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Foreword

The National Standard Reference Data System is a government-wide effort to give to the techni-
cal community of the United States optimum access to the quantitative data of physical science, critically
evaluated and compiled for convenience. This program was established in 1963 by the President’s
Office of Science and Technology, acting upon the recommendation of the Federal Council for Science
and Technology. The National Bureau of Standards has been assigned responsibility for administering
the effort. The general objective of the System is to coordinate and integrate existing data evaluation
and compilation activities into a systematic, comprehensive program, supplementing and expanding
technical coverage when necessary, establishing and maintaining standards for the output of the par-
ticipating groups, and providing mechanisms for the dissemination of the output as required.

The NSRDS is conducted as a decentralized operation of nation-wide scope with central coordi-
nation by NBS. It comprises a complex of data centers and other activities, carried on in government
agencies, academic institutions, and nongovernmental laboratories. The independent operational status
of existing critical data projects is maintained and encouraged. Data centers that are components
of the NSRDS produce compilations of critically evaluated data, critical reviews of the state of quan-
titative knowledge in specialized areas, and computations of useful functions derived from standard
reference data.

For operational purposes, NSRDS compilation activities are organized into seven categories as
listed helow. The data publications of the NSRS, which may consist of monographs, loose-leaf sheets,
computer tapes, or any other useful product, will be classified as belonging to one or another of these
categories. An additional “General” category of NSRDS publications will include reports on detailed
classification schemes, lists of compilations considered to be Standard Reference Data, status reports,
and similar material. Thus, NSRDS publications will appear in the following eight categories:

Category Tile
1 General
2 Nuclear Properties
3 Atomic and Molecular Properties
4 Solid State Properties
5 Thermodynamic and Transport Properties
6 Chemical Kinetics
7 Colloid and Surface Properties
8 Mechanical Properties of Materials

Within the National Bureau of Standards publication program a new series has been established,
called the National Standard Reference Data Series. The present report, which is in Category 5 of the
above list, is Number 8 of the new series and is designated NSRDS-NBS 8.

A. V. AsTiN, Director.
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PREFACE

The work presented in this report consists of the critical evaluation and analysis of the available thermal
conductivity data on eleven metals and nine nonmetals mainly for the solid state, on seven fluids for both the liquid
and gaseous states and on two for the liquid state only. The materials studied were selected primarily for their
potential applicability as reference standards or because of their technical importance. The temperature range for
which values are given often exceeds that for which these values are known with a high degree of certainty. While
TPRC assumes full responsibility for the recommendations of these reference data, it also reserves the right to

revise these recommendations in the light of better or more complete information that may become available sub-
sequently.

Graphite was amongst the materials originally selected for study but is omitted from this report. While the
work on graphite has been completed and the data scrutinized, it has not been possible to arrive at a satisfactory
basis on which to recommend "most probable!' standard reference values. This effort will continue into the second

year and it is hoped that further consideration of the problem will enable the formulation of appropriate recommen-
dations.

The preparation of this report has aroused interest in several other materials for which similarly assessed

thermal conductivity values are required. These will receive detailed consideration in subsequent reports of this
series.

As a result of this study, it has become possible to assess the state of adequacy of our knowledge on the
thermal conductivity of a selected group of materials. Unfortunately, the results are not encouraging in a large
number of the cases and serious new measurement effort and the establishment of improved capabilities are indi-

cated. TPRC has taken active measures to contribute to this most urgent measurement program on a selective

bhasis, based on findings as discussed in this report.

The present work was greatly facilitated by the wide scope of knowledge previously collected and organized
at TPRC. In fact, without such extensive input, the scope of work generated during the first year could not have
been possible. The senior staii affiliated with this program consisted of Dr. R, W. Powell and Dr. C. Y. Ho
who collaborated on the sections comprising the metallic and nonmeétallic solids and Dr. P. E. Liley who was
responsible for the sections on fluids. Dr. Y. S. Touloukian has served as coordinator and adviser to the program.
The senior authors are grateful for the cooperation and assistance they have received from Mr. George Wang and
his group and the staff of TPRC's Scientific Documentation Division, who have directly contributed to this program.

In order to give a greater degree of confidence to the recommendations set forth in this work, the prelimi-
nary report was distributed to some 54 active workers in this field for their comments and criticisms. The
authors wish to express their appreciation and sincere gratitude to all who responded so generously. Particular
acknowledgment is made for the valuable contributions of the following individuals:

Dr. N. G. Backlund, Royal Institute of Technology, Stockholm, Sweden,

Dr. C. F. Bonilla, Columbia University, New York City, New York,

Dr. A. Cezairliyan, National Bureau of Standards, Washington, D. C.,

Mr., G. L. Denman, Air Force Materials Laboratory, Wright-Patterson AFB, Ohio.,
Dr. E. Deviatkova, Institute for Semiconductors, Leningrad, U, S, S.R.,

Mr. D. R. Flynn, National Bureau of Standards, Washington, D. C.,

Dr. P. E. Glaser, Arthur D. Little, Inc., Cambridge, Mass.,

Dr. D. T. Jamieson, National Engineering Laboratory, East Kilbridé, Scotland,

Dr. J. Kestin, Brown University. Providence. R. I..

Dr. P. G. Klemens, Research Center, Westinghouse Electric Corporation, Pittsburgh, Pa.,
Dr. M. J. Laubitz, National Research Council, Ottawa, Canada, 7

Mr. C. F. Lucks and Mr. H. W. Deem, Battelle Memorial Institute, Columbus, Ohio,
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D. L; McElroy and his colleagues, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
. A. Missenard, Paris, France,

C. D. Pears, Southern Research Institute,i Birmingham, Alabama,
Dr. W. A. Plummer, Corning Glass Works, Corning, N. Y.,
Dr. H. Poltz, Physikalisch - Technische Bundeéanstalt, Braunschweig, W, Germany,
R. L. Powell, National Bureau of Standards, Boulder, Colorado,

F Richter, Phoenix-Rheinrohr Ag., Dusseldorf, W. Germany,
Dr. K. Schafer, University of Heidelberg, W. Germany,
Dr. G. A. Slack, General Electric Research Laboratory, Schenectady, N. Y.,
Prof. N. B. Vargaftik, Moskovskii Aviatsionnyi Institut, Moscow, U.S.S.R.,
Dr. R. G Vines, C.S.R.1 O., Melbourne, Australia,

Dr. G. K. White, National Standards Laboratory, C. S.I R.O., Chippendale, N, S.W., Australia

It goes without saying that while the indiwjriduals mentioned above have read selected parts of the preliminary

report and given helpful comments and criticisrfgls, this in no way commits them to the views expressed in this
report for which the authors assume complete r}esponsibility.
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PART 1

THERMAL CONDUCTIVITY OF METALS



PART.I - THERMAL CONDUCTIVITY OF METALS

A. Introduction

The metals studied in this report consist of aluminum (solid and liquid state), copper, gold, iron (Armco

and pure), manganin, mercury (liquid state), platinum, platinum alloyed with 40% rhodium, silver, and tungsten.

In order to provide as complete a background of available knowledge as possible, the TPRC data sheets for
each of the above materials have been thoroughly updated. In doing this, the original papers have been critically
reexamined and more complete specification tables have been prepared.

Earlierbanalytical work (1,2, 3]* at the TPKC, had dealt in the main with the thermal conductivities of
metals at low temperatures. This work showed that the available data for 22 metals, some 1, 000 points for 83
different samples, could be reduced to a single curve by plotting the reduced thermal conductivity against the re-
duced temperature. At low temperatures the thermal conductivity of a metal has a maximum value, ky,, at a
corresponding temperature, Tp,. The reduced thermal conductivity, k*, has been defined as k/ky,, and the re-
duced temperature, T*, as T/Tp,.

The standard deviation of the experimental points from the curve

K* = [% () + 51%*] ’ (1)

w

is calculated to be 0. 0320,

It was further shown that in the low temperature region, 0<T <1.5Ty,, the thermal conductivity could
be calculated by the equation

-1

k= [a' T + ﬁ/T] ’ (2)
where
a_ :
o' =oz"'(u%.> m+1 3)

In this equation ¢", a, m, and n are constants for a metal whereas 8 and ¢' are dependent on the purity and
perfection. Theoretically,

B=pu/Lo (4)
where p, is the residual electrical resistivity and L, is the theoretical value of the Lorenz function and equal to
2.443 x 10-8 volt? K%, The parameter B is also obtainable by fitting obsexrved values of the thermal conductivity
at temporatures below Ty, to Equation (2), and, for sufficiontly low \;alues of T, 8 =T/k is a good approximation.
Hence, B can be calculated from either the residual electrical resistivity or the thermal conductivity at very low
temperatures. This quantity is a function of the net chemical purity and physical imperfection of the sample, be-
coming less than 0. 02 for highly pure metals. This form of equation indicates the very marked dependence of the
thermal conductivity in the region of T, on the value of 8, that is, on the degree of purity and perfection of the
sample.

In the present report the foregoing equations have been used to derive thermal conductivity values up to
temperatures of about 1.5 Ty,. The values of thé constants ¢, a2, m and n for each metal are given in Table 1
together with the three parameters ', 8, and the electrical resistivity ratio pyysK/ps 2K which are functions of
the degree of purity and perfection of the metal and hence differ from one specimen to another.

The values of 8, included in Table 1, column 9, are the lowest that have been obtained for each metal
from thermal conductivity measurements,and,in some instances, these values can be compared with those derived
for the same sample from electrical resistivity measurements, column 8. Where the 8 values derived in these

¥ References appear under the heading REFERENCES for each of the parts.
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two ways agree reasonably well, that obtained from the thermal conductivity measurements, has been the value
chosen for subsequent calculations. However, for iron and tungsten, where the agreement is poor, the B value

derived from the electrical resistivity data has been used.

The values of pyrgk/Py K Of column 6, relate to the purest samples for which low-temperature thermal
conductivity measurements have been reported, whereas the valués of this ratio given in the last column of the
table are the highest that have been reported, so far, Comparison of the values in these two‘ columns reveals very
large differences for all metals. This indicates that the much purer samples now becoming available will possess
correspondingly lower § values according to Equation (4) and higher thermal conductivities, according to Equation

(2).

At the present time, the choice exists of reporting for a pure metal in this low temperature range, either
the highest thermal conductivity values based on actual measurement of the property, or, the much higher thermal
conductivity values that would result when these much lower 8 values are inserted in Equation (2).

The low temperature thermal conductivities given in Table 2a and shown graphically in Figure 1 have
been ublalned by the first of these lwo methods. The corresponding values of py and the chemical purity for each
pure metal are included in Table 2a, These quantities specify each pure metal for which thermal conductivity val-
ues are tabulated to about 1.5Ty, and, in the temperature interval from this limit to about 100 K, smoothly falling
curves have been drawn (o link on with the most probable curves proposed for the higher temperature range.

Because of the very strong dependence of the low-temperature thermal conductivity of a pure metal on the
physical perfection and on the degree of purity, it follows that a pure metal is not likely to be an ideal material for
use as a thermal conductivily standard at low temperatures. In the high thermal conductivity region there will
probably be no altemativ;e, but, when otherwise acceptable, a binary alloy is to be preferred. This should be com-
posed of reasonably pure constituents, be metallurgically stable and insensitive to small compositional changes.
When a pure metal is used, a recommended procedure for a particular sample would be to measure p at room and
liquid helium temperatures, then to evaluate B from Equation (4) and derive k from Equation (2). This should be
done after the sample is mounted in the thermal conductivity apparatus and when it is unlikely to be subjected to
further strain,

In order to assist in determining the most probable thermal conductivity - temperature curve for each
metal in the higher temperature range, the available experimental data have been plotted with linear coordinates in
Figures 3 to 13.

Following the figure for each metal is a specification table which provides the chemical composition and
- other details for each specimen. In the tables, the code designations used for the experimental methods are as
follows:

Comparative method

Flectrical method

Forbes bar method

Longitudinal heat flow method
Periodic or transient heat flow method
Radial heat flow method
‘Thermoelectrical method

g e Q

For curves listed in the specification table but not shown in the figure, particularly in the low temperature fegion,

one is referred to the TPRC Data Book, Volume 1, Chapter 1 [4], in which complete numerical data tables are
also given.

Each figure includes a heavy broken line which is considered to represent the most probable curve of ther-
mal conductivity versus temperature for a high purity sample of the metal. This cufve has at timés been based on
rather scanty information, and should therefore be accepted as an attempt to make the most of existing knowledge
and subject to modification in the light of further work. Guidance has at times been sought from electrical resis-
tivity data, but these are often missing. Furthermore, the extent to which the Wiedemann-Franz-Lorenz law



can be used to evaluate thermal conductivities over a wide temperature range is a matter that still has to be more
fully investigated. Only as more thermal conductivity workers collaborate by including electrical resistivity
measurements whenever possible, will sufficient knowledge become available to determine just how the Lorenz
function varies with temperature for the different metals. At sufficiently high temperatures the Lorenz function
often tends to approximate to the theoretical value, but it seems that transition metals may present an exception.
At low temperatures, T <8, where 8 is the Nehye temperature, two opposing effects become important and the
Lorenz function may either increase or decrease with decreasing temperature before finally returning to about the
theoretical value at near absolute zero.

Some pertinent comménts regarding the thermal conductivity of each metal for temperatures above 100 K
are given in the following section, and the recommended values are reported collectively in Table 2b and plotted in
Figure 2. In the Tables 2a and 2b, the third significant figure is given only for the purpose of comparison and for
smoothness and is not indicative of the degree of accuracy.

B. Thermal Conductivity of a Group of Selected Metals

Alurinum

For aluminum additional measurements would be of interest at temperatures immediately above and below
room tcmpceraturc for a range of compositions including a sample of really high purity. Interest in this tempera-
ture region has been revived since Powell et al. [5] reported a minimum at about 220 K in the thermal conductivity -
temperature curve for a sample of high purity aluminum (99. 993%). For another sample, Flynn [6] has since re-
ported a minimum at about 240 K and, amongst older results, minima have been found at about 160 K and 145 K by
Lees [7] and Powers, Ziegler and Johnston [8] for samples of much lower purity (99% and 98. 17%). These four
results indicate the temper'ature of the minimum to increase with increase in thermal conductivity and presumably
with purity, and it is of interest to note that the measurements of Powers, Schwartz and Johaston [9] for a lighly
pure (99. 99%%) sample had decreased to a constant value at 237. 6 K, the upper limit of their experiment. At
temperatures above normal there are strong indications that the thermal conductivity increases to a gentle maxi-
muin and then decreases o the melling point, but so far, only one sel of measurements; those reporied by Flynn,
have covered a sufficient range to include both the minimum and the maximum. This explains the need for further
investigations to be made on a range of samples of aluminum.,

The recommended curve follows the data of Powers, Schwartz and Johnston at 100 K, falls to 2 minimum
lying between their data and Flynn's, rises to a maximum followingvthe data of Powell et al., then continues close
to the data of these latter workers.

Electrical resistivity values have been reported by Powell et al. (5] and by Mikryukov [10]. The values
derived for the Lorenz function by these workers agree to within 1 or 2 percent for all but the lowest temperatures,
but the electrical resistivities of the Russian work are up to 5 percent greater. These results support the conclu-
sion of Powell et al. that the Lorenz function of aluminum is only weakly dependent on purity at temperatures above
normal and can serve as an aid in determining the thermal conductivity of a particular sample from a measurement
of its electrical resistivity, The Lorenz function can be assumed to be 2.35 x 1078, 2,40 x 1078, and 2,42 x 1078
volt? K™% at 473, 673, and 873 K, respectively. The work of Powell et al. [11] would indicate very little change in
the Lorenz function to occur on entering the liquid phase. »

Figure 3b relates to the thermal conductivity of liquid aluminum and shows very diverse values {o have been
obtained. Only Powell et al. included measurements of the electrical conductivity, and it is interesting to note that
their values of the Lorenz function are close to the theoretical value, being respectively only about 0. 5% and 1. 5%
lower at 973 and 1223 K. Mention of this is made because Grosse [ 12] has recently assumed the theoretical value
of the Lorenz function to hold from the melting point to the critical point when deriving values for the thermal con-
ducitivity of aluminum over the entire liquid range. For the electrical conductivity of molten metals Grosse [13]
has proposed an equation of the form

4



(c*+b) (T*+b) =a (5)
where o* = oT/0f
oT is the electrical conductivity of the molten metal at a temperature T between the melting point Ty and the
critical point T, and op is the corresponding electrical conductivity at the melting point. T* is given by
(T - Tf)/ (T " Ty). The quantities a and b are constants. At T both ¢ and k are assumed to be zero. Part of
the curve derived in this way for the thermal conductivity of liquid aluminum is shown by the thin dash-dot line of

Figure 3b. This curve has a maximum value of 1.17 W cm™ K1 at 2200 K.

The electrical conductivity values assumed by Grosse for liquid aluminum near the melting point were those
of Roll and Motz [14]. These values were some 6 percent higher than those of Powell et al. which accounts for
much of the difference between their thermal conductivity curves. The two curves are almost parallel, and the
present recommended curve is the heavy broken line shown between them, but biased toward the experimentally
determined thermal conductivity values. At «abouf 950 K this line passes close to the values due to Konno [15]
which are the first such measurements made on liquid aluminum.

These recommended values indicate that on passing from the solid to the liquid state the thermal conductiv-
ity of aluminum decreases by a factor of about 2. 3.

The recommended values are thought to be accurate to within +4 percent below room temperature and

+2 percent to £3 percent above. For liquid aluminum the values are probably good to within +5 percent.

More attention should also be directed to the determination of the electrical resistivity of liquid aluminum.

Copper

Well over a hundred separate determinations of the thermal conductivity of copper have appeared in the
literature. Despite this large number, there is the usual dearth of information in the immediate sub-normal temp-
erature region and at high temperatures. Indeed, no measurements to high temperatures appear to have been made
for high-purity copper. Furthermore, relatively few workers have included measurements of the electrical resis-
tivity of their samples. Of these, the data of Meissner [16], Jaeger and Diesselhorst [ 17], Schofield [18], Smith
and Palmer [19], Mikryukov and Rabotnov [20] and Powell and Tye [21] all yield values of the Lorenz function
which are in the range 2. 25 x 1078 to 2. 42 x 1078 volt? K™2, that is below the theoretical value. Only the work of
Mikryukov [10] yields values as high as 2. 50 x 1078 suggesting that his thermal conductivity measurements for
copper may err on the high side. The earlier measurements of Mikryukov and Rabotnov [20] were made on a less
pure sample and at their highest temperatures of about 800 to 1000 K their thermal conductivity values agree with
those of Fieldhouse et al. [22] for a sample of electrolytic tough pitch copper to within 4 percent. Both of these
curves are believed to be below the curve of high purity copper. The broken lineproposed for the latter has been
derived by assuming the Lorenz function to increase from 2. 29 x 1078 at 273 K to 2. 40 x 1078 at 873 K and above.
The electrical resistivity values of Meechan and Eggleston [23] for a 99. 999 percent copper have been used.

Values for the thermal conductivity of liquid copper are available, but these have been shown [ 11, 24] to be
from 16 to 60 percent below the straight line

k =0.012+232x 10-5pE

which fits the experimental data for several molten metals and alloys. They are also below the curve derived by
Groseo [12] from eloctrical conductivity data [25]. Furthor mcosuroments are thought to bo nocossary bofore any

firm recommendations can be made for copper in the liquid phaée.

To proceed from 1.5 T,, to room temperature the recommended curve follows the data of White and
Tainsh [26] to 55 K and continues through about the mean of results of several workers including Lees [7],
Berman and MacDonald [27], White [28], Powell, Rogers and Coffin (297, and Powell, Roder and Hall [30] to

link on with the proposed higher temperature curve. The measurements by the last mentioned workers were on



one of the purest samples, yet from about 60 K upwards their curve tends to lie below the curves for samples of
lower purity, and, at their upper temperature limit of 105 K their value is some 7. 5 percent below the present
recommendation. Clearly this is unsatisfactory, and further attention should be given to pure copper in the sub-

normal temperature region.

Owing to the dearth of data for high-purity copper, the recommended curve has a probable uncertainty of

+ 3 percent near room temperature increasing to £5 percent at low and high temperatures.

Gold

Much more experimental work is required on gold before any firm recommendations can be made. Only
Mikryukov [10] has made determinations of the thermal conductivity of gold at temperatures above 373 K, and the
usual dearth of information in the immediate sub-normal temperature region also exists. The measurements of
White [31] had extended from liquid helium temperatures to about 150 K and at the upper limit the curves for four
specimens had each passed through a minimum and had commenced to increase. Much of this effect was, however,
attributed by White to no correction being made for heat transfer by radiation and no definite claim had been made
that a true minimum had been obtained. Indeed, White 327 has suggested that the appropriate corrections for
specimen Au4 would amount to approximately -0. 15 £ 0. 03 W em ™ K1 at 150 K, about -0. 08 at 125 K, and -0. 02
at 100 K. It will be seen that these corrections suffice to remove the minimum for this sample. The most probable
curve has been drawn to closely satisfy these corrected values, but the values in this region should be regarded as
very tentative and subject to modification. ’

At higher temperatures the measurements of Mikryukov over the rangé 330 to 963 K yield Lorenz functions
that are in good agreement with the theoretical value, but his electrical resistivity values appear to be high. At
his highest temperature Mikryukov's electrical resistivity is 11 percent greater than that of Meechan and Eggle-
ston (23]. But this is not the only uncertainty. The resistivity at 273 K derived from Meechan and Eggleston's
value of 2. 35 x 1076 ohm cm at 293 K is about 2. 19 x 1078, The Jaeger and Diesselhorst [17] value of 2. 42 x 1076
at 291 K converts to 2.27 x 1078 at 273 K whilst other reported values at 273 K are; Kannuluik [33] 2. 13 x 1076,
Meissner [16] 2.065 x 1075, Gruneisen and Goens [34] 2. 04 x 1076 and Damon and Klemens [357] 2. 032 x 1078,
Thus the extreme difference in the values reported for the electrical resistivity of gold at 273 K amounts nearly to
12 percent. Unpublished measurements by R. W. Powell tend to confirm the lowest values. Therefore, in deriv-
ing the thermal conductivity values shown by the broken line use has been made of Powell's resistivity values of
2,2, 3.71, 5.52, 7.47, 9,65, and 12. 64 yohin cm at 293, 473, 673, 873, 1073, and 1273 K, respectively, and of
assumed values for the Lorenz function which increase from 2. 37 x 1078 volt? K™% at 293 K to 2.45 x 1078 at 573 K
and thereafter remain constant. It is clear that the values at present proposed have but little experimental support.
Yet gold might well prove to be an acceptable material for a reference standard. Gold is also a metal of theoreti-
cal interest, because, due to its low Debye temperature (9 about 170 K), measurements for the solid phase can be
made to the relatively high temperature of nearly 86. The lack of information on gold is surprising and further
investigations are highly desirable so that the uncertainties of from +3 percent in the preéent most probable values
at normal temperature, rising to about +6 percent at higher and lower temperatures can be reduced.

Iron

* .
A commercial grade of iron known as Armco iron has been used extensively as a reference standard of
thermal conductivity. Hence, recummended values [or Ariuco irvn are given separately (rom those for high-

purity iron.

}"Typical weight percent composition of Armco iron: 0.015 C, 0.09 O; 0.08 Cu, Ni each; <0.05 Al, Cr, Mn, Mo
each; 0.015 Ti, S, Si, V each; 0.005 N, P each; 0.0001 H.



Armco Iron

In 1962, Powell [36], on the basis of some 17 sets of available data for the thermal conductivity of Armco
iron, produced a set of most probable values for the temperature range 273 to 1573 K. ' Since that time some round-
robin measurements have been made on a sample of Armco iron supplied by the Battelle Memorial Institute. The
values obtained by two laboratories for the thermal conductivity of this sample have been published [ 37, 38] and
those of three others have been available privately.

On comparing these five sets of values as given at 100 C intervals, with the suggested most probable values,
quite good agreement is obtained. No difference exceeds 4 percent and 38 percent of the new determinations agree
to within 1 percent with the proposed values. After taking the averages of the round-robin value at each tempera-
ture, differences from the earlier proposal [36] were noted to be + 1.7% at 1273 K, + 1.1% at 1173 K, and -1. 1%
at 973 K whilst all the other values agreed to better than 1 percent.

The values now proposed for the thermal conductivity of Armco iron from 273 to 773 K are the averages of

Powell' s most probable values and the mean of the five round-robin values. In the Curie temperature region and

- the phase transformation region the curve has been lowered by up to 3 percent so as to conform with the data ob-
tained by the Oak Ridge National Laboratory [39]. These workers have used the radial heat flow method. This
method, which uses smaller temperature differences, has allowed the fine structure of the curve to be derived in
this interesting temperature region. Furthermore, their results are known to agree closely with unpublished
measurements of the National Physical Laboratory. At 1059 K, about 16 K above the Curie temperature, the ther-
mal conductivity ceases to fall and remains almost constant up to the alpha-to-gamma phase transformation where
a drop of about 4 percent occurs. In the gamma phase, the thermal conductivity of iron has a small positive temp-
erature coefficient. These changes would have led to rather too high thermal conductivities being obtained in the
region of the Curie temperature by observers who based their results on a large temperature difference and this is
thought to justify the treatment of the results that has been adopted.

Below room temperature the National Bureau of Standards and the National Physical Laboratory have ob-
tained valueé that agree closely for this round-robin sample. Also available are results from the National Bureau
of Standards and the Battelle Memorial Institute for two different samples. Throughout the range 123 to 273 K
these four sets of values agree to within about 3 percent. At 273 K their arithmetic mean value is the same as that
derived above, so it has been decided to use the average value from these four curves as the most probable value
tor the thermal conductivity of Armco iron at sub-normal temperatures.

These recommendations are thought to have an accuracy of + 3 percent below room temperature, + 2 percent
to about 1000 K, the uncertainty probably increasing to about + 8 percent at 1600 K.

Electrical resistivity determinations made on Armco iron before and after heating to 1653 K have shown
changes of as much as 3 percent at the ice point [40]. Similar changes may occur in the thermal conductivity and
it is clear that check measurements should be made after an Armco iron thermal conductivity standard has been

heated into the gamma-phase.

High Purity Iron

The thermal conductivity of high purity iron has been plotted separately in Figure 7. Except at low temper-
atures any real differences in the two grades of iron are so small that they tend to be masked by the experimental
inaccuracies. Fortunately, the Oak Ridge National Laboratory workers, Fulkerson, Moore and McElroy [41] have
used the same radial heat flow method for measurements on both Armeco iron and an iron of high purity over the
range 323 to 1273 K. From a linear plot of the thermal conductivity at 373 K against the equivalent carbon content
of the two irons they obtained a value for the thermal conductivity of an iron with no impurities. This seems a



reasonable procedure, aud the values thought to be most probable for pure iron above 323 K have been obtained by
applying the same increase to the recommended values for Armco iron as. the ORNL workers found when compari-

son was made with their own Armco iron results,

Partial independent confirmation for these ORNL values is furnished by some unpublished results obtained
at the NPL for another sample of high purity iron. The two sets of values are known to be in close agreement par-
ticularly in the 900 to 1200 K region. The ORNL data suggest a higher temperature coefficient for gamma iron of
high purity, but this requires confirmation over a wider range of temperatures and has been largely ignored in
making the present recommendations. The reliability of these recommendations is thought to be similar to those
for Armco iron.

In view of the scientific and technical impoxrtance of iron it is considered appropriate to include a brief dis-
cussion of the present state of knowledge regarding the thermal conductivity of liquid iron. This seems to be par-
ticularly desirable since the limited information available for the electrical resistivity of iron in the vicinity of the
melting point indicates iron to be unusual in having relatively little change on passing from the solid to the liquid
state. Powell [42] reported an increase in the resistivity of about 9 percent for the liquid state, and Mokrovskii
and Regel [25] reported a slightly larg_er decrease. In view of the close correépondenee found for other metals
between the two conduction processes, it seems that only a small change is to be expected in the thermal conduc-
tivity of iron at the melting point. Near the melting point the thermal conductivity of liquid iron is probably 0. 35 £
0.05 W cm~! K1, Grosse [12], by using only the electrical resistivity .data of Mokrovskii and Regel, predicted a
value of 0. 39 W cm~* K™1 at the melting point followed by a smooth curve rising to a maximum value of 0. 47 W
cm_1 K1 at 3000 K and falling to zero at 6750 K, the critical point, Iron is clearly another metal for which furth-
er electrical conductivity measurements are required, partioularly for the molten phase. The unusually small
change on melting should be an incentive, but, in addition, there is a difference of some 20 percent between the
values at present available which serves to limit the reliability of any derived thermal conductivity data for molten
iron.

For the thermal conductivity of high purity iron at temperatures below 1.5 Ty, values were calculated as
already explained in terms of a value of py ~ 3. 27 x 1078 ochm cm due to Arajs, Oliver and Dunmyre [43] who
appear to have worked with the purest iron so far studied. These workers also measured the thermal conductiv-
ity of this iron, and the results are given in Figure 7 and Table 7 by curves 34 and 35. These experimental curves
have not been used since the value of Ty, appears to be displaced on the high side by several degrees, and, as is
evident from Table 1, the 8 value derived from the thermal conductivity data is much smaller than that derived
from p,. Above 1.5 Ty,, the recommended curve continues smoothly, following the general trend, to join the
higher temperature curve at about 250 K.

Manganin (copper 84%, manganese 12%, nickel 4% by weight)

Relatively few determinations have been made on manganin and those of Lees [7] and of Jaeger and Diessel-
horst [17] are old measurements. In spite of this, their values are thought to be acceptable, since these were
workers of high repute a.ﬁd it is only because of the low purity of the metals then available that some of their ther-
mal conductivity values for metals have been replaced by later values. With a complex alloy such as manganin,
impurities in the constituent elements will be likely to have a reduced effect.

The determinations to low temperatures were made by Zavaritskii and Zeldovich [44] to a reported accur-
acy of b percent on an alloy of slightly difforent composition (8% instead of 4% nickcl). The cffcct of this is uncer-—
tain but should be small,

The three available sets of data are in good agreement and serve to give values for the thermal conductivity

of manganin for the range 3 to 373 K. Further information is required to provide values to higher temperatures.



Mikryukov and Chou [45] however have studied from about 350 to 970 K a series of copper alloys, each con-
taining 0, 9 percent of beryllium and with manganese contents of 3. 65, 5.47, 7,30, and 9. 12 percent, respectively.
Extrapolation of these vahies to a manganese content of 12 percent leads to a value at 373 K which is some 26 per-
cent lower than the recommended curve. This indicates that the inclusion of a smaller wéight percent of beryllium
than nickel causes a greater decrease in thermal conductivity. Similar treatment of the Russian data for higher
temperatures leads to a curve which from 373 to 600 K is parallel to that of J aeger and Diesselhorst and then turns
up. This provides some justification for the extrapolated values that have been suggested for use at higher temp-
eratures pending the availability of further experimental data for manganin. The values near room temperature

should be accurate to about + 3 percent, the uncertainty increasing to nearly = 10 percent at higher temperatures,

Mercury

Until recently the thermal conductivity of liquid mercury, even at room temperature, was very uncertain.
Recent work has, however, led to the availability of three sets of data [46, 47, 48] carried out in Great Britain,
the USSR and the USA, which agree to within about 10 percent at 350 K and more closely at higher temperatures.

In the case of liquid mercury it is again possible to refer to the predicted values of Grosse [12]. For this
metal the electrical conductivity has been determined by Birch [49] and decreases with increase of temperature

along a smooth curve to a value of about 10 ohm™! em™ at the critical point of 1733 K indicated by this experiment.

In this instance, Grosse used a value of the Lorenz function of 2. 60 x 1078 V2 K™ as found by others for the
range 373 to 570 K. He appears to have used this value together with the electrical conductivities of Birch right to
the critical temperature. Part of Grosse's thermal conductivity curve derived in this way is given in Figure 9. A
maximum value is indicated at about 760 K, followed by a fall at an increasing rate to meet the estimated saturated
vapor value of about 0,001 W cm™! K~ at about 1720 K.

The difference between Grosse's predicted curve and the measured values at the highest temperature is
about 8 percent. Whilst there are uncertainiies regarding the true values of p and L, the general form of the
curve derived by Grosse seems sound. Hence, the recommended curve has been drawn as the mean through the
experimental data of the three aforementioned groups of workers, which is seen to agree well with Grosse's curve
in the extrapolated low-temperature region and up to about 600 K. However, from 600 to 800 K the recommended
curve has been increasingly biased toward that of Grosse. The probable uncertainty is = 5 percent.

In the solid phase, mercury has a rhombohedral crystal structure and its thermal conductivity will be
dependent on the crystal orientation, This phase is not included in the present treatment.

Platinum

Platinum has been suggested by Powell and Tye [50] and Slack [51] as a promising material for considera-
tion as a thermal conductivity reference standard,.yet the determination of a curve that represents the true

variation with temperature of the thermal conductivity of this metal is proving unusually difficult.

Most earlier determinations have followed that of Holm and Stormer [52] with a linear increase of nearly
30 percent from room temperature to 1000 C. Then came the measurements by Powell and Tye [50] on two high-
purity (99. 9997%) samples of 1/4 inch and 1/2 inch diameter that indicated the thermal conductivity to be almost
constant over this range of temperature. Their values could however be fitted by a very shallow concave curve and
later measurements by Powell, Tye and Woodman [ 53] on the smaller rod have given a definite negative tempera-
ture coefficient from about 80 to 300 K, linking on well with the earlier measurements at the upper temperature
limit,

Thus a very gradual minimum occurs in the thermal conductivity of this sample at a temperature well above
room temperature, say at about 520 K.



very recent preliminary measurements by ¥Flynn [54] at the National Bureau of Slandards un another bar of
platinum of lower purity (99. 98%) have given quite different results. The shallow minimum occurs at 223 K where
the NBS value is lower than that of the NPL by some 9 percent; at about 500 K the curves cross and at 1000 K the
NBS value exceeds that of the NPL by about 10 percent.

For a high purity (99. 999‘"%) rod of platinum, Laubitz [55] has reported for the range 300 to 1000 K values
that agree with those derived for high purity (99. 999%) platinum by Martin and Sidles [56] from thermal diffusivity
measurements. At that time Martin and Sidles made what seemed to be a surprising claim that the thermal con-
ductivity of another sample of platinum of lower purity (99.9%) was higher at high temperatures. Laubitz's
measurements were for one of the purest samples so far tested, yet at just above 300 K his experimental points are
lower than those of Powell, Tye and Woodman by from 5 to 7. 5 percent and lo¥er than Flynn's by 0.5 to 3 percent;
at about 1000 K his points are lower than Flynn's by 3 to 5. 5 percent but higher than Powell and Tye's by 5to 7.5
percent.

Of the indirect determinations that have been restricted to temperatures above 1200 K those of Hopkins and
Griffith [57] tend to support the measurements of Holm and Stormer whilst those of Wheeler [58] tend to support

Powell and Tye, but these two series of indirect determinations differ by nearly 20 percent.

The present situation is difficult to understand, particularly as the thermal conductivity differences do not
seem to be reflected in similar electrical conductivity determinations that have been made. Either some, as yet
undetermined, variable is affecting the thermal conductivity of platinum or certain experimental uncertainties must
greatly exceed their estimated values, That these uncertainties persist near room temperature is most surprising,.

Much more experimental work is clearly essential over the full temperature range and this should include
the interchange of specimens between different workers in the hope that this might help to determine whether the
differences are purely experimental or are related to particular specimens.

On the assumption that the differences are mainly experimental, a very tentative most probable curve has
been indicated by the broken line in Figure 10. This has a minimum value at about 520 K.

By way of an independent indication of the need for clarification of this matter, the recent measurements of
Kobushko, Merisov and Khotkevich [59:_] might be mentioned. This group of Russian workers have proposed a vari-
ant of the electrically heated wire method for determining the thermal conductivity of metals to high temperatures,
and have selected platinum as the metal with which to check this method. The values which they obtained were
regarded as satisfactory since they agreed well with data reported for platinum by Vargaftig [60]. These would no
doubt be the original data of Holm and Stormer, and until the present uncertainties in the thermal conductivity of
platinum have been resolved, platinum is hardly suitable for this type of test.

Platinum 60% - Rhodium 40% Alloy

Two sets of experimental data are available for this alloy at high temperatures and the agreement between
chem is very poor.

The National Bureau of Standards is responsible for one of these sets of measurements [61] in which
electrical resistivity determinations were also included. Since these data have enabled values of the Lorenz func-
tion to be calculated and good agreement with the theoretical value is indicated, these thermal conductivity values
have been given preference. As reported, the Lorenz function follows a slightly wavy course with a minimum at
713 K and a maximum at 1173 K, Hence, in deciding on the recommended values a slight adjustment has been made
to give a Lorenz function which decreases smoothly with increase in temperature. Some extrapolation has been in-
cluded at both ends of the reported temperature range. The values for the experimentally measured range should
be accurate to about + 3 percent.
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Silver

The situation in the case of silver is similar to that of gold in that surprisingly few determinations have been
made of its thermal conductivity at temperatures above 373 K.

Béiley [62] extended the measurements on Lees' specimen to higher femperatures, but this sample was
clearly not of the highest purity. The minimum value obtained at 660 K is very questionable. The other two work-
ers, Evans [63] and Mikryukov [10] obtained values which decreased steadily with increase in temperature at
comparable rates. Whereas the purity of the sample studied by Evans was stated to be only 99. 4 percent, that of
Mikryukov was 99. 99 percent. Moreover, the latter worker included electrical resistivity data which agree with
the values for high purity silver. From room temperature to 373 K other workers, including Lees [7] and Jaeger
and Diesselhorst [17] have obtained for silver Lorenz functions in the range 2. 31 x 1078 to 2. 39 x 1078 whereas
Mikryukov's value at 338 K is 2,45 x 10~8 volt? K™2, This is why the recommended curve has been drawn below
that of Mikryukov in this region. The recommended curve also agrees reasonably well with the data of the other
named workers after allowance has been made for the electrical conductivities of their samples being less than
that of pure silver. Here the uncertéinty is about * 2 percent increasing to about + 5 percent at extreme tempera-

tures.

Further measurements are considered desirable for pure silver.

Tungsten
The TPR( has located 103 sets of data for the thermal conductivity of tungsten, yet, ignoring the very low

values reported for some samples of low density, only three sets of measurements have been in the temperature
range 700 to 1100 K.

The values now recommended for the thermal conductivity of tungsten differ condsiderably, particularly at
high temperatures, from the earlier TPRC recommended values. Measured values for tungsten in the region 80
to 110 K by deHaas and deNobel [64] and White and Woods [65] agree well and appear to relate to samples of high
purity. At the low temperature end the curve now recommended starts in the region of these values, agrees
closely with the values of Tye [667], Powell and Tye [21], and Moore, Graves, Fulkerson and McElroy [67] and
has been smoothly continued from 1273 to 3500 K. Over this later range it lies within + 5 percent of measurements
by Wheeler [ 58], Osborn [68], Gumenyuk and Lebedev [69], Timrot and Poletskii [70], and the measurements of
Platunov and Federov [71] made above 2100 K.

The methods used by these workers included variants of the electrically heated wire method, an electron
bombarded cylindrical rod method and a variable state method employing a modulated electron beam technique.
Thermal diffusivity was determined by Wheeler and the thermal conductivity was derived from it by using assumed
values for the density and heat capacity.

It will be seen that the results obtained by some other workers in this high temperature range show quite
large differences and their measurements have been disregarded as being less reliable.

Whereas for most of the metals dealt with in the foregoing paragraphs the Lorenz function is considered to
tend toward the theoretical value of 2.443 x 1078 volt2 K™ at high temperatures, for tungsten the high temperature
values of thermal conductivity now recommended yield Lorenz functions which are fairly constant but almost 20
percent in excess of the theoretical value. For a lattice component of thermal conductivity of this magnitude to
persist to high temperatures is unusual, thus, whilst these present recommended values are thought fo be within
+ 3 to = 5 percent of the true values, further confirmatory work on tungsten still seems to be required.

11



‘uorjoexp <QOT > SUOR STXE YIIM PUE T10WRIP T 0% JO IOYSTYA UOIT U XOF ST SN[CA STUL.4

*uaALd ST O Jo on[eA oSeIoAT UE 00USY PUE ‘SIUESUCO ogoy) SUTUTUII]ep 0] JUSTOIINS J0U oIt usjsSuny pue wnurield X107 S1quiTeas BIEp AJAT}ONPUOD [BILISY) SINjeIadure)-MO] aUL,

0d se Ajoyerrzxoxdde past s 3Z °F 1e J Jo oniBA mnHo%

*STeloW U3 Je SOTqe) PuE S9INSYy 9ATj0adsex £ ) UL SIAQUINU SAINO oY} OIE 9S6YT,

£ ‘TeqON 9p
[ez] 000 15T 50T X 90°2 $ [ix4 ] ¥ ST0°0 9690 "0 60T X LT 8LLT 8861 pue "M ‘SeeH P LT uaysSung,
[1170061-002T ¢-0T XEL°0 02°'3  SLZ 950 7520 '0 466666  £96T 3D ‘onum 31 IOATS
St . TH oo —
{27 000 ‘b ¢-0T X 1708 ¥ 012 ¥ ¥ £e¥ 0 Aﬁ,@nv 202 666 '66 2961  Pue "M ‘uyossppuell ¥ 1y
9L
‘g C‘exfurung
g pee g a0
E&m% T ¢-0T XG0 2 0T'2  Lv'Z 480 PIL 0 g1 ¢-0T X 1728 AME qu 208 +866°66  G96T s ‘sfexy 3 woxf
o] 0%0 ‘9 ¢-0T X 09 % 002 99T 9%°0 622 °0 +666°66  €96T D ‘opum L PIeD
. LW “sure],
2V, . -1 €
[s] 000 ‘62 ¢-0T X 9T% 0 (i A 652 6T1°0 8%£0 0 #8800 ¢-0T X 898 °0 Awlam%uv 8861  ,666°66  096T pue 3D ‘eym 03T aaddoD
'V '@ ‘ayods pue
© LY ‘Ieqgem )
[u] 0% ‘ag ¢-0T X 09°0 082 197 180 6210 $21°0 s 0L X%0°€ 0%8 96666  TS6T ¢y d ‘saeapuy 81 WG Y
. _JeM 3] WO (y-13em 5 wo -y ol
3 °d/H0Ed (-19mM g g3 WO) (- HRM yr_ g WD) u w e & Aﬂnsu 3 ) ~.?e. o1 ) (wo ﬂnnov Wﬁuﬁ% hmww_m 180X (s)zoumy oiwo 1210
w189U8TY. G96T R W0 woay paatap) g poyemores) ¢ e 1 2
STYLIN XJIENd-HOIH HOJ SINVISNOD GILVIOOSSY ANV § J0 SENTVA QIATHIA T ATIVEL

12



THERMAL CONDUCTIVITY, Watt cm” K™

200

! i T
I
|
| I
f i
RECOMMENDED l
THERMAL CONDUCTIVITY OF
METALS
|
D
TEMPERATURE, K ———————— ° * ® * * FIGKSI0



—
2 9id —~—————— ) ‘FYNLVHIANIL ¥dL

o8l oo} ool 008! oo oog! ozl ool ool 006 008 0oL 009 008 ooy oog 00z oot o
- 0
I I I I I IS B—
(pinbtf) BN _
7 é
| _ | | ; e — 50
N .I.||\\|\I\.\.\|\|\|\

| | L mewe =

id

SIVL3IN
40 ALIAILONANOD TIVWY3IHL
G3AN3INNO0I3Y

————— M W0 UPM FALIALLONANOD TVWHIHL



*fo11z ue 03 A1dde jou op (§) 09 (1) suorjenby eours ‘[H§] YOTAOP[OZ PUE I[SJIBARZ JO SUSTIIINSEOUI OY) WIOLJ UOIE] 818 UTUBSUBW I0Y SON[RA 4y

*£oBIN00E JO 93130p Y} JO SATIROIPUY 301 ST PUB SSOUYIOOUWS 10 pue uostredwod jo asodind oy3 103 AT ueAld st oanBry JueoryrudIs pIru) Y} o1qe} oY) Ul *

00T GE'e 0g 'y 6L°0 €ET°0 28°T Sv e £8 % 0°¢ 00T
06 ¥ e 09 v 1870 L2810 971 8¥ g ¥1°6 V'8 06
08 96°¢ R 4 ¥s°0 021 '0 89°1 25°¢ L°G 0y 08
0L 9L°2 16°F 06°0 0TT "0 $0°2 86°¢ L9 0°s 0L
09 8T°¢ GG T0°T 1600 $9°2 8¢ g8 L9 09
08 LTY 0°L 811 280 °0 2L°e (A4 221 0°0T 08
4 L0°G v8 ce1 GL0 0 0S¥ 9y €°61 $°21 i 4
14 g9 g 01 19°T 190°0 G6°g 2°'g $°0Z 0°9T 0%
19 6°8 L €T 08T €880 0 18°9 ‘T'9 - 68 0°12 gg
o€ T1°6T €761 82°2 L6%0 "0 T8 9°L £7 S ‘8% 0¢
44 ¥ 02 G 6T S1°8 0T%0 "0 9¢ 6 20T 89 0°0¥% G2
02 928 18 6% 2280 0 16°6 (<1 SOT S 98 02
8T 0 0% 99 19 G820 0 88 6 L°LT i241 6°g9 8T
91 g 6% a8 9°L 0620 °0 966 6°02 ST ¥°89 9T
18 838 96 '8 2820 °0 08’6 9°28 96T 204 ST
48 ¥ 09 60T €6 G120 "0 168 1°%2 99T €°1k T
g1 799 iZ48 1701 L6T0 "0 8S '8 G°6g 9LY S TL €T
(4 i 68T 6°0T 0810 ‘0 €T '8 192 G8T 8°0L (43
1t 6 "Lh 218 LT 2910 °0 . 29°L LLg €61 0°69 1T
o1 v 'es 891 [ A S$10 0 S0 L 282 961 199 0T
6 T°68 18T 82T 8210 "0 i) 282 G6T1 229 6
8 £°68 06T 6°31 TTT0°0 08¢ g L2 68T €°08 8
L v g8 €61 92T 600 0 €T g 0°92 LLT G619 L
9 2°9L 28T 81T 8400 0 b4 L°82 68T T°s% 9
g T1°49 QLT G 0T 2900 0 T4°¢ L°02 8ET T8¢ k]
¥ 9°'6g LPT 88 9%00 °0 16°2 1741 1T 808 14
4 9°2¥ SIT 6L°9 T€00°0 $2°2 T°¢1 G e 2 €% €
(4 L°82 € '8k 09°v 8700 "0 671 6°8 g8 G ST 14
T ¥ 9T ¥°6¢ T€°8 000 "0 GL°0 vy L °82 8L T
0 0 0 0 0 0 0 0 0 0
L wo wyor 27000 = % wo wyor 900 "0 =% wo wyor! gpro 0 = % wo wyor! 4760 '0 =% wo wgor ggpp "0 =% wo wyorl 1680000 = %0  wo wrgor g1g00 0 =% ‘L
2and o, , 66 66 oand o, 666 ‘66 aand o, 666 "66 aand v, , 866 '66 oand o, 666 66 oand 9, , 666 66 aand v, , 966 66
uajsSun,, IOATIS wnunerd * *Eﬂdwﬁﬁ uoIy piod xaddoD wnuiny

1-31 WO 39eM Y “AJIATIONpUOD [RWIOY],

LSTINLVEIIWIAL MOT IV STVILIN J0 ALIAILDNANOD TVWNUIHL AIANTWNODTY ‘&g TIAVL

15



‘pareWIISH ¢
‘pojeiodeasxe axe sesequored ur sonfeA
"aje)s pmbiy 10J oI% syeYorlq S1enbS Ul SeneA,,
*£ovINO0T J0 90139p OUJ JO 9AIEOTPUTL 30U ST pue SSOUYIOIWS 10} pue uostreduwroo (o asodand oy} 10§ A[uo usAld s1 oanSyy JuedIJrudls patyl oyl S[qr) oW ur,

+[ s€0] 0381
083 0 982 °0 06TT
0
(uoneULIOJSURI] TRIMONI}S A1) 6670 962 0 08TT
(odos ur o3ueyo dreys) 96z ‘¢ £62°0 690T
. {16 0] 06
(voewrzoywey oseyd pmbrr-pros) ., 086
0098 “(@68°0)
00¥¢ 006 ‘0
002€ 506 °0
000€ ST6 '0.
0083 526 °0
0092 760
00¥2 96 °0
0033 860 :
0002 00°T €16 "0)
006T 20T (g68 "0)
0081 €0°T (L8L°0) L2870
00LT 60°T (81 °0) 098 "0 '
0091 BT Iy & (89L°0) 2780 . (g8 "0 (g2¢ '0) 009T
00ST 60 °T (85L0) ¥28°0 816 °0 ¥1€°0 00ST
00%T IT1T 8¥L°0 .08 ‘0 608 "0 G0g ‘0 00%T
008T e1°tT 8€L°0 T6L°0 663 °0 962 '0 (18 '2) ,,@m 'g) - [zo°1] 00ET
002T ST'T (8 °¢) L3L°0 GLL"0 28% "0 18%°0 (29 '2) 7y e [66 0] 0021
00TT 8T'T (99 ¢) TIL°0 0940 L6% 0 ¥63 0 (12 °3) 0g°€ [96 0] 0011
"000T 1%°1 L) 369 °0 87L°0 92€ "0 £26°0 (84°2) 1S°8 #2066 0] 000T
006 %1 283 3L9 0 LEL'0 088 "0 2LE 0 S8°g 79°¢ €12 006
008 82T 68°¢ 089 "0 63L "0 foer "0] £8% "0 22 "0 %6 14°€ 0z'z 008
00L €8T L6°¢ €29 °0 €3L°0 {221 ‘0] L8% 0 gLy "0 862 LLe 9z 2 004
009 68T [ 4 68S 0 024 °0 [ozT "0] (26€ °0) L¥G 0 1860 $0'S €8¢ 44 009
008 6%°1 g1 % 868G 0 - BIL0 [601 0] (gee "0) €190 €65 °0 60°¢ 88°¢ 182 009
00% 29°1 02 7 (919 '0) 23L°0 {860 0] (622 °0) ¥69 ‘0 269°0 (4 %6 '€ 072 00%
0se . 0L°1 27 (L6¥"0) 92L "0 {260 0] 087 "0 L0 1690 er'e 76 ¢ Vi 4 0ge
00€ 8L°1 127 (927 "0) 08 '0 [#80 0] 228 °0 £08 "0 L2L°0 ST°g 86°¢ 1872 00€
X 281 82 7 9% "0) 8L "0 [8L0 0] 902 °0 668 0 VL0 8T ¢ 10°'% 9e°2 €12
052 98T 827 LEL'O (&0 0] €61 °0 8980 $9L°0 0z°¢g 0¥ 104 (114
003 26°T 0g ¥ 8%L "0 ZLT "0 60 %08 0 12°g fo1 A 2 1€ 002
0ST 0178 28 % 292 °0 95T "0 701 $38°0 ¢g'g 82 ¥ LV g 08T
00T st 4 08 ¥ 6L°0 €8T 0 281 €16 °0 e €8 ¥ 0°e 00T
ML uoisSuny, JOATIS @\aowv uy + 1d wmurerd £anoao| urueSueIq uox] (ooway) woag PIOD zaddo) wnuTwm(y ML

7-3 g W0 3B Y LrArgonpuoy TeuiIeyy,

STINLVEEIWIL HOTH ANV ELVIIAOW LY STVIAW 40 ALIALLONANOD TYNYIHL TIANIWWOOIY  qg T19VL

16



]

&

THERMAL CONDUCTIVITY, Watt cm! K™ ——————
~n

THERMAL CONDUCTIVITY OF
ALUMINUM

o]
TPRC

400 00 600 700° 800

5
TEMPERATURE, K —————=



THERMAL CONDUCTIVITY, Watt cm' K™ ————=—

120

LIS

110

.05

100

095

085

080

[e¥e)

070

065

THERMAL CONDUCTIVITY OF |
ALUMINUM
(In Liquid State)
/
@ /
L
_—
— RECOMMENDED
|
[M.P‘ 933K
900 950 1000 1050 1100 1150 1200 {250 1300 1350
TPRC TEMPERATURE, K ————=— FIG 3b



seouszejoy ‘T xeideqd ‘T “TOA Yood Byed DUJ.L wmm*

o ‘v *d ‘xgodg pue

£q paSeurep AU [SAT0 (poYD)e USY: pue pourqorw ‘[ejsfro e[durs mw”ﬂmwmw.mm 9T-9'2 T TS6T ©*1°¥ ‘roqgeM V'l ‘smeIpuy  $0%  ¥3
*oye)s Supjonpuoozadns ut teurjesLxoflod 2-1v 18°0-9€0 T  €86T °V'D ‘Uojuoy pue S ‘UjoSS[SPUON 007 €%
oand , 16 66 928 1 926T ATV ‘mIWS  0g2 3%
"o W0 8 ), °Z 0} [enbo MISUP WIM WNUIWAY §Z V-83 g°gpe O €geT «T°y ‘yIofes pue T L ‘syeeM 9.2 T2
“19% = 09 /Aloy SmHo WO 4.0T ¥ LG '3 = Iy & 0T X TG g = 0¥ £IAISISaI Teotajoate ‘v 'q ‘Iqodg pueE
Tenprsoa ‘[esArof[od poTeoUNE feN puB NO ‘04 Jo $e0BI} ‘IS T00 0 ‘SIN 500 °0 *°and ,G66 "66 e-Tv 12-%'2 T T96T ‘*L'g ‘IoqqeM V' ‘smeipuy € 0%
*y°d ‘ayods pue
‘919 = MW/ ‘wo WO 40T X0G ‘7 = XU f;_gT X g8 "¢ = O Inq eaoqe £8 UONIsOduI00 SUWEY 2-1v 8%-1'8 T  TE6T °L°g ‘xoqueM V'l ‘SmMeIpuy ¢ 6T
‘0%8 = C9/ARY fwo wiyoy 0T X GG 7 =M Eyle_oTxF0 '8 = OF £IIATISTSOT TEOLAI00T6 TENPISOL *y'a ‘ayodg pue
‘reys Ao o13urs BN $000 01D $000 ‘0 ‘L 9000 0 ‘TS T00 "0 ‘3 100 ‘0 ‘oand , 966 66 -1V LT-9'z T 1961 €°L°¥ ‘xoqueM V' ‘smeipuy € 8T
oand G6 "66 -1V ELTT-86% I 1361 1D ‘weSofi pue ‘D'D ‘IPMPId ot LT
‘Teyshaofiod pefeount ‘oand $66 66 2-9'2 T GG6T ‘I °H ‘8zequesod 38T 9T
‘Teishrodrod pojeouue ‘oand ¥66 ‘66 9%-¢'g T  2S6TIN "H‘Sisquosoy pue "M WOSSTOPUSI L6 94
*D 06¥ 1e poreouue foand ) 66 e¥9-g8¢ T S26T ‘H'J ‘prenowds  LgT ¥T
rexnd €.0T-68¢ T 6T6T ‘g ‘ouuoy 68 eT
*D 0% 1e Ono'A Wf po[reuut ‘oand A[[EIOIOWWOD  0)T-TV €8 ‘13 T 1361 f ‘Su9op pue °J ‘uesieunId L9 4
*0 00€ 18 onoea ut pereouue foand AIoA T~1V €8 ‘12 T L26T *q ‘sueof) pue H ‘UesTauNIdD 18 T
' ‘N°H ‘Iopod
‘Tessfao o18uts ‘oand g66 66 ‘0's BT-0% T LS6T pue ‘'*{ ‘femod "P'M ‘TIEH 99 o1
+xeq poresuute ‘oand L ‘66 £L7 ‘18 T GE6T *H ‘dnrjuorieM pue 'y ‘uedond  9¢ 6
*perIox s® fArand YSIH 2891 T  TS6T ‘P ‘TOqON OP  FOT 8
oand 66 66 LYT-%6 0 8%6T "I°H ‘uojsuyor  T6% L
SN T000 "0 ‘1S 2900 0 ‘@ G500 0 ‘MO €00 0 ‘oind 986 66 168-11€ T 896T ‘M ‘73 pue "EEY ‘epod LT 9
*£yrand Y3rH gzb-gee A L36T P ‘ASTIIA PUE D ‘puBId €9 g
D 0% 18 pe[esuue ‘IL G0) "0 ‘0D 9000 ‘°d €00 IS $0 "0 ‘eand 26 66 o.g-6L¢ T TS6T ‘g ‘yoequeries pue A ‘jpredund 0% 4
*oand AfowaaIxy 09%-08 T  T86T ‘M ‘USUOUUBIN €6 €
) ‘paepur)s aArjexeduioo se posn oridexd ¢ X opeas
*00 S[qIONID WESIOW D 000T 18 WO TIYO 0T X5 '0€ PUE O 004 I8 WO W 30T X "9 LA } *0°S ‘FE0IeW
~181801 EOLI00[0 (0yEIS USYIOUL UT ¢ ‘0D WNUIUM[Y YSHIIg Woxj wmurwme (oand todns) °d 'S ‘as £12T-8L6 O S96T pue ‘-d g ‘0L ‘"AM'H ‘TIemod . 899 %
°T " ‘uojsuyop
~uorjoNpax o6g Aq umeIp-proo feand , 66 °66 8€%-92 T TGET PUB ‘' ‘ZixBMOS ‘MY ‘szemod  FIT T
. . | ueryeudrssq 1) .
gj1ewey pue ‘suorjediroeds (yusoxad 1y81em) uoIIsOfwoD MNMMHMMMH MMMMM . MMM@,H 1BOX A s)roqmy . .MMM ;] .Mmu
WONINNTY 0 SNIWIOIAS THL 40 SNOLLVOLAIOAS '€ TTEVL

19



goouaasyey ‘T I03deyD ‘T °TOA Nood ejed O¥AL mom*

*p ‘pateq pue ‘Y ‘SIagoog

‘papnijxe ‘aand 66 ‘66 2°8ge O 8961 °N'M ‘eomyg ‘I°'L ‘seuop  T6S  9¥
*p ‘pareqg pue ¢y f ‘Sroqpog
*sA¥p ¢ 103 D 029 1€ perea) Jeey i g1 ‘0 2°888 O 89T NCH “9eoms ‘1] ‘seuof  T6S  ¢F
“p ‘pireg pue ¢ VP ‘S1oqoog
*1§®0 8% () 8T °0 Z°'8gg 0 86T fUNCY ‘geaxig °I°L ‘semof  T6S  FH
*aand A[Testrowrmod £13-98 T 916T ‘g ‘nomws 619 €%
‘paepuR)S ¢ Wnurwenfe Sursn ‘wiur gT YU Wwx g7 “EIp wowirosds feind ATrerorswmio) 818-€08 O 0961 “H-Y ‘opod pue M ‘zad g19 (2p
"pavpuE)s s §SEIq MOf[eL Sursn fwur gT WBUS] W F “BIP WOWIOads foand A[erozsmmio) T2€-208 O 09T ‘H'M ‘opod pu® ‘M ‘zyrI 819 TP
1D ‘noqqy pue ‘°d D ‘repmg
*g-Wo 8 04 °7 (D 03 3®) Misusp feand 2662 d 09T fepry ‘Supfuep ‘LM ‘IoMIRd  FOS O
by ;E:EvﬂE_N
"uro gg *¢ YSue[ Wi gp ‘g “¥Ip uswroads ¢ 00G I8 SIYG I0J ONOBA Uf peyrouut vand gg6 ‘66 6°8~8 I d aeeT pue ‘°d ‘ezopuely ‘"H'A .wnﬂaom 86¥% (34
vand 966 ‘66 €L0T-€27 4 0%6T 1D ‘ueSog  06% 8¢
‘umeIp-prod ‘eand , 66 °66 2001y 28-92 T 6161 “I°H ‘uoyswjof  L6%  LE
raInd €42 ‘08 O o161 ‘L ‘oj pue ‘S ‘ewefoy  96% 98
“uMeIp-proo ‘oand , 66 66 ©0O[Y 8€2-8¢ T 6161 ‘g ‘Z}TBMTUDE PUB ‘MY ‘stemod  96%  GE
*9}elS [BULIOU Ul USWIDads sA0q® OUT, 2-1v 2°'1-13°0 T  8%6T ‘ACN ‘IDISHIRsRZ 60% BE
3118 Surgorpuooaadns ur ‘T-TV Uouroads sAoqe oy se uorjeofIoeds swes 2~V Z2°I-9T 0 T 86T ‘AN ‘IRSNIeseZ 607 44
*'pa1SI00 GTT JO PIoYy orjeusew Teupn)ISuo] B Ul PAANSEBONI (9)B]S [BULION UT USWIDads 8A0q® 9L -1V 2 1% "0 T 896T ‘AN ‘TINSIIIRARZ 60¥% F44
‘9je)s wﬁao.éno.ﬁomﬂm ur ¢pe3saso g'Q Jo PIoty oljouSeut ® Ul poInseow
€0 009 INOQE 1 SIY § I0J WNNOBA UL po[esuuy “s[¥)sAxo aBxe] MM frandwr 10 0 -1V g'1-6T°0 T 8961 *ACN ‘TINSHaBMBZ 60F 1€
IV L°66 -1V (TR Al 171 ‘H ‘dnijusiasp pue 'V ‘uexony 0¥ 0%
9-0T XTP g ="T
PuE 3 0T X%T 6 =0 ‘O %°g5Z 18 40T X68°2 = T PU® 50T Xgg '9=0 ‘D8 L5g I
4_0TX0% "2 ="T PUB 4 0T XG0 ‘p =0 ‘O $8T 1% *;_3LA ¢_0T X9€ G = (Toquinu zu0107) T )
PUE W0 WO o 0T XGT '€ = (HTAnstsaa [201110010) 0 ‘0 8 59 18 ‘Teyshrofled taand 66 ‘66 164888 16T WA CAOMATIIN AT9 6%
oand J *66 2°ere 0 gl ‘S ‘uesn@weA  90% 8%
“1919ureIp ‘M ‘ISIOoqUONIBM
WU G "9 0} UMBIp PU® ‘D002 Jo sanjeradure; B Suraey POW B UL ) 00L IB 3880 [V G 66 £29-668 q 06T pue ‘°y ‘S1eqioloH ‘¥ ‘eseH S0P L%
*TOJOWEIP WIW G °9 0} UMBID PUB ‘D) 003 : ‘M “ISIOYUSIEM
70 sanjeradws) & Suravy PIOW B UL O 0L B 18EO ‘IS €00 ‘ND 2200 ‘0 ‘©I 8800 ‘IV €6 °'66 829-88¢ @ 06T pue ‘°y ‘SroqiooH ‘'Y ‘eseH  G0¥ 9%
. “I9JoWEP WU G °9 0] UMBIp pue ‘D 00Z Jo "M ‘ISI0TUIIEM
sanerodurs) € Suraeyq pfowr & T D 002 1€ 1580 {18 22000 MO $200 0 ‘©d 0€00 "0 ‘IV 266 ‘66 £89-86€ q 0¥6T pue ‘¥ ‘SxsqiereH ‘'Y ‘estH  G0¥  §%
uoryeuSseq (1)
SyIeWeY pUe ‘SUOTEIINIoads ‘(jusoxed jyStom) uoryisodwo) usuIroads o8uey pesn JI%0X (s)romny *ON ‘ON
pue sweN dway, ‘piPON o 30U "aInp
{PONUNIU0D) WANIWQTY O SNAWIOAJS THIL JO SNOILVOIAIDAIS. ‘¢ XIIVL

20



G96T YOIBIW ‘UOHEITUNUWIUIO) SJeAlId "
500USIOJOH ‘T 030D ‘T ‘OA YOOH BIPQ O¥ALL 998,

ML ZUSI0T -ZURd J-UTEWIPIT M 93 0 Swp100os AJTATISISOL [OLIIO9[0 WIOIF PojeInoTeD 0698-7 "6£6 $96T . A"V ‘essord ¥69 LS
, ‘siresep oN 0GL-08T G96T M@ ‘uudLL F 9g
. '1'H ‘uojsuyof pue
TLTO 0 PU® XD TO'0 WA 700 ‘MD6Z°0 ‘IS8E°0 ‘S 950 ‘o 90 s r L62-62 T Tg6T e ‘191801Z "M ¥ ‘siomod  98Z  SS
D0 18 ¢ WO WY g),°g KJIATISISOT [BO11100[0 : ’
‘0 03 I8 g W0 3 gy 'z Aytsusp ¢ ‘00 pue LoUPEIN ‘uosuyop Aq perjddns pox € woIy pouiny 1V 66 T62-€TT T 806T 'HD ‘se@T 88 7S
‘oand 66 66 0%-% T $96T ‘M ‘IOSNEYZ[OH pu® ') ‘unperd 2L9 €S
"Jndut 1801230919 Jo SUWLISY UL paxnseawt £310U6 (D 0g 18 WO WYO ¢ 0T XZ0 '§
PUB D 0ST- 72 WD WO . 0T XF "0 ATATISISAI [€O11300]0 SUO] WO () '8 ‘OPTS WO H °Q £ ‘mewrpoom
30 WOTI098 §8010 oxeNbS YA ¢ "0 WNUITWN]Y YSHLIg UWIOI] WNUTWn(e (Pand zodns) ‘d g ‘d s €28-¢2T T c96T pue ‘g ¥ ‘9L, ‘M"Y ‘Tomod 669 2§
*1319WLIOTBO
#ofgretem £q osTe pre jndut [BOTII09TO JO SWISY UT PAINSEAUI £315u0 ‘D 0C 18 WO wyo
WO W0 9 0T XZ6 '6 PUB D 0§ T8 WO WO 40T X86 'g AJIATISISO [rOTI0eLe ‘Suc Wd ¢ 'gg pue ‘PUIN ‘UBWIPOOM
JI9JOUWIBIP Ur W0 T8 'g | '0D wmwrmmyy ysiiag ‘sand g66 ‘66 ‘wmurwmye (3and zadns) ‘qd 'S d°8 848-83¢ T G96T pue “qd ¥ ‘94T ‘MY ‘[Tesmod 669 1S
*I9PWILIONED MOTY
~J0yeM £q poanseour offe A310U0 {pIepue]s oATIZaBAWIOD SE POSN UOIT 00WIY ¢D Q0% e
WD uIyo g 0T XZT "L PUE D 0F J& WD WO ¢ 0T X 98 ‘7 AJIAIISISSI [2oL100[0 $Suol Wo ¥ 07 ) PN ‘mewpoopm
pUe I919UIRIp UL WO ¢ ' ‘ *0) WNUIWN]Y YSI} I WOLJ POI WnULUIN[e (pand aedns) ‘g 8 ' d°s 8L9-€T€ D S96T PUe gy ‘edL ‘M ¥ ‘flemod 689 09
) "UOTIRZI[[BIS L1001 Aq umoad ‘[eysfio ofws leand A{o7BISPOIN T2-1V €8 ‘13 T 126T ‘H ‘suood) pur H ‘ussiounId 18 6%
surexd 1e)ef1o g = ﬂmqﬁ Suranseou £jrArjonpuoo
Tewasy) Sunssune Aq POzZIeIsLI00a {poYDleaIs o,g uoy) paselitie) {00T-TV £8 [PLIOTRW oures T0T-1V €872 T LZ6T ‘d ‘sueoD pUE N ‘USSIOUNID )G . 8%
*8u0f WO ¢T 0} w9 ¢ ozis urexd Surreouus
Aq pezIfeIsfioox ‘poyoterrs %G 'g ‘poTeouus [Ue UMBIpP I~y SE 90o1d 1880 owres wIoa 1V €8 ‘12 T 1261 ‘H ‘susod pue " ‘wesTounIp 28 Ly
wonjeudrsaq (1) o801 “ON . ‘0N
SYIBWSY PUE ‘suorfeolyrosds ‘(jusoxed 1g81om) uomrsodwo) uounoadg afuey . L3 Ieox (s)roumy . "
. PIsU Py and
pue oureN dwsJ, *
@w::ﬂncov WONTAN'TY 30 SNAWIOUJS HHL 40 SNOILVOIIIDAdS '€ FTEV.L

21



VKT ——————
b 8 &

i

L8 B

g,

THERMAL CONDUCTIVITY OF
COPPER

THERMAL CONDUCTIVITY, Watt cm’
[

RECOMMENDED




soousaayey ‘T xeydeyp ‘F

“T0A. 3ood BIed DUAL 998,

*D 08¢ I8 sy g /T ¥ poresuus {suread oury yjim ‘oand Lxea AfTeo13A]011091H ' ND £8°T3 1 1Z26F *q ‘susop pue *H ‘westounan LS f4
*surad oury Yy foand Lxea AfeorAfoajoerd 2ny €8°13 1 1267 *f ‘suaop pue °F ‘udsteuniyn LS [44
D (8¢ 18 SIY € PO[ESUUE USY) PUE WIUL ¢
0} wrw § Woxy peJowrwizy §Iofredng oxeT woxy [IsAro [exnjeu snoxod ‘drand ySiy LxeA qz np €812 T LZ67T *q ‘suecn pug ‘F ‘UssteunIy) LS 14
*rejedao or8uis {Apand yStH €6z-96 7T 8267 ‘H'L ‘Aqepue "pm punuwesy 08 02
*aje)s ueydw ur ‘g.wo 3 €8 'g AIstep {pyoj U9 Jnoqe peonped senrandurr
oSr[[ejeur 93 [[B PUB ‘N GG00°0 ‘O 6500°0 :JUeweanseswr Ioye (LI, pue ‘1S ‘IN ‘S ‘2D ‘3L ‘wBmIerem pue 1°f ‘Suey
‘Iv 90B1L PUB ‘N 8F00°0 ‘O ZT0°0 :juewmeinseow axoyeq ‘Ieddods yojid yfnoj dr3A[oxoerd TOLI-29ET O 9667 ‘*D°p ‘e8peq ‘gl ‘oSMOYPRIL ¥ 6F
*8uo] WId 0g SEE] J8 PUE ISJOWEI Wl “Ul §/F Jnoqe ‘oang $88-608 d  T96T °D°D ‘vOS[OIURQ PUE "H'J ‘SOPIS 08T 8T
‘umeIp og pue IN JO 590813 ‘qd GO0 I n) eLe‘162  ° 0067  'H ‘Isxoyiessolq pue ‘M 'ro3oep AL LT
*oxmm {04 PUE UZ YOBS GO0 URY} SSOT MTND gLe‘v6z  H  006F  H ‘IsIoyiesserq pue "m ‘weSoer Ll 9T
*38E0 log pUE UZ YOS GO0 Uey} SSOT o §L£°162 @ 0067  ‘H ‘ISxoyesserq pue ‘m ‘r089vp L GF
EUp ‘TeIsASq
-xaddoo Ayrarjonpuod-ydry 2aa-usSLxo {Q 10°0 UBY) s80T v ggg-68¢ I 26T pue ‘'v°p ‘sunmey ‘'C°W ‘BlS0n  g§ a3
*uamrtoads 9a0qe oy} ueyl emol Krand jnq oand AT[eOTIA0I309TH nno G183 q at6T "M ‘TOUSSTOW 6 €T
roam. {oand AfTeoriAfoajoerd [ Qo] L6718 q G167 "M ‘ISUSSTOIN  G6 143
*umMBIp-ploo foand 9€976%¢ d 8T6T ‘MY ‘Bury 38 113
*39ddod 0134[0X305[9 [BIOISTIULIO)D 8G60F-GI¢E q 8S67T *d'i ‘Bogd 80T oF
‘poreoue {oxim 10ddod [8dIII00TH 02-07 I 67671 °f ‘SYTIM PUR © YUY ‘HOSUMIIM 25T 6
*8ay g 10} ) 007 Je wnifey Ul 3dey ucy) pue ‘D 00z 03 A[Mo[s p[00D ‘D 00%
Te 81y $ wni{ey ul pejeouue {1g pue ‘8y ‘o] ‘ug Jo S00BX} ‘qg pUE ‘SY ‘a0 JO yore asddoo - *0°q ‘uigron
<8000°0 “IN A000°0 ‘dd 800070 ‘O £700°0 faeddod peoseyesp [erozewwod Aand-ySfH  PeoseTEo) (47 2 A TS 1967 Pue ‘"W °m ‘sxeSoy ‘'It¥ ‘IBMoga 607 8
*97818 WSO U {BD PuE O ‘IS ‘S ‘IN JO 500BX] ‘03 200°0 ‘IV 200°0 ‘8v 30°0 ‘foand 7.6 °66 0SST:9SHT T LS6T ‘M°H ‘medq pue ‘°J°D ‘siony 06 L
*yeay PaI JuI1aq € J¢ UM (F mnOgE IOf paTeoule foand Areonifjo3oaTi 4 PHL-208 4 0€67 : ‘d°D ‘ae8eg PCT 9
unx Areurwrfoad ‘gesy pex WSiaq € J8 "UIW O tnoqe Xof pofeeune :oand A[[e01AI0X00TT ) T 99.,-89¢ d 0€6T *A'p ‘xe8eg 2T ¢
0 066 7 pefesuuE g G100°0 ‘@1 9700°0 ‘O 220°0 ‘oxnd 986 66 eLy‘e6e 1 SE6T *MCH ‘Towfed pue ‘gD ‘wrwug  S8F F
; "Dy ‘Ydlaoplez
*poTeoUTBUN INY ‘OACQE SB oUIBS 4 80F-%'32 T, 9967 pue ‘°A°N ‘HysuaIeAez  $SF €
patesunE (g 10°0 *D°V ‘yoiaoplez
‘xoxdde ‘ug pue ‘qq ‘o ‘gs ‘SV JO yowo ¢oo ‘xoadde {0 01°0 ‘N 03°0 ‘xoxddy T 0L-6'2 I 9G6T pue ‘°A°N ‘iisitaesez  $81 %
"1°H ‘unsuyop
* f41a190npu0d YS1y ¢ USAXO Wroay 901y no OHAO $%%-62 T 0867 pue ‘' ‘zyxemyog ‘*M’'Y ‘stemod FIT T
. uorjeusIseq 1) o8 o .0 0|
gyarmey pue ‘suorjpoyyroads ‘(jueoied jyStem) uorirsodwo) uourroadg oSuey Pasl - gy A (s) zoyny . mz . .:H_A
) pue oueN ~dwa, P3P +3°° 0

YAIJOD L0 SNAWIDAJS HHL 40 SNOILVILAIOAES ¢ ATAVL

23



soouaaejey ‘¥ a0ideyD ‘¥ °[OA HoOog ®MEQ JUAL 998

*IN 90F°0 ‘O 520°0~ €07-€L% 1 86T B YN 11 (O T TX S )
: *0 £20°0~ g0v-€L2 T 8867 dCMO‘agmD  TLE 9%
*IN 907°0 ‘O 5L0°0~ g0¥-gL2 T 8¢6F AM ‘qqmD  TLE SE
‘0 5L0°0~ £0%-€L2 T 86T “ACM ‘aqmud  TLE B
‘oanjexoduio) W0 8 , WO WS g6 °g= Aysuep feang gee‘s0e 4 q16T ‘MY ‘Say 0L €
3580 {oand 91 °66 z70ey I €667 "M °A‘UEWI[WIE pue "W °H ‘SWENTM 3% %P
*UNBIP-pIBY {OINC 16°66 2°68% 11 €667 “M°A‘UBWUIG pue "W °H ‘SWENEM 738 TP
*jsBO {9INC 86°66 14 | €167 *MA‘UEWIUIT pue ‘W °H ‘SWEHEM  $82 0
*poreouue {oand 86°66 z2°ggy 1 €G6T M °A‘UBWUIG pue "I H ‘SWeIEM 3% 6¢
2D ‘aedeg
*aand A[[eo13A1o13ooyy 2°60¢ d 8267 pue ‘I’ ‘weBIoW ‘"D M ‘suId 98T 8¢
. ‘s*g ‘aeoyduet
“eang 092-672  d [e11:34 pue ‘*@'D ‘PIIUD ‘*M'Y ‘Yomd  9TT LE
*SIY € I0F D 0SS I8 ONOEA I PITEIUUR UsTI[oads AR OYT, 2 nd seI-6'z 1 €967 IO ‘omm SPF 9¢
‘umeap se
{pox IojoWEIP WL g {94 PUE €D JO sour| [ex3oads o[qIsiA A[aaeq PN £000 ‘0> pue
‘qd $000°0 “3V G000 °0 InoqE { 0D pue AoUPE ‘UOSUYOP WIOXF ZLZHWC -2ind 666 66 L) 097702 T €967 O ‘oM SPF SE
*aTe Ul porecuuE
fueBAxo wioay 9033 {vorysoduos ejewmrxoxdde fqd £00°0 ‘IN £00°0 ‘Sv €00°0 vty 1 8161 *d ‘BZOPUSI PUB ‘L ‘WY B 43
*Say 9 I0F D 0S% I8 SxeydSOWIE WNT[OY T UT PO[EOUUE PUE UMedp | *0) pue Aouyen
‘uoSUYOp WO FEZHFINL Ad 000 "0> ‘IN €000 0> ‘8y $000°0 Imoqe {oand 566 °66 16-9'% 1 2$6T °D "SI °d ‘PIEUOUOEI pue 'y ‘wewdeg  FT €€
"0 ¥2 e W0 3 368 Aisuop yogid y8noy
f(mp 6°66 WNWIUIL) ZOS-ODY UOTIRSIFIoadg Teaapa xeddoo yojid ySnoy onjhieaoerg onAoaoeTy  FHII-L9E D 9461 ‘MH ‘WIod( pue "4 "D ‘Syowy 68 -3¢
*D €8 98 p wd 8 $3°8 Ay1susp {r0ddod Lpranompuoo-ySiy umeap-1Jos {aang 663-L0T T 8067 'H'D ‘se0T 88 ¥g
*oamm orpudem Arand ySry feurpzisArofiod ‘eand Arrerorewmion Z'%-62°0 T 86T *d°l ‘Sues] pue "L ‘100IN  €0F 0¢
‘eang (11272072 S S €114 ‘MUY ‘Yomppue ‘@D PIMD £ 62
*qurod JuUroUr 9y} JO SPATY}-OM] J8 SINOY BIACAIS "I "H ‘8xaquasoy
10 polesuue {aur[rejsArofjol {-op pue LoyyBW ‘uosuyop WO} FEZHINL ‘oand 666 °66 07-£°2 I 2967 pue °3 ‘UyosSTaPUIIN 16 82
‘poresuwe {oard 6°66 868-69¢ I 1431 ‘H'I ‘PIOYOPS 13T Le
*pawrxojep jeymauros {fjrand ysiy Axep qz 0D 6L°22 1 $$6T °H ‘UURWIppey pue *F ‘USsIOUNIH 86 92
I9joWEIp Ul WW g °0 jo oa1m U1yl & Arand ySuy Arep 02-5% 1 9¢6¥ ‘£*M ‘sseqep pue "H ‘Iowwmerg 87 6%
0 08¢ Je 8XY § °), pofeoune ¢ BISL10 o18urs sand Lioa 10N Bg 1) €8°12 T L76F ‘g ‘sueop pue ‘g ‘UISTOUNID LS (24
uoreudiseq D o8 o) o
Syaewmey pue ‘suopeonroads *(jueoed ySom) uorsodwop uowrroadg ofuey P mb awex (s) zoqgny oy .Ez
puE sureN -qmoy, PPN e o]

(penuryuoo) IGO0 40 SNAWIOAIS AHL JO SNOLLVOILLIOAAS ¥ ATAVL

24



seouaxajey ‘¥ Xejdeyp ‘¥ TOA Yood Bie(f DHAL 998

‘punoad ‘g-wo 8 416 ‘g A}ISUSP fupy pue ‘SN ‘ad n) PazZIpIXoap ‘M ‘saefoy

‘1D TV 10 YoBS T000 0> ‘IS PUE IN YoES F00°0 ‘UZ pur .m<. ‘o4 30 4yoed 10°0 ‘d L30°0 snxoydsoyq 007-0'¢ I 1367 pue “*I"H ‘Iopoy ‘ iy ‘I1omod 28v 99
‘punoad {, wro 3 576 °8 Misuep fyotd ySnoy o13h10apare yoyd ySnoy N CM ‘sasfoy

£7000°0> US PUB ‘uy ‘S ‘qd ‘ID ‘v IO Yove ‘uz pue 3y yoes 100°0 ‘@ 10°0 o1 £[0m001 0%-0"% T 1367 Pue ‘"W °H ‘Iepoy ‘*T°¥ ‘TIowod  gEv €9

* 04g°0 Asozod f, w0 3 668°8 MIsusp  {juesrad spIOA Tfews { Tojowrep UL
“ut $HT °0 3o ozIs odwes o Jurpurad Aq pemoriof ‘D 9L 1B UTW LT IO} POTRaUUESI puB

, meapax puz D 099 ¥ I | 19 pefeouwEe ‘PS[OI PIOD G0000 “0> 1€ PUE (3T 70000 W M ‘saefoy
£6000°0> g ‘SV ‘O JO yoee ‘TS 2000°0 ‘dd 8000°0 ‘IN L000°0 ‘PO €700°0 ‘eand 8666 npy paosereod 0%-0°'s I 1567 PUB ‘W °H ‘Iepoy ‘1Y ‘TeMod  gEy 89
*N'S ‘aoujocey
*resshxofod foang cpeI-L6S & $767 pue ‘@A ‘ACALEN €% T9
*jutod Surjowt 03 9S00 SargeIeduray .
Je pajBay puB ‘UOI[}OdS SSOII ;WU | pue Suof WO ¢  9IIM 0} UMBJID PUB PIOX foang 2°'€L2 1 $367 *q ‘uroxjspeg oSy 09
raang L7688 ¥ L1367 g ‘IOTRD 6% 65
*qurod Suyjewt o) 9so[o eanjeiedursg 38 I g /] Peleoy UOY) bue ‘umesp ‘perioy gLe ‘ele D 6I6T *q ‘uroxjspag 9¥¢ 89
THE ‘SWYPZ PuR ‘°D°d ‘UeeIfRq
‘83838 Probry up 0092-€L9F Y 1367 €"S°N ‘I0S®Y ‘*Q°p ‘PUBIPIOON 83 LS
‘v a ‘xoydg
*[eyshaofiod ‘eand ,866°66 9°%-¢% 1 1367 pUe‘ L g ‘Ieqem ‘v A ‘smexpuy 0% 99
*yoqid ySnog onATOIORTE g°'g08 I 0967 ‘H'M ‘moyng L3y SS

*ameap s {pox
IejemreIp WU | 94 pue D JO mm:ﬁ.iﬁo&&m aIqIsIa A[aaeq PUR ‘IN < £000°( PUe

‘qd $000°0 ‘SV 50000 InO(E { "0 pie ASUNE ‘uosuyop WIOZF ZLZFIL ‘9and 666 66 €m0 86-0°¢ T €367 D ‘UM SVF PE
*on3fa3087 Z'6Le T 8267 ‘peH. ‘AoaqleN 928 €S
UIO WIYO ¢ 0F X F50°Q= (duro} WINI[OY J8) 00UB)SISOT
[80133007° TENPISSI {POTroUTE pur pozIud30mWoY {NOKISOdUrod [EUINou (2.1 €500 "0 PF6°T T $36T ‘g°S ‘spoopy puE ‘MO ‘OIMuM  TPE  BS
‘UIO WO ¢ OF X 9§°0= (dwrs) WNI[9Y 18) SOUBIEISOL
10130016 TENpISea {polesuus pue pezrue3ouroy (woyisoduwrod [BURmiou (o1 9500 0e7-6°F 11 $36T g g “Spoom puB 3D ‘oM WE TS
*qUL ‘Texeseq
*3580 {d G70°0 ‘0L 68070 a £g6-68¢ T 7367 PUe ‘°y°D ‘suppmeq ‘'pW ‘elifen 2§ 08
P ‘IiBIeseq
‘3580 (g 9T0°0 ‘oI 190°0 0 ¢eg-68¢ 1 2867 pue ‘*y D ‘summeq ‘oW ‘erfon  gs 6%
‘it p ‘Trexesq
‘3580 g FF0°0 ‘a1 §T0°0 q £88-68¢ I 2367 pue ‘'y'p ‘supymel ‘°p'W ‘erffop  gs 8y
uorjeusiseq [§3)] o5 . o o
syaewrey pue ‘suorjeoyroadg ‘(juvored jySrem) uonrsoduro) wouiroadg a8uey p mD aeex (s)xoyny . N ox %A
pue smey cdwoy, PP 1ol 0

(ponuryuod) YEJAOD SO SNAWIDAJIS HL £0 SNOILYOIAIDAdS "% ATEVL

25



gooudIayey ‘I xejdeyd ‘F "TOA Mood BIEd JUdL 99§,

-eunreisLiofiod {oand 66°6€ €LL~03E 9967 CHCA ‘AoMnADEN 029 98
*Suraepios Suranp
A1qeaeprsuoo paedy g ‘Jueq J0U PUE pojesuue jou 'oxim teddoo o134[0I300Ty eLE~T2 o $16T "M ‘TOUSSIOIN  8CF a8
*aang 4 ‘vge d 9G6T ‘D ‘UEMOIOZ  06€ 8
*oxng z'166 4 2067 ' .nvuau&&:«:ww s €8
* 0 =© PUE Spajsae0 00zg = H 18 POINSBoUl UsIIoads aaoqe ayy (4} 0£°12 1 8€6T  °H ‘IPOISUSPY pUR ‘F ‘WOSIOUNID  9gp B8
*0F=© PUE SPa3JsI00 0080T= H & POINSEow Ustyoads 9A0qe SYJ 2T nD 73 1% 1 8867  “H ‘Ipojsuspy pue 'F ‘vestounin 9gp I8
*0b=© PUE SpoJsIeo 0GL8= H I PoInssoul Usurroads aAoqe oyx ZF no $8°12 1 8267  'H ‘IpoISudpy pue g ‘TOSIOUNID  9gy 08
*OF= © PUe SpdISId0 067y = H J& PaInseswt uowiroads aAoqe ayy er np 6T°T2 1 867 ‘H ‘Ipojsucpy pue ‘i ‘vesiounId  9gh 6L
*0b = © pUB SPaIsSIeo 08gg= H J& POINSEIUr USUIT0ads 0A0qE YL 2F D 8118 1 86T  °H ‘Jpejsuspy pue ‘g ‘WOSIOUNIH  9gh 8L
*uopoeaip [0F7] 03 ToT[exed A[IBoU I PUEB WINUWIIXEW A[IBSU ST LJTATISISOX
1891110010 9} YOTYM 18 (0F=© PUE SPIISIO0 0= H I8 POINSEOW USWIIOadS SACYR YT (4] LT°T2 1 8867  'H ‘JpOISUSPY pUR °F ‘TOSTOUNID 9€F L
°,0=© PUB Sp3}sI80 00331 = H 2 poInseswm usurroads aaoqe oYy gF nd G2 12 1 8€67 *H ‘IpojSuspy pue " ‘uestounin 9V 9
°0=© PUE $pajsIso 08807 = H & poanseswr uowroads aao0qe 9YJ [A3e] €2°1% T 8€67T *H ‘Ipojsuspy pue g ‘vesIounId)  9g% 9L
* 0= 0O puE Spa3sIe0 0gL8= H 18 PoInsesw usuwiroads sA0qe oyJ 3T N0 1218 T 86T  °H ‘IPOISUSPY PUE ‘H ‘UOSIOUNID  9EF  FL
*0=© PUB SpISI0 06Fy= H 8 poanseawr uswoads aaoqe ayT gr np 1 30%4 T 8¢67 ‘H ‘Ipa)SUpPY pue ‘g ST 134 €L
*0=© PUE SpeIsIe0 08gZ= H I8 POINSBOW UOWIOads 9A0qE OUT ZF o L1 T 86T  "H ‘IpoISuUspy pue g ‘mosteunid 9gy 3L
~uonoaxip [007] 03 oITeIEd A[ABOU H PUE UINUITUTUE
A1aBou sT HIAIISISDI [BOLIJOD]S YY) YOIYM J8 0= (s1Xe poa o} xeTnorpusdrad oulf ®
PUE wOI309IP PIeT} o1jeuSew usemlaq o(Sue o)) © puB 0= (W3usajs pley orjeUSEUL
9sIeASURI) oY) [ I8 peansesw (D 08¢ 18 SIY ¢ X0f pasedwia) (1e)shio o 3urs jeIngeN t4 3 0] LY 12 T 8€67 *H ‘Ipejsuepy pue ‘g ‘TostouUntd 98% L
‘eand z2°gLe q GE6T ‘H ‘dnIjueriepm pue 'y ‘UeNond  07H 0L
‘Sy oorij 2°162 T 0067F "H ‘uestoumxd  §EF 69
*aang Z2°162 T 0067 ‘d ‘vesrounld  sgy 89
‘Surmexp xojye urede poreoUUE Jou %P ‘97 Aq
Peonpad BAIE UO[OOS-SSO0ID 9y} YOTUM UT *UT L0 "0 ©O) SOIp opIqIes usjssumny
ySnoay) umesp usyl pue ‘D 00 I8 SIY g IOf WINNOEA © W pafestue ‘sproe ‘PUmM TIRH
M pauBo[d © "UT 9T80°0 MOGE 03 UMOP ‘UL g/¢ INOYE WoIy pafems oand 666 °6€ S0T-0°"% T 6667 PUB ‘W °H ‘X9poy ‘1Y ‘lPMOd &% L9
*smeaedde oy} ur uorjelTejsut Sutanp sydures oyj Jo SuruopaBy JIoM
a[qeproaeun JuSI[s ‘D Q0% 38 SAY g JIOf WNNOBA € UI Uiede po[gouue Affeury pus
SPIOE YJIM PSSO ¢ "UE 0400 O} SOIP OPIQIed UeIsBun} YSnoryy uMeIp ‘O 007 18
SIYy g I0J WINNOBA B UL pojeeuue ‘EONH JO UOIIN{oS QT[T ¥ Pue [DH JO uommios [y LM CTIBH
® YJIM POUEBSTO ¢ UL ZL0 "0 INOYE O} UMOp "UT §/¢ INOYE WOy poBems [oand 666 °66 507-0°'% T 6S6T puv ‘"IN 'H ‘Iopoy ‘LY ‘IPMOd  ¥E¥ 99
*qd @081} ‘g L00°0 ‘94 070°0 ‘ds GF0°0 MY OTIAJ0AJ09TT 2°8L o 0767 ‘g ‘o) pue g ‘ewrshoy  ¢gF 69
. uorjBUSIseq [631] os oN 0N
SyIBWIOY PUR ‘suorieofjroadg ‘(jueoxsd qyStom) uonrsoduod uowiroadg o8uey 3 wb IBOX (s) xoyiny qou *anp
pue owWweN *dwmaj, Pi3OI *
(ponuriuos) YAJLAO0OD £O SNAWIDALS THL L0 SNOILYDIAIOAAS 7. dTdVI

26



soouaasey ‘1 a9idey)d ‘1 °10A food Bleq DUJAL wmm*

<xaddoo Teanteu [eysLio offurs Mrand y8in £13-03%

1 9167 g ‘poyds 619 FIT
‘uSAT3 S[rejed oN 0z-st T 9€6T UL ‘ZSEWISIE PUB ‘P°M ‘SBBHPQ 6.8  OFF
*uour;09ds 9AOQE 5U} JO UNI YINOL z'e9e 4 0967T ‘W ‘eSel 229 60T
*uowroads ©A0qE 9U3 JO UNI PITYL 2°¢9e d 0967 ‘W ‘eSel 229 80T
‘uenmoads 9A0QE U} JO UNI PUOOSY z°g9¢ d 0967 ‘W ‘eSel 2z9 L0
*oped [eroIouIU0) 2°g9¢ d 0967 ‘W ‘e8el 229 90T
17D I0YqY pue **d "o ‘Iopng
o120 896°8 (O 02 T) M1susp {eang OHIO 2°662 d 0967 Cepty ‘sunuep ‘cptm ‘a9NIBd H0S 90T
seang g.z°08 O 0767 ‘3 ‘o puE °g ‘ewrefoy 96%  FOT
oang DHIO o5z-82 1 6767 . ‘AW ‘sxomod 29  '€0F
-2 8 g8 'g AP (0D 6°€6 " yoyd ySnoy *H L ‘wwIejem pue ‘°1tp ‘Suet
W) 94¢ OBY UOHEsHIoads Telepey Buryesw zeddoo yogrd ySnoy onpATorpeld 211410190911 L82T-%9L 1T 9567 fep°p 'oBpoy °€l’] ‘osnoYpIeLL 0% 307
*D 004 Ye poTesuue {3 F0°0 ‘Sl T0°0 ‘WA pT°0 STT xeg gLy ‘868 I <34 MH ‘Iouwnjed Pue ‘gD ‘ypwig  SeT  FOT
*D 004 78 poTeauue (3 20°0 ‘Sd 700 ‘WA LO°0 717 Teg eLy‘e6z 1 GE67 *M°F ‘Ioweg pue ‘g0 ‘yrwg  S8F 00F
g0 0> Arandur z°gee 1 G267 "MV ‘upwmg 082 66
‘poresune {sy 350 ‘oand 9g8°66 sey T 286t ‘g0 ‘sxelog pue *Q ‘UeSWRH L9 86
*poreoumE {sy £0°0 ‘9and ¢5°66 88% I Z€67 “H°0 ‘sxe8oy pur ‘q ‘UesUEY L9 16
‘poouue g ge¥°0 ‘oand ¢9g'66 8ey I 2€67 " *g°p ‘s1e8oy pue "( ‘USSUBY L9 96
‘porgoume {J £60°0 ‘oand L16°66 8¢y 1 2867 "g°0 ‘sxoloy puwr *(Q ‘UuesUBH L9 66
*D 059 78 poreoTuE g 870 ‘oand 7L°66 g6 96y-62¢ T 1€6T ‘gt ‘upwtg  FET 6
*0 0g9 Je pafeeuuE o4 $0°0 ‘d €L0°0 ‘oand 26°66 28 PeY-LEE T 1€6T *§°D ‘upmag  PET €6
0 0g9 7 potEouNE {4 $0°0 ‘d 2500 ‘oand 76°66 €6 Lv-288 1 TE6T "§°D ‘unws  pET 26
*O 00 - 08€ 98 SaY (g IO] Weams :
ueSoxjIu UL poTEAUNE SV £000 0 °S 40070 ‘@4 070°0 ‘9$ 670'0  !serpandwi M ONIA[OXIDOTH s42°8L 9“1 o767 *L ‘o) pue °g ‘zwedoy 03 16
*JojPomep
W ¢°f 0} WW § WOIf poiewwiey {e3sAio Teaneu snoxod i frand yS1y Sxop ®EZ ND £8°12 T L1367 *q ‘SUeOr) pue °J ‘uesiounyy Lg 06
*payaomm .
pue pawrIojepun Ao1o[durod {J[owl WOI POIFIPI[os BISAIO o1Sums foand Axoi JON 6 no €8°1% ot 2267 *f ‘SU9OY) pue °F ‘UosiouUnIy LG 68
*9p §0°0 ‘oand g6°66 ZpI-S°1T 1 GG6T *g°S ‘spoom pue "D ‘ONuM  §9¢ 88
‘W ‘uBISSNRYY)
*oand 666 8p8-gge 1 g€67 pue {*g ‘Aiuey ‘*p ‘onbuey 68F L8
uoryeudrse( . [$3) posn “oN coN
syIBmey pue ‘suorjeoryioadg ‘(juecaed jySrem) uoprsodwo)d wowroadg oSuey PAIOIL IBOX (s) zoyny L tanD

puE sweN ~dwio,L,

(panuriuod) YFEI0D 40 SNINIDAAS THL 40 SNOLLVILIIOAdS ‘¥ TTAVL

27



-uotyeoriqnd Jo 95IN00 Ufy
sooueaerey ‘7 dedeyd ‘T "TOA Hood TIed DUJL 998

s
wo wyo” LT ¢ pue ‘%% ‘89°€ ‘L6°T ‘43T ‘€6 °T ‘6L T ‘AoArgoedsex ‘omm
S §L8 PU® ‘€LL ‘€LY ‘SLS 'SLF ‘SLE ‘S%E ‘©63 18 AAIISISOX [EOLIJ0D[0 {350] o) o € "ON .
zo1ad Juetnyeax) Jeey ou (Juol WO (T PUR I9JOWEIP UT UID g T Jo pex fnxaddod sandu ‘ordwreg 'S W €L8-€38 D 996T - ‘d'g ‘oA pue "M ¥ ‘TIomMod  # - 08T
‘wo urgo?l gz g puw
‘Ge°T ‘8L T ‘A[oAT)oedsax ‘oxom 3T £LE PUB ‘€ZE ‘€62 I8 AIAISISOX [EOLI109]0 11507 2 "ON
2y 03 Jotxd JueUIIES] 180y OU (SUOl WO (T PUE JOJSUIEIP II WO T Jo poI ,10ddoo sand, ‘erdures *D W B gLe‘eee 0O 9961 ‘d ¥ oAy pue "M ¥ ‘TIomed # 62T
‘o uyd g g fue
‘88°g ‘80°C ‘S8°F ‘09°C ‘66 °F ‘GZ’% ‘86°T ‘GL'T ‘A[earjoedsex ‘orom 3 gLTT Fue
‘L8 ‘BLL ‘LY ‘SL8 ‘SLF ‘SLE ‘628 ‘867 1¢ ANAIISISOI [¥O1A0970 ‘I ELTT O potesIy
Teoy ¢3uof WO GT pue xojowelp ur ww L Ajand yo 9exSep yB1y € Jo pue so1y uelixo
aq 0} petels ‘IGey "ON Axojeroqe ‘pox pezipaepuels A(eotydeidorjoeds ‘oD fue T ‘oN
‘Koyprey ‘uosuyop ¢(uoryrsodurod pejemIISe) IN £000 0> PUE ‘ad $000 0> ‘8V 9100 0 ‘ordures ‘W ' €L¥-688 O 996T ' ¥ ‘oA pue "M ¥ ‘Tomed ¥ 83T
‘048 "0€ = 1/1V 18303 Y114 Suryojoass IaYIng XajJe DoINSeoW Uswoads 9A0QE 9L ¥8-61 T $96T ‘M ‘I9STBYZIOH FUE 'O ‘unped L9 231
‘0% '6Z = 1/1V 18101 YA Suryojoa)s I9UINY I93Je DAINSBOW USWIOSdS SAOE 9T, $8-8T 1T 7961 ‘M ‘rosueyzloH pue ‘O ‘unpeld gL9 93T
"0},6 6T = 1/1V 1¢303 YJIs4 Sulyojoq)s ISYLINY I97Je DOINSLOW Uedads 5A0Ge oTL $8-8T I $96T ‘M ‘IosneyzloH fue 'O ‘unperd zL9 93T
‘ainyeroduro] wool o} dn JuTWIIBM I9ULINY 98 DOINSBOW USWITOAdS 9A0(R YL, $8-02 T $96T ‘M ‘IasneyzioH pue "D ‘unpeld L9 P21
‘00 5T = [/1V 18303 Y3ia Suryojea)s Iayrny Io3Je DoINSLoW uewioods 400e oYL £8-8T I 96T ‘M ‘I9SneyzloH pwe ‘'O ‘unperd ZL9 83T
‘048 *L = 1/1V Ui Suryolos)s I93Je D9ansesw uswroeds oAoge oY, £8-8T T F96T ‘M ‘I9SNEyZ[oH fue ‘D ‘Unpe[) ZL9 23T
*20ddod o1341023001H £8-6T. I 96T ‘M ‘fosneyzloH fue 'O ‘unpeld ZL9 13T
WD WYO ¢ 0T X 70°0 F G598 "0 AJIATISISAX [BD1AJO9[D
{ENPISI {8INOY SWXOS JIOf ONOBA UI O 0SS T8 P[EOUUE UdY) PUB POI IDJOWIEIP
*Ul §/§ € WLOI] UMEID PUB POT[OL SBM SIIM JIOJSUEIP UYOUT 0E('0 ‘SV PUE O,
JO YoE® Z000 "0 ULY) SSO[ PUB ‘9g ‘qS ‘94 JO UOES F000 0 ey} Sso[ ! oD Sururpy
puE Sulj[etug WeSLISWY 9y} JO Q] Yoaeossy [exjue) oy} wxoay zeddoo sand, 66666 ¢6-0z 1 0967 LY ‘YSUIR] PUS ‘YD ‘oum €39 03T
*D 08¢ 78 SaY § .n&. paetesuue 1daoxa L n) Uowrroads 9A0QE O} SE dUWBS 8L 1D 28°12 T L26T *q ‘Suoor) pue "j ‘USSIOUNIY) LG 61T
*pofeouTeUn ¢ yi8way
Suranseown oy} uo suread 183SLI0 § 0} ¢ {9 UoWIIOads §B }OO[q SUIES dY) WO PIYIeT L n) €812 T L2671 *q ‘SuUe0n pue °F ‘UssTOUNIY LG 191
;o 7 xad suorjoes-ssoro uread gz moqe (D (g6
18 ‘UIW ¢ A0} WINNOBA UL Pa[BauUE Joyjany 1deoxa qg9 n) Uowroads 9A0qe oy} S owes a9 np €8°12 1 L3267 *q ‘SUGOD PUE *{ ‘USSIOUNID LG LT
: "D 08¢ 18 SIY ¢ I0J POJROUUR PUB ISJOUXRIP
W G*Z 0] WIWL § WOIJ POIOWIRY g N) USWT0ads 9A0(B 9Y) S8 JOO[q Swes oY) oLy q9 np €8°12 a 1267 *i ‘Sueop pue " ‘UssIAUNID LG BE:141
*pox ojur PaYIR] puE }oo[q Io8ae] wory umes ([ejshro o18uws feand AxeA JoN 9np €812 T " 1267 ‘9 ‘sueopn pue *F ‘uesiouUNID LG 84
"I G X0 D 096 Je PozIreIsArasx
uayy pue ‘) 08¢ 18 SIY g /T  IO0J POTESUUE USY) ‘POISUNTHEY UamToads 9AOGE oYL q% nD es8‘rg T L3267 g ‘susop pue ‘g ‘uesIEUNID LG 21
-suread oury yya foand Lica Afreordiomnoord ¥ no €8°12 T 1267 *f ‘SUSOD PUB "F ‘USSISUNID LG (491
*aur(Te}shio oury ‘oind ATEIoISTWWOD e18-2% 1 9¥67 g ‘nows 619 811
uotyeusdiseq (3D posn coN ON
syJewoy pue ‘suoneonioadg ‘(jueossd 3iStom) womrsoduropn uswroadg oSuey 1 aBOX (s)xoymy oy tamp
pue sweN *dwag, P3N *

(panuriuoo) YEIJ0O 4O SNIWIDAJS THL O SNOLLYOLAIDAdS ¥ ATEYL

28



i—>
L
© /
> /
|._
2
|._
O
20
o J
2 0
OO
(@]
a /
2 -/
= z /
o <} /
2 )
b .
- \/
/
U/
/
/|
/
/
1
| — 7 |

————— 3 WO DM ‘ALIAILONANOD TVWHIHL

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
TEMPERATURE, K

100

TPRC



seouexeley ‘I a93deyn ‘I °I0A sood er.d DYJL 998

“Te3shrofiod ‘feand 66 *66 $96-18€ L36T oA ‘AoYATING  AT9 IR
‘pogodwiajun ‘poa U} 03 poNIcM-proo (Lrand ySy 10y €8 ‘12 T 1361 ‘q ‘Sueopn pue ‘Y ‘uesmoUNID LS 9%
'O 068 18 ST €
paxedure} ‘peojesuue mmmuwﬁd% WW g 0] PSISUIWEY PUE Pajfawal (oxnd A[BI0I2WUI0)) LB II Ny €8 ‘12 T 2761 i ‘Sueor) pue ¥ ‘ussiouNID 29 [:14
"D 08g 18 SaY g/T G poeouue {rajowreIp Wl g 03 parewmuey ‘Te3sAro oidurs AreuiSiig g1 ny £8 ‘18 T 2361 *y ‘Susor) pue 'y ‘uesIaUNID LS ¥z
‘poutes)sin ‘Tejshio of8uis (Lyanc ySiyy PT Ny €8 ‘1% T 1561 g ‘susop pue g ‘uasiaunin 18 4
reang. 2 '862 TI6T VoA ‘ezInycg  TPE &%
oang €LE 063 T G761 WM TIOUIM PUB L ‘PBIIBE 668 T3
UMBIp PUB PSIIOI Uy} PUE ‘OIHONp awoaeq of payousnk pur O 008 18 paredwie} ‘eang 2162 036T O ‘opuri pue "H'D ‘uossurycy I¢% 02
*jurod Sumeur 03 980[0 payeey
Uy} puB ‘UOTJOSS-SS0I0 UL ;WL T PUE RSUS] U WO § JO SIIM O} WMEIP pue pef[ol feang Z2°8L2 L ¥367T ‘i ‘woxispsg  08% 6T
quiod Supewr 03 ©SO[d a7 g/T PeYEsy fumeap pue [oII0N 8LE ‘8LT . 0 6I6T o ‘woxispeg 9% 8T
*I9jeWRIP Wil ( 'g ueurroads feang 2938 1 $38T ‘goe ‘fexn 189 LT
P Y ‘YsTUre], pue ‘°p°d ‘SuSWAIY
*AfoAyEMUMD sy ¥ 10§ O 0G0T 38 ONOBA UI payesuue XD 78T 0 16-1°¢ T 6361 g om fduey v P .n.e.m_m osy 9T
*anoy T JI0J D 009 Je po[esuur usy) pue poSio] ieang qT1 Z°L6Z e 1761 ‘g ‘ojownsey  ZLT ST
“pod1oy toang L 3 °L62 g L3561 ‘H ‘ojowmsely LT P
‘poTeouUUE PUB POJIOM-PIOD aand A[[eI0IoTIWIO)) I ny €8 ‘1% T 1361 i ‘SUSOn) pue ‘g ‘uasiounin LS €T
‘paurexjsun ‘feiskio oy8urs {Ayrand ySig 2T ny €8 ‘12 T L1261 *y ‘SU90n) pur g ‘UesIOUNIn 16 [
*6% *6T = £114823ds foang £LE-8L3 T PI6T WG IOMUIM pue I ‘Beiieg 8 1T
‘WH ‘Sxaquesoy
oxm our[e3sArokiod ‘oand 656 ‘66 1ny 12-€°2 T 2361 pue 3 ‘UYOSSTPUSN L6 ot
oatm foand 36 ‘66 262-€L¢ i 86T ‘DM mpnuuey 84 6
*I9}0UIIP UIWI € *] 0} UMBIP pP[o< usuitoads pajesuue 9AOQe SYJ, ¢ ny '06-2°2 1 €961 SID ‘rmm 99T 8
‘sxq 9 ur D (0%
09 po[ooo AIMOTS pue SIY § INOQE JOF ONDBA UL O (0L 8 POTesuus ojdures 9A0qe oYJ, oy 161-1°% T €361 SIH ‘el 9FT L
‘umeap pioo ‘gox
I9jowEIp WKt ¢ T UsuItoeds fuz pue BD Jo soull jurey Laaa pue ‘eN pue ‘Siy ‘ed ‘PO IO
souyy Jurey pue nD pue Sy Jo SOUI pomoys sisheus Teajosds foand 666 ‘66 UBY) I91BAID ¢ ny 8FI-€ 2 T 8861 51D ‘olm 9%1 9
“poj00o ATMOIS PUE ONOEA UL O 004 7€ Poresuue g 9ovy By Ajlandurr xofewr ‘oand 6 °66 Z 0y 081-2°2 T £86T S1H AEEB. 9%T ]
1d 098I} ‘BY Aprandwil sofewr feand 6 °66 iy TFI-L'G T 8361 IO ‘yym 9¥T ¥
“fyuand ySig Iy £L8 ‘162 o 006T °H “SJIoyjessoiy pue ‘my ‘1e8ewp LL €
MY 170 ‘ed T°0 ‘oand 866 1INy €LE‘16% g 0061 g ‘)sI0Y[eSSO PUB ‘M ‘ISSsEL L) 4
aand 636 ‘66 [273a44 q ST6T ‘M ‘ISUSSION G6 T
syzewey pue ‘(jussasd jysrom) uonisoduwro) :ﬂwﬂ%ﬂ%% .QMMWM. %wmmﬂﬂ JBOX (s)aoymy M%m ...M,Mo

PUE SwreN

aTOD A0 SNINWDIJS THL J0 SNOILYILIIOALS °g ITEVL

30



—=————— ¥ ‘JYNLYYIdW3IL

JYdi

J3AaN3IWW0D

(OOWYYV) NOuI
40 ALIAILONANOD TVIWY3HL

3
S

-
©

e
=3

2
o

|3 W0 HOM ‘ALIALLONGNOD TVWN3HL



soouaisjey ‘I Ieydey) ‘T °IOA Yoog Bjed DHUJJL 998

g ‘1sog pue Y ‘YRAON ‘@ D.

*STretep oN 863T-566 d 096T ‘4poD 'S'q ‘saeeqd ‘'€ ‘sojeqy - 98¢ ¥8
“sTrejep oN 863 d 0961 ‘£H ‘sup[uef ‘LM ‘xo¥ied  $0S €2
‘s|rejep oN 80TT-%06 0967 ‘qeT Ti9eN o3prgNe0 939 28
MM ‘X9AmSg pur .
‘UOLT OOUWLLY [BIOISWTIOD 861T-4988 W 6S6T L'V ‘osnogeuc)s ‘W'Y ‘eured  9%F 18
POyl prens payotewumn,, YIM paInseswr (gordwes UoIT 0OULLY UIGOX punol TINY jO duo
1D 098 8 1Y /T 10y pATESUUE (D 300 ‘IS $00'0 ‘W 0€0'0 ‘A 9000 ‘S 8500 "MD €80 "0 €LET-E08 T 0961 PN ‘ZReneT  GFF 02
*18 90®IY ‘g GZ0'0 ‘d S00°0 ‘U LTI0°0 ‘D 2T0°0 008-96¢ 1 9561 ‘D ‘Ueadel  0F8 6T
*UCII 0OWIIY JRIOISWUIo)) 008 T LG6T P ‘ZIO| puB N ‘SIOqUOT UOA £02 8T
*uLxoj SnoaM UL 90INOS [BIOIDWUIOD )
woxy peureqe mp 91°0 ‘I8 §T0°0 ‘S §0°0 ‘d TO0 ‘WA T0°0 ‘D £0°0 ‘oand 6¥y 66 LSOT-0TH O 6g6T ‘AN ‘NAeN pue ‘LS ‘xeBez  L18 LT
MY G0°0 S O0F0°0 ‘d TTO0 ‘UM Z0°D ‘IS @981l ‘D 100 ‘eand 698 *66 €L71-60€ T  9g61 *d ‘Teanel - PP 9T
S 020 °0 ‘d L00 ‘0 ‘WAL 8200 ‘IS L00°0 ‘D £30°0 ‘eand 816 66 8421-698 g 6861 ‘MY ‘Temog WP ST
‘POX UL T 'S 02070 ‘d 400°0 ‘WA §20°0 ‘IS 400°0 ‘D £20°0 ‘oand 81666 8ETTI-08L O 686T ‘Mg ‘Tremod  ¥RY FT
‘PoX UL g/T ‘g 02070 ‘d 400°0 ‘U S0 °0 ‘IS L00°0 ‘O €800 ‘eand 816 °66 9¥0T-218 o 6ger - MY ‘Iiemod  ¥EP g1
’ ) g S{eAoN
‘gfrelop oN 9621°062 a 6961 pue ‘q*p ‘4pop ‘g ‘sePqV 1% 3T
H SvAON
R *SIre19p ON 862T-008 a  6gel pue ‘q-p ‘4pop ‘'d ‘seaqy 1% TIT
‘Tesotu Y poterd ‘g L0O *) PUB IS L00°0 ‘S 030°0 ‘D £20°0 ‘UW 620°0 ‘*oand 81666 €L0T-8L3 T ¥get ‘MY ‘Tiemod 0TI 0T
*d $0)°0 ‘UL STO "0 MO S0 °C ‘S 930°0 ‘D FL0°'0 ‘oand 906 ‘66 €L3T-6L2 O  9g6T ‘MCH ‘weeq pue ‘g ‘D ‘sYowI 68 6
K 200°0 ‘DD 9¢0°0 ‘S 9Z0°0 ‘d 900°0 ‘WA AT0°0 ‘D TI0°0 £L2-06 g €861 DM Mmnuues] 6L 8
“uourroods 940qE 58 dures £¥6-%08 T Lg6T ' ‘ropeH 69 A
*D 066 38 pafeeuuE ‘d €£00°0 MO €T0°0 ‘S €00 ‘U Z€0°0 ‘IS T0°0 'O ST0°0 196-£2¢ T L86T ‘a ‘uopeH 69 9
AD ‘Surg pue "M CH ‘weed
‘*d g ‘A1Im) gV ‘gimg
mD S€0°0 ‘S 920°0 ‘d ¥00°0 ‘U ST0 0 D $T0°0 $6€-111 o Tg6T ‘°d°H ‘uosdwoyy ‘°d D ‘s¥oWT 16 S
*STIR19p ON 800T-8TL q 1g6T 0V ‘amg T2 ¥
‘I ‘fuey
‘STreI9p ON ¥6ST-148 ¥ 8g6TPUE "D P ‘e3poy ‘°g 'l ‘OSNOUPRTd  6€ €
‘I L ‘eoumdneq
"parfoa-j0y fIN $20°0° ‘0D 490 °0 ‘S 680 °0 WA G£0°0 ‘D 820 °0 ‘oand 08 ‘66 9T0T-02¢ o 1A pue ‘q*I ‘SBuomsway ¢ 4
*d 100°0 ‘S 20°0 ‘IS L00°0 U $%0°0 ‘D £30°0 ‘eind 816 °66 £L0T-80¢ T ¥g61 ‘M°d ‘Iiemod OTT T
uoljeudisaq & . .
syrewrey pue ‘suoiedyroads ‘(jusoxed yBtem ) uonisodwod uawioeds mwcmvm posn JEBBX (s)zoqmy .oz .oz
. PO g amp
pue aureN dute], %

NOYI OOWHYV 40 SNAWIDAJS THL 40 SNOILVOIIIOAJS 9 TdVI



UOTJEITUNTWITAOD IBALI] )

soouaaeyey ‘T aeidey) ‘y “[OA ¥ood ®Ied QUdL 998
3

*uPOYIPW paend poyrjeurun,, YIIM PoInseout

two wyo? 0 “gTT = (0006)d ‘€04 =(D 009" +°0T =(00)d 0967 ‘zyqueT  jo

(0% @Aan0) BJEp PIOOIIOOUN AY) JOf SIN[BA PAJOIAIOD BY} I8 BIEP JO 198 SIW) (SIN
03 jJues yjdua] e 03 jueorlpe AJ9JRIpoWUWII PUS § ‘ON 9U] ‘¢ "ON pue § "oN podurels

ordwes SIY} Jo spue oy ‘uourroads 9A0QE Y} SB [OX SUWIBS S1) WO JNO ULl OOWLIY SLZT-8LE T £96F P ‘ZnBT 689 8¢
"IdN 03 juas y13us] & 0} Juede(pe A[OeIPSUIUL] PUS 7 ‘ON 9y} g ‘ON PUE T ‘oN pelweis
srdures STy} Jo Spus ay} {wourroads 2A0(® 9Y] SB POX SWEBS 9Yj UWIOI] JNO UOII OOUWLIY eL8-8L% 96T ‘ACD ‘syony LE

‘wo wyor! 88°6 . =(0) d {DEN. 0p

jues ordures oy} o] Juede(fe pue ¥ *ON 9y} PUB TN 0} Juas ojdwes ayj o3 jueoripe

A[ojeIpowrurl puo ¢ *ON oy} ‘% "ON pue ¢ ‘oN padureis ofdwres sIyj Jo SPUS Y}
‘INE Aq SEN 01 perjddns (uowrroads 0AOqE 9Y} SB POX UIES 9y} UIOIJ JnO WO OOULIY S16-€TT T €961 q°q ‘wAlL  7g9 9¢

wo wyo?! $UgTE =(D 0090 ‘8°89 =(D009 g ‘SAN 03ues ySuel € of

Jusoeipe pue ¢ "oN ‘Jd Je paurejox YI8us] B o} J100e[pe A[9)RIpOWIUIL pus 7 ‘ON
oYL ‘¢ 'ON pue g ‘oN padwe)s spus ¢SuI[ooo eovwany Aq POMOJ[Of IIe ur D 128
Je ‘ulWl (¢ IOJ PR[ESUUE USY) PUB UOIIIPUOD PAY[OI~}0Y Y Ul TN oY} 18
POATEDOL IBJOWIRIP ‘UL | JO POI {UOIYIPPE U ‘IN £80'0 POMOYS AN e sisd[eue
orydex3oxjoads pue [EOTWAYD {94 (9OUSISHIP £9) $£8°66 ‘d 900°0 ‘IS H00°0

‘030°0 ‘S 3070 ‘TN 080°0 ‘nD €80°0 :0) sITES STO9IS Aq uoard sted[eue (W ‘mempoop puE 'd Y ‘OAL
a[pe[ (0D so1Bg s[e9ls oyy ySnoayy 0D TN SU[[oY UBOLISWY UIOJ] U0 OOULIY gLGT-EL 3961 ‘eptIN ‘HRWISOTH MU ‘TIeMog  FE9 14
891184 9[qBQOd SO PAPUNTW0Y €L87-842 296F ‘MY ‘TIeMod 089 FE
eLL~ELE DI  696T ‘HCH ‘uosulqoy  L¥E €€
‘gL ‘wewasyep pue ‘I°p ‘Suery
£5717-808 T 896T *0°p ‘98poy ¢'g I ‘OSNOWIL  ¢F 43
850T~£08 g 9967 gl ‘OSmoyppLi pue "O°P ‘3pOH 639  ¥E
‘sonfeA
98e10a% INE ‘d 00 0PUB ‘D $T0°0 “UIN ST0°0 ‘S 920°0 ‘nD 6g0°0 ‘oxnd 90666 £L3T-86 O 8a6T ‘MCH ‘weaq pue ‘IO ‘SYonT 829 0%
1A “AOITION
pus ‘g ’p ‘edool ‘'H°L ‘eIIox
‘@ g °ou unz uswIdads 9a0qe Yy, 86TT-G20F ¥ F96T ‘ep ‘mosaewng ‘'p’lL ‘AeEpop 129 62

*T°d ‘AOIION
puE "d°f ‘@100 ¢ DL ‘OMosl )
‘D g ‘ou unx uewrroads 9a0qE OYJ, £L2T-903F ¥ 7967 g ‘uoszey ‘'p L ‘Aeypop 139 82
'1°d ‘AoargoW
pue ‘d°f ‘@I0ol ‘DL ‘SHioy
‘g g °ou una uowrroeds o0qe oY, 90Z7-€66 u P96 T ‘oM ‘uoszaNIRg ¢ p L ‘AOIPOD 439 L8
1°a ‘Aox[IoN
pue ‘g f ‘@a00p ‘‘D°L ‘ONIo3L

'Yg -ou Uni ‘uswrroads 9.0q® SyJ, 86TT-F8Y I p96T fep ‘moszaNINg ‘oL ‘Aeapon 179 9%
7 cu unax *1°d ‘AoX[TOW
N 0S00°0 PUB ‘0 980°0 ‘H T000°0> ‘S £30°0 ‘d 900°0 ‘D €70°0 ‘A $0°0> pue “&.n ,m.ﬂocsm ‘ .U.HM ‘ofoN
‘IL 070> ‘T8 20°0> ‘N F'0 O $0°0> ‘WA S0°0 ‘ND T'0 ‘XD 600> IV G0°0> %607-58¢ q p967 Cepp ‘UOSIONINI ‘D I ‘AOIPop 439 9%
uonEugIsaq D o8 ‘oN ON
syIewWeY puE ‘suorjeoryroads ‘(jueosed jyStem) uorjisodwrop ueurroadg a8uey POS[l  1pg X (s)zoyny jod *anp
pue suwre) ~durag, PISI *

(pomtyuoo) NOYI OOINYY L0 SNAWIDIAS THL J0 SNOILVOIAIONAS "9 ATEVL

33



‘g0 8 gg -, M1suep ¢ ‘dxo) 19918 oMoty - ureyde|
£q porddns ‘Jewr wroxy useap pioo ‘Suoy ‘ur §/¢ pue Iojouwrerp Ul °ut /g jo

e3ep poysTandun,
UOTJEOTUNTIWOD OFBALIT |
socuexejey ‘T 03dEHUD ‘T OA YOOH TIEq DUAL 998,

e ‘g ‘4gseifo

wowroads (I @0BI3 ‘d 600 °0 ‘O ZI0 0 W LT0°0 ‘S %0 ‘0 ‘(educxelyip 4q) o4 T%6 66 998 ‘199 g 2961 pue ‘ @D ‘sxedd ‘ §°A ‘199N €09 0%
“paepue s adUsIdJax
e 97g 10918 soure)s Sursn enjeredde pox oanjeredurod & yum painseowr ‘Suog
“Ul T pue I9JOWEP UL “Ul T JO USWIIOads Y00JS UIGOX PUNOI TING WOLY WOIT OOUIY T18-088, 0 G961 ‘a-p ‘siedd 4 32
BACA 969
MO T0 0 PUB ‘DGTO 0 ‘IS H0°0 ‘WA L0 ‘0 *(90UcIeFIF 4q) 9.4 998 66 €LL-92¥ g G96T  ‘IoYsAOWIUD pue W'V ‘MeuEg  ‘C69  8¥
‘e-WO 8 pL8 *L ANSUSp JURISUOO POWMSSE PUE JEOY OIJ0ads paanseew oy Suisn
POUISUE WOXSSUY PILJIPOUL PuE 'POYIOW TRIPLI ‘POYIOW POX SITUT] SPOYIOW 921} ‘DD ‘wosyoTURQ
£q poInsEOW AIATSIIIP [EWAOY) 55€I0AE OUJ WOXE PIIRMOTE0 ATANONPUCD TEWIOLL, £LTT-8L8 d  ¢96I pue ‘"¥'H ‘Sjueys ‘H'V ‘Wepy  § Ly
"JUIS jroy JueIazyIp Sursn fq peanseow usmurdeds eA0qe AL 82ET-6SL b 2961 gy ‘xoffel, ¥E9 9%
*910Y I93U8D "UI G ' @ UM Buo[ UL ¢ A @O "UT ¢ 9718 uswroady £92T-8%9 q  296T q Yy ‘zoifey, 89 GV
“(TL2 d ‘986T ‘IIIH- MeIDO
‘uoar- 1eJOIN OYI) HosdWOY], puwe soava[) Aq UOALS 8B o WO § 18 *) = p Ajisuap
Sursn ejep AJTAISNPIP [RULISY) MIOA] PIJEINOTED OI9M SonTeA AJTATIONDUOD (WIS ‘0D ‘uosieruEq puUE
toIMISUL [ELIOLI ST[eYed Aq AISIOATUN 78IS BAMO] 0) POINCLIISIP UOIL 0OTULY 2LET-ELT £96T CUCH ‘STwEWs CH YV ‘WSl 099 P
"UOIT OOWLY ELET-EL9 £96T L9 ‘paosmng b ey
‘D0
wo wyol 9¢ *g AAUSISOI [EOTIPI[S [BIISTBW PIHIOM-PIOD B Jo Teo1df) axnjonis
-0IOTWI PIJUSTIO T Pajedtpul deaSoxotwiotoyd {IZ €00 0> ‘OGN 100> ‘IS 30 ‘0 .
‘11 900 0 ‘0D 100> ‘M 700> ‘O T0°0 ‘A T0°0> ‘XD T0O'0 ‘INF0'0 ‘PD £0°0 . , “M°1 UOSTeM pue
“1S.670°0> ‘UL T 0> ‘0 80 "0 = 08 "66 ‘[BUOSLY SUOISPOY Aq PORIWCNS UOLL OOULLY £15-62T . F96T ‘HH ‘vosuiqoy ‘¥ q ‘wuflg 4 z¥
‘0 0001 38
wo wyor g6 "LTT PUT ‘D 006 T8 WO wyor g9 FIT ‘D 009 18 WO urgorf 99°04 ‘D 0 18
wo wyol ("0 AIAYSISaI [ROTIPO[S ‘o), TOA T JhoqE 0} Supjmmoure ‘ogeqd puooss e
ge Juesard uofAxo Surmoys einjonrjsoroTwt ‘ueSAxo SUIPN[OUT WNWIKEW Z00Z 0
‘ueSAxo SuUPNIOUT WNWITUTW g¢PT *0 ‘W0qIed jusTeAtnbs 2903 (N G00°0 ‘O L80°0 . o
‘H 7000 0> ‘S €20°0 ‘d 900°0 ‘O €10°0 ‘A 200> ‘LL 100> ‘IS 20 ")> ‘IN 0T ‘0 DL ‘emIol pue “T°a %whmuz
‘O G0 0> ‘I 0500 ‘MD ZOTC'0 ‘XD G0 °0> IV L0S0°0> ‘O ,T% ‘66 ‘U0 cowLY £L2T-€2¢ L $96L "M ‘uoszeyng ‘°d ‘P ‘9Z0OW | js4
"STretep ON eL2T-€0€ %961 ‘M ‘eried 4 0¥
‘surfreIsAzoAfoq £L9-83¢ 6561 HCA CAONNATHIN %29 . 68
worpeusISeq 1) . .
syazwoy pue ‘suoryeoryroadg ‘(jueczed jySrem) uoryisedwo) uswoadg o8uey . PIsi aesX (s)zoymy .oz .oz\
. PPN g aInd
pue aureN dwa,j, *
(penurimoo) NOYI OOWHYV J0 SNANIOALS THL JO SNOILVOIAIDIIS "9 IV

34



THERMAL CONDUCTIVITY, Watt i’ K™ ————

090 ||l

&

9
o

8

8

g

&

050

040

035

THERMAL CONDUCTIVITY OF

IRON

|

RECOMMENDED

700

800 00
TEMPERATURE, K ————=—




soouaxejey ‘T I9ideqd ‘T ‘[OA Hood v1ed DUAL 99§,

‘paresuue ‘oand 66 ‘66 28-€°% T 3G6L "IN "H ‘31oquesoy pue ') ‘UYOSSTSPWIN 86 4
‘0 6g0 0 ‘eand £6 '66 TE€ ‘108 T 006[ H'E ‘T12H ¥9 €3
6o 8 8°L = (D gz) Arsuep feang {524 0 ggel T1°¥ ‘prefreg pue L ‘SyoeM 9.8 B3
£y ‘yswey, pue
*UOTJO98-SE0X0 WU 4 T X g 1dooxe uewiroads @Aoqe oy 03 JB[TWIIg 06-6 "L T 6S6L “p-g ‘suomwtery ‘D WM ‘dumd €63 12
‘xoxdde WIW ¢ 'g-G ‘g UOI}09S-E88010 Ie[nduejoal xbme Ul poInsrowt :
SU00H) pue USSTOUNIY) JO T o4 ﬂm:..iomnmm 9Yj] SB uoJl SWESs wWoxy ﬁwamov&mv 1261 ‘P »AME.N.H pue
ur O (6 T8 ONOBA UI PO[ESUNESI PUE D 0G6 J¢ POTESTUT f1OIT O1IA0X309]0 paurfex Siqnog 06-9°9 T 6G6L ‘*p'd ‘suemery ‘D WM ‘dumddM €62 02
‘peTeouuEun g 500 ‘d 9T0 0 ‘WA 80 0 ‘IS T0 0 ‘D200 *oand 78 ‘g6 ELVT-808 T 986l ‘g ‘TeamvIL  €9T 6T
. “1Z-$8 ¥ uorjeoryroeds
WL 'S 'V ‘uolr juSnoam Y opexd ‘1S 692 °0 ‘S 620°0 ‘d 98T°0 ‘WW 9%0 0 ‘D %0 0 gLL-818 o ¥eer WS ‘uoyeys 79T 8T
"PaTI0a-10T S GO0 "0 ‘d %0 "0 ‘W €00 ‘D 20 ‘0 £LL~8LE o weel WS ‘uoyeus T9T AT
‘Teysfx0htod poresune oand 66 ‘66 €6-0 '3 T - ggel WCH ‘Szoquesod  ggT 9T
‘UOIT YSIPOMS 2ang L0TT-€0€ b A (14 ‘L ‘nprwig pue Y ‘BpwH Tk o1
"0 006 Y& Wnnoea U patesuuE ‘S TT0 0 ‘d T20°0 ‘TS 820 0.0 920 "0 ‘UN 20 ‘0 €L01-€2€ 0 g6l " ‘uBWILAlS  TET  PT
*D 0g2 ye pefeouue ‘Spy pue U Jo S0} ‘3Y 1000 0 MD 2000 "0 ‘TN S00 ‘0 *eand 66 66 821-6 T T 9g6l ‘pd ‘suewely ‘D UM ‘dund €8 £T
“wo wyo7 g9 ‘€T PUE ‘06 2T ‘0€ ‘TT ‘00 ‘0T ‘98'8 ‘G9°L ‘069 ‘09°¢ ‘BT
‘froArpoadsoa ‘oxom N £G¢ PUB ‘GEE ‘€IS ‘667 ‘ELT ‘8HT ‘62T ‘€07 ‘€8 1e SoIyAlSisor
1801130910 1D 991} puR ‘IS 100 0 ‘N T00°0 ‘WX TO0 0 S 300°0 ‘D 43000 ‘O %900 00€-88 T g96l ‘M ‘odsiorsi pue ‘Y ‘sesYMN 669 8T
‘poresuueun ‘ourfrzisLiofiod foand Ly[erorsurmio) g 84 €8 ‘12 T 1261 ‘f ‘susop pue ‘F ‘uesiountd LS 1T
‘pe[eounE pue peyIon-pjoo {paurjex AITeorIA[cIIO0ry T4 €8 ‘12 T Lger ‘d ‘susop pue ¥ ‘UestOUNID LG ot
‘padaoy ‘eand g6 66 £6-9T T 1860 L ‘1900N>T FOT 6
DI £L€ ‘162 o o006l H ‘1S107[95801Q PUE "M ‘I93eer . LL 8
‘oand Aj1eonA[0rioeTH £2-6"F T 6860 31 ‘xejermog pue L ‘Tromasst 18 L
"0 §L8 78 WO WYo ¢ T X% 6 = J ‘pouread ouyy ‘ornd AlreonAjerioers €208 T 2260 S ‘WOlINIa pue Y ‘UeNond € 9
"D §17 Y8 Wo W0 ¢ 0T x4 '6 = J 1deoxe uowoads aroqe ot ST SRS €42 ‘08 T L360 M ‘UOLIIQ pue Y ‘UeNond g g
‘D eLE TR
Wo WYo 50T X% 0T = (£I1A1SI802 [8o1a30010) J ‘pouresd osaeoo foxnd A[TeoriAiorsoery €42 ‘08 T 1261 M ‘UorImNQ pue 'V ‘usyond g ¥
*paI101-1307 ‘S G000 ‘d 2P0 0 ‘WA €0°0 ‘D200 ZLL-ELE O egel "H'M ‘1oSuemg pue W'S ‘U0NSUS 63T €
‘TIomog "M Y 4q sjuomaxnsesw ‘d T00 ‘0 ‘S §T00 "0 W 2000 ‘D §%00 ‘0 ELY-€LT T  ggel ‘YO ‘mojsrad pue ‘J ‘Yooopy T 4
1 'H ‘uojsugop pue
-oand 66 "66 362-92 T TS61 fgop ‘xe[8e1Z ‘"M W ‘szemod  SIT 1
. . uoryeulrsa( on posn oN  "oN
gyTewoy pue ‘suorjeoryroeds ‘(jueoled jyBrem) uoryisoduio) uowroadg oduey > xeax (s)xogmy oy am
pure owtey dwey, PPN ¥ 0
'L TTAVL

NOYI JO SNAMWIOAJIS THL 40 SNOLLVILAIDALS

36



UOHBOTUMUINIOD 93RATLd |

seousiaey ‘T 19ydey) ‘T °TOA yood ered DHUJL vow*

eanjerodwre} Woox 03 axnjeredurs] WnIoy-pMmbI] WOIy powrreA uowroads ‘gD ‘exfumma

SU3 YOTyM SULINP UNX JSXL] A1) JO WOTIOIduIoD O} I97FE USNIoads SAOYE Yy Jo UL puoDes oyg, o-v 96-6'9 T  S96T pue ‘'g°g ‘Z9AnO ‘'S ‘sfery 0.9 gg
WwW T 0 Jnoqe 9zIs ureas pexwmnbe Teury fusturoads oy ojur peystiod A[EOTUIAYD TBM TOTIOSS
o8ned JojowEIp WO gog ‘0 © ALOY U Jjey I0F D 099 T SIITesuue 9IBIPOWLILUT YITA IOJOUIEID
WO €87 0 07 IB] Iojowerp wo g4 T oyj Surdems Aq pajeorace) sBM ueWIoads oy | {gog 01
Tenbo ‘(317 %) 0/(31167) 0 ‘oryea A3rarisox yeoraios]e mim Ajand TeUry oYy o) Juriew suoz pue
SUOTIOESI SN02USZ01919Y JO oSN snosuejmnwrs £q parjrmd oy} SBM ToTgM aBq B 03U POY[OwL
9uoz o194 s308Ur 0SOY] JO 99IY) pue s308UT OJUT pejjow dIIP UIBSG-UOIIOIO SeM TeJoUL
a1y} ‘[ejewt 03 u9B0IPAY YIIM POONPSI PUE 99UO PITIISIP SEM OPLIO[YD 9YJ ‘opLIOIYD OTIIOF
2onpoxd 0} PeJRULIOTYD JSIATF SBM YOTYM UOXT O11A[0I100[0 TEIOISUIUIOD WOI] OPBUL SBM

a9jeWeIp WO GOE "0 JO uowroads ‘A 870000 *0 PUE ‘9D §T0000 0 ‘T 30000 ‘0 ‘1D 690000 0 ‘gD ‘exfuung
MO TT000 0 ‘0D §T000°0 ‘O %000 0 ‘N 9000 0> ‘0 0200 '0> ‘ourieisAzoftod loxnd , 866 ‘66 v 86T-6'9 T 9961 pue ‘"3-'g ‘10ATIO ‘'S ‘sfexy 029 €
'Z ‘Tisnoij, pu®
“(sjunoure Sursee1oep Jo 20px0 UI) 11, PUB ‘O ‘UW TV ‘nD ‘IN JO S00®I} ‘IS 10 ) ‘eand 66 ‘g6 2918 $96T 3 ‘snoarwg ‘-p ‘zoxd ‘°f ‘aeuped 989  gg

w65 g1 =(0 00019 ‘98 ‘TTT

=(0 008 9 ‘68 89 =(0 009 ¢ ‘30 6 <00)9 ‘$0°"T={D605~)J txoromer “urg/1 Jo z0p0 ON

jJo az1s uread feswvyd pucoss ou JUIMOYS SINJONIISOIOTW (SPTOA [[BUWIS [EIOASS DOUTRIUOD

Oy "Ur 9G¥ "T IOUIO DY) DUB JOTY) UL QLT “T NSIP 9UO pPOUTYOBW SIOM SYSTIP MOTI-1BaY

Tetper oM3 YoTyM Jo uoriaod I9jued oyp WIoxy ‘4orrq Suo] ‘ur g Aq I930WEIP 'UI § © SBA

Jow oy} Jo Sursed oY) ‘BUNOW WEe(-UOIIOSe I0] JOOIS POS] SYBUI 0] INO puk s109ys

OJUT PO USY} SI0M YITIM ‘SIBIIq pedeys oyeourd oonpoad o) exoydsourye jrour eand

B UT 300)S UOXT OOULIY Sul[owt OX® 1811y Aq psureldo suowioads ‘us8Axo Surpniour wnux

~IXeUI /ZGT0 "0 ‘ue8Axo SIpNIOUT WNWIUIH G800 °( *UOQIBd Jus[eAmba 1e10} ‘N G000 0

‘0 6200 °0 “H T000 0> ‘S €00 0 ‘d TT00°0 ‘D €00 "0 ‘IS TO 0-T00 ‘0 “IN 10 ‘0-T00 0 ‘DL ‘oroM pue ‘I ‘AOI[TOW

‘MO 100 “0-T000 "0 “BD TOO “0-T000 "0 ‘TV T00 “0-T000 '0 ‘@I ,L6 ‘66 ‘U0l frand-ySrH €L31-828 ¥ $96T ‘"M ‘uoszeMI ‘°d °f ‘@r00W 4 44

*D 000T J€ WId IO 0T XT°ETT PUB ‘D 0 38 WO WY 30T X§ '8

‘D 08T~ 78 WO WO (T XT ‘T, AJTAISTISOX [BOLIOD[E (D (06 1% SIY [BISASS 10] POTBOUUEB

SYSIP 3593 N 200 °0 ‘S$00°0 IV £00°0 ‘D L00°0 ‘d 800°0 ‘O 2ro ‘¢ ‘uoir axnd 9g '66 gL21~¢6 . 4 7961 ¥ ‘seeyyodl pue ‘g ‘Ie)yord 199 1§
"D 00§ 18 a4 T 10J poxedwe} ‘A[pojeades posoWwey poyjoul OTAT0II08Te Aq opEw ueurroads €8 ‘12 T L2Z6T "d ‘sueop pue ‘F ‘UsSTOUNID LG 0
© ‘pared pue 'y -p
"PaTI0x-307 ‘oand gg ‘66 2888 O 896T ‘3x0qoog 'N'Y ‘189S ‘°I°L ‘seuof 16S 6%
‘uot o1 A[oa309rT 9°682 q 2861 gL ‘eyarz pue ‘®d ‘NeIr0 098 8%
‘8and ELTTI-ELE q LG6T ATPATED 689 L2
"IN ‘uressney)d
“eang £L6-8LE T GE6T pue 'qd ‘AiueH ‘D ‘onbuey €% 9%
eandg SLIT-BLE g 996T °"A'd ‘PyPD pur ‘g ‘d ‘TIvsaoxdny - 968  GZ
uoryeusisaq 1) . .
sy1ewWey pue ‘suoryeorroeds ‘(jusoxed jySrom) uoryisoduro) uswroadg o8uey vmmb. Ieax (s)ropny . oN . ON
. . PPN Lod: R ite]
pug swreN dwo T, *

(ponuniuod) NOWI 40 SNAWIOTJS HHL 0 SNOLLVOIAIONAS ‘L TIdVL

37



‘UOIT OOUAY UBT) AJand xomof Jo sem ofdwes STy} fwd wyo™ g 40T PUB ‘G L8 ‘0°'TL
TG 0°CH ‘D°FE ‘008 ‘6°S% ‘0728 ‘L’ST ‘8°GT ‘Alosrjoedser. ‘ozom 3 £L0T Pue
‘eL6 ‘0.8 ‘SLL 'SLO ‘SLS ‘S2S ‘SL¥ ‘SZF% ‘GLE ‘€8E T8 ANALSTSel TeOLIere ‘Buol
wo (g Lforewrzoxdde pue J930WEIP UL WO G *g JO POX ¢ pyT ‘UOAT SATYSHIOX 180¢
200 MO'T Ag porjddns fup 00TO "0 PUe ‘S 00TO 0 ‘d 0STO 0 ‘O 00800 ‘IS 0080 "0

“wo wyo™ g ‘gz

pue ‘g°1Z ‘Z°8T ‘6°%T ‘6 TT ‘A[oAnoadsol ‘oxsm 3] £g9 PUe ‘GL% ‘8% ‘GLE ‘828

Te £JIATISTSOT 1e01I30919 IAN JO UOTSIAIQ £3anrreloN Aq poxedaad Ajreroads sostp

Te19A0¢ JO GUO WOXJ PAUTYOLWL ‘T "ON o[dures 9A0(E oY} UeY} I9LI0YS PUB I9JOWEIP

W wo 22T 30 Pox H 910000 "0 PUB ‘N 2000 °0 ‘08000 0 ‘XD 0160 0> ‘VII 0100 ‘0>
0 $T00°0 ‘d 2T00°0 ‘©D 02000 ‘S SEOD 0 ‘TV 8E00 0 ‘TS €500 0 ‘IN 800 "0

wo wyo™ 9 gz PUB ‘9°IZ ‘6 LT ‘4T ‘A IT ‘A[oaljpedsex ‘oIom 3j £2¢ PUR ‘gL

‘egy ‘gLE ‘S7¢ 18 AIATISISeX [BOTIPS[e {YoIBosoy STRIPI Aq porpddns pue ¢ “py1

fguemgSoAU] O, Aq 1599 10 pojjTwigns ‘Buo] WO g1 pue XSJOUIBIP UL WO LZ T

O por ‘H 850000 "0 PYe ‘N 9000 °0 ‘IS 0T00 ‘0> ‘UI 0700 0 ‘d 08000 ‘O 0%00 0
‘A 0700 °0 ‘S 0%00 0 ‘D 0800 0 ‘IO 0400 0 ‘MD 00TO ‘0> ‘O 00TO ‘0> “IN 0920 0

"0 02 Te

wo wyol g ¢ MIATISIEDX TedIA300[0 817 0T I0F D 00G INOJE J& pI[eauls f19joureIp

W (g Jo pox ¢ ‘0D pue AoUeIN ‘UOSUYOf WOIF UOIT PIZIpIepus]s Areordoosoxjoads

"0 07 18 wo wyo™ g g

Aqrap3sTsel [eolajoe[e 81y 0T I0F D 00G INOCE J¢ Pojesuur *I9jowWelp WU G g JO
oI PUB[IOH ‘USAOUPULY  ‘SqE] Yodeesey sdI{iud Aq peanjoemuewr {,oxnd ATaA:;

“T*17 03 Tethe (317 F)0/(51L67) I ‘OrIel AIATISISOI [EDIAY0OT0 ‘poTesUUE

$UOTYSE] [RUOTIUSAUOD S} UL UOIT orih1oxt0010 TRIoIsWUE0D Surjjets WnnoeA £q Spew

uowpeds ¢N 1of STSATEUR OU 8D £000 "0 PTE ‘0D $000 0 ‘SV S000 0 W 2000 0

‘SN 6000 0 ‘IO 6000 °0 ‘IN 0T00 0 ‘eD €T00 '0 ‘XZ 9106 °0 ‘LI 4100 "0 ‘MO £200 "0
‘d 0300 °0 ‘IS 00T0 0 ‘S 9TTO 0 ‘O 010 0 ‘D 0820 0 *ouressdrofjod toand 5z6 ‘66

9 "oN ‘uoxr
Qoajeand

q

EA0T-638

£39-€2¢

£89~£3¢

082-00T

082-00T

€6T-0 "9

T

9961

9961

9961

G961

1961

G961

wiyeoifqnd Jo o8IN00 Uiy
UOTIROTUNWITICO SIBATId |
geouszayey ‘T xordeyp ‘T 1o Mood ®jed DHAL m.,mw

d W P4l pue MY ‘TIemod

"d ¥ ‘e4], pue " T[eMod

‘d g 'A% pue ‘M ¥ ‘TIeMod

‘DN ‘punpoRd

DN “PunHorg

‘gn ‘exlunmq
pue ‘- f°g ‘X0ARO ‘8 ‘slvay

L9

0L9

ia4

(134

68

8¢

Le

9€

syIewey pue ‘suorgeorsroeds ‘(jueoxad jySrem) uoryrsodmo)

uoryeudise@
wowroady
pue smEN

1)
o8uey
dway,

pesi
PPN

Jes)

(s)zoumy

.oz
700

~angy

(penurjuoo) NOHI 0 SNIWIDIIS HHL A0 SNOILLVOLIIDYAS

L ATEVE

38



THERMAL CONDUCTIVITY, Wait cm' K~ ———>—

045

040

025

Q20

013

[s2[e}

005

THERMAL CONDUCTIVITY OF

|

MANGANIN

/

s
/7
,‘//®
/
i
!
//

0 100 200 300 400 500 600 700 800 900
TPRC TEMPERATURE, K —————

FIG 8
—



D PEYe o w0 87y g AISUID LXTq € woly powrny IN ¢ ‘B 2T ‘nD 38 upmeduey c6z-€IT T

gaouaIoley ‘T Xoideyd ‘T ‘oA Yood BEd DUJL mcm*

8061 TH'D ‘9997 88 €
“usmeIp m»on B8
fisuep ‘qSue] U Wo (LY PUE IOWEIP UT WO 908 "I UWeWroads fIN ¥ ‘U T ‘DD 8 urueSue iy €L8°168 9 0061 “H “ISIOUassouq put "M ‘IeBerr L) 2z
“POTeoWUEIM I0JBWIEIp Ul WU ¢ UWosds {utueSuel SIWAN ‘IN € ‘G ZT ‘DD $8 urarSueK 06-0°€ T 9GET'D 'V ‘UOIAOPIOZ PUB AN ‘TRIS}ARARZ  FGT T
USTTeRsTSs 0 B B
syIvurey pue ‘suorteorroads ‘(juesiod 1ystem) vonisoduo) watnroedg ofuey ,cmmb Ivax (s)xommy . OoN . on
. PISI PR CInd
pu® omWeEN dwa], *

NINVONVIU JO SNATWIOEAS FHL JO SNOILVOIAIOWdS '8 IIHV.L

40



w
o)
VI
=
>
5 .
[ o @
Z O o I
O 2
O ul s
= :
~J S
m N
o
w
T
_..l
&v 3
g g 8 g g 8 8 5 3 g °

) WO HOM ‘ALIAILONANOD TYWHIHL

1000

00

800

700

600

500

100

300

200

00

TEMPERATURE, K —

TPRC



o)) [Bwiou ur ‘ssned 000 ‘T 3 09%

shouexoyey ‘T I01dEYD ‘T ‘TOA Yoo eled DUAL mmm#

woxy SurBuel H MBUSIIS [PIM PIOY STeUSeW 9SIOASURIY U PoINseaul uswoads d40qe oYy, 2 3u 8T 1 1861 *v°Q ‘ayodg pue "I°L ‘ToqpM €FT 9%
. *a3els Tewzou Ul ssned ggg 03 GGF Woay
SurBuexr ¥ Susa)s gIM proTy o13euldeur 0sI0ASTRI) € W peanseow {3y oowxy feand 66 ‘66 2 3m T T 2661 v°q ‘agods pue "IL°L ‘I9qpPM  EFT 44
*91e]8 TBULION Ul ‘ssnel 3L €1 $87
wroxy SurSuex { MBusa)s YA ProlI orjeuSewr [eurpn)ISuof € Ul paINSBOW uemIoads 24048 oY, 1 8 1°¢ T 1861 *v°d ‘ayodg pue °L I ‘TodpM SFT 4
28 Surgonpucozadns ur fssne8 ggT ¢ GET
wroxy SurSues H [ISUsIls YIIM PIoL] orjeuSewl [RWPMISUO] © Ul PINSTOW wowiroads as0qe oY], 138u 1°8 Lo % 2561 V'@ ‘ayodg pue °I°J1 ‘ToqpM  SFT f44
“a1ejs TPULION WL ‘ssned $L6 O L7
woxy Surduez H [IBuUsIls M P[] O1OUSEW 9SI0ASURI] B U POINSBOW USWII0oads 940qE oY, 130 T°¢ 1 1861 'V'd ‘ryodg pue "L ‘Ieqem %1 T8
*o7e18 Surjonpuooxadns ur {¥sned 0gT 01 F 'g woxy SurSurx
H WSusajs MM PIoTy dNjeulTwL 98I0ASURT) B Wl poanseow n) eoer} ‘v goo ‘0 ‘eand .66 °66 T3H T°¢ T 1961 V' ‘igodg pue I L ‘IoqpM €% 0%
*9)®l8 TBULIOU UT {ssned
L1 JO PIOY ONOUSEUL B UY POINSEOW {SIUSSTS I9TI0 90E1} MO G0 0 ‘S Go 0 ‘e:nd ¢ 6p ¢ 8u [ A S § 1861 'V'd ‘aqods pue "L°I ‘IoqPM  EPT 61
| aand 80€-€08 T £061 ‘g ‘oM 89 8T
“IN T000 *0 P¥E ID 2000 ‘0 ‘@d $000 ‘0 PPMOYS Juowzadxo 19}Je STSA[RUE [2OTUAYD "MH ‘XS[[TIN PUEB ‘Y °F
SN TO0 "0-T000 "0 PaAoYs juetILIedxo a10j0q SISA[vUE [EOTWAYD0110Rds (666 662 HTand 018-92% T 6G61 ‘puBxd ‘' "M ‘pogeeg ‘"D ‘Sumd §9Z AT
*oyeys Hmbyy ug 862 d 9261 TN ‘WessT 469 9T
*apeys Surjonpuoozedns Ul ‘Ul o1 °0 9 85 T%9°1 T 0961 SI°P “WMH L st
*8)¥)s TRULION UT (U 0T ‘0 9 35 e -9 1 0561 NP ‘wmH $L ¥T
*o1z3s Surjonpuooxedns ur PO L00 °0 € 35 0981 T 0g61 P “wnH B €T
*91e18 TRULION UL PD LOO 0 € 8y 2 2 S § 0g61 S CwmH $L 21
opeys Buponpuoogedns ur ‘ED 200 0 z 3y 28-9T 1T 0961 P ‘WMH FL T
*9}B}S TBWLIOU UL PO 300 0 % 34 29T 1 0961 P ‘wmH P 01
*e1eys Burjonpuodxadns ur ‘eand , 66 ‘66 T80 gv-€% 1 0861 P ‘wmH % 6
*oyels TRULION UT f0and , 66 °66 T34 €2 1 0561 NP WmH P 8
‘axng 26981 T 8861 ‘OM ‘TIEH 69 L
“91®)s JemLIou W {ssned 9g¥ Jo prery orjeuSrur ® ur painsvowr {Arind ySry T°%-G6°C T 9861 ‘H ‘Towwexg pur ‘LM ‘SeeHep 66 9
*oye)g Burgonpuodradns ur Arind ySrg %92 1 9€61 ‘H ‘Iowwioxdg pue ‘M ‘SEeHOp 69 g
*oje)s [ewxoU UL ssNES 1% JO POYY B UI POINSTOW usuroeds 240qE oY, € 3y T T 1861 V' ‘ayodg pue ‘L L ‘TOqPM  €FT ¥
*01¥)S [BWION UT {SSNEE 658 JO PO ONOUSEUX ® UI POINSEOW Uowoads 240q® oyJ, €3y g'e-vT T Lg61 ‘V'd ‘ayodg pue L L ‘ToqpM EFT €
*o1®)s Jupjonpucoradns ar ‘0D g0 0 ‘8v g0 "0 ‘eind ¢ '66 €3 T%6T 1T 2861 'v'd ‘ayods pue ‘LI ‘IeqpM €51 ¢
‘oand £29-08 1 6161 ‘I ‘IeToWmeN Pu® "D ‘Foured 0% T
. uoreusisaq (1) 50 oN  *ON
syIBWeY pue ‘suorieorrosdg ‘(juecred pStem) uorirsoduod uewroadg 2Suey p I89% (s)zomny . .
. P13 Py Ind
pue sureN dwog, *
AMNOYAW JO SNIMIDAIS THI 0 SNOILVOLLIOAIS 6 A1V

42



. copdures Sutmory yyA g,
soouszejey T 01deyD ‘T "TOA Yood zjed DUAL 898,

VA .d>®ﬂ0mﬂ_;®>
pue ‘AL ‘uessery] ¢ ‘W 'T ‘UMPYRd

*eye)s prnbi] ul eLl-€13 T 6G6T 'V N ‘edwysyueron "y N ‘TRISJIONIN  Z6S
YN TS ([OMIN pue Y N
*9789s pmbiy Ul eLL-8L2 T 8G6T ‘efessIOEIEN ‘ VA ‘BAGUOSTIIIOA LE9 PG
‘urt g7 aod 8 ggHT JO 98I MOf © J¥ PIINSTOW fo3e)s PIbI] uf 188z |11 ET5T ‘M°H ‘UoleoN 865 €9
-urwx g xod 8 T9ET JO 98I MO[J © 1% paInsBaur (91e)s pImbil uf 1883 *‘H STI5T ‘M°H ‘uoloioN 865 (4]
‘uix 6T Zod 8 TOET JO 18I MO[J ® JB Poanseow {o)e)s prmbiy ug 4788 T eI8T ‘¥'H ‘uolelpeN 865 IS
‘wt g7 xod 8 9ggT JO OIBI MOJ] B JE PaINSTOW (3B)s prbiy uf 28e |1 ST3T *M'H ‘UOlONIPN 6% 0§
‘utwt GT 20d 8 GETT JO 938X MOT] & 3% POINSEBOW 918} PMbIL UL 2883 |1 €T5T ‘g'H ‘uole|IeN 868 6%
-utnx ¢T aod 3 gGTT JO 938X MO} € 1€ paanseow ‘a)®)s prnbry ul 2888 T ST8T ‘M'H ‘Uoj9mIeN 869 8%
-wur 6T 1od 3 60T JO 918l MO[J © }® paanseaur (99E)s prnbrf ul 2°062 ﬂ.h ET5T ‘Y°H ‘uojeieN  86S L%
sui 6T xod 8 §L0T JO 91BI MO[J B 38 poanseawt ‘eje)s pmbil ul 2682 1 ST6T ‘g°H ‘UOIOINON 869 9%
~urwi g7 xod 8 00T JO 938X MO[j B 3% paanseomr ¢99e)s pInbiy ul 2’882 1 ET5T ‘M°H ‘uoldpeN 868 SV
-uywr g7 aod S T18 JO 98X MO[J © 1€ poanseaur o9®)s pInbi[ ul 068 T €8T ‘H°H ‘uojoIieN  86S i44
‘o0 = © {[esiro ojdurg Z°98 o 2851 ‘H ‘uuewopped %92 £F
‘097 = 0 ‘Te3shro o1durg 9°06 T 23T ‘H ‘Uueweppeyd %43  Z¥
‘097 = © ‘Te3siio e1durg 9°98 T 2851 'H ‘UUBWOPPOW 6% T
082 = © ‘1eyshao o[durg g-qg b 2851 "H ‘uwewepped 392 0%
o8 = © Teyskio a18urg g6 1 2851 ‘H ‘uuewiopped 5% 68
o0 = € ‘[esfxo o18urg 208 1 ZE5T ‘H ‘uuewepped $GZ  8E
‘506 =© ‘1eskio o1durg 708 T 2831 ‘H ‘uurwoppey %93 L€
1088 = © ‘1838K10 O[8uIg 2°98 T 28T ‘H ‘uueWopped $5%  9€
‘o0 = © !1eyshao ordurg g'L6T 1 28T ‘g ‘uuewoppey 9% G€
‘o0 =0 resdio ofdurg 7°86T T 2851 ‘H ‘uuTmeoppey  $5% - ¥E
‘086 =0 ‘Teysfxo o1Surg T°L6T T BE3T ‘H ‘uuewioppey 98 €€
‘097 = 6 ‘1e3sfao o1durg 9°L6T T 4514 ‘H ‘uvewopped 9% 2%
" 082= © ‘reisdxo o1durg S L6T T 14514 ‘H ‘uuewoppey 92 1€
‘00 =0 {Tesshro o[8ui§ 8°96T T 2E5T ‘H ‘uuewiopped 33 08
. ‘006 = © {1e)8hro o1durg $°96T T 28T ‘H ‘uuewioppe¥ 5% 6%
*0TZ = @ STXE POl pu® STXE [8}SAID usamjeq o[8ue oy Teishio ofdurg 2961 T 2831 ‘H ‘uuewopped 5% 8%
91e)s TrwIou ul ‘ssned gpg o) OFF Woay
Suiduex g Busais Wim petl oneuSew TeurpnyISuo] B ur paanseow uswioads 2A0qe oY, Zz 8H 86°T T 1831 *v'd ‘ayodg pue ‘LI ‘IoCyoM  EFT 132
*918)s TrwIou Ul ssned ggg 0) GG WOIY
SmSuex Y WSULIIS YIM PY dTjeuSEL [RUIPNYISUO] € U PRINSEBOW USWIOAdS IA0qE 3, 2 8H L9°T T LG3T 'v'a ‘ayodg puw "I ‘1L ‘I0CPM €T 93
uonyeudisoq 1) .
STy pue ‘suorjeotjioedy ‘(jusoied JySrem) uonisoduiod uowroeds a8uey .uomb Teox (s)zommny ..cZ . °N
pue swreN duey, PPN 5 " 0D

(ponurjuod) ZUNDUIAN JO SNAWIOAIS HAHL A0 SNOLLVOIAIDALS 6 TTAVL

43



soouezepy ‘T I3dEYD ‘T “[OA ood €ed DUAL oo8

*Me] ZUSI0T~ZUELI-UTBTISPOIM oY} 03 3up10908 fITATIONPUOD TBOLIIODTS WIOIF POJBINO[ED £8LT-9€8 7961 "ACVY ‘essoxd 69 29
- Aznozewt pmbrT 062 ‘942 088T ACH ‘TegemM P9 19
-£noxewr pmbry £2¢ d 7981 p v ‘woxsBuy €59 09
*Amozewt prbTT €3¢ 188T 'Y ‘o310 ZF9 69
*fonoaawa prnbrL 18 1 QI6T ‘¥ °'H ‘uodiyeN 1¥9 8¢
zodea AinoIsIy Z2°9L% 688T 'Y ‘IOUOBUIRIAIUOS 079 LS
‘D 00Z 3®

wo wyoTl g *gTT PUB O 0g 38 wo wyoH 2, °96 ATANSISAI [B0TI308[e fAInorew pmbIl PIIHSIP AldILL £1%-80€ 0 T96T ‘d ¥ ‘ofL pue "M’Y¥ ‘TIomMod 689 99
‘xodeA £inoxow aad A[BOTWAYD ©LT2-198 q 6S6T ‘g ‘eA9S)IEZ 8€9 1]

uopeuSiseq (M) ON ‘ON
SyITWOY pUB ‘SUoBOTIoads ‘(yuoszad 1yS1om) uoniIsodwio) ueurroadg oSuey .%ﬂwﬁﬂ 180X (s)zoumy ‘Joy *and

pue SweN dwra,T, ' 5
Aﬁwnﬁﬁﬁoou AUNDHANW 10 SNIWIDAAS HHL 40 SNOILLVOIAIDAdS "6 A19VL

44



ol 914 ———— ) ‘JYNIVYIdWIL O4dl

0022 0002 008l 00¢1 [¢[o}4] oozl ocol 008 009 ootv 002 (o}

ﬁ X 102 d'W

g0

omozus_s_oomm

WNNILYd
40 ALIAILONANOD TWWM3HL |

SN

——————— A W3 HOM “ALIAILONGNOD TTYWMHIHL



goouazeley ‘T xeideyd ‘I ‘[oA Joog ered OUAL wom*

"T199 Ajrapjonpuod euien) eS8 odf) oILM~107 B Ul J0JOWEIp UF W G T PTe U0 Wo 9°TT SIIM ¥ 8L5-16 H gesT  CH'H ‘UPWIE) puB DM IMmIwEN  Ly9 92
‘g1rejep oN €16 ‘165 82T g d ‘aeped  9%9 4
"2-31 zA g-0T X 17 "G PUB (9T ‘98 °C
‘28°% ‘09°% $9°2 ‘69°Z ‘L9°Z ‘89°Z ‘0L’Z ‘99 ¢ ‘A[9ArIoodsox ‘oq 0] POALISD suM Soamy
-exadura) ogo Je UOHOUNY ZUSIOT WO Wot g "gF puB ‘Z 0¥ ‘€°LE ‘€I ‘I°IE ‘6°1% ‘CPT
‘018 ‘P LT ‘8°6T ‘66 ‘A[oAdadsex ‘oxom D 000T PUE ‘006 ‘008 ‘00L ‘009 ‘008 ‘00% ‘008
‘00z ‘00T ‘0 92 AALSISo1 TROLIPSle D 00T Jnoqe Je peresuut ! _[ut 8 g 17 AIsusp ‘yoes
pd ‘8W ‘nD ‘eD ‘8Y 1000 0> ‘IS T000 0 ‘2d T000 "0 *sorranduur gum ‘gyus] Ur wo 9T ‘0T
pue BIp U WO §9Z "T J° SeM JOWIO oY} PUB ‘PE °"ON 9AIND sonpoid o) pash uswiroads omres oY)
SEM SUO SUSUIIDads 0M] WO SUOHIRMULIS)OP AJTATIONPUOD TEULISY] Jo sonjes ueew sand +666 ‘66 £221-6L2 0 €8T d ¥ ‘ofL pue ‘MU ‘Tremod %9 i24
. ‘poreauue {[eisfrof[od faand ATy 212 T Ll ‘d ‘SUL0D pUB F ‘USSIAUMID LG €2
*fAqravduir g0 10> 86% T 62T yd ‘ezmuds 12 28
‘uourpoads as0(E 8 swrey 946T-262 H  T9T (B30 ‘"Y¥’H ‘sseiSpoug ‘W ‘IOIMD 665 1T
"0 €2 78 WD WY ¢ 0T X 9 "0T AATISISET [EoLI0re oand 6 '66 £L31-T0¢ I T96T T8 P0 ‘"H'H ‘sseaSpoug ‘W ‘IUND 6% 03
N ‘817 21 10} O 000T INOYE 1& poTesuuE
¢(zopmod Surysriod ‘snooxo=) Pol SLIEd I0 NIBYO 9SOUSIA UIIA POYSI[od 89BJans oIm ‘8193eey
oM UsaMIO] POYDPOIIS SITM I930UILIP WU T B JO WIIOY o1 ur uswiroads ‘eand AJJeomiayod § ‘66 €Z2I-€L0T H T96T ‘HN ‘opod €08 6T
rexnd 298¢ d 986T ‘H D ‘UlPoloZ 068 8T
. rexnd £63T-663 oS 636T ‘¥ ‘uoH  88% LT
*SPaISa00 (880T = H I8 PoINSESUI UdWIoods 9A0qe oYL, €8 Al [ 44 T 88T 'H ‘)pejsuspy pue ‘§{ ‘USS[UNID 9¢% 9T
*Spa1s190 (S8 = H 18 PoInseewI uswiroads sAoqe oYL, e8 ALV 0T "32% T 8E6T ‘H ‘pelsuepy pue ‘i ‘Uestounid 9gF ST
*8pI18100 06%% = H 1 poInseow uewroads 9A0qe o4L 68 Al Id 12 18 T 8SeT ‘H ‘9peISUSpy PU® ‘H ‘USTeUnId 9g%  FT
*Sp9J5I00 0822 = H WBuox}s Yirm pIe1j opoudem mmugm:mﬁ.n& peanseaw uslnroads oA0qe oY, 88 AT 10 22 T 886T ‘H ‘Jpejsuspy pu® ‘i ‘uesteunid 9e¥ eT
*PIRT} oToUTEW JNOYYIM poansEew 01domoST-1sENd €€ Al PA R4 T 86T ‘H ‘pe)suspy pue ‘¥ ‘uestaunad 98y 3T
raand £L€ ‘063 T G26T WY “X9uIM pue I ‘pyerxed 668 . TT
"UMEBIP PUE PIT[OX USY} pue poyoustb pue O 008 3T poreduiol feand 2°16% 086T ‘Q°p ‘epury pue 'H'D ‘uossveyof T[SF 0T
“I9jeWRIp Ul WW () *g Uswreads. foand z92¢ 1 $68T ‘H'P ‘Aead  18% &
*ox1m oand Aeoidoosorjoeds 008T-002T & $G6T *D°§ ‘urep pue ‘g3 ‘UBU(STASL €L 8
‘paresuue A[JBOLIJOS]E pue umeap 'oand Lrop ol 1d £8°12 1 L26T " ‘SuUs0D puB *H ‘USSIAUNID LG L
‘D 090T e poreouue ‘aind 66 66 16-€°3 1 LG6T g °S. ‘SpooM PuB “MD ‘@YM 69T 9
‘°aIM oand £L8-8L% T ST6T “1 ‘neired g S
‘QITM poresuue fornd 666 "66 F4 5t A4 T 72861 'IN'H .M.Hwn—:mmcm pue "3 ~Q£0wm~®_v.=mq>m 86 ¥
‘eand Iid €LE ‘168 q 006T ‘H ‘38a0yresseld pue "M ‘1830Bf Ll g
‘poTeauuE A[[€0113087e pue umeIp ‘Mlind 4By A19A $26-T3 q ST6T ‘M ‘ISUSSTIN 66 H
“oand 66 66 €621-663 H 06T | ‘IOWIQIS pue ¥ “WOH 0L T
uonyeuSisoq [&] o5 CON "ON
exaeuroy pue ‘suoijesyoady ‘(juooxed yStem) uorsodwio) uswroadsg a8uey .w > IB0X (s)xoqmy ‘0¥ 9
pUE SUreN duey, PPW %
WANILYVId 40 mzmaom&m HHL 0 SNOILVOLAIDIdS 0T I19VL

46



*(6£6T) Wyoquesoy pue 1o8eeL Jo Bjep J8eY oyroeds Susn pue

- (pS6T) soIR], Ted1sAd URTUOSTJIWIS Woly o WO 8 2¢ TZ JO AJSUSp Jueqsuoo & Jursn pue
soanjeradma) I9YSIY o) ¢ winnoea Ut Afjaed pue sxsydsowiye urnifey & ut Apjred peanseowt
’ B8P MIATSNIHP TBULISY} WOIJ POJE[NOTEO X0M SON[BA AIATIONPUOD [ULISY] {EJUoI
—sanseour AIATSIYIIP [BUIISY] oY} JO UOKeTdmod uodn paurmiIelep 006 = (31g %) 9/(31eLz) 9
otjex AJTAIISISOX [BO1I309]0 PUR ‘WO wyo gz "gg pue ‘ez ge ‘TI €% ‘98 '82 ‘06 ‘9%

‘00 "3% ‘TP 'S8T ‘ZL°PT ‘06 ‘0T ‘A[oAljpedsex ‘0Z0M 3 00TT PUe ‘000T ‘006 ‘008 ‘004 ‘009
‘00C ‘00¥% ‘00€ J' AIMAIISISSI TBOTII09[0 fay OUo Jsee] T8 I0] ¥ 02T 8 pofesuur : ‘0p pue

‘Byep poUSTIdun
. ) ) ‘uorjeoriqnd Jo 98In0o ujf
[sv9] oAL PUe Tomod. Aq POALISD ByEp AJATIOTPUOD [EULIOW} igG6T ‘TE-878 ‘0ST IS Z ‘1Y ‘WIRID pre W W hmauaom*
N i sk
seousasyol ‘T xojdeqd ‘T ‘ToA Mood eled DHUJAL 98,

‘DD ‘vosierued

doystg ‘P 4q pariddns‘Suoy -ur 2 - 0T PUE I9j9WeIp Ur UL 9T/g ‘pox ‘({eurtaon) 3d 666 ‘66 v 00TT-00% d G96T pue ‘°H'q 'seIpIg ¢ Fr ‘unawi (0L 8¢
T°A ‘UOTASYIOUN PUB (69
I9J9WRIp Ul WU ¢ °Q JO OIIM Wnuljeld £8ET-ELEZ ) G96T Fry g ‘AosTIOIN ¢ 'STA “‘oNusngoll ‘689 L8
'g6g = (32 *$) 9/(31642) J o181 MTATISISAT [ROLAR[
‘0 0 78 wo wyor 138 ‘¢ LIATISISO [BOLIPSTR D T 18 o W0 B 8¢ I A)suep ‘1oourerp opeId g-a
u wWo 7 JO Ieq D 048 T8 AY g/1 10§ pojeeune fepeid g-d paeyeSug feand g6 66 WOAV piegeBuy  £80T-E1T 1 996T “H°0 ‘wufld 9¢
CN ‘TeWpooM
*sxeef Inoj 1ojye urede peanseow uowiroads sAoqe 9YL $62-08 0 996T pue g ¥ ‘9LT, ‘"M Y ‘Tromod | [
*ga1, = (S1z %) 9/(ieLz) 9
turo urgo™ g1 0 = {3z %)Y “wo wgor g8 '6 = (3ig.g) I ANATISISOX [BOL4399[0 13T £LTT
moce Je pofeouue y_Tw 3 ¢ T2 Lrsusp ‘0D pue A9YeN ‘uosuyop Aq perrddns ‘Buol PN ‘wBTWIpOOM
wWo T 9 pue ISjowrerp UL WO 68970 - ‘POI ‘Pd T000 0> ‘@I T000 0 ‘MO T000 0 Id ,666 66 LY ‘858 o] 2961 pue ‘g ¥ ‘0AL ‘MY ‘TTemod €99 b4
814 g 10§ D 009 1€ PIoY ‘D 07 1 1wt 3 gg 7z Lyrsuop newel ‘essnSeQ £q peuro] fgSusl
WO (00 "L PUE ISJOWEIP WO 000 ‘G JO IOPUTAD YW §200 0~ T200 "0 ‘Pd LT00 "0- ST00 "0
‘S 6000 "0 - 4000 "0 “XI £00 "0 IMOGE ‘40 G000 0 - $000 "0 D 9000 0~ F000 0 .
“eD §300 ‘0~ 1200 "0 TV TT00 0 ‘TV LT00 °0-ST00 "0 “SV 6000 "0 - £000 "0 3and g6 ‘66 €.e€Le E  T96T ‘H-"Y ‘epod 299 8¢
(9661 ‘'PYI ‘ssexd uowrsSied ‘AIISTWLYOOULISYT, TeordanreIsN) T
‘SUBAY PUE ‘O ‘DISMoyoSeqnI] JO Bep 18y Orfoads oY) Sursn SjUSWSINSEOUL ATATS
~TYFIp [RULISY) WIOX] POJETNOTED BIEP ‘g W0 3 g *1g Ajsusp o001 (Surysoy x09E) o718
urexd eferoAe 0D pue Loyl ‘WOSUYOL WIOIY JOTY) Wi T Jo j0oys wnureld aand g6 ‘66 0S4T-08TT d 9961 PO ‘IoTOOUM  FG9 BE
*(686T ‘G-8ZTT ‘9 ‘®0IsAUd) " ‘wHoquesoy pue
‘I ‘xeSeer Jo vjep 1By oyloads oyj pue o wo 8 ¢ *TZ Jo AJISUSp JuE]SUOd v Jursn
BYep AJIAISNIFIP TRUILOY) WIOIJ POTEINOTEO 9I0M BJep AJIATIONPUOD TENIOY) ‘XY SUO JSBa]
e 103 31 0021 Te poesuue ‘3T = Wy /My ¢ -op pue doysrg ¢ £q peyyddns ‘eand 6 66 082T-00¢ d 96T ‘H'd ‘selpIS pue ‘£ ‘unaeW 859 1€
‘(66T ‘S-EBTT ‘9 ‘eorsfud) ¥ ‘WYOqUesOY pur
‘W d ‘xe8erp Yo vyep yeoy oyroads oy pue _wo 3 4¢ “IE Jo LIsusp juejsuoo v Jwsn
BYep AJIAISTIFIP TBWLISY) TIOIJ POJEINOTE0 2I0M BIep AJIATIONDUOD [eUWXaY) 1Y SUO 3s89]
fe J05 3 0021 Te pajesue {006 = /LYy ¢ ‘op pue doystg “r Aq perddns ‘exnd 666 66 0STT-00¢ d  P96T ‘H'd ‘selpIS pue ‘L°f ‘UIIEW  6%9 - 08
‘PoansEsl sBM UOIjOUNY ZUdIO] 00LT-008T 8G6T T ‘ungad pue ¥ W ‘SURdOH  ux 62
‘9% "ON 8AINO X0} 8% SWEG 96706 q 1861 ‘H'd ‘uemae) pue ‘DM Ymnuwed €99 82
‘Tejsdxoffod toand 66 66 €LL-EBE 696T CHCA ‘AOMADIN  F39 L3
uoryeudiseq ) pesp oN ON
SyIewoy pue ‘suorieoryroads ‘(jusoxad jySrom) uorprsoduod uamroads aduey . Ieox (s)xoumy . .
. PN PY amd
pue SureN dwaj, *
(penurjuoo) WANIIVIA 0 SNHWIOHAS AHL JO SNOILVOLIIDAAS T TTIVIL

47



B1ep pousHqndu,
seouszojey ‘T x01dey) ‘T "TOA Yood epd QUL ©98,

0 ur L, pwe wo wyot oy
I [1 0T X 98¢ "0~ L g-0T X 866 '€ + T 028 "6 = 9 4q 40T "0 F UrqIIM UeALS s2M 3 008
07 00 WOIJ AATISTSOI TEOLITOSTS o3 ‘earyeSou Suraq pox ou3 ‘(GTe9% "N req) wnugerd
opRIy) 90USILIAY pazq[oSud JO IBQ B puUe pol SIY} jo opemt sjdnooourxal) e £q paonpoxd
noaﬁoﬁu sanjexadwe) X 000T 78) AT € '8 Juio [ewIo) ‘0681 = (M3 *¥) 9/(3z £L3) J ajex
TATISIEOX [ROTII0[9 $9OTISTINNOBITYO SUIMOT[O] 913 9ABS 3] (006 18 JUSIUI2A0 POTROUTE PUB
uonIoads oY) JO 9INJOBINUE O] I0J POST SeM SB [RLISJeW Jo (T96FLT "ON Ied) Xeq omres
oY} woxy umerp Suo] wo (g Ajeyemrxoidde pue 19)OWELp UT WO 8.7 °0  POI B UO 9pBUI
‘SJUOWISINSEOTI TBOLI00Td {3 0 °66% 18 oW 8 0T0 '0 F 8% “IZ MIsuop ‘I 008 1¥ sI7 0T
J0J poreduue ¢{Sue] wio (T pUe I9jOUXRIp UL W0 Z'T  uewrdeds ‘wnigerd opeasd p-H
paeqrelSug W T0000 0> PUE ‘8D T0000 0> “3Y 20000 °0 ‘U €£0000 0> ‘ND £0000 0> apern -
‘nY S0000 0> 1S T000 "0> ‘Pd T000 0> TV T000 ‘0> ‘21 €000 °0 ‘U F000 "0 ‘Id ,666 ‘66 paeqedum  ¢TOT-00€ T S96T PN ‘zHanET  # ¥

*(686T) wyogquesoy.

pue xoSoep jo viep Jeay o1Froads Sursn pue (FS6T) SOIqR], [eoIsfyq ueTuoSyFWS

WOy p_UID 8 18 "12 Jo Ajrsuep jurisuod e Sursn pue seanjexodure) xoySIy oY) ¢ wmnoeA

ur Apyaed pue sxeydsourye winrpY € Ur Afjred paanseowr eyep AIAISNIIP [BUIIST) WOIY

PaIENOTED OXOM SONTeA AJATIONDUOD TEULISY] SJUOTIOINSEOW MTAISIIIIP TEULIDY) oY)

J0 uorjerdmion uadn pouTuLEalPEp 0008 = (M2 ‘%) d, /(1£12) d orjex £J1ATISTSOI TROLII09T0

pue ‘wo wrjo? g1 '8¢ pre ‘0T 'SE ‘%0 '2¢ ‘28 8% ‘CP 9% ‘86 °IZ ‘O¥ ‘8T ‘8¢ P

‘06 "0T ‘AoAryoadsex ‘exom 31 90TT PUe ‘000T ‘006 ‘008 ‘00L ‘009 D0G ‘00% ‘008 12
AJTATISTEOI TROTIISTE IY OWO I88I] Je 20T I (0FT I8 poresuns ! -dich) uyoD punudis 'D°D ‘mosTermQ

£q perjddnsBuof ‘U T - 0T PUE I0JOWELp UL “UI 9T/  ‘POX ‘(EUIWION) 1] 666 ‘66 a 002T-00% d  S96T pue ‘‘H'd ‘se[pis ‘‘L°C ‘UMavW -00L ¥

*(6£6T) WHoquasoy pue Ioler Jo €IEp 1BOY
orgroeds Sutsn pue (FG6T) SOIqRY, T8019A1d UBTUOSYINS WIOLY ¢ wid 8 Lg 17 JO Arsuop
Jue)suod ¢ Sursu pue seanjeiedwo) xoqSry oq) 78 wrmnoeA ur Apjaed pue sxsydsowte
umypey & ur A73aed paInseow Biep LIAISTIIIP [RWLIOY] WIOIY PIIR[ns[e0 OIoM SonfEA
£1A190NpUOD TeULIDY) 8y INSLOW AJTAISNIFIP [BULISY} 9Y) JO uorjerdwioo todn
PouTIIIRP € = (Mg 5)9/(Se2z) I oryRL LNNATISISOI [e014300]0 pue ‘uro wyof g ‘gg
pue ‘g8 Ge ‘9428 ‘TS 6% ‘¥I 9% ‘09 8% ‘06 ST ‘€T GT ‘08 TT ‘A[oAnjoadsox
‘oxom 31 00TT PUB ‘000T ‘006 ‘008 ‘004 ‘009 ‘008 ‘00¥% ‘008 Je fwArisisex
[eorIere 1y 8uojswe] J8 10] N 00TT Je pe[eoute {soLUSNpU] pareyredud ‘0D ‘mosreruzd
£q porddns‘Suoy "uT gr— 0T PUE I9}OWRIP U ‘UL 9T/§  °POX {([eUITiou) 41 6 66 0 0031-00¥ d  S96T pue ‘°H'd ‘sepis ‘'L WMEW g0L 0%

*(6£6T) WYoquasoy pue 10308 yo ByEP

oy oRroads Suism pue (356T) §91qeL [20I8AUJ WETUOSYIIWIS WOIY o WO 3 L€ *TZ

Jo Ajsuap jueisuoo e Jursn pue seanjerodwro) XoYSry o4} je wnnoea uy Afixed pue
exoydsonrie wmr{ey e Y A[3red poInseow Bjep AJAISDIJIP. [RULLOY} TIOI] PAJerno[ed
oI3M SonTBA AJIATIOND TewIay) sy ANSEIUE AJTAISNIFIP [BULIOY) 9T} JO
uoyjedurco wodn peurtnIalep ¢0T = (M3 %) 9/(MeL3) 0 01yeT ATATISISRI [ROTII09T0 pUB
‘wo wyot! 6§ '8¢ pwe ‘GE "¢g ‘0% & ‘00 ‘63, ‘%9 °SZ ‘0T "% ‘G¥ 'S8T ‘GL°PT ‘GE 0T
‘Aroaryoadsex ‘azom 3 00TT PXe ‘000T ‘006 ‘008 ‘00L ‘009 ‘008 ‘00% ‘00€ 7& ATATY
-SIS91 [ROLIPOS (XY SUO 8es] e I0] I 003T 18 pa[esuue {sorignpul pIieyrasud

0D ‘mostermzd

4q poriddns'Suo] ‘UT ZT- QT PUE I9JOWE W UL 9T/E ‘POl *([BUTWION) 1d 566 "66 S 002T-00% d  G96T pue ‘'H'd ‘so[PIS ‘°PC ‘WILIN 0oL 88
uorreusisaq (1) oS ‘oN oM
ojemay pue ‘suorpeoryioads ‘(jusdisd judrem) uorysodwon uourroady a8uey ., o aesx Amuuoﬁiw Jou amd

pue oureN ~dwaJ, PP *

(penuryuod) WONILVIA 0 SNAWIOEAS THI IO SNOILVOLAIOEIS 0T ATIVL

48



It 914
oote

oozee

e ) ‘3UN1VHIdWIL

0002 008! 009l (e[} 4] oozl 000l 008 009

[oJe}4

002

oddl

f

i

3 6£22 d'W Uy

¥ Lr02 d'W:iid

|
M\ Q3AN3IWNO0O3Y

——

=y

AOTIV (%0P) NNIAOHY + (%09) NNNILV1d

40 ALIAILONANOD TIVINH3HL

I S S B

20

+0

90

80

o'l

¥l

ol

8l

o2

WA WO oM CALIAILONANOD TVNMIHL



*WOW0adS SAOQR ST} JO UNI PUOILS BYJ, LPLT-0F2T "

soouorejey ‘T 103deyD ‘I ‘[OA jood BIEd DUAL 995,

2961 ‘@D ‘saesd pue 'L M ‘oeSud 688 ¥
*POWLITIUOD 8¢ JOU p[hoo uorjisodurod pie
OPEUI J0U SeM SISATeUE TEOTWOYD {JUSWSINSEST 9Y) 910Joq Uey} Xo81e] sowy) ¢ 01 Z JO
9SBOIOUT We PAJIGIYXS 921s WIBAS ‘miwr 0g 10§ 008T I8 poresute ‘GS8Iy “JI T 03 payoels
pue 199YS JOIY} Ut %0 ‘0 WOoIF peyound SOSIP BIP SPISUT “UT GZ (0 PUE BIP OPISIMO UL T G2T-8%G q4 2961 QD ‘sieed pue ‘LM ‘oN[eSuH €8¢ €
*go58aI09p danjexodural oY) S8 paInseant .
uowoeds dA0qe 9Y3 fBD PUB g 100 0> ‘IZ PUe ‘IS ‘Pd “II ‘NI T0°0-T00°0 ‘T ‘0-T0 0 €LOT “€L9 T Z96T ‘H'a ‘wufid 968 2
“y3BIST ur W 6%°9
IoputAd o1} Jo uorjrod PIfOS Oy} ‘puUS ISYNS je £95890aI MIAYSuS] ur wo g ), pre
1919UIGIp WY WO 6£G g ‘IOPUITAD JUSIL Jo WIOJ U] UL USULIORUS ‘D (OQT ¢ pojesuue usyy
pue peurgorw ‘e pue g 100 °0> puwe ‘1Z pue ‘IS ‘pd ‘II ‘M TO°0-T00 0 ‘°d T'0-T0 0 eLFT-82% T 2961 ‘H°a ‘vufld 968 T
uorreudisaq (1) pesn ‘ON 'ON
syIewIay pue ‘suortesiyoeds ‘(jmenzed Jyfrom) uorpisodurod uswroadg a8uey | Tesx (s)xomny . .
. P11 Y anD
pue sweN dwe J, *

XOTTV (%0%) WAIGOHY + (%09) WANILVIA 40 SNAWIOAAS THIL 40 SNOILVOLIIOAS

T T19V.L

50



2l old ———————— ) ‘3YNLVYIdNIL Judl

oogl oozl [ele]]] 0001 006 008 00L 009 00¢g oot 00¢ 002 ool 0

ﬁ ¥ ve2 d'W

[0

<
ouazmzsooum\ K

— Al

—4 §S

I

G'9

d3ATIS
40 ALIAILONANOD TVINY3IHL &

—~——————— M W2 HDM CALIAILONANOD TVWMH3HL



seoupzegey ‘F A03dEup ‘7 'JOA HOOd BRI DUJL 008

*
‘I H ‘Sasquesoy
*SPaJSID00[TY L ¢ JO POTJ 9SIOASUBI} € UL POANSESUWL USTIIOSdS dAOQE SYJ, Z2 3y 2°2 0 €567 pue 3 'UYosSS[opUOM ZyE 6@
‘I 'H ‘Sasquesoy
*SPaJSIS00[IY 9°¢ JO PIOTY [RUIPMIISUO] B Ul PoINsEour ueutioeds oA0qe avJ, Z 8y Z2°% o) £%67 pue '3 ‘TYOSS[OPUSY ZFE P
. ‘IN‘H ‘Saequesoy
*SpoISIO00[IY 9 *¢ JO PIOYJ OSIOASUBI] € UI POANSBOUL USLIIOAS 9A0qE AYL g 8v 3°¢ o] £967 pue "3 ‘'Uyoss[epwdly gFE €3
v ‘W °H ‘Sxequasoy
*SpaISIL00TTY 4, °Z JO PIOY OSIOASURI} B UI POINSEOU UoUioads 9A0qE Ay, g 8y 2°g o] €467 pue °3[ ‘UYOSS[OpUSY 3FE BT
’ ‘INCH ‘Sxequesoy
“SpaJSI00]TY L6 T JO PIOI 9SISASURI) B UI POINSEOUL UAUIIOAdS 9AOQE aYL Z 8y Z2°e fo) G861 pue °3 ‘UYOSS[opuUSY EFe I8
’ ‘I CH ‘Saequoesoy
*SPoISID00[IY GL T JO PIOTJ OSIOASUBI) B UI POINSBOUL UOUII0adsS SA0QE 9y, Z 8y Z2°2 o} €867 pue '3y ‘WOSS[OpPUSll 2FE 0%
‘INH ‘Sisquesoy
*SPoISIS00[TY 60 ‘T JO PIOTJ OSIOASURI} B Ul poanseowr ‘poreoume fejsLiofjod {eand 666°66 Z 8y 2°'2 o) €867 pue ‘3 ‘UYOSS[OPUAY[ ZHE 67
"IN 'H ‘Saequesoy
“SPa)S8II00[IY Z ‘F JO P[OLJ OSISASURI] B Ul POINSEIUL |poTRouue {1esdaofrod {oand 5 °66 1 3v €'z fo) €G6T puB *3 ‘UYOSSIOPUSY THE ST
*18380£10 UL pooe[daa pue pasowral Sureq xeye ‘y 8y ‘ueuwrroads aAoqe oy, ¢ 8y C6-F% 2 1 £G67T TD fenum BT LT
*D 069 J8 peeouue Sureq Joye ‘g Sy ‘usuiroads oAcqe Y, ) y 8v ger-0'e I €567 SITD ‘oM 43T 9F
‘uMeID ‘7 8y ‘uouroads 9A0qE oYL, g 8v PEE-LFT T €967 IO NuM  LPF ST
‘D 069 & pofesuue Suteq Jeye ‘7 By ‘uourroads 9A0qE YL g 3y Te1-€'¢ 1 8967 ATD ‘enuM BT FT
*aeq sulfreisfrofiod feand ;566766 T 8y ovF-0'z I €967 SSITD ‘enum LFY €T
0D 008 18 paTeouUE {15 PUE BN ‘PD ‘SW ‘19 ‘4d ‘nD JO seomLl £LE-06 s €867 ‘DM MIN[hUURY 6L 41
“poteeuue :eurfeisArodrod mw.H=Q+mm ‘66 g Sv $-6'T 1 [1:3 4 ‘W °H ‘Sasquesoy 23T I
roand 6 *66 908-0TF "I 8067 ‘H'D ‘8997 88 0T
a4 oand AqreoIdoosorpady I 3y $82-8L8 H 767 ‘DM ‘nuuuey 8L 6
1M OTIAT0XPITT 18y T62-£82 o 1867 DM ‘INnuuey 8l 8
‘N °H ‘Sxequesoy
~oaia ourrelsLxoffod foand 66°66 88-€°2 1 2867 pue ‘3 'UYoSS[OpUSH L6 L
°D 0S¢ I8 POEOUNIR PUEB POyIOM-PIOD {dang 18v 16-1% 1 $€67 ‘I ‘Uuewoppey pue ' ‘USSISUNID  8S 9
‘seoT 4q potprys Asnorasad uewroads g wd 8 17 °07 Ayisuep foand 666 888-LE% T TE6T ‘0] ‘forreg 9 g
*oand g6 °66 €Le‘168  H 0067 jsIoyesseIq pus "pm ‘d030e? L ¥
1 T% = 99 /398 two wpor 25 -7 = MBI 3T 062 7@ poreoUuE fuowroads IB[IWIS V 1% 8y 06-97 1 9G6T  "Q°[ ‘O9purI pue ‘N'Y ‘USSEISD TS €
LT = 99/3d two wiyon 13 7 = MR {3 03 Je poTEOUTER wOUITOAdS SAOYE SYT, 1% 8y 12-91 T 9G6T  "O°f ‘OpUI] PUB ‘N'V ‘USSJLLIdY IS &
‘$og = 90/318120 {poyaom-proo {eand A[rerorsuwnmmon z 3y 1897 1 9G6T  ‘O°f ‘epul PuUB NV ‘UISIIISH G ¥
uworyeudiseq G 5 “oN *oN
syIEWeY pue ‘suoljeoyiosdg ‘(jueoaed jydiom) uoniscdurop uswroadg o8uey POSN  rpg A (s) xoyny . .
. PP Py md
puB duIeN dwoJ, *

YHATIS 40 SNANICHAJS THL 10 SNOLLVOIJIDAJS "¢l ATdVL

52



‘pPIEPUB]E DOUSIOFOL

5000y ‘T xo1deyd ‘I ‘TOA Yood Byed DY 99S,

Se posn peo] prepue)s jurod-Surjowr spiepuels Jo neaang [euoneN ‘oxnd ¥ ‘66 0T8-01E e} 1961 CIP NP ‘SueAd L8 18
*N C3 ‘AsTENEUD
*oand 66 36 908 0967 pue ‘A ‘ex ‘aespelipny 089 0
g 0T X¥p°g="1 ”.?3 X 16°¢=¢
“SIZLT6 78 ‘g 0T XZp'B=T ‘5_0F X39°%=0 ‘313 '85L 18 '3 0F X gy g="1
9. 0T X L6°g=¢ ‘S 280G 8 y 0T X 9T ="1 5_0F X 13°2=0 ‘S Z°G8E 18 {; 3 ;3[04
9_0F X G5°Z ="T ‘w0 wryo 4 0F X 68°F=¢ ‘3 ¢'8eE 1 ‘[esshrohiod ‘oand 6656 L76-888 L1867 CECA ‘AOMMALIN 479 6%
*€0°0> senranduyg 862 1167 'V'd ‘eZINYdS  THE  8F
*€0 0> senranduy gge 1 5267 ‘MY ‘uBms 088 LF
*Spa3SIL00TLY § "6Z JO PIeY Oljousewt & wr peansesuw [upy £97 0 Pue Sy Lg8°56 0%¢’T 1 9867 ‘C ‘TedONPd 6%9 9V
*SpaYsIv00TTY 6T JO PIOF O1jouFew v up peanseow (upy €9F "0 Pue 3y LE8°56 0°y-0"¢ T 986T ‘e ‘[P4ONed 679 S
*SPoJSIS001IY ZT JO PIoY OneuSew ' Ul poanseeur fupy 7.0 °0 PUe 3v 636 36 [V 2 A T 9567 'p ‘TOqONPd 679  BY
"spo3sIS00[IY 6 JO PIISl oNPuSewr & ur PIINSEaw (UN TL0 0 PUB 3y 626 °56 F'P-6'FT I 9667 ‘P ‘TdONPd  6%9  €F
*SpJSIe0O[Ty] G GZ JO PIOY o1jouSewr v ur paansow (U L0 °0 PUe 3y 636 °56 Ty-8°F 1 9661 ‘P ‘I1eqoNPd 679 2%
*‘1eyshaodiod {seyranduwr! GOO00 0> PUE WA £97°0 ‘SV L£8°56 9L¢'F I 6667 ¢ ‘T9qoNed PUR ‘"YW 'gW ‘LIBUD g% W
‘1eyshaodrod {sonrandwiG0000 “0> PUB U FL0°0 ‘SV 636 36 pL-9°T 11 696F P ‘I9QONSQ PUB ‘'H'S'W ‘MBUD g% o¥
*31 0ZL Te poTeouue ‘ourrreishaofiod fup €97 "0 PUE 3V 1£8°56 ¥6-67 T 9867  "O°C ‘opur] PUE "NV ‘USSJIIID TS 68
*SI 0Z2 78 DOTROUUE ‘ourpBISArofiod fupy 7.0 °0 pue 8y 626 36 ¥6-7T T 9G6F  "O°f ‘opur pue ‘N'V ‘USSJIII3D TS 8¢
) ‘1D ‘Noqav pue ‘gD ‘Ieung
*5 W0 8 67°07 (D 07 38) Myswop loang 2°g63 4 1967 fpey ‘sUBUep ‘CpUm ‘IONIEL 0§ L€
*1e1shio oj8urs {eang So 8y 1608 T $E6T °H ‘UUBWIOpPSY PUBR ‘J ‘USSIOUNID §G 9¢
"0 0S¢ 1' 9ay Z J0j pofeouue uswmroads 9AOQE AYJ, ¥s 8y 08 T $67 °H ‘UUBWIOpPPIY PUB ‘[ ‘USSISUNID §G 4154
*pouraojep (1E1SAao ofSwrs feing o By T6‘6L 1 7867 'H ‘UUBWISpPRY PUB Y ‘ULSTOURID 8S  HE
*oS%+ =O I8 puB SPOISIa0 G807 = H JB Poanseswr uswioads aAoqe YT, 18 8v 272 1 ‘86T "H ‘Ip9ISUSPY PUE " ‘USSIOUNID  9gF €€
* 8% += 618 pu¥ SpajsIoo F88=H 1B PoINseew USUI03ds 9A0QR ST Lg 8y 95°¥2 1 8667  "H ‘IPOISUSPY PUR ‘i ‘USSTOUNID 9gh - BE
“WNWINTW ST H w0 Y JO aouspuadep
2y} YDTYM I8 [GF+=© I8 PUE SPIISIO0 08CH=H I8 POINSESW USUIIOSdS 940 LT, © 88y 0Z'7e T 8867  "H ‘IPOJSUSPY PUR ‘I ‘USSTOUNID 9gF  FE
*ploy O11oUSEW JNOYJIM POINSEOUL USWIIOAS 9AOQE AU, 18 8y 8T'12 1 8867  "H ‘IpOISUSPY PUB § ‘USSIOUNID 9gp  0F
*oF+=© 18 puE Spaj3a90 0G0t =H 18 poansesur uowtoads Jurpaoaid oy, L8 8v 92°¥18 1 8667  °H ‘IP9ISUSPY puB ‘i ‘USSIOUNID 9€F 63
“WNUWIXEUW ST H U0 3 JO 9ouspuedop 9y) yorym e oF+ = (sixe uowrroads ayj 0] Iem
-orpusdaed suefd ® WX preyy orjoulzw 9y} JO UOIIe)ox 3O 913te 9Y)) © I8 PUE SpoISIS0
0788= (y15us1}S P[OY OTIOUIEWL OSIVASURI} oY) H J& Paanseour USUIoeds 9A0qe dL, Le v 21 1 8667  °H ‘IpoISUSPY PUB ‘J ‘USSIOURID 9gF 8%
*prey orjeusew Jnoyjta peanseour {[e3sdro ofug L8 8y 811 T 86T  °H ‘IPOISUSPY PUB ‘F ‘USSIOUNID 98F LG
*qurod Sugjfeur o 9§10 SANjBIBdUIE} J8 XY g /7 POJBSY {UMEBIDP pue PoI(a gLE‘8Le O 6767 “H ‘UroxIspeg 9% 9%
uorjeudise [65] posn ‘oN ‘N
gRIBWIOY pue ‘suoeorjroodg ‘(jueoded jySram) uoryisoduro) uaurroadg a8uey IBO X, (s) zoyny . .
. PP (H R o]
pue SWEN dwe ],

(penur;uoo) YIATIS 10 SNAWICHIS THL 0 mZOHF<OH,mH0mmm ‘1 AIIVL

53



mmmmm
oooooooo

Y

\/@/\\ Q3ANIWNODZY

N3LSONNL

30 ALIAILONGNOD TVINYIHL




-stxe uowroeds o} Temorpusdred ssnvSofry g8 '6Z JO

-Surpeeuue 9107dWO0 I0f MO] 00) soINjeIodUId) 9SOY] POIIPIEUOD [28] xo14e], pue amusuey
soousxeyy ‘T 193deyd ‘T [OA Yood ®Ed DUJL @om.v,ﬂ

pIo1} ® Ur peanseow ‘uor1oaxmp (1 ‘1 ‘1) o3 Terreded sTxe ueurroeds ‘yeisAro opurs (frand uSrtg 02-S1 s 8261 ‘f ‘JToqoN<p pue "£’'M ‘STeH9p 29 92
*SpejSIe00(Ty L7 "9¢ JO PIOT] € UL PoInseous Mg ‘0A0qe SV 03-ST o Q1 7:1 d ‘Tpsaxend L S%
*Spa3SI200IT 69 *Z¢ JO PIOIJ B UL POINSEOW Jnq ‘9A0qe SV 02T T O¥6T d ‘npseaend LW Y%
“§p638I000[Y 6€ *97 10 PIOTY € UT POINSEOW NG ‘OA0qE SV 02-¢1 T OW6T g ‘TpsexEnd LF €8
grxe wowroads o1 xernorpusdied spejsieoo[ny g "0T Jo pravd
© U poInSESW ‘STX® [8}SAI0 oY} 03 S00139p ¢F e MOTJ 1eey ‘[e1shro offuls frand ySrH 032-ST T 0¥61 ‘d ‘psexend L¥F T3
*pasIom-10Y 1 °d ‘uepiof
‘xopmod TEI9W paIofuis pue possaad {517J0 800 °0 PUE ‘O $0°0 MO 200 0 *oand g6 °66 4 1SPe-¥pEZ @ 0961 Pue ‘up "I “BISED °A’L WUV 8% 13
‘payrom-1oy ‘xepmod [ejour pexeSurs pue pessoxd 1 °d ‘uspiof
920110 420 0 PUE ‘O $0°0 ‘O 900°0 ‘IN S00°0 ‘LL $00°0 ‘od $00°0 ‘oand A[[EIOIOWWOD T ¥616-00%2 & 0961 Pue ‘i ‘g ‘ISEH 'A% ‘WIIV 9% 0%
*sTXe 1838430 oY} 0} G F [o[fexed Moy eoq ‘rejsfao oy8uts aang 8e-1 9L-%°¢ T 1861 ‘£ ‘TO0ONGP  3L3 6T
"JuouIe[ry ‘eand 0082-00ST & G261 D'V ‘Surpiompue ‘H M ‘emdsiod P 8T
‘sIxe [e}sh1o o3 03 S0018ep gp e MO[J Jeey ‘Tejedio ofSurs {frand yStH 88~CT s 886T. ‘P ‘IOQONP pue ‘£ M ‘STEHOP 39 LI
*SIXe Te1s£I0 oy 0] S99XF9p gF & MOTJ JEeY Tuq uoWIOads SAOqE ST} 0} IBTIWIS T M €L6-06 q £€6T DM Ynuuesy 62 9T
‘sTxe [8}9£10 0) [o1TEaed MOy 189 ‘rejsAlo ofSuis ‘A pue vl ‘IS Jo se0®x} ‘exnd 96 66 M £L8-06 fc S 31 ‘DM Innuues] 6L 18
*3I 00L3 78 poTesuue sonjrandwi OH[BIOUL JO S9OBI} SMOYS sIEA[eue-01109ds faand 0002-C0TT q TP6T "H'Y ‘uxogsO 90T ¥
‘Teys £z £jod poresuue ‘eand 66 ‘66 Mm €9-8°¢ T 266T "W 'H 'Sioquasoy pue °3[ ‘uYOSS[OPUSIN 86 ¢T
‘JUSWETY ‘9Ind 0062-00ST & $i61 D'y ‘furpaom 6T 2T
} O 00€T 18 poteouue faxia feand A[[eraIoWUIOD T M 982-9L2 o4 TE6T ‘DM mmuues 8L Tt
4 082 3¢ poTesuUE oM ‘eand A[[¥I0IOWMWOD M 082-943  d  TE6I DM Ammuues] 8L 0T
31 0072 1& paleeuue ‘aandg 009-0%2 Hq 986T g-p ‘aorfel, pue I ‘1mwdue] L8 6
oxim foand Af{RIOISWWO)D €LS-8L q 9€6T ‘W ‘X00 Pu® ‘O 'M ‘SPUOIIN 66 8
‘0 0o0gg ¥® pode ‘exim ‘fyrand uStH 8 SLE-LL g sveT W X0D ¥ L
*D 0092 1€ paBe ‘oxrm ‘fjrand ySIH 4 eLE-1L f IS 1 W ‘0D ¥e 9
: reand €48 ‘062 T PI6T N Y ‘TOWTM pue L ‘peried 8 g
‘oand £z9A 28-¢T T 9861 £°M ‘seepep pue CH ‘rowwioxd 8T 4
“1ess£xo ofSurs ‘uswaroads sAoqe oy uey} sand sSeT M £8 ‘12 T 1261 ‘g ‘9UQ0D puUR N ‘UeSTOUNID LG [
‘Te18£x0 o18ure ‘frand UySTH M £8 ‘12 2 1261 ‘§ ‘suso) pue ' ‘UeSOUNID LS 4
*D 0SET ¥& WNNOBA UT PO[ESUUE ‘MY PUE IS ‘O JO S99BI} ‘O 10 0 qr m 6TT-€'T T LS6T ‘g'S ‘spoom pue XD ‘Onum 09T T
uoryeusIsaq ) —— 0N -oN
syaewoy pue ‘suonesioads ‘(jusoxed jyStom) uontsodwod uswroadg .om.:m P IOTL xeoX (s)royny O "ImD
pUB UIBN duue g,
NAISONAL J0 SNIWIDIJS THL 4O SNOILVOLAIDALS ‘g1 A1IVL

55



sooucIojey

‘T aedeyD ‘1 ‘TOA Yood BIEQ DML 998,

*PI91} OrjoudeuI JNOYITM M [ {4 T LE6T “H ‘“Jpe)jsuepy pue 'H ‘UeSIBUNID 8% €6
*o0L+ = © PUE SP9}8100 03GZ = H 18 POINSEIU Uemroads aA0qE oY, M [0 €4 T 86T ‘H ‘Ip9ISUepV Pue ‘H ‘UOSIOUNID 8Fy  3S
"o0L+ = © PUE SP9sIe0 0¢8F = H J' poanseowt usturoads 9A0QE O], iMm 1L°12 T LE6T ‘H ‘Jpeisuspy pue "I ‘USSIOUNID §FF T8
T 006+ = © PIB SP9IsIa0 00T9 = H ¥ paInseowr usuIroads 9A0QE 9], M 82°12 T LE6T “H ‘4pojsuspy pue ‘i ‘USSIOUNID 8§FF 08
* 408+ = O P8 SP&)sI00 00T9 = H 1 PoINSEOU USUITDAAS 9A0GE 9YT, M 9,12 T LS6T H ‘)poisuspy pue ‘¥ ‘uesteunid gyy  6F
*o0L+ = © PUB SP9)8I00 (0T9 = H }& poInseowt uswoads 940(E 9Y, Mm 6L°12 T LE6T ‘H ‘jpojsuepy pue ‘i ‘UeSIOUNID §FY 8¥
* 09+ = © PUE Spa1sI00 00T9 = H }B poansesw uoroads 9A0qE oY, Mm 3L T8 T LE6T ‘H ‘Ipejsuepy pue ‘g ‘USSTOUNID 8FY Ly
*o0F+ = © PUE Sp9381e0 00T9 = H 1B poINseoul uswioads 9A0QE 9], Mm $L°12 T L86T ‘H ‘Ipojsuepy pur Y ‘UesIoUnld 8FF 9%
* 003+ = © pUE SpaIsIeo 00T9 = H )& poanseow Uowroads 9A0qE YT, M $L 12 T LE6T "H “Ipejsuepy pur "I ‘USSTOUNID ~ 8 14
‘uonoaarp [1T1] %
Tenorpuadiod H UOTUM J8 0 = © PUB Spajsiteo 0019 = H J& poInseow UoW0ads 9A0GE ST, Mm 98 12 T LE6T *H ‘)pejsuepy pur "H ‘USSIOUNID 8Hy i 44
*40%~ = © PUE Spe}s1e0 00T9 = H J8 poInseowt uowioads 94008 94T, M 9.°18 T L86T ‘H ‘IpoISuspy pue ‘g ‘wesIouUNI) 8FF €%
* o0%~ = © PTE Spoysae0 00T9 = H JE poANSTOW Uswroeds oA0qE YL, M 7418 T L86T *H ‘JpejSuspy pue g ‘UesIoUNID 8%y 2V
‘008~ = © PUE 5P38120 00T9 = H J& paINseoW Uswiroads 9A0Qe o4, M (9 ¥4 T LE6T “H ‘IpoIsuspy pue ‘g ‘weswuUNId 8%y TP
* 009~ = © PUE Sp21s100 0019 = H J& poInsesul uowioads aA0qE oYy, TM 7L°18 T 2861 "H ‘IpejsuepV pue “§ ‘Ueseunid gyy 0¥
* 006~ = © PV §D938190 00T9 = H 12 poINSEOW Usturoeds 0A0qE 9T, M §L°12 T 1861 "H “|pejsuspy pue ‘¥ ‘uestounad gyv 68
‘006~ = © DWE SP91s130 0§LY = H I poanseew udturoads aA0qE oYY, M 8L T L86T *H )pojsuepy pue H ‘UOSIOUNID ' g%  8E
*uor10RIIp [TTT] 03 1oI1Bxed I YOIyM 18
006~ = (s1X® pox o 0} xenorpusdied sury © pus UONOBIIP PIOTY orjeuldewr o) usaIMIeq
s13ue oyy) © pue 5peISIL0 0gg¥ = (T¥Suexys POty OTIOUSETW G8IGASURI) O) H 8 POANSEOI M L°13 T LE6T “H ‘IPejsuepy pur ‘i ‘UOSIOUDID 8F¥ L8
‘PIOTY OTjouSew JNOYITM M 16-2% T LE6T "H ‘IPOjSUSpY pue 'H ‘UosIOUNID 8FF  9€
*d 'O ‘xeumg
*ZOIOWEP YOUT 0T0 "0 JO SITM ueysSuny oand A[reoryderSorpeds 00.,2-009T A 696T pue ‘£°M ‘IoMIeg ‘'L Y ‘SUpUef 68  GE
“SSMRI0TIY 19 *7 J0 DIOT ¥ UI POINSTOW USTIIOLAS 9A0GE YL, 08-¢T T 8861 P ‘[OGONSP pue ‘LM ‘SEEHOP Z9  FE
*senedorny g2 °G JO PIOTJ € UI PAINSeIu Usmiroads 2A0qE oY, 03-9T T 86T P ‘{9QONSP pue ‘£'M ‘SEEHSD g9 gg
*85n23071Y 8T '8 JO PIOY B U POINSEOW USWIdads 2A0GE SYT, 02-ST T 886T °C ‘[9QONPP pue "C°M ‘SeeHOP 29  3E
*ssnedo[D] 3% *IT JO PIOY B UT PaINSEOUI UdWToeds SA0qE 0T, 02-9T T 86T ‘P ‘[9QONOP pue " M ‘SE¥HOP 2z9  TE
*gsnedo[ny zg *§T JO PIOI B Ul paanseomt usuiroads 9A0qE oY, 02-ST T 8861 ‘P ‘[9CONOP pue ‘£ M ‘SeeHep 29 0e
*581edo[N 69 "9T JO PIOH B Ul paINSEBOW USWoeds 2A0¢e oY, 02-ST T 226T ‘P ‘[OqONSOp pue ‘'f°M ‘SeBvHSp 39 62
*ssnedol 96 "8T JO PIOIJ B Ul paaInseowl Uamoods oA0qR oY, 02-ST T 8€6T *f ‘[9QONSP pue ‘f°M ‘SERHOp 29 82
*ssnedorry g8 _.HN JO PIOI} ® Ul peInseaw uswroods sA0qe ofy, * 02-ST T 8€6T ‘P ‘TOQONSp puE °‘f°M ‘SEBHap 29 - Ix4
syIenIoy pue ‘suonworyoeds ‘(jusoxad JyStem) uoryrsoduro) :mwﬂ_mwwﬂomn .mumwwm .WMM@,” Ieox (s)xoqny ..MM ...“MAD
pue SWeN dura,,
(penuriuoo) NIISONNL 10 SNAVIOAS HHL JO SNOILVOIAIOAAS ‘gf TIdVL

56



"0 0097 9A0qe WONALIISTP SInfeIeduIo)

seoueIaey ‘T 101deyD ‘T ‘1OA Yood ®leq QUL 998 s

30 JUOWISINERAE 97} 10J posh sem Suprooex srydexdojoyd {po: uelsSung, £228-£821 T VoET ‘g°A ‘AoiopeJ pue SN ‘Aounjeld 699 8L
22-9T T 9851 ‘yJ ‘ZSTWIOIG pue ‘f'M ‘STRHOP 648 Ll

‘wnnoeA YSTY B Ul paansBow Ay T 10} D 00LT 1% omnoea ySiy B Ul paesuus AjLieu
~Twread pue padeys {STELINNBW 1S9} O] S¥ POSN SOIIM BIp W g °7 oMy ‘oand ATjexjoedg £L%2-SLTT o T98T *ACA ‘A9pPageTT pue DA ‘Yniwumd Zo9 9L
D 92% ¥e say g 10] paredway, . 2 '¥L3 T LT5T ‘S “1egeM 6%V SL
" 006~ = © PUR SpA}SIS0 00TTL = H }& poanseow uowroads 2A0qR SYL, BET M 1% 1 8€51 “H ‘Ipojsuspy pue ‘N .awm_a:mhv 98¥% [ 25
‘06~ = © PU® Spe)sI30 0880T = H 1& POINSEBOW Uowroads 0A0qE oY, egT M 012 T 885T ‘H ‘Ipejsuepy pue ‘¥ ‘UsstoUnId 98% €L
* 008~ = © PU® SpaIsI90 0G.8 = H 18 PIINSLIUr Ustiroads 9A0qe oYL BET M 113 T 8€3T ‘H ‘Ipejsuepy pue ‘H ‘uesteunid 98% 2L
* 006~ = © PUE 5p9JsI00 06%F = H 1 poInseswt uswroeds sA0qe oYy, T M 602 T 8831 ‘H ‘Ipojsuepy pue ‘W ‘USSlUMAD 9€%F 1L
* o098~ = © Pu® Spa)sId0 0837 = H 1€ paInseour usuroads sAoqe ST, BET M 8°0% T 8831 ‘H ‘ipojsuepy pue ‘{ ‘USSIeUNID 98 0L

*uorjoeIp [0TT]
0} [91781®d H YOIUM 1% oS~ = © DU SpaIsIdo ( = H 1% poInseow uew0ods 9A0qE DL BT M 012 T 8831 ‘H ‘Ipojsuepy pue ‘d ‘UesSleUNID  9g% 69
* cml = @ pUR SpaIsIao 00ZZT = H e paanseawt GQE.*UWQW JA0QE By, BT M 012 T RE3T ‘H .ﬁu@ﬂﬂﬂww}q« pue ‘i »ﬂ@ﬂwoﬂmoﬂmv 9E% 89
oG- = © PUR §p3I8Ia0 (080TT = H 1B peanseat uswioads a0qe oYF, BET M 6°08 T 883T “H “Ipoisuepy pue “H ‘UespUnID 9g% L9
‘o8- = © PUE §paIsIv0 0880T = H 1€ pornseout uswroads 2A0qe AT, BET M 0°12 T 865T ‘H ‘pojsuepy pue I ¢ unId 98y 99
' 0§~ = © PUT §p318190 0GL8 = H 1® poINsTow uowoads aA0qR SL BEI M €°12 T 88T “H ‘Ipojsuepy pue ‘¥ ‘UOSIIUNID 9EF g9
" 08~ = © PUE SpoIsIeo 06%% = H 18 paansgeur uewiroads 9A0qe YT, BET M 602 T 8E3T *H ‘IJpojsuspy pue *F ‘Uesteunad 9e¥ $9
‘oG~ = © DUE Sp2}sIR0 (0822 = H 18 poInseaw usioads as0qe sy, BEI M 8 0% T 85T ‘H ‘Ipojsuepy pue ‘X ‘UoswunID 98% €9

“to1oaaIp [00T] 0} [orTexed L1vou

H Yo1ym 18 G- = (S1X® pox oy} o} aemorpusdiod oul & pUe UOTIOLIIP PIoTy djoudewt
a2y} usemjaq S[3uE oY) © pus 0 = (PSusals PIOTY O1OUSEW 9SIOASURIE OV}) H 1T POINSEBOIN BET M 0°12 T 8E8T “H ‘Ipojsuspy pue °*{ ‘uesicunid 9gy 29
* o0L+ = © PuE $pajsIa0 00331 = H 18 PoINSEow uowoads sA0qe oy, M 118 T 88sT ‘H ‘pejsuspy pue “d ‘USSIUNID 98% 19
* ,0L+ = © PUE Spa3sIac (0T9 = H J& Peanseow Uswioods 940q8 oy, M 118 T 8EFT ‘H ‘Ipojsuspy pue H ‘UOSEURID 98F 09
* 0L+ = © pU® Sp2)sSIe0 (G8¥ = H 1€ POINSLoW Uswioads sA0qE oYY, M L°18 1 8E6T *H ‘Ipejsuepy pur ‘¥ ‘UesIeunid 9ed 69
‘o0L+ = © pue spe3}sado 0ZG¢ = H J¥ paInsesut uawroads sAoqe oY ], Mm S°18 T 886T ‘H ‘pejsuepy pue “H ‘uesfeuntd 9ey 8¢

‘uorgoaaIp [TI1] 03
Tegmorpuedzod H YOTUM B 0L+ = © PUE SpIISIoo 0 = H e PaInseow Uewraads 2A0qe oYy, Mm [ ¥4 T 86T *H ‘IpeISuepy pue ' ‘USSIEUNID 98F LS
* 098~ = © PUB SP9)SI0 0023T = H 18 paInsrewt uswroads sAoqe ayy, M [he €4 T 86T ‘H ‘Jpejsuepy pue °‘J ‘uesteunxd 9g% 99
‘098~ = © PUT £poISIA0 (019 = H 1¥ PIINSEOW Uewroads 9A0QE oYY, - M 7L 1% T 88T ‘H ‘IPOJSUSPY pue ‘f ‘USSIWNAD 98%  GS

uorgooxp [oT1] 01 erreaed

H yoTgm 38 96~ = (stxe pox a1y 01 ag[notpuediad oul © puB WOTIDDAIP! PIoTY ojoudewr
oy uoemiaq o18ue o) © pus 0 = (PBusals prety OTIoUSEWr SSISASURI) OUF) H JE POINSEO Mm 2°32 T 86T *H ‘Ipojsuepy pus ‘Y ‘UesIeUNID 96% B9

voryeurseq 0D oe . o “ON
SYIBWSY PUB ‘suoryedryroadg .?ﬂmohwn 148rom) uoryisoduio) uowroads oSuey . posQ Xeax Amv.moﬁai sod And
puR dWEN ~dura, PO % ¥
(pomunyuoo) NIISONNL J0 SNIWIOHAS THI 4O SNOILVOLIIOES  "e1 TIGVL

57



“wo wyo™ 917 0§ PUE ‘9L 'SP ‘€10 0%

‘LTL 98 ‘LLT'EE ‘988 08 ‘IST L2 ‘0.0 $8 ‘TP0 T2 ‘€L0 ‘ST ‘98T "ST ‘98% 'gT ‘88 ‘6 F¥E°L
‘48T °9 ‘300 'S ‘A(oA1dodsos ‘exen J €L9T PUE ‘GLST ‘€LF1 ‘GLET ‘€LZT ‘SLIT ‘6L0T ‘6L6
‘GL8 ‘gLl ‘€LY ‘BLS ‘€L% ‘SLE ‘GBS ‘LT Ye AJAIISISOI [BOTIT0 ‘gg = (SI¥) J/(J0oe) d
OTJeI AJIATISISOI [BTA100]0 ‘uoIsuaUIIp oSeioAe Ul 71gz 01 ¢ oz1s ured [eor)or0oyy) Jo %8 ‘66
Arogemitxoxdde 10 o_wo 3 140 6T Aisuep uswroads {jef1q £A3xn[rejow 1opmod perojurs

pue posseid [eurdLio o) JO BOIE UI wOIjoNpel T-0-§ B L0J O 008T 18 pephijixe jof udsq

PeY yoTyM JOT[Iq I919WERIP  "UIG g B WOLJ paulyoewr fpwa N ‘H 5000 ‘0> ‘Yoee Us ‘rg

®yzp poysTaqndun,
uorjeoTynd Jo 95IN00 ULy
G96T ‘9T "AON ‘UOTJEOTURUIWIOD SJCALIJ

seouarojey ‘T I03deyD ‘T °TOA Y0Of vjed OUJL 998,

@ ‘SOITHOI PuR ¢ M ‘UosIoNTNI

“IN ‘O ‘U ‘BN ‘od ‘mD ‘X ‘8D ‘TV 0T00 0> ‘O 63(0 0> ‘O 0800 0> ‘oInd €86 66 £.2T-€3¢ 9 S9T ‘'S | ‘seABrd “'d T ‘9100W  § €6
*mo wyor g *yz pue
‘9°%Z ‘p°TZ ‘€8T ‘SCT ‘9°GT ‘6°6 ‘€°L ‘T°9 ‘0°¢ ‘A(oanoodsox ‘o1om I £Z0T PUZ ‘GL6
‘L8 ‘SLL ‘8LY ‘SLC ‘SLF ‘GLE ‘688 ‘SLZ Yv AYIAISISeX Teoriposre f0¢T = (38 ‘%) 9/(MeLz) d
oTjRx LJTATISISO (801130910 Suol w0 O PU® I9j0WeIP U WD F 'Q SPOX OM] IFLIP
"oN Soreteo ¢ -oD pue foyjjeIN ‘uosuyof Uroxy pezipxepur)s Areorydeidoijosds (O 16 0 MOAY £20T-632¢ o) 995T ‘d"H ‘oL pue MY ‘fromod 26
‘woysAs ur swleIyderp IS WU g °Q ISJOWE[p I9PLL {I9JOWRIP UT WIW g °g JO OITM 006T d  P9T N'DX ‘BAouowrs pue ‘d T ‘Aoddnrd 899 16
‘uroys s Ur sweayderp IS WUI g 'p I0JOUWRIP IOPLL o1y3 709 Jo [10d 006 @  $95T N 'nX ‘eaouourig pue ‘d "I ‘Aoddnrd 899 06
‘wogs As ur sweayderp Te[NOAIO ‘UM g0 I9JOWRIP ISPLL YOI 109 Jo [0 006T @  $95T N 'nX ‘waAouowng pue ‘d "I ‘Aoddird 899 68
‘mio)s s xojeuroxAd Teorido mr pesn swiSeiydeIp Jerncaro (JueIsuod sem sxnjeraduis)
a1ouM 10} 81 JO 3Ird Jey) Uo poor]d IojoWEIp Ul WUL Z 0 JO I8PLI 9Iim 3otu3 719 JO TI0] 006T @  $9T 'N'DX ‘saouowrg pue ‘g "I ‘Aoddird 899 88
*sarjrandwr o7 *0 UBY) 910U OU BuTurejuoo uesium aang £L28-SLPT €951 ‘HCA IDISferod pue 1°d ‘jorwin], 999 18
‘wo wyo gg " = 0 LIATISISOX [€OLIJ00Te [BNPISSL ‘YjSue] Ul WO ¢T Pue
X9JOUIBTP UT WU § JO J1B( ¢ 0D pre LoyjjeN ‘Uosuyof wosy ‘pazipaepuels A[reordocsorjoeds 088-%0T G95T DN ‘PUNPOBE e 98
‘(9861 *'PIT ‘ssexg uoweSrsd
¢ £X)STUIOYOOULID T, ﬁmo_..m.a::ﬁmgv +T *T ‘sueAd pue "Q ‘B{SMeydseqny] Jo BIEp 180y
orgroeds Sursn sjueTOINSEBOW ATATSRIJIP [EWIOU} WIOL] POJRINOTED BYep fo_wo I ¢ '6T
Aysuop Mgy (Sunysey 1013€) 0ZIs urexd oBeioAr ‘syrop dwe WeisO ‘00 ouIPRH
Texousn woiy ‘sjuswrelry dwel JO 9XnOBMUB SY) UT PSh S8 POX poSems B WIeIy jho
OSTP YOI} WU G T {SIUSWIST® JOYI0 Jo s90vI) PUR ‘O ‘od :seryiandwr ‘pedopun ‘M ¢ ‘66 0062-008T 95T PN ‘TepOUYM  FG9 g8
‘TeIshro opSurg 099T-5%9 €95T ‘LD ‘feusyD pue ‘W ‘WIMO €59 8
“yg8ue] UI WO T PUB I9JOWEIP U WU § JhOge
Jo pox ¢ ‘o0 pue foyjjeIN ‘uosuyop yo oHLNL ‘ueisSury pezipaepue)s Ajjedtydesdoxjoods £19-82¢ T T95T ‘dy ‘0Ll 399 g8
“OIIM aand 0082-008T G851 D ‘aopIMZ TS99 28
ap '8 ‘Aqse180
*1899 SuraInp paainooe pry Suryow 18y} 90Uspns ‘uowiIoads 9A0qe 9Y) 0} IBJIUIIS 66£62-TLST ¥ 2951 pue ‘'@-p ‘siedd ‘'S'( TPON €09 T8
“£)ISUSP [BOT:2109U) JO 9b ‘86 g U0 3 18 ST
Ansusp ‘3 0%0¢ oanjeaedwe) aansodxe wnwiixew ‘Juoy "Ul §/§ PUB Ioj0WRIp UT ‘U $/8 -ap ‘g ‘Agserdo
uewrroads f4s80-0d8 N ‘H ‘DD ‘IN ‘d 07000 ‘S 0T00 ) ‘O 0200 0 ‘TS 9200 0 ‘2 £00 0 2L8T-GaST g 2951 pue ‘'@ ‘siedd ‘ §°A TOON €09 08
“SH WU o_oT ueyy 10394 Jo £y ‘suyuep
wnnovA € ur A[[e01110A popuedsns‘Iojowerp Ul ‘Ur g7 0 ‘exim eand Areorydeiforjoeds 0822-ST9T q 29T pue ‘-f°M ‘xoqxed ‘T ‘uppny  L99 6L
uoryeusiseq (>1) . .
syTewey pue ‘suoeoiyroeds ‘(jueoxed JySrom) uorsodwoD uawroadg aSuey ﬂmMD Teox (s)xoyny . Mﬂw . »www
pue oweN -dwey, PPN ¥
(ponuriuoo) NAISONNL A0 SNAWIDAJS AHL J0 SNOILVOLAIDEAS ST TTEVL

58



*§JUSTUOINEBOW 191Te SUSIOads UL PUNOY SHOBIOOIOBWL ¢popaens Airenbs
uowIoads T POIDW MO[IUT [RIPea YHIM POINseoul {fISusp Te01191091) 016 £0D
umpuniogie) Aq peonpoxd SELWNOIY) Ul UL $/¢ PUE I9JOWEIP UL "UI ¥/¢ 30 OSTp auIl[

G96T ‘L 'O ‘UOTJEOTIWUIOD IBALI

seouszejey ‘T 103deyd T TOA Yood ®led DUAL 998,

~Tejef1o4od pessaId-1oy ‘GN Z°0 PUB ‘DO T'0 ‘A0 ‘1920 ‘(9OUSISHIP A4) M € 66 LL¥3-6ES a 89T '$°@ ‘teaNpue ‘@D ‘sa®ed PG €0T
-popxens A(enbe uowroads 3] GGLZ 0 POYISUL MOTIUL TETPEL YIIM PUB 3 99€T
01 poytowt 9ATjRIRdWIOD YJTM PIINSBOUL (AJSUSP [BO1I0I09]S 9406 {SOBIDOIOBW
OU ‘SSeuNOIY) Ur ‘ur T PUE IejoWIRIp Wl -uf T JO OSTp sulieisLros[od pessexd J0H GGLZ-EEC a0 69T ‘@-p ‘steod  # 201
‘D 07 18 SIATISISOX TEOTXj0RTe IO WyoTl g 'Y Pue ‘KYISUSD [ROTISI0SYY ofF ‘FL g ardwreg g4I ‘X0IM0D
‘SUOIOTUL G F ~ Z OZIS opoTiaed ‘sxy g I0J O (0LT 18 poaojuis ideoxe T ojdwies se swes ‘II 'ON 398 “ISV'L Z 618 T $95T pue ‘°d ‘xeuSem ‘1D ‘PISWOIMI 889 TOoT
"D 03 18 fransisax 2T ordwres R s GREC Rt ele]
eoragoere wo wyo™ g 9 pue AJISUSp [EOTIOI00Y] oG Gg Ideoxe TT ordures se oWwes ‘I "ON 19§ YISV 3028 T P96T pue <'d ‘aeuSep ‘1D ‘DISWOMIN 889 00T
D 02 18 LAnsIgex
Teorgoare wo wyofl Z g pue ‘g "0~ sexod 1e303 0} saxod pagerost Jo orfex AU} 1T erdwes YT ‘IepMOD
‘ fISUBD TROTIOI00Y] o4€ "G6 “SIY § IOF D 00LT T8 poxajuls 3deoxs T ordwes sB owreg ‘Y "ON 10§ VISVI 2 '80¢€ T P61 pue *d ‘xeuSem ‘ "I'D ‘TYSUOMN 889 66
‘D 02 18 AIATISISOI TBOLIOD[S WO ani 2 '8 pue L ordwreg ‘g ‘IspmoD
‘ fy1susp [e0TI0I00Y] o9 ‘g8 ‘oanjexsdure] Surxauls O gg9T 1deoxe T ojdwres sB owWES ‘I "ON 39§ VISV'I Z°'T18 T ¥9BT pue ‘°d ‘xoulem ‘"I'D ‘TISWOIMI 889 86
*D 02 e ATATISISST [BOIIIOS[O WO uryo? 1 °g pue 9 srdures ‘g ‘aepmod
*£HSUSD [ROTIOI0OYY o] "gL, ‘Oanyersdure) Surxeurs O gLgT deoxe T ojdwes se oweg ‘I 'ON 308 YISV'L 2118 1 7961 pue 'd ‘zouSem ¢ I°D ‘TISWOIINI 889 L6
‘0 0% 18 KTATSTSOX T8O11305[0 Wo uryo! g g1 pue ¢ ordures g ‘Iepmo)d
¢ £yISUGp 1e01IPX09Y] o7 '¢9 ‘eanjeredwrey Surzous D 0geT 1deoxs [ ofduwres se oweg - ‘I 'ON 198 YISVI %928 T 96T pue “'d ‘zoufem ‘ T'DH ‘TISWOI 889 96
'D 0% 78 KTATISTSAX TBOLIOTO g opdureg ‘YT ‘Iepmop
wo ot 90T Pue AJISUSP TeOT)9I00Y) 9T gL 1990%s uouroeds aA0qR Y)Y st oWeg  ‘I."ON 398 YISV 7828 1 $%T pue ‘°d ‘aeufep ‘ IH ‘HSWOINI 889 96
‘D02 1
wo wyoT § 0T ANWATISISSI T@O1II0010 4T °0 F 2 '0 Sox0d T80} 03 5010d POIRIOST
JO oifex oY} {£)ISUSP [EO1IOI0) o) ‘Gl ‘UOIDIWL § °Q 9ZIS orotared ‘exeyd
-soune Suronpax weS0IpAY € UT SIY T I0F O Q0GT 18 POIOJUIS pUE ‘POUTyORW
‘aanssoad Teryrur 18d 000 ‘0g WM yous oyserd v ur pessexd AqreoryeisorpAy
sem yorym ‘Iopmod ueysSun) woay paxedoad pue TSV JO dnoxp TeOISINireIeN
19pMOJ THOX} POUTEIqO IOPUTTAD TBNOIIo JYSLI snoxod JO WiTo} oy Ul UewIoads 1 ordures ‘YT ‘IPMOD
‘uowrroads oY) SPISUL SPIX0 (GO0 0 UBY} SSOF PUB 90BLINS oy} uo 1ofe] opI¥o Uy ‘I "ON 198 “ISVT Z LIS T $96T pue ‘g ‘aouSeM ¢ TH ‘DISWOINI 889 76
uoryeudiseq [$53) .
< ¢ : uswroads o8uey posN . ‘ON °"ON
syrewoy pue ‘suoljedlyosdg ‘(jueoied juSiem) uorsodwo) pue oureN -duel, 'Pi1ON AeDX, (s)aoymy oy “and
(pemuriuoo) NHISONAL JO SNAWIOHS THL IO SNOLLYOIAIDAAS 6T T1EVL

59



10.

11.

12,

13.

14.

15,

16.

17.

18.

© 19,

20.

21,

C. References

Cezairliyan, A., "Prediction of Thermal Conductivity of Metallic Elements and Their Dilute Alloys at
Cryogenic Temperatures', Purdue University, Thermophysical Properties Research Center, TPRC Rept.
14, 1-140, 1962.

Cezairliyan, A., and Touloukian, Y.S., "Generalization and Calculation of the Thermal Conductivity of
Metals by means of the Law of Corresponding States", High Temperature, 3, 63-75, 1965; A translation of
Teplofizika Vysokikh Temperatur, 3, 756-85, 1965.

Cezairliyan, A., and Touloukian, Y.S., "Correlation and Prediction of Thermal Conductivity of Metals
Through the Application of the Principle of Corresponding States', Advances in Thermophysical Properties
at Extreme Temperatures and Pressures, 3rd Symposium on Thermophysical Properties, A, S, M, E.,
Maxrch 22-25, 1965, 301-313.

Touloukian, Y.S , Thermophysical Properties Research Center Data Book, Volume I. Metallic Elements
and Their Alloys, Chapter 1. Thermal Conductivity. Data sheets updated twice a year; 850 pages in
Chapter 1 as of June 1965, 11" x 17",

Powell, R.W., Tye, R.P., and Woodman, Margaret J., "The Thermal Conductivity of Pure and Alloyed
Aluminum; I. Solid Aluminum as a Reference Material', Advances in Thermophysical Properties at Extreme
Temperatures and Pressures, 3rd Symposium on Thermophysical Properties, ASME, March 22-25, 1965,
277-88.

Flynn, D.R., National Bureau of Standards, Private communication, March, 1965,

Lees, C.H., Bakerian Lexture - '"The Effect of Temperature and Pressure on the Thermal Conductivities of
Solids. Part II. The Effect of Low Temperature on the Thermal and Electrical Conductivities of Certain
Approximately Pure Metals and Alloys", Phil. Trans. Roy. Soc. London, A208, 381-443, 1908.

Powers, R.W., Ziegler, J.B., and Johnston, H, L., "The Thermal Conductivity of Metals and Alloys at
Low Temperature. III. Data for Aluminum Alloys between 25 and 300 K'', Ohio State Univ. Columbus
Cryogenic Lab., ASTIA TR-264-7, ATI 105924, 1-13, 1951, :

Powers, R.W., Schwartz, D., and Johnston, H, L., "The Thermal Conductivity of Metals and Alloys at Low
Temperatures. I. Apparatus for Measurements between 25 and 300 K. Data on Pure Aluminum, OFHC
Copper and L Nickel", Ohio State Univ. Columbus Cryogenic Lab., USAF TR -264-5, 1-19.

Mikryukov, V.E., "Thermal and Electrical Properties of Copper, Silver, Gold, Aluminum, and Copper-
Beryllium Alloys", Vestnik Moskov. Univ., Ser. Mat., Mekh., Astron., Fiz. i Khim., 12 (6), 57-67, 1957.
(English translation available from Clearinghouse for Federal Scientific and Technical Information, T T-65-
63678). .

Powell, R.W., Tye, R. P., and Metcalf, S.C., "The Thermal Conductivity of Pure and Alloyed Aluminu.in:
II. Molten Aluminum and Aluminum Alloys", Advances in Thermophysical Properties at Extreme Tempera-
tures and Pressures, 3rd Symposium on Thermophysical Properties, ASME, March 22-25, 1965, 289-95.

Grosse, A V., "Thermal Conductivity of Liquid Metals over the entire Liquid Range, i.e., from the Melting
Point to Critical Point, in Relation to their Electrical Conductivities and the Fallacy of Dividing Metals into

"Normal' and ""Abnormal" Thermally Conducting Ones". The Research Institute of Temple University,
Philadelphia, Pa., December 7, L1964, 71 pp.

Grosse, A.V , "Simple Relationship between Electrical Conductivity of Liquid Metals and Temperature over
their entire Liquid Temperature Range, i.e., From the Melting Point to the Critical Point". The Research
Institute of Temple University, Philadelphia, Pa., November 22, 1964, 40 pp.

Roll, A. and Motz, H., "The Electrical Resistivity of Molten Metals", Z. Metallkde, 48, 272-280, 1957,

Konno, S., "On the Variation of Thermal Conductivity during the Fusion of Metals', Sci. Reports Tohoku
Imp. Univ., 8, 169-179, 1919.

Meissner, W., "Thermal and Electrical Conductivity of Several Metals between 20 and 373 K", Ann. Physik.,
4, 47, 1001-58, 1915,

.Jaeger, W. and Diesselhorst, H., "Thermal Conductivity, Electrical Conductivity, Heat Capacity, and

Thermal Power of Some Metals', Wiss. Abhandl. Physik-tech. Reichsanstalt, 3, 269-425, 1900.

Schofield, F.H., "The Thermal and Electrical Conductivities of Some Pure Metals', Proc. Roy. Soc.
(London), A107, 206-27, 1925.

Smith, C S. and Palmer, E.W., "Thermal and Electrical Conductivities of Copper Alloys", AIMME Tech.
Dubl. No. 648, 1 19, 1935,

Mikryukov, V.E. and Rabotnov, S.N., "Thermal and Electrical Conductivities of Mono- and Polycrystalline
Substances from 100 C to the Melting Point'!, Uchenye Zapiski Moskov. Ordena Lenina Gosudarst Univ. Mv
Lomonosova Fiz. , ﬂ, 167-79, 1944,

Powell, R.W. and Tye, R. P.,""New Measurements on Thermal Conductivity Reference Materials", In course
of publication.

60



22.

23.

24,

25.

26.

28.

29.

30.

3L,

32.
33.

34.

35.

36.

37.

38.

39.

40,

41,

42.
43.

44,

45.

416.

47,

48,

Fieldhouse, I.B., Hedge, J.C., Lang, J.L, Takata, A.N., and Waterman, T.E., "Measurements of
Thermal Properties', WADC TR 55-495, PartI, 1-64, 1956.

Meechan, C.J. and Eggleston, R.R., "Formation Energies of Vacancies in Copper and Gold", Acta Met.,
2, 680-3, 1954,

Powell, R.W., "Correlation of Metallic Thermal and Electrical Conductivities for both Solid and Liquid
Phases", Intern. J. Heat Mass Transfer, 8, 1033-1045, 1965,

Mokrovskii, N, P, and Regel, A.R., "The Electrical Conductivity of Copper, Nickel, Cobalt, Iron and
Manganese in the Solid and Liquid States", J. Tech. Phys., U.S.S.R., 23, 2121-5, 1953.

White, G.K. and Tainsh, R.J., "Lorenz Number for High-Purity Copper", Phys. Rev., 119, 1869-71, 1960.

Berman, R. and MaeDonald, D.K.C., "The Thermal and Electrical Conductivity of Copper at Low Tempera-
tures", Proc. Roy. Soc. (London), A211, 122-8, 1952,

White, G.K., "The Thermal and Electrical Conductivity of Copper at Low Temperatures", Austral. J. Phys.,
6, 397-404, 1953.

Powell, R. L., Rogers, W.M., and Coffin, D.O., "An Apparatus for Measurement of Thermal Conductivity
of Solids at Low Temperatures", J. Res. NBS, §_9_(5), 349-55, 1957,

Powell, R. L., Roder, H, M., and Hall, W.J., "Low-Temperature Transport Properties of Copper and Its
Dilute Alloys: Pure Copper, Annealed and Cold-Drawn", Phys. Rev., 115 (2), 314-23, 1959.

White, G.K., '""The Thermal Conductivity of Gold at Low Temperatures", Proc. Phys. Soc. (London), A66,
559-64, 1953,

White, G.K., Private communication, CSIRO, National Standards Laboratory, Australia, Nov. 30, 1965.

Kannuluik, W. G., "On the Thermal Conductivity of Some Metal Wires", Proc. Roy. Soc. (London), A131,
320-335, 1931.

Griineisen, E. and Goens, E., "Investigations.of Metal Crystals. V. Electrical and Thermal Conductivity
of Single and Polycrystalline Metals of the Cubic System", Z. Physik, 44, 615-642, 1927.

Damon, D.H. and Klemens, P.G., "Electrical Resistivity of Some Gold Alloys: A Search for Effects Due to
Local Modes", Phys. Rev., _l_:§§(5A), Al1390-A1394, 1965.

Powell, R.W., "Armco Iron as a Thermal Conductivity Standard; Review of Published Data' Progress in
International Research on Thermodynamic and Transport Properties, 2nd Symposium on Thermophysical
Properties, ASME, Jan. 24-26, 1962, Academic Press, 1962, 454-65.

Powell, R.W., Hickman, M, J., Tye, R. P., and Woodman, M. J., "Armco Iron as a Thermal Conductivity
Standard: New Determinations at the National Physical Laboratory', Ibid, 466-473.

Laubitz, M. dJ., "The Unmatched Guard Method for Measuring Thermal Conductivity at High Temperatures',
Canadian Jnl. of Physics, 41 (10), 1663-78, 1963.

Godfrey, T. G., Fulkerson, W., Kollie, T.G., Moore, J. P., and McElroy, D. L., "Thermal Conductivity of
Uranium Dioxide and Armco Iron by an Improved Radial Heat Flow Technique", USAEC Rept. ORNL-3556,
1-67, 1964.

Flynn, D.R., Robinson, H. E., and Watson, T.W., Heat Transfer Section, National Bureau of Standards,
Private communication.

Fulkerson, W., Moore, J, P., and McElroy, D. L., "Comparison of the Thermal Conductivity, Electrical
Resistivity and Seebeck Coefficient of a High-Purity Iron and an Armco Iron to 1000 C", Accepted for
publication, J. Appl. Phys.

Powell, R.W., "The Electrical Resistivily of Liquid Iron", Phil. Mag., 7, 44, 772-5, 1953.

Arajs, S., Oliver, B.F., and Dunmyre, G.R., "Thermal Conductivity of High-Purity Iron at Low Tempera-
tures", J. Appl. Phys., 36 (7), 2210-2, 1965.

Zavaritskii, N.V. and Zeldovich, A.G., "Thermal Conductivity of Technical Materials at Low Tempera-
tures', Soviet Phys. Tech. Phys., 1, 1970~-1974, 1956.

Mikryukov, V.E. and Chou, 8.C., "Heat, Electrical, and Mechanical Properties of the Alloys Copper -

Beryllium - Manganese", Vestnik Moskov. Univ., Ser. Mat., Mekh., Astron., Fiz. i Khim., 13 (3),
129-38, 1958.

Powell, R.W. and Tye, R.P., "The Thoermal and Electrical Conductivity of Liquid Mercury!, International
Developments in Heat Transfer, Part IV, ASME Symposium, 856-62, 1961.

Velttishcheva, V., A., Kalakutskaya, N. A., and Nikol'skii, N.A., "The Heat conductivity of Mercury",
Teploenergetika, 10, 80~-2, 1958; and Nikol'skii, N. A., Kalakutskaya, N. A., Pchelkin, I. M., Klassen,
T.V., and Vel'tishcheva, V. A., "Thermophysical Properties of Some Metals and Alloys in a Molten State',
Voprosy Teploobmena, Akad. Nauk SSSR, Energet. Inst. im. G. M. Krzhizharovoskogo, 11-45, 1959.

Ewing. C.T., Seebold, R.E., Grand, J.A., and Miller, R.R., "Thermal Conductivity of Mercury",
NRL-4506, 1-11, 1955,

61



49,
50.

51,
52.

53.

54,

55.

56.

57.

53.

59.

60.

61.

62.

63.

64.

65.

66.

67,

68.

69.

70.

71

72.
73.

T4,

75,

76.

Birch, F., "The Electrical Resistance and the Critical Point of Mercury", Phys. Rev., 41, 641-648, 1932,

Powell, R. W. and Tye, R.P., "The Promise of Platinum as a High-Temperature Thermal Conductivity
Reference Material'", Brit. J. Appl. Phys,, 14 (10), 662-6, 1963.

Slack, G.A., "Platinum as a Thermal Conductivity Standard", J. Appl. Phys., 35, 339-44, 1964.

Holm, R. and Stormer, R., "Measurement of the Thermal Conductivity of a Platinum Probe in the Tempera-
ture Range 19-1020 C"', Wiss veroffentl. Siemens-Konzern, 9 (2), 312-322, 1930.

Powell, R.W., Tye, R.P., and Woodman, Margaret J., "The Thermal Conductivity and Electrical Resisti-
vity and Electrical Resistivity of Polycrystalline Metals of the Platinum Group and of Single Crystals of
Ruthenium', In course of publication.

Flynn, D.R., "Thermal Conductivity of a 2-cm diam. Bar of Engelhard E-2 Grade Platinum', National
Bureau of Standards, Washington, D.C,, U, S. A, , Privale cominunication, Jau, 20, 1966.

Laubitz, M. dJ., "The Thermal Conductivity of Platinum from 300 to 1000 K", Division of Applied Physics,
National Research Council, Ottawa, Ontario, Canada, Private communication, Oct. 1965.

Martin, J.J. and Sidles, P, H., "Thermal Diffusivity of Platinum from 300 to 1300 K", Iowa State Univ.,
Ames Laboratory Contribution No. 1614, 1964.

Hopkins, M. R. and Griffith, R. L., "The Determination of the Lorenz Number at High Temperatures",
Z. Physik., 150, 325-31, 1958,

Wheeler, M, J,, "Thermal Diffusivity at Incandescent Temperature by a Modulated Electron Beam Technique',
Brit. J. Appl. Phys., 16 (3), 365-76, 1965.

Kobushko, V.S., Merisov, B.A., and Khotkevich, V.I., "A Method of Determining the Thermal Conductivity
of Metals at High Temperature", Inzhenerno-Fizicheskii Zhurnal, 8 (1), 58-63, 1965. Translated in
International Chemical Engineering, 5 (3), 485-488, 1965; and J. Eng. Phys., 8 (1), 43-6, 1965.

Vargaftik, N.B., "Teplofizicheskie Svoistova Veshchestv'" Gosenergoizdat, 1-368, 1956.

Flynn, D.R., "Thermal Conductivity of Semiconductive Solids, Method for Steady -State Measurements on
Small Disk Reference Samples!, NBS Rept. 7740, 1-.41, 1962,

Bailey, L.C., "The Thermal Conductivities of Certain Approximately Pure Metals and Alloys at High
Temperatures", Proc. Roy. Soc. (London), A134, 57-76, 1931.

Evans, J.E., Jr., "Thermal Conductivity of 14 Metals and Alloys up to 1100 F [595 C]", NACA Research
Memo, E50L07, 1-15, 1951,

deHaas, W.J. and deNobel, J.B., "The Thermal and the Electrical Resistance of a Tungsten Single Crystal
at Low Temperatures and in Magnetic Fields", Physica, 5 (5), 449-63, 1938.

White, G.K. and Woods, S.B., "Low-Temperature Resistivity of the Transition Elements: Cobalt, Tungsten,
Rhenium", Can. J. Phys., 35, 656-65, 1957.

Tye, R. P., "Preliminary Measurements of the Thermal and Electrical Conductivities of Molybdenum,
Niobium, Tantalum and Tungsten", J. Less-Common Metals, 3, 13-18, 1961,

Moore, J. P., Graves, R.S., Fulkerson, W. and McElroy, D. L., "The Physical Properties of Tungsten",
Metals and Ceramics Div., Oak Ridge National Laboratory, Private communication, 1965.

Osborn, R.H., "Thermal Conductivities of Tungsten and Molybdenum at Incandescent Temperatures", J.
Optical Soc. Am., 31, 428-32, 1941, )

Gumenyuk, V.S. and Lebedev, V. V., "Investigation of the Thermal and Electrical Conductivity of Tungsten

_and Graphite at High Temperatures', Phys. Metals and Metallog. USSR, 11 (1), 30-5, 1961.

Timrot, D. L. and Poletskii, V. E., "Use of Heating by Electron Bombardment to Investigate the Coefficient
of Heat Conductivity in High-Melting-point Alloys and Compounds", High Temperature, USSR, 1(2), 147-51,
1963.

Platunov, E.S. and Federov, V.B., '"Use of Photographic Pyrometry in Thermal Studies"”, High Tempera-
ture, 2, 568-572, 1964.

Revel, G., "Aluminum of High Purity obtained by Zone Melting, Compt. Rend., 259, 4031-3, 1964.

Gniewek, J,J. and Clark, A.F., "Preparation of Copper Crystals with Low Electrical Resistivity", J. Appl.
Phys., 36 (10), 3358-9, 1965.

Schmidt, P.II., "Purification and Crystal Growth of Gold'", J. of Elcctrochcmical Soe., 112 (6), 631 2,
1965.

Isin, A. and Coleman, R.V., "Magnetoresistance of Iron Whiskers", Phys. Rev., 1_31(5A), A1609-13,
1965.

Jéckson, J.J., Argonne National Lab., Private communication to T. F. Connolly, Research Materials
Information Center, ORNL, June, 1965.

62



7.

78.

Coleman, R'V., Private communication to D.C. Lawson and B.T. Boiko, cited as Ref. 11 in Appl. Phys.
Letters, 5(8), 155-6, 1964.

Appel, J.C., Chambers, R.H., and Trozera, T.A., "A Program of Basic Research on Mechanical Proper-
ties of Reactor Materials", General Atomic, Quarterly Progress Rept. on Contract AT (04-3)-167 for the
period ending Jan. 31, 1965, 1-28, 1965.

63



PART II

THERMAL CONDUCTIVITY OF NONMETALLIC SOLIDS

64



PART II - THERMAL CONDUCTIVITY OF NONMETALLIC SOLIDS

A. Introduction

The nonmetallic solids treated in this part include aluminum oxide, beryllium oxide, Corning code 7740
glags, diamond, magnesium oxide, Pyroceram brand glass-ceramic code 9606, quartz, thorium dioxide, and ti-

tanium dioxide. The thermal conductivities of these solids cover a fairly wide range.

A thorough literature search was conducted for the thermal conductivities of these solids. The available
experimental data are collected and shown in Figures 15 to 23. Each figure is followed by a specification table
giving information on the specimens corresponding to the respective curves in the figure. For curves listed in the
specification table but not shown in the figure, particularly in the low temperature region, one is referred to the
TPRC Data Book Volume III, Chapter 1 [1], in which complete numerical data tables are also given. The heavy
broken line shown in the figure represents the recommended curve of thermal conductivily versus temperature.
For each of the oxides, except quartz, the recommended curve is for a 99. 5% pure, 98% dense polycrystalline
specimen. In all the oxide single crystals, only the data for quartz single crystals are analyzed at this time.

The recommended values are the results of critical analysis of available data from all sources. The anal-
ysis procedure involves careful evaluation of the validity of available data and related information, resolution and
reconciliation of the disagreements of conflicting data, correlation of data with affecting parameters, comparison

of the resulting values with theoretical predictions and so forth.

According to theory, the thermal conductivity of nonmetallic crystals is determined both by the specific
heat and the mean free path of the phonons. At temperatures close to absolute zero the phonons are scattered by
the boundaries: - the thermal conductivity varies as T3 and is size dependent. As the temperature is increased,
other scattering mechanisms become effective: scattering of phonons by static imperfections (impurities, isotopes
and all kinds of defects) and scattering of phonons by other phonons (Umklapp processes). The last mentioned pro-
cess increases rapidly with temperature, until the mean free path decreases more rapidly with temperature than
the specific heat increases. At this point, still at very low temperatures (usually below 6/20), the thermal con-
ductivity passes through a maximum, and then decreases again, in some perfect crystals exponentially. Around
the Debye temperature and above, it should vary as T1 .

However, experimental thermal conductivity data measured at high temperatures show numerous excep-
tions to this T~! rule. In some cases the thermal conductivity varies more slowly than T~1, This can be ascribed
to scattering by imperfections., At high temperatures the resistance due to Umklapp processes varies as T, that
due to imperfections is more or less independent of temperature, and the combined resistance has an intermediate
variation, hence the conductivity varies more slowly than T™L, This is particularly pronounced in mixed crystals
and in highly disordered crystals. Furthermore, inthe extreme case of disorder such as in glasses and in vitre-
ous materials, the disorder determines the phonon mean free path which consequently becomes constant at high
temperatures. Hence the thermal conductivity increases with temperature, being roughly proportional to the
specific heat of the material.

Other cases of departure from the theoretical behavior may be explai_ned in terms of a radiative component
of heat transfer. In porous materials, a radiative heat transfer across the pores acts as a shunt. In some cases
the crystals are at least partly transparent to infrared radiation, and there is an internal radiation component.

In eithor case the additional thermal conductivity is proportional to the spocific hoat of the radiation componcent
(proportional to T3) and the mean free path of the photons. In some cases this mean free path is governed by in-
ternal absorption and scattering processes; the radiation component is then an intrinsic property of the material.
In other cases the material is transparent, and the photons traverse the specimen. The corresponding component
of heat transfer is thus dependent on the dimensions of the specimen, analogous to the case of phonon heat trans-
port near absolute zero. Finally, it may happen that photons move from the heat source in the measuring appara-
tus to the heat sink, partly going through the specimen and partly through free space. In this case it seems diffi-
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cult to separate radiative. measurement error from internal radiative heat transport. ‘I'o compound the conceptual
difficulty, since the internal absorption and scatfering probabilities depend on photon frequency, it may happen that
part of the radiative conductivity is intrinsic and part dependent on specimen dimensions. To sum up, the
radiative component of the thermal conductivity can be extremely complex, is generally not well understood, and
often increases rapidly with temperature, though in principle it may also decrease over some range of tempera-
tures, depending on the photon absorption coefficient. '

In analysing the available data, attempts were made to consider all parameters-likely to affect the
thermal conductivity, such as purity, crystal imperfection, crystal axes orientation, density (or porosity), thermal
history, microstructure, etc. However, it is very unfortunate that in the majority of cases the authors do not
report all necessary pertinent information to fully characterize the materials for which their data are reported.
Data for unspecified materials are of little utility. The recommended values have therefore at times been based on
scanty information and should be accepted as an attempt to make the most of existing knowledge and subject to
modification in the light of further work.

For a material to be used as a reference standard, the chemical and physical stability is a major require-
menl. The slablilily of 4 malerial is very much dependent on the environment in which heating to high temperatures
takes place. For instance, the stoichiometric composition of titanium dioxide is affected by heating to high tem-
peratures in reducing environment and consequently its thermal conductivity is likely to change after such heating.
Therefore, selection of a sultable environment is important in using a reference material.

Some pertinent comments regarding the thermal conductivity of each solid are given in the following sec-
tion, and the recommended values are reported collectively in Table 14 and in Figure 14. In the table, the third
significant figure is given only for the purpose of comparison and for smoothness and is not indicative of the de-
gree of accuracy. The recommended values for most of these materials do not cover the low temperature region.
This is because either there are no experimental data available in the low temperature region for some of the
materials 6r the pertinent information on specimen characterization is inadequate. It is noted that in the low tem-
perature region the thermal conductivity of a crystal is very strongly dependent on its purity and perfection,
.among other parameters, and therefore knowledge of the sample characterization is particularly important at low
temperatures. : '

B. Thermal Conductivity of A Group of Selected Nonmetallic Solids

Aluminum Oxide. - There are 169 sets of experimental thermal conductivity data available for aluminum oxide,
of which 34 sets are for single crystals and the remaining 135 sets are mostly for polycrystalline specimens and
for some alumina powder. Despite these large numbers, the specimen purity and density (or porosity) are known
for only one set of data for the single crystals, and for only 25 sets of data for the polycrystalline specimens.

It is indeed a waste of effort to make such extensive meagurements on specimens whose major specification and

characterization are not known.

The available data for polycrystalline specimens cover the temperature range from 2.5 to 2030 K. There
are four sets of data below room temperature. One set of data (curve 130) bridges the gap and covers the low,
normal, and moderately high temperature regions. However, the latter appeared to be not of the correct trend.
All the remaining data are above room temperature. They spread into a wide band, as shown in Figure 15, -over
the entire temperature range where data are available. The spreading of the curves is mainly due to the differ-
ences in purity and density of the specimens measured, and therefore effectively each curve represents a different
material. If should be noted here that, because of the nature of these different curves, an average curve obtained
through some form of statistical fit of all these data points would have little meaning.

From the inadequate information available on specimen specification and characterization, the analysis of
thermal conductivity data can be based only on porosity and purity. The thermal conductivity values of various
curves at each of several selected temperatures were read off a large working-graph, and were used to determine
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the relationship between thermal conductivity versus porosity and purity by means of an iteration technique. The
procedure used was as follows.

The thermal conductivity values were first plotted against porosity of the specimens neglecting at first the
differences in specimen purity. A preliminary curve was thus obtained at each temperature representing the tenta-
tive relationship between thermal conductivity and porosity. Using this preliminary result the thermal conductivity
values were adjusted to zero porosity, and the resulting zero-porosity thermal conductivity values were plotted
against specimen purity. Thus a second generation preliminary curve was obtained at each temperature represent-
ing the tentative relationship between thermal conductivity and purity. Again using this second generation prelim-
inary result the thermal conductivity values were adjusted to zero impurity, and the resulting zero-impurity
thermal conductivity values were plotted against porosity. By repeating this procedure, two final curves were
obtained representing the relationships between thermal conductivity versus purity and porosity. It must be
pointed out that the resulting reiationships are still very preliminary in nature due to the inadequacy of availahle

information,

The relationship between thermal conductivity and porosity derived from experimental data 1s found in
closer agreement with the relationship derived by Euler [2] from the theoretical model of Maxwell (3] than with
the simplified relation derived by Loeb [4,5].

Using the above correlation procedure, at each of the several selected temperatures, a point was obtained
corresponding to the thermal cénductivity of a 99, 5% pure, 98% dense polycrystalline specimen. A mean curve
was subsequently drawn through these points to serve as the recommended curve.

The recommended curve has a minimum at about 1700 K, in agreement with the general trend of the ex-
perimental data. Above 1700 K it turns up probably mainly due to the increasing contribution of the radiation

component. The uncertainty. of the recommended values should be within + 8% at temperatures from 500 to 1000 K
and increases to about + 15% below 250 K and above 1800 K.

Beryllium Oxide. - The thermal conductivity of beryllium oxide is exceptionally high, in fact, higher than that
of most refractory materials. At temperatures below about 500 K 1t exceeds the thermal conductivity of beryllium,

There are 58 sets of data available for polycrystalline beryllia, No data are available for single crystals.
Four sets of data are below room temperature and the rest are above. Out of the 58 sets of available data, only 15

sets are for specimens of known purity and density (or porosity). The purity and density of most specimens are
low.

In the measurements of the thermal conduetivity of five specimens of beryllium oxide of different density,
Powell {6] found that, within the temperature range studied ( 325 to 825 K), the thermal conductivity of beryllia

varies approximately inversely as the absolute temperature and, at any one temperature, varies approximately
linearly with the density,

The thermal conductivity data were correlated with porosity and purity. Several points corresponding to a
99. 5% pure, 98% dense polycrystalline specimen were obtained at several selected temperatures. The recom-
mended curve, as shown in Figure 16, has been drawn through these points. It has a minimum at about 2100 K
and turns up above this temperature. This trend of the thermal conductivity curve has been investigated and
confirmed experimentally by several workers including Taylor [7]. '

The uncertainty of the recommended values is thought to be within + 8% at temperatures from 500 to 1000 K
and increases - to + 15%below 300 K and above 1800 K. Beryllium oxide has a phase transformation at about 2370
K. This may limit the use of beryllia as a high-temperature thermal conductivity standard.

Corning Code 7740 Glass, - This glass is produced by Corning Glass Works and is a particular kind of boro-
silicate glass, commercially known as Pyrex glass. It is composed approximately of 80.6% SiO;, 13% B,03,

4, 3% Na,0, and 2.1% Al,03, which is the average of the compositions reported for four of the specimens measured.
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The spreading of the thermal conductivity curves as shown in Figure 17 is probably mainly due to experi-
mental errors since small variations of chemical composition or microstructure in different specimens of this
-glass are unlikely to cause very large differences in thermal conductivity .

There are 12 sets of thermal conductivity data available for this glass. The specimen measured by Birch
and Clark [8] (Curve 10) was stated as No. 774 Pyrex glass from Corning Glass Works instead of No. 7740, but
was actually the same kind of glass, since No. 774 was the old designation. The data of curves 2 and 6, which
spread out the most, were derived from thermal diffusivity measurements and appear to be in error. The recom-

mended curve has been drawn through the mean of the remaining 10 curves.

The recommendations are thought to be accurate to within + 5% at moderate temperatures and within + 10%
below 200 K and above 700 K.

Diamond. - Despite its high cost, diamond is, from a theoretical standpoint, the obvious choice for a reference
standard due to the fact that it forms a monatomic, isotropic crystal lattice, reasonably free from defects and
most close to the simple crystalline model on which the theory of thermal conductivity is based. Furthermore,

diamond retains rather well its geometry and degree of perfectioﬁ. At room and moderate temperatures diamond
has the highest thermal conductivity of all materials.

The water-white diamonds are divided into types I and II, according to whether the ultraviolet absorption by
the diamond is pronounced at wavelengths near 3000 ) or 2200 2& respectively [9, 10]. Type II diamonds are in
turn subdivided into two kinds: type IIa which refers to the insulating variety and type IIb to the good conductors
of electricity.

Thereo are 14 sotg of data available for diamond ae ghown in Fig:‘ure 18, It can be scon that only for typo I
does more than one experimental curve exist. Moreover, most of the measurements have come from the
Clarendon Laboratory, Oxford [11,12], and for type I the workers concerned regarded the newer measurements
(curve 14) as being more accurate. Therefore, there is no comparison or choice that can be made from the
existing data for diamond. It is very tentatively recommended that the values represented by the three smooth
curves for the three types of diamond, in the temperature range from 150 to 400 K, be provisionally accepted as
most probable values pending the availability of further experimental data. Until further data are available an
attempt to estimate the accuracy of the present values does not seem justified.

Magnesium Oxide, - Fifty-two sets of experimental data are available, in which six sets are for single crystals
and the remaining 46 sets are mostly for polycrystalline specimens and for some magnesia powder. All data
available for polycrystalline specimens are at temperatures above room temperature. Out of the 52 sets of avail-
able data, only 13 sets are for specimens of known purity and density (or porosity). The purity and density of
most specimens are low,

Charvat and Kingery [5] have investigated the effect of purity, porosity, and microstructure on the ther-
mal conductivity of magnesium oxide among other materials. They give fairly complete information on the
specification and characterization of their specimens, which many other workers fail to do. However, their data
appear to be high and the inclusion of their data in the correlation of thermal conductivity with purity and porosity
would probably lead to high results.

The recommended curve as shown in Figure 19 is for a 99, 5% pure, 98% dense polycrystalline specimen,
and is the result of the correlation of thermal conductivity with purity and porosity. This curve has a minimum at
about 1650 K and turns up at higher temperatures. The uncei'tamty of the recommended values 1s thought to be
within + ‘8% at temperatures from 500 to 1000 K and increases to +15% below 300 K and from 1650 to 2000 K.

The uncertainty increases to about + 20% above 2100 K.

“Dr. P.G. Klemens (private communication) suggests that even at ordinary temperatures the thermal conduct-
ivity of glass is governed by the mean free path of relatively long wave phonons, and that this mean free path may
be sensitive to the occurrence of very small crystallites. This may be a greater source of variability in the
thermal conductivity. than chemical composition,
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Pyroceram Brand Glass-Ceramic Code 9606, - This is a microcrystalline material composed of silicon dioxide,

aluminum oxide, magnesium oxide, and a small amount of titanium dioxide, and is produced by Corning Glass
Works.

’I‘hei‘e are eight sets of experimental data available. As shown in Figure 20, six curves are in the temper-
ature range from 93 to 1433 K: Of these six curves only twol curves 1 and 2) were obtained by direct measurements
of thermal conductivity. The other four curves were derived from thermal diffusivity data. In view of the fact
that these curves were obtained by completely different methods, the agreement of the data with one another

is rather good.

Curves 1 and 2 were produced by Robinson and Flynn [13] and their experimental data are usually reliable.
The recommended curve has been drawn closely following these two curves. At temperatures above 500 K the
recommended curve deviates slightly from curve 1 to follow the general trend of all the curves, since at temper-
atures above 600 K curve 1 is essentially a straight line which is deemed not very likely. Flieger [14] observed a
small jump in his thermal diffusivity data. This jump is ignored at this time pending further confirmation.

The recommended values should be accurate to within * 5% at temperatures from 200 to 1000 K. The un-
certainty increases to +10% at 100 K and 1400 K.

Quartz. - There are 45 sets of experimental thermal conductivity data available for quartz single crystals, of
which 13 sets, 22 sets, and one set are, respectively, for single crystals measured with the heat flow direction
parallel, perpendicular, and at 45 degrees to the c-axis of the crystal ,‘ and nine sets for single crystals of unknown
axis orientation. Four sets of data are available for quartz péwder and 78 sets of data available for fused quartz.
which is called by various commercial names such as fused quartz quartz glass, fused silica, vitreous silica,
silica glass etc. Itis surprising to note that out of these 127 sets of data only one set is for a specimen whose
purity and density are both known. The specimen purity is known for only two other curves and the specimen

density is known for bnly 28 other curves.

The available data and pertinent information were s;tudied; critically evaluated, and selected. The recom-
mended curve as shown in Figure 21 for a high-purity ( 99. 99 %) quartz single crystal measured with the heat flow
direction parallel to the c-axis has been drawn as the mean of curves 39, 14, 49,51,24, and 54. The recommended
curve for a high-purity (99.99*%) quartz single crystal measured with the heat flow direction perpendicular to the
c-axis has been drawn as the mean of curves 6, 15,50, 53,23, 17, 3,2, and 55. The recommended curve for high-
purity (99.99%%) clear fused quartz has been drawn as the mean of curves 45, 46, 47, 48, 110, 12, 13, 11, 16, 111, 120,
66, 67; 68,30, 84, and 29, The above curve numbers are listed in such an order that the curves commence at in-

creasing temperatures.

Quartz crystal has a phase transformation which occurs at about 848 K. Experimental specific heat data
[15, 16, 17] and thermal expansion data [ 18] indicate a pronounced discontinuity at the transition temperature.
The effect of this phase transformation on the thermal conductivity of quartz crystal is not known, since no meas-
urement has ever been made above 750 K.

The uncertainty of the recommended values for quartz single crystal is thought to be within +5% at tem-
peratures from 300 to 500 K and increases at lower and higher temperatures up to + 10% at 40 and 800 K. The
uncertainty of the recommended values for fused quartz should be within +4% at temperatures from 200 to 500 K,
and increases to +8% at 50 K and 900 K and up to + 15% below 10 K and at 1400 K.

Thorium Dioxide, - There are only six sets of experimental thermal conductivity data available for thorium
dioxide over the temperature range from 304 to 379 K and from 527 to 1821 K. No data are available below room
temperature and between 379 and 527 K. Furthermore, all the available data are for polycrystalline specimens
and no measurements have yet been made on thoria single crystal.

From the available inadequate information, the specimen purity and density are known for only one set of

data, and density is known for the other curves. Below 380 K the only two available curves, 1and 2, were
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produced by the same author on the same specimen. The difference in the experimental results was attributed by
the author to the difference in the coatings used on the end faces of the cylindrical specimen in separate runs, and

he pointed out that the data obtained during the second run (curve 2) using a platinum alloy glaze on the faces of
the cylinder were more accurate than those obtained during the first run (curve 1) in which a gold coating was used,

The recommended values at the lower temperatures are therefore based on curve 2.

Several points, each at one of the several selected temperatureé, were derived from the available meager
information to correspond to a 99. 5% pure, 98% dense polycrystalline specimen, and the recommended curve has
been drawn through these points. The uncertainty of the recommended values is thought to be within + 15% at tem-

peratures from 350 to 1000 K and increases at lower and higher temperatures up to % 20% at 250 K and *25% at
1900 K.

Titanium Dioxide. - There are 36 sets of experimental thermal conductivity data available for titanium dioxide,
of which 21 sets are for single crystals, 13 sets for polycrystalline specimens and 2 sets are for An unspecified
specimen measured before and after irradiation. The specimen purity and density ( or porosity) are both known
for only six sets of data.

For the polyerystalline titania all availahle data are af temperatures ahove 350 K, and it is interesting to
note that all curves except two were produced by workers of the same institution. Their later results [5] were
10% to 50% higher than earlier ones, which was attributed partially to the use of dense high-purity specimens and
partially to the improved design of the thermal conductivity apparatus used in their later measurements. However,
on comparison of their results with the recently published data for.extremely high-purity titania single crystals
{1971, their later results [5] appear to be somewhat too high. On account of this fact, adjustments and modifica-

tions have been made in deriving the recommended values from their data.

The recommended values are for a 99, 5% pure, 98% dense polycrystalline specimen. The uncertainty of
the recommended values should be within + 10% at temperatures from 400 to 1000 K and increases to = 15% at 250
K and 1400 K. ‘
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PART TII - THERMAL CONDUCTIVITY OF LIQUIDS

A. Introduction

Nine liquids were selected for examination. Four of these liquids have previously been analyzed by Makita
and constitute part of TPRC Data Book Volume, II, Chapter 1. The results of his analysis have been compared with
further work in the present study and are discussed below.

B. Thermal Conductivity of a Group of Selected Liquids

Argon, -Three experimental works are available on the thermal conductivity of liquid argon. Keyes [192*] made
measurements in a coaxial-cylinder apparatus near saturation conditions at three temperatures from 86. 9 K to
111.9 K. The extensive measurements of Uhlir [353] were made in a coaxial-cylinder apparatus using the gas
thermometer, covering temperatures from 86 to 150 K and pressures up to 96 atm. The uncertainty in the meas-
urements was reported to be from 0.5 to 2,5 percent. Other measurements for the liquid and gaseous phases were
carried out in a coaxial-cylinder apparatus with an accuracy of two percent, by Ziebland-Burton [57,413], over the
temperature range from 93 up to 150.7 K for the liquid phase under various pressures up to 120 atm., From the

standpoint of the experimental method and procedure, all the above measurements are considered to be reliable.

In this analysis, the values under saturated vapor pressures are obtained from the graphical extrapolation of
the data of both Uhlir and Ziebland-Burton. No correction was made for the values of Keyes. The three sets of

data for the saturated liquid are given equal weight and are fitted to a quadratic equation represented by
10% (cgsu) = 516.609 - 2,32178 T - 0.00255768 T2 (T in K). T

In arriving at this formula, the values at the critical point are excluded because the uncertainty in the measurements
and the graphical extrapolation would increase. Therefore, the above equation should be valid in the temperature ‘
range from 80 to 148 K. This equation is found to fit the above enumerated values with a mean deviation of

0.61 percent and a maximum of 1.9 percent. The recommended values (Table 24) are generated from the above
formula, and the values at all temperatures should be correct within two percent.

In the departure plot (Figure 24), the departures of the data near the critical point of curves 1 and 2 are
calculated beyond the limit of the above equation.

Carbon Tetrachloride, -Makita considered 20 experimental measurements in the literature on the thermal

conductivity of liquid carbon tetrachloride. The extensive measurements of Challoner-Powell [434], Filippov [442],
Mason [475], Riedel [279,486], Schmidt - Leidenfrost [492] were considered to be reliable from the standpoint of
their experimental methods and procedures, and were given weight in this analysis. Furthermore, the single point
values of Frontas'ev-Gusakov [447,448], Riedel [483,484] and Van de Held-Van Drunen [507] were also considered
reliable and were used for the estimation of the most probable correlation. Although there were several other
extensive measurements [427-29, 437, 517], these were considered to be less reliable, and therefore, were gi\}en
no weigfxt in his analysis.

The correlation formula obtained was
108k (cgsu) = 384.690-0.457484 T (T in K).

This equation was found to fit the above enumerated measurements with a mean deviation of 1.4 percent and a
maximum of 4,9 percent.

*Reference numbers used in the text, tables and figures of Parts III and IV of this report refer to the section of
References in Volume II, Chapter I of TPRC Data Book.

T No attempt has been made to round-off computer results for equation coefficients, which are given to more places
then are physically significant. They have been left in the original form to eliminate error generated by using an
equation with rounded coefficients for interpolation. :
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The recommended values were calculated from the above equation and were considered to be substantially
correct in the range from 255 K to 378 K.

Subsequently, some further sources of values have been compared with Makita's correlation, The result of.
this comparison ( shown in Figure 25) is to indicate agreement to within four percent in the worst case and to about
two percent as an average. As some measurements disagreed with the original correlation to as much as twelve
percent, it can be concluded that, the further sources are in satisfactory agreement with Makita's correlation and

that the latter can be considered as a satisfactory basis for generating the recommended values.

The recommended values were therefore generated from Makita's correlation equation above and then con-
verted into the tabulated units (watts cm™ ! K~ 1) using the appropriate conversion factor. The values so obtained
are given in Table 24, while Figure 25 is a departure plot of the references which wére compared. As stated
above, a probable error of two percent appears realistic,

Diphenyl, - Three sets of experimental data are available for the thermal conductivity of liquid Diphenyl.
Analysis of these data showed that, to within the experimental uncertainty, it was possible to represent these as a
linear function of temperature. The recommended values were read from a large scale plot and checked by dif-
ferencing. They should be accurate to two percent for the entire range of the tabulation (330-600 K). The values
are given in Table 24 while Figure 26 is the departure plot for this substance.

Helium. ~ A number of experimental works has been reported on the thermal conductivity of liquid helium from
the standpoint of the interest in low temperature physics. As is well known, a thermodynamic transition in the
liquid phase of helium takes place at a temperature near 2, 17 X, referred to as the "lambda point". At tempera-
tures above the lambda point, the liquid is called helium-I and below this point it is called helium-I. Helium-~I is
not particularly remarkable, but helium-II has a number of interesting properties especially flow and conduction
properties due to the quantum nature of this liquid.

The thermal conductivity of liquid helium-I was first measured by Keesom - Keesom [547], and it was
found that the value is of the same order of magnitude as that of gases at ordinary temperatures. Grenier [133,
545,546 ] made measurements in a parallel-plate apparatus within the uncertainty of 10 percent, covering the tem-
perature range from 2.2 to 4.2 K, and found that the thermal conductivity of helium-I decreases with decreasing
temperature and exhibits a minimum near 2,4XK. He concluded that helium-I behaves more like a gas than a nor-
mal liquid. Bowers [48,49] also measured it in a longitudinal capillary apparatus. Although his measurements
were not a precise absolute evaluation of the thermal conductivity, he obtained a linear relation down to the lambda
point with considerable scattering. More recently, Fairbank - Lee [544] obtained more accurate values at tem-
peratures from 2.3 to 3.9 K under saturated vapor pressures, using a capillary method. As their results are con-
sidered to be the most reliable to date, all their reported points are given equal weight in this analysis and are
fitted to a quadratic equation, represented by

10% (cgsu) = 99.5614 - 43, 8934 T + 8. 94877 T2 (TinK).

This equation should be valid at temperature above 2.2 K. The above equation is found to fit the data of Fairbank -
Lee with a mean deviation of 1.7 percent and a maximum of 3.7 percent. The recommended values of Table 24
are generated from this cquation, and the values should be substantially correct within two percent. Iigure 27 is

a departure plot for this substance.

On the other hand, of all the physical properties of helium-II, the most remarkable is the extraordinarily
high transport of heat. Preliminary measurements by Keesom - Keesom [547] at 1.4 and 1.75 K gave values of
the thermal conductivity of about 190 cal cm™ 'sec” ! K™%, It may be noted that this value is about 200 times that of
copper at ordinary temperatures. In their further measurements [548, 560, 561], it was found that the thermal
conductivity as a function of temperature has a very pronounced maximum near 1.92 K, and under some condition,
a thermal conductivity as high as 810 cal’ ! em™! sec™! K™! was observed. Hence, liquid helium-II is by far the best

heat conducting substance known. A number of investigations have been carried out on the super-heat-conduction
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of liquid helium-II [198, 231,548--567], The mechanism of heat transport in liquid helium~II is quite different
from that in helium-I or other liquids due to its extreme fluidity and the associated transport of energy by virtue of
convective currents. Under these circumstances it is not possible to observe a '"true' thermal conductivity as a
transport property, Therefore, observed thermal conductivity values are found to depend markedly on the condi-
tions of measurement, that is, the heat current density, the temperature gradient, and the dimensions of the fest
cell used. It is considered to be impossible to treat the heat conduction in helium-II in the same way as in other

liquids, Therefore, no correlation is attempted in this analysis.

Nitrogen, - There exist eight available experimental works on the thermal conductivity of liquid nitrogen.
The extensive measurements of both Uhlir [353] and Ziebland - Burton [57,413] are considered to be the most re-
liable from the standpoint of the experimental method and procedure. As they did not give the values for the
saturated liquid, a graphical extrapolation is used to obtain the values at the saturated vapor pressures. All of the
values thus obtained are given equal weight. Another set of recommended values reported by Powers, et al.
[276,531] is also partly used in this analysis. On the other hand, two sets of data reported by Borovik [42,46]

deviate considerably, and the values of Hammann [139] and Prosad [535] are too high. Therefore, no weight is
given to these sets of data.

The correlation formula is determined from the reliable values described above, excluding those at the
critical point because the values near the critical point are considered to be less reliable. The correlation form-
ula is given by

10% (cgsu) = 695.957 - 5,15493 T +0.00504635 T2 (T inK).

This cquation should be valid betweon 60 and 123 K. It ic found that this cquation fits thc abovc enumerated valucs
with a mean deviation of 0. 8 percent and a maximum of 2,2 percent. The recommended values of Table 24 are
calculated from the above equation and the data above -320 F should be substantially correct within two percent.

In the departure plot ( Figure 28), the values near the critical point of curve 1, 6, and 8 are plotted be-
yond the limit of validity of the above formula. A single point value which was obtained at 33 atm by Ziebland -
Burton [412] is plotted without any extrapolation to the saturated liquid. Furthermore, only a part of the results
of Hamman (curve 3) is plotted for the sake of clarity in this figure.

m-Terphenyl. - Only two sets of experimental values were available for the thermal conductivity of liquid
m-Terphenyl, the results of Horrocks and McLaughlin [637] from 355 to 407 K and of Reiter [639] from 373 to
623 K. Graphical plotting of these data yrevealed a difference in the two sets of about three percent. There was
also a difference in the temperature derivative of thermal conductivity.

In preparing the rcoommonded values, a emooth ourve wae drawn through tho higher temperature Reiter
data and midway between the two sets of data for the lower temperatures. Values, read off this curve and checked
by differencing for even increments of temperature,are given in Table 24. Figure 29 is the departure plot for
this substance. The reliability of the recommended values can be assessed as about two percent.

p-Terphenyl, - Experimental measurements of the thermal conductivity of p-Terphenyl have been reported by
Horrocks and McLaughlin [637] and Reiter [639] for temperature ranges of 488-520 and 523-623 K, respectively.
these data appear to be in reasonably good concordance, The recommended values of Table 24 were obtained from
a smooth curve drawn through the experimental data and should be accurate to within one-half percent between 490
and 620 K and one percent for all other temperatures tabulated. Figure 30 is the departure plot for this substance.

Toluene. - Makita analyzed twenty-four experimental works on the thermal conductivity of liquid toluene.
The discrepancy between the reported values of different investigators was found to be extremely large. The re-
sults of several extensive measurements fall into two groups, one group being abouttwelve percent to eighteen
percent higher than the other. The results of Abas-Zade [1,2], who used the hot-wire method, and those of
Bridgman [431], Markwood-Benning [238], and Smith [500], who used the coaxial-cylinder method, all fall in
the higher set. On the other hand, recent results of Calloner-Powell (4341, Filippov [100,441], McCréa.dy {4711,

117



Os! minin [478], Riedel [486), Schmidt-Leidenfrost [492], Vargaftik [508] and Ziebland [519 | fall within the
lower group. From the standpoint of the experimental method and procedure, the latter set of data were felt to be
more reliable. Therefore, the eight sets of extensive data mentioned above were given equal weight in his anal-
ysis, and the single point values of Frontas' ev-Gusakov [447,448] and Riedel [483,484] were also included in the
estimation of the post probable values.

The correlation formula obtained was
10% (cgsu) = 502.540 - 0,607275 T (TinK).

This equation was found to fit the experimental values of the above-enumerated investigators with a mean deviation
of 1.2 percent and a maximum of 3.9 percent.

The above equation was used for the calculation of the recommended values. ‘ The values should be correct
in the temperature range between 189 K and 389 K.

Although Abas-Zade [2] made measurements up to the critical point and Filippov [100, 441] also measured
up to 511 K under saturation pressures, no correlation was attempted in the region where the vapor pressure is

higher thau one almosphere.
It can be concluded that Makita' s recommended values were accurate to about four percent,

In the present work, experimental measurements made subsequent to Makita's correlation and other
measurements not utilized by him have been compared with his correlated values. The results of both compari-
sons are given in the departure plot of Figure 31. From this, it might be deduced that the correlation is satisfac-
tory at 2685 K and high by one or two percent af ahout 375 K. As the mmcertainty in these fignres is lega than the
uncertainty in the bulk of the newer data (of about three percent) and in the data compared by Makita (of about
four percent), the original Makita correlation is felt to be satisfactory and there is felt to be no rational basis
for a change in the correlation at this time., The recommended values of Table 24 were obtained by interpolation
of the Makita tabulation. They should be accurate to four percent.

Water. - More than sixty experimental works are available on the thermal conductivity of liquid water.
With two exceptions [217,488], experimental results show that the thermal conductivity of water increases with
increasing temperature from the normal melting point to the normal boiling point and reaches a maximum near
400 K. Beyond this temperature the thermal conductivity first decreases gradually and at a faster rate near the
critical point. The extensive results of Timrot - Vargafiik [339] and Schmidt - Sellschopp [494] have long been
considered to be most reliable and were cited in review papers (258, 465, 498, 5207 and many handbooks., Subse-
quently, more careful measurements were reported by ‘Powell—Challoner [434,480], Riedel [279, 485, 486, 487],
Schmidt-Leidenfrost (301, 492,493], Vargaftik-Oleshchuk [509,510], Wright [518], and some other investigators.
Furthermore, Powell [479] made a study and recommended the most probable values.

This analysis is divided into the following three parts:
(a) The supercooled state -- below the normal melting point,

There is only:one set of data reported by Riedel [485], who extrapolated the values of various salt solu-
tions to zero concentration, and covered temperatures down to 233, 16 K. The reported values are exactly linear
with temperature. However, his value at the normal melting point is about one percent higher than the most

probable value of the normal state at the same temperature. Therefore, Riedel' s data were adjusted by a paral-
lel displacement and the tinal correlation formula is

10% (cgsw) = 273.778 +3.90000 T (T inK).

This equation should be valid in the temperature range from 233,16 to 273,16 K, and should be accurate within one
percent, The recommended values from 250 to 265 K were calculated from this equation.

(b) The normal liquid state -- from the normal melting point to the thermal conductivity maxima.
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Seven sets of data 1279,479, 480, 487, 493, 510, 518] were selected as the most reliable and were given equal
weight. The correlation formula obtained is

10% (cgsu) = -1390.53+ 15,1937 T - 0,0190398 T2 (T in K).

This equation should be valid between 273, 16 and 413, 16 K. It is found that this equation fits the above-mentioned
data with a mean deviation of 0.24 percent and a maximum of 0. 82 percent. This equation was used to generate the
recommended values from 265 to 410 K.

(c) The higher vapor pressure state —- from near the thermal conductivity maxima up to the critical point,

The values of Vargaftik - Oleshchuk [509,510] are considered to be more reliable than the older data of
Timrot - Vargaftik [339], Therefore, the weight given in this analysis is two to the former and one to the latter.
The correlation formula obtained is ‘

10% (cgsu) = -339. 838 + 9. 86669 T - 0. 0123045 T2 (T inK).

This equation should be valid in the temperature range from 413. 16 to 613. 16 K, and is found to fit the experimen-
tal data of Vargaftik - Oleshchuk with a mean doviation of 0. 89 pcrcent and a maximum of 1, 4 percent. No further
extrapolation is recommended since the deviation becomes extremely large beyond 613,16 K. The tabulated val-
ues from 420 to 610 K are calculated from this formula.

For the sake of clarity, the departure curves are presented on three plots ( Figure 32). The first plot
consists of 16 sets of data up to.380 K. The second plot represents 26 other works in the same temperature
range. The third plot depicts three sets of data at vapor pressures higher than one atm,

Seven sets of data [217 ,450, 461,471, 472, 473, 488] which yield départures greater than 10 percent, and
older data [429, 430, 453, 454, 455, 456, 511,512, 513, 514, 516 ] which were published in the 19th century, are not
shown at all. The recommended values appear in Table 24,
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TABLE 24, THERMAL CONDUCTIVITY OF A GROUP OF SELECTED LIQUIDS

Helium

0.
0.
0.

0.
0.
0.
0.
0.

0.282

0.307

0.335) ¥
0.
0
0
0

e N T

192
193
197
204
214
227
241
260

366) ¥

.400) ¥

.43m) ¥
a1 ¥

Nitrogen

1. 6927
1.598
1.504

1.411
1.320%
1, 229%
1, 140%
1,051%

0,965%
0. 879%
0.794%
0.710%
0.627%

0,544%

Argon

1. 315t
1.258
1.200%
1. 143%

1. 082¥

1,023%

0, 963F
0. 903¥
0. 842%

0. 780¥
0.717%
0.654F
0.591%
0.527%

0.463%

(mw. em™1K~1

Carbon
tetra-
chloride

(1.169)F
(1.150)"

1. 131
1,112
1,093
1.074
1,055

1,036
1,017
0. 997
0,978
0, 959

0, 940
20. 921)
0,902)
(0, 882)
(0. 863)

120

Diphenyl

(1.402) 1
(1.387;‘r

1,373
1.359
1.348
1.331
1.316

m-~-Terphenyl Toluene

(1.361)t
(1.356)7
1.2861
1. 346
1.341

(1.719) 1
(16997
(1.669) T

1,137
(1.112)¥

Water

5,22t
5,397
5,557
5.74
5,02

6.09
6.23
6.37
6,48
6.59

6.68
6.75
6, 80
6. 84%
6. 86¥



TABLE 24,

T
(K)

400
410
420
430
440

450
460
470
480
490

500
510
520
530
540

550

570
580
590

600
610
620
630
640

650

Carbon
tetra-~
chloride

(0. 844)
(0.825)
(0. 806
(0.787)
(0.768)

(0.749)

(mw. em™ 1K™ 1) (continued)

Diphenyl

1.302
1.288
1.274
1,259
1.245

1,231
1,217
1.202
1.188
1,174

1.160
1,146
1.131
1.117%
1. 103%

1.089%
1.074%
1. 060%
1. 046%
1. 032%

1.018"

m-~Terphenyl

1,335
1.329
1.323
1.317
310

304
297
290
283
.276

.268
261
.254
. 246
.238

1,230
1,222
1.213
1,205
1,197

1.188
1,180
1, vz
1.163
1.155%

1.146%

okl o o of F nk ol ol o

p-Terphenyl

ol el alalial ol il sl ol sl il sl 0 0

3207
3101
300
289"
278

267
256
244
232
220

208
196
184
172
159

143
143

097
079

062

Toluene

1. 086)*
1. 061\#;
1. 036)*
1. 013)
0. 985\

THERMAL CONDUCTIVITY OF A GROUP OF SELECTED LIQUIDS

TExtraLpola.ted for the supercooled liquid. [Approximate n.m.p. inK: Ny, 63;

A, 84:; CCI4, 250; Clelo, 342, m—018H14, 361; p—018H14’ 486; CTHIO’ 178;

H,0, 273.1].

*Under saturation vapor pressure [Approximate n.b.p. in K: He, 4.3; Ny, 77;

A, 88; CCly, 350; CyHyg, 528; m-CqgHyy, 637; p-CygHy, 658; CqHyg, 384

H,0, 373].
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DEPARTURE , PERCENT

FIGURE ‘24, DEPARTURE PLOT FOR THERMAL CONDUCTNITY OF LIQUID ARGON
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DEPARTURE, PERCENT -

FIGURE 25. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID CARBON TETRACHLORIDE
516504 49.1 47.8
» m@ TEMPERATURE, K
510{<Y> 14.1
12 100 200 1| a300 - 400
: ! ] I T —F __ i I
P=1ATM. N
8- —
4 -
0]
N —
_al . _ , _ _
-300 -200 -100 300
TEMPERATURE, F
Curve Reference Curve Reference
1 427 11 483
2 29 12 484
3 433 13 279
4 434 14 486
5 437 15 492
6 442 16 497
7 447, 448 17 503
8 450 18 504, 505
9 458 19 507
10 475 20 517



DEPARTURE, PERCENT

FIGURE 25.

DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID CARBON TETRACHLORIDE
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DEPARTURE, PERCENT

FIGURE 26. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID DIPHENYL
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FIGURE 27,

DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID HELIUM
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DEPARTURE , PERCENT

FIGURE 28. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID NITROGEN
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DEPARTURE, PERCENT
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FIGURE 29, DEPARTURE PLOT FOR THERMAL CONDUCTIVITY CF LIQUID m-~-TERPHENYL
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FIGURE 30, DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID p-TERPHENYL
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DEPARTURE, PERCENT

FIGURE 31.

DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID TOLUENE
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DEPARTURE, PERCENT
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FIGURE 31. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID TOLUENE (continued)
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DEPARTURE, PERCENT

FIGURE 32.

DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID WATER (A)
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DEPARTURE, PERCENT

FIGURE 32. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID WATER (B) (continued)
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DEPARTURE , PERCENT

FIGURE 32, DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF LIQUID WATER (C) (continued)
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PART IV

THERMAL CONDUCTIVITY OF GASES
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PART IV - THERMAL CONDUCTIVITY OF GASES

A. Introduction

_Recent developments have resulted in more accurate experimental and theoretical methods of determining
the conductivity of gases at high temperatures. Despite such developments, the reliability of the data is still, in
some cases, doubtful. In the analyses which follow, preference has been given to experimental data over theoreti-

cal or, where only theoretical values exist, to those which are derived from the most reliable basis.

B. Thermal Conductivity of a Group of Selected Gases

Argon

Experimental measurements have been reported for the thermal conductivity of gaseous argon for tempera-
tures between about 90 and 1373 K and many correlations and calculations have appeared, the more recent extend-~
ing to temperatures will above 15,000 K. At atmospheric pressure, the ionization is of the order of one, five and
ten percent at temperatures of 9400, 10,900 and 11, 750 K, respectively. Hence, the tabulation of recommended
values only extends to 10, 000 K so that these values may, without serious error, be said to refer to neutral argon.

As shown by the departure plots (Figure 33)*, most experimental, correlated and calculated values are in
reasonable accord and the accuracy of the recommended values of Table 25, derived by drawing a smooth curve
through these sources, ean he assessed as ahout one percent for temperatures between 100 and 500 K, five percent

for temperatures below 100 K and between 500 and 1500 K and ten percent between 1500 and 10, 000 K.

Carbon Tetrachloride

Surprisingly few experimental measurements of the thermal conductivity of gaseous carbon tetrachloride
appear to have been made. The most recent data are those of Masia and co-workers [571, 578] and earlier meas-
urements were made by Eucken [97] and Moser [51, 254, 416]. Two correlations have appeared by Lenoir [223]
and Vargaftik [601, 602] in addition to several nomogrars which wére not considered in this analysis.

As will be noted from the departure plot (Figure 34) a five percent difference exists between the Masia and
Moser values. The Lenoir correlation, given without source references, was evidently based on the Moser data
while that of Vargaftik evidently considered only the Eucken and Moser data. The recommended values here pre-
sented in Table 26 were based on the Eucken and Masia data for temperatures from 273 to 373 K and the trend for
higher temperatures was adjusted to approach the Vargaftik value at about 573 K.

In view of the disagreement between the Masia and Moser data, the tabulation of recommended values only
extends from 250 to 500 K and the values must be regarded as only being accurate to five percent. If further ex-

périmentation shows the Masia data to be accurate, this error estimate can be reduced to one or two percent.

Diphenyt

The only information available to TPRC concerning the thermal conductivity of gaseous diphenyl is contained
in an AEC Report by Ellard et al. {644]. These workers tabulate values from 340 to 820 K without information as
to the source. The values of Table 27 are the result of smoothing the above table. No departure plot is given due
to the complete absence of other source information and the values must be considered definitely provisional until

' such time when expérimental data becomes known. ‘

% :
Reference numbers used in Parts 1T and IV of this report refer to the section of References in Volume II,
Chapter 1 of TPRC Data Book. :
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Helium

Helium is one of the few gases where quantum effects become significant at low temperatures. In addition
to the experimental data of Ubbink and deHaas [251] calculated values have been fnade for very low temperatures
and the recommended values for such temperatures were deduced from a curve drawn through both calculated and
experimental values. The usual increment of 10 K for the tabulation of recommended values is inadequate for

helium at low temperatures and appropriate increments have been chosen in the tabulation.

No experimental data were found below about 2 K and gaps exist between 4 to 14 K, 21 to 73 K and above
2000 K. Some discrepancies exist between the measurements of different workers. The trend of the Johnston and
Grilly data [168] and some previous correlations [147, 187, 223, 521, 570, 630, 631] is to produce values lower
than the Kannuluik and Carmen [173] data. The values were selected so as to agree with the higher temperature
data of the latter workers. This selection agrees with the trend of the considerably higher temperature data of
Blais and Mann [569] and of Petersen and Bonilla [ 628].

Certain conclusions can be reached concerning previous analyses. The calculated values of Amdur [10]
and the reeo‘mmended tables of Chelton and Mann [81] should be disregarded below 100 K. The tables of Lenoir
[223] agree to within about one percent between 20 and 450 K while the NBS tables [147] only agree to the same
accuracy between about 205 and 415 K.

Many correlations [147, 187, 223, 521, 630, 631] fail above about 600 K. Of the seventeen different values
found in the literature for the thermal conductivity at the ice point (273. 15 K), thirteen agree to within two percent

with the recommended value of this report. Further experimental measurements are desirable for temperatures
below 100 K and above 600 K.

Below 100 K the recommended values of Table 28 should be accurate to within five percent, from 100 to
400 K the accuracy should be one percent, from 400 to 700 K five percent, from 700 to 2000 K ten percent and
above 2000 K as much as twenty-five percent. The departure plots appear in Figure 35.

Nitrogen

Many experimental, theoretical and correlated sets of values are available for the thermal conductivity of
gaseous nitrogen. In view of thisfact, it is surprising that the departure plots show the degree of disagreement
between these different values to be larger than would be expected.

As will be observed from the departure plots, the recommended values, obtained by drawing a smooth
curve through the experimental data, are somewhat lower than most previous correlations for temperatures be-
tween about 250 and 700 X and, for the Keyes [187] and NBS [146] correlations, for higher temperatures. It
seems that the more recent measurements justify this change.

While measurements up to about 1200 K appear in reasonable agreement, for higher temperatures the trend
of the experimental and theoretical values differs. The recommended values were selected to occur midway be-
tween the experimental values at 1200 K and to approach the theoretical estimates at about 2500 K. Theoretical
estimates for temperatures above about 3500 K differ according to whether consideration is given to the influence
of dissociation on the thermal conductivity. Even supposedly similar calculations differ increasingly at higher
temperatures. Due to this reason, the tabulation of recommended values was only undertaken for temperatures to
3500 K. at which temperature the reaction contribuﬁon of some two percent is less than the uncertainty in the re-
commended values, The recommended values can thus be considered as applying to both the équilibriuln and the
frozen gas. V -

The accuracy of the recommended values of Table 29 can be assessed as two percent for temperatures
below about 350 K, five percent for temperatures from 350 to 1200 K and ten percent above 1200 K. Further ex-
periments are to be desired for the entire temperature range if accuracy better than two percent is desired. More
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accurate calculations are also required, possibly for temperatures from 1000 to about 4000 K and certainly for
higher temperatures. The departure plots appear in Figure 36.

m-Terphenyl

No values have been found for tue thermal conductivity of gaseous m-Terphenyl.

p-Terphenyl

No values have been found for the thermal conductivity of gaseous p-Terphenyl.

Toluene

Data on the thermal conductivity of gaseous toluene have been reported by Abas-Zade [2] for temperatures
between 273 and 594 K. Examination of these data showed that between 373 and 573 K a linear variation of thermal
conductivity with temperatures apparently occurs. The value quoted at the highest temperature appears anomal-
ously high unless decomposition of the vapor occurred. In the preparation of the table of recommended values a
smooth curve was drawn through the experimental points except for the value at 594 K. The recommended values
of Table 30 were obtained from this curve which was assumed to be linear above 373 K. The trend of the data with
temperature is in need of rechecking by new measurements. Provisionally, the accuracy can be assessed at two
precent below 530 K and ten percent for the higher temperatures. The departure plot appears in Figure 37.

Water (Steam)

In preparing tables of recommended values for the thermal conductivity of water vapor a more complete
collection of tabulations based upon correlating equations, etc., was made than usual. This was done because
severe disagreement exists between different sets of data for this substance. Many users of tabulated values have
been unaware of the primary data upon which their tables were based and of the fact that such primary data were
subject to large errors. Recent measurements have shown that at least one set of primary data are in consider-

able error and hence also many tabulations.

Examination of the departure plots (Figure 38) reveals that there now exist a large number of experimental
data which agree with the recommended values to within some three percent. In severe disagreement are the
measurements of Keyes, reported by himself [187] and with Sandell [195]. These show a systematic trend with
temperature in disagreement with others and also with more recent measurements and should be disregarded. A
large number of tabulations have wholly or in part been based upon the Keyes data. Those of Lenoir [223], Keyes
[187], Nusselt [ 263, see also 201], Keenan and Keyes [594], Jakob [593], van Iterson [592] and Grober and Erk
[591], are unsatisfactory above about 373 K and only moderately accurate for the few cases [201, 223, 263, 594]
where they extend to lower temperatures. In addition to the recommended values, the tabulations of Koch and
Fritz [201], the recalulated values of Keyes and Sandell 360, 365, 366] and the Russian data cited by Keyes [596]
are reasonably accurate for all temperatures as are those of Keyes and Vines [ 590] for temperatures above 420 K.
Still in severe disagreement are the high temperature data of Geier and Schafer [587] and Vargaftik et al. 360,
365, 366]. For this reason, the tabulation of recommended values has been curtailed to 900 K.

The accuracy of the recommended values of Table 31 can be estimated as being within two percent from 320
to 700 K, and five percent from 250 to 310 K and 710 to 900 K. The uncertainty at the higher temperatures is
produced by the problem of estimating the radiation error in the vapor. Due to the high boiling point of water as
compared to most fluids, pressure effects are significant to higher temperatures than usual and hence influence
the recommended values to about 600 K. More precise recommended valueé for temperatures below 600 K will
require a detailed consideration to be made of the pressure effect and has thus limited the suggested accuracy to
two percent rather than a closer tolerance. Further experimentation is to be desired for all temperatures and

pressures so that the uncertainties due to pressure, radiation, and accomodation effects can be reduced.
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TABLE 25.

T (K)

50
60
70
80
90

100
110
120
130
140

150
160
170
180
190

200
210

230
240

250

270
280
290

300
310
320
330
340

350

370
380
390

400
410
420
430
- 440

450
460
470
480
490

500
510
520
530
o4y

550
560
570
580
590

660
610
620
630
640

e
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T (K)

650
660
670
680
690

700
710
720
730
740

750
760
770
780
790

800
810
820
830
840

850

870
880
890

900
910
920
930
940

950
960
970
980
990

1000
1050
1100
1150
1200

1250
1300
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1400
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1500
1550
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1800
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2200
2300
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495
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. 741
. 766
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T (K)
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3700
3800
3900

4000
4100
4200
4300
4400

4500
4600
4700
4800
4900

5000
5200
5400
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DEPARTURE, PERCENT

o)

FIGURE 33

DEPARTURE CURVE FOR THERMAL CONDUCTIVITY OF GASEOUS ARGON
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DEPARTURE, PERCENT

FIGURE 33 DEPARTURE CURVE FOR THERMAL CONDUCTIVITY OF GASEQUS ARGON ( continued)
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DEPARTURE, PERCENT

FIGURE 33 DEPARTURE CURVE FOR THERMAL CONDUCTIVITY OF GASEOUS ARGON {continued)
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FIGURE 33. DEPARTURE CUERVE FOR THERMAL CONDUCTIVITY OF GASEOUS ARGON ( cortinued)
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TABLE 26. THERMAL CONDUCTIVITY OF
GASEQUS CARBON TETRACHLORIDE (mw.cm™ K1)

T (K) k

250 0.0528
260 0.0555
270 0.0583
280 0.0612
290 0. 0642
300 0.0673
310 0.0705
320 0.0738
330 0.0770
340 0.0803
350 0.0835
360 0.0866
370 0.0897
380 0.0928
390 0.0959
400 0.0989
410 0.1019
420 0.1049
430 0.1079
440 0.1108
450 0.1136
460 0.1163
470 0, 1189
480 0.1214
490 0. 1238
500 0.1261
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FIGURE 34 DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS CARBON TETRACHLORIDE
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TABLE 27. THERMAL CONDUCTIVITY OF GASEOUS DIPHENYL (mw.cm™! K1)

T (K) k T (K) k
300 0.075 : 600 0. 304
310 0.082 610 0.312
320 0.089 620 0.321
330 0.095 630 0.330
340 0.102 640 0.338
350 0.109 650 0. 347
360 0.116 660 0.356
370 0.123 670 0. 364
380 0. 130 680 0.378
390 0. 137 690 0. 382
400 0,144 700 0.391
410 0. 151 710 0. 400
420 0.159 720 0. 408
430 0.166 730 0.418
440 0.173 740 0.426
450 0.181 750 0. 436
460 0.188 760 0.445
470 0. 196 770 0. 454
480 0. 203 780 0. 463
490 0.211 790 . 0.472
500 0. 220 800 0. 481
510 0.228 810 0. 490
520 0.236 820 0.499
530 0. 244 830 0. 508
540 0. 253 840 0.518
550 0. 261 850 . 0.527
560 0. 269

570 0.278

580 0. 287

590 0.295
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TABLE 28.

COOOD OOOOO.O009S 2990 D OOOLL OOOOO OOO9S 2OOOL LLLLS £LOLL

k

. 00044

00053

. 00064

00130
00231

0039
0062

. 0089

0120
0154

0187
0231
0252
0262
0266

0269

. 0281
. 0306
. 0393

0502

0607
0732
0803
0879
0962

1113
1247
1393
1523
1640

1866
2067

. 2259

2435
2582

2962
3330
3669
4000
4314

4623
521
578

. 631

679

. 730

776
819
863
907

THERMAL CONDUCTIVITY OF GASEOUS HELIUM (mw.cm™ K™

T (K)

150
160

290

300
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320
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350
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k
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DEPARTURE , PERCENT

FIGURE 35. DEPARTURE PLOT FOR Hmmwg,}ﬁ CONDUCTIVITY OF GASEOUS HE LIUM
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DEPARTURE, PERCENT

DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS HELIUM (Continued)
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DEPARTURE, PERCENT
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FIGURE 35. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS HELIUM (continued)
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FIGURE 35. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS HELIUM  ( continued)
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FIGURE 35 DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS HELIUM (continued)
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FIGURE 35. DEPARTURE ?LOT FOR THERMAL CONDUCTIVITY OF GASEOUS HELIUM (continued)
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TABLE 29.

T (K) k

50 0. 0485)"

60 0.0578)"

70 (0. 0670)

80 0. 0762

a0 0.0852
100 0.0941
110 0. 1030
120 0. 1119
130 0. 1208
140 0. 1296
150 0.1385
160 0. 1474
170 0. 1562
180 0. 1651
190 0.1739
200 0. 1826
210 0. 1908
220 0. 1989
230 0. 2067
240 0.2145
250 0, 2222
260 0.2298
270 0.2374
280 0. 2449
290 0. 2524
300 0. 2598
310 0. 2671
320 0. 2741
330 0.2808
340 0.2874
350 0. 2939
360 0. 3002
370 0. 3065
380 0. 3127
390 0.3189
400 0. 3252
410 0.3314
420 0. 3376
430 0. 3438
440 0. 3501
450 0. 3564
460 0. 3626
470 0. 3688
480 0. 3749
490 0. 3808

T (K)

500
510
520
530
540

550
560
570
580
590

600
610
620
630
640

650

156

k

0.3864
0.392
398
403
408

414
420
425
431
436

446
452
462

467
472

. 483
.488

493
498
503

[9)]
s
0

441

THERMAL CONDUCTIVITY OF GASEOUS NITROGEN (mw.cm™! K1)

T (K) k
950 0. 609
960 0.613
970 0.618
980 0. 622
990 0.626

1000 0.631

. 1050 0.651

1100 0. 672

1150 0. 693

1200 0.713

1250 0,733

1300 0.754

1350 0.775

1400 0.797

1450 0. 819

1500 0. 842

1560 0,267

1600 0. 893

1650 0.921

1700 0. 950

1750 0.981

1800 1.013

1850 1. 046

1900 1.080

1950 1.113 -

2000 1, 146

2100 1.207

2200 1..263

2300 1.314

2400 1. 361

2500 1. 406

2600 1.449

2700 1. 494

2800 1. 542

2900 1. 590

3000 1. 640

3100 1.691

3200 1.743

3300 1.795

3400 1. 853

3500 1.915

Extrapolated
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FIGURE 36 DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS NITROGEN ( continued)
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DEPARTURE , PERCENT

FIGURE 36. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS NITROGEN (continued)
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DEPARTURE, PERCENT

FIGURE 36.

DEPARTURE PLCT FOR THERMAL CONDUCTIVITY OF GASEOUS NITROGEN (continued)
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DEPARTURE, PERCENT

FIGURE 36, DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS NITROGEN ( continued)
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DEPARTURE, PERCENT

FIGURE . 36. DEPARTURE PLOT FOR THERMAL CONDUCTIVITY OF GASEOUS NITROGEN ( continued)
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TABLE 30. THERMAL CONDUCTIVITY OF
GASEOUS TOLUENE (mw.cm™ K™1)

T (K) k

250 0.116
260 0.121
270 0.126
280 0.133
290 0.139
300 0. 146
310 0.154
320 0. 162
330 0. 170
340 0. 180
350 0.189
360 0.198
370 0. 208
380 0.219
390 0. 230
400 0. 240
410 0. 251
420 0. 262
430 0.273
440 0.284
450 0.295
460 0. 305
470 0.316
480 0. 327
490 0. 338
500 0. 349
510 0. 360
520 0. 371
530 0. 382
540 0. 393
550 0. 405
560 0.416
570 0. 427
580 0. 439
590 0, 450
600 0. 461
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DEPARTURE , PERCENT

FIGURE 37. DEPARTURE PLOT FOR TAERMAL CONDUCTIVITY OF GASEOUS TOLUENE
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TABLE 31. THERMAL CONDUCTIVITY OF GASEOUS WATER (STEAM) (mw. cm~! KY)

T (K) k T (K) k
250 (0. 140y 600 0. 464
260 (0. 148): 610 0.475
270 (0. 156) 620 0. 486
280 0.164 630 0. 497
290 0.172 640 0. 508
300 0.181 650 0,518
310 0.189 660 0. 529
320 0. 197 670 0. 540
330 0.205 680 0. 551
340 0.214 690 0. 562
350 0. 222 700 0. 572
360 0.231 710 0.58
370 0.239 720 0.59
380 0.248 730 0. 60
390 0.256 740 0.62
400 0. 264 750 0.63
410 0.273 760 0,64
420 0. 282 770 0.65
430 0.291 780 0. 66
440 0. 300 790 0.67
450 0. 307 800 0. 68
460 0. 317 810 0.69
470 0. 327 820 0.70
480 0. 337 830 0.71
490 0.347 840 0.72
500 0. 357 850 0.73
510 0.368 860 0.74
520 0.378 - 870 0.75
530 0. 389 880 0.76
540 0. 400 890 0. 77
550 0.411 900 0.78
560 0.422 '
570 0. 432

580 0.443 x

590 0. 454 Extrapolated
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DEPARTURE, PERCENT

FIGURE 38. DEPARTURE CURVE FOR THERMAL CONDUCTIVITY OF GASEOUS WATER ( STEAM)
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FIGURE 38. DEPARTURE CURYVE FOR THERMAL CONDUCTIVITY OF GASEOUS WATER (STEAM) (continued)
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