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SUMMARY

By means of a hot-wire method, the thermal conductivity of air was
measured from air temperatures of 50° to 900° F and the thermal conduc—
tivity of gasoline—engine exhaust gases was measured from gas temperatures
of 250° to 900° F. The values obtained for air are in good agreement with
other data that are available. The values for exhaust gases from an engine
operating on fuel—air ratios between 0.056 and 0.085 are practically the
same as those for air at the same temperature, but the richer mixtures
(fuel=air ratios of 0.10 to 0.15) show increasingly larger values of
thermal conductivity, the largest being approximately 30 percent greater
than that of air. The thermal-conductivity data obtained are shown in
graphs at the end of this report.

INTRODUCTION

_ The object of the present work was to measure, over a limited temper—
ature range, the thermal conductivity of gasoline—engine exhaust gases.
Although thermal conductivity is one of the more important properties
needed for the design of efficient heat exchangers of many types, very
few data are available even for air; and apparently none are available
for exhaust gases. Until recently, thermal-conductivity data were
restricted almost entirely to a very narrow temperature range and the
agreement between the results of various investigators was very poor.

In the last 20 years considerable progress .has been made so that there
has been relatively good agreement between values recently measured in
ice baths; also a few measurements have been made at higher temperatures.
However even yet, for such an important gas as alr, there are only a few
measurements above 200° F and for most industrial gases there are less.
No data were found for exhaust gases and therefore the attack on the
problem was begun by a serles of measurements on exhaust gases at conven—
ient temperatures between 2500 and 900° F. Measuremsnts were also made’
on air over the same temperature range (and a few at lower temperatures)
in order to check the performance of the equipment by comparison of the
data with that previously obtained. It was also desired to extend the
range of the data for air and to have a comparison of the relative
conductivities of alr and exhaust gases.
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APPARATUS AND PROCEDURE

Necessary Measurements

The thermal conductivity of a material way be determined by simulta-—
‘neous measurement of four quantities: (1) The rate of heat conduction;
(2) the area, measured at right angles to the direction of heat flow,
through which the heat is conducted; (3) the length of the path along
which the heat flows; and (4) the temperatures at each end of the flow .
path. For a gas, heat transfer by convection must be eliminated and the
heat transferred by radiation must be deducted from the total heat losses
in order to obtain thermal-conductivity values experimentally. Several
means of measurement have been devised to meet these conditions, but
except for a few attempts by the cooling—thermometer method, all are vari-
ations of two methods. Both methods utilize electrical measurements.

Previous Methods

. In one method, a measured quantity of electrical energy is liberated
within a body so that the resulting heat is transferred across a narrow
gap between the hot body and another adjoining metallic body of similar
shape. The surface temperatures of the two bodies, usually flat plates
or cylinders, are measured by means of thermocouples. This method
undoubtedly offers thé most positive means of eliminating heat transfer
by convection because the surfaces may be made in the form of horizontal
flat plates with the upper plate hotter than the lower plate. On the
other hand, the apparatus 1s then not adapted for use over a large temper—
ature range and the problems of temperature distribution over the plates
and conduction losses through supports are serious. If cylinders are to
be used, a second method is superior.

In a second method, the two bounding surfaces are concentric cylin—
ders. The inner cylinder serves as both heat source and resistance ther—
mometer, its resistance having been previously calibrated as a function
of temperature. This method offers the advantages of adaptability to
measurements over a great temperature range, greater ease in securing an
isothermal hot body, greater precision of temperature measurement of the
hot body, and better methods of preventing heat losses through spacers
and leads. ) , a
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Present Method

For the present work a modification of the second or hot—wire method
used by Sherratt and Griffiths (reference 1) was selected. By this
method, convection was eliminated by using a tube of very small diameter
(I.D., 0.2 in.) and small temperature differences between the wire and
tube wall. Previous work has indicated that, for the dimensions and
temperature gradients employed, .there should be no measurable heat transfer
by convection. To check this premise, a series of conductivity measure—
ments was made with condlticns most favorable for convection, that is,
at a low value of the wire temperature and a high value of the temper—
ature gradient through the air. The wire temperature was held constant
while the pressure was lowered after each set of equilibrium measurements
‘over a range from 36.5 inches to 0.4 inch of mercury. Heat transfer by
conduction and radiation 1s known to be unaffected by pressure changes
in this range, but 1f heat were being transferred by convection, the
apparent conductivity would decrease as the pressure was decreased. As
shown by table I, the conductivity was not decreased by decreasing the
pressure. In fact, in the second serlies of runs, which was the only
series with enough data to be reasonably conclusive, the measured conduc—
tivity values- are slightly higher at the low pressure.

Conduction losses from the test section (through the leads) were
prevented by means of auxiliary heaters on each end of the test section
(fig. 1). The hot wire was centered in a thin-walled platinum tube,
which, because of-its high thermal conductivity, insured that the ther—
mocouples on the outside of the tube wall were at practically the same
temperature (drop of approximately 0.03° F through the tube wall in the
case of maximum heat transfer) as the inside wall and also prevented
large temperature differences along the length of the tube.

The length of the hot wire was measured at room temperature with .a
steel rule and magnifying glass. The values of 1 at higher temper—
atures were calculated from the results of Holborn and Day (reference 2)
on thermal expansion of platinum. The radius of the hot wire was meas—
ured to the nearest 0.0001 inch with a hand micrometer. From the welght
of mercury that the platinum tube would contain, the internal radius
was obtained. The average hot—wire temperature was obtained from con—
secutive potential measurements on the hot wire and standard resistor.
These potential measurements gave the wire reslstance, which was known
to be a function of temperature from a previous calibration. The average
tube—wall temperature was the arithmetic—average wall temperature of the
platinum tube as indicated by three thermocouples.

The details of the apparatus and the calibration of the test section
are described in appendixes A and B, respectlvely. The samples of gas
used are described in appendix C.
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Calculations

When heat is transferred between two concentric, isothermal cylin—
ders under equilibrium conditlons, the thermal conductivity of the
enclosed gas may be calculated from the following equation:

_ 2nkL(t) - tp)
Qond ~ : (1a)

T
l°8e<%%>v

If the inner cylinder is heated electrically, as in the present case,
equation (1b) also applies, '

Yoong = 3-M3EI — apgy (1b)

By combining the two equations,

X =_£4_ T2 3.413ET - drad | _ 0.2 d 3.413ET - Qpad »
1 (t1 - ) (1 - )
where
Al surface area of hot wire, square feet
E potential drop along hot—wire length L, volts \
I electric current through hot wire, amperes
k mean thermal conductivity of enclosed gas (for small
temperature differences may be assumed to be k ta+t
\ 1+%2
2
because k 1is practically a linear function of t),
Btu/(hr)(sq £t)(°F/ft)
L length of hot wire measured between potential leads, feet
Yeond rate of heat transfer from wire to tube by conduction through

enclosed gas, Btu/(hr)
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net rate of heat transfer by radiation from hot wire

9rad
o(Ty 4 — o)A
to tube, Btu/(hr) (11! - T2
_l_+L_l
“© %
ry radius of hot wire, inches
r, internal radius of platinum tube, inches
Tl temperature of hot wire, °R
Ty temperature of inside wall of platinum tube, °R
tl average hot—wire temperature, °F
ty average tube—wall temperature, °OF
@y, A absorptivity (fraction of total radiant energy incident upon
hot wire and platinum tube, respectively, that is absorbed
(fig. 2)). (At thermal equilibrium, the absorptivity of a
surface 1s equal to its emissivity.)
g Stefan-Boltzmann constant, 0.173 X 10—8, Btu/(sq £t)(hr){OR%)

DISCUSSION OF RESULTS

Apparatus

The results obtained (see figs. 3 to 5 ahd tables I to X) with the
present apparatus indicate that the method is suitable for determining
the thermal conductivity of a gas to a temperature,of at least 900o F.

If the apparatus were to be reconstructed, the only basic change
necessary would be to make 1t more stable mechanically. This could be
done by changing the construction detail to prevent the possibility of
independent rotation of the hot wire, platinum tube, and soapstone spacers,
by giving the auxiliary—heater leads enough freedom of movement to allow
them to lengthen when heated without applying stresses to the ends of
the hot wire, and by sealing the test section and leads in a glass tube
s0 that the entire sealed unit could be slipped into various boiling-—
point tubes without injury.

It seems probable that the temperature range could be extended
several hundred degrees by replacing the glass sample chamber with one
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of quartz or glazed porcelain and by using a suitable electric furnace
in place of vapor baths to attain higher temperatures. However, to
attain higher temperatures, the conduction of heat from hot—wire leads
by the spacers would have to be cut to a minimum and the auxiliary
heaters placed as close as possible to the ends of the hot wire.

Data for Air

Evaluation.— The measurements on air show reasonably good precision
as indicated by the data of figure 3 and tables I to VI. The maximum
spread of the points amounts to a little over 3 percent. The only check
on the accuracy of the data is a comparison of the measurements on air
with previous results. As shown by figure 3, the curve obtalned agrees

" almost exactly with that obtained by Sherratt and Griffiths, but is

about 7 percent higher than the value at the highest temperature attained
by Vargaftik and Parfenov (reference 3). The values agree well with
those partly reported in reference k4.

Radiation correction.— At least part of the reason for the lower

values given in reference 3 1is the larger radiation correction which was
applied to the total heat loss from the wire. Figure 6 shows emissivity
values, calculated from data given by Timrot and Vargaftik (reference 5)
and used by Vargaftik and Parfenov, compared with the curve used for
calculating the present results. All three sets of emissivitles were
determined by total-heat-loss measurements on a platinum wire in an -
evacuated glass tube; therefore they should be identical.

_For most of the previous measurements, the tube surrounding the
hot wire was made of glass, which has a high absorptivity (and low reflec—
tivity) for energy in the wavelengths concerned, and the return radiation
from the tube to ths wire was negligible. For the present case, in which
a platinum tube of low absorptivity was used, an allowance must be made
for the return radiation from the tube to the wire. Equation (2), which
was used to calculate the radiation loss, is based on the postulate that

‘platinum is a specular reflector. Thls postulate is not correct; the

actual radiation losses are between the values given by the equations
for specular and diffuse reflectors. For the present work, the maximum
radiation correction based on the assumption of a specular reflector
was 6 percent of the total heat loss; if the assumption of a diffuse
reflector were made, the maximum correction would be 10 percent of the
total heat loss.

Data for Exhaust Gases
Scattering of data.— The data obtained for exhaust gases (fig. 4)

are less satisfactory than those obtained for air (fig. 3), as indicated
by the scattering of the experimental points. This scatter of data is
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perhaps partly due to inability to reproduce exhaust—gas samples taken
from the engine. Further, most of the scattering occurred for the rich
mixtures, at high temperatures; and often on runs made from consecutive

~ samples from the same sample flask. Thus additional errors were probably
introduced because of the necessity of taking data while the conductivity
of the sample was apparently changing (appendix D). The magnitude of

this epparent change in thermal conductivity appears to be too great
(about 10 percent in a case followed to equilibrium in 18 hr) to be
accounted for by a catalytic oxidation of the hydrogen by the oxygen orig-
inally in the samples (fig. 7). However, it does not appear probable

that additional oxygen entered the sample chamber because all joints and
seals were constantly checked for leaks and no data were taken when an
appreclable leak exlsted. Part of the change was possibly due to cata—
lytic action and part to some unexplained transient effect of hydrogen

or carbon monoxlde on the hot—wire surface. In figure 7, for rich fuel

to air mixtures, calculations based on the analyses indicate that the
values for the carbon to carbon and hydrogen ratio are lower than for
normal mixtures and that the fuel-~alr ratios are lower than those measured.

Evaluation of data.— The cause for the necessity of decreasing the
pover input necessary to maintain thermal equilibrium was not definitely
determined, but it appears, from the relative conductivity values for
various fuel-air ratios at any given temperature, that the values obtained
are not in doubt by more than a few percent.

Relation of thermal conductivity to fuel—air ratio.— The principal

difference between the air which enters a gasoline engine and the exhaust
gases which leave is the replacement of most of the entering oxygen by
carbon dioxide, carbon monoxide, water, hydrogen, and unburned hydro—
carbons. The conductivity measurements of this investigation indicate
that under normal operating conditions, when the replacement gases are
practically all carbon dioxide, carbon monoxide, and water, the thermal
conductivity of the exhaust gases is approximately the same as that of
air at the same temperature.

As the fuel—air ratlo increases and combustion becomes less complete,
the thermal conductivity increases rapidly. The only significant changes
in exhaust—gas composition with increasing fuel-—air ratio are the incresse
of hydrogen and carbon monoxide and the decrease of water and carbon
dioxlde; both of these changes tend to increase the conductivity of the
mixture, but the magnitudes of the effects probably differ greatly. The
thermal conductivity of hydrogen is roughly seven times greater than the
conductivity of any of the other constituent gases (the conductivities
of the other gases are all the same order of magnitude), therefore, it
seems quite probable that hydrogen is the most important factor in deter—
mining the variation of the thermal conductivity of exhaust gases with
fuel-alir ratio.
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Gaseous radiation to and from carbon monoxide, carbon dioxide,
water, methane, and other hydrocarbons may slightly affect the values
of thermal conductivity obtained on this apparatus.

SUMMARY OF RESULTS

From a measurement of the thermal conductivity of alr and of exhaust
gases between 50° and 900° F, the following results were obtained:

1. The results of the measurement of the conductivity of air were
found to be in substantial agreement with other data which are available.

2. The thermal conductivity of exhaust gases from a single—cylinder
gasoline engine operating on a range of fuel-air ratio from lean to
normal (0.056 to 0.085) is approximately the same as the thermal conduc—
tivity of air at the same temperature. ' '

3. The thermal conductivity of exhaust gases from an engine with
rich fuel-air ratios (0.10 to 0.15) increases rapidly with increasing
fuel—air ratio (as the hydrogen content increases) until at a fuel-eir
ratio of 0.15 the thermal conductivity 1is roughly 30 percent greater
than for air at the same temperature.

Department of Engineering
University of California
Berkeley, Calif., November 12, 1945
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APPENDIX A

DETATIS OF APPARATUS

Test Section

The essential features of the test section are shown in figures 1
and 8. The length of the test section was bounded by two thermocouples
of platinum to 90 percent platinum and 10 percent rhodium (10.50 in.
apart) whose platinum leads also served as potential leads for the hot
wire. Outside the thermocouples, enclosing the current leads on each end
.of the test section, were small helical Nichrome heaters (1 ohm, no. 24
wire) which prevented conduction losses through the ends of the hot wire
(0.0309—-in. diam.) during conductivity runs. Surrounding the vertical
hot wire was a 0.197-inch—inside—diameter, 0.240-inch—outside—diameter
platinum tube which had three thermocouples, of platinum to platinum and
rhodium, welded to the outer surface. Soapstone spacers centered the
hot wire in the platinum tube.

Leads

The current leads inside the sample chamber were nickel. All the
thermocouple wires were led out to ice bottles (at each end of the appa—
ratus), where each wire was connected to a copper lead which led to a
potentiometer. The hot—wire leads were bare, but all other leads inside
the sample chamber were encased in porcelain or glass tubing and those
outside the sample chamber were covered with woven glass.

The 2—ounce platinum tube rested on a spacer supported by the lower
hot—wire lead. In addition, a 3—ounce stainless-steel weight was hung
on the lead to prevent the test section from being displaced. Below the
weight was an expansion Joint in the form of a flexible copper helix,
which allowed the hot wire to move vertically without appreciably changlng
the tension on it. At each end of the sample chamber, the leads were
taken out through rubber stoppers by means of De Khotinsky cement seals.

Current. Circults

The electric currents for the hot wire and auxiliary heaters were
supplied by three independent groups of almost constant—voltage lead
batteries. Bach circuit was also equipped with an ammeter and rheostats
to provide adequate current control, and in addition the main circuit
had a 0.l1-ohm standard resistor in series with the hot wire. -
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Potential Circuits

The calibration measurements for the hot wire and all thermocouple
measurements were made on a new Leeds and Northrup White model potenti—
ometer (left—hand side of fig. 9) using a Leeds and Northrup type H.S.
galvanometer to measure the last Increment of unbalanced electromotive
force. The measurement of the voltages across the hot wire and standard
resistor were made with a Leeds and Northrup type Ké potentiometer with
a Leeds and Northrup type R galvanometer as the null instrument. The
Ko potentiometer was checked at several points on the low range against
the White model and the two instruments were found to be in good agree—
ment. The standard cell, which was used in both potentiometer circuits,
was kept in an insulated box to prevent sudden temperature changes and
was periodically checked against a group of cells calibrated by the
National Bureau of Standards. The O.l-ohm standard resistor was cali-—
brated by the manufacturers (Leeds and Northrup Co.) and was maintained
in a well-stirred oil bath at approximately 778

Temperature Control

The temperature of the apparatus was maintained by immersion in ice
or vapor baths (fig. 2) both during the calibration and during the
conductivity measurements. These baths were provided by a series of
glass boiling—point tubes'(adapted from a type developed by Mueller and
Burgess, reference 6) with bullt—in sample chambers, which provided the
uniform and constant temperatures necessary for both calibration and
conductivity runs.



NACA TN 1912 11

APPENDIX B

CALIBRATION OF TEST SECTION

Preparation for Calibration

The thermometer and thermocouple wires were annealed at about
2200° F for 20 minutes before the test section was assembled. All ther—
mocouple and heater Junctions were made by spot—weldling the pure metals.
After assembly of the test section an insulated stainless—steel weight
was suspended from the lower hot—wire lead (by trial 5 oz was judged to
be the minimum total weight necessary to return the wire after displace—
ment) to provide the necessary tension. The test section was then ready
for calibration at the standard temperatures provided by ice, steam,
naphthalene, benzophenone, and sulphur baths.

General Procedure

Except for the steam-bath calibrations, for which a hypsometer of
the type developed by Mueller and Sligh (reference T7) was used, the test
section occupied the same position in the various baths during the cali-—
bration and conductivity measurements. In fact, often before starting the
daily series of conductivity runs, checks were obtalned on the calibra-—
tions by meking the required potential measurements using hot-wire
currents of 20 to 50 milliamperes instead of the 2— to 5-ampere currents
used for the conductivity runs. No heating effect was observed in any of
the baths from the use of hot—wire currents of less than 75 milliamperes;
but for convenience the thermocouples on the hot wire were calibrated
with no current flowing. When a current was flowing through the hot wire,
the thermocouple electromotive force was the sum of the electromotive
forces generated by the platinum to platinum and rhodium junction and an
electromotive force due to the fact that the two thermocouple wires could
not be welded at one point on the length of the hot wire. Consequently,
the leads of each thermocouple acquired an added electromotive force
whose magnitude was determined with the displacement of the leads and the
total voltage drop along the hot wire. This additional electromotive
force, which varied from & fraction of a microvolt to almost 300 micro-
volts, was eliminated by taking an average of the thermocouple potentials
before and after a rapid reversal of the hot—wire current.

The original callbrations were obtained from measurements in the
sulphur bath (832.3° F), then in the steam bath (212° F), and finally in
an ice bath (32° F). These three baths, as well as the naphthalene
(424.3° F) and benzophenone (582.6° F) baths, which later gave additional
data points for the curves of thermocouple slectromotive force plotted
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against temperature, each provided isothermal and practically constant
temperature conditions over an 18~inch section of the sample chamber.

. Hot-Wire Calibration

Potential measurements on the hot wire and O.l-ohm standard resistor,
the former at the temperatures of melting ice, boiling water, and boiling
sulphur (U.S.P.), allowed calculation of the constants necessary for use
of the Callendar equation, which expresses temperature as a function of
resistance over the entire range of the conductivity measurements. It
will be noted that the temperatures in this equation, which is used to
define the International Temperature Scale between 0° and 660° C, are
given in degrees centigrade. )

R, - R
t 0 t t
t - |z=—=——/100 + B -1
<R100 - Rq> (lOO >lOO (%)

where Rg, Ripggs Ry are the electrical resistances of the wire at 0°,

100°, and t° C, respectively, and 3 1is a constant obtained by substituting
for Ry the resistance of the wire at the boiling temperature of sulphur.,
The constants for the original hot—wire calibration are:

Rp = 0.055473 ohm 5 = 1.48

RlOO = 0.077205 ohm
-~ R100 _ 1.392 |
Ry,),), .6 = 0-14717 ohm Ro

The values of & .and Rjgo/Rg 1indicate that the hot—wire characteristics

are within the narrow limits which are generally accepted as an indication
of a satisfactory resistance thermometer.

Equation (4) was used to calculate epough points to make possible a
serles of large-scale plots of resistance against temperature. By use of
these plots, the temperature corresponding to the measured resistance
could be quickly read to the nearest 0.1° F. The accuracy of the temper—
ature measurements made by the hot wire depends on several variables and
is difficult to estimate, but measurement of the boiling points of naph—
thalene (Eastman's no. 168) and benzophenone (Eastman's no. 346) indicates
that the accuracy was good. The measured boiling points, when corrected
for barometric pressure, agreed in both cases with the accepted standard
values within 0.2° F.
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Recallbration of Hot Wire

During the measurements in the steam bath, frequent calibration
checks between conductivity runs indicated that the resistance of the
hot wire at a given temperature was unchanged. However, after transfer
of the test section to the naphthalene bath, the hot wire was found to
be touching the platinum tube wall (the maximum clearance was only
0.083 1in.) so that it became necessary to increase the hot—wire tension
to restore the wire to its original position. In an attempt to insure
centering of the wire, the tenslon was increased to approximately
25 ounces. Repetition of earlier measurements Indicated that the appa—
ratus was restored to its original condition and the measurements were
contlnued. As higher temperatures were reached, the resistance at a
given temperature increased very slowly at first, then more rapidly.

The hot wire was then recalibrated at the ice, steam, and sulphur
points. The constants had all increased somewhat (5 = 1.51), but a
recheck of the naphthalene and benzophenone boiling points indicated
that the temperature measurements were as accurate as they were when
the hot wire was calibrated originally. The measurements were then
continued with a 5-ounce tension on the wire until the last few measure—
ments were being made, when it became necessary to increase the total
hot—wire tenslon to 15 ounces to overcome bending stresses which were .
evidently applied to the ends of the hot wire by the thermal expansion
of the auxiliary-heater leads. This extra tension slowly increased the
hot—wire resistance until on the last measurement (at 909° F) a correc—
tion of 2.3° F was necessary. This is by far the largest correction
applied to any of the hot—wilre measurements and was necessary only for
the exhaust—gas data at 909° F.

Thermocouple Calibration

The five thermocouples (0.008-in.-diam., platinum to 90-percent
platinum and 10-percent rhodium wire) were calibrated in each bath
against the temperatures indicated by the hot wire. This method of
callbration should prevent appreciable errors in measuring the temper—
ature difference between the hot wire and tube wall because the conduc—
tivity measurements never involved temperatures that were more than
125° F from the closest calibration point at which the hot wire and
thermocouples were compared. This fact is important because, from the
nature of the measurements, most of the errors in the values of thermal
conductivity are likely to be due to errors in measuring the temper—
ature difference. '

The curves of thermocouple electromotive force and temperature
were all very close to the average curve determined by the National
Bureau of Standards (reference 8). The greatest deviation from this
curve by any of the thermocouples was 6 microvolts (1.2° F) at the sulphur
boiling point. This close agreement permitted accurate temperatures to
be obtained quickly from a series of large scale plots of the average
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data of the National Bureau of Standards plus a small correction plot of
the individual deviations from the curve. .

Despite the rather rough treatment to which the delicate thermo—
couple wires were unavoldably subjJected diring the transfers of the test
section, the original relation between the temperature and electromotive
force was retained during the several months of use. The one exception
to this otherwise excellent thermocouple performance occurred when the
thermocouple 5 suddenly showed a decrease in electromotive force at the
naphthalene point of 35 microvolts. An examination of the thermocouple
revealed no definite cause for the change, but a calibration check
showed that the former temperature — electromotive—force relation was
restored. :
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APPERDIX C

GAS SAMPLES

Alr

For most of the runs on ailr, the gas was dry and free of carbon
dioxide but at times, for reasons of convenience, runs were made with
the apparatus unsealed so that atmospheric air entered the sample chamber
without passing through the water and carbon—-dioxide absorption columnms.
No difference in thermal conductivity was observed between samples of
dry carbon—-dioxide—free alr and atmospheric air.

Exhaust Gases

Source.— The exhaust—~gas samples were obtained from a single—cylinder
engine using first—structure gasoline. The compression ratio was approxi-
mately 6 and the normal spark setting was used. Because past work (refer—
ences 9 and 10) has indicated that the fuel—ailr ratio is the only important
variable in determining the exhaust—gas composition, other factors such
as engine speed and load were varied, when necessary, to obtain extremely
high or low fuel—air ratios.

Method of transferring samples from engine to sample chamber.— The

exhaust—gas samples were obtained by means of a short sample pipe in the
exhaust—gas line about 1 foot from the cylinder. The hot gases cooled
imediately upon entering the evacuated glass sample flask, but were
reheated in an oll bath to temperatures between 250o and 300° F before
entering the sample chamber. This reheating retained the water vapor,
but practically all carbon particles, which were present in the rich mix—
tures, remained in the sample flasks.

The temperature of the sample chamber was always well above the con—
densation temperature of water vapor except possibly at the end seals,
which were cooled by air Jets. The glass capillary tubing that connected
the sample flasks to the sample chamber was not heated but was made as
short as possible to reduce the water—vapor loss to a minimum. In order
to fill the sample chamber for a conductivity determination, the gas
pressure within the chamber was reduced to a few tenths of an inch of
mercury by means of a mechanical vacuum pump; then the hot sample gases
were allowed to enter the chamber. Unless the gases that were pumped
out were similar in composition to the new sample, the chamber was filled
at least twice to insure a pure sample. . The system was periodically
checked for leaks and a few runs were rejected because of increase of
pressure durlng the runs.
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APPENDIX D

METHOD OF MAKING OBSERVATIONS

General Procedure

The measurements required for the thermal—conductivity runs were
similar to those for the calibrations except for two important differ—
ences. For conductivity runs, mich larger currents were used (2 to
5 amperes as compared with 20 to 50 milliamperes), the magnitude being
determined by the desired temperature difference between the hot wire
and the tube wall. For conductivity runs, the use of the auxiliary
heaters to prevent conduction losses through the hot-wire leads also
became necessary.

In each bath, the base temperature was fixed by the melting point .
(for ice) or the atmospheric boiling point of the bath fluid, but the
thermal conductivity of a gas sample could be measured at higher temper—
atures by increasing the hot—wire current. This simultaneously increased
the values of t and t,, thus glving a higher average temperature as

well as a higher temperature difference and allowing an almost continuous
series of measurements over the entire temperature range.

Attainment of Thermal Equilibrium

It was found that the most satisfactory method of attaining thermsal
equilibrium was to select the desired hot—wire temperature, then from
the calibration curves to note the hot—wire resistance and the electro—
‘motive force of thermocouples 1 and 2 (on the ends of the hot wire) that
were equivalent to the selected temperature. Next, by means of rheo—
stats in each of the three independent circuits, the currents in the hot
wire and the two auxiliary heater circuits were continuously adjusted so
that the equivalent resistance and electromotive—force values were
attained. As the test section approached thermal equilibrium, the hot
wire and auxiliary-heater currents also approached constant values. The
time necessary for obtaining equilibrium depended largely on the magni-— -
tude of the hot—wire current.

To obtain the best possible operating conditions when the resistance
thermometer and thermocouple readings indicated that the hot—wire
temperature was uniform and constant within *0.2° F sometimes required
several hours of manipulation. Once established, equilibrium conditions
could be maintalned indefinitely with only slight rheostat adjustments
if the sample were alr or exhaust gases from low—fuel-air-ratio combustion. -
However, since other variables affecting the conductivity of the exhaust
gases could not be controlled closely enough to warrant such laborious
measurements, slightly larger deviations were allowed for exhaust-gas
measurements than for measurements on air.
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In the case of the richer mixtures it was discovered that above a
temperature of about h50° F, the hot—wire—current value necessary to
maintain a given equilibrium temperature had to be slowly decreased. The
rate of current reduction necessary decreased with time of contact with
the apparatus and increased with temperature of the sample. Cases of
shifting equilibrium were followed for long periods and some still showed
a very slight continuous change after as long as 30 hours.

The cause of the shifting equilibrium was never positively ldenti-
fied, but since the avallable experimental evidence tended to disprove
such possibilities as increasing wire resistance, loss of water vapor
from the samples, and continuous shifting of the hot wire, it seems most
likely that small amounts of oxygen must have been causing the catalytic
oxidation of the hydrogen and carbon dioxide at the platinum surfaces.
This idea was supported by the slight decrease in pressure which accom—
panied the equilibrium shifts and the gas analyses of the original
samples. The analyses showed that even rich mixtures, contained small
amounts of oxygen as well as hydrogen and carbon monoxide. Platinum is
known to be a catalyst for the oxidation of hydrogen at temperatures as
low as 400° F and carbon monoxide at slightly higher temperatures (refer—
ence 11), but 1t had been expected that the oxygen content would be too
small to produce a noticeable effect. The oxidation of small amounts
of carbon monoxide to carbon dioxide would tend to decrease the power
necessary to maintain thermal equilibrium, because both carbon monoxide
and oxygen have slightly higher thermal conductivities than carbon
dioxide. However, the oxidation of hydrogen would be much more Impor—
tant because the conductivity of hydrogen is roughly seven times that
of air, and the conductivity of the end product, water, is slightly lower
that that of air. Because the decrease in the conductivity of the
samples amounted to only a few percent over a period of several hours,
the practical solution seemed to be to reach equilibrium-as soon as
possible and use the first data obtained for calculations. Results
obtained using this procedure naturally showed more erratic variatidns
because of the unavoidable Inclusion of some data taken before true
equilibrium temperatures were established and some after the conduc—
tivity had decreased.
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Figure 1.- Test section.
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Figure 2,- Boiling=-point tube in furnace,



NACA TN 1912

32

(*PepI0o8I 3I9M BIED [BOTIUSPT YOTYM IO SUsSWaJINSESW JO I8qUUnu Jussazdod
sToquAs juiod-eiep Jeou sIsqumpy) ‘*sanjexrsduwrs] jsurese pa130Td ITe JO AJTATIONPUOD [RWISY], -°¢ aanS1d

- ..mo ‘sanjersdwa ], _
000T 006 008 004 009 004 00% 008 - 003 001 : oooHo.
T T : _
P
B _ _ 4 . JIOM JussaIg O : ov10°
(21 eousxsjax) aourdsng A . . _ _ M
(6 ®oUaIaaI) ACUSRIE] PUE YIIESIep V \o\o =
(T oousasfeI) SUIFILID pUR JjBIISYS X o 5
5 ogt0" &
24 :
T 0220" <
v <
B A | o
v A 0920" £
ol |1 | z
4 m
fe}
v4 - \O\ OOMHO- /ﬂw
4+ e
2| _ 2
1P | &
5 T 0%E0
0880"




(*pepaoosd aIom BYEp TBOTIUSPT YoTym I0¥ mﬁ,m&mnsm.mmﬁ 10 JequMU JussoIdad STOqUIAS
Jutod-ejep Jesu sTequmN) ‘odnjeredwe; jsutede pejjold sesed jsneyxs jo £JIAT3ONPUOD TRWISY, -°F oanSTd

o
” A, ‘eanyeradwal
00TT 000t 006 008 00L 009 00G 00¥% 00¢ oo%w._” o
[ |
P
Iy ——
25T @ — 7| 0810°
- GTIT" O©
ZLO"  t — -
960°0 Vv %372
_ITy/1ond , A 0330°
. e |
¥
- X \c\ 0920"
¥ \._.V\ L
pz 8
7t iy L 0080"
A o <
] A L&
\\ \ <
1 V , 0780
V + O : 1 .
et 1} \\
N - 8 \
A \q 08€0°
= 0 |
< \\
A e
o] 03%0°

(13/,) (35 bs)(au)/n3g *£3TATIONPUOD TEWISY L



NACA TN 1912

34

(*pepaoosl sxem Bjep H.moﬂqog Yomm IO0¥ mﬁoﬁ_m.nnmmmﬁ Jo. Jequmu s1® SToquIAs

jutod-eyep JB8U SIsqUMN) ‘*OTjel ITe-Ton] jsurede pajjold sosed jsneyxs Jo AJIAT}oNpuUoD TeWIsY], -°*G oInSrJ

ary/tend :
gL 91° T 4% o1 80" 90" %0
%
J\V.m(
\.A\\
nox
\ \
' __e:g g
) \\w\ d
083 ™ o 5
B MmN
o
o 7 |
e O
007 # 3 o
U
3\\
me “
Io .wﬂwﬁwpwgﬁmﬁ
I 1 | |

00TO"
0FTO"

0810°

0630°

0920°

00e0"
ove0’

080"

(%/d,)(3 bs)(ay)/mig ‘£3TATIONPUOD TRULISYL




35

NACA TN 1912

*oanjeraduwa) jsutede pajjord wmurerd jo LjAISsTyg -

p: ‘oanjesadwal,

°g aan3t g -

00ST owﬁ 00T 0021 00TT 0001 0086 008 004 009 00¢ 00¥% oomN o
~" VIVN ~
\ wo.
-
7
\ 1
, \ 90°
mco.sownnoo JOF posn aAIND UBSN — Ve
\ \\ i el
\ e — 80°
\ or*
|~ \
(G sousasyax)
\\ — Y{11Je3I8A\ pue J0IWL],
21"
(T @ousasyea) . \\ /
ss18D) \
H \\ Y
_ \\ - (g1 eouaxsjaa) -
\ - s¥oa ) pue UOSSTABC
\ 1 @.H-
- \
~
— \
\ ! | v
02"

£yatsstwre TROLIayYdSTIWSY TBI0L



36

Percentage of gas in mixture

Percentage of gas in mixture

NACA TN 1912
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Figure 7,- Exhaust-gas composition plotted against measured fuel-air ratio.
(Small numbers near data-point symbols are number of determinations
for which identical data were recorded,)
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Figure 8.- Diagrammatic sketch of test section and heater circuits.
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