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SUNMARY 

By means of a hot-wire method, the thermal conductivity of air was 
measured from air temperatures of 500 to 9000 F and the thermal conduc-
tivity of gasoline-engine exhaust gases was measured from gas temperatures 
of 2500 to 9000 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-alr ratios of 0.10 to 0.15) show increasingly larger values of 
thermal conductivity, the largest being approxiinately 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 air, 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 series of measurements on exhaust gases at conven-
ient temperatures between 2500 and 9000 F. Measurements 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 air and exhaust gases.
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This research was carried- out in the laboratories of the Division of 
Mechanical Engineering of the University of California under the sponsor-
ship and- with the financial assistance of the National Advisory Committee 
f or Aeronautics.

APPARATUS PD PROCEDURE 

Necessary Measurements 

The thermal conductivity of a material may be determined by siniulta-
neous measurement of fpur 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- ( ).i) 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 the 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 is 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.
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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 'ad.ients employed, there should be no measurable heat transfer 
by convection. To check this premise, a series of conductivity measure-
ments was made with conditIons 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.IL#. inch of mercury. Eeat transfer by 
conduction and radiation Is known to be unaffected by pressure changes 
in this range, but if 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 series 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-
mocouplés 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 inaxinu.un 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 L 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 weight 
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 resistance, 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, respectively. 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 conditions, the thermal conductivity of the 
enclosed gas may be calculated from the following equation: 

.

23tkL(t1 - t2) 
=	 (la) 

ioea) 

If the inner cylinder Is heated electrically, as In the present case, 
equation (ib) also applies,

	

= 3. 14.l3EI -	 (lb) 

By combining the two equations, 

k = 
loge()[33E —_rad.]_ 0 295O [31	 - .rad.1 

	

L(t1 - t2) J-• •	 L(t1 - t2) j	
(2) 

where 

A1	 surface area of hot wire, square feet 

E	 potential drop along hot—wire length L, volts \ 

I	 electric current through hot wire, azaperes 

k	 mean thermal conductivity of enclosed gas (for small 
temperature differences may be assumed to be 

because k is practically a linear function of t), 
Btu/(hr)(sq ft)(°F/ft) 

L	 length of hot wire measured between potential leads, feet 

rate of heat transfer from wire to tube by conduction through 
enclosed gas, Btu/(hr)
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-rad	 net rate of heat transfer by radiation from hot wire 

- 
to tube, Btu/(hr)

\ a
	 a2 

r1	 radius of hot wire, inches 

internal radius of platinum tube, inches 

T1	 temperature of hot wire, °R 

T2	 temperature of inside wall of platinum tube, °R 

t1	 average hot—wire temperature, °F 

t2	 average tube—wall temperature, °F 

a, a2	 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 is equal to Its emissivity.) 

a	 Stefan-Boltzinann constant, 0.173 X lO, Btu/(sq ft)(hr)(°R) 

DISCUSSION OF RUL1 

Apparatus 

The results obtained (see figs. 3 to 5 and. 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 9000 F. 

If the apparatus were to be reconstructed, the only basic change 
necessary would be to make it 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 
so 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 lead.s 
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 Mr 

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 obtained 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 n reference i. 

Rad:iation correction.— At least part of the reason for the lower 

values given in reference 3 is 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 emissivities 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 the 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. This 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 eLhaust gases (fig. Li.) 
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 willie the conductivity 
of the sample was apparently changing (appendix D). The magnitude of 
this apparent 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). Eowever, 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 
appreciable leak existed. Part of the change was possibly due to cata-
lytic action and part to some unexplained transient effect of hydrogen 
or carbon monoxide 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—air ratios are lower than those measured. 

Evaluation of data.— The cause for the necessity of decreasing the 
power 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, end unburned hydro-
carbons. The conductivity measurements of this iüvQstigation 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 ratio 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 Increase 
of hydrogen and. carbon monoxide and the decrease of water and. carbon 
dioxide; 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—air 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 RULTS 

From a measurement of the thermal conductivity of air and. of exhaust 
gases between 500 and 9000 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 sane 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-air 
ratio of 0.15 the thermal conductivity is roughly 30 percent greater 
than for air at the same temperature. 

Department of Engineering 
University of California 

Berkeley, Calif., November 12, 19!-5
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APPENDIX A 

DETAUS 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 platiuum 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. 21 
wire) which prevented conduction losses through the ends of the hot wire 
(0.0309-in, diem.) during conductivity runs. Surrounding the vertical 
hot wire was a 0 . 197-inch-ins ide--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 changing 
the tension on It. At each end of the sample chamber, the leads wer 
taken out through rubber stoppers by means of De Khotinsky cement seals. 

Current Circuits 

The electric currents for the hot wire and auxiliary heaters were 
supplied by three independent groups of almost constant—voltage lead. 
batteries. Each circuit was also equipped with an ammeter and rheostats 
to provide adequate current control, and in addition the main circuit 
had a 0.1-ohm standard resistor in series with the hot wire.
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Potential Circuits 

The calibration in.easurements 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 E.S. 
galvanomoter 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 K potentiometer with 

a Leeds and Northrup type R galvanometer as the null instrument. The 
K2 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 0.1-ohm standard resistor was cali-
brated by the manufacturers (Leeds and. Northrup Co.) and was maintained 
in a well-stirred oil bath at approximately 77 F. 

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 built-in sample chambers, which provided the 
uniform and constant temperatures necessary for both calibration and 
conductivity runs.
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APPENDIX B 

CALRATION OF	 T 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-welding 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 hypsoineter of 
the type developed. by Mueller and Sligh (reference 7) 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 obtained on the calibra-
tions by making 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  ad.d.ed. 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 a 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 calibrations 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 
(1i.2I..3° F) and. benzophenone (582.6° F) baths, which later gave additional 
data points for the curves of thermocouple electromotive 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. 

Eot-Wire Calibration 

Potential measurements on the hot wire and 0.1-ohm standard resistor, 
the former at the temperatures of melting ice, boiling water, and boiling 
sulphur (ij.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 00 and 6600 C, are 
given in degrees centigrade. 

7R..-R,\	 / 
t -	 '	 ' 1100 + &_.L- - 

\R100 - Roj	 \100 1100 

where R0, R100, Rt are the electrical resistances of the wire at 00, 
100°, and. to C, respectively, and b is a constant obtained. by substituting 
for Rt the resistance of the wire at the boiling temperature of sulphur. 
The constants for the original hot-wire calibration are: 

= 0.055 14.73 ohm	 = 1.14.8 

R100 = 0.077205 ohm 

R6 = 0.1717 ohm	

- R100 = 
1.392 - 

The values of ö and	 Indicate that the hot1-wire characteristics 

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

Equation (14.) was used to calculate enough points to make possible a 
series of large-scale plots of resistance against temperature. By use of 
these plots, the tentperatur correspond.ing to the measured resistance 
could. be quickly read to the nearest 0.10 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. 314.6) indicates 
that the accuracy was good. The measured boiling points, when corrected. 
for barometric plessure, agreed In both cases with the accepted standard 
values within 0.2° F.

(ii.)
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Recalibration 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 vafl (the maximum clearance was only 
0.083 in.) 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 tension 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 
eontinued. 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-
mants were being made, when it became necessary to increase the total 
hot-wire tension to 15 ounces to overcome bending stresses which were. 
evidently applied to the end-s 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 2.30 F was necessary. This is by far the largest correction 
applied to any of the hot-wire measurements and, was necessary only for 
the exhaust-gas d.ata at 909° F. 

Thermocouple Calibration 

The five thermocouples (0.008-in.-diain., 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 
calibration 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 sôale 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 treatmant to which the delicate thermo-
couple wires were unavoidably subjected during 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 inicrovolts. 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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GAS SAMFLE 

Air 

For most of the runs on air, 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 columns. 
No difference in thermal conductivity was observed between samples of 
dry carbon-dioxide-free air and atmospheric air. 

Exhaust Cases 

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-air 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 
inuned.iately upon entering the evacuated glass sample flask, but were 
reheated in an oil bath to temperatures between 250 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 during the runs.
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METhQD 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-
encés. For conductivity rims, much larger currents were used. (2 to 
5 amperes as compared with 20 to 50 milliamperes )., the magn.itud.e being 
determined by the desired. temperature difference between the hot wire 
and. the tube wail. For conductivity runs, the use of the auxiliary 
heaters to prevent conduction losses through the hot-wire lead.s 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-dre current. This simultaneously increased. 
the values of t1 and. t2, thus giving a higher average temperature as 
well as a higher temperature difference and. allowing en almost continuous 
series of measurements over the entire temperature range. 

Attainment of Thermal Equilibrium 

It was fOund. that the most satisfactory method. of attaining thermal 
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 ±0.20 F sometimes required 
several hours of manipulation. Once established., equilibrium conditions 
could be maintained, indefinitely with only slight rheostat adjustments 
if the sample were air 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 11.500 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 identi-
fied, but since the available 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 li.00° F and carbon monoxide at slightly higher temperatures (refer-
ence 11), but it 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 oxdation of hydrogen would be much more impor-
tant because the conductivity of hydrogen is roughly seven times that 
of air, arid. 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 eqüilibrium'as soon as 
possible and use the first data obtained for calculations. Results 
obtained using this procedure naturally showed more erratic variations 
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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Vent 

Asbestos -fiber-composition to 

Upper heater 
(15 ohms,No. 16 Nichrome wire 

Asbestos -covered
steel tube 

Asbestos -fiber-composition
spacer 

Lower heater 
(2.50 ohms, No. 16 Nichrome wire 

Asbestos-fiber-composition disks 

Supplementary heater 
(5 ohms, Nichrome ribbon)

Sample chamber 

3bestOs -fiber-composition cover 

ilass boiling-point tube 

Iron radiation shield 

Position of test section 
during measurement 

Vapor 

Powdered silica gel 

Boiling liquid 

3ample chamber 

Scale, 1 inch = 8 inches 

Figure 2.- Boiling-point tube in furnace.
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.04	 .06	 .08	 .10	 .1	 .14	 .04	 .06	 .08	 .10	 - .12.14 

	

Fuel-air ratio	 Fuel-air ratio 

	

(a) Hydrogen.	 (b) Carbon monoxide and methane. 

18 

14 

10 
(a 
ha 

a)

__4\<O2__ 

____a.., ,O S 

* * —*-

Lb -- - Gerijsh and Voss (reference 10) 
- D'Alleva and Lovell (reference 9). 

Present work 

I 

	

a) L4	 . /	 O____ , 

LC 

	

C	 ,v. 

, >N: 

02 // 

	

co	 /' 

	

C	 _____ 

.04	 .06	 .08	 .10	 .12	 .14	 .04	 .06	 .08 -- .10	 .12	 .14 

	

Fuel-air ratio	 Fuel-air ratio 

	

(c) Carbon dioxide and oxygen. 	 (d) Carbon dioxide, carbon monoxide, oxygen, 
hydrogen, and methane. 

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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C

A ammeter 
a ,b auxiliary heaters, insulated from 

platinum wire except at w 
c copper current leads 
h hot wire 
n nickel current leads 
p platinum tube 

s soapstone spacer 
std 0.1-ohm standard resistor 
sw switch 

w Nichrome welded to platinum 
1,2,3,4,5 platinum-rhodium 

thermocouple

Figure 8.- Diagrammatic sketch of test section and heater circuits. 
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