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THERMAL CONDUCTIVITY OF GASES AT HIGH TEMPERATURES
Albert Jo;R0§hm§g_U>

Radiation lLaboratory and Department of Chemistry and Chemiecal Englneerlng
University of California
Berkeley, California

ABSTRACT

Apparatus suitable for measuring thérmal conductivities of gases
from 30°C to 800°C has beeﬁ,designed and operated successfully., The
apparatus consists primarily of a conductivity cell formed of a pair
of concentric silver cylinders, a eonstant_temperaﬁﬁre furnace, and
sﬁitable‘control'and measuring equipment, Gonductivity valuesfwere'
obtained for nitrogen, carbon dioxidegldnd mixtures of the two at five
or six temperatures from 50°C,to 775°C, In addition, conductivities
of argoﬁ were measured from 50°C to 680°C, and those of air and helium
at 40°C and 680°C respectively. The results lie in the range of most
investigators? values at all tem@eratﬁreso,Experiﬁental uncertainty
is about one percent, except for data at the two highest temperatures,

680°C and 775°C, which are estimated to be 2.5% and 3% high respectively,

- These errors were caused by the formation of gas bubbles on the silver

surfaces above 600°C which reduced the annular spacing between the
cylinders, Therlargest radiation eorrection required was 8%, 'Approkim
mate accommodation coefficients were obtained for air, nitrogen,

carbon dioxide, argon, and helium on silver,
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I, INTRODUCTION AND THEORY

‘Thermal conductivity values for gases are esséntial in‘making cal-
culations for conductive and convecﬁive heat transfer, Even at higher
tgmpe;aturég, whgre radiatichAbeéomes hore_effective, qonvecied‘pegp
flow still represents a significant mechanism in the transmission of
heat, To calculate convective effects, thermal conductivities must
bé known.to a réasonable,degrée:of aé@urggyo, At present there}exist
fow data ab 400°C and almost none above tha?o temperature, Reliable
prediction of conductivities at high temperatures has not been possible
using kinetic fheory.or modifications i:hereofo A few recent investi;

gators(4’5’9:13922)

have attempted with some success to adapt the theory
of non-uniform gases to predict fhe variation of conductivity with
ﬁem.p'erature° Howevér, extensive coﬁductivity measurements at widely
varying temperatures are needed to.test their theories,

In addition té'their praeticai ﬁélﬁe; hiéh temperature conaucéi
tivity measurements may ultimatély prove to be of value in clarifying
the mechanism of energy transfer in gaseous mblecular collisions,

The primary objecf of the present research was to désign and
develop a cell and auxiliary equipment suitable for measuring conduc-
tivities of gases ﬁp to moderately high temperatures (800°C), In
order to check the operation of the equipment, data were to be ob-

tained both for pure gases and for a mixture of two gases,
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A, Previous Investigations.

Among the various devices;which have been used are the hot wi:e
cell, parallel plates, concentric sphereé, and concentric'cylindefs.
1. Hot Wire,

The hot wire type of apparatus consists of a central heated
wire which gives uﬁ its heat radially to a surrounding layer of gas
ééﬁtained in a cylindrical container, Pioneer measurements in a
simble cell like this were carried out in 1840 by Andrewsgl)
Schleiermacher(50) considerably imprqved the cell by using a pair of
potential leads across the center portion of the hot wire, thus some-
what reducing the error caused by axial conduction of heat, ‘Another
scheme for reducing end effects was to use a péir of cellé identical
except in'length, and by subtracting the two results the end effects

were presumably'eliminated57’l7’43) The idea was further developed

by Gregory and Archer(lé) who used two such apparatus pairs with
different cylinder diameters and corrected for convection by extra-

polating to small diameters. Another innovation developed by Gregory

was to make conductivity measurements at various pressures below

atmospheric and to extrapolatethe results to infinite pressure in

(1)

order to eliminate the effects of temperature jump and convection,

(56)

Taylor and Johnston used a carefully designed potential .
lead type of cell suitable for precise low temperature measurements,

Stops(52’54) also used a simple potential lead type of hof wire
cell and made measurements up to 1000°C, However, his corrections
for end effect and radiation were quite high (up to 20%),

The usual hot ﬁire cells have utilized a long thin wire to
approximte a ﬁathematigally infinite cylinder. Kannuluik and
Martin{?8) on the other hand, used a relatively thick wire and

analytically solved the heat conduction equation for such a case
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to calculate the gas conductivity;' -
2. Parallel Plates. | B

Gonceptuaily the eiﬁpleet metﬁod consists iﬁ heating a flat
plate and measuring the temperature dlfference between it and a plate
parallel to it, Parallel plates were flrst used by Chrlstianseno(__)
A number of investigators. improved the apparatus somewhat, but Hercus
and Laby(zo> enhanced the apparatus con31derab1y by using "guard rings!
1o minimize heat flow from the edges of_the plateso- Hercus and

Sutherland(21>

and more recently Ubbink and de Haas(57) utilized this
type of cell and obtained good data, .
}30 S;Qhereso

Spheres were used by Kundt and warburg(BS)

and by a number
of other 1nvest1gators up . to about 1909, but were abandoned because
of difficulties in obtalnlng good boundary condltlons of spherloal
symmetry, |

‘4. Concentric CXlitders,.

» The hot wire method may be said to utilize concentrie
oylindefsg but'the term is used here to refer_mofe Speoifieaily to
cylinders of approxiﬁately the same diameter with a:relatively small
annular space Between them, Many early investigatorsvhsed this type

(51) is the most noteworthye He

of apparatu39 among whoﬁ Stefan
haintained a thin layer of gas between cylinders (as is done in the
present investigation) to increase the gaseous conduotion relative
to the radiation and so reduce the>peroentage radiation correction,

Cylinders had not been used extensively for a period of about

(32)

30 years when, in l9503 Keyes and Sandell used one well-designed
to essentially eliminate convection and reduce radiation, Conse-

quently, their design would have been suitable for measuring con-
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ductivity gt h;gh temperatures, although they designed and operated
their equipment up to only 400°C, They, too, used a thin annulus (0.025")
between'@wo large cylinders to reduce convection, particulafly at the
high pressures at which they made measurements on steam, Theyrblocked
the heat flow from the upper end of their cylinders by interposing a
~ heated guard block. At the lower end they were able to calculate the
heat flow as for é pair of parallel plates,

Glassman and Bonilla(65) constructed a concentric cylinder type
‘of apparatus, in which the outer cylinder was electrically heated and
the inner one (fused quartz)'ﬁas‘cooled by means of a high velocity air
stream, By using a traﬁsparent tube in this manner, they stabilized

their radiation correction,
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B. Selectlon of Conduot1v1t Cell ,jiim ,,w’_m ;. Ahh -

In order to choose a suitable dev1ce for measuring oonductlvity at

high temperatures, con51deratlons were made as fOllOWS’

1. Although simple in princlple, it is difflcult to, provide adequate

heat guards for the parallel plate type of cell since the complete pem
riphery must be guarded.- In addltion‘9 1t is poss1b1e but awkward to
_'enclose the plates so that measurements may be made at hlgh vacua, which
measurements are necessary to correct for rad:.atlon°

20 Conoentrle spheres would be geometrically s1mple forms to
use, but difficultles appear in acourately spaclng them and bringing
out the heater leads without dlsturbing the symmetry° '

3. The hot~w1re type of cell has been exten81vely used9 and with
undoubted success, However, the hot wire must be used as its own
resistance thermometer, and therefore must be‘carefully placed to
minimize strains dve to thermal expansion, It is well known that the
resistance changes markedly when the wire is strained, Also, end-
wise conduction and lack of temperature uniformity along the wire
length offer a problem, Furthermore, it is diffieult to maintain a

desirably small annular space between inner and outer cylinders when

a fine wire is used, and still to keep the wire free from strain,

* However, recently Michels and Botzen(Al) described a cell of this
type for high pressure, low temperature use, No data have yet been’
reported, but with a number of modifications the eell might be
useful for high temperature work,
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4o It appears that the heavier concentric cylinder type of

apparatus, similar to that used by Keyes and Sanéell(az)

offers the

advantage of independent temperature measuring devices, the possibility
of accurate centering using a narrow anmulus, and elimination of the

need for accurate calibration and recalibration of a central heater

wire,
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C. Theory.

Nh;well(4o) and Boltzmann(z) established_ﬁhe fgpdamgntaluequ@iggs‘
of kinetic theory relating thermal conductivity, viscosity, and diffusion
coefficient, General solution of the equations were first carried out
independently by Chapman(s) and Enskogfll) ‘

Simplified applicatien of.kinetic_theory to‘rigid; elastie spherieal
moleéules yields the relationship(9)

k=L ogs where £ = 1.0. 1)

However, experimentally one finds tha£ the constant of proportionality,
£, is closer to 2,5 than to 1,0, By taking into account the persistence.
of molecular velocity after impact, the fact that the most rapid molecules
also have the greatest energy, and that molecules differing '_:‘|’.n’3pe_ed also
have different free path lengths, it has been shown(g)Z that £ = 2.5,

The theory has been developed on the basis of a gas in equilibrium, while
in fact, the occurrence of transport phenomena implies a non-equilibrium
condition, Consequently, the theory can give 6nly an approximation to

the facts, Other proportionality cénstants have been;derived for other
ﬁolecular models, éugh as rough spheres of coﬁstant radius, wherein f =
1,71 to 1,87, the exact value depending upon the distribution of mass in
the holecule,(g)

Eucken(lz) rendered the theory more practicable by splitting the
conductivity into translational and'internal enérgy terms, He thereby
obtained: |

k =(1/4)0 1 = 5)N oy (2)
Chapman and Cowling (loc, cit,) criticized his assumption that trans-
lational energy exchange takes place independently of the internal
energies, In addition they pointed out that even if this assumption

were correct, he should have used the mean free path as related to

self-diffusion, rather than that related to viscosity, since internal
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erergy would then be transferred by diffusion of moleoules fron one

. place to another, With these considerations in mind, Chapman and
Cowling wrote ' | o _

k {(15/4)( Y =1) +(1/2)LLll (5 - 3Y)}Yle )
where u“ll .]2,].'.1.#_> 1l and depends upon the type of molecules
(whether smooth r:.gid spheres, or force-centers, etc, )

By assuming that vibrational energy and in most cases the
rotational energy (where the rotational quanta are large) are trans-
ferred only rarely by 0011ision, and therefore chiefly by diffusion,
Schaefer (47) improv‘ed Eucken“s relat:.on., S“éhaefer' also employed; a
parameter involving the d:.pole momen’b and was able to correlate k/yl Cy
for polar substances falrly well, in contrast to Eucken's method,

Hirschfelder and coworkers (2‘? -24) agsuming inverse sixth-power
attraction and twelfth-power repulsion force laws between molecules,
‘evaluated the collisioz_n integrals set. up by Chapman and Cowling _(loc;
cit,). Using these integrals and Eucken's relation they calculated
thermal conductivities of gases, However, their resulis were not
satisfactory except for simple molecules like helium,

Fraa.nek(l3 ) made a number of conductivity measurements in a hot-
wire éell at temperatures from 100°K to 800°K, and then used these to
calculate £ ratios, He also split the energy terms into their
component parts and after tabulating the results discussed their
trends qualitatively, He found that for non~polar gases £ increased
with temperature to an apparent maximum and then decreased again,
However, there were a number of exceptions to this,

Ihdependen‘bly, ‘Bromley(l") also split the energy terms into their
components, and then proceeded to evalua"be the coefficients of each
term based on available data, The form of his equations allows

conductivity to be predicted readily if viscosity and heat capacity



~17~

are available or can be estimated, Furthermore, he rendered the treat-
ment of polar gases more amenable %o engineering calculation, 1In a more

(5)

recent paper Bromley modifies his equations somewhat in view of new
conductivity data available, and presents a useful summary of con-

ductivities of a large number of'substances at widely varying temperatures,
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D, Theory of Measurement and Calculsation.

1. Gell Gonstamt,
As discuésed_elsewhere.in this wor%, the high heat conductivity
of the silver and.the sméli width of the annular space'relative to its
length permif ﬁreatmentvof the cell as an infinite cylinder tqma‘high”
degree of approximation(§6) Furthermore, the flat end surféces ma&mbe
treated aé a pair of parallel plates. These simélifying assumptions
are justified by fhe results obtained at low temperatures, which check
thé aécepted values within a percent, Consequently, we may write for
the heat conducted aéross the annular and other gas spaces,
q =_qradial T Qeng * qcorner
2nlkAt . ﬂrzkAt
11’1(1'2/1'1) X

]

corner (4)

For the dimensions used in our cell, it can be shown that the corner

effect is less than 0,5%. By using a suitable average length L in the

first term (=L + x/2) and an average rzrin'the second term E(rl2 +

r22)/é], the corner effect is taken care of with a maximm error of

about 0.3%, We have:

2nLkAt , nrzkAt
q = + . (average L,r) (5)
ln(rz/rl) x '
Or, we can write
| q = C kAt, where | (6)
C=0Cy+Cy (6a)
2L '
Gl 2 c—— 6b)
ln(rz/ri) : - (éb)
: wr? \ '
Oy = — (6c)

X
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The cell constant, C, is uniquely detérﬁinéd'by fhé ‘geometry of

the cell, Cell constants are, thgrgfpre, a functlon of the temperature
at which data are taken, and are listed in the Appquxx, ' Using the cell
constanty and knowing the heat input”and fémperaturé.dlffeQ§nce, the
thermal conductivity may be calculated. The heat input q is o@ﬁaipgq
from electrleal measurements of current and voltage.» The_témpe:atu;e
difference At is calculated from measﬁred.differénces in thermocouple
e.m.f,'s and plotted values of thermo-electric power (dE/dt) as.a
.function of temperature.. Although'thevtémpéfature diffefences

measured are not actually'at the surfaces of_the‘emittef and receiver,

they are close enough so that a radial flow calculation indicates an

error of 0,1% or less,

2. Effect of Pressure,
.Measurements-of.pure conduction, of coﬁrse, afe required,
At higher pressures convection becomeélappreciable and must be |
eliminated, At low pressures and high_tembératures, incomplete
energy exchange between gas and wall become pronounced,vapd one must -
correct for the effect of temperature jump and accommodation, Gregory(lA)

deduced that for cohcentric cyllnders, hosé-lengths are much greater

than the annulus between them,

A o
A LU f( D) @
2wM e

Where A = 0 et o - : ’ (8)
R 2k 2q(c,/R + 1/2) »

Thus, if At/q is plotted against_l/P,vavlinear relation is obtained in
the absence of convection, The ordinate at 1/P extrapolated to zero

gives the true conductivity k, and the slope gives the accommodation
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coefficlent, The presence of convection is indieated by a curvature of
thgwp}gy-gp higher pressures, and extrapolation must ignore these points,
(see Figure 18). _\ | |

3. Radiation and Squqrt»Qonduction.

In addition to gaseous conduction? parallel mechanisms of heat
transfer in the cell are by conduction across the supports and rg@ia@ign
exchange between the emitter and receiver, It is desirable to minimize
both effects and to correct for thelr presence, A. simple means of doing
sb'is to make "blank" runs at high vacua (1 micron Hg or better), At
these low pressures the residual gas conductivity (molecular in nature)
is negligible and the bulk of the q/At measured is due to radiationrand”
support conduction, These q/At valués_may then be simply subtracted from
those at moderate pressures to eliminate the effects of radiation and
support conduction, It is recognized, however, that the presence or
absence of gas affects the amount of support conduction. (See "Discus-

sion",)
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Tt was not originally intended to deal with conductivities of gas
mix@u;es inwthés work° ~However singe such dgﬁgmarev}agkingﬂap_hégh
temperatures, sufficient data were taken to show what the mixture
trends are as temperatures increase, ‘ -
- A number of 1nvest1gators(9’24 3L 36 63) have attempted to correlate
mixﬁure data but the correlation of Lindsay and-B:omley (36) based on a

(55)

modification of Sutherland's equation appears to be about the most

useful, These authors correlated 85 mixtures with an average deviation
of 1,9%. However, the data they employed were all near room temperature.
Their equation for a binary mixture is:

ky . .k

k(mixture) = — + ' | 9)
- 1 +Aq, Xg/xl -1+ Kél'xlfxz PR

N1 (Mz)B/A (1 +8/T) 1=/2 2 (1 +5,/T)
M @+ s,/1), (1 +51/1)
(10)

Aél is obtained by interchanging the subscripts,
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II, EXPERIMENTAL

K. Equipmemt.,

1. Silver Gell,

The heart of the equipment is a pair of concentric silver
cylinders 7" long (Figure 1), This metal was chosen because of its low
émigsivity and high thermal conductivity, The former p?Operfy peggltg
in small radiation corrections which normally become quite significant
at the high temperatures used in our experiments, The high conductivity
of silver is importent in order that the gas annulus may be treated as
one of infinite length, symmetrical radially and isothermal axially,
Because of the mass and high conductivity of the silver cylinders,
virtually no temperature gradient is detectable along its length, The
annular gpace between the cylinders is about 0,025" (0.033“fin later
runs), This close spacing minimizes convection and is particularly
valuable in reducing the percentage radiation correction by inereasing
the gaseous conduction alone,

The annular symmetry is. kept by means of six Iava® spacers
symmetrically placed and of small dimensions so as to minimize con-
duction through them, These spacers contact the inner cylinder (here-
after called "emitter") at roon temperature, but not all do so at
elevated temperatures because of the differential expansion between
silver and Lava, However, they maintain concentricity even at 800°C
to within 0,002", which is sufficient to keep the error due to

eccentricity to less than 0.3%, (See discussion of error, below),

[N

*Pfoduct of American Lava Corporation (Chattanooga, Tennessee),
Iava is a natural stone which may be machined, then fired to
harden to a refractory,
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The spacers contact small (1/16" diameter) stainless steel inserts (not
. §@9wpwin_Figurenl}{in_?bgugmitter to prevent deformation of the soft
silver_atdhigh_temperatureg. _

The emitter, a solid silver piece about 1,45" in diameter, eontains
g>0.016" diameter nichrome wire heater in a shell of thin gauge (0,015?)
platinum which are fused to 0,015" diameter gold leads éA" long, The
platinum wire reduces the temperature of the leads leaving the emitter
and the gold is used to minimize the voltagevdrop along the long leads
between the emitter and the external measuring circuit, The outer
eylinder (receiver) is.1.50" inside diameter and 2,5“ outside diémeter.
Both inner and outer cylinders contain holes for thermocoupie wells,
These and all other silver parts_were stress relieved at 300°C before
machining,

At the bottom of the receiver, a solid silver disc is fastened
which acts with the lower end of the emitter és a pair of parallel
plates, Here, too, the emitter is supported by a lLava tip.

About 1/2" above the emitter is a "heat guardfy so called because
its purpose is to prevent heat flow axially upward, It has its own
thermocouple well and nichrome heater so that it can be maintained at
ihe temperature of the emitter..'

These contents are all contained within a lower stainless steel.
casing which is flanged and bolted to a matching upper flange, The
various heater and thermocouple tubes as well as an outlet pipe, are
welded to the upper flange, Vacuum tightness is insured by the use of
a stainless steel gasket compressed between the flanges,

>2. Furnace.
The cell is placed in the center of a furnacé (Figure 2)

especially designed to keep a constant temperature, The center of the
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Figure 3a Photograph of Equipment



Figure 3b Photograph of Equicment
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furnace consists of a 13" diameter stainless steel can, filled with
molten tin (or water for room temperature runs), Tin was chosen because
of its good thermal conductivity, low melting point (232°C), and its
pelat;veysafgty‘(ncn-chbustibility as compared with heat transfer salts,
and low P°¥?9?f‘fy.<3_?) .as _compared with lead and other low-melting metals );
§@ainless steel was chosen_as the most prac?icablg mgﬁerial to with-
stand corrosion by tin, based on available information£29’37) Carbon
steel oxidizes rapidly at the temperature of the furnace and probably
offers lower corrosion resistance to tin, Stainless walls in contact
with the tin were made heavy enough to permit a degreé of corrosion

and still protect the equipment, A Lightnin' mixer is provided to
agitate the liquid to aid in the maintenance of uniform femperature.

The can is surrounded by a two-inch thickness of Johns-Manville Superex,
a form of diatomaceous earth, This high temperature insulation

(claimed to withstand 1900°F) was chosen because of its low thermal
conductivity and thermal diffusivity, since it tends to filter out
short—term temperature fluctuations in the furnace windings_gaqsed by
current, fluctuations before they reach the immer bath, Nichroms

coils are imbedded 1/2" into this layer at the top, center,vand

bottom of the furnace, each section independently .controlled.

Successive turns are spaced about 1/2%" apart, The coils are backed

by another 6" Superex layer which in turn is held in a sheet iron
container, GCopper cooling water coils are soldered %o this casing

and serve to keep it at a constant and moderate temperature, The
furnace interior is accessible by means of a 1lid Opéning at the top

of the furnace, Electrical circuits for the furnace are shown in

Figure 4. Two basic input circuits are provided: one 8 kilowatt
arrangement taken direetly from house current (115 and 230 volts A.C.)

for rapidly heating up the furnace,;andﬁoneHB kilowatt circuit fed
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from Sola voltage regulators which keep voltage fluctuations to + 1%.
© The latter circuit is used during steady state operation,
3. Temgera@ure Controls.

The original plan of investigation called for measuring
| temperature differences of the order of one degree Centigrade, and so
required constancy of the bath temperature to about 0,01°C. Because of
the high temperéture at which measurements were to be made, elaborate
precautions were taken to obtain this constancy of temperature, Thus,
in addition to voltage control of the windings, and the isolation of
these windings from the tin bath by 2" of low conductivity insulation,
two stages of automatic control were provided (Figures 5, 6, 7)o One
stage measures the temperature at the main windings bx'means of a
0,025" diam, chromel-alumel thermocouple and controls the éurrent in~
put to a 75 watt auxiliary heater which parallels the main'windings,.
The other staée meaéures the temperature of the central bath by means
of a resistance thermometer and operates a 30 watt heater immersed in
‘the bath to keep the measured temperature to #0,01°C, This resiétancé
thermometer (Figure 8) consists of about 13 feet of fine (0,002"
diameter) platinum wire wrapped non-inductively around a fused quartz
tube in which doublé threaded grooves are ground, A. platinum lead
wire 0,008" in diameter is qued-to each end of the fine wire and
2/, inch long gold wire leads (0,015" diam,)'in turn are welded to each
platinum lead, Another pair of gold leads, joined at the ends,
parallel fhe other leads. They serve to compensate for fluctuating
temperatures to which the main lead; are exposed, The whole unit is
surrounded by a fused quartz covering, and the lead wires emerge from_
the top sealed into the tube with Araldite cement, To broaden the
range of bath temperature control, a second manually;controlled.bath -

heater of about 300 watts is provided, which can be used to change
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the temperature level by several degress to 50°C rapidly without waiting
for the slow effects of the main windings. In practice 1t was found that
the ﬁirsﬁ“stage of automatic control was in fact unnecessary, gnd sc it
was not used, the second stage taking over the burdén ofycontrol;

~ The desired degree of temperature control was achieved, For periods
of several hours the cell and bath temperatures remained constant to
+ 0.01°C. The actual geometric uniformity of the bath temperature was .
not investigated carefully since the time-wise and length-wise temperature
constancy within the silver cell met the requirement of * 0,01°C. However,
when the resistance thermometer and test thermocouple were moved within a
space of several inches, the observeditemperature remained within * 0,01°C,
This fact and the high conductivity and good stirring leads one to believe
that the spatial temperature uniformity was probably within five
hundredths of a degree,

4Le ILoading and Evacuation ng?gm.

A 3/4" I,P.S, stainless stel pipe (1" inside diameter) welded
to‘the flange of the conductivity cell commects it to the vacuum piping
(Figure 9). A Welch Duo-Seal No, 1405 vacuum pump is the forepump for a
ﬁhfk20 Distillation_Products oil diffusion pump, which provides the low
pfessure requireée Pressure measuring devices used are a Meleod Gauge
(down to 0,03 microns) and thermocouple gauge (down to about 1-5 microns),

An alternate piping path is connected through a pair of magnesium
perchlorate drying tubes to the required gas cylinders, An absolute
mercury manometer and open-end mercury manometers for pressure and
vacuum are in this branch of the circuit, as well as a pair of rota-
meters for metering gas mixtures,

Stainless steel is used as the piping matefial in the gas loading
circuit, except for the vacuum shut-off valves alone (brass bellows- "

type), since it is envisioned that corrosive gases will eventually be
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employed, For the relatively inert gases used in these experiments,

clean copper comneotion tubes are used between the gas cylinders and
the permangnp piping? The.yggunm,piping and vélves are iron and brass,
5. Cell Heating Circuits. L
To provide étaple heating currgpt for both tpgAgu§rqwa§q_§@§pE9r,
a series of from one to seven stofage,batteries and a source of regtified
D, C, are used in parallel for each heater, By means of variablevtrans-
formers (Variacs)y.the current through the storage batteries is ad-
justed to read at 6r'slight1y-agdve zero, In ﬁhis manner, the batteries
are "floating" and act as a reservoir to keep ﬁhe'cﬁrrent through the
heaters constant; Théléurrents_throﬁgh the two heater circuits are
varied roughly by ﬁarying;the ﬁﬁm§ér‘of storagevbatteries in series,
and more closely by.é_sériésvbf wirenwouhd fhébsmats ranging from one
to 800 ohms, - The éﬁitter and guara héaﬁér résistanceszare respectiﬁely
about 90 and 35 ohms, |
“ In Opefation,"the current thrbugh the emittef heater (Figurevlo)
is;gbtained by measuring the voltage drop across a standard 0,1 9hm
resistor using arLeeds:and Northrup No, 8662 portable potentiometer,
The voltage across the heater and standard resistor together is ob-
tained by placing a Leeds and Northrup high resistance box in parallel
with them and measuringvthe voltage drop across a small part of the
resistance (e.g, 10 cohms out of 7010 ohms total resistance)., A
correction (0,1%) is applied for the voltage drop in the 0,1 ohm
resistor, The resistances in the box were calibrated against
standard resistors and found to be correct to better than 0,1%,

6, Temperature Measurement.,

The emitter, receiver, and guard are provided with wells in
which the hot junctions of thermocouples are inserted, At 50°C and

at some runs at 350°C, chromel-alumel couples were used, while in

RAS )
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most rqns_at 350?0 and'in“a11 above that temperatgreg_plaﬁinqmsp}aﬁéggmr

10% rhodium couples were used, ATheL;aﬁter'areulésg_ggnsiﬁiye bg§ more

stable in practice, The chromel couples (0,025" diam, wire) are threaded
th?oggh_tgo~hole“re£ractory porcelain insulators which are inserted
directly into the thermowells, The platinum cquples»(QéQZQ?‘d§amquire)
are similarly placed in insulators, which in turn are surrounded by
refractory porcelain protecting tubes to prevent contamination of the
p}atipum, These tubes are gset into the wells, Couples were calibrated
as described in a later.seetion. |
The cold junctionsvare placed in a thermos containing distilled
water and finely cruéhéd, wellnpacked ice, Copper leads run from the
ice bath to the White double potentiometer. bThis potentiometer has a
10,000 microvolt range and haé a smallest dial division of 1 microvolt,
Fractions of a microvolt are obtaiﬁed by'deflection readings of a
Leeds and Northrup No, 2285-b high sensitivity galvanometer. The
sensitivity of the galvanometer and scale as used is about 0,05 to 0,07
microvolts per millimeter scﬁle deflection, The egtirevmsasuping
systen is kept at the same potential by intercomnected shields. Thormo-
couples are connected to the potentiometer to read the following
temperatures:

1, Temperature of the receiver or emitter (on the "P" seale of
the White)

2, Temperature difference between emitter and receiver (on the
Q" scale)

3. Temperature difference between emitter and guard (on the "D®
or deflection scale),



~4,0=

B, ZProcedure,

LR I 3 T L
ERNPRN AN 55 SR

I Gas Messwements,
”‘>. ~ The furnace is heated up to“the_required'tempe;epure“(gsqaily
overnight) and then the controls are set by trial and error for the
desired temperafure level, .Heeting eurrept for thefguapd and emittep
is turned on, end the storage battery current adjueted.te zero so the
batteries are "fleat" charging, or behaving as enepgy reeepveiqs to
filter"eyt“variap;ons.in the heating current., In_th@slpagnegmthe
‘ curfent.remains steady to between.d.l.and 0.0i% fer.seﬁefel:ﬁeers_e@'
a time., The cell is thoroughly evacuated by-means of theAmechanieal
ﬁ*‘pump,-end the desired gas is allowed'to flow in.'-The cell and its
 mpieing are purged several times to clear:them-oflaifvor ether impurities,
and ﬁhen the cell is filled with.the‘gas_ana eéﬁelized to atmospheric
pressure, Then temperatuie readingsiafe;ﬁaken periodically Ey means
of the White potentiometer, unfil the receiver and emitter temperatures
remain congtant for'several successive lQ—minute periods. The guard
heater current is adjusted while gteady state is approached so that
.the‘guard and emitter temperatures are kept the same (within a few
hundredths of a degree). Periodically, emitter heater current and
voltage measurements are recofded.

A11 couples were annealed before calibration, The chromel
couplee were heated in air at 650°C for 48 hours; while the platinum

couples were heated in air at 1450°C for one hour, a procedure recom-

(45)

mended by the Bureau of Standards, One thermecouple of each type
was calibrated_by the Bureau of Standards, the chromel—alumel couple
at 100°C intervals from zero to 500°C and the platinum-rhodium couple
from zero to 1000°C at 50°C intervals, A smooth curve of dE/dt vs.
temperature (Figure 25) was obtained for the latter, after plotting

differences in e m.f.'s for two successive temperatures divided by
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the @ifforonce betwesn these temperatues, The chiraiel couple, on the
other hand, showed typical humps in the region of 0°-200°, To obtein
the dB/at more precisely for the chromel couples in the Tegion 0 to 50°C,
their hot junctions were téped aroﬁﬁd a'glass'#hermgmetgr‘whiéh_haqvbggn
calibrated by the Bureau of Standards, The assembly was then placed in
a covered one gélicn dewar filled with wa%ér*and a‘powerful stirrer |
used to circulate the water, 'Sizﬁultahecus- iﬂe;a;dingsvofb the thermometer
:and thermocouples ﬁeré‘takenﬁénd ffom these valués'dE/dt plots.were
made;‘.(See Appendix);.ﬂResults wéf; reprbducibie. o
Intercalibration of fhe thermbqoupies'ﬁaé cérried out at each
temperature and chéékéd;sevérél timeé a déyvdﬁrihgvﬁhe early runs and
‘onge or‘twice é wéek‘ih_the'lé£§? rﬁns¢ Td acc@ﬁbiish this, 3“39? of
steadyustaﬁe réadings‘wéfe made; éndxthén thevc6uples were quickly
removed from their tubes aﬁd iﬁferéhéhged.' Again readings were taken,
Finaily, the cbﬁples were returned to their‘original locations to check
thé result, In this manner corrections to each couple were made so
fhat its e;m,f.lcould be known in tefms of the standard coupleo_ The
guard couple was élso interchanged with one'of the other couples to’
obtain ité correction at each temperature, For the piatinum couples
the corrections ranged from about 2 microvolts at 350°C to about 8
microvolts at 780°C between the emitter and receiver couples and from
about 12 to 18 microvolts at the same temperature extremes between the
emitter and guard cbuples;: The.various chromel couples differed by
zero to 20 microvolts at 50°C and by 50 to 80 microvolts at 350°C,
26 Gaé Mixtures, |

Gas mixture runs are made by paséing the gases from their
cylindérs through intercalibrated rotameters to a single six-foot
section of 3/16" diameter tube where the gases mix while flowing,

The mixture flows to atmosphere while the cell is being evacuated,
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and then a small part of the mixture is gradually bled into the evacuated
cell while the bulk of it still flows to atmosphers, In this way the
rotanster bobs are stable since the back pressurs remsins constant at
slightly over one atmosphere, After filling_themggll, the procedure
followed is identical with that used for pure gases,

-In-order to correct for het radiatioy bgtwggnvthg‘silyer
9@?@tgr and receiver, and for conduction across thgkéqlid supports,
runs are made at high vacua (about 104 mm Hg), Thesé are carried out
in a manner similar to that for the gasvruns, except that considerably
1onger times are required to reach equilibrium (several hours at high
temperatures to several days at room temperature), The method of
applying the correction is discussed below,

4o FPressure Runs,

To correct for convection and aceommbdation-temperature
jpmp_effects, series of runs are made at varying pressures, These
are carried out as described above fbr;ordinary gas runs, except that
éfter steady state is reached at a mressure of one or several atmos-
pheres, the gas is partially evacuated to the new desired mressure,
Readings are again taken until a new steady state is reached, and the
process repeated, Occasionally between sueceésive presgsure runs and -
usually at the end of a pressure series, the system is evacuated and
flushed with fresh gas and measurements are made to check the earlier
atmospheric pressure result, The appliéation and signifieance of the

pressure runs are discussed in a later section,



| TIT, RESULIS
Gases measured wero nitrogen, carbon Giowide, sir, argon, heliw,
and mixtures of nitrogen and carbon dicxids, The obseryed and calou-
1ated results ave Listed in Tables T, II and IIL, The tabular valves
of thefmal conductivity at one atmosphere have been'corfeeted-for¥
radlation and conveetlon as dlscussed else&gere 1n this paper,m';p;“
addition, plots of hefmal eondugt1v1ty versus temperature have been
made, as well as comparlsons between our values and those of other ~
| ;pyest;gato?sz( ?igures 11716). Two types of conduct1v1ty plots are
pfesep@ed for nitrogen and carbon dioxide, One plot_fqr eeeh'in@ieetee~
as dots all the data measured, to give some idea of the maximum scatter,
These_plefted points were then grouped according to temperature level,
fhe range of values clustering about a particular ;eveliwas sma}l
(12°C maximum), so that negligiblé error was introduced bj adjusting
thesé‘datafto a common temperature by meané;of'the elcpe of conduetiﬁity
vs, temperature at that point, The data of eacﬁ group were t@ep;ave:§;
aged, and the average value indieated on the second plot, Points known
to be in ertror (see "Discussion") were not included in the second plot,
This latter ploet also includes conductivity values obtained by some
recent investigators, for comparison with ours,. ‘ _

Graphical plots of vacuum runs (q/At vs, 73), and representatlve
"pressure-effect® runs (At/q vs. 1/P) are given (Figures 17 and 18),
Their interpretation is considered in the "Discussion"

Conductivities of nitrogen=carbon dioxide mixtures are plotted as
functions of composition af various temperatures (Figures 19 and 20),
The Lindsay-Bromley eorrelation(36) is also plotted for comparison at
each temperature ievel. |

The cell designations 1A, 1B, 1C, 2A and 2B in Table I refer to

particular assemblies of the eeli@ Each time the cell was put together
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after dismantling, the next successive letber designatiom Was used,
- These assemblies differed merely in botbom spacing, Number 2 was applied
after the silver cylinders were remachined, and so its annular spacing
differs from that of Cell No, 1, For the ceil constants and relevant

dimensions of each éel-l, see Tables VI and VII in the Appendix,



Table I,

- Experimental Data .

. 5
;- Vac, ‘ k x 10
Press. ‘av. At ~q Corr'n. g/At*  cal,

Run Cell Gas Hg. °c oC watts watts/°C sec,oC cm.
1 1A Air  760mm K1 7,19 = 6.616 0,003 0,917 6.43
2 760 32 0.833 0.7477 0,003 0.895 6.27
3 760 34 0.810 0,7507 0.003 0.924 6.48
L 760 36 3,20 2.890 0.003 - 0,900 6.31
5 760 Ly 12,26 11,51 - 0,003 0.936 6.56
6A Vac. 3.5 P 28 L.38 0.0212 = 0.0048
6B Vac., 4 u 27 L6l 0.0220 - 0,0047
7 1B Air 760 mm 46 5.75 5.30L 0,004 0.918 6.46
9 Vac. 7.5 P 51 L 42 0.0535 . - 0.012
10A Air 760 52 - 3.67 3.456 0,004 0.938 6.60
10B 413 52 3.71 3.456 0,004 0,928
10C 168 52 3.69  3.456 0.004  0.933
10D 78 52 3.65 3.456 0.004 0.943
10E 45 52 3.66 3.u6 0.00, 0,938
10F 760 52 3,70 3.446 0.004 0.927 6.52
10G 25 52 3.70 3446  0.004 0.927
10H 15 52 3.7 3.446 0,004 0.925
10K : 3.3 52 L.T9 3.448 0,004 0.716 _
11 760 56 7.1 6.810 0.004  0.950 6.69
12 N2 760 56 7.2 6.804 0.004 0.936 6.59
13 Ny 760 53 3.41 3.136 0,004 0.917 6.46
14 Argon 760 54 L.92 3.198 0,004 0.646 L.55
154 Air 760 55 9.14 8.619 0.004 0,939 6.61
15B 2l 55 9.22 8,613 0,004 0.930
15C 17.5 55 9.19 8.613 . 0.004 0.933
15D 13.5 55 9.19 8,613 0,004 0.933
15E 760 55 9.14 8,592 0,004 0,936 6.59
15F 22.8 55 9.11 8.592 0,004 0.940
16 No 760 368 11.80 19.50 0.033 1,620 11.26
17 760 362 2,98  L.832 0,033  1.591  11.06
18 760 361 2.96 L.855 0.033 1.608 11.17
19 760 361 2,79 - 4.828 0.033 1.69 11.78
20 760 362 6.38 10.29 0,033 1,579 10.97
21 756 366 12,15 20,01 0.032 1.615 11.23
224 756 366 12,58 20.21 0.032 1.575 10.95
22B 410 366 12,60 20,21 0.032 1.572
22C 274 366 12,71  20.21 0.032 1.558
22D 756 366 12,57 20,22 0.032 1.577 10.96
22F 250 366 12,71 20.23 0.032 1.560
22F 140 366 12,79 20.23 0.032 1.550
22G 72 366 12.89 20.23 0.032 1.537
22H L1 366 13,01 20.23 0.032 1.523

¥ including wvacuum correction
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Table I. (cont'd)

# including vacuum correction

: : Vac. k x 105
~ Press, t"av., At q Corr'‘n. Ab* cal,
Run Cell  Gas Hg.. °C °C watts watts?gc sec.%C cm.
221 1B N, 18 . 367 13,24, 20,2, 0,032 1.497
22J 9 367 13.61 20.2, 0.032 1.455
22K L . 368 14.19 -20.2, 0.032 1.394
22L 2 372 17.35 20,2, 0.033 1.134
22M : 756 366 12.65 20,29 0,032 1.572 10,93
22N Np 56 p 374 19.62 2.543 0.033 0.097
23A Vac, 14 p 365 12.18 0.7556 - 0.062
23B Vac 8p 362 14.95 0.7556 - 0.051
2LA No 755 mm 355 3.28 5.028 0.030 1.503 10.45
24B Ny 255 355 3.29 5,023 0.030  1.497
24C , 1,0 355 3.31 5.023 0.030 1.488
24D 752 355  3.28 5.023 0.030 1.501 10.44
24 14,0 355 3.31 5.019 0.030 1,487
24F 70 355 3.35 5.016 0.030 1,467
2LG 35 355  3.40 5,016 0.030 1.445
2LH 16 355  3.50 5.014 0.030 1.403
24T 7 35  3.73 5.0l4 0.030 1.3,
26 Vac. O.4 p 376 4a3.22 O. 4414 - 0.033
27 Vac. 0.4 p 374 7.17 0.2451 - 0,034 '
28 COo2 755mm 376 12.24 18.54 0.033 1.482 10.30
29 755 377 6.03 9.114 0.033 1.478 10,27
30 755 375 1.92 2.860 0.033 1.457 10.13
31 755 . 378  6.29 9.414 0,033 1.465 10,18
31A 755 378 6.34 9.4,10 0,033 1.452 10.09
31B 290 378 6.14 9.374 0,033 1.493
31C 41 378 6.13 9.368 0.033 = 1.495
31D 70. 378 6.16 9.356 0.033 1.485
31E 750 378 6.32 9.356 0,033 1.447 10,06
33 N 753 378+ 5.77 9.353 0.033 1.588 11.04
34 052 755 . 358 6.30 9.384, 0,033 ~ 1.456 10.13
37 755 358 6.33 9.38, 0,031 1.451 10.09
38 N 755 358 5.87 9.38, 0.031 1,568  10.90
42 C%z 755 358 6.38 9.412 0,031 1.445 - 10.04
43 Argon 758 © 360 8.45° 9.430 0.032 1.084 7 .54
L Argon 758 558 6.78 9.326 0.077 1.298 8.98
45 N2 758 557 L.T77 9.329 - 0.077 1.878 12.99
L8 COo 758 557 .68 9.187 0.078 1.887 13.05
51 No 761 557 L4 .66 9.225 0.077 1.902 - 13.17
52 CO, 763 - 557 4.70 9.225 0.077 1.885 13.04
53 1~ Vac. 0.lp 382 27.28 0.9686 - 0.035
5L No 756 ‘mm 369 7.2, 11.68 0,033 1.581 11.02
55 COy 756 369 7.67 11,69 0.033°  1.491 10.40
60 TENC T6 369 726 ILTL 003 LsAL 11,02
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Table I. (conttd)

# jncluding vacuum correction

12,48

0.082

| h Vac. . kx10°
f Press. bav, At q Corr'n. g/At* _ cal,
Run Cell Gas Hg. °c °C watts .. watts/°C sec,.°C cm,
61 1C ggé ggz 767 m 369 7.34 11,71 0.033 1.5%3  10.91
62 N, 75 369 7.8 11,72 0,033 1,600 11,16
63 N2 75 369 7.19 11.68 0,033  1.59%2  11.09
A ggé §22_756 369 7.23 11.68 0,033  1.583  11.03
ik S§ N2 756 369 733 1168 0.033  1.360 10,88
65 O, 756 370 7.62 11.68  0.033  1.501  10.46
66 'gz 756 369 6,99 11.52  0.033  1.614  11.25
67 28% 322_756 369  7.18 1152 0.033 1.572. 10,96
674 Sof 2 756 369 747 152 0,33 L.75 10,97
68 s N2 756 369, 7.20 (1152 0,033 1.568  10.93
69 Cop 756 369  7.55 11.50 0,033  1.489  10.39
70 e Noo 756 369 7.22 1153 0,033 l.s6h 10,92
71 Ny 756 369  6.98 11,53 0,033 1,618 11,28
72 Np 756 369 234  3.833 0,033 1,604 11,18
73 Nz 756 472 6.2h  11.39 0,054  1.772  12.32
T goz 756 472 6.33 11,39  0.054 1. 746  12.15
co . | |

75 22% N, 756 47 6.4 1140 0,05k 1,80,  12.56
76 Ny 756 471 6,32 11.39 0,054  1.748 12,16
77 Vac. O.lp 475 12.78  0.687, - = 0.054 -
78 Vac. 0.3 p 570 7.9  0.6536 - 0,082 .
79 22 750" 569  6.34 12.50  0.082  1.891 13,14
80 28% 322'750 569  6.00 12,50 0.082 2,000  13.88
81 -6 %Og 750 569  6.11 12,50 0.082  1.962  13.62

7% CO : : : .
82 33% N2 750 569 60014- 120 50 00082 10986 13 078
& s S2750 569 5.98 1250 0.082 2,008 13.9%
&k N 750 569 6,13 12,50 0,082 1,957  13.59
854 N 750 568 6,1, 12:47 0,082 1,950  13.54
858 371 569 6.25 12.48  0.082  1.915
85¢C 750 569 - 6.1, 12,48 0,082 1,951  13.54
85D 240 569  6.32 1.894
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Table I.

# including vacuum correction

(cont 'd)
) Vac. k x 10°
o Press. tav. At q Corrin. g/At¥* cal,

Run Cell Gas Hg. °C °g watts watts/°C sec.°C cm.

858 1C N, 130mm 569 6.40 12.48 0,082  1.868

85F 66 569 6.5, 12.48  0.082  1.828

850 19 569 7.22 12.48  0.082  1.647

850 750 569 6.13 12.48  0.082  1.95,  13.56

86 752 573 12.08 24.34  0.083  1.932  13.2

87 ggé §g2 752 572 11.49 2440 0.083  2.041  14.17

88 Co 752 573 11.73  24.40 0.083  1.997  13.87

89 . 67% CO3 75y 573 11.60 24.40  0.083  2.020  14.03

: 33% Ny ,

90 Zgé ggZ 752 572 11.49 24.43  0.083  2.043  14.19-

91 Argon 752 576 17.20 24,38 0.084  1.333  9.26

92A N, 752 573 12.16 24,0 0.083 1,923  13.35

92B 390 573 12.31 24,40  0.083 1,899

926 189 573 12.45 24,43 0,083  1.879

92D 90 573 12.71 24.40 0.083  1.837

92F 756 573 12.32 24.82  0.083  1.932  13.42

934 750 567 3.05  5.97, 0,081 1.877  13.03

93B 377 567 3.06 5.969 0,081 1.868

93C 191 567 3.10  5.969 0.081 1.8k

93D 752 57 3.02 5.969 0.081  1.895  13.16

93E 752 567 2.97 . 5.955 0.081  1.92,  13.36

9% 752 567 2.97 5,955 0,081 1,92,  13.36

954 750 478 9.78 22.56  0.111 2,195  15.20

958 750 678 . 9.77 22.43  0.111  2.18,  15.12

950 376 678 9.92 22.40  0.111  2.147

95D 202 678 10.05 22.41 0.111  2.119

95E 98 478 10.27 22.,0 0.111 2,070

95F 39 679 10.81 22.40  0.111  1.961

97 ggé ggz 752 677 9.11 2240  0.111  2.348  16.27

98 Co, 752 677 9.19 22,38 0,111  2.32, 16,10

99 22 752 688 4.85 11.29  0.114  2.215  15.34

100 gg%fgg? 752 688  4.58 11.29  0.11,  2.351  16.29
101 50% CO2 nso 688  4.52 11.29  0.114,  2.38,  16.51

50% N, |

102 Z§§ 522 752 688 4.5, 11.29 . 0.114  2.373  16.L4

103 COr 752 688 4.60 11.29 0,114  2.3,0  16.21
104 Argon 752 689 6.91 11.29 0.1l  1.520  10.52

105 Vac. 1.0p 688 8.00 0.913 .- 0.114

106 o, 752! 687 4.63 11.30 0.1,  2.326 16,11



=49

Table I. (cont'd)

# Jincluding vacuum correction

. o Vac. k x 107
. - Press. tavo - At q Corr'n., q/At¥* cal.,.
Run Cell Gas ' Hg. °%C °c watts watts/°C  sec.°C cm.
107A 1C  COz 754 mm 687 4.62 11.18 0,114 - 2,306  15.97
107B - 1492 687 4.57 11.18 0.1l  2.332 .
107¢C 377 687  L.64 11,19 0,114  2.298
107D 195 687 4,70 11,20 G.114  2.269
107E 90 687 4.8 11,21  0.114  2.217 ’
1084 N 756 687 4.83 11.22 0,114 2,209 15.30
108B 1498 687 L.73 11.23 0.1l - 2,260
108G - 37 687 4.98 11.23 0,114 2,141
108D 195 © 687 5,09 11.23 0.1l 2,092
108E 3040 687 L.7h 11.28 0.1, = 2,266
108F 2278 687 4.79 11.31 0.1l4  2.247
108G - 1516 687  L.8, 11.28 0.1l  2.217
108H - : 756 687  4.93 11.28 0.1l 2,174,  15.06
1104 Argon 754 688 6.96 11.29 0.1l  1.508  10.44
110B - 1516 688 6,95 11.29 0.114 1,510
110C 3042. 688 6.95 11.30 0.1l  1.512
110D - 374 688 6,96 11.30  0.114 1,505
110E 185 688 7.06 11.32  0.114  1.490
110F 50 688 7.35 11.32  0.1l4  1.426
111A Helium - 75. 686 2,22 23,57 0.114 10.50  77.7
111B: . 1516 686 2,15 23.56  0.114 10.85
111C 3042 686 2,12 23.57 0.114 11.01
111D 37 686 2.36 23,58  0.114  9.878
111E 185 686 2,64 23.58  0.114,  8.818
111F 82 686 3.34 23.58 0,114 6,946
1124 N, 3042 690 9.73 23.57 0.115 2,307
112B 1516 690 9,92 23,56  0.115 2,260
112¢C 758 690 10.11 23.56 . 0,115 - 2.215 15,34
1134 753 775  7.05 18.19 < 0.163° 2.417  16.71
113B 1515 77, 6.89 18.18  0.163 2475
113G 3038 775  6.77 18.17 0.163 2,522
113D 372 775  7.17 18.16  0.163 2,369
113E 180 775  7.32 18,16 0,163 2,318
113F 93 775 7.49 18.1 0,163 2,260
113G L5 775 7.8, 18,13  0.163 2,150 :
1144 - COp 753 774 6.46 18,13 0,163 2,645 18.29
114B 397 77h . 6.61 18,13 0,163 2,578
114G 177 - 774 6.88  18.15 0,163  2.474
115 508 CO2 753 774 646 18,13 0,163 2,645  18.29
50% N2, : .
1164 §g§ 27 7 647 1813 0.163  2.6K 18,2
116B ggé 362 378 T 6.54 18,18 0.163 2,617
116C 50% CO2 197 77, 6,70 18.18 0,163 2,551
50% N, .



250

Table I. (cont'd)

# including vacuum correction

Vac. , k x 10°
J . Press. ‘av. At q Corrin. g/At# cal.
. Run Gas - Hg. °c °C watts watts/%C sec.®C cm.
117 N, 753mm 773 3.48  9.26  0.163  2.497  17.27
118 VAe. 1 p T 3.2 04711 .- 0,161
1194 No 753 372 5.5  9.660 0.035 1.702  11.87
1198 369 372 5.4  9.647 0.035  1.675
119C 178 372 5.73  9.641 0.035  1.648
119D . 8 372 5.85 9,641 0.035 1.613
| 50% CO, .
120 Sog w2 753 372 5.68  9.6% 0.5  1.665 1161
121 'Zgé-goz 753 372 5.58  9.653 0.035  1.695  11.82
2 , -
122 Co, 756 372 5,95  9.653 0.035 1.587  11.06
123 SENZ TS 3 5.0 9.65 0035 1629 1136
2, 2F §g2'753 372 5.58  9.656 0.035  1.695  11.82
125 o 755 372 5.55  9.656 0.035 1,705  11.89
126 BEN2 TS 312 554 9.6% 0.035 1708 1191
127 N, 753 370 2.68  4.650 0,035 1.701  11.8
1284 | 75, 376 10.49 18.26  0.035  1.706  11.89
1288 376 376 10.59 18.26 0.035  1.689
128C 175 376 10.69 18.24 0,035  1.671
128D 71 376 10.95 18.25  0.035  1.632
128E LO 376 11.2, 18.22 0,035  1.586
128F 754 376 10.45 18.24,  0.035 1.710 11.92
129 égé §°2 754 376 10.27 18.24  0.035  1.741  12.14
1304 ggé 322_75h 375 9,11 15.72  0.035  1.691  11.79
130B 50% C02 ns) 375 9,06 15.61  0.035  1.688  11.77
50% Np _
131 232 302,75h 375 8.85 15.5, 0,035 1.721 12,00
132 4 fff 7L 375 9.18 1550  0.035 1.653  11.5
133 %;% 2 75, 375 8.75 15.46 0,035 1.732  12.08
2
134 N, 75, 375 8.90 15.47  0.035 1,703 11,87
1354 Co, 75, 375 9.75 15.97 0.035 1.603  11.18
135B 380 375 9.80 15,97  0.035  1.595
135C 175 375 9.87 15.95 0.035 1.581
135D 80 375 9.95 15,91  0.035  1.564
135E . 41 375 10.15 15.87  0.035  1.529
135F 1507 375 9.59 15.83  0.035  1.616



{eonciuded)

10099

¥ including vacuum correction

Table I,
: Vac, k x 105

B Press. ‘av. At ‘q Corrin, of&t* cal,
Run Cell Gas  Hg. oc °c watts ~ watts/°C sec.®C cm.
135G - 1C COp 3040 mm 375 9,57 -15.8, 0,035 = 1,620
135H 754 375  9.66 15,85 0,035 1.606  11.20
136 Vac. 1.0p 374 11.0L  0.3920 © - 0.035
1374 Np 3050 mm 371  3.05 5,308 0.035 1.705
1378 1510 371 3.09  5.331 0.035 1.690
137¢ 760 371 3,13  5.357 0,035 1.677 11.70
137D 378 371 3.17 5.366 0,035  1.658-
137E 179 371 3.22 5,366 0,035  1.631
137F 110 371 3.24 5.373 0.035 1.623
137G 76 371 3.2, 5,368 0.035 1.621
137H 41 371 3.32 5,368 0.035 1.582
1371 18 371 3.52 5.373 0,035 1.491 .
138 . 753 371 3.12 5,345 0,035 1.678 11.71

50% CO2 ‘ ~ :

1394 SE Ny~ 753 3TL 3.8 5350 0.035  L.647 11.49
1398 508 C02 553 3m1 321 5:352 0.035  1.632

50% Ny © ) B “
139C ggé ggz‘ 109 371 3.24  5.359 0.035  1.619
139D ’;’gé g‘z’z 55 371 3.33  5.359 0.035  1.57h
141 24 N, 753 366  7.60  9.50 0,032 1,219 11,17
143 753 366 - 7.7  9.50 0,032  1.206  11.06
14 753 371 . 14,10 17.69 0,033  1.222 11,20
145 753 377 25.42 32.39 0.034 1,240 11.37
Mé 753 669 5089 10037 ' 00107 1065L" . 15 006
147 751 688 5,76 10.25 0,114  1.665 15,16
148 | 751 688 - 5.79 10.33 0,114 1,671 15.21
149 €0, 751 688 5,56 10,32 0,11,  1.742 15,86
150 E 751 772 10.45 21.44 0.161  1.891 - 17.19
151 - Ny 751 7720 11,01 21.41 0,161 1,78,  16.22
152 | 751 769  7.72 14.84 0,160 1,763 16,03
153 CO, 751 769 7.29 14.78 0,160 1.868 16,97
15, 2B N, 752 373 11,07 14,34 0.033  1.262  11.57
155 752 381 10.91 14.34 0,035  1.279  11.73
156 Co, 752 382 11,68 1434 0.035 1,193  10.94
157 N, 752 38l 14.29 0,035  1.265° 11.60




Thermal Conductivity of Air at 0°C

52
Table II

X x 10°

Investigator Reference Year  (cal,/sec, °C cm,)
Kannuluik and Donald , (26)" 1950 5.74 |
Keyes and Sandell (32) 1950 5.82
Stops - (54) 1949 5.8,
Taylor and Johnston (56) 1946 5,66
Ubbink and de Haas (59) 1943 5484
Northdurft (42) 1937 5,78
"Hercus and Sutherland (21) 1934 5,72
Kannuluik and Martin (28) 1934 576
Eucken | (12) 1913 5.66 (extrap.)

Average 5,76
Our data: 5.79, 5.78, 5.72, 5.73 (extrapolated to 0°C)

Average 5.75




Table III ~  °

Thermal Conductivity of Argon

k x 105 oy Rx 1P
Temp., . . ( cal, .y
(®¢)  ° ‘sec.°C em

: k
\ cal, .. ( P - a—c—
) poises) 5

° ( 5C gm) £ ,’1 v

Sh ,1 L.55 0.0745 | JéAL o '2350
%o . rs v % 2
58 e.98 R
576 ;'; , 9°2§f?}; | v ues ',_ é}sé
688 1044 " 527 2.6
‘539fw;:;:fwmri5?5é:mﬂ.;:m e s
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Table IV

Accommodation Coefficients

~ Accommodation
Coefficient Comparable Accommodation
Gas Temp,°C on_Silver Coefficients on Platinum
Air 52 0.8 0,75 at 0°C (18)
Nitrogen 360-775 0.4 (av,) - -
Carbon 360-775 0.3 (av.) 0.5 at 25° (64)
Dioxide 0.3 at 300°C (64)
0.6 at 300°C (57)
Argon 680 0,65 0,57 at 350°C (57)

Helium 680 0.13 , 0.17 at 400°C (57)
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IV, DISCUSSION

K, Corrections.

1. Yacuup Correctiom.
As mentioned previously, vacuum runs vere necessary to oorrect

q/At versus the cube of the absolute @emperature"appeaPS*tqﬂpe'§ st;aight
Lins to a good appraximation, This linear, relationship leads one to
believe that thé emissivity is_virtually»congtantrovérrthg whole tempera-
ture range considered., If the emissivity inéreased with tempe;ature; the
slope of the curve shoﬁldAalso increase wiﬁh temperature, since q/ét for
radiation‘is propqrtiqnal'to an emissivify factor times the average
absolute temperature cubed, for our moderately small 40t's (€20°C),
The emissivity calculated frqm the slope of our plofris about 0,05,

iThe vacuum correction is only 0,003 watts/°C at 40°C, or about
003% of the net gas conduction, The'q/At VS, T? plot indicates even
smaller corrections at lower temperatures. Consequently, true solid-
solid}conductidn_must be extremely small, However, it is mistaken
to assume, asKeyes and Sandell (%) aid, that the /bt transferred in
vacuum necessarily corrects completely for the heat transfbrfed across
the supports when gas is in the cell, Actually, even though the
support is in good mechanical contact with the receiver and emitter,
an appreciable, and probably a preponderant proportion of the heat is
conducted in series across the support and gas spaces, one between
receiver and support, and the other between support and emitter, The
gas space between emitter and support is particularly narrow near the
contact point between the two parts; and therefore offers low resistance
to heat transfer, At still closer approach to the point of contact,
conductive transfer through the gas takes place increasingly by a

molecular rather than by a collision mechanism and so the conductivity
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“of the gas decreases, This partly-offsets the effect of closer approach,
- especially at distances comparable withr the mean free path at atmospheric

prossure (about 10> cm at 25°C). When a high vacwun is applied to the
: 99}},;?he:cogduhtivity‘of the small space bgtyeeg_em;tteruand support
becomes' alnost megligible, and heat is transferred through-the gap
- chiefly by :gdiation (which;is gmall.at low t?mperatures),.“Gonseguently,
the effective thermal resistance of the lava support and its '"gaps"
becomes quite high and the measured heat transfer_is ngt,;epreseptgtive
of what iﬁ actually is when the cell is filled with gas at atmospheric
pressure, | ;

= ?o evaluate the degree of conduction across,the supports, we
assumed a flat emitter surface (a conservative assumptiop), an@_ﬁhatw'
- the tip of each Lava support is a perfect hemisphere whose diameter is
' gqual to the maximim diameter of the support. (The actual support is
shown in Figure.l and the assumed model in Figure 26)§v We then assumed
dnly linear flow of heat, Actually the-heaﬁ flow is somewhat greater
since curvilinear flow occurs, but this does not affect the order of
magnitude of the caloulation, Integrating the conduction along hollow
oylindrical elements, we obtained the total heat flow.

Conservatively, we neglectéd the reduction of the conductivity of
~air with decreasing gap dimension, It is recognized that the lLava tip
‘and the surface are microscopically quite rough, so that they contact

each other at more than one point, However, even this contact is poor

froﬁ a thermal conduction point of’view,(Bs) and anyway, solid'contact

is corrected for in the vacuum runs, Also, the existence of each rough
projection of the tip or emitter surface implies a depression adjacent

to it, so that one offsets the other with respect to the overall calcu-
lation, Finally, we (quite conservatively) ignored the contact re-

sistance caused by a thin gas space at the flat end of the support
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adjacent to the receiver, . - - .

. For air at room temperature, our caloulations indfoate about + 0.3%
error in the conductivity caused by neglecting the above effects in all
seven supports, The extent of receiver surface area lost to (measured)
_éaseous.conduction'is about 0,086 square inches, or 0,2% of the total
area, due to the fact that seven 1/8"vdiameter holes were drilled in the
reéeiyer in order to insert the lava supports. - In turn, this loss also
reduces the apparent conductivity (based on a complete surface) by 0,2%.
Consequently;\the net effect of support conduction is negligible, This
observation also holds at elevated temperatures,

The vacuum corrections vary from -0,3% at room temperature to -6%
for Cell No, 1 and -8% for Cell No, 2 at 775°C. 'Thesevcorrectiqns wéye
found to be reproducible within 2 to 3% at 3605C,_the only temperature
at which they were rechecked, for all cell assemblies and even after
exposure to 775°C, An error of this magnitude results in an uncertainty
in the calculated gas conductivity of only 0,2% under the worst possible
conditions (i.e., at 775°C in Cell No, 2 with the larger annulus),

2o Pressure Effects.

Two pressure effects were -observed: convection and accommodation,
(a) Conveetion.
~The cell was designed to eliminate convection in the
“annulus, but convection near one atmosphere was clearly detected as
evidenced by the curves in Figure 18, There are two possibilities as
to where the convection originated, One conceivable location is in tle
1/2% gap between‘the top of the emitter and the bottom of the guard,
Although the emitter and guard are at virtually the same temperature,
the top of the receiver adjacent to the emitter is 5 to 10°C lower,
Aléo, the vertical cell casing is another 5 to 10°C . below the receiver

temperature, and so there is a possible driving force of about 20°C,
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'The Grashof number (= e go ) for this condition is moderatelr
small however, amounting to 4000 at 50°C and 25 at 770°C for _nitrogen,
based on a D of 1/2" ) Normally convection should be extremely small ‘
for this _range of Grashof numbers.(25)k Furthermore the Grashof number
changes to a great degree between these extremes of temperatures, and
. yet convection appears to be v1rtua11y absent at 50°C as determined by
pressure runs but quite appre01able at 670° and 7700.& Also at 770°C
the smaller Grashof number should induce less convection_than at lower
temperatures, which was opposite to what was observed. Finally? con-
vection did not show a consistent trend with variation oprt; as would
be expected if the convection originated at the gap between the emitter
and guard _\' o

The second possibility is that convection originates 1n the pipe
used for evacuating and filling the cell, This plpe extends vertically
upwards from the hot furnace to the colder atmosphere of the Toom,
Its large diameter (necessary to permit a good vacuun pumping speed)
allows large convection currents to flow which are not halted at the
horizontal section of the pipe Just above ‘where it enters the cell,
nor are they blocked by the heat guard, even though there is only a
small annular passage (1/8")’between the guard and the cell casing,
These convection currents are apparently strong enough to_penetrate
to the top of the emitter and receiver and increase the heat trans-
ferred across them, The Grashof number calculated on the bas1s of
the pipe diameter and the temperature difference between the furnace
(at 370°C) and room (at 25°0) is 100 OOO, which is in a region of
high convection.( 25) o

‘The actual convection effects above 300°C as evidenced by
pressure plots=showedxrandom variations independent of temperature

from zero (in the case of the argon pressure run and several nitrogen
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and carbon dioxide runs) to 1,3 persent in others, probsbly beoause of
experinental uncertainty, No effect ves found at Toom temperature. The
above observations also £1t our hypothesis, since the temperature
gradient available for conveetion at‘7§O°C is.onlj ahout twice that o
available at 380°, and the phys1ca1 prOperties at the higher ‘temperature
are sueh as to make conveetion weaker than at the 1ower temperature.
Consequently the difference in the degree of convectlon at the two
temperatures should not be marked. However, the temperature gradient

at 50°C is only 25°C, or about one~th1rt1eth of that at 770°C.,

”_ To apply a reasonable correction te eaoh run, the average
measured degree of convection (O, 5%) was deducted from the q/At for
nitrogen, carbon dioxide, and argon at one atmosphere and at all
dtemperatures higher than 60°C (i.e., at 350°G and above) after correctlng
for radlation. In this manner, the maximum error introduced in the
conductivity is + 0.8% in some runs, and the probable error is less.

Note that the correction as applied aetually represents the
difference between the result (q/At) at one atmosphere and that ob-
tained by extrapolatlon of the At/q vs, 1/P plot to l/P equals zero
" (see below). Thus, we actually correct for the difference between
convection (tending to increase the apparent conduct1v1ty) and
aceommodatlon effeet (tending to reduce the apparent conduct1v1ty).
1,The degree of convection alone averaged one percent, and varied more
or less at random from zero to two percent, although the highest value
oecurredﬁattthechighest temperature.

| (h) Apeommodation - Temperature Jump Effect.

~ The accommodation-temperature jump effect which is
usually considered in the case of hot wire cells is generally ignored
in the case of concentric cylinders, Keyes and Sandell(32’46)

’ example, do not even mention it as applying to their cell, However,
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as shown in the Appendix, this effect is of the same order of magnitude
in our (and Keyes and Sandell's) apparatus as it is in the usual hot wire
cells, primarily because of owr small anaular space, and the fact that
the Tatio of the radil of owr cylindere is close %o one. In cases such
as Kanmulutk and German's Mhick-ire" ool1(*" uherein the tmer (stre)
radius is relatively large (0,075 cm} and yet the ratio of outer to
inner radius (4466) is not-close to unity, the effect is considerably
gmgllepv(thfirieffect is only‘l/ﬁ of ours), Furthermore, as shown in
pbgwgppendix, the accommodation effeét is most evident atfhigh‘temperaw
tures, and particularly a£ low pressures, because of the longer mean
free éath, and'consequently the magnified molecular effects,

At 52°C, the accommodation effect correction is extremeley small
for air (and presumably nitrogen), amounting to less than 0,1%, The
qorresponding accommodation coefficient is approximately 0,8, as
calculated from our data, The corrections increase with temperature, -
and.the averages range:frOm‘about’O.B% at 360°C for nitrogen and
carbon dioxide to about 0,7% for nitrogen and 1.3% for carbon dioxide .
at 775°C, Thus, the effects are not negligible, 'In the case of helium,
the physical properties, notably the low (0,13) accommodation co-
efficient, are such as to introduce large error (~6.3%) if accommodation
is not considered,

For interest, approximate accommodation coefficients obtained
from Figure 18 by means of Equation (7) in this paper are listed (Table
IV)., These appear to be reasonable, as evidence by comparable values

included in the table for accommodation on platinum£18’57’64)'

3. Effect of Temperature Gradient (8%) .

The effect of At on‘apparent conductivity in the range of
At = 2-3°C to At = 15-25°C was found to be smaller than that attrie-.

- butable to random experimental scatter, i,e., no more than one percent,

s
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Since most of our data by far were measured at a 4% of 7° or less, errar
due %o possible variation of conductivity with At is well below one percent
(probably only 0,2% or less), The reasons that one might expect to find an
effect of A% in our cell are possible convection at the gap above the
emitter, which was shown to be unlikely, or excessive temperature elevation
of the emitter heater lead wires above that of the emitter and guard, Some
temperature difference, of courss, mist exist betueen the heater uire ad
the emitter surrounding it, in order that heat may flow, If this |
q;fferenge_is high,_appreciab}g heatA(unagcpunted for”ig"theﬁqalgu1§?ions)
,wi1; flow up the cell and cause the calculated conductivity to be too
high, )

(32,46) found a marked effect of 4t on q/@tvevep

_Keyes and Sandell
at At !&V 2°C in their apparatus, Convection was clearly absent_gf at-
mospheric pressure as evidenced by their abiliﬁy to thain génductivity
measurements up to 150 atmospheres, They attributed this_At effect
primarily to heater lead wire temperature elevation, and to some con~-
vection at high pressures, and were forced to make accurate measure-
ments down to At ££‘2°G and extrapolate to At = 0, This correction,
for instance, for a steam measurement at 350°C and 73 atmospheres
[} 13x10 ca}./(sec.)(?C)(cmxa‘amounted to 4% of thevq/At-measgred
at At =2°C and so demanded a high precision in thé measured q/bt!s,
They_empificaliy found a linear relationship between q/A%t and qz/At
at At D> 2, so that their final results depend upon whether this.
linearity also held at At's close to zero, To eliminate these exﬁra—
pqlations, our emitter heater was designed using a much larger wire
sﬁrface than Keyes and Sandell's, to lower the required heater.wire
temperature for a given emitter temperature, .Although we u;éd a
nichrome wire heater, the leads running up the length of the emitter

were platimm to minimize the joule (I°R) heating effect over its
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length, HW?“a?ﬁqn??Q?ghtmth?“the,??9}9?196 the lead wire into close
contact with E@?mﬁ?}Y?? emitter cylinder by means of a small silver

plug closely enveloping the tube and serewed to the emitter (Figure 1),



B, anduc?}vities of Gases,

1. Ade.

. The'conductivity of dry air was measured first to see if
reasonable data could be obtained from the cell, The results are best
seen in Figure 11, in vhich conductivity is plotted versus temperature.
Several curves are drawn for c?@P%rison».ba§?d_9?vth?"ﬁat%“°£15*9pﬁf54)

Taylor and Johnston, (°®) and Bucken,(1?) our data £a11 vetween the

extremes of these investigators. Extrapolation ofdou;.;gqq%ﬁg to 0°C

by means of Taylor and Johnston's slope give values (gvergge_f 5’75;__

-6)

x 10 which are close to the average (5,76 x 10*5) of recent typical

investigators (See Table II),

2. Nitrogen, _

The values fér nitrogen aréplotted in Figures 12 gndﬂ}B?“-_w

‘The values fall in the range between most investigators' results #p»ﬁo
temperatures_at which others have made m.easux;ements° Note that Keyes:
and Sandell's data are admittedly too low at 100-400°C; as Keyes
adnits in the post-paper discussion of a later article{’” It 1s
conceivable that a part of this effect could be attributable to their
failure to take the accommodation-temperature jump effect into account,
as mentioned above, However, they did not present sufficient low
pressure data (0-1 atm,) to permit us to draw any conclusions regarding
the magnitude of their accommodation effect,

Above 600°C, the only other data available are those of Stops,
which are admittedly only a first attempt to obtain high temperature

.data.(ss)

Note, for example, the scatter of several values on Stops'
'nitrogen curve, Our results are clearly lower than Stops! up tq 600°G.
Abové 600°C our uncorrected points reach his smoothed curve and exceed
it slightly (about 1.5%). However, Stops! data scatter badly in this

range and the placement of his curve is arbitrary, In fact, in his
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thesis(SA) ‘the smoothed values he lists at 700°C and 800°C are respect-
ively 2% and 3% ‘above the correSponding points on the smoothed curve
presented in hlS paper 52)_ It 1s 1nteresting, but probably only eoinw
cldental that at the two temperatures at whlch our points appear ‘high,
v1z. about 670 and 770°C, Stops' measured values were also hlgh, viz,
5% and 84k above hlS smoothed curve.¥“Hewwas able to make a measure-
ment near 1000°G whieh brought hlS smoothed ourve down,ﬂ The point

at 1000°C was aetually subgect to greater error,_as Stops indicates
in his thes1s(54) because of his dlfflculty of malntalning steady state
eondltlons at high temperatures as well as the large radlation o
correetlon (ZQ%). He offered no explanation as to the distrlbutlon of
| hls three hlghest poants (1,e., whether anw 1mprovement in the ‘method
was made after obtaining the two devaating points), It is also noted
_tnan_Stops dld not correct’ for radlation by making measurements in

vacuo. Instead, he used Helfgott' (19) relation for the emlssivity

of platlnum as a funetlon of temperature.

It should be noted that two serles of our experlmental polnts
at 360°G and at 770°C cluster above different values approximately
6% apart, The upper ones are clearly in error and the conditlons
under which these were obtained glve a poss1ble clue as to why our
conductivities at elevated temperatures are apparently hlgh Measure-
ments were first made near 50°C,'and then the cell was taken apart far
examination, After re-assembly the same results were obtalned at 50°C
(within one percent), This second set of readlngs covered the range
from 50°C to 560°C, and then the cell was dlsassembled to repalr a
burned-out heater lead, After re-assembly, Tuns at 360° and 560°C
were repeated, and the results checked the previous values quite well,
Measurements were next made at 686° and 770°C and then the tenperature

was cut to 360°C to obtain a final check, This time the 360°C result was
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about 5% higher than before. When the cell was dismantled,‘it was found
that the prev1ously smooth, nolished si lver surfaces were now rough and |
full of unbroken "bubbles" or bllsters.ﬁ This change in the surface did
not change the em1531v1ty appre01ably, vacuum runs at 360°C before and
'after exposure to high temperatures agreed to better than 3%, corre-
Sponding to an error of less ‘than 0.1% in conduct1v1ty calculated us1ng
these radiation corrections. The roughness, however, estlmated at
several thousandths of an inch, apparently increased the cell constant
by decreasing the‘annular spacing between the emitter;and receiver, Thus
higher apparent conductivities were obtained based on the original cell
dimensions. This roughness is attriouted to the tendency oi trapped.
gas in the cast s1lver to outgas at elevated temperatures. Tne solu-
b111ty of oxygen 1n molten s1lver is high, and decreases sharply, upon
solidiflcatlon of the metal (39’49) Durlng casting, part of this oxygen
evolved when the silver freezes is mechanically trapped in the silver, |
resultlng 1n a somewhat porous structure. When the temperature is
raised to about 600° to 700°C, the combination of 1noreasing pressure
.of thevtrapped oxygen and deoreasing strength of the silver causes
small'bunbles to-form at thevsurface, particularly when the cell is
, under a vacuum, The possibility‘of outgassing was considered before
the‘eQuipment was congtructed, But because of inability to obtain a
llarge hlock of silver cast in vaouum within a reasonable period of time,
certrifugally oast silver was used in its place, It wa.s thought that
the dissolved.oxygen would have been forced out during centrigugation
at the solidification point,

The cell was re-machined after the first series of high temperature
runs to produce smooth surfaoes again, measured, and assembled once more.

This time the cell was not exposed to high vacuum, and even the time at
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-moderaté vacuum.(Z mm Hg) was minimiééd,f The ceiluwés bféﬁéﬁt‘to_steadf
_state rapidly by additional heaters in the tin bath,f;ﬁd ﬂéagufemepts“‘
were made as quickl& as possible ét 360°, 680°, énd.7§b5d; fhe results
aﬁ 360° and 680°C checked the previous ones quité éloseiy.(befter than
. one percent), But those at 770°C fell six beréent below:the pfeviously
measured ones. Unfortunétely jﬁst'befbre re~checking at 360°G, the
heatef ieads shorted out, After disassembly, the‘récéiver and emitter
surfaces were examined and onlj slight roughness was observed, The
area of.roughness was much smaller and the depth éf the "bubﬁies"
appeared smaller, vThe silver felt smoéther over most 6f ité sﬁrface
than it did after the prévioﬁs exposure‘to 770°C, . Alsd the cell annulus
was 30% wider thaﬁ befofe, which condition shouldjreducé the percentage
effect of roﬁghness on the cell éonstant. o

.To serve as a finél check; the emitter heater 1eaéé-wefe fused
together, the shell was hard;soldered instead of welded:to speed the
process of installation, and data were then taken af 3705C (Se¢ Runs
154, 155 and 157)0' This time fhe results were 3% higher.than the
average of the ﬁreﬁious "good " daﬁa (i,e;, con&uctivity‘ﬁeasurements
before thé cell was exposed to high'temperatures). At mos£ wé might
expect aboﬁt:one pergent réhdom variation in these lasf readings. as
compared with the earlier ones. .Consequently, the exposure to high
temperature affedted even thié lést group of reéulfé.v As.a further
check, the cell was dismanﬁled and micrometer meaéurements‘méde on
the emitter and reéeiver; Nosappreciablerdistortion had fakén place,
'Theh the éﬁerage annuiar width was measured by the techniqué described
in fhe Appendix, The width had decreased frbm 0,03341% to 0,03277",
or by 1.9%, which should decréaée the cell constant and therefore

increase the conductivity based on it by about 1,9%. The difference
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between 3% and 1,9% is attributed to randem error in the conductivity
meaeuremente. Since the annulus measuremenb is_more.breoisei.it_ie B
reasonable to assume that the actual increase in conductivity was ebout
2%, On the basis of the above, it is estimated that the results at
680°C are about 2% high, and those at 780°C are about 2, 5% hlgh in
comparlson with the lower temperature data,

3. Garbon Dioxide,

The data for carbon dioxide show about the same relatlonshlp
to Stops' data as do these for nitrogen. The dlscrepan01es in the
measured conductivities before and after each re-assembly of the cell
were greater than those for nitrogen or argon (see below) For example,
runs made before Run 53 in Cell No, 1B (before dlsassembllng this cell)
yield an average conducb1v1ty of 10,24 corrected to 374°C, Those made
after Run 52 in Cell No, 10 (after re-assembly) average 10,49. Thus
' the‘two values differ by 2.4%. Nitrogen conductivities under the same
circumstances differ by 0,74, At 570°C, conductivities measured in
Cell.No. 1B and No, 1 C differ by 3,6% in fhe same sense, ﬁbile.
coﬁparable nitrogen conductivities differed by 1,1% and those of argon
by 0.,7% in the same direction, In addition, the discrepaocy between
the averege of all measured conductivities at 375°C and those measured
directly after exposure to high temperatures‘ie 7.5%, However, the
comparison between the valueS?ab the same temperatﬁre measured just
before and just after exposure to the high temperature (in Cell No. 1)
was 6%, or the same as for nitrogen, This would indiecate that the
values obtained in Cell No, 1C are probably more reliable than those
in Cell No, 1B, Another indieation of this conclusion is that after
the second eXposﬁre to hiéh bemperatures in Cell No, 2, the conductivity
of carbon dioxide at 374°C was 5.5% above those measured in Cell No..lB,

but only 3% above the corresponding ones in.Cell No, 1C, This latter
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value agrees well with the nltrogen dlscrepancy of 3% 01ted above.‘_By
the same token the hlgher values at 570°C measured 1n Cell No. lC are
probably more rellable than the correSpondlng ones 1n Gell No.'lem The
| discrepan01es observed are attrlbuted to large random errors, since
measurements made using carbon dlox1de were cons1derably fewer than

h those with nitrogen, particularly at 570°C |

| It should be noted that gaseous carbon ledee can radlate (emlt
'and absorb) thermal energy.(BS) The degree of radiation increases
W1th increas1ng thickness of the gas layer and w1th 1ncrea31ng partial
pressure of the gas. Since our annular w1dth is small and since we -
extrapolated. our carbon clioxid_e results from a-pressure of only 1/4
atmosphere (see above), the effective gaseous emissivltywis small.

In addition, radiation and re-radiation takes place on silver walls

‘of low emissiviﬁy. Gonsequenfly the carbon dioxide radiation.is
believed to be negligible in our determinations,

Lo Argon,

. No other investigators have taken data up‘to 700°C, The
theory of Cnapman(g) predicfs that the ratio k/gcv.? f for‘elastic,
spherical moleoules is about'2.5 and is independenf of.temperature.
Kanmuluik and Carman(7) fownd that indeed this ratio for the inert
gases helium, neon, argon, krypton, and xenon apeeared'torbe independent

of temperature in the range of -183°C to 306°C although he observed that

the £ ratios apparently 1ncreased with 1ncreas1ng molecular welght among:

the inert gases, from 2,43 (helium) to 2, 58 (xenon) Our data for argon
are shown in Table III, and are plotted in Flgure 16, At room tempera-
ture our data agree with those of Kannululk and Carman, but appear to
dlverge at the highest temperature at whlch the other authors made

measurements (30690). (The smooth curve drawn through thelr data is
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vtheir own,) If we essume_t@at’the_g ratio truly remains conetent'yith
temperature as Kannuluik observed at lower temperatures, then our £
>va1ues are 5% high at 688°C, although reaeonably consistent below that
temperature, It is fairly likely that our data for all gases are 2 to
3% high‘at 680°C, but this discrepancy in the case of argon appears
rather large, It may be due to experimeﬁtel error in the meesﬁ;emeq@_
of this particular gas since relatively few repeat determinations were
_ﬁade, but it‘may also be atfributable to an error in the viscosity
used, The viscosities listed in Table III were'calculated from Bromley
and Wilke's tables(é) based on Hirschfelder, Bird, and Spoti' papers$22-24)
The latter authors' force constants were determined from experimental
viscosity data at relatively low temperaturesv(below 400°K) aﬁd the
'viscosities predicted by them differ by several percent from experi-
mental data at higher temperatures, (See Reference 24, Table 8a.)
5. Heliwm, |
The helium data were taken primarily as a means of checking
the pressure effect to substantiate the idea that temperature jump-
accommodation was actually causing the effect observed., It was known
.that helium has a lower accommodation coefficieﬁt than nitrogen and
most other gases on platinum and several other metais(44’57) and so it .
was thought that helium would also show lower accommodation on silver,
Such wes the case,
Because of the primary object mentioned above, the conductivity
was measured only at 686°C, using helium from a cylinder conveniently
available, The cylinder did not clearly indicate its source, and so
the purity could not be readily checked (see Appendix). Consequently
the conductivity of helium is listed, but cannot be relied upon too
heavily. The f = k/foy ratio calculated on the basis of our measured -

conductivities equals 2,49 or 2,38, depending upon whether the Hirsch-
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felder prediction(ZA) for v1sc051ty 1s used (O 0418 cps ) or the v1scos1ty
data of Trautz and Zlnk(58) (0. 0439 cpse ) Kannululk and Carman(27)
tained an average ratlo of 2.43 at -183°G to 306°G I

Convectlon was totally absent in the helium runs, even at 4 atmos=-
pheres, ‘ .' , -
| 6, Nitrogen-Cg:bon Dioxide Mixtures, ,

The mlxture results are plotted in Flgure 19. The-data-clearly
1ndieate that in thls range of temperatures (above 360°C) the conduct1v1ty
curve reaches a maximum value, several peroent hlgher than elther pure -
component, In comparison, note that the mixture data of Keyes(33’34)
(Fignre QQ) bow downward below 150°C, even thoughino minima oceur,
Apparently at low temperatures the mixture data ehow ahnegative departure
from llnearlty between the pure components, at some 1ntermed1ate tempera—-
ture (sllghtly above 15000) the relatlonshlp reaches 1inear1ty, and then
at hlgher temperatures p031t1ve dev1at10ns from a stralght 11ne are ob-

~tained, This last effect is shown both ;n our data and Keyes' data in
Figures 19 and 20, Tt is alse interesting to obeerve that”at about
500°C, the conduct1V1ty of carbon dioxide reaches that of nltrogen and
exceeds it to an 1ncreas;ng degree at still hlgher tem.peratures°

The Lindsay-Bromley correlation presented earlier was applled to
our data, and is shown at the partlcular temperatures of 3690, 5690
688° and 774L°C, in Flgure 19, S;nce vlscosity ratlos (nltrogen to
carbon dioxide) are requlred, ail riecosities:were taken frcm the
Bromley—Wilke paper‘é) for consistency, The maximum deviations of
the Lindsay-Bromley equation values from ours are -1% at 369°, -1,1%
at 372°C, =1,9% at 375°C, -1,5% at 472°C, and about -3% at the higher
temperatures, By comparison, the equation shows a -1,8% deviation

from Keyes' experimental values at 350°C, In his report, Keyes(BA)
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- showed the Lindsgy—Bromley plot as curving in the direction opposite to
that which we calculated it td-be. In'our caldulétions, we used the
viscosities from the Bromley-Wilke paper, the viscosities from this same
Keyes report, and we also made a third caleulation using Keyés i_ tabulated
specificmheat data in the Eucken.relatién as outlined in Lindsay and
-ﬁromleyis article, All of these calculations resulted in almést identical
curves, We conclude that Keyes! éalcﬁlaﬁibns'aré'probably in error,

., While the.discrepanéies dué'to the IindséyhBromley correlation are
" not serious qgvértheless theyvindicate a trend whichzmay be even more
pronounced in other mixtures at high temperatures, Iﬁ would cértainly be
desiraBle to measure the conductivity of other gas'mixfurés at elevated
temperatures to confirm these observations,

Tt should be noted that the absolute values of our mixture data at
372°; 375° and 774°C are known to be high by about 6%, for the.reasons
outlined in an earlier sebtion. However, a8ll the daﬁalat eéch of these
périicular temperatures are high by the same factor, and so thé mixture
curve should show relatively the correct shape, In fact, the form of the
curves at 372°C and 375°C is probably more reliable than that at 369°C,

.owing to tﬁeir smalier expérimehtél scatter, The curve.at 774°G is léss
reliable because.the cell constant was probably changing'with fime (see
' below); Note that two values are plotted for pufévnitrogen which are
3.3% apart, The data at 569° and 573°C are probably}the’most reliable

of all since they show excellent independent agreement in form,
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. Emaluation and Conclusion,
1. Random Brrors.
~ The various random errors which our measurements are subjegt to
are listed below, Errors of less than 0,1% are considered negligible -here,
(a) Céll Constante |

There is negligible error in the measurements of all lengths
and the emitter cylinder diameter, The annulus. measurement is subject to
10,4% maxigum error in the first cell, but to only #0,2% in the seqond
cell because of refinements iﬁ technigue,- The error introduced by
simplifying the conduction equation (see Part I) is * 0,3%, Strictly
speaking this is not a truly random error, but its direction is not
known, and so it is treated as random for simplicity,

The overall cell constant and the conductivities calculated there-
from are thus in doubt by abéut +0,6%,
(b) Temperature,

Temperatures based on the Bureau of Standards: calibrated
thermocouples are known to * 0,5°C, :However5 since a 1°C increase in
temperature results in a 0,1 to 0,15% increase in conductivity, the
temperatures were listed to the nearest degree, introducing negligible

error in the conductivity,

(c) Thermocouple Calibrations.
The dE/dt calibrations for the thermocouples are known

to about * 0,3 - 0.5%, which affects the conductivity to the same degree,

Intercalibrations between couples were usually reproducible to
+ 0,2 microvolt, but occasionally varied by * 0,5 microvolt, Under
the latter circumstances, the error in a At of 6°C as well as in the
calculated k was + 0,8%, However, conductivity measuremenfs were
repeated several times under thé same conditions before and after

interchanging thermocouples, Consequently ‘conductivity values show
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an appreciable spread_ of a few percentrat eagh_gqnditipn? yet the error
in their averages 1s much smallgr because of the‘compensatory nature_of
intercalibration errors. A reasonable estimate of the residual error
caused by intercalibratiéns is £ 0,3% at a 4t of 6°C and less at higher
.At's.
(@) Heat Input.

Errors in current and voltage measurements are negligible,
The cof}ections due to voltage drop in the lead wires are from 0.4% to
1.0% at 40°C to 770°C respectively, These are know accurately within
+0,1% based on the total heater voltage drop,

(e) Yacuum Corrections.

The maximum vacuum correction (8%) for radiation and

support conduction occurs at 774°C, introducing at most 0.2% uncertainty

into the final conductivities, as detailed in a previous section,

(f) Pressure Corrections,

As discussed above, 0.8% is the maximum error in
correcting for convection, Correction for accommodation is included
in this, as mentioned previously,.

:Adding all these efrors, the maximum additivé error is 2.3%.
Allowing for randomness in the individual errors, the probable error
would be about one percent. |
| 2. Reliability of Cell and Data.,

Here we consider the efrors in a particular direction as
distinguished from the random errors discussed above,
A possible errbr is caused by neglecting the effect of At on the
conductivities calculated therefrom, However, the conduc@@viﬁigs s0
calculated may be high by no more than 0,2%, as pointed out above,

It was shown that conduction at the supports probably produced
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negliglble effect If there 1s a small effect it .would also tend to

‘make the calculated conduct1v1ties too hlgh

Departure of the inner cylinder i‘rom concentrlclty also yields high
conduct:.v::.t:!.es° The largest expected eccentric dlsplacement of the
inner cylinder (:anlud:.ng the i‘ull dlsplacement possible ow:x.ng to
differential expans:n.on between the silver and lava supports) is 0,002"
(at 770°G)., Us:.ng the customary calculat:.on for eccentric cyllnders

(e.g. see references (46), (60)) we have.,

2
q:In \/ (rz + 71)” - ® 4 v/(r’z -71)? - e?
| \/ (r2 + rl)4 - e_2 - /(rz "’.rl)d;" e?
k(correct) = ‘
2nlAt
(11)
and
5 .
1o (r2 + r1)2 - e .+\/(r2 "‘1‘1)2_. 92
T 3 2_ .2
k(correct) ()T - - J(r2 -7)% - e
k (apparent) A - © 1n (rz/rl)
(12)

where e= eccentrieity, and Tpy Ty are the radii of the larger and
smaller cylinders res_pectively.i The maximum error introduced into our
calowlated conductivity is 0.3% at 770°G, and considerably less at
lower temperatUres.,

The most imnor_tant directional errors occur at 680° and 770°C,
The nitrcgen and carbon dioxide results were clearly too high during
the first determination at 770°C, (Cell 1) and were.re‘jected,

However, the results at 680°C both in Cells 1 and 2 also seem to be
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several peréent high, as noted in earlier discussion.VIWe also observed
that at 770°C the measured conductivity apparenfly changed between the
first measurement and one made 8 hours later, after repéatedvapplications
of modérate vacua (0.5 to 200 mm), This result may have béen merely a
large random error, but likely indicates inéreasing blistering of the
cell. During the second series of runs at 770° (Cell 2) thé two deter-
minations checked each other well, |

Based on the above observations, it appears that some blistering
probably occurred on the silver at 680°d, and this process was accelerated
at 770°C, particularly under vacuum, During the Cell 2 measurements at
770°C, the observations were made allowing less time to elapse and
utilizing vacuum only to purge the cell between nitrogen éﬁd carbon
dioxide rums.,

On the basis oflthe above, it is estimated that our data are 3%
high at 770°C and 2,5% high at 680°C, Our smoothed curves for carbon
dioxide, nitrogen, and argon which were drawn giving more weight to
the points at temperatures below 680°C‘also show -about these deviation
from the high temperature experimental points, The data at other points
are subject to the random error of about 1% where numerous repeat
determinations were made, and up to about 1,5% where relatively few
data were taken,

3; Suggested Conduetivity Values for Nitrogen and Carbon Dioxide.

Based on our smoothed curves and those of other workers
shown in Figures 13 and 15, we have compiled a list 6f thermal con-
duetivities for nitrogen and carbon dioxide from 0° to 1000°C (Table V)
which we consider the best data currently available, No attempt has
been made to fit the curve critically to all values in the literature,

Most of the values are taken from our curves, The justification is
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Table V.

Suggested Conductivities.-—'Nitrogen and Carbon Dioxide

. Thermal Conductivity,
kx 10° (cal./sec.®C cm.)

Témp°j§°02 o Nitfogeh | Carbén bioxide

o ._ _' 5.76 | 3,50

100 R “S.L

200 e 7.2

300 '10.1:' 9f1.

LOO 114 | v10.9’
50 | 1246 12.6

600 138 1

700 | 1.9 15.6

800 | 158 17.0

900 | (16.6) (18.1)

1000 17.3) (19.1)




that the shapes of these curves are the most reasonable to use, since
they parallel Stops! curves closely at all temperatures, and Stops is

the only other investigator who has measured conductivities from 50° to
800°C, Moreover mbst of our systematic.errérs are such as to yield too
high a conductivity, Therefore it is believed that Stops' data, which
are above ours, are probably too high, Furthermore, our values appear

to fall in the ﬁidst of most investigators! results at lower temperatures,
unlike Stops! which are higher thahvthe others,

At temperatures above 770°C, our curve was extrapolated to a con-
tinuing smooth curve parallel.to Stops‘. Estimates made from these curves
are, of course, uncertaiﬁ, and so they are bracketéd in the table, Below
50°C for nitrogen, and below 360°C:for carbon dioxide, we extrapolated
bur éurves smqothly to the average values of others at C°C,

Le Suggestions for Improvement,

(a) Corrosion.

As had been anticipated, the stainless steel was appreciably
corroded by the tin, The sharp edges of the propeller were completely
corroded away after several days of operation at 350°C., However the
smooth agitator shaft was not affected even after seﬁeral weeks at this
temperature and a week at 570°C, Likewise the stationary parts, such as
the stainless cell casing and the tin bath container showed virtually no
corrosion under these conditions, After about a week at 670°C and three
or four days at 770°C followed by two weeks at.350°C, all stainless
parts were badly cbrfoded, presumably due to the high temperature, The
agitator shaft had lost 1/8" of its diameter, the 3/16" wall of the stain-
less steel can had corroded down to about 1/16" in spots, and the stain-
less cell jacket had lost about 1/8" of its'diameter.

The first stainless steel propeller was replaced with a propeller



=88~

fabricated of titanium seraps in the Radiation ﬁabdfatofy shops., This

méteriai‘wés.sﬁégestéd by the Liquid‘Metals Haﬁabook(37) based on a
nore detaiiedlréview(Bo).buf showed eiﬂensivé ¢orrosion after exﬁosure
to 350°C and 570°C for a féu weeks, The final materidl used for a pro-
peliér ﬁas molybdeﬂum, based on Brewer's recdmmeﬁdatiohs,CB)' After
exposure to 670°C, 770°6,-and 36O°C7aé outlined above, corrosion appeared
inappreciable, - - ' R
Since fabrication df a“molybdeﬁum can and cell cééing would be
| 4ifficult and expensive, it might be worthwhilé to replace the tin bath
with a massive block of copper or gfaphite to ser#e as a tempefature
equalizer and stabilizér, The block could be bored out to fit the cell
closely and protected from oxidation during use by a steady flow of
some inert gas (nitrogen, argon, etc.). ’ |
(b) Thermocouples.

The apparent change in calibration'corfection'between
emitter and receiver platinum thefmocduples introduced a variable
’error, Ih most ééses, interchahging fhermocbuples and then returning
“then tb’their original positions as aéscribed above resulted in a
discrepancy of from zero to 0.2 or 0,3 of é miérovolt° Thiévcaused
an error of 1% or 1esé if the At across the cell was 360 or more,
However, occasionally thevdiscrépancy was 0.5 to 0,6‘of a microvolt,

In these cases the 4t across the cell had to be 6°C or more to limit

the error to "1%, This change in apparent calibration is attributed

to slight mechanical strains caused by pulling the thermocouples out of
the wells and ré-inserting them, The free enﬂs of the wires weré barely
long enough to do this'conveniently; Cohsequently it would befdesirable
to émploy 16hgér platinum wire céupleé from fhe hot junction to the ice
bath to minimize strains in the wires while inter-calibrating the

couples,
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() Gonvegtion.

To obviate the need for ?bressgre-effecﬁ" runs at low ﬁempera—
tures and to make extrapolation to infinite pressures.simpler at high
ﬁemperatures, where the accommalation effect is appreciable, convection
should be eliminated, In principle, leading the conductivity cell outlet
pipe downward from the interior of the furnaée,to the exterior should
accomplish this aim, but would require major furnace revisions, It might
be feasible to provide baffles within the pipe itselfz and a series of
baffles within the cell casing to deflect any strong convection currents
from moving downward into the emitter receiver annulus area, Still
another possibility would be to enlarge the furnace opening where the
pipe emerges and surround the pipe with auxiliary electric heater
windings and insulation to keep the pipe at or near the furnace interior
temperature.

(d) De-Gassed Silver.

The apparent trend in_the datavtbwaras erroneausly high
conductivity results above 600°C has been attributed to the blistering
of the silver cell after exposure to high temperatures caused.by out-
gassing, The most important step in reconstructing the cell‘would be
to provide silver stock which has been kept under high vacuum for a
considerable period while'molten and then cast in a vacuum, A cell
machined from such stock»shduld not experience blistering at high

temperatures,

(e) Elange Design.

A considerable-amount of time was wasted in trying to obtain
vacuum-tight welds at the points where thermocouple walls, heater
casings, etc., entered the heavy top flange, in spite of attempts to
reduce the flange metal thickness near these joints, The difficulty

is that the heavy cross-section carries away the heat from the weld
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too rapidly, requiring excessive local temperatures, To prevent this in
Phg_fuﬁqpe; all thin-wglled tubes entering the casing should first be
pogipipned and welded to a thiﬁ plaie attached to a pipe section of
tapering thickness, The thick part of the‘pipe could.then easily be
wg}ded to a‘thinned section of the flange, Altefnativély,’avlong pipe
could be welded to the top flange and the va:iou; tubes fastened to a
thin p@ate at the.top of the tube‘gpgzg fhe furnace by silver soldering.
By this means, even heaters which might fail could be removed and re-
_placed without disassembling the cell or removing it from the furmace.
(f) Suspensibn of Emitter, |
At present the emitter rests on a bottom Léva support tip

and is kept erect by Lava side tips, During assemBly of the cell

(which mist be done with the cell upside dowm) there.is always danger

of breaking the bottom tip when the cell is turned erect or is'
accidentally jarred, There is no way to check whether this has occurred
except by making runs and then carefully disassembling to examine the
'pointS;‘. Fortunately the bottom points were not found broken when
disassembling the cell after each series of rums, However, to_eliminate
this uncertainty, it would be desifable to hang the emitter-receiver
"heart" of the cell from the upper flange by means of thin rods,
threaded at both ends for vertical adjusfability. The emitter would
then hang in the receiver and be gupported laterally by the lLava side
ﬁieces. Thére wouid be no bottom boint to break and also heat flow

through the bottom support would be eliminated entirely,
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V. NOMENCLATURE -

a = length of su§p0r£ pdint (cm or iﬁo) :

cp = specific heat at constant pfessure'(eal,/g;”°C$
C., = épecificvheét at constant voiﬁme (cai./g, °G)

.G = cell constant (wattésee,dm/cal,) o

Dyq= ‘coefficient of self-diffusion

e = éocentricity'(cm or in,)
E = e.n.fs (electromotive force)
f = constant in equation (1) (dimensionless)

g - gravitational 6oﬁstant (éﬁ/sed;z or ft,/sec.z)
k = thermal conductivity (cal./sec. ©°C om)

1n = 'natufai légarithm | |

L . length (em or in,)

M = molecular weight

" P = pressure (atmoépherés or dynes/cm?)
q _; heat flow (éai,/'se'e. orv,wat‘c‘s)' |
'r = radius (cm of in;) |
R = ‘gas constant, 1;987.(ca1,/°0 g-mole)

'Si,'Sé = Sutherland constant in equation (10) (°C)
5127 1% |
t = temperature (°C)

At

témperaturé difference (°C)
T = temperature (°K) ;

x = clearance at bottom of cell (in,)



g = accommodation coefficient

B |

Y

B

d = annulus width (em or in,) -

Tl= viscosity, (poise)
/0 = density (go/cmB)

Subsgrig’os °
1

1

inner cylinder (e.g., rq)

"

2 = outer cylinder

specific heat ratio, op/c, e
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VII, APPENDIX

A, Gases Used. -
All gases used.(gxcept air) were those aVailable cgmmergially ip
cylinders. No attempt was madévﬁo purify the gases, except ﬁo pass them
through tubes of magnesium perchlorate to dry them, In addition, the
liquid carbon dioxide in the cylinder was purified somewhét by opening
the valve and b;owing off the gas near the top of the cylinder, This
procedure lowers the air content of the gas,
Manufacturers! specifications are:
(1) Nitrogen (water-pumped), Linde,
Minimum 99,7% nitrogen
Rare gases (Kr, A, Ne, He) total { 12 p.p.m,
(2) Carbon dioxide, Pure Carbonic,
Minimum 99,5 + % GO, '
Residue chiefly air ,
Moisture about 40 p.p.m, by volume,
(3) Argon (standard grade). Linde,
Minimum 99,97 + % argon '
Residue chiefly nitrogen (abqut 20-40 p,p.m,)

(4) Helium (grade A), No data available, except
"approximately 100% helium, U, S. Navy cylinder,"

B, Measurement of Cell Dimensions,

The dimensions necessary for calculation of the cell constant are
length, diameters of inner and outer cylinders, and distance of inner
cylinder above the bottom of the outer, The inner cylinder diameter was
measured by a micrometer at a number of points along its length to *0,0001",
The inside diameter of the outer cylindervwas cheéked using an inside
micrometer, but these mea.surements were considered too crude to uée in
calculating the annular thickness, Consequently the annulus was deter-
mined by the following procedure, The inner cylinder was placed in the
outer cylinder with its bottom screwed on, All internal support holes
were plugged with paraffin and the annular space was filled to the brim

with water measured from a weight buret, The annular thickness was
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Table VI

Cell Dimensions -

Cell No. 1 (0ld) Cell No. 2 (new)

Emitter length 6.9975" o 6.9976"

Emitter diameter:

average 1,4498" | 1.4388"
max, non-uniformity * 0,00025" % 0,0005"
Receiver length - 7.0273" 7.,0422"
Receiver inner diameter 1.5002m% . 1.5056M3
Annulus width
average: : - 0,0252" 0,033,411
measurements: 0.02521 - 0,03341"
0.0251 0.03337
0.0253 0.03345

¥ Receiver inner diameter obtained from emitter diameter and annulus
width, .

#% After operation at high temperatures the aVerage annulus width
was measured and found to be 0.03280 (Cell No. 2B).
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caleulated from the known length and the diameter of the fmer oylinder,
and the dens1ty of water,_ fhe resuits'were reproduoible ﬁo a few'tenths
of a percent In the final measurement of ‘the cell, reproduc1b111ty was
even better (O l%) because of 1mprcved technlque. Anrlnnovatlen was to
seel the outer cylinder w1tn;stopcock grease to e_elear gleesrplate. -
ineteegnef to the silver bottom. A flashlight.was placed et the topvend‘
the»ebeerver ;eoking mn‘toward the light through thevannu;us coﬁld\detect. .
mhetnermgirwpmbbles_were preeent; Only one or two butbles were found,
end”theirvtotal velume was completely negligibleé relative to tne volume

of water’invthe annulus,

C, Caleulation of Cell Gonétant,,‘ :

‘The method of calculatlng the cell constant is ev1dent from equatlons
6a, b c,‘ The only questlone arising mlght be what "average length" is
used and hOW’the constant is corrected'fer temperature.

The average length is determlned by (Figure 21)

Tay, - (1/2)(LE K ;R) T ¢ )

Note that Ly + x very nearly equals Iy (w1th1n + 0, Ol')
The temperature variatlon of the cell constant may be obtained from '

equations éa, b, ¢, The varlatlon.muth temperature of L is obtalned_
simply by: ‘ ‘ v |

-6

The variation in ¢ is obtained in the same_i'ashion° (20 x 107" per °C
is the average linear thermai coefficient of expansion of silver and-
also of stainless steel over ‘the temperature range consmdered here).

The change of x w1th temperature depends on the dlfference between the
expansion of the silver bottqm plece and the Iava spacer, Referring to
Figure 21, dimension g is‘me%suredsat 22°C when'the cell isbassembled,

and g is, of course, known (=0,109"), Since the linear coefficient of
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Table VII

Cell Constants

x = bottom

‘ . , clearance
Cell Temp, °C at 22° C Cell constant

1A (old) 50 0.0335" 14,256
1B | 50 0.0365" 14,212
360 " 14,315

560 : 14,376

1C 370 . 0.040" . 14,266
470 n , 14,298

570 : n 14,329

680 ' " 14,365

770 " 14,391

2 (new) 360 S 0.041" - 10,849
' 670 K n | 10,923
770 " 10,946

% units: (wattusec.-cma)

cal.




-

expansion of the lava tip is 3 x 1070 in,/in, per °¢,
xio -8 [1 +3x 207° (t-22)] - (a=x) E + 20 x 1076 (t-zzﬂ ,
- - (15)
where x£ refers to the space at.some temperature 3 and the unsubscripted
x and g refer to values at 22°C,

For convenience in calculating the conductivity in calorie units
from heat.inpuf measured in wattsQ the units of the cell constént were
made (cm,) (watt-sec./cal,).

D, Sample Run and Calculations, |

A typical run, No, 224, is reproduced in Table VIII, The steady
state values are then employed in a sample calculation (Table IX). The
method of ealculation is evident from sections I-D aﬁd VII-C as well as
these two tables,
| E, Calibration ofThermocouples°

Thermocouples were calibrated by the National Bureau of Standards
and by the author, The results are depicted in ?igures 22-25, showing
the e m.f, and thermoelectric power (dE/dt) as functions of temperature,
Thermoelectric power was obtained by drawing difference plots (AE/At) |

based on the e.m,f, curves and drawing smooth curves through them,

F, Derivation of Accommodation-Temperature Jump Egua.’;,iono
1. berivation Using Gregory's Eguation(14) fourAgguation (7).
Consider the concentric cylinder type of apparatus; including
the hot wire type of cell, Utilizing equation (7), the éorrection'to

be applied to the At/q measured at one atmosphere to eliminate the

effect_of accommodation is: _ -
(0/9)1 g - In (rofmy)
: °. 2nkL
% correction = 100 x (8t/q) (16)

1 atm,
o |



Run 224

Nitrogen, 756 mm Hg

Thermocouple Readlngs s Microvolts

Table VIIT

Sample » MeriJhéntal Run

Time P12 (emit.) Q1278 (emit~revr,) D1256 (i, 'guard) o aten) 522223 %i£2i1%22§§:2r)
iO:SO Start , .
10:58 299,25 1158 13.3 7133 0.,6010 4751
11:05 2993.93 115.8 12.7
11:15 29938 115,75 12.4
11:25 293,85 115.8 12.3 71,34 06010 47,51
11:30 2993,8 115,8 12,4

Values 2993.8 115.8 71,335 0,6010 47,51

12.4

6] At



- T 7]
22 100 x (A‘/P> (m S [/ (i7)‘ .
| ln(rg/rl) ' ‘
2nkL —_— ,

This follows from equation (7), if one assurreé that the correction to be
applied is small, and therefore that ‘the (At/q’)’,: in the denominator of
(16) may be ;replé.ced by E_‘n(rz/rl)/Zﬂkﬂo If we 4:’_c'estrict our consideration

to a single gas, equation (8) becomes:
2rL a

2w 1 ' :
where K——r . T ° p) (GV/R Y 1/2) ' (19)

K thus depends upon gas properties only, Substituting into (17) s We

ret s
& - kK(2~a) (m/rl # /l‘—/rz)
% correction "2 100 . (20)
o In (r /r

From the form of this equation, it is evident that the correctién will

be greatest in cases where r; (or r, or both) are smllest, f.and‘ﬁhere the

2
ratio rz/rl approaches unity, The correction is also higheét in cases
where the gas has a high molecular weight, high conductivity, and low
accommodation coéfficient., Also the correction ir}creases with
temperature because of the ﬁ term and the fact that & generally
facreases with tempex;é.'ture, If we now consider the situation at some
fixed temperature, and assume a fixed accommodation coefficient, there

are two extreme conditions, The first case is that of the usual hot

wire cell in which r{Kr, and T) =Ty We find that

K

% correction == (21)
| TR I G/t .
where K' 8 lQOkI{ (2~a) ﬁi (22)
a
(15)

Typlcal hot wire cell dimensions are those of Gregory and Archer:
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Tablé X

Sample Calculation {Run 224)

[}

(71.335)(0.6004) = 42.53 volts. (includes corr'n.
for voltage drop in std.
resistor)

¢ - Heater voltage

Heater ‘current

B

(47.51)(0.01) = 0,4751 amps.
- 0.7%
q (correcfed) | = (0.4751)(42.53)(0.993) = 20.21 watts

Lead wire correction

AE (emit.-recvr.) 115.8 microvolts

Calibration correction = 3.0 microvolts

AE (corrected) = 118.8 microvolts

E (average) - , = 2937 microvolts

t (average) = 366° C

dE/dt - = 9.44 microvolts/°C at 366° C

At _ - =-12.58° C

Vacuum correction = 0,032 watts/®C (from Runs 26 and 27)
a/st = 1,575 watts/°C (incl. vac, corrin.)

- 0.5% (by extrapolation to 1/P = 0O)

Pressure correction

Final q/At = (1.575)(0.995) = 1.567
’ . Cell constant = 14,315
K --=v-=-l=4’=-5‘~§'-z-= = 10.95 x 1072 cal./(sec.)(®C)(cm.)

14,315
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ry = 0,0050 cm, and rp = 0,58 cm, For this case the calculated percent

. correction o 42Kf', The second case is that of a cell consisting of
concentric cylinders with nearly the same diameters and a relatively

6
small annular width, similar to ours or Keyes and_ﬁande;lfs.(BzfAM)

Here
r) ;o Tp and again Ty 2% T Msory/ry = 1+87/ry, vhere § =1, -z,
the width of the annulus. Then In(l +V57fi);2$ayr1, and we get:
o Beemrestim & Ay - ()
where K! is.againAdefined byb(22). The annulus of both our cell and
that of Keyes and Sandell is 0.,025" qr‘0.0635’cm, from which it follows
that our % correction.¢$31,5K'. Thus our corrections areathe same order
as those for hot wire cells,
2¢ Derivation from the Teggefature Jump Equation.
- The basic equation for the temperature jump at‘ths-wallzofna cell
‘in which the temperature is a function of a linear'dimension, r, only
(i,e.5 steady state, one-dimensional heat flow) iségBl)
Aty = g (at/ar) A (24)

where g = the jump distance, a function of the accommodation coefficient

and the mean free path, For radial heat flow in concentric cylinders

it is readily shown that:(25) |
q = ~2nklr (dt/dr) . (25)
and
2nklL, At ( 6)
q = =<4 )
In(ry/7;)
from which it follows that:
At
at/dr = o
rin (r,/r;)

The fractional temperature jump effect at each walls is:
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At s

R . - (28)
ot 7 r; 1n (rz/rl)

where ri refersvto ry or 7, depending upon which wall is bring considered°
, Againg”twe ceses ere'recognized; For a hot wire cell r1_<3< r and so
the jump term containing r in the denominator greatly exceeds the one
witb r, in the denominator. Censequently the total jump effect may be
censiaered as eqpal to that at the wire alone, Thus:

At,
———

At ‘ total rl ln(rg/rl) (29)

For the other extreme (e.g., our case), ln(rz/rl)ﬂf SVEl as before,

and for each wall:

The form of this equation shows that the jumps at both walls are about

the same, so

At ' 28 :
At :
°f total ]

These are essentially in the same form as equations (21) and (23) above,
except that g replaces K1,

G. Calculatlon o Conduction Across Supports.

Assume only linear heat flow in the suppor£ shown ‘in Figufe 26,
The cross-sectional area of each eylindrical shell is dA. = 2wxdx, The
heat flow through the Lava and air considered as a compegpite solid is

then:(38)



~107=

At e dA 2mx At dx

dg = = (31)
: y J J J
ky ke kK

where At—=ﬂfli- toe Since ¥, = R-y, vy - L - y2v=;L - R+ y,'and‘y/x =

dx/dy, we get

_q;_ = .‘211’ . y dy ; .
At L_ij,+ ¥ R~y
ok ks
Rearranging:
a 'y dy (32)
where -
Ct =R + KL/ (kg = k) (33)
The value of the integral is \
R S
R .
| R Ct - R
A -y~ C'in(Ct-y) = -R - C'ln
- Cl-y ‘ 0 ot
Thén _ o
q 2nk;k, Ct - R
P - R - Clln (34)
Substituting the approrpiate quantities:
k) = 0,003 ~ caly/sec, °C cm
k, = 6.5 x 107 cal,/sec. °C em
L = 0,109 x 2,54 = 0,277 cm
R = 0,040 x 2,54 = 0.1016 cn




L , =108~ o
and multiplying by (7)(4.185) to convert to watts and to include the
seven supports:

o g0t = 0,00254 (watts/°C) | ,
The net q/At measured for gas conduction = (10,200) (6,5 x 10=6) = 0,924
-(watts/°0) , where 10,200 is the cell constant, Then the error in the

calculated k due to support conduction = (0,00254)(100)/(0.924) = +0.28%.
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