of E and F so that the junctions are near the surfaces of
the shells that are adjacent to each other. The leads
enter from the inner surface of F and the outer surface
of E so that the space between the shells is free of wires.
The dimensions of shells E and F can be determined pre-
cisely and the variation of their dimensions with temperature
and pressure can be calculated. Since they are pressure com-
pensated they will not deform under high pressures., The
pins G are made very small to minimize energy transport
through them. A shaft H supports the inner members of the

cell in relation to the outer vessel A. In addition the
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electrical leads to the heater D and other electrical equip-
ment from the junction box J ton top of the cell pass through
H. 1In order to make energy losses through the shaft negli-
gible a compensating or guard heater is mounted at K. A
differential thermocouple mounted below K measures the tem-
perature gradient in the shaft. The guard heater is regu-
lated to keep the gradient zero thus eliminating thermal
transport. The pressure within the cell is measured with

a diaphragm type pressure gauge at L. Samples are intro-
duced into the cell by conventional vacuum techniques
through a line entering the cell through the valve M.

Figure 3 is a photograph of the completed apparatus.

Details of Construction

A sectional view of the thermal conductivity cell 1s
shown in Figure 4., All of the components were machined from
Stainless steel 310, which contains twenty five weight
per cent chromium and twenty weight per cent nickel. This
ailoy is resistant to chemical attack. |

Unsupported-area-type seals with lead gaskets were
used in the vessel A to make pressure seals around the
shaft H, the pressure gauge L, and in the bottom half of the
spherical section. Details of the unsupported-area seal
between the spherical sections of A are given in inset P
of Figure 4. Initially, pure, annealed gold gaskets were

used in these seals. This was not a satisfactory type of
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gasket, however, because of work hardening of the gold
before the seal was cémpletely made. This problem of making
a pressure seal was made more difficult to solve because
‘the particular steel alloy used is comparatively soft and
was deformed by the gold. Teflon packing was used around
the stem of the sample admission valve and lead gaskets were
used in the tubing connections to the cell., The interior
of the vessel A was plated with pure chromium.

The shells E and F were carefully machined to a
spherical surface within a maximum deviation of 0.0005
inch. The average deviatlon from sphericity i1s less than
0.0002 inch. Figure 5 1s a photograph of the outer shell E
before assembly. The effective difference in radii of the
inner surface of E and the outer surface of F is approxi-
mately 0.0200 inch, as measured with a micrometer. Sphere
F was supported from the center sphere C by six steel pins.
Three pins were mounted in the lower half of C and three
in the upper half. The diameter of the pins was 0.020 inch
and at the point of contact they were tapered to 0.010 inch.
Sphere E was supported from sphere F in a similar fashion.
The spacing between the outer vessel A and E and between F
and the center sphere C was 0.055 inch.

Four-junction platinum, 90 platinum-10 iridium thermo-
couples were used to measure the temperature difference
between E and F. A schematic diagram of the arrangement

of one of the thermocouples is shown in Figure 6. One such
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thermocouple was mounted in the upper half of the spheres
and one in the lower half. They were constructed from
0.003 inch diameter wire with two layers of fiber glass
insulation. The insulation was impreghated with teflon for
further mechanicalkprotection. The junctions were welded
together and then imbedded in teflon and enclosed in a
sealed glass tube with walls 0.002 inch in thickness before
mounting in the shells. This type of close fitting mounting
not only gives good electrical insulation, but, by giving
good thermal contact with the shell, minimized uncertainties
in the measured temperature because of thermal conduction
through the leads. The mounting of the thermocouples is
shown in insert Q of Figure 4. The Junctions are within
0,015 inch of the inner surface of E and the outer surface
of F. vThe arrangement of the pins G and the thermocouple
junction wells R in the upper half spheres can be seen
in Figure 7. in each half sphere the pins are spaced at
120 dégree intervals and the wells are 180 degrees apart.
In order to minimize the effect of the pins and wells on
the results they were so arranged that no two wells or pins
in the upper half occur at the same azimuthal angle. The
bottom half is identical with the upper half with the
exception that all the pins and wells were rotated 90 de-
grees.

Two split rings S, of Figure 7, machined to the same

spherical surface as the shells E and F, closed the gap
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between the shells and the shaft H. The rings were machined.
to a knife edge where they come in contact with the shaft.

The electrical leads from the thermocouples were
brought up the side of the shaft H through steel tubes T
for protection.’ In the upper section of the apparatus they
pass out of the high pressure sample region through soapstone
gseals. The location and design of the seals are shown in
Figure 8. At this point the platinum wires were joined to
0.010 inch, glass-insulated, copper wire contained inside
of copper tubes. The copper wires were connected to termi-
nals in the Junction box J of Figure 2, on top. of the
apparatué. All of the internal wiring of the eguipment
terminates in this box, which 1s sealed against the oil of
the thermostat bath.

A considerable amount of trouble was encountered before
a satisfactory pressure seal for electrical leads could be
found. In the final seal a larger diameter platinum wire
was used to go through the soapstone, During the process
of designing a satisfactory seal several conclusions were
reached: the hole through the soapstone must fit closely
to the wire; a good grade of homogeneous, natural soap-
stone is needed; a flat, hardened ferrule, as shownbat U
in Figure 8, was found to be superior to beveled and softer
types sometimes used; and considerable force must be brought
to bear upon the soapstone in making the seal since the soap-

stone must be crushed and reformed.
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Details of construction of the center sphere C are given
in Figure 9. An unsupported area seal of a different type
than that used in sphere A was used to close the sphere
and is shown in detail in the inset to Figure 9, A gold
gasket was used successfully in this case since the process
of making a seal is simpler in this design and i1s thus less
susceptible to adverse effects from work hardening. The
heater D was wound in a spiral groove cut in the inner sur-
face of C., The groove 1s 0.020 inch square and has a
0.044 inch spacing between turns. Figure 10 is a photograph
of the sphere showing the groove while it was being cut.

The total length of the heater is 86 inches in each half of
the sphere. The heater was constructed from 0,005 inch
diameter, advance wire which was covered with a double layer
of glass insulation. After the heater was in place, the
inside of the sphere was coated with alundum cement to hold
the wire in place. A separate but identical heater was wound
in each half sphere and provisions were made to use the two
in parallel or in series.

The electrical energy was measured and controlled by
conventional calorimetric techniques. PFigure 11 is a diagram
~of the circuit used. The power for the heater was supplied
by a group of six-volt storage batteries. The current re-
sistors and the voltage divider were made from manganin
wire to make variations of resistance with temperature

negligible., The two current resistors, two voltage divider
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ratios, and two methods of heater hookup provide flexibility
in the operation of the cell by making it possible to run
with a wide range of rates of energy addition.

The ends of the heater were supported on two mica disks
V in the center of sphere C as shown in Figure 7. At V,
0.010 inch diameter, glass-covered, copper wire was at-
tached to the heater and led up the shaft H. Above the
guard heater K the diameter of the copper wire was increased
to 0.020 inch. This was done at this point in the shaft in
order to minimize the cross sectional area of metal avail-
able for heat transfer in the part of the shaft that pasées
through spheres E and F. In order to determine the electrical
energy dissipated within the cell, the potential drop across
the heater and the portion of the leads within the cell was
needed. To find this, 0,003 inch diameter, glass-covered,
copper leads were attached to the 0.010 inch copper power
leads at a point within the guard heater. These junctions
were enclosed within 0,030 inch diameter glass tubes. A
photograph of one of these junctions made by wrapping the -
0.003 inch diameter wire around the power lead and silver
soldéring it in place is shown in Figure 12, Figure 13 is
a schematic diagram of the wiring of the héater.

Four copper—constantan thermocouples, made from 0.003
inch diameter, glass-covered wire, were installed to measure
the temperature difference between sphere C and the outer’

pressure vessel A, They were mounted in positions as indi-
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cated in Figure 7 as R' and R'! and were insulated by the
use of glass tubes as shown in the insert to Figure 9.

The Jjunctions in the outer vessel were enclosed in hypo-
dermic tubing to keep them free of the thermostat oil.

The tubes were sealed to the Jjunction box J on one end and
silver soldered shut at the end inside of sphere A. Two
of the junctions in the center sphere were placed in the
upper half and two in the lower half, but all four of

the Jjunctlons in the outer sphere were put in the upper
half. The junctions were made by silver soldering the
wires together and were enclosed in glass tubes. The wires
to the thermocouples in the center sphere were also sup-
ported by the mica disks at V. Figure 14 is a photograph
of the interlor of the center sphere with the heater and
thermocouples in place.

The details of the guard heater K may be seen in
Figure 7. The heater was wound in a 0.015 inch, square,
double-lead thread cut on the outside of the upper part of
the heater. Alternating current, controlled by two vari-
able autotransformers and an isolation transformer in
series, supplies the power for the heater. It was con-
structed of eight inches of 0.005 inch diameter, double-
glass~covered, advance wire. The heater was, wound noh—
inductively in the double thread.

Heat losses are guarded against by reducing the tem-

perature gradient in the shaft to zero. To determine the
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gradient, a differential thermocouple was mounted in the
lower part of the fuard heater where the shaft goes through
the shells E and F. The location is shown at W in Figure 7.
The thermocouple was made of 0.003 inch diameter, glass-
covered, copper and constantan wire silver soldered at the
Junctions. The junctions were installed inside of glass
tubes 0.020 inch in diameter with a wall thickness of
0.002 inch. The ends of the tubes were sealed and ground
to it the bottom of the wells. Figure 15 is a photograph
of the completed guard heater prior to its installation
in the apparatus, and Figure 16 is a schematic diagram
of the wiring of the guard heater and thermocouple and a
typical sphere-A-to-sphere-C thermocouple. Figure 17 is a
photograph of the assembled center sphere.

The pressure within the apparatus was measured with
a rotating-cylinder fluid pressure balance that has been
previously described (55). The balance was connected to
the cell through a diaphragm of the aneroid type similar
to that used in previous work (17). Pressures within the
cell were known to 0.3 pound per square inch or 0.15 per
cent, whichever was the larger measure of uncertainty.

The assembled conductivity cell A was placed within
a thermostated oil bath of conventional design as shown
in Figure 18. Agitation was provided by the impeller X
which was driven by a shaft brought through a packing

gland located at the bottom of the bath. A radiation
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shield Y was provided in order to keep the amount of power
that must be supplied by the heater in the bath small.
Both heaters and cooling coils were installed in the
radiation shield and in the bath for control purposes and
large heaters were put around the bath for use in making
large changes in temperature. The energy added to the
bath heater to control the temperature was supplied by a
modulating circuit (56). A silicone oil was used in the
bath so that the témperature could be varied from 40° to
460°F. The exterior electrical connections to the termi-
nals in the junction box on top of the apparatus were made
through steel tubes that were brought through the side

of the tank. In order to exclude oil from the electrical
system and to prevent leaks from the tank, the tubes were
sealed to both the tank and the box with lead gaskets. |
Temperatures of the bath were measured with a strain-free
platinum resistance thermometer of the filament type ob-
talned from the Leeds and Northrup Company; It was cali-
brated by comparison to a similar instrument that had been
calibrated by the National Bureau of Standards. It is
believed that the temperature of the bath was known within
O.OlOF. relative to the international platinum scale at
any time. Fluctuations of the bath temperature were kept
within 0.02°F. and the average deviation from the desi;ed
temperature was less than 0.01°F,

The thermocouple voltages were measured with a White-
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type double potentiometer. An uncertainty of 0.1 micro-
volts was involved in the use of the instrument. A

K-type potentiometer was used to determine voltages in the
measurements of the energy supplied to the heater in the
center sphere. The errors involved in its use were less
than 0.02 per cent. The resistance of the thermometer was
measured on a Mueller bridge which had an uncertainty of
0.0001 ohm, which corresponds to less than O.OOQOF. All

of the electrical measuring devices were obtained from

the Leeds and Northrup Company.
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Calibration of Equipment

The average spacing between shells E and F was deter-
mined by finding the welght of mercury needed to fill the
gap between them. Special disks, with the proper spherical
surfaces, were made to close the holes where the shaft H
goes through the shells. The disks were held in place
and the shells were sealed with wax. Then the space be-
tween the shells was evacuated and filléd with mercury
while they were thermostated. The welght before and after
filling was determined with an analytical balance. The
outer radius of sphere F was taken to be 1.665 inches as
measured by a micrometer. Based on this value, the weilght
of mercury, and the density of mercury, the spaclng was
found to be 0.019972 inch at 74.32°F. The variation of

jL “/LZ

the spacing and the value of the term 4¢; were calcu-

lated as a function of temperature from tﬁ;‘known proper-
ties of the steel. The change of dimensions of the steel
with pressure was found to be negligible., The results of
the calculations of the geometrical constants of the cell
are given in Table I. The value of the factor 4% , the
ratio of area of the complete spherical surface to that of
the surface minus the area intercepted by the shaft, was
based on the average of the radii of the two shells. The

error in the values of the geometrical constants is less

than 0,01%.
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The resistors in the energy addition circult were
calibrated By comparison to standard resistors obtained
from the Leeds and Northrup Company. The known resistors
were placed in series with the addition circult and the
voltage drop across both the known and unknown resistors
was measured. From these measurements the values of the
unknown resistors were calculated. The values of all but
the smallest current resistor are known to within 0.02% and
the error in the case of the smallest one is 0.06%.

The thermocouples mounted in spheres E and F were
calibrated by comparison to a platinum resistance thermo-
meter. The hotter junctions were installed in the thermo-
stat bath and the colder junctions in an ice bath. Equa-
tions of the following form were fitted to the voltages of

the thermocouples by least squareg techniques

E = ar +bT + T (15)

From these the thermoelectric power was obtained by dif-

ferentiation

P=LE = a p2bT + 500" (16)
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Methods of Operation and Calculation

The thermal conductivity apparatus has a nearly con-
stant total volume. Pressure variation at any particular
temperature was secured by varying the amount of sample
within the cell. High liguld pressures were easlily at-
tained by introducing the nitrogen dioxide at a lower
temperature and then heating to the desired temperature.

In determining the thermal conductivity of a fluid at
a given state, as fixed by a bath temperature and an amount
of sample, measurements were made for several different
rates of thermal transport. By the use of equation 14
the apparent thermal conductivity for each thermal flux
was calculated from the measured energy addition rate and
temperature difference. The rate of heat loss due to con-
duction through the supports and to radiation was taken into
account. From these calculated apparent thermal conduc-
tivities the value at zero flux was determined by extrapo-
lation. The results should be free from errors due to
convectlion because circulation disappears as the tempera-
ture difference goes to zefo. The extrapolated values of the
thermal conductivity correspond to a state of the fluid
determined by the temperature of the bath and the pressure
corresponding to that in the cell when it was at bath tem-
perature. The extrapolation procedure also minimized the

chance that random errors could affect the results because
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the different energy rates served as mutual checks.

In securing the measurements required to caclulate
the thermal conductivity at a desired state, the pressure
was first determined with no energy flux. Then the heater
in the center sphere was turned on and held at a constant
rate of energy addition until the temperature differences
between the various spheres became constant, at which time
the measurements were made. While steady state was beling
attained the guard heater in the shaft was adjusted to keep
the temperature gradient in the shaft zero to minimize heat
losses. It required two to three hours to reach steady state
and the thermocouple voltages were recorded over a minimum
period of thirty minutes after this to insure no further
changes were occurring. This procedure was repeated for
three levels of energy addition in most cases and was fol-
lowed by a check on the cell pressure with no energy added.
Small corrections were made to the observed thermocouple
voltages for parasitic electromotive forces arising in the
thermocouples and lines to the measuring instruments. These
values were determined by measuring the voltages with no
energy added to the cell and with the thermocouples short
circuited. These corrections were found to have little
variation with time and never exceeded 0.25 microvolts.

In calculating the temperature difference between
spheres E and F from the observed thermocouple voltages,

the temperature of the thermocouple junctions had to be
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known to make use of the calibration equation. Since the
fingl result of the calculations was the value of the
thermal conductivity of the fluid when its temperature was
extrapolated to that of bath, it was possible to use the
bath temperature to calculate the thermoelectric power

and have no error introduced as a result. The temperature
difference was computed by dividing the corrected value of .
the thermocouple voltage by its thermoelectric power evalu-
ated at the bath temperature.

The energy addition rate was calculated from the
voltage drops across the current resistor and one segment
of the voltage divider coil. From these measured gquantities,
and the known values of the resistances, the energy addition

rate was computed from

Qom= %-—;’ ‘5/3,’;3 (17)
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Heat Losses

’Conduction through Shaft

By proper regulation of the guard heater in the shaft
the thermal losses were kept negligibly small. Based on
the observed temperature gradient and the known dimensions
and properties of the shaft the actual leakage was calcu-
lated., The thermal flux in the shaft as a function of time
fbr two typical runs is shown in Figure 19. In all cases
the instantaneous rate was less than 0.0001 of the energy
added to the heater in the center sphere and the time aver-
age was less than this amount. The magnitude of the calcu-
lated thermal flux was checked by observing the changes in
temperature of the spheres while the temperature gradient
in the stem was varied, with the energy input to the heater

in the center sphere maintained constant.

Conduction through Pins

Thermal flux in the supporting pins was minimized by
making them small and tapering the ends that contacted the
adjacent sphere. Based on some simplifying assumptions
concerning the geometry of the pins, an approximate equation
for the thermal leakage was derived. Expressed in terms

of the diameter of the pins the equation is
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The thermal flux was calculated to be between 0.0043 and
0.0060 of the energy dissipated in the central heater.

Because of the small size of this, as well as the other
corrections; even relatively large errors in estimating
the leakage fluxes would have only a small effect on the

calculated thermal conductivity.

Radiation

Because of the high absorbance of nitrogen dioxide
in the liquid phase the transfer by radiation had a
negligible effect on the calculated thermal conductivity.
For work with transparent flulds the correction for radi-
ation transport in the cell was determined by making
measurements with the pressure inside the cell reduced to
less than 10"6 inches of mercury. At such a low pressure,
where the mean free path becomes of the same order of
magnitude as the space between the spheres, the amount of
heat transferred by conduction is very small compared to the
radiant transfer. Uncertainties caused by energy transfer
by radiation are small in the limiting cases of a completely
absorbing fluid, where there is no radiation transport, or
a transparent fluid, where the radiation transport is taken

into account by subtracting the radiation transfer from the
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total energy transfer, as in equation 14, The effect for

a partially absorbing fluid is more complicated and no
rational method of correction for it appears to have been
developed or discussed. Since a part of the radiant energy
1s absorbed, the actual temperature gradient ddes not
correspond to that gradient determined by measuring the

overall temperature difference.
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Preparation of Materials

The nitrogen dioxide was obtained from the Matheson
Company, Inc. The purity was stated as 0.98 weight fraction
nitrogen dioxide, so further purification was needed prior
to its use. The complete removal of water was particularly
important to prevent corrosion. The impurities were primarily
other oxides of nitrogen and a small amount of water., The
nitrogen dioxide was fractionated at atmospheric pressure in
a glass column containing thirty bubble plates. The column
was operated with a reflux ratio of approximately five,
and the initial and final fifteen per cent of the overhead
were discarded. The central portion was dried over phosphorus
rentoxide at atmospheric pressure and collected at low pres-
sure at liquid nitrogen temperature. The purified material
was stored in a stainless steel cylinder until used. This
purification system was used in previous work and found to
give a product of at least 0.998 weight ffaction nitrogen

dioxide as determined by measurements of the vapor pressure.
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Results

Measurements were successfully made with liquid nitro-

© and 160°F. and at

gen dioxide in the cell at 40°, 100
pressures up to 5000 pounds per square inch. It had been
the plan to continue the study to higher temperatures and
into the gas phase, but, as shown below, the needed measure-
ments could not be made.

At temperatures in excess of 16OOF. the thermocouples
did not function properly. The observed voltages were
internally inconsistent, large, very erratic, and often of
the wrong polarity. This behavior can be attributed to the

ionization of the nitrogen dioxide which was found by Clusius

and Vecchi (57) to occur in the following manner

N, 0, == NOT + NoOS (19)

In addition it appears that the cell was attacked by the
nitrogen dioxide at the higher temperatures. At the con-
clusion of the work the lower closure in the outer pregsure
vessel was opened and some pitting and discoloration was
observed on the surfaces. Checks on the thermocouples in
the shells at the conclusion of the work shbwed that their
characteristics were changed. The two no longer agreed and

the thermoelectric power of both appeared to have been in-
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creased.

fn the low temperature, ligquid phase studies the re-
sults were reproducible, but after the higher temperatures
had been tried the initial results could not be duplicated.
From these observations on the behavior of the thermo-
couples it was concluded that only data for liquid nitrogen
dioxide at 16OOF. and lower temperatures was valid and that
the initial thermocouple calibrations were no longer cor-
rect.

The cause of the attack on the cell, which was believed
to be resistant to pure nitrogen dioxide, might be attributed
in part to electrolytic action. However it seems probable
that some foreign substance, such as water, must have been
present. A trace of water would lead to the formation of
nitric acid which would attack the cell. Since none of
the effects of the corrosion were noticed initially; it
would seem that the sample was pure and the foreign mate-
rials were contained somewhere within the cell and were
brought into solution by the action of the high temperatufe
and pressure. One such possible source of water could have
been the materlals used in the socapstone seals, even though
they were baked to remove water.

Details of the experimental results are given in
Table II. The temperature differences and energy addition
rates were calculated from the observed voltages by the

methods given. The apparent thermal conductivity was cal-
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culated from equation 14, The thermal conductivity at
each staté was computed from these apparent values by
extrapolation to zero temperature gradient. This process
is illustrated for one run at 410°F. and one at 100°F. in
Figure 20. It can be seen that the change in apparent
conductivity with temperature gradient is significant, and
that the results based on the upper and lower hemispheres
are different. Yet the uncertainties in the extrapolated
value caused by these deviations are slight. The discre-
pancies between the two thermocouples, which increase with
the temperature gradient, may be attributed to convection
in parts of the cell. Local circulation could very well
exist in the upper hemisphere since the direction of the
temperature and density gradients with respect to the
gravitational field is reversed in the two halves of the
cell. The relatively large free volume between spheres E
and A of Figure 2 at the base of the shaft H would further
increase the possibility of local convection at that point.
If such local behavior occurred, the effect on the measure-
ments would be in the direction found. The temperature
distribution within the central sphere C was measured with
thermocouples during the runs and was uniform. So the
discrepancies cannot be attributed to uneven thermal flux
because of improper operation of the heater or to the effect
of the shaft or the closure in sphere C on the geometry.

The experimental values of the thermal conductivity
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of nitrogen dioxide are presented in Table III as a func-
tion of pressure at each temperature. Figure 21 1llustrates
the effect of pressure upon the thermal conductivity of
liquid nitrogen dioxide at the three temperatures 400,

lOOO, and 160°F. The variation with pressure is in agree-
ment with results reported for other fluids and is similar
to the change of the analogous property, viscosity of nitrogen
dioxide, with pressure. The experimental points indicated
in Figure 21 have a standard deviation of 0,00058 Btu./(hr.)
(ft.)(oF;) from the smooth curves that were drawn. Taken
from these smooth curves, the thermal conductivity for even

values of pressure and temperature is presented in Table IV,
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Discussion of Results

The thermal conductivity of nitrogen dioxide in the
ligquid phase has been determined for pressures from bubble
point to 5000 pounds per square inch at temperatures from
40° to 160°F. The errors involved in the experimental
measurements fall into three classes: those caused by
transfer of heat by other mechanisms than conduction through
the nitrogen dioxide; those due to lack of accuracy in the
determination of the physical quantities measured; and those
due to operational difficulties or departures from the
ideal behavior of the apparatus.

The errors due to transfer by other mechanisms were
small, Conduction up the shaft was less than 0.0001 of
the total energy flux, and radiation was negligible. There
appeared to be no significant amount of convection between
the shells E and F during any of the runs. The transport
through the supporting pins was between 0.0043 and 0.0060
of the total and corrections were made for it. Errors from
these factors should be under 0.1 per cent evenggf relatively
large errors were made in evaluating any of the terms.

The thermocouple voltages could be determined to within
0.1 microvolt, which corresponds to an uncertainty of O.OOBOF.
The parasitic electromotive forces in the thermocouple pir~
cuits should not increase this to more than O.OZOF. in a

total'temperature difference that generally varied from one
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to three degrees. The possibility that the temperature of
the thermoaouple junction was not the same as that of the
metal-fluld interface must be considered. The method of
constructing and mounting the thermocouples makes the
thermal conduction through the leads very small, and the
displacement of the Junction from the surface i1s small and
does not lead to appreciable errors. Errors in measuring
the energy input were small, but the flux decreased slightly
with time owing to changes in voltage of the power batteries
used. This change in power was less than 0.1 per cent and
constituted the greatest error in the determination of the
gross thermal flux. The uncertainty in the determination
of the mean values of the dimensions was less than 0.01

per cent. Irregularities in the spacing were small and

not significant. It is believed that the measuring shells
were concentric, but even if they were not perfectly placed,
the error introduced as a resulﬁ would be small. Based on
an equation derived by Vargaftik (58) and studies reported
by Ingersoll, Zobel, and Ingersoll (59), it was found that
1f the distance between the centers of the spheres was

five per cent of the distance between the spheres, the
error introduced by the assumption that the spheres were
doncentric would be only 0.1 per cent. The total error
introduced by the measuring instruments and their calibra-
tion should be less than 1.5 per cent.

While the'overall behavior of the cell conformed to
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the ideal case used as a model, there were some deviations.
These wgre manifested by the differences of the apparent
thermal conductivity as determined from the measurements

of the upper and lower thermocouples. While these dif-
ferences were of significant size they did not apprecilably
.affect the calculated values of the thermal conductivity.
Some other factors that might lead to errors in the behavior
of the system were the irregularities. in the spheres due

to the thermocouples, supports, and closures. Thelr effects
were minimized by placing them appropriately and by making
them as small as possible. The added uncertainties intro-
duced by departures from ideal behavior should not more

than double the other uncertainties. So it would seem that
the probable error in the values of the thermal conductivity
should be less than three per cent. It would have been
desirable to check the accuracy of the reported results by
measurements upon‘a fluid of known thermal conductivity,

but the change in characteristics of the cell as a result

of the attack by the high temperature nitrogen.dioxide made
this impossible.

The general operating characteristics of the thermal
conductivity cell have been proved to be satisfactory, but
some modifications would be desirable., Before any further
work can be done the thermocouples must be recalibrated or
replaced. Recalibration would have to be done with the

thermocouples in place. If the cell were modified it would
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be desirable to remove the thermocouples from contact with
the sample, tand the use of a resistance element in place

of the thermocouples might offer advahtages. It would also
be desirable to refinish thersurfaces where minor effects
of the chemical attack can be seen. This could best be
done by plating, which would be good also for reducing the
radiant transport by lowering the emissivity. It might be
possible to decrease the amount of circulation in the region
around the shaft by altering the geometry. These repairs
and alterations must be carefully planned before they are
attempted because the time to assemble the apparatus is
large. Nine months effort by two workers was required to
assemble and test the cell initially.

The experimental plans of the project include measure-
ment of the thermal conductivities of the other oxides of
nitrogen and their mixtures. It would appear best to con-
tinue with the experimental program by recalibration of
the thermocouples until a more complete understanding of

the behavior of the cell is obtained.
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Nomenclature

abc constants
A component A
B component B

Cp heat capaclity at constant pressure
Cy heat capacity at constant volume
C constant in Sutherland egquation

& thermocouple voltage

‘é; voltage drop across current resistor
6; voltage drop across voltage divider segment
Y2 constant in equation for fthermal conductivity
R thermal conductivity
A}f thermal conductivity of steel
4 separation of plates in a thermal conduc.tivity cell
/. available intermolecular distance
M molecular weight
22 coordinate normal to surface
7 thermoelectric power = ;fﬁg
0
2% heat flux at a point 5

&. rate of heat transfer by conduction
X, measured rate of energy addition
CQF rate of heat transfer through pins
& rate of heat transfer by radiation
k(ﬁs rate of heat transfer through shaft

A radius or radial coordinate
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inner radius
outer radius?
radius of pins

resistance of current resistor

resistance of voltage divider segment

resistance of voltage divider system

gas constant

temperature

temperature at inner radius
temperature at outer radius
temperature at reference state

velocity of sound

Ce

ratio of heat capacities =
C\V

viscosity
viscosity at reference state
density

temperature in (°F-32)

ratio of area of complete sphere to that of sphere

minus area intercepted by shaft

coefficient of expansion
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11.
12.
13.
14,
15.

16,

17.
18.

19.
20,

21.
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Figure 3. Assembled Thermal Conductivity Cell
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Figure 9. Details of Construction of Center Sphere
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Figure 10. Center Sphere during Machining
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Figure 12. Details of Electrical Leads to Heater
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Figure 14. Interior of Center Sphere
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Guard Heater before Installation

Figure 15.
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TABLE T. DIMENSIONS OF EQUIPMENT

‘Temperature lOS(ro-ri) 103(r§—ri)
M?Triro
°F ft. £p.7t
4O 1.6639 6.7958
100 1.66k47 6.7926
160 1.6655 6.7893
220 1.6663 6.7861
280 1.6671 6.7828
3ko 1.6679 6.77%

400 1.6687 6.7763
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TABLE ITI. EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY OF
NITROGEN DIOXIDE IN THE LIQUID PHASE

Temperature Pressure Thermal Conductivity
°F. Lb./Sq. Inch B.t.u./(Hr.) (Ft.)(°F.)
Absolute
4o 65.0 0.0811
1418, - 0.0827
100 157.9 0.0710
2179.8 0.07k2
' 4522.0 0.0791
160 219.3 0.0566
2167.7 0.0596

4517.5 0.0626
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TABLE IV. THERMAL CONDUCTIVITY OF NITROGEN DIOXIDE IN THE
LIQUID PHASE

Pressure Lo° F. . 100° F. 160° F.
Lb./Sq. Inch
Absolute b
(6.6)% (30.7) (111.2)
Bubble Point 0.0809 0.0715 0.0560
200 - 0.0812° 0.07L7 0.0562
400 0.0815 0.0720 0.0565
600 0.0817 0.0723 0.0568
800 0.0820 0.0726 0.0572
1000 0.0823 0.0729 0.0575
1250 0.0826 0.0733 © 0.0579
1500 0.0829 0.0736 0.0584
1750 0.0833 0.0740 0.0588
2000 0.0836 0.07kk 0.0592
2250 0.0839 0.07hk7 0.059%
2500 0.0843 0.0751 0.0600
2750 0.0846 0.075k4 0.060k4
3000 0.0849 0.0758 0.0609
3500 - 0.0765 0.0617
4000 - 0.0772 0.0625
4500 - 0.0780 0.063k4
5000 - 0.0787 0.06k42

% Values in parentheses represent bubble-point pressures expressed
in pounds per square inch absolute

P Bubble-point pressure at 40° F. extrapolated

¢ Thermal conductivity expressed in B.t.u./(hr.)(ft.)(°F.)
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PART II

THERMAL CONDUCTIVITY OF NITRIC OXIDE



Introduction

There is only a limited amount of experimental data
avallable concerning the thermal conductivity of nitric
oxlde and no investigations have been made to determine
the change of this transport property with pressure. It
was the object of this work to extend the studies of the
thermal conductivity of nitric oxide to higher temperatures
and pressures making use of the equipment described in the
first part of this thesis.

Johnston and Grilly (1) determined the value of the
thermal conductivity of nitric oxide at atmospheric pressure
from 130° to 375°K., and Eucken (2) gives results at 200°
and 273OK. Both made use of hot wire cells of the potential
lead type. Todd (3) repoéts values for both nitrogen dioxide
and nitric oxide determined in equipment of parallel plate
design. His design and techniques combined,with the reported
experimental difficulties in the case of nitric oxide, indi-
cate his results are probably of little comparative value.
Winkelmann (4) was the first to determine the value of this
property, but his work is mainly of historical interest.

A knowledge of other properties of a compound is needed
when its thermal conductivity is being studied. The physical
and chemical properties of nitric oxide are summarized by

Yost and Russell (5). Investigators at the Chemical Engi-
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neering Laboratory of the California Institute of Technology
have studied its pressure-volume-temperature relations (6)
and calculated its thermodynamic properties (7). The avail-
able data on the thermal properties and viscosity of nitric
oxide are summarized by Hilsenrath and Touloukian (8) and

in two publications of the National Bureau of Standards

(9,10).
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Equipment Used

The basic principle of the apparatus used is that from
measurements of the steady state thermal flux and reéulting
temperature difference between two concentric, isothermal
spheres of known dimensions, the thermal conductivity of
the fluld between the spheres can be computed. The measuring
section of the cell consists of four concentric spheres.

The center and outer ones are heavy walled vessels to confine
the sample at high pressures. The measurements are based

on the two middle spherical shells. Their dimensions are
accurately known, and they are not affected by high pressure
because they are surrounded by the sample. There is a
heater in the center sphere which supplies a constant, known
thermal flux through the spheres. The temperature difference
between the sgpheres is measured by two thermocouples, one

is in the upper hemisphere and one in the lower. The only
departures from spherical geometry are a shaft to the center
sphere, which contains the electrical leads to the heater,
and small pins which hold the sphere in positioh. The com-
plete apparatus is suspended in a constant temperature oil
bath. Details of the eguipment and its calibration are

given in the first part of this thesis.
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Experimental Methods

The methods of operation used in making the measure-
ments needed to compute the thermal conductivity of gaseous
nitric oxide were basically the same as those used in the
case of nitrogen dioxide. In addition to the usual measure-
ments 1t was necessary to determine the amount of energy
transport by radiation, since nitric oxide does not absorb
radiation, and to recalibrate the thermocouples used to
measure the temperature difference between the spheres,
since they had been damaged by the high temperature nitrogen

dioxide.

Recalibration of Thermocouples

At the conclusion of the work with nitrogen dioxide
it was found that the characteristics of the thermocouples
used to measure the difference in temperature between the .
spheres had been changed. The thermocouples in the upper and
lower half spheres showed significantly different behavior,
and the thermoelectric power of both appeared to be higher.
They were recallbrated by making measurements with helium
in the cell, and using the known value of the thermal conduc-
tivity of helium to determine the relation between the
voltage produéed and the temperature difference.

The‘thermal conductivity of helium as a function of

temperature at atmospheric pressure has been well established
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by many investigators. The experimental results have been
critically reviewed by Keyes (11) and Hilsenrath and

Touloukian (8) who present the same equation to represent

*
the data,
ko / 2.347x00 VT —l (1)
X, 33.83x077 |, L 254510 7T
T

where 7" is the temperature in degrees Kelvin and the value
of the thermal conductivity of helium at the reference
state of one atmosphere and 32°F. is 8180 x 1072 Btu./(hr.)
(££.)(°F.) or 33.83 x 1072 cal./(sec.)(cm.j(OCJ.

Helium at atmospheric pressure was studled in the appara-
tus at temperatures of 40°, 100°, 220°, 340°, and 400° F. |
At each bath temperature three levels of thermal flux were
used.

The equation used for calculations was that derived

in the first part of this thesis,

( Qam— QOP - Qon“ Qos)(Ao.J”i) ¢A
T2 (T -T,)

R = (2)

This was rearranged to give an effective value of the thermo-

electric power of the thermocouple at the particular rate

* . '
Symbols appearing in the text are defined in the nomen-
clature on page 115 .
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of energy addition,

A= I kS s
<'G%f_éio”t§¢"(§s)64zﬂﬂk)ﬁé;

The only parts of the measuring section of the cell that were
affected by the nitrogen dioxide were the thermocouples and
the surfaces, whose emissivities were changed. So the previ-
ous calibrations were still valid for the other quantitites
needed to calculate the effective thermoelectric power. By
extrapolating these effective values to a zero rate of
energy addition the thermoelectric power at the bath tem-
peraturé was found.

To determine the thermal transfer through the piﬂs and
by radiation, the temperature difference had to be known,
and these fluxes were needed to establish the calibration
needed to calculate the temperature difference. This dilemma
was overcome by a trial solution, assuming a transfer rate for
the pins and radiation, then computing a temperature differ-
ence, Using this difference the assumed rates were corrected.
One such correction was adequate to make the error in the
temperature difference due to uncertaintlies in these transfer

rates negligible,
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Radiation Calibration

When the preséure within the cell is reduced suffi-
ciently so that the mean free path of the molecules is of
the same magnitude as the distance between the spheres, the
amount of heat transferred by conduction becomes small com-
pared to that transferred by radiation and through the
supporting pins. By use of a mercury diffusion pump and a
mechanical vacuum pump operating in series, the pressure
was maintalned under 10’6 inches of mercury, at which point
conduction through the fluid was negligible. Then operating
at this pressure, the temperature difference for a known
energy flux was determined at MOO and EEOOF. The amount of
the energy transferred through the pins was calculated from
the temperature difference by the equation presented in the

first part of this thesis,

°© 247 Mer A5 (77-72)
QF - 5-(»’0_/%') (u)

From the radiant energy transport, the dimensions of the
spheres, and thelr temperatures, the emissivity of the sur-
faces of the spheres was calculated, making the assumptlon

of gray body radiation. The calculations were not stralght-
forward, as was explained, since the thermocouple calibration
and the radiation calculations were mutually dependent. Since

the radiation transport was only about one per cent of the
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total transport when helium was used to calibrate the thermo-
couples, an approximate value of the radiation transport was
sufficient to compute an accurate thermoelectric power. This
final value of the thermocouple callibration was then used

to calculate the emissivity. The calculations were based

on the laws of radiation and made use of the equations and
methods of McAdams (12), who discusses radiation in some
detail.

The time to reach steady state with such low pressure
in the apparatus was very long. To decrease the time re-
quired, the thermocouple readings were obtained at several
different rates of change of voltage with time. By graphi-
cal means the reading at the point where the change with
time was zero, which 1s the steady stafe, was obtained. The
graphical procedure was based on an assumption that the tem-
peratures approach their final values exponentially, which
should be true.

The emissivity was found to be 0.50, which is in agree-
ment with values found by other investigators for the same
type of steel. It is believed that the value of the emis-
sivity is known to within 10 per cent. For lack of more
accurate means of determination, it was assumed that the
emissivity was independent of temperature, which should not

be greatly in error.
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Study of Nitric Oxide

The method of taking the measurements needed to compute
the thérmal conductivity of gaseous nitric oxide was the
same as that used 1in the study of ligquid nitrogen dioxide.
The time required to attain steady state was significantly
longer, about eight hours, owing to the much lower thermal
conductivity of nitric oxide. Because of the longer time
required, greater precautions were needed to insure that
the observed readings were constant. In general the values
were measured over a period of at least one hour after they
appeared to have reached their steady value. Measurements
were made with nitric oxide at atmospheric pressure from
10° to 400°F. at 60°F. intervals. At 40°, 220°, and 340°F.
measurements were attempted as a function of pressure, but
at pressures over 1000 pounds per square inch decomposition
of the nitric oxide into nitrogen and oxygen could be de-
tected, and at pressures in excess of 1500 pounds per square
inch the rate of decomposition became too rapid to permit
measurements to be made. This apparently catalytic decompo-
sition, which has not been observed by otherrinvestigators,
limited the maximum pressure considered at the temperatures
in the present work to the region of 1000 to 1400 pounds per

gquare inch.
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Methods of Calculation

The methods of calculation previously used were slightly
modified to give a simpler method of correcting for thermal
transport by mechanisms other than conduction through the
fluld of interest. In the previous calculation scheme,
equatibn 2 was used to compute the effective thermal conduc-
tivity at each level of energy addition studied. At each
state, which is defined by a bath temperature and an amount
of sample, three such levels were used., The effective con-
ductivity was extrapolated to zero energy addition, thus
giving the thermal conductivity of the fluid at the bath
temperature and the pressure corresponding to that at zero
energy addition. The procedure was simplified by expanding

equation 2 to the following form

— éLvéhb*Ak)¢& — A LA 6k57%)9éa
k= i — (G Q)] (5)

Each term can be extrapolated to zero energy separately, and
each can be thought of as a coefficlent of thermal transport

by a particular mechanism,

k=4Fk,—(hth+k) (6)
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Each coefficient is defined as is illustrated for km

/é — Qom (/z’c '—/5/1') ¢A i ( 7 )
i TR (T ~T)

The final three terms on the right side of equation 6 are

functions only of the bath temperature for a transparent
fluid. If the sample absorbs radiation partially or com-
pletely, &L will be reduced or become zero,

Each term approaches a finite, positive value at zero
energy addition, since in each the numerator contains the
thermal transport rate, which is proportional to the tem-
perature difference, and the denominator contains the tem-
perature difference., The other quantities are not functions
of the energy rate. This may be shown as follows., By defi-~
nition, the thermal conductivityw@ is independeht of the
temperature difference. It 1s directly proportional to a
thermal transport rate that depends on the temperature dif-
ference, and ipversely proportional to the temperature
difference. Sﬁbstituting the value of the energy transport

through the pins into the relation for A&,gives

ZF T st Ao T ~75) _
(e =A) G =) P -

FT Ly, (77 =T,)

by = (8)
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For small differences in temperature the transport by radi-

ation can be approximated as

@ = Flr, M)FENT*-T.F) =

Fts ) A ) -7)

So that 42 becomes

3 _-3
s, A7 7)

7 -7.)

R =

(10)

By proper regulation of the guard heater, the thermal trans-
port through the shaft can be kept to a negligible level

so that

k=0 | (11)

S
Since all the terms constitutﬂugé%are proportional to the

temperature difference, it follows that GL,is also, so

fo = f(&’,#o)(’/f’z;) ) (12)
” (7; = 7)
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Thus each term approaches a finite value as the energy rate,
or temperature difference, approaches zero.

Since the coefficients of transport by conduction
through the pins and by radiation do not depend upon the
pressure or the fluid studled, unless it is not transparent
to radiation, they can be calculated solely as a function
of temperature for use with all fluids. Thus only &g,
which is calculated from the measured energy addition, must
be computed from the experimental data. For each state
studied, the apparent values ofﬁ%,are calculated and extra-
polated to zero temperature difference, and the thermal
conductivity then computed from equation 6. Values of the
coefficients of transport by radiation.&;and by conduction

through the pinsﬁ@zxre given in Table I.
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Preparation of Materials

The nitric oxide was obtained from the Matheson Com-
pany, Inc. The gas was stated to be 0.98 weight fraction
nitric oxide. The primary impurities were nitrogen and
the other oxides of nitrogen with a trace of water present.
The nitric oxide was purified 1n accordance with the pro-
cedure of Johnston and Giauque (13). The impure gas at
atmospheric pressure was bubbled through ninety-five per
cent sulfuric acid and a fifty per cent solution of potas-
sium hydroxide in water, then dried by passing through a
trap at dry ice temperature and by passing over calcium
sulfate and sodium hydroxide. Then the gas was collected
at low pressure at liquid nitrogen temperature. The con-
densed gas was vaporized and distilled through phosphorus
pentoxide with the initial and final portions of the vapor
discarded. The purified material was stored in a stainless
steel cylinder until it was used. In previous work it was
found that this purification system was found to give a‘
product containing less than 0.002 weight fraction impuri-

ties as determined by gas density measurements.



-106-

Results

Thermal Conductivity of Nitric Oxide

Details of the measurements made with nitric oxide are
given in Table II. The apparent values of the coefficient
of‘méasured thermal transpmmﬁ;ﬁ;at each rate of energy addi-
tion were calculated from equation 7. There is a small,
but uniform, difference in the results based on the thermo-
couples in the upper and lower hemispheres. The coeffi-
cientﬁ;tmsed on the lower hemisphere thermocouple is on
the average 2.5 per cent higher than the one based on the
upper hemisphere thermocouple. The mean value of the
results from the two thermocouples was used to calculate
the thermal conductivity from equation 6. The experimental
values of the thermal conductivity of nitric oxide are given
in Table III. Nitric oxide absofbs radiation in only a few
discrete bands in the region of the spectrum that is of
importance in the transfer of energy at the temperatures
of the experiments (5). The uncertainties in the value
of the coefficient E”at zero energy flux due to the discre-
pancies between the two hemispheres were small.

The experimental results are compared to the previous
values reported by Johnston and Grilly (1) and Eucken (2)
in Figure- -1, which shows the effect of temperature on the

thermal conductivity of nitric oxide at atmospheric pres-
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sure. The measurements were made at about 0.5 pounds per
square inch above atmospheric pressure, but the results can
be considered to be the same as the values at one atmos-
phere since the variation in conductivity due to such a
small pressure change 1s negligible., The present work is
approximately 12 per cent lower than the values reported in
the literature, which is a greater discrepancy than would
be expected from the probable errors stated for the various
results, A definite Jjudgment on the nitric oxide data can-
not be made untii more work is done with flulds of known
thermal conductivity to verify the accuracy of the present
work. However the most likely errors to be made in measur-
ing thermal conductivity are in not accounting for all of
the end effects of the cell or thermal transport by means

- other than conduction through the fluid. Such errors tend
to make the results too high, so it might appear that the
present work could be more reliable than the previous studies.

An equation of the form

= a »bT + 7% (13)

was fitted to the atmospheric pressure values of the thermal
conducktivity by least squares techniques. Over the limited
temperature range considered, an equation of this form is

adequate to represent the data. The derived equation is
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k= 001128 +2.014 x0T — L198xs0 7> (14

where A is in Btu./(hr.)(rt.)(°F.) and 7 is in degrees
Fahrenheit. The standard deviation of the experimental
points from the values predicted from the equation is

4 Btu./(hr.)(£t.)(°F.).

1.82 x 10”
Figure 2 shows the effect of pressure on the thermal
conductivity of nitric oxide. The values at atmospheric

O, and 3400F. were taken from equation

pressure for 40°, 220
14, The increase in thermal conductivity due to pressure
was found to be larger than was predicted by the method of
Comings and Nathan (14). They present a correlation for
the incfease of thermal conductivity with pressure based
on the theorem of corresponding states. The deviation of
the predicted and experimental increases varied from 27 to
57 per cent.

The values of the thermal conductivity of nitric oxide
at even values of pressure for the temperatures considered
are given in Table IV, ‘These values were taken from equa-

tion 14 at atmospheric pressure and from the smooth curves

at higher pressures.

Decomposition of Nitric Oxide

TInvestigations of the kinetics of the homogeneous de-
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composition of nitric oxide by other workers have indicated
that no reaction should be found in the temperature range
of this work (5,15). The pressure-volume-temperature rela-
tions of nitric oxide were studied in the Chemical Engineer-
ing Laboratory of the California Institute of Technology
over much of the same pressure and temperature ranges and
no reaction occurred (6). Hence it was concluded that the
reaction must have been catalytic in nature.

The decomposition was assumed to follow the overall

equation

+NO = M, + 2NO, (15)

since the undecomposed nitric oxide would react with the
oxygen produced, From a consideration of the free energy
change of this reaction, it is seen that the equillbrium
would lie almost completely to the right (5). When the
sample was removed from the apparatus, large amounts of
nitrogen dioxide were found, and the residual gases were
found to contain nitrogen when tested. Thus the assumed
reaction seems to be verified.

The regions in the temperature-pressure plane in which
the reaction was found to occur are indicated in Figure 3.
The apparent rates of decomposition of nitric oxide, as
determined from the observed rate of change of pressure at

constant temperature, are given in Table V for several
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states where the reaction was found. No conclusions regard-
ing the mechanism of the reaction or the nature of the
catalyst can be reached with the data available. It is
likely that the platinum thermocouples or, possibly, the
chromium plating on part of the cell was the catalyst. It

is of interest to note that the change of reaction rate with
pressure at any temperature 1s greater than would be expected
from the usual equation for the rate of decomposition of

nitric oxide

_iié’é’z = — A Fho (16)
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Discussion of Results

The thermal conductivity of nitric oxide was determined
at atmospheric pressure from 40° to 400°F. The variation
of the thermal conductivity with pressure was studied at
10°, 220°, and 340°F. at pressures up to 1400 pounds per
square inch. At higher pressures the nitric oxide decom-
posed at a rate too high to make measurements possible.

The probable error of measurements made with this equipment
was discussed in detail in the first part of this thesis.

Errors due to transfer by other means than conduction
through the nitric oxide are small. The transport through
the pins and by radiation was between 0.066 and 0,132 of
the total energy transport. Errors from uncertainties in
these fluxes should be less than one per cent. The error
due to these causes is higher in this case because the gas
is transparent and has a lower thermal conductivity. Both
of these factors increase the size of the leakage fluxes
in relation to the total transport.

In addition to the errors in the measuring methods
mentioned in connection with the nitrogen dioxide studies,
.The calibrations of the thermocouples are not as well known
since they were determined by an indirect method. The
total error from uncertainties in determining the tempera-
ture differences, geometric constants, and energy rate

should be less than 2.5 per cent,
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Errors due to non ideal behavior of the cell would
appear to be less than fof nitrogen dioxide. The large
deviations between the results based on the two thermocouples
were ﬁot found for nitric oxide. The deviation was smaller
and nearly constant, and could be attributed primarily to
ﬁhe increased uncertainty in the thermocouple calibration.
It would appear that the total uncertainty in the final re-
sults should be less than 5 per cent. Testing of the cell
with a gas, such as nitrogen, whose thermal conductivity
has been well established, will give a better idea of the
limits of accuracy of the measurements. It would seem that
the results at least indicate that the previous values 1in
the literature are too high.

The errors in the determination of the variation of
the thermal conductivity with pressure might be slightly
higher, due to the presence of small amounts of niérogen
dioxide which has a higher thermal conductivity than nitric
oxide. The disagreement with the correlation of Comings
and Nathan is significant, but the overall validity of
their method has not been established. The general pattern
of the pressure effect agrees with the theories of the

“thermal conductivity of gases at high density.
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Nomenclature

constants

thermocouple voltage

emissivity

a function of X

thermal conductivity

reaction rate constant for decomposition of NO
coefficient of measured thermal transport
coefficient of thermal transport through pins
coefficient of thermal transport by radiation
coefficient of thermal transport through shaft
thermal conductivity of steel

thermal conductivity at reference state
thermoelectric power

partial pressure of nitric oxide

measured rate of energy addition

rate of heat transfer through pins

rate of heat transfer by radiation

rate of heaﬁ transfer through shaft

inner radius

outer radius

radius of pins

temperature at inner radius

temperature at outer radius
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¢% ratio of area of complete sphere to that of
sphere minus area intercepted by shaft

é time
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List of Figures

Thermal Conductivity of Nitric Oxide at Atmospheric
Pressure

Effect of Pressure on the Thermal Conductivity of
Nitric Oxide

Regions of Observed Nitric Oxide Decomposition



danssaJad OTJeydsouqy 3@ 9PIXQ OTJIITN JO £3TATRONDUO) TBWJLSYL °T 2.n3jd

do  3YNLIVYIdWIL

~-118-

ooV 0o0€ 002 OO0l

1
i
|
H

N3IMDN3 mu
ATHEO ¥ NOLSNHOr nw
HHJOM  UN3FS3ud O

2100

W. ; w

S S | M :
e b T ]910°0
: i :
“ | |
| | |

Ho'L4 WH/N1E  ALALDNANOD IVWH3IHL



Y

THERMAL CONDUCTIVITY  BILU

;/HR. F T, °F.

o
©
o)

O
O
N

Figure

-119-

et e o oo

D

D2 80 °F.

DI6O °F.

D100 °F.

500 1000 1500
PRESSURE  LBS. /SQ. IN.

o, Effect of Pressure on the Thermal Conductivity
of Nitric Oxlde




uots3geoduodaq wvﬁxo 0TI IN ww?mmwno Jo suoi3ay . *¢ aJandtd
do AHNIVHEIdNIT L
oo€ 002 0Ol

JHYNS S3dd

120~

e | - - 10002

Sgl

000€

s/

NOILISOaWO23d ON O .
NOLLISOdWOD3A  1HONS @ I . S 000t%
NOILISOdWOD30 =

‘NI




IT.
III.

Iv.

-121-
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Coefficients of Thermal Transport by Conduction
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TABIE I. COEFFICIENTS OF THERMAL TRANSPORT BY CONDUCTIOCN
THROUGH THE PINS AND BY RADTATION

T R x 10" k, * 10"
°F. ' Btu./hr.ft. °F. Btu./hr.ft. °F.
L0 3.1k b7k
100 3.2k 6.66
160 3.33 9.0k
220 3.43 11.92
280 3.53 15.35
3k0 3.63 19.39
400 3.73 2k, 08
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TABLE ITTI. EXPERIMENTAL VALUES OF THERMAL CONDUCTIVITY OF
NITRIC OXIDE

Temperature Pressure Thermal Conductivity
°F. Ib./Sq.In. Btu./hr.ft. °F.
absolute

Lo - 15.2 0.01197
5774 0.01377
o72. .01528
100 15.4 .01340
160 15.2 .01461
220 15.3 .01559
809. .01765
1391. .01935
280 15.2 .01690
340 15.4 01767
950. L0204k
400 15.k4 .01934



TABLE TV.

Pressure

Lb./Sq. Inch
Absolute

14.696
50
100
150
200
400
600
- 800
1000
1250
1500

% Thermal conductivity expressed in B.t.u./(hr.)(ft.)(°F.)

o Values in parentheses are extrapolated

-136-

Lho° F.

0.01209%
0.01220
0.01236
0.0125L
0.01267
0.01329
0.01391
0.01L454
0.01516
(0.01594)
(0.01671)

THERMAL CONDUCTIVITY OF NITRIC OXIDE

220° F.

0.01566
0.01575
0.01588
0.01601
L0161k
.01665
LOL7LY
.01769
.01820
.01884
.01949

COOOOOTC O

340° F.

0.01799
0.01808
0.01821
0.0183k4
0.01847
0.01898
0.01949
0.02001
0.02052
(0.02116)
(0.02180)
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TABLE V. OBSERVED RATES OF DECOMPOSITION OF NITRIC OXIDE

Temperature Pressure Rate of Decdmposition
°F. 1b./sq.in.abs. (1v./sq.in.)/(hr.)
Lo L800 130.
972 not measurable
220 1391 0.94
809 0.10
340 1655 6.0
950 0.55
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PART III

VISCOSITY OF NITROGEN DIOXIDE AND NITROGEN
DIOXIDE-NITRIC OXIDE MIXTURES
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16 in n-hexadecyl mercaptan. Iach of these five mereaptans
was digsolved in the same ratio of benzene-heptane solvent
mixture, 30 volume % of henzene and 70 volume %, of n-heptane,
and desulfurization was carried out on each using the same treat-
ing conditions. The 30-70 volume ratio of solvents was selected
because of the noticeable drep in per cent desulfurization of n-
dodecy] disulfide with 309 toluene in the solvent,
these tests are recorded in Table IX, which shows a slight reduc-
tion in desulfurization for the lower mercaptans with benzene
present and a very sharp decreaso after the C,, mercaptan.

HYDROCARBON SOLVENTS

Table X includes the results of a few tests with other solvents,
methyleyelohexane, a naphthenic-type solvent, and mixtures of
amylene in n-heptane.

As wauld be expected, the raffinate yields with amylene in the
solvent were somewhat lower than those with straight heptane or
methylevelohexane because of the inclusion of gome of the olefin
in the acid extract layer. This reduced the effectiveness of the
deszulfurizing agent to some extent, as indicated by results with
the use of only 5 volume % of amylene in the paraffinic solvent.
A considerably greater reduction in desulfurization was observed
with 10 volume 9% of amylene present.

SUMMARY _
Nitrogen dioxide dissolved in 95.5%, sulfuric acid was found to

be an effective desulfurizing agent for aliphatic sulfides, disul--

The data for -

INDUSTRIAL AND ENGINEERING CHEMISTRY 2117

fides, and mercaptans dissolved in n-heptane. Other sulfur
compounds, including thiophene and s few aromatie types, were
also removed from heptane solutions by the nitrogen dioxide—
sulfuric aecid mixture. Treating mixtures containing 2.39%
nitrogen dioxide and also 5.33% nitrogen dioxide in 95.5%
sulfuric acid were found to be satisfactory, The former was
effective in removing low inolecular weight sulfur compounds
from heptane solutions; the 5.33% nitrogen dioxide treating
agent was slightly mare effective for the removal of mercapiana,
The presence of aromatic hydrocarbons in the heptane solvent
reduced the effectiveness of the nitrogen dioxide-suifurie acid
treating agent for the removai of high molecular weight aliphatie
sulfur compounds. ‘
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Viscosity of Nitrogen Dioxide in the
" Liquid Phase

G. N, RICHTER, H. H. REAMER, axp B. H. SAGE

Chemical Engineering Laboratory, California Institute of Technology, Pasadena, Calif.

ISCOSITY data were not available for nitrogen dioxide in

the liquid phase at pressures in exeess of bubble point.
Limited information concerning the viscosity of this eompound
in the liquid phase at vapor pressure was obtained by Thorpe
and Rodger ({6) at temperatures between 32° and 60° F,
Scheuer (14) investigated the wviscosity of the bubble point
liquid at temperatures as low as 7° F.  His results differ markedly
from those of Thorpe and Rodger, Titani (I7) also made n
limited number of measurements in capillary tubes at tempera-
tures above the normsl koiling point. Primary interest was
focused upon the development of an analytical expression to
describe the effect of temperature upon the viseozity of liguids,
As a result of the absence of data diveetly userul for the predic-
tion of the charactaristics of flow or thermal transfer, the viscosity
of the liguid phase of nitrogen dioxide was measurcd at pressures
up to 5000 pounds per squarc inch in the temperature interval
bhetween 40° and 280° F.

Experimental information concerning the volumerrie behavior
of nitrogen dioxide is available. The vapor pressure was studied
Ly Scheffer and Treub (7% and the volumetric behavior of the
gas at low pressures was investigated by Verhoek and Daniels
(18) and by Bennewitz and Windisch (I). The effect of pressure
and temperature upen the spseific volume of nitrogen dioxide in
the liquid and gas phases wus Investigated recently in some
detail (¥, 16) at pressures up to 6000 pounds per square inch in
the temperature interval between 70° and 310° F. This work
reviewed the experimental volumetric and phase equilibrium
data available, and the new measurements were in good agree-

ment with earlier experimental information. These investiga-
tions {7, 15) furhished necessary volumetric data for use in con-
nection with the measurements of viscosity.

METIIODS AND APPARATUS

A rolling hall visecometer ol-the type fivst proposed by Flowers
(3) and developed hy Hersey (4, 4 was employed, The in-
striunent wag used earlier for studies of the viseosity of liquid and
gaseous hydrocarbons (9-12) and was revised to permit meas-
urements of the viscosity of ammonia (2).

In principle, the equipment (2) involved a stainless steel tube
inclined at an angle of approximaiely 15°%, down which a closely
fitting, stainiecss ateel ball was permitted to roll under the influence
of gravity., Arrangements were provided (£) for determining
the time of traverse of the ball hetween two sets of three coils
located ncar the ends of the roll tube., A centrifugal cireulating
pump assisted in bringing the fluid to equilibrium and provided
a means of returning the ball to the upper end of the roll tube,
The circulating system was closed off during the time the ball
wag in motion down the tube,

The roll times were determined with an uncertainty of not
more than 0.3% and the temperature of the roll fube was known
within 0.1° F. with respect to the international platinum seale.
The pressure was determined by means of a balanee (1) which
was calibrated against the vapor pressure of earbon dioxide st
the ice point. The pressure within the viscometer was known
within 2 pounds per sgquare inch or 0.2%, whichever was the
larger measure of uncertainty.

The characteristies of the rolling ball viscometer were investi-
gated by Watson (19), Hersey and Shore (4), and Hubbard and



2118 INDUSTRIAL AND ENGINEERING CHEMISTRY

Brown (). These matters were considered earlier for the vis-
cometer used in these studies (2) and are not treated here. The
apparatus was calibrated against the viscosity of n-pentane in
the liquid phase. The data of Thorpe and Rodger (16) together
with the recent eritically chosen values of Rossini (8) for the vis-
cogity of m-pentane liquid at atmospheric pressure were em-
ploved to determine the soeficients of the following equation (2):
7 = Abloz — a7) — B—;f (1)

Equation 1 was used to establish the viscosity from the meas-
ured roli time. The dimensional cocfficlents, A and B, assumed
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the values of 0,4262 and 1489.76, respectively, when the viscosity
was expressed in micropoises, the rall time in seconds, and the
specific weight in pounds per cubic foot, The specific weight
of the ball was 481.94 pounds per cubic foot, The behavior of the
gombination of ball and tube used in this investigation with
fluids of low viscosity was established experimentally (). Re-
calibration of the instrument with n-pentane after completion
of the measurcments upon nitrogen dioxide indicated less than 15
change in the behavior of the instrument in the course of the
measurements recorded here. All the present measurements
were carried out at sufficiently large roll times so that the cor-
rection for the acceleration of the fluid around the ball was less
than 5% of the total roll time, The vigcosity has been expressed
in micropoises becausc of the widespread acceptance of this unit,
even though it iz not dimengionally consistent with the inde-
pendent variables present in the figures and tables.

The pressure was produced by filling the instrument at 40° B
with Hquid nitrogen dioxide st 2 pressure equal to the vapor
pressure of thig compound at a temperature of approximately
160° F. 'This vircometer was then closed and the instrument
brought to the desired temperature, resulting in 2 marked in-
crease in pressure.  The measurements were made at a series of
decreasing prossures for a predetermined temperature by with-
drawing small portions of the nitrogen dioxide from the appara-
tus.

RESULTS

The experimental results obtained in the course of these meas-
urements are presented in Figure 1. The experimental data

TABLE XPERIMENTAL MeEasrrEMENT: 0r VIRCOSITY OF
Nirrogey Dioxiok
Prossure, Aba. Pressure, Abs,
T»./84q, Inch Viscosiiy, Lb./8q. lnch Viscosity,
Abs. Micropoisas Aba. Mieropoises
40° F, 180° ¥,

951 3118 TR 2274
1028 3243 781 2254
1035 5134 782 2262
1035 5179 1828 2413
1761 5247 1841 2573
1798 3506 1848 2336
1353 B350 24860 2434
2321 5341 2586 2372
2322 a4Bi 3047 2887
2364 5387 4107 2814

e r, 1524 2580
4355 2523
712 3500 4563 2532

198 34581

258 3578 220° T,

arz 3484

B7TD 3547 708 1654

V23 1847

478 3847 724 -~ 1828
1875 3594 1930 1712
1044 3722 1937 1718
2638 3807
2042 3798 1941 1727

3266 1813
23850 3387 3272 1794
1262 3813 3279 1774
4916 A[R8T 4333 1893
3076 4046
5451 3012 4340 1878
4342 874
6142 3954 280° F.
877 559
21268 3507 578 663
2208 3576 879 652
2230 3552 1318 682
ga41l 36823 1316 724
3358 8518 1325 709
3358 3568 1062 10
4427 3810 1980 831
4493 3743 1981 881
4528 3803 2005 1108
2914 1084
2927 1178
4320 1228
4337 1268
4339 1180
e dayt 1
b :elzes ;e

Reries 2,
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tion of the apparatus., Olga Strand-
TapLe II. ViscosiTy or NrrrogeN Dioxioe 1N THE Liquip Prase vold contributed to the assembly of the
5 - Temperature, ° F. manuseript. The agsistance of W. N
4 130 160 190 220 250 280 et L . :
Prossure "Bubble Baint Preesure, Pounds per Square Inch Absalute Lacey in ita review is acknowladged.
Lb. 34, Insh 14.8  80.7 B0.0 _111.% 106.4 33%,8 543,90 864.1
Abs, Visvasity, Micropoises
Bubble Point 4600 4132 8420 2784 2235 1752 1325 924 570 NOMENCLATURE
200 K021 4155 3441 2800 2350 1753 .. .. .. . . .
400 5055 4180 2470 2820  228] 1804 1850 .. .. A4 = dimensional coefficient of Equa-
e e i i ome om0 e g o el
- 4 1 . , A v
1000 5150 4260 3544 2880 2355 1039 1539 1100 830 B = dimensional coefficient of Equa-
1500 3550 1330 2987 5935  2s00 s0ip  1ads iz 1os T O ——
1750 5270 4360 8608 2049 5430 2040  1ese 1319 BBl - ?bsc_’-]ﬁ’te V’-S(ﬁ””‘fyf) nﬁmwpmgeS
2000 5310 4400 3828 2065 2440 2083 1720 1370 $40 gz = spedilic weignt of ball, pounds per
e e e mo mwoe om v g Cue Lo0t e of M
3750 5435 4503 8601 3024 5406 2110 1785 1444 1080 Ay = Bpetiie g’-m%ht'tm fuid,. pouwds
3000 5485 4335 3713 3042 2516 2187 1800  i470 1120 P el 1bo
a500 .. 4503 3733 3070 2540 2151 1822 1510 1170 # = roll time of ball, seconds
2000 4655 5792 8005 2568 2183 1850 1532 1210
4500 4714 3830  B11B 2600 2200 1880  1565. 1240
5000 4782 3866 3145 2625 2330 1900  16vH 1280

LITERATURE CITED

showed a standard deviation of 90 micropoises and an average
deviation of 4 micropoises, taking into account the sign of the
difference, There is only a relatively small change in viscosity
with pressure in comparison to the behavior of paraflin hydro-
carbong (9-12). An initial set of data was obtained at 100° F.
The instrument was then disassembled, a new, four-stage, centrif-
ugal, circulating pump wag installed, and the rest of the measure-
ments were made. The results of these messurements are shown
in Table T along with interpolated ourves for intermediate tem-
peratures,

Smoothed values of the viscosity as a function of pressure for
each of the temperatures investigated are recorded in Table IT.
It is believed that the calibrations were made with sufficient
care and the data presented in Figure I were of such reproduci-
bility that the standard error of the smoothed values recorded in
the table iz estimated to he 90 micropoizes.

The effect of temperature upon the viscosity of nitrogen dioxide
is presented in Figure 2. The measurements of Thorpe and
Rodper (16) were included. Satizfactory agreement between
the two sets of measurements wag realized,
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Distribution of Formic Acid between

Water and Methyl Isobutyl Ketone

HARVEY J. VOGT! aAND CHRISTIE J. GEANKOPLIS

Department of Chemical Engineering, Ohio State University, Columbus, Ohio

URIFICATION and separation of organic acids by physi-

cal means such as extraction rather then distillation or other
methods has stimulated interest in solubility relations and dis-
tribution of organic compounds between water and immiscible
organie solvents, However, in order to better predict the dis-
tribution behaviors of certain specific compounds, it is helpful
to know how members of a homologous series react in a given
water-organic solvent system. Then, generalized rules.can be

N t Present address, Columbis-Scuthern Chemlcal Co., Corpus Christia,
BX.

formulated to ald in predicting behaviors of other compounds in
these same solvent systems. =

The objective of this work waz to study the distribution co-
efficient in dilute solutions of formic acid between the immis-
cible solvents water and methyl isobuty]l ketone; the latter is
a good solvent for many organie compounds and plastics, The
distribution ratio of formie acid was then compared with that
of acetie acidl and propionic acid which are the next higher mem-
bers of the saturated carboxylic acid series.
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should take place., However, for both the pure high frequency
and the crossed discharge, the yields were independent of the fre-
quency within the experimental error.
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Viscosity of Nitric Oxide-Nitrogen
Dioxide System in Liquid Phase

H. H. REAMER, G.

N. RICHTER, aND B. H, SAGFE

California Institute of Technology, Pasadena, Calif.

’ O EXPERIMENTAL data for the viscosity of the nitric

oxide-nitrogen dioxide system were found. Pure nitrogen
dioxide in the Hquid phase was investigated by Thorpe and
Rodger (20). Scheuer (I7) studied the viscosity of this pure
compound, but his results differ markedly from the measurements
of Thorpe and Rodger, Measuremants of the viscosity of pure
nitrogen dioxide in the liguid phass were made at pressures up to
B000 pounds per square inch in the temperature interval bhetween
40° and 280° F. {10).

The volumetrie and phase behavior of mixtures of nitric oxide
and nitrogen dioxide has been described (19). These data ex-
tend to pressures in exeess of 5000 pounds per square inch at tem-
peratures from 40° 1o 340° T, and serve as the basis for the velu-
metrie corrections required to determine the absolute viscosity of
this binary sysiem. They are in reagonable agreement with the
measurements of Purcell and Cheesman (7} for temperatures at
which the two investigations may be compared. Baume snd
Rabert (1) also studied the phase hehavior of the nitrie oxide—
nitrogen dioxide sysiem at temperatures below 68° I, and Wit-
torf (22) determined the limits of solubility ol nitric oxide in
nitrogen dioxide, The effect of pressure and temperature upon
the specific volume of nitrogen dioxide was investigated (9, 18),
and a review of the availuble data for this compound was pre-
gentad.

METHODS AND APPARATUS

The prezent messurcments were made with a rolling ball vis-
cometer of a typs proposed hy Flowers (3) and developed by
Hersey (4, ). The instrument employed was deseribed in con-
nection with meagurements of the viscosity of ammonia {2).
This equipment involved a stainless steel tube inclined at an
angle of approximately 15% down which a elosely fitting steel ball
weg permifted to roll.  The time of traverse of the ball between
two sets of three coilz located near the ends of the tube was de-
termined electronically, A centrifugsl pump was emploved to
refturn the ball to the upper end of the tube and to bring the svs-
tem to a uniform composition and temperature. The exit from
the roll tube was closed during measurements of the time of trav-
evze of the ball down the tuhe.

Roll times were measursd with & probahle errar of 0.2%, and
the temperature of the roil tube was known, with respect to the
international platinum scale, within 0.1° F. Pressures were
determined by use of & balance (14} calibrated against the vapor
pressure of carbon dioxide at the ice paint. The pressure of the
fluid within the instrument was establizshed through a balanced
aneraid-type diaphragm (18} and waa known within 2 pounds par

square inch or 0.2%, whichever was the larger meagure of un-
certainty.

Hydrodynamie characteriztics of rolling ball viscomerters wera
investigated by Wateon (21), Hergey and Shore (53, and Fubbard
and Brown {6) and have heen considered in the application of this
instrument (2).

The sapparatus was calibrated with n-pentane in  the
liquid phase using the eritically chosen valucs of Rossini (11)
for the viscosity of this compound at atmospheric pressure. An
equation of the following form {2} was used to establish the visz-
cosity from the measured roll time:

5 = Aoy — o) - 2% )
The coefficients 4 and B were determined from the measured roll
times with n-pentane as a function of temperature and were
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Figurel. Viscosity of the Ligquid Phase of a Mixture
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checked with water. Reealibration of the instrument without
eleaning the roll tube after completion of the investigation of two
of the mixtures of nitrie oxide and nitrogen dioxide indicated a
change In calibration of less than 039, All measurcments re-
ported were carried out at sufficiently low velocities so that the
effect of the acceleratian of the fluid around the bull was less than
597 of the measured roll time. It is believed that the first order
egrreation for acecleration included in Equation 1 suffices for such
hydvodynamie conditions. The viseosities were expressed in
micropoizes &3 a result ol widespread usage, even though this unit
is not dimensionally consistent with the independent variables.
Nitrogen dioxide was fivst introduced into the apperatus and
the roll times were checked at a known temperaturc. The de-
sired quantity of nitric oxide was then added from a weighing
bomb while the apparatus was at a temperature of approximately
40° F. Bubble point pressures of the nitric oxide-nitrogen
dioxide system (15} were sufficiently low at this temperature to
permit the desired quantities of nitric oxide to be introduced
without diffieulty. The composition was determined from tre

Veol. 46, No. 7

weights of the nitrie oxide and nitrogen dioxide introduced into
the viscometer and was checked by the measured bubble point
pressures. In addition, a sample of the liquid phase was with-
drawn and its apecific weight defermined by pycnometer tech-
nigues at a known pressure and temperature, The information
concerning the volumetric and phase behavior of the nitvig
oxide -nitrogen dioxde system {/2) was employed in order to re-
late the measured buhble point pressures and specific weighta of
the liguid phass fo composition, The maximum difference be-
tween the composition as measured by the different methods waa
0.012 welight fraction nitrie oxide,

RESULTS

The effect of pressure upon the viscosity of a mixture of nitric
oxide and mnitrogen dioxide containing 0.991 weight fraction
nitvogen dinxide was determined at four temperstures batween
40° and 280" F. as o preliminery part of this investization. The
measurements involved =ather large standard devistions ag com-

Tapre L.
Lfif«zmﬁl W1, Frae, Nitrogen Dioxide
Absolute 0.82 0.85 Q.90 0.93 1.60
407 F

Bubble Poi B b rz) 27 (22) (6 3
Bubsle Point  jigg 4720 4310 4380 4000
200 4760 1660 4730 5940
100 4300 700 4760 1970
00 4830 4740 4800 5020
S00 4560 4770 4340 5010
1000 4880 1820 4870 5050
1260 4940 4870 4920 5100
1500 4360 4210 4070 5140
1750 5020 4560 5020 5180
2000 5080 5000 5360 5220
225 5120 5060 5100 5260
2500 5140 5000 5140 5290
2760 5150 5130 5180 5340
3000 5220 5170 5220 5370
3500 33001 [3260]  [3320]  [5450]
4500 53801 [5330 FESO [3530]
4500 5180]  [3420]  [a480]  13623)
5000 56107  [5450] (33807  [5740}

100° T,
; (86) (79) (713 (B0) (31)
BulblePoint g5y 3120 So70  3i20 8320
200 3300 8200 3100 3200 3400
400 3300 3200 3100 4200 3400
800 3340 3300 3170 5240 3410
500 3260 2230 3200 3270 2430
1000 8380 3260 2220 3300 G450
1240 3410 2800 32680 3320 8480
1500 3140 3330 3280 3359 3310
1750 3170 3350 2310 3390 3510
2000 3400 3350 3350 8420 2360
2250 8520 3400 3370 3440 2580
2500 3550 2440 3100 3480 3520
2750 3550 2500 3120 $300 2640
3000 3580 §380G 3416 3520 3660
2500 3630 3510 3480 3360 2700
4000 3670 2540 3500 3380 3740
1300 3760 2800 3550 3620 3780
3000 3840 2650 3580 3360 3320

180° T,

T 3 (270 (2307 (204) (152) {1113
BubblePoimt  §i79  dore 2080 20p0 2170

200 2100 2200
400 2200 2140 2100 2100 2200
800 2300 2100 2{00 2180 2230
800 2200 2180 2180 2200 228¢
1000 2220 2200 2210 2240 2280
i25) 2250 2240 2240 2260 2310
1500 22T 2260 2270 229G 2320
1750 2300 2280 2200 2320 2380
2000 2320 2310 2320 2340 2380

© Viscosity expressed in micropoises.

ViscosITy® oF Mixrurks or Nrrrie Oxinm aNp Nrmrrosex Dioxipe

L,_.I:l;fgs;urze,', Wt. Froe, Nitrozen Dioxide
Ahsolute 0.80 0.8 o6 0.95 1.00
160° 7 ¢ Contd.)
e (270 (23 oy (s 1)
Ruoble Poins 37 57 2080 2000 2176
2250 2340 2330 2330 236D 2400
2500 2330 Bas0 2580 DR 2430
2730 D390 =are @ETh 2400 246}
8000 2430 2400 B4ID 4D 2480
2300 2470 2480 2480 2479 2540
1000 9320 2450 2490 2300 2389
4500 257 2340 2330 2340 2600
3000 2e20  2EsD 2D 257 2620
220° 7
y . oL 810 (316 (428 (33D
Bubble Point Y924 1180 1190 1220) 1320
200
100
600 1240 1o
805 1230 1940 1319 1375
1000 1320 1340 1383 1440
1350 1340 1580 1430 1510
1500 1401 1429 1489 1555
1750 1440 1460 1520 1600
2000 1480 1500 1360 1630
5250 1510 1580 1580 166D
2500 1540 1550 1690 1660
2750 1530 1600 1629 1690
3003 1A00 1620 1840 1760
8300 1630 1840 1650 1740
4006 1683 1600 1737 178)
1500 1720 1740 17580 1829
3000 1790 1780 1780 1835
280° F.
; : (5700 (1888) (12013 (1020)  (H04)
Bubhle Point 744, 10 Eli g 340 570
200 e - .
400 B B it
GO0
300
2000 ; (5}
1250 e o 220 110 710
1500 ek 183 260 60 800
1750 339 283 44i 580 880
2000 27 320 450 850 940
2950 240 470 520 729 950
2500 397 450 570 770 1040
2730 450 320 610 830 1059
5000 300 360 820 830 1120
4300 620 890 810 ] 1170
1000 750 800 ] 1040 1210
1300 833 525 1002 1110 1230
5000 080 1010 1080 1160 1230

b Fignres in parentheszes represent hibble point pressures expressed in pounds per square inch ahsolute.

¢ Figuros in brackets were obtained by extrapolution.
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Figure 2. Viscosity-Composition Diagram

pared to later data reported hare, The data for this sample have
not heen given more than 209 of the weight given to each of the
other mixtures investizated. Two mixtures containing 0.920 and
0.774 weight fraetions nitrogen dioxide were inveatigated at five
temperatures between 40° and 280° F. The experimental results
obtained for the mixture contuining 0.920 weight fraction nitrogen
dioxide are shown in Figure 1. The detailed experimental meas-
urements for all of the mixtures arve available {8). The full curves
shown in Figure 1 represent data smoothed with respect to pres-
sure, tenperature, snd composition. For the two mixtures and
nitrogen dioxide {10}, the standard deviation of the experimental
data from the smoothed curves was 47 micropoizses and the aver-
ape deviation wag 3.8 micropoises if regard wag taken of sign. If
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Figure 3. Viscosity of Nitric Oxide-Nitrogen Dioxide

System at Bubble Point
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the measurements for the mixture containing 0.991 nitrogen diox-
ide are included, the standard and average deviations are several
times a3 large,

Values of the viscosity of the liguid phase of this sysfem are re-
ported in Table I for even values of pressure, femperature, and
composition. These data include earlier messurements upon the
viseosity of nitrogen dioxide (/) which were modified slightly at
the lower temperatures on the basis of the present measurementa.
The standard deviation of 417 micropoises was comparable to that
found in the earlier studies of the viscosity of nitrogen dioxide
{10},

The influence of composition upoan the viscosity of the nitric
oxide-nitrogen dioxide system is shown in Figure 2 for each of the
femperatures investigated, The solid points represent the data
obtained from smoothing the experimental measurements for the
individual mixtures, whereas the full curves correspond to the
values recorded in Table I. The reproducibility of the data for an
individual composition at a particular time was much better than
that found for the entire set of measurements. The viscosity of
the liquid phase at bubble point is depicted in Figure 8. The
small effect of changss in composition upon the viscosity of the
liquid phase is evident. Data recorded in Table I indicate that,
within the range of presgures and compoeitions investigated, the
influence of these variables is small. Such behavior is in contra-
digtinetion to the marked variations in viscosity with changes in
pressure or composition in the case of hydrocarbon systems (12,
18, 15, 18). DPressure and temperature influenee the viscosity of
mixtures of nitric nxide and nitrogen dioxide to much the same ex-
tent as that found far pure nitrogen dioxide (16),
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RNOMENCLATURE

dimensional coefficient of Equation 1
dimenstonal coefficient of Equation 1
ahsolute viscogity, micropoises

‘specific weight of ba]l pounds/cubic foot
specific weight of ﬂmd pounds/cubic foot
rall time of ball, seconds
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Ternary Liquid-Liquid Equilibria

ETHYLBENZENE-DIACETONE ALCOHOL-WATER AND STYRENE-
DIACETONE ALCOHOL-WATER

L. F. CROOKE, Jr.!., aAxD MATTHEW VAN WINKLE

University of Texas, Austin 12, Tex.

ll\' CERTALIN separation processes an extracting agent is
used which haz affinity for one ol the materials being sepa-
rated, Bubsequently the exfracting agent mmst he removed
from the extracted materizl by distillation, liquid-liguid extrac-
tion, or other means. Systems composed of certain hvdrocar-
hons, aleohols, and water are of interest in this connection,

Tha systemns  ethylbenzene-diacetone  aleohol-water ana
styrene—diacetone aleohol-water were studied in this investi-
gation, and the phase boundary compositions and equilibrium
tie-line data at 25° C. were determined.

This is ane of a series ol investigations in which the selectivi-
ties of certain sulvents for certain materials produced in com-
mercial processes arc being studied, Previous investigations
{5, &) in the series involved the determinalion of the selectivity
of hepradecanol and 3-heptancl for seetie acid and cthyl alcohol
in water solutions and the evaluation of the liguid-lguid equi-
Lbrium data,

MATERIALS

The diacetone aleohol {4-hydroxy-4-methyl-2-pentanocne) used
in this investigation was obtained from the Fastern Chemical
Coa. The alcohol was purified by distillation in a 48-inch column,
1 inch in diameter, packed with glass helices. The column was
ppersted at a & to 1 reflux ratio (L/1Y).  Two suceessive ‘heart”
or middle cuts of 80%, were made to obtain material of =atis-
factory purity. The index of refraction of the final distillate
produet was determined as 1.4235 and compared with the liter-
ature value of 1.4232 (8,

The sthylbenzene specified as b9.1 to 99.4% purity was sup-
plied by the Monsunto Chemieal Ca, :

The styrene, slsa supplied by the Monsanto Chemical Co.,
was of 99.95, purity. ) o

Distilled water was uged throughout the investigation.

PROCEDURE

"The procedure deseribed by Othmer ef af. (4) wasg used £o find
points on the solubility eurve in this investigation, Because a
portion of the final solution had to be removed and examined in
a refractometer, the stepwise method of determination of the solu-
bility curve was considered ingdvizable. The modification used
has heen disoussed (5, 8).

A known quantity of the solvent {ethylbenzene or styrene)
was placed in a clean, weighed Hask., The flask was weighed
again and a kunown quantity of the solute (diacetons aleohol}
was added. The flask containing the mixture was weighed again
and then placed in a bath controlled at o constant temperature of
23° ), After 20 to 30 minutes the flask was removed and dis-
tilled water was added from a huret to the mixture. After cach
addition the mixture was agitated vigarously. Water addition
was continued until a cloudiness appeared which did not disap-

L Prosent address, Creole Petrolsumin Co., Caracas, Venerueln.

pear with mixing., The flazk contuining the mixture was again
placed in the constant temperalure bhath, If sfter a period of
time the spiution cleared, more water was added,  If the mixture
remained turbid for 20 minutes, the flask was reweighed. The
weight af the water in the saturated mixture was determined by
difference. From the weights of the components in the satu-
rated maixturs, the weight fraction of each was caleulated.

A sample of the saturated phase was remaoved and the refractive
index determined in a refractometer using a monochromatic
sodium 4 light source. The prisms were maintained st 30° ¢,
This small lncrease in temperature was enough to produce o
single-phasze solution,

oy
) - .—'\.\
By Figure 1. Phuse Diagram of
| %, Ternary System Water—
80 | T Diacetone Aleohol-Ethyl-
[ benzene at 25° C.

DHACETONE  ALCOHOL

WEIGHT PER CENT

WEIGHT PER CENT

WATER

This procedurs was repeated as the ratio of zolvent (ethyiben-
zene) to solute (diacctone zleohal) was varied to determine the
composition of the ethylhenzene- or salvent-rich luyer.

A secand series of mixtures was made up of water and diacetone
aleghiol,  The solvent, ethyl benzene or styrvens, was added drop-
wise with vigorous mixing until & ‘=table’” turbidity was pro-
duced. This procedure made it possible to determine the com-
position of the wator-rich phase portion of the solubility curve,
Compositions of these mixfures were also determined by refrac-
tive index muethods.
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Propositions

1. Teflon and soapstone can be combined to form a mate-
rial that may be useful in making high pressure electri-
cal seals, It is resistant to many forms of chemical
attack, can be used at temperatures up to 700° F., and,
while sealing more easily than soapstone, does not extrude

as easily as teflon.

2. The use of Green's functions in the numerical or
graphical solution of differential equations can lead to
easier methods of obtaining approximate answers to many
problems of engilneering interest.

3. The error in the thermal conductivity due to neglect
of possible eccentricities of the cylinders in a cylindri-
cal cell has been considered by Burton and Ziebland (1).
An error in their results 1s corrected and a simpler equa-

tion is proposed.

4. The use of nitroxyl perchlorate (NO»C10y4), and similar
compounds, as solid fuels in rocket motors should be in-

vestlgated.

5. A resistance element would appear to have many advan-
tages over thermocouples for measuring temperatures in
research equipment. A method of using a resistance
thermometer in the thermal conductivity cell used in the
present work 1s proposed.

6. Vargaftik (2) determined the change of thermal con-
ductivity with pressure to 90 atmospheres for several
gases., In hils equipment he used a resistance thermometer .
to measure the temperatures. The thermometer was exposed
to the high pressure. The strains introduced in it as a
result of the pressure would be expected to have a sig-
nificant effect on his results. Thus the pressure depend-
ence of the thermal conductivity that was observed by him,
and by others with similar cells, would appear to be in

error,

7. During the measurements of the thermal conductivity
of nitric oxide, decomposition of the nitric oxide was
found to occur. It was assumed that it was catalytic in
nature, and the reaction appeared to be

UNO = N, + 2NO,

The pressure dependence of the reaction rate did not agree
with that expected from the usual kinetic equations for
the decomposition. This unusual pressure effect should

be further investigated.
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8. A program of research in methods of making high pres-
sure seals for electrical leads in research equipment
1s proposed. The problem of introducing small thermo-
couples into a high pressure vessel that is to be used
over a wlde temperature range is one encountered. At the
present no completely satisfactory solution to this prob-

lem has been developed.

9. A rolling ball viscometer is not a satisfactory instru-
ment for precise determinations of viscosity over wide
ranges of fluid properties.

10. The thermal conductivity of reacting systems, and of

systems near their critical states, is anomalously high.
This increase may be of value in heat transfer operations.
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