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THE THERMAL TRANSPORT PROPERTIES OF HELIUM, HELIUM-AIR
MIXTURES, WATER, AND TUBING STEEL USED IN THE CACHE
PROGRAM TO COMPUTE HIGR AUXILIARY HEAT
EXCHANGER: PERFORMANCE

J. R. Tallackson

Abstract

This report presents, quantitatively, the thermal trans-
port properties of the materials involved in digital computer
calculations of heat transfer rates by the Core Auxiliary
Heat Exchangers in large HIGR nuclear steam supply systems.
These materials are pure helium, mixtures of helium with com-
mon gases having molecular weights in the range of 28 +to 32,
alloy steel tubing, and water.

For use in programmed computations the wviscosity, thermal
conductivity, and specific heat, are represented primarily by
equabions augmented by curves and tabulations. Materials
supporting the: development and selection of the property -
quations is included.

Keywords: Hellum, carbon monoxide, nitrogen, heat trans-
fer, thermal conductivity, oxygen, chrome — molybdenum steels,
air, heat capacity, viscosity, gases.

INTRODUCTION

ORNL has been producing independent calculations of the afterheat
removal capability of HTGR emergency cooling systems undergoing licens-—
ing review. Afterheat is transferred from the reactor core by auxiliary
loops which circulate core coolant gas to Core Auxiliary Heat Exchangers
(CAHEs). Heat removed oy a CAHE is dumped, externally, by a water-to-air
heat exchanger.

Adequate performence by the CAHE is vital to HIGR safety; therefore,
it is essential that all computations of CAHE heat transfer rates be con-~

ducted with more than ordinary care.



CAHE performance is strongly influenced by the transport properties
of the core coolant gases, and to a much lesser extent, by the properties
of the ttbing steel and water. In normal circumstances HTGR afterheat is
removed from the core by circulating pressurized helium through the steam
generators. During refueling or under emergency conditions the coolant
gas 1is circulated through the auxiliary loops. The transport properties
of concern; thermal conductivity, viscosity, and specific heat, of helium,
steel, and water are well documented and readily avallable. Uncertainties
in performance computations associated with these materials are small.

The limiting situation arises during a Design Basls Depressurization
Accident (DBDA) followed by a Loss of Main Loop Cooling (IOMLC). In the
remote event that an HIGR experiences a DBDA plus L[OMIC, the helium re-
maining in the reactor vessel will become dilubted by the ingress of air
from the contalnment building. The oxygen in the air will react with
the graphite in the core and carbon monoxide will be produced. The core
coolant gas is, then, a mixture consisting principally of helium, nitrogen,
and carhon monoxide. Mixture composition varies with elapsed time after
the accident and the properties of the mixture, dependent on composition,
strongly influence the performance of the CAHEs.

The thermal transport properties of gas mixbtures are, in general,
not well established by experiment. Theoretical calculations often leave
much to be desired. Fortunately, a small amount of data on the theimal
conductivity and viscosity of mixtures of helium with oxygen and nitrogen
is available. This report describes how these data were used to develop
equations to describe the properties of the core coolant gas following a
DBDA. The experimental data and supporting information are included.

Becasure digital computer calculations are facilitated by using
equations rather than tabulations to describe variable parameters, all
property data are specified with equations for use in the Core Auxiliary
Cooling Heat Exchanger (CACHE) program used to determine CAHE performance.

During the course of developing the gas property data used for the
computations a large amount of related supportive informabion was producéd.
These data, while not used directly for the HTGR computations, are included
with the thought that they may be convenient and useful for further related

study.

#*Acronym for Core Auxiliary Cooling Healt Exchanger



I. THE THERMAT TRANSPORT PROPERTIES OF PURE HELIUM

The thermal transport properties of helium have been thoroughly
investigated and well documented. References 1 through 10 have been
reviewed for the purpose of selecting suitable methods to evaluate
these properties in programe used to calculate heat transfer to or
from helium. The formulas reported by Petersen’ were selected for use
in the CACHE program. They were chosen chiefly because they are simple
in format; not necessarily because it was assumed they were the most pre-
cigse. It is shown in Appendix A that if the helium property data derived
from different sources are compared within the applicable temperature
range, the differences, reflected by CAHE heat transfer computations, are

insignificant.

A, Thermal Conductivity

In Ref. 1, the thermal conductivity, k, is given by this equation:
k= (2.682 x 1072)(1.0 + 1,123 x 10'3P)10‘71(1'°‘0003P) (1.41)

k = w/(2f XK/m)
T = absolute temperature, X
P = bar; (bar = 10°N/r® = 0.9869 phys. atm)
Petersent states: "The standard deviation, 0, is about 1% at 273 K
and 6% at 1800 K, i.e.; O = 0.0035 T%h."

Within the pressure range from 15 psia to 750 psia the effect of

!

it

pressure on the conductivity is less than 1.0%. For example:
k at 1 atm (~15 psia), 1000°F = 0.1802 (Btu/hr)/(ft?~°F/rt),
k at 51 atm (~750 psia), 1000°F = 0.1815 (Btuw/hr)/(ft*-°F/ft).
For this reason the effect of pressure was ignored for use in the

CACHE program and Eq. I.AL above was simplified, thus:

k = 2.685 777t w/(n® K/m) (1.42)
and in English units
k = (1.0221 x 107 3)p°710 (1.A3)
at P =1 atm = 1k.7 psia
k = (1.08ky x 1073)C*703 (T.AL)

at P = 51 atm = 750 psia
k = (Btu/hr)/(ft?-°F/ft); T = CRankine



Equation I.A3 was chosen to evaluate helium thermal conductivity
because, compared with several other equations in recent or current use,
it is the simplest in format and easily programmed.

In Appendix A five other equations for thermal conductivity are
listed and helium conductivity compubed with Egq. I.A1 and also with these
five additional equations is tabulated in Tables A.1 and A.7. These
tables are for pressures of 1 atm, 100 psia, 500 psia, 750 psia, 1000 psia,
1500 psia and 2000 psia and for temperatures from S50°F to 2000°F. Typical
calculations of heat exchange rates with pressurized helium in HIGR Core
Auxiliary Heat Exchangers involve helium film tempsratures in the range
300°F to 1000°F. Within this range all tabulated conductivities agree
within 3.0%.,

B. Viscosity

As with thermal conductivity, there is no dearth of data sources for
the viscosity of helium. The equation for viscoslty which i1s incorporated
in the CACHE program is from Ref. 1 and is a version of

b= (3.67% x 1077) ™°7°, kg/(m sec). (1.B1)
T =X
for the CACHE programs this equation was recast, thus:
u o= (5.89 x 107*) T°°7°, 1o /(ft-hr) (1.B2)

T = °Rankine
The author, Petersen,' states, "The standard deviation, 0, is about 0. h%
at 273 K and 2.7% at 1800 K, i.e., 0 = 0,0015 T%."
Appendix B contains other equations in recent or current use for
computing helium viscosity. Figure 11 in section IV shows a curve of

helium viscosity calculated with Eq. I.B2.

C. ©Specific Heat

Al11 the authorities reviewed agree that within the ranges of temper-
ature and pressure in typical HIGR systems that the specific heat of
helium is essentially constant and cite values from 1.240 to 1.2k2

Btu/1by~°F. The higher value is used in the CACHE programs.



II. THE THERMAL TRANSPORT PROPERTTIES OF WATER

A. Thermal Conductivity of Water

Within the CACHE program the thermal conductivity of water 1s

evaluated by the eguation

k = 0.3100 + (6.910 x 107%)T-(1.482 x 107°)T° (IT.A1)

+

(5.255 x 10" *)r°

k

i

(Btu/hr)/ (££2-°F/1t)
T = °F; 32°F s T € L50°F

Thig equation iz a least squares fit*t to data obtained by interpo-
lation at 670 psia from tabulated data.'® The equation for thermal
conductivity in this reference is unnecessarily complex for use in
CACHE. A second data source, Touloukian'® ef al. was reviewed for
purposes of comparison but was not used to develop Eq. IT.Al above.
Table 1 provides a comparison of tabulated and computed thermal con-
ductivities of water; these data are plotted on Fig. 1.

The effect of pressure on thermal conductivity was lgnored. If
the pressure of liquid water at 300°F is increased from 75 psia to

1000 psia, the conductivity is increased by 0.6%.

Table 1. The thermal conductivity, k, of liquid water

Temperature Thermal conductivity, k,
(°F) (Btu/nr)/(£4° -°B/Ft)
k from k from Error Per cent
Ref. 12 Eg. II.A1 error
32 0.3308 0.3310 +0.000R +0,06
50 0.3414 0.3413 -0.0001 -0.03
100 0.3655 0.,3652 -0.0003 -0,08
150 0.3826 0.3625 ~(). 0001 +0.03
200 0.3935 0.3935 0,000 0.00
250 0.3985 0.39738 +0.0003 +0.,08
300 0.3980 0.3985 +0.0005 +0.13
350 0.3938 0.3933 ~0.0005 -0.13
Loo 0.3836 0.3833 -0,0003 -0.08

50 0.3689 0.369 +0.0003 +0,08




ORNL—-DWG 76—-2158

Temperaturs, °C
q 50 190 150 200 300

0.400

0.390 -

0.360 |-

0.370

0.360 —

X, Hatz/(m2 °C/m)

0.350

Thermal Conductivity, k (Btu/hr)/(ﬁ2-°i‘/f‘t)

o.340}-

0.330f

0.320 S
o] 100 200 300 oo 500
Temperature, °F

Tig., 1. The thermal conductivity of liquid water
© Data from Ref. 12; WY Data from Ref. 10.



B. Viscosity of Water

Water viscosity in the CACHE program is evaluated with the

equation
W= 3784 Tt et o /ft=br (11.B1)

T = °F; 100°F = T = 500°F

il

This equation is a least squares fit*' to tabulated ®

viscosity data

for liquid wabter at 1000 psia. Table 2 and Fig. 2 show viscosity as

a function of temperature from the tabulation and from Eq. IT.Bl. For
the purposes of heat transfer computations,‘thé effect of pregsure on
vizcosity may be ignored. For example, at 300°F, increasing the pressure

from 75 psia to 1000 psia increases the viscosity by 1.1%.

Table 2. The viscesity of liquid water at 1000 psia

Temp Viscosity, Error Per cent
(°r) lbm/(ft-hr) error

From Ref. 12 From Eq. II.B1

100 1.65 1.6k -0.010 -0.6
150 1.03 1.02 ~0.010 ~1.0
200 0.729 0.725 ~0.00k «0.5
250 0.55kL 0.557 +0, 003 +0.5
300 0. 445 © 0.kh9 +0.00k +0.9
350 0.372 0.375 +0.003 +0.8
Loo 0.320 0.320 0,000 0.0
450 0.280 0.278 : -0.00 ~0.7
500 0.250 0.246 ~0.00k% ~1.6
C. Bpecific Heat of Liguid Water
The equation in CACHE for the specific heat of pressurized water
18

¢, = 1.035 - (.55 x 107%) T + (1.38 x 10™°) 17, (11.01)

C, = Btw/(1b ~°F); T = °F, 100°F = T = LOO°F.
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Equation IT.Cl is a least squares ittt to data obtained, by inspection,
from a curve of 1/Cp versus T at 1000 psia in Fig. 6, page 293 in Ref. 12.
It is obvious from this curve, that within the pressure rangse O to 1000
psia, the effect of pressure on specific heat is negligible. Table 3 and

Fig. 3 show values of C‘p from Ref. 12 and those calculated from Fg. II.Cl.

Table 3. Bpecific heat of l1liquid water at 1000 psia

Temperature Specific heat, Cp Difference Per cent

(°F) Btu/ (1b-°F) error
Ref. 12. Fges IT.C1

100 0.996 1,00k +0.008 +0.80
150 04996 04997 +0.001 +0.10
200 1.000 0999 -0,001 ~0.10
250 1.010 1.007 -0 ,003 -0,30
300 1.020 1.022 - +0.002 +0.20
350 1.0L2 1.094 +0, 002 +0.19
100 1.075 1.073 +0.,002 +0.19

IIT. THE THERMAL CONDUCTIVITY OF STEEL TUBING

The tubing material currently specified for the cooler 75% of the
core auxiliary heat exchangers is a low alloy, 1/2% Cr—l/z% Mo, steel.
Data for the thermal conductivity of this steel were obtained from
Refs. 13 and 1% and, for the CACHE program, tube wall conductivity is

described by a first degree, least squares fit.'?  The equation is:

k

il

20,2 = 0.00276T (III.A1)
k = (Btu/hr)/(ft°-°F/Ft); T = °F

in metric units

k

38.28 ~ 0.008597T (ITT.A2)
k = watts/(m? °C/m); T = °C

The data and Eg. III.Al are shown in Fig. L4,

The tubing in the hot end, the lower 25%, is specified to be
Bi Cr - 1% Mo steel. Steels of this type with chromium and molybdenum
ag the principal alloying agents and having a total alloy content,

Cr + Mo, from % to 5% will have almost constant thermal conductivity
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from room temperature to 1500°F. From the curves, Fig. 5, and by interpo-
lation of the tabulated data in Ref. 1, the thermal conductivity of this
alloy was established to be constant at 16.7 (Btu/hr)/(ft®~°F/ft).

IV, THE THERMAL TRANSPORT PROPERTTIES OF HELIUM DILUTED WITH
OXYGEN, NITROGEN AND CARBON MONOXIDE

In an HTGR, the Design Basis Depressurization Accident (DBDA)
coupled with a Loss of Main Loop Cooling (TOMIC) involves heat transfer
by the CAHE from mixtures of helium with air and the reaction products
formed by air in contact with high temperature graphite. It is, there-
fore, necessary to have good information as to the thermal transport
properties of these gas mixtures if reliable computations of afterheat
removal rates are required. If the mixture composition is established
and if the specific heats of the components therein are known, it is a

simple matter to evaluate the specific heat, C , of the mixture. A

s
similar statement does not apply to thermal coﬁduetivity and viscosity.
There are, apparently, no simple theoretical expressions which describe
the conductivity and viscosity of gas mixtures in terms of mole fractions,
molecular weights, or weight fractions of the components of the mixture
and the transport properties of the pure components. This is particularly
true when tle mixture congists of a monatomic gas and multi-component gas
molecules of widely disparate weights; helium and air, for example.

This unfortunate situation is 1llustrated by quotations from Refs.
15 and 16.

From Reid and Sherwood*® pages 199 and 201:

6-8. Estimation of the Viscosity of A Gas Mixture

"The extension of the modern molecular theory to describe the

vigscosity of a nonpolar gas mixture at low pressure has been

summarized by Hirschfelder et al. (32,177). The relations

obtained are quite complicated, and less complex, though less

accurate, relations are given by Wilke (472) and Johnson.

With regard to the problem of estimating viscosities
of gas mixtures at elevated pressures, only a small amount
of experimental data is available, and proposed estimation

methods have not been fully tested."
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and from page 240:
T~7. Thermal Conductivity of Gas Mixtures

"The thermal conductivity of a gas mixture 1s not generally
a linear Tunction of the composition of the mixture and may be
greater or less than that for any of the pure constituents.

Application of the modern kinetic theory to the problem of
predicting the thermal conductivities of nonreacting mixtures is
guite complicated and gives only falr predictions even for
monatomic~gas mixtures. Various semiempirical relations have
been developed, however, the best of these being due to Lindsay
and Bromley (235) and to Brokaw (40)."
Brokaw'® states:

"When the experimental thermal conductivities of binary
mixtures of hydrogen or helium with heavier gases (nixtures
in which thermal conductivity varies over a wide range) are
examined the experimental conductivity is lower than that
predicted by simple molar mixing, that is:

Mo Shgr = eh toxehe (TV.A1)

But measured values are larger than those calculated Irom a

reciprocal mixing rule:"

lH

=& X (1V.A2)

=]
E.
>

RM

X Xg e « + « o « » - mole fraction
2

A A « + « « o « o thermal conductivities
oM e e e s e v e s simple mixing

RM B T reciprocal mixing

m e 4 e e s e e e mixture

It is even more unfortunate that published experimental data on
mixture properties are relatively scarce and do not span the range of

compositions and temperatures involved in CAHE performance computations.
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In summary: There exist small amounts of publiched experimental
data on the viscosity and thermal conductivity of miztures. Theoretical
methods to estimate these properties are available bulb, as indicated
above, they are of uncertain accuracy. In addition, the user will re-
quire a more than passing familiarity with statistical and qguantunm
mechanics if these theoretical estimates are to be used with confidence.

It was decided to use such experimental data as are available to
develop the temperature and composition dependent relations used to com-
pute viscosity and thermal conductivity of mixtures in the CACHE pro-
grams.

Two publications served as sources for the thermal conductivity
and viscosity of mixtures of helium diluted with nitrogen and oxygen.
The monumental work of Toulouklan, Liley and Saxena'® contains thermal
conductivity data-curves and tabulations. A report by Johnson'” presents
experimentally determined viscosities. DNeither publication contains
ranges required to evaluate, properly and completely, the afterheat re-
moval capability of an HTGR after a DBDA and IOMLC.

It is not possible to detemmine 1o a high degree of precision
the conditions expected to exist in an HTGR reactor vessel after the
extremely unlikely occurrence of a sudden depressurization. The atmos-
phere in the reactor vessel will be a time varying mixture consisting
principally of helium diluted by nitrogen, oxygen and carbon monoxide.

Estimates of conditions in an HTGR after a DBDA + IOMLC have been
made-18 Figure 6 shows the results of a typical szet of calculated post-
DBDA conditions which have been used as the basis for CAHE heat trans-
fer computations. Note that the constituents of the gas mixture are
not explicitly stated; the variation of mixbture composition is stated
only in terms of molecular weight. This 1s reasonable gince the diluent
gases, nitrogen, oxygen and carbon monoxide, are all non-polar and all

have similar (28 to 32) molecular weights.
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Table Q6.3-17.2.
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A, The Thermal Conductivity of Helium Diluted with
Nitrogen, Oxygen, and Carbon Monoxide

The thermal conductivities of the pure diluent gases and of air are
not dissimilar. This is evident from Fig. 7. These curves are based on
conductivity tabulations in Ref. 10. In Fig. 8 the thermal conductivities
of helium-nitrogen mixtures are shown. The solid line curves represent
graphically smoothed experimental data from Table 85b in Ref. 10. The
dashed lines are calculated conductivities developed by an equation, IV.A3,
shown in the next paragraph.

Experimental data*® for the helium-nitrogen system and the helium-
oxygen system at 113°F, Fig. 9, are nearly identical and tend to support
the assumption that the conductivities of helium with any ailr-like gas
with a molecular weight of 28 to 32 are quite similar. The tabulations
for the helium-nitrogen system, spanning a wider temperabure range, were
used to develop the equations used to evaluate the thermal conductivity
of the HIGR core coolant gas after a DBDA. The graphical smoothing pro-
cedure used to develop these tablest® produced a recognhizable asymptotic
error in the 601°F data; i.e., when the mole fraction of nitrogen is zero
the tabulated thermal conductivity of pure helium is 0.135 (Btu/hr)/
(ft?-°F/Tt). A more correct value, Eq. T.Al, is 0.1kk., The tabulation
of helium-nitrogen system thermal conductivity at 601°F (589K) with the
substitution of the higher and correct value of conductivity, when the
mole fraction of nitrogen is zero, was used as baseline data to develop
the mixture conductivity equation used in HTGR Core Auxiliary Heat Ex-
changer heat transfer computations after a depressurizatiocon accldent.

The eguation arrived at is:

.O ('l - = Ty T 06
K = [TE?%%%:F - ,003196 + O7O1LF - .15767F% + .OBblaFﬂ (7/1061)°°

(1V.A3)
k = mixture thermal conductivity (Btu/hr)/(ft%-°F/ft)
F = mole fraction of nitrogen (or oxygen or carbon monoxide)
T = absolute temperature, °R
The bracketed polynomial is an equation developed to fit the helium~
nitrogen data at 601°F (1061°R). The term in parentheses approximates

the variation of conductivity with temperature.
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Figure 10 shows additional curves of thermal conductivity as a
function of molecular weight evaluated with Eq. IV.A3. For comparison,
the conductivities of pure helium and pure nitfogen are included. The
applicable temperature range for typicael HIGR computations, based on
mean gas film temperatures, is from 300°F to 1000°F. The anticipated
mixture molecular welights are not expected to exceed 20. Additional
data and discussion of the procedure used to develop Eq. IV.A3 is in

Appendix B.

B. The Viscosity of Helium Diluted with Nitrogen,
Oxygen, and Carbon Monoxide

The viscosity of helium mixed with oxygen, nitrogen, and carbon
monoxide has been estimated by using experimental data published by
Johnson.'” This report comtains experimental curves of viscosity versus
temperature for three mixtures of oxygen and helium. The oxygen mole
fractions in the mixtures were 0.28, 0.53, and 0.72 corresponding to
mixture molecuwlar weights of 11.8, 138.8, and 24.2. Garber® developed

three equations to fit Johnson's data. These are:

0.28
(5.942 x 107%)T""* (1v.B1)

A. Mole fraction Op

1]

i

M

B., Mole fraction Oz = 0.53

w o= (7.216 x 107%)To8s (1v.Be)
C. Mole fraction Cz = 0.72

u o= (10.50 x 107%)p e=® (1v.B3)

b = viscosity, Ilbm/ft-hr

T =

absolute temperature, °Rankine

Figure 11 shows the experimental viscosity data from Johnson's
report, a gas mixture viscosity curve calculated with Egq. IV.B1l, and the
viscosity of pure helium calculated with ¥Eq. I.B2. Unlike the thermal

conductivity of similar gas mixtures, the addition of oxygen to helium

#*S. P. Garber, ORNL summer participant (student) sponsorad and
funded by Qak Ridge Associabted Universities.
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does not produce drastic changes in the viscosity of the resulting mix-
ture if compared with the viscosity of pure helium. The data also show
that when the mole fraction of oxygen in the mixture cxceeds 0.28 that
oxygen additions to the mixbture have little or no effect on viscosity.
This aspect of mixture behavior is well illustrated by Fig. 12 also de-
rived from Johnson's work. The continuous curves are theoretical calcu-
lations by Johnson'” of viscosity as a function of composition. The
results of two theoretical methods are shown. The three discrete points
are experimental values. The agreement of theory and these experiments
is adequate from the standpoint of use in heat transfer computations and
tends to contradict the general statements by Reid and Sherwood and by
Brokaw cited earlier in this report. Additional experimental evidence
is a prerequisite to Tirm conclusions regarding such agreement.

By inspection of Fig. 11 it is apparent that Eq., IV.Bl is a suf-
ficlently good fit to the data for mixtures containing oxygen mole
fractions of 0.28, and 0.53. This equation currently is used to specify
mixture viscosity in CAHE heat transfer calculations when the gas mixture
molecular weight is above 11.0.

When the molecular weight of the gas mixture is less than 11.0,
equivalent to an air mole fraction of 0.28, mixture viscosity is speci-
fied by a simple linear interpolation between the viscosity of gas mix-
ture with oxygen mole fraction of 0.28 and the viscosity of pure helium.

The interpolating equation used in the CACHE heat exchange program 1s:

by = (Fe/+28) (b 5g) + [(0.28 - ¥ )/.28]u,

Fd = mole fraction of diluent gas or gases (nitrogen, oxygen,
carbon monoxide); 0.0 < Fq < 0.28

u og = viscosity of helium-air mixture containing 0.28 mole
' fraction of oxygen, evaluated with Eq. IV.B1; lbm/ft—hr

L, = viscosity of pure helium evaluated with Eq. I.B2,
1o,/ ft-nr

gas mixture viscosity, 1b, /ft-hr.

=
i

Figure 13 showe viscosity versus mixture composition for the femper-~

ature range applicable to post~-DBDA calculations of CAHE performance.
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Fig. 12. Viscosity of helium-oxygen gas mixtures at 571°F (1031°R)
based on data in Ref. 17.

NOTE: (1) The continuous curves are theoreiical values.
(2) The molecular weight scale is based on the assumption that
oxygen and air are equivalent.
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The gas mixture is assumed to consist of helium diluted with
nitrogen, carbon monoxide, and oxygen.
- 3 b -



Use of this method of specifying viscoslty containsg these implicit
assunptions;

(1) The viscosity of mixtures of helium with carbon monoxide and/or
nitrogen behave similarly to helium~-oxygen viscosities and are numerically
similar. In this connection it is noted that the molecular weights of
these diluent gases are equal or nearly equal and that the viscozities of
the pure diluent gases are not far apart. Appendix C contalne viscosity
data for pure nitrogen, oxygen, carbon monoxide and air to illustrate
this similarity.

(2) That Eg. IV.Bl is a good approximation to mixture viscosities
at gas temperatures not included in Johnson's experiments. This is not
unreagonable since, very generally, gas viscoslty tends to vary with
absolute temperature raised to a fractional exponent at temperatures
encompassing CAHE computational requirements.

It is, perhaps, fortunate that small percentage changes or errors
in specifying gas viscosity are reflected as considerably smaller
changes in the gas Tilm heat transfer coefficient.’® In a typical CAHE
heat exchange computation involving gas mixtures, a 10% error in speci-~
fying mixture viscosity will alter the computed gas film coefficient by
approximately 3%. From Fig. 11 it is seen that, from temperatures of
L30°F to 930°F, the viscosity increases produced by adding oxygen to
helium are about 10%; i.e., if helium viscosity were specified, regard-
less of the gas composition, the caleulated CAHE performance would be

increased approximately 3%.

C. The Specific Heat‘of Helium-Air Gas Mixbures

The specific heat of a gas mixture 1s obtained by sumning the products
of the specific heats of the component gases and their weight fractions in
the mixture. In a mixture of N different gases the mixbture specific heat
is

(Cp) st = Yl(cp)l + Yz (Cpla + +» o+ YN(CP)N (1v.c1)

il

(CP)mixt nixture specific heat, Btu/lb~°F
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(Cp)l, (Cp)g cos (CP)N = gpecific heats of the component gases

in the mixture

Yy, Yo ¢+ Y _ = welght fractions of the component gases in the

mixture

For HTGR computations it has been assumed that the specific heat

of air is representative of the specific heats of the gases that dilute

the helium after a DBDA. The specific heat of air has been well estab-

lished; therefore, it is considered to be a single component gas of

molecular weight 29 for purposes of determining post-~-DBDA gas mixture

specific heat. For helium-alr mixtures IV.C1l becomes

(c,p)mjxC = yh(cp)h + (l-Yh)(Cp)a, Btu/1b-°F (1v.c2)
Yh = weight fraction of helium in the mixture
(Cp)h = gpecific heat of helium
(cp)h = 1.242 Btu/1b~°F
(Cp)a = specific heat of air, Btu/1lb-°F

(¢ ). = 0.2304 + (3.7672 x 1078) T - (4.860 x 107%)r°

T = °F

(1v.c3)

Figure 14 shows the specific heats of air~helium mixtures at 300°F

and 1000°F as a function of the molecular weight of the mixture.

Weight

and mole fractions of the air in Uhe mixture are included in Fig. 1k,

Appendix D contains equations for computing weight fractions and

mole fractions from the molecular weight of the mixture. This appendix

also contains tabulations, and on Fig. D.2 ,curves of the specific heats

of air, oxygen, nitrogen, and carbon monoxide. These are the gases

which are predicted to exist in the primary contalrment in the unlikely

event of a DBDA. It can be noted from Fig. D.2 that, as should be ex~

pected from the similarity of their molecular weights, the specific

heats of nitrogen, carbon monoxide and oxygen are not far apart.

The

data for air is compared with calculated values from Eq. IV.C3, the

least sguares fit to the data.
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Appendix A

Equations and Tabulations for the Thermsal
Conductivity of Pure Helium

During and after establishing the programs to calculate HTGR heat
exchanger performance , it became evident that persons currently investi-
gating heat transfer by helium are not using the same equations to
evaluate the viscosity and thermal conductivity of helium. Because the
results of the computations are likely to receive careful scrutiny, it
was deemed aporopriate to investigate the variations in computed proper-
ties obtained by choices of the thermal conductivity equation used in
the heat transfer programs. The effect on computed heat transfer rates
was then estimated.

Since the information has been gathered and is available, it is in-
corporated in this appendix with the thought that others may find the
data useful.

Six equations for thermal conductivity are listed.?* No attempt to
evaluate them on a comparative bagis was made and none should be inferred.
Figures Al and A2 show maximum and minimum curves of conductivity at two
pressures. These curves are envelopes and, between them, enclose all
values of conductivity computed from the six equations listed. Typical
calculations of Core Auxiliary Heat Exchanger (CAHE) perfommance in-
volve helium film temperatures from 300°F to 1000°F with average film
temperatures in the 600°F =~ TOO°F region. At 750 psia and 650°F the
maximum and minimum values of calculated conductivity are 0.151 and
0.146 (Btu/hr)/(£t2-°F/ft). In CAHE performance calculations the gas
side film coefficient of heat transfer is evaluated with equations

having the general form:

b _ X oy
Mo = 1 = © NRe Ny (A.18)
or y
X C
h=C, DKE?Q] —%« (A.1B)

*¥(Refs. 1, 2, 8, 20, 21, 22, 23, 24)
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in which

h = film coefficient of heat transfer, (Btu/hr)/(ft?-°F)

k = thermal conductivity of the gas evaluated at the mean f£ilm
temperature, (Btw/hr)/(ft?-°F/ft)

u = viscosity of the gas evaluated at the mean film temperature,
1b/ft-hr

D = equivalent diameter (tube dia.), £t
G = mass flow rate of gas, 1b/(ft°-hr)

Cp = gpecific heat, at constant pressure, of the gas, Btu/ (1b-°F)

= constant
O
It is easy to show that the effect (the fractional change in the
filn coefficient, h) produced by incremental differences, Ak and Ay, in

thermal conductivity and viscosity is given by:

Pe-nE-GEx-nE (A.22)

Typical values of the exponents x and y will be 0.60 and 0.33, re-

spectively. The above equation then becomes

Ah o Ak . é& o1
T = 0.67 1= - 0.27 ¢ (A.2B)

In Fig. A.2 the maximum and minimum values of k at 650°F are 0.151

and 0.146; using their difference as Ak in Eq. A.2B:

- ol - )
%g - 0.67 (0.151 - 0.146)

- 0.02
0.151 0. 022

It can be concluded that, for CAHE performance calculations, if helium
conductivity is evaluated with any of the listed equations, the results
will be uniform within about 2%.

Tables A.l through A.T7 are helium conductivities calculated using
the equations A.3 through A.8 in the following section. Conductivities
are in Fnglish and metric units. It should be mentioned that:

(1) Equation A.3 (Ref. 1), used in the CACHE programs ¥ to compute CAHE
performance during operation with pregsurized helium gives values on or

near the maximum curves on Figs. A.1l and A.2.

®. R. Tallackson, CACHE-An Extended Basic Program which Computes the

Performance of Shell and Tube Heat Exchangers, ORNL-TM-Lgs5p, 1975.
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Table A.1
THERMAL CONDUCTIVITY OF IELIUM AT 14.696 PSIA

THERMAL CONDUCTIVITY OF HELIUM COMPUTLD
WITH DIFFERENT EQUATIONS

REFERENCE LIST:
Kls3 RIS50 REPT 224. K23 G& CO.
K33 J.P. SANDERS5,ORNL. K45 D.Le 11C ZLROY, ORNL

KS3 JULICH, REPT KFA~IRE~17/72.
K6; ASHRAE, THERMOPHYS. PROP.,1973.

PRESSURE = 14.696 PSIA = 1 ATII = 1.61327 3AR

TEMPERATURE THERMAL CONDUCTIVITY
DEG F DEG R K1 K2 K3
UNITS OF K K4 K5 Ké
DEG C DEG K

UNITS OF X

5@ .00 50%.70 0.0354 g.0862 2.0859
BTU/(HR-FT~F) - B.0345 B.8843
13.01 283617 Belung Be.1491 G.l4ageo
WATT/(METER-KX) - J.1463 01459
103.00 559.70 Bd.4912 J.08318 0.0988
BTU/(HR-FT~FJ - Ueii93d5 ?.8901
3778 318094 @.1579 3.1588 2.1572
YATT/(METER~KD - d.1567 241559
150.08 50970 2269 g.a8372 BeBI5T
BTU/(HR=-FT-F2J - @.4963 B.3957
655656 338,72 J.10678 2.1683 d.1656
TATT/(METER~K) - d.1668 B.1657
200 .00 5592.70 Zel1025 Belu25 @a.1335
BTU/(HR~FT~-F> - B.128 PYe1A13
93.34 36657 G.1775 de 1774 be1 739
UATT/Z(METER~ID - Se.17¢0 Ge1734
250 .39 729.7% 0410393 e 1 BTT S 1852
BT/ (HR~F T~ - Ge1776 41069
[21.12 3944275 DelB69 Fel 354 Z2.1321

JATT/CITZTER-XD) - Jel 32 Celd59
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Table A.1 (Continued)

THERMAL COMDUCTIVITY OF HELIUM COMPUTED
UITH DIFFERENT EQUATIONS

PRESSURE = 14.696 PSIAa = 1 ATM = 1.01327 BAR

TEMPERATURE THERMAL CONDUCTIVITY
DEG F DE3G R K1 e i3
UNITS OF e €5 £
DEG C DEG X

UNITS OF K

360.3¢ 759.78 B.1133 2.1123 B.1899
3TU/(HR~-FT~F) - de1130 B0.1123
143.90 422.06 1961 ‘ Pd.1952 Be1922
VYATT/(METER~X) - 2.1956 2.1944
353.08 389.73 g.1186 J.1177 ge1145
BTU/(HR=~FT~F) - BellB4 B.1177
17667 449 .33 Q.2852 P.2837 B.1983
UYATT/(METER-K) -— 21349 We20037
409 .99 8592.7¢ B.1237 P.122% Z.1191
BTU/(HR-FT=-F) e Y.12306 J.1236
204.45 47761 B.2141 Be.2121 d.2062
YATT/(METER~K) -—- 2140 d.2129
450 .08 9.7 B.1288 d.1273 8.1237
BTU/(HR~-FT~-F) B.1308 Vel288 B.1282
232.23 585.39 1.2229 G.220 Be.2140
VATT/(METER-K) B.2263 Ze222 de2219
587 .00 959.70 U.1338 ¥.1320 b.1281
BTU/{(HR~FT=-F) 21353 d.1339 2.1334
260.01 533.17 82315 @-2254 _ 02218
HATT/(METER-K) De2342 F.231 2.2308
558.08 1289 .7¢ We1387 2.13686 2.1326
BTU/(HR-FT~-F) ¥.1398 Wel339 B.1334
28778 563.94 de2489 D.2364 D.2294

UATT/(MITER=X) Kael2420 %.2443 Y2390
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Table A.1 (Continued)

THERMAL CONDUCTIVITY QF HILIUM CONMPUTED

WITH DIFFERENT

EQUATIONS

PRESSURE = 14.0696 PS5IA = 1 AT = 1.01327 BaR
TEMPERATURE THERMAL CONDUCTIVITY
DEG F DEG R K1 K2
UNITS OF K e K5
DEG C DEG X
UNITS OF K
6Y0 .00 1359.79 A.1435 d.1411
BTU/(HR-FT~-F)> 2.1443 de1438
315.56 588.72 be.2484 D.2442
WATT/(METER-K) d.2498 A.2489
656 .00 1189.78 Ga.1483 B.1456
BTU/(HR-FT-F) 31438 Z-1486
343.34 61650 B.2567 d.2519
VATT/(METER~-K) B.2575 d.2572
70806 .00 1159.78 Pe.1530 b.15080
BTU/(HR~-FT=~F) P.1532 B.1534
371.12 644 .28 G.26458 2.2595
WATT/(METER-K) Be2651 Q.2655
T563.00 1209.706 B«1577 @.1543
BTU/(HR-FT~F) @e1575 Be1581
398.906 67286 d.2729 B.2670
YATT/GIETER-K) Be2726 @G«2737
822.04 1259.79 B.1623 de1386
BTU/(HR~FT~-F) Bel6185 del 627
426.67 699 .43 J.2809 @.2744
TATT/CMETER-X) ?.2801 De2317
850@.30 1389.790 Jel 563 J.1628
BTU/(HR-FT~-F) Bel60O1 1.1673
454 .45 727.061 @.2837 G.2817
HATT/(METER~-K) 2875 Be2396

K3
K6

B.1369
241433

B.2378
B.2481

Bdelal?2
B.1482

Be2444
G.2564

d.1455
B.1529

B.2518
D.2646

Q.1497
GelST75

0.2591
G.2726

D.1538
D.1620

Be1579
d.1665

@.2733
d.2381



37

Table A.1 {Continued)

THERMAL CONDUCTIVITY OF HELIUM COMPUTED

UYITH DIFFERENT EQUATIONS

PRESSURE

TEMPERATURE

DEG R
DEG X
900 .00 1359.72

BTU/(HR~FT~F)

482.23 755439
WATT/(METER=-K)

350 .08 1489 .73
BTU/(HR~«FT~F)

510.231 78317
VATT/(METER-X)

1603 .00 1459.73
BTU/(HR=-FT~-F)

53778 B813.94
VATT/{METER~K)

1905¢.00 1539.73
BTU/(HR~FT=F)

56556 838.72
WATT/(METER~K)

1102.0¢ 1559.7¢
BTU/(HR=FT-F)

593.34 366.50
VYATT/(METER-X)

115¢.99 1609 .70
BTU/(HR~FT-F)

c2l.12 394.28
YATT/(METER~K)

= 14.696 PSIA =

I ATM™

= 1.801327 BAR

THERMAL CONDUCTIVITY

Kl
K4

D.1713
.1794

Ue2965
G.2949

Bel175%
Z.17456

B.3842
B.3022

B.18g2
1738

B.3118
" B.3094

8.1345
B.1829

Jd«3194
@.3165

0.1388
@ e1374

Pe326%
Jd.32306

341931
#1910

@.3343
@.3306

K2
K5

2.1669
De1718

2.2889
23973

B.1710

g.l762

2 .2969
03059

P.1751
B.18023

#.3031
B.3125

P2.1791
g.1848

2.3109
J.3198

P.1831
@.1889

23109
0.3279

?.187¢
F.1930

@.3237
303341

K3
K6

Be.1619
241798

g.2843
B.29356

2.1659
Bel751

F.1699
d.1793

B.2940
2.3183

B.1737
2.1834

3.3007
d.3174

B.1775
1873

J.3873
@.3244

J.1813
B.1314

2.3138
243313
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Table A.1 (Continued)

COiPUTED

UITH DIFFERENT EGUATIONS

PRESSURE

TEMPERATURE

DEG F
UNITS OF K

DEG R

DEG C
UNITS OF K

DEG K
1260 .60 1659.70
BTU/(HR-FT-F)

648 .90 922.086
UATT/(METER~K)

1250.00 1799 .70
BTU/(HR-FT-F)

676.67 949.83
VATT/(METER~K)

130¢.00 1759 .78
BTU/(HR-FT~F)

To4 .45 97761
VYATT/(HMETER-K)

1358.00 1809 .70
BTU/(HR~FT~F)

732.23 1095.32
UATT/(METER~XD

1400 .00 185970
8TU/(HR-FT-F>

760.01 1633.17
UATT/(METER XD

14568 .39 1939 .7¢
BTU/(HR-FT-¥)

T37.73 1462.94
TATT/CAETER-XD

= 14.696 PSIA = |

THERMAL CONDUCTIVITY

Be1974
Jd.1951

B.3416
4.3376

B.2016
B.19906

0.3489
23445

Ga20357
0.2030

B.3561
@.3513

D .2029
2062

g.3632
2.3581

D.2140
D.210%

8.3763
De3€48

2180
F.2146

Q3774
bDe3714

ATl = 1.21327

2.19489
B.1978

B.3305
2.3418

B41948
B.2839

2.3371
De3477

2.1986
B.2047

@.3438
2.3543

3.2024
d.2085

84aR

B.1850
81954

B.3262
@.3381

d.1886
d.1992

B.3265
Be3448

Be1922
B.2038

@.3327
P.3514

Gel958
Be2068

33388
De3578

g.1993
G.2104

De3449
0.3642

[

« 2027
2141

o]

03538
e 3785
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Table A.1 (Continued)

THERMAL CONDUCTIVITY OF HELIUM CONMPUTED
VITH DIFFERENT ZQUATIONS

PRESSURE = 14.696 PSIAa = | AT = 1.91327 BAR

TEMPERATURE THERMAL COHDUCTIVITY
DEG F DEG R K1 He K3
UNITS OF K K4 X5 <6
DEG C DEG &
UNITS OF K
1502.00 1959.78 d.2221 3.2136 J.2061
BTU/(HR~-FT~-F) B.2184 B3.2193 G2l 77
815.56 1383.72 : 0.3843 2.3696 @.3566
WATT/(METER-X) 03779 B.3796 s 2.3767
1550.00 2009.79 d.2281 Z.2172 b.2094
BTU/(HR-FT~F) B.2221 V.2228 de2212
843.34 T 1116.58 P.3913 B.3769 83624
YATT/(METER~X) 2.3844 2.3856 Je3828
1600 .80 2056 .7¢ d.2301 ?.220% Be2126
BTU/(HR=-FT~F) 8.2258 B.2263 d.2247
871.12 1144.28 7.3932 J.3822 Be3687
WATT/(METER-X) 4.3949 .3916 @+3889
1650 .00 2189.74 F.234Y de22404 Je2159
BTLU/(HR=-FT~F) 3.2293% $.2297 3 .22¢
898 .90 1172.66 ZedidsE 7.3385 Ha3730
UATT/(METER-K) 803972 83975 @.3949
1790.89 2159.7¢ 02379 P.2230 g.219¢
3TU/(HR-FT-F) T 8.2332 3.2331 ¥4.2315
926467 1199 .83 Beallyd Fa.3946 2.3791
YATT/(METER~K) %4235 Jenti34 D.4307
1750 .00 2289 678 2418 P.2316 Ba2221
BTUA(HR-FT=-F) de2368 V2364 B.2349
954.45 1227.61 d.4185 3 .4008 d.3844

HYATT/Z{METER~KD Dalit38 Q.4292 Z.40065
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Table A.1 (Continued)

THERMAL CONDUCTIVITY OF HELIUM COMPUTED
UITH DIFFERENT EQUATIONS

PRESS5URE

TEMPERATURE

DEG F
UNITS OF K

DEG R

DEG C
UNITS OF ¥

DEG K
1803 .00 2259.70
BTU/(HR-FT~-F>

982.23 125539
YATT/(METER~K

1856.08 238%5.78
BTU/(HR-FT~-F)

1210.81 128317
TATT/(METER-K)

1960 .99 2359.70
BTU/(HR-FT~F3

1837.78 1316.94
WATT/(METER-ID

1950.00 2469.708
BTU/(HR~FT~F3

1865.56 1338.72
UATT/(METER=-K)

2000 .00 2459.70
BTU/(HR~-FT~F)

129334 1366450
UVATT/(METER~K)

= 14.696 PSIA

THERMAL

K1
K4

B.2457
G.2483

B 4252
Be4159

D.2495
02438

0.4319
B.4220

B.4385
B .4230

B.2572
d.2503%

@451
Beal34d

B.2689
B.2542

Beat516
B.4399

I AT = 1.01327 3AR

CONDUCTIVITY

.r
1y

X5

B.2351
B.2393

B« 4069
B.4150

2.2386
@.2431

B.4l29
0.4208

B.2420
Be2464

Aan189
Beh265

@.2455
Be2497

e 249
de4322

3.2489
D.2530

D.43908
Beut379

a.
B

3.
B

15

@.
g'

g.
Do
B
@I

B
2

e
GC

B.
@.

", 3
7

K3
K6

2252
2382

3897
4123

2281
(%

2415

3949
4139

2311

2447

3999
4236

23448
2479

4049
4291

2368
2511

4098
4346
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Table A.2

THERMAL CONDUCTIVITY OF HELIUM AT 100 PSIA

THERNMAL

CONDUCTIVITY OF HELIUM COMPUTZD
VITH DIFFERENT EQUATIONS

REFERENCE LIST:

K23 GA C
K43 DaLe

PROP»,1973.

140 PSIA = 6.88457 AT =

0. ‘
MG ELROY, ORNL

58949 BAR

THERMAL CONDUCTIVLITY

He
K5

2.0890

D.0846

Ba1540
3.1463

B0946
JdedO05

Cel537
d.1567

Pe1061
DeB963

d. 1732
FalA68

D.1254
Ce.1228

Be1523
da 1766

1. 1185
Me1376

K13 RISO REPT 224.
K33 J.P. SANDERS, ORNL.
K53 JULICH, REPT KFA-IRE-17/72.
K63 ASHRAR, THERMOPHYS.
PRESSURE =
TEMPERATURE
DEG F DEG R K1
UNITS OF K K4
DEG G DEG K
UNITS OF K
50 .00 539 .70 ?.0355
BTU/(HR-FT-F) -
16.01 283417 B.1480
YATT/(METER-K) -
100 .00 559 .70 #.0914
BTU/(HR-FT-F) —
37.78 310.94 ¥.1582
VATT /(METER-K) -
150 .00 679« 75 5.3971
BTU/(HR-FT-F) ——-
65.56 3385 .70 §.1631
JATT/ CAETER=K) ——
203 .30 559 .70 VLY.
STH/(HR-FT=F) -
93.34 366.50 51777
UATT/CMETER =) -
250 .00 159 . T Z.1082
ATU/(HR=-FT~T) ———
121,12 194,23 Ga1872

TATT/ZCATTE? KD

delG13
Je.1352

w

1%
n

?.8885
d.0843

P.1532
D.1459

7.8935
G.0901

b.1618
@a.1559

@934
d.8957

d.1742
B.1657

J.1832
B.1013

2.1786
2.1754

bd.1833
J.1369

J.18869

21559



THZRMAL CONDUCTIVITY OF

L2

Table A.2 (Continued)

Hel T U

JITH DIFFEKENT LQUATIONS

PRESSURI

TEMRPERATURE

23 F D
UNITS OF K

{5
vy
oy

DEG C
UNITS OF K

303 .02
BTU/(HR~-FT~F>

759470
148 .99 422.96
UATT/(METER=K)

352.00
BTU/(HR-FT-F)

809 79
176.67 44933
JATT/CMETER~K)

492 .92
BTU/(HR~-FT-F)

859 .7¢

204 .45 477.61

WATT/CHIETEZR-{)

450 63
BTU/(HR~-FT-F)

929.73

232.23 545639

TATT/(HMETER~-K)

500 .00
BTU/(HR~-FT-F)

259.70

260 .01 533.17

YATT /(METER=-.{)

5501 .93 189 .78
"3TIJ/7C(HR-FT-F)

287 .78 56094
TATT/CIZTER ()

= 194

PSSl = S«80457
THIAL

T,

£
K4

1135

- - -

4.1964

- -

Jde1239

#.2145

g.1229
Cel13U3

d.2232
J.2264

Jel 344
D.1354

@.2319
7.2343

71389
Je13929

Ve 2414
Ca2a21

COMPITID

AT =

COUDUCTIVITY

N N

[

2.1156
d.1139

be2dd1
Be1956

B.1295
G.1184

2.20856
Da.2049

Jdel254
Bael230

B.2170
de2140

Je1361
Jde1238

J.2253

J.2229

J.l348
Jd.133G

B@.2333
3.2317

Ae1334

e 1309

Je2413
Se24153

03949 BAN

K3
w0

1127
Bdell123

Q.1951
bdel9uy

Dell74
el 177
d.2632
Q2437

7h.1220
Hal233

de.2112
Z.2129

Bel1286
Jel282
B.2191
D.2219

B.1311
01334

B e2209
D.2348

Ae1355
Je1384

B3.2346
42396



THERMAL COWNDUCTIVITY OF HzLIUM
YITH DIFFERENT EQUATIONS

PRESSU

TEMPERATURE

DEG F
UNITS

DEG C
UNITS

633 .00 1959.78
BTU/{(HR~FT-F)

315.56 588.72
VATT/(METER-ID

658.008 1169.70
BTU/(HR-FT-F)

343.34 516.50
UATT/(METER~K)

790 .00 1159.78
BTU/(HR-FT~-F)

371.12 644.28

TJATT/Z(AETER-K)

750 .00 1239.74
BTU/(HR-FT~F)
398 .99 672836

VATT/ CIEZTER~HD

500 .09 1259.78
BTU/(HR=FT-F)
1426.67 699.33

TATT/CIETZE -0

B350 .20 137973
BTU/(HAR~FT~F)

454 .45 727 .01
TATT/OMITER-KD

5
I

RE

4
poe)

L3

Table A.2 (Continued)

= 188 PSIA =

COvIPITE

&«88457 ATH =

D

6.8949 3AR

THER{AL CONDUCTIVITY

J.1437
B.laasn

32487
2499

Be14485
0.1438

B.257%
2.2575

8.1579
3.1576

©.2732
Ded727

De1N2S
d.1619

K2
K5

de1439
P.1438

Jde2491
8.2439

Deladqy
B.143¢&

J.2558
22572

g.1528
@.1534

de2644
J«28655

de1571
{)-1581
2719
de2737

Seldly
Jel1628

‘})-2793
Ba.2517

S

73

5

.1
01(

[ETERN

~ L

fo

<

AL 2566

12396

Z.1399
D.1433

d.2421
P.2481

Be1442
Yo 1482

Ze2496
B.2564

Palnsds
T.1529

0.2570
02646

8.13527
d.1575

0.2643
Je2726

Be1569
D. 1620

d+2710

Do 2804

Za1619

el GG

Ba2TH7
Jez sl




Ly

Table A.2 (Continued)

THERMAL CONDUCTIVITY OF HALIWI COUPUTED

VITH DIFFERENT

PRESSUREZ

73

TEMPERATU

\

v

DEG F DEG R
UNITS OF KX

DEG C
UNITS OF ¥

DEG X

900 .30 1359.7¢

BTU/(HR~-FT=F)

482.23 755.39
UATT/(METZR~XD

950.340 1429 .70
3TU/(HR-FT~-F>

510.01 753417
YATT/Z(MEZTER-K)

1006 .3¢ 1459.70
BTU/(HR-FT~-F)

537.78 Bl.94
YATT/(METER~)

12353 .96 1589.70
BTU/(HR-FT-F2
565.56 838.72

TATT/(METER-K)

1180.00 1559 .78
BTU/(HR-FT-F2

593.34 366450
VYATT/ZCIZTER-)

1158.233 1649 .73
BTU/(HR~-FT-F)
621.12 294.28

UATT/CITTER =D

SQUATIONS

= @@ PSIA = 6.80457

AT =

6.83245 BAR

THERMAL CONDUCTIVITY

del715
B.l17U4

32908
B e2349

Se1759
Del 740

0.3345

o aAna
v ® s el

J.1823
1753

2.3121
J.3094

Ga1347
541829

J«3197
2.3186
BelB89G
Bel370

Le3272

£e3237

e 1933
el9ll

0 e 3346
23337

Jel638
41713

7.2938
Ye2973

del 739
De.1762

J«3649
V3054

31779
€.1805

1.3080
Me3125

JelB29
Ue 1343

el 49
da3123

de1559
e1339

J
a

J (v

Aw
[ o)

«321
. 3 ,7
DelLI9Q
Be1933

Vel651
WelT70E

2357
He2956

01691
FelT731

PDa2926
@.3032

DelT38
Be1793

B.2994
8.3183

Ze1769
d.1334

P.3061
Be3174

Deldad
2.1875

Ge3127
de3244

Jelb44
Fd.19214

Je3132
@.3313



L5

Table A.2 (Continued)

THERMAL CONDUCTIVITY OF HzZLIUM COMPUTZID
T1ITH DIFFERENT EQUATIONS

PRESSUR

TEMPERATURE

DEG F
UNITS OF K

DEG R

DEG C
UNITS OF K

DEG

K
1200.00 1659 .70
BTU/(HR-FT~F)

648 .98 922.86
WATT/(METER-K)

1250 .82 1789 .78
BTU/(HR-FT-F)

676.67 949.83
WATT/{METER~K)

1300 .20 1759.78
BTU/(HR-FT-F)

784 .45 377 .61
YATT/(METER-K)

1350.00 1839.70
BTU/(HR=-FT-F)
732.23 1235.39

YATT/(METER-¥)

140€ .02 1859.79
BTU/C(HR-FT-FJ

766 .01 1333.17
TATT/(METER-K)D

1457 .33 19339 .79
BTU/(HR~FT~-F)

78775 1867.94
TATTA(METER-0

o
i)

130 P5IA

6.B0457 ATH

63949 BAR

THERMAL CONDUCTIVITY

D@e1975
@.1951

B.3419
@.3377

J.2017
d.1991

¥.3492
B.3445

B.2059
2.2030

B.3564
F«3514

2.213¢
2 .2069

g 03(335
?e3581

lal

g'
Z2.2103

jal
o

De3706
d.3643

g.2182
J.2146

Fe3776
go:"]l’-’%

PO——
Yy s

K

2.1933
541972

$.3354
Je34182

P.1976
2.2009

33420
@.3477

B@.2014
ge.2a7

73487
B.3543

D.2052
7.2885

)
58]

[N RS

5
AR

w
o Ut

C

32390
de2122

Ze30617
B2.3272

Ze2127
Jecl B3

7.36351
537354

¢.1881
2.1954

0.3256
2.3381

J.1918
g.1992

¢.3328
Je34438

B.1954
2.2030

¥.3382
0.3514

741989
g.2863

¥»3443
@e3578

7.2024
G.2104

Je2d958

Ja2141



THERMAL CONDUCTIVITY OF

YT TH
PRESSURZ
TEMPERATURT
DEG F DES R
UNITS OF K
DE3 C DZG K
UNITS OF X

1500.080 1959.70
B3TU/C(HR-FT~F)

815.56 1043 .72
UATT/C(HMETER=K)
1553.00 23039 .78
BTU/(HI-FT~F)

§43.34 1116.50¢
TATT/CAETENR-KD
1692.00 2059.74
3TU/(HR-FT=F)

871412 1144.28
WATT/ CUETER=)

1650 .02 2189.73
3TU/(HR=FT-F)

398 .90 1172.066
YATT/(METER=X)
170¢.00 2159.70
BTU/C(HR-FT~F)

926.57 1199.53
VATT/(AETER-K
1753 .08 2289 .79
BTU/C(AN-FT-F)

954645 1227.¢1
JATT/(METER-KD

L6

Table A.2 (Continued)

HIEL T U
TAJATIONS

O e
DIFFZRIN

Ll

= 10 PSIA = 6.580457

THERMAL

Kl
K4

a
¢

N

2
i

LeXBhV)

2
4

B.3846
Q.378¢

Je2262
bg.2221

Qa3916
Y3845

Je2362
B.2259

43984
2.39029

¢ e2342
02295

?.2331
2.2332

Fet121
H.a360

o

S ®
*
AV
W
[N
Ies)

Jed4lys

e B3

CO.1”UT=D

COUpUCTIVITY

AN
Ui

d.2104
J.2193

Ca.3745
d«3796

D.35371
B.3916

Je2273
De2297

B.3934
3.3975

©.2398
0.2331

Be39905
@ L "&x’j 3 /4

Je2344
J.2364

Dol a7

34992

S 3949 340

K3
K6

Jd.2d92
“e217T77

¥.3621
3.3767
@.2125
B.2212

23673
U.3823

G.2158
Ce2247

d.2190
€.2231

d.3794
de.3249

d.2221
P.2315

G e 3344
Ga00827

o N
W N

de.2252
0.2349

D,

43897

Ued05



THERMAL CONDUCTIVITY OF HELIU
WITH

PRESSURET

TEMPERATURE

DE DEG R

G F
UNITS OF K

DEG C
UNITS OF H

DEG ¥

1500 .00 2259.78
BTU/(HR=-FT=F)

982.23 1255.39
HATT/{MZTER-K)

1850 .00 23092.70
BTU/(HR-FT-F)

1818.01 1283.17
VATT/C(METER-K)

1902.02 235970
BTU/(HR-FT-F)

1837.78 1313.94
YATT/(METER-KD
1950.80 2409 .70
BTU/{(HR~-FT=-F)

1865.56 1338.72
UATT/CUETER-K)D

2002 .00 2459.72
BTU/{(HR~FT~F)

1893.34 1366.50
WATT/CHETER-D

L7

Table A.2 (Continued)

DIFFERENT ERUATIOQNS

= 180 PSIA =

6823457 ATM =

CONPUTED

0.8349 BAR

THEAMAL CONDUCTIVITY

K1

D.2459
@.2403

Cel255
Beal o8

J.2497
J.2439

P.4322
Q4220

22535
3.2473

4388
B.4281

Jd.2573
¥.2508

0.4453
@.4348

Fde261 1
Ea0

Ce2542

Ben519
3.4399

L2
K5

B2379
02390

Bedlls
D e 150

Be24l4
De2431

3.4178
Je.4298

Jd.2449
Be2464

G«4357
8.4379

K3
K6

g.2282
g.2382

P.3950
De4123

@.2312
V2415
243031
Q.4130

2.2341
Q.2447

Z.4051
De4236

d.2369
J.2479

Ba.4121
Zad291

22397
Ba2511

dadla9
B340
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Table A.3
THERMAL CONDUCTIVITY OF HELTUM AT 500 PSIA

THERMAL CONDUCTIVITY OF HELIUM COMPUTED
WITH DIFFEREZNT EQUATIONS

REFERENCE LIST:
K13 RISO REPT 224 K23 QA CO.
K35 JeP. SANDTRS,ONUIL. L4535 Dol MC ELRQOY., ORNL

X553 JULICH, REPT KFA~IRE-17/7Z2.
K635 ASHIRAL, THERMOPHYS. PROP.5>1973.

PRESSURZ = 338 PSIA = 34.0229 ATl = 34.4743 BAR

TEHPERATURE THERMAL COJDUCTIVITY
DEG F DZG E HE L2 X3
UNITS OF X K4 K5 K6
DuGg C DEG K

UNITS OF X

58 .80 589.70 B.B3862 J.0923 B.2898
BTU/(HR-FT-F) i 38346 B.03843
16.01 233417 J.1492 Jel371 Je1554
JATT/(METZIR-KD) e de 1453 Jel459
163.23 559.70 Dedu21 Gell 364 D.C248
BTU/(HE~-FT~) - Je345 2.0901
3778 319.94 ZelHa el H6d Del oAl
TATT/ZCIETE - o da1357 J. 1559
150 .40 579 o 75 U970 Yelwlo 248997
BTU/(HR=FT-F) .- d eI 04 Ued227
65.56 333 .72 el 593 vel 762 Del725
UATT/Z(METER - -——- Del16568 Geld57
232 .30 539.7% T e1934 2010071 Jel@A45
BTJ/CAR-FT~F> - JelB21 R.1013
S3.34 36645¢ 21792 2.1354 D189
HaATT/CIZTLN-K - 1el1 766 a1l 754
25¢ 019 ToA3TH G137 e 1123 BelUin3
BT/ -FT~F) - Jdelui7o JelabR
121.12 394 .25 CelaEns wel 44 Ueld92

TATT/Z7CAET I~ 0 i Jel3r2 0. 1850
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Table A.3 (Continued)

THERMAL CONDUCTIVITY OF HZLIJII CONPUTED

TITH DIFFERENT ZRUATIONS

PRESSUR

TEMPERATURE

DEG F DEG R
UNITS OF K

DEG C DEG K
UNITS OF K

300.23
BTU/(HR-FT~-F)

75974

148.90 422 .06

HATT/ (METER-XD

350.00 889.70

" BTU/(HR=~FT~-F)

17667 449483
YATT/(METER=K)

430 .00 859.70
BTU/(HR=-FT=-F)

204 .45
UYATT/(METER-X

477.61

450 .00
BTU/(HR=-FT~F)

909 .78

232.23 5805.39

YATT/(METER=-I)

502 .83
BTU/(HR-FT~F)

959.7Y

260 .01
VATT/Z(METER~K

53317
558 .00 1889.70
BTU/CHR~-FT=-F)

287.73 588.94
YATT/{HMETER=-K)

™

o

= 508 PSlAa = 342229

AT =

344745

THERMAL COWNDUCTIVITY

o
vy o
£ o

J.1143

- -

B.1977

- -

Ba1195

B 429068

be1247

- -

Be.2153

.1297
d.1312

8.2245
d.2271

31347
Jd.1357

#.2332
B .2349

J.1396
Hel4d2

3.2417
G.2427

K2
K5

d.1174
B+1139

Be2031
D.1956

21223
D.1184

d.2117
Be2049

ga.l272
.1236

0.2201
B.2140

2.1316
d.12388

2.2283
B.2229

H.1366
P.1339

d.2304
J.2317

B.l4aiz
Z.1239

Fe2444
Je2403

B3AR

K6

@.1141
g.1123

0.1974

- Bel94y

JellBH
G.1177
02655
8.2637

J«1234
2612330

Be2214
B.2219

B.1325
0.1334

B.2292
P.2338

B.1369
ée 1354

Ve2359
Je2396



THERIAL CON
UITH

PRESSURE
TEMPERATURE
DE3 F DIG
UNITS OF K
DEG C D=G X

UNITS OF K

680 .00 1059.79
BTU/(HR~FT~-F)

315.56 588.72
YATT/(METER XD

653 .40 1189.7%3
BTU/(HR~FT~F)

343.34 616.59
UATT/(METER-K)

T30.00 1159.72
BTU/(HR-FT~

371.12 644423
WATT/ZCGIETER-KD

752 .02 1239 .74
BTIY/(HR-FT-F)

398,94 O6T206

UATT/UMETEx-1{)

303 .04 125947
BTU/(HR-FT-¥)

42667
UATT/

$99.33
LTEZR-10

BS5P e dd
BTU/(HR-FT~

1382.74d
F3

727351

D

454445
TATT/CATTES

DUCTIVITY OF
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Table A.3 (Continued)

ARLI U

DIFFERENT ZuUATIONS

naQ
25

3¢9 Ia = 34.3229

CourPJTE

AT =

o

344745

- THERMAL CONDUCTIVITY

O.1445
Belau7

Fe1493
d.1491

De25573
?.2530

G.1544
Q.1535

B.2655
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elb30
Be1573

De2T45
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Je2675
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Jel632
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@157
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Ve23
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39

-
ol

B3AR

~ ey
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Pelsll3
Del433

J 2445
de2431

Beldso
Beldln2

G e2594
Be2040

deld4al
Je 1575

n;.l

&7
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G m
m U
~
\)O

Ge1533

del629

Je 2739
Je23804

Yol b24
s-:‘o l 6(/)5

He2318
F.2881



THERHAL CONDUCTIVITY OF
WITH

PRESSURE

TEMPERATUIRE

DEG F DEG H
UNITS QOF ¥

DEG C DEG X
UNITS OF X

202 .88 1359.78
BTU/(HR-FT~-F)

482423 755.39
TATT/(METER-K)

950 .20 1409.70
BTU/C(HR~FT-F)

510.91 783417
UATT/C(METEZR-K)

1080 .00 1459.74
BTU/(HR-FT-F)

537.78 810.94
HATT/(METER=-K)

1258.00 1589 .70
BTU/(HR-FT=~F)

565.56 838.72
WATT/(METER-K)

1102.09 1559,.74
BTU/(HR-FT~-F)
593.34 B66 e3¢

JATT/CMETER=-K)

1150.00 1689478

BTU/(HR=FT~-F)

621.12 394 .29

TATT/(METZN-K)
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Table A.3 (Continued)

HZLI UM COUPUTID
DIFFERENT EUUATIONS

5S¢0 PSIA = 34.8220 ATH =

THZRIAL

Ne!

ni

Bel722
BelTB6

J.2981
02953

@e17¢7
B.1743

33053
B.3326

d.1811
J.179¢

d.3134
D.3095%

D.1854
2.1331

@.3209
€.310693

2.1397
da1372

J.3234
J+.3240

de194y
@.1313

2.3358
@.331C

CONDUCTIVITY

Uy 0O

b e
v

Z2.1715
d.1713

el
9

SIS
N

~ o
PR

de1756
Ba1762

J.3040
¥.3050

BDe1797
P.1385

B.3118
J.3125

B.1337
De1845

03186
7.319%

.I
F.133

=

N
LN
~J

7
E

p~
o

B.3249
3.327¢

J.1916
B.1530

We3317
$.3341

34,4745 3

—_
N oo
oW

1705

U.2880
2.295%

B.1724
D.1751

f.2249
8.3832

Gel 743
B.1793

B.30317
B.3103
Ze.l1782

4.1834

2.3284
£.3174

“a1323
2.1875

w1357
B.1914

2.3214
D.3313



Table A.3 (Continued)

THERMAL COUDUCTIVITY OF
VITH DIFFERENT EQUATIONS

PRESSUARE

TEMPEDATURE

DEG F DEG
UNITS OF X

DEG C DEG K
UNITS OF X

120@.00 1659.78

BTU/(HR-FT=F)

648 .90 922.46
VATT/(METER-K)D
1250.89 1789 .70
3TUZ/(HR-FT~-F)

676467 949 .53

YATT/ (IZTER-K)

1388 .09 1759.70¢
3TU/7CIR=-FT-F)

T84 .45 07761
UATT/CGIETER~-K)D
1353.00 1889.70
BTU/(H2=-FT~F)

73223 13%35.39
UATT/Z(METER =D
1422 «29 1359.73

3TU/(HR-FT-F2

76321 13317
TATT /12T -0

1450 43 1900 74
3TH/CHT~FT-F)
T37 6773 126034

VATT /¢ 0 020~-43

= 380

F31a =

TARDMAL

5.192062
J.1953

J.3431
¥.3389

2024
B.1992

163504
J 3445

3 e 27N

Je2¥32

3575
»e3516

U . 2 l "*35;
Ce2149

Vel Tl
ie3631

Se2) 59

Sewl s

.
%
v

a
.
o
—
=) O

HELI UM CIuPUTED

34.0229 AT =

ry e
(62 IRAV]

Jd.1955
He1974

) e3384
F.3410

Fe1394
Je2839

Ce3451
Je 3477

5. 2832
Ge2847

Z.3517
7 3544

@e2d T
32385

143553
130680

o213
2122

.

(‘/

¢

/13
57

QJ (o™
On
A

[

Je2 145

Se 2155

« 37712
. e,
,Q\,l =k

CONDICTIVITY

B.1894
Wel9354

d.3278
4.3351

01930
Je1292

Le3341
D e 3443

Se19566
Z.2030

e 3483
Be3514

2801

A eyt
D el 65

e 3464
Jde3DTs



THERMAL COWDUCTIVITY
TITH

PRESSUNE

TEMPEZRATIRT

DEG F D5 R
UNITS OF K
DEG C : DEG K
UNITS OF X
1500 .00 1959.70
BTU/C(HR=FT~F)
815.56 1088.72
WATT/ (METER=I)
1550 .00 20089.70
BTU/(HR=-FT-F)
843.34 1116.58
YATT/(METER~X)
1600 .80 2059 .73
BTU/(HR=-FT-F)
871.12 1144428
WATT/(METER-K)
1653 .00 2109.70
BTU/(HR~FT~F)
898.90 1172.06

VATT/(METER=H)D

1702.20 2159.78
BTU/(HR~FT=F)
9286.67 1199.33

JATT/(METER-K)

1753.08 2209 .73
BTU/(HR-FT~F)

954.45 1227.61
YATT/ (METEZR~-KD
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Table A.3 (Continued)

OF HELT U

DIFFERANT IOUATIONE

34.5229

COuP TS

AT =

)]

3Uhe 4T45

THERMAL CONDUCTIVITY

U.3927
@e3847

2.23088
B.2260

03995
G.3911
b.2348
B.2297

J.4063
B.3975

0..2387
2.2333

0e4131
@ el d38

G.2426
J.2369

B.4107
Cedl30

Be2182
J.2193

@e3776
3796

2.2213
B.2228

03339
¥e3356

[ACIRAV)
Oy Ut
[

[
Ll
o o

J.39492
B.3916

De2291
Ca2297

B3.3964
D.3975

B.2320
3.2331

g e 4026
J 4034

B e2362
d.23064
D L8 7
D eld92

BAR

“.2193
BG.2177

Pa3697
33823

J.2163
J.2247

Be3753
#.3889

de2202
Gd.2281

@.3807
263945

B.2231
D.2315

Ze3361
G.a007

De2261
Je2349

J.3314
T el365



THERMAL COUDUCTIVITY OF HELIUN
ITH DIFFERSIT ZRUATIONS

TEMPERATIRE

DEGF
UNITS gF X

D=G R

D253 C
UNITS OF 4«

DEG X
183G .20 2259.70
BTU/C(HR-FT~F)

932.23 1255.32
YATT/UIETER-K)

1853.600 2309.70
BT/ (HR-FT~F)

1313.061 283.17
YATT/(METER-KD

1939 .90 2339.70
BTI/(HR-FT-F>

1A37.78 131094
TATT/(CMETER -0

1950 .07@ A7 o T2
3TU/CAR-FT~-5)

1065.56 133%.72
UATT/ZCASTER-K)
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Table A.3 (Continued)

CO IPUTE

= 34.4229 AT =

D

344745

THEZRMAL CoOwNDUCTIVITY

Ve24064
De2435

B3e42065
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N e2440
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/)

&

2
2

~ &
Tt =

5
4

(w9

L4397
e 4253

22579
02529

364463
Ge342

EPSARCY IS

e2543

~ N

[
.
MR
— L

J«2393

sedl 4l
el sa

Je2432
A0 2431

G e 4299

ry
e L2903

e 2466
Ko 2454

i -512‘%9

AeN2BD

He2591

2497

Ge4321
JeAR22

Se3358
Je #4372

B3AR

33965
ded123

Je2321

e2415

de2349
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Table A.4

THERMAL CONDUCTIVITY OF HELIL AT 750 PSIA

THZRIAL

TZIPZRATIIRE

273 F
YNITS

DEAG

Ny C
MITS

- DEG

57 . ¢A

AT/ (HR-FT-F)

Pd.21
TATT/CART IR )

BTN/ (HN~FT~F)

37.7%
TATT/CITTIN -0

159,37
BT/ (HR~FT~F)

TATT /CAZTER-D

208 A2 A5 .70

STIT/(HAR~FT~F)

9.3
TATT/CZTE A~

257 .47

HENACAR=FT=F)D

12112
TATT /CITT L0

R

539 .74 K

253.17

552.70

318.94

33%.72

36645

TAILTA @

3340205

CONDUCTIVITY OF
MITH DIFFIRINT

RI30 REPT 224.
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THZRIIAL

Kl
{4

«JB06

-

Aa 14499

ALRITS

629 .70 BedDU3
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THITUIAL SULLIG
TITH

D

N
JaN

TR IRATIVG

DESF

INITS JF o

D43 G
TIITS OF
334 .00

BT/ (HR~-F"=F)

140 .23

DZ3 ™

JDma «
753,74

422 .37

TATT /(12 TRR - )

3533 .23
BT/ (HR-FT=F)

176627

3233 .74

A4 .83

TATT /AT LR-)

339 4
BTY/(AR-rT~-F)

230643

359.72

477 51

YATT/CTITRER-D

457,273
3T/ CIR-FT-F)

232.23

W9 .72

345+ 39

TATT/CASZTIR 0

520 .23
AT/ HR-FT-F)

2eA a1

2539.7¢

533.17

TATT /TN =)

237,70

255UR
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Table A.4 (Continued)
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Table A.4 (Continued)

THEMAL CONDUCTIVITY OF HELIUG COMPUTED
UITH DIFFERENT ZAUATIONS
DRESSURT = 750 PSIA = 31.0343 AT.I = 51.7117 346R
TEMPEZRATURE THERAAL CONDUCTIVITY

D3 F DTG R K1 X0 3

MNITS OF X K 355 (6
pDE3 C DEG K

UNITS 0OF [

603 « 33 1959 .70 2.1449 D.1463 delu22
BT/ (HR=-FT~F) 0.1449 el aulds Be1433
315.56 R e G.23548 3.2532 2.2463
TATT/(METIR-K) P.2538 3.2489 J.2481
650 .30 1133 .74 A.1497 3.1527 Ae 1465
3TUH/(HR=FT-F) #.1493 Aol 486 A 1430
343.34 616459 Be259% 32539 $.2535
UATT/(MIETER-K) ¥.20584 2.2573 Be2564
THA AR 1159.72 2.1544 del351 3.1537
3T/ CARFT-F) $e1337 1534 A.1529
371.12 644 .25 L2572 D.2685 3.2609
UATT /7 CIETER=-0) J.3064 242655 J.2546
73300 1209,70 2.1599 A.15975 B.1550
3T/ (HR=FT~F) Jel38d 2.15%1 2.1575
393 .97 672.05 Bo2752 3.2768 3.2682
UATT/(METER~K) 2.2735 Fe2T37 3.2725
IAD B 1259 .74 1 .1636 3.1637 3.1591
BTU/(HR-FT-F) 21523 1623 Del62
H2A 57 6994373 REERE O34 Je2754
ATTZ¢ AT 2R =D Se2add e 2517 De2id
354430 135979 21651 Gel679 B.1637
BT I/CAR-FT-7) Del s Lel D73 el OHHH
A54.45 T27 461 a2l A e 23y T

TATT/CHTTEIN=-10)

425503

e 2o

D e2325

PUPRCRORTS |



THZMAL

TIT

PRESSURZ

TEMPERATING

DESG F DE3 7
UNLTS OFex

%31 C DZG |
UNITS 0F K

932.22 1359.70

BTU/(HR-FT=-F)
432.23 5539

UATT/CIETER-D

959.00 1433 .72
BTU/(HR=-FT-F)
51d.@1 73317

TATT/(METER-KO

18680 .30 1459.70
BTJ/(HR~-FT-F)
537.783 313.94

TATT/CATTER-K)

18592.39 1589.72
B3TJ/(HR~-FT~F)

565.56 838 .72
JATT/Z/CASTEIR-E)

1183.80 1359.79
BTU/(HR-FT~F)
593.34 B806.52

VATT/(METIR=-0)

115d.0¢ 1602,72
BTU/(HR-FT=-F)

621.12 $94.23
UATT/(AETER=-K)
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Table A.4 (Continued)

COIXICTIVITY OF
DIYFZREAT
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Table A.4 (Continued)

THERMAL COMNDUCTIVITY OF HILIU4 COMPUTED

AT =

S1.7117

THZRMAL COuDUITIVITY

WITH DIFFERENT EQUATIONS
PRESSUURE = 758 PSIAa = 51.8343
TEMPERATURE

DE3 F DEG R il

UNITS OF K 4
DEG C DIG K

UNITS OF

1203 .00 1659.70 b«1986
BTU/(HR-FT-F) 2.1954

648 .90 922.d6 2.3437
YATT/(METER-K) ¥.3332
1250.0¢ 1709.70 d.2023
BTU/(HR-FT-F) d.1394

676.67 949.83 J.3509
JATT/CIETER~KD A.3451
1300.393 1759.730 2.2069
BTU/(HR-FT=-F) 2.2333
734.+45 977.61 d.3531
YATT/(METER-K)D B.3519
1352.939 1329 .78 2.2110
BT/ (HR-FT-F) %2272
732.23 1835.39 3652
VATT/{MZTER-LD 2.35586
1439 .43 135970 Bae2151
BTU/(HR-FT-F) Je21180
764.31 1833.17 @.3723
YATT/(METZR-K) D.3653
1458 .30 1939.74 de2192
BTI/(HR-FT~F) 3.2149
73778 1368 .94 W e3793
TATT/OIITER-D 2.3719

K2
X5

B.1961
2.197€

2.3394

B.3410

J.2000
0.2209

@.3461

A.3477 .

3.20338

B.2847

?.3527

de3244

Je2d76
G 2U85

143593
d« 35135

Je2113
de2laz
bd.3658
b.3672

vie 2158
@.2158

D.3722
B.3734

BAR

d.1382
D.1954

Be3292
2.3381

2.1938
d.1992

¥.3354
B.3448

3.1974
J.2039

d.3415
Y3314
02009
W.2063

Ue3476
Ge3573

J.2843
d.21¢4

2433536
3042

Ae 28077
de2141

Hae3595
be3705
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Table A.4 (Continued)

THERMAL COADUCTLIVITY QF ([AZLIUIL SO ITED
JITA DIFFERINT 2QUATLIONS
PRESSHRY = 758 PSIA = 51.4343 ATA = 317117 SAR
TEMPERAT!IRE THERMAL CONDUCTIVITY
DTG F DEG R £ e K3
UNITS OF « {4 15 Ko
DE3 C D=3 A
UNITS OF X

1507 .33 1959.79 d.2232 d.2187 d.2110
BTU/(HR-FT-F) 3.2187 V2193 3.2177
Bl5.56 1088 .72 @.3363 J.3786 8.3652
TATT/CASTER-K) Q.3734 d.3796 B.3767
1556 .64 2069.74 d.2272 A.2224 Jd.2143
 BTU/(HR=FT-F) De2224 0.2228 d.2212
843.34 11164508 @.3932 0.3349 b.3708
YATT/(METZIR-K) Q.38409 B.3856 23828
1608.30 2859.70 Jd.2311 De2260 B.2175
BTU/(HAR=-FT-F) b.2261 Be22063 De2247
871.12 1144.258 de.40dd de3312 @.3764
TATT/(METER~K) B.3913 Jd.3916 033489
1635d3.09 21609.748 ¥.2351 Ba.2296 B.22056
BTJ/(HR-FT~-F) 0.2293 32297 de2251
398.949 1172.,06 G.42638 4.3974 d.3514
MATT/(METZR=-K) B.3277 3.3975 33949
1700.23 2159.7@ d.23949 Jd.2332 B.2237
BTU/(HR-FT~F) d.2334 @.2331 V.2315
926.67 1199.83 B.4136 Q.4436 d.3872
UATT/(METER-{) den2ae d.4d34 D.4007
1750.0% 2289.70 ¥e2428 J.2367 D.22067
BTJ/(HR-FT~F) J.2373d d.2364 d.2349
O54.45 1227 .21 d 4223 @497 d.3324
UATT/C(HMETER~-K) Beal132 Jeud32 e dZHS



THERMAL

UITH

PRFSSU\»&

TEMPERATURE

DEG F DEG R
UNITS OF X

DEG C D=
UNITS OF X

Gl
-~

1303.33 2259.78
BTI/(HR~FT~F)

982.23 1255439
TATT /7 (METER~X

1854.0@ 2329.72
BTU/(HR-FT~F)

1019.81 1233.17
WATT/(METER-K)

1902.00 2359.74
BT/ (HR=FT=F)

1833778 131d.94
WATT/(METER-K)

1950 .99 2429.72
BTU/(HR~FT~F)

1065.56 1333.72
YATT/(METER=K)

20392 .00 2459.70
BTU/(HR~FT-F>

1993.34 1366.53
JATT/(METER=K)
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CONDUCTIVITY
DIFFERINT

758 PSIA

i

(Continued)

FOHAELIUM COMPUTED
SAVUATIOUS

51.8343 AT = 51.7117

THERMAL COUSUSTIVITY

K2

3
$e2467 Ge2483
o a5 Pd.2390
Den289 Dol B8
B.4163 B.41359
B.2585 F+2437
@Be2441) 32431
D.4335 Je4219
Bal224 Aed2838
Be2543 de2472
Be2475 S e 2404
Geltid] Aed279
D423 4 Dea4265
#.2531 2587
B.2510 De2437
@ 4466 @?.4333
@.4344 b el 322
De261% A.2541
D 2544 @ 82530
g.4531 B39
D403 Q4379

S3AR

3.2297
d.2382

@.3975
De4123

Jel32¢€
De2415

Ge43206
D.4159

b.2354
d.2447

Ceddd 753
Bld4236

B.2332
!)102/&79

d.al23
de4231

d.2410
Ge2511

Ja4171
Q4346
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Table A.5

THERMAL CONDUCTIVITY OF HELIUM AT 1000 PSIA

THZIAL

VITH DIFFERENT

CONDICTIVITY

QEFEARNCE LIST:

Kls
K33
{55

KOs

TEAPERATURE

DEG F DEG R
UNITS OF K

DEG C
UNITS OF ¥

=}
]
(]
-~

50.00
BTU/(HR-FT-F)

509.70

12.31 283.17
YATT/CAETER-K)

1066.20 55973
BTU/(HR~FT=-F)>
37.78 312.94

TJATT/(METER-KD

150 .90 639 .70
BTU/(HR=FT-F)
65.56 338.72

HATT/CGIETER-ID

208.23 659.70
BTU/C(HR~-FT~F)
23.34 3€6.59

UATT/(METZIR-X)

250 .00
BTJ/(H~FT~-F)

739 .70

121.12 394.28
TATT/ZCQUIETZR-D

NISO REPT 224.

Jele SANUDERS» 03l
JULICH, REPT
ASHRAE, THEAITOPHY 5

10@é P51a =

OF HELIWY
EAUJATIONS

53

K23

43

Dels

KFA-IReE~17/7172.

PrUFPes 1973

357 AT =

CJ.IPUTZED

3A CO.

aiG

0% e H N9

TAZRIIAL CONDUCTIVITY

«1
{4

Q.A378

Ge13606

G929

2.1625

Je936

@a1737

e v

Jelg42

d.1824

d.1897

Gelo2

Jd.03218
J.05406

07

oo

Gy

.1
.1

(AR ON]

&= A

&%}
-

Je 274
D.2925

B.1686
Uel5C7

de.l0283
B.8964

DelT50
Jde1668

Jde10831
Uel020

2.1372
Jel 7066

Dol 1l
el

~ W
AN

i)

Jel13C1
J.12062

ZLEROY, ORNL

1BA3

K3
{6

J.0914
G.35843

Y.1532
D«1459

Uel0964
Ce09@1

Jde16069
Jel339

B.1013
B.8957
Be.1754
Jel 657

Y1062
B.1013

Vel338
Je 1754

:

.
—
[STY0]
Ui o
[SOt



Table A.5 (Continued)

THZRMAL COUDBUCTIVITY OF HELIUM COUIPYTED
WITH DIFFIRZUT ZAJATIONS

ISSURZ = 1333 PSIN = 659457 AT = 565.249 BAN

TEMPERATIRT THaRlaL CONDUCTIVITY

DEG F PDEG R %1 ¢! i3
UNITS OF ¥ K4 RS N6
DES C DEG XK
UNITS OF K
306.00 759.70 G.1151 P.11%4 Bell58
BTU/(HR=-FT-F) ——— B.1138 - Ge1123
148 .90 422.856 ¥e1991 22019 3.2004
UATT/ CGARTER-K) R Ba1957 G.1944
35¢ .00 339 .70 3.1233 G.1233 0.12%5
BTU/(HR=FT~F) ——— g.1184 Ba1177
176.67 449 .53 3.2032 3.2134 2.2035
YATT/CAETER=-1) --- FeB043 B.2037
400 .00 359 .77 7.12353 de1282 ' Bel251
ATU/(HR-FT-F) - Je1226 #1200
2G4 .45 477461 Be217%9 F.2218 B.2165
UATT/(METER-K) ——— J.2140 B.2129
450 .00 909 .73 71385 7.1329 G.1297
BTHU/(HR=-FT-F) 5.1317 B.1253 S.1282
232.23 5@5.39 2.2259 J.2301 B.2244
VATT/CInTIN-K) L2234 402000 D.2219
500 .00 950 .74 B.1355 1376 2.1342
BTU/(HR-FT-7) L1380 4.1379 Gel334
261,71 53317 4.2345 G.352 B3
TATT/CART I-10) 3.2355 342317 u.uJbS
550 ., 30 1609 .70 S.1484 Gelazz 11336
BTU/(HR-FT-1) 3.1407 Ge1359 Ce1354
287.7¢ 560 .94 IR IY Be2aol ve2399
UATT /o7 80-.0) G e2a3s a3 B L2204
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Table A.5 (Continued)

T O S LaLUeTIVITY *F AL TR 0 IR
WITH DIFRIALT Toadnt1io .l
PTG S = v oSl A "o U=
TE=m seeaTioy THLILIAL DICT
DEG F DENE ! 2
TWITSKBF <« A6 w4
DTG C DES W
TRHITS OF X
A s 145973 Wels53 Je 1407
RTH/(HR=FT~-7) Celasl e 1433
315.35 538 .72 Gel2il4 v e2539
YATT/ZCAETER-K) de2311 d o243

650 .17 119706
BTU/CIR=FT~F)

34334 616
VATT/CMETER~K)

T3S 30 1159.74
BTU/(H~-FT~¥)

371.12" 644628
YATT/GIETER-K)

75830 1209 .70
BTU/(HR-FT~F)

398.99
TATT /T TIN -

O

8T2 0
bl

300 .00 1259 .7¢
BTU/(HRE-TFT~-1)

4286.67
JATT/CHMETER -

693.33
<)

8503 .04 1309 & 74
3TU/(HR-FT~F)

454 .45 T27 .61
TATT/Z7CHET 20~

Del394
d.1495

&
L ]
N
w Ui
¢
9}

Bel1547
11539

C.2078
Ba26563

Jel1 639
J410525

.
o n
30
fd Y]
) W

241635
Jel 567

Je2916
Seldnldd

Cel312
Je.1436

~)

e
\V]

o
>

-

A}

i
-~
w

de1556
Jde1334

Ca2692

Ge2 03D

JeD
7Y f) '7 7

k')' 3 1 l/J/!:B
Jel323

Besdl

Uel B4
Je1&73

B.2914
De2895

:,)'.;J/ ;

ITVITY

{2
4o 1430

2.1433

Fa2473
Je2481

Waela73
Jelas2

Le2559
Le25G4

dalb16
71529

Je2624
De20640

.3&
(SNl

3
7

‘J‘lul

ol
ol
2a2697

B3.2726

el 6UQ

Zal327

Je27672
de 284

Le2339
Be2631
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Table A.5 (Continued)

THZRMAL CONDUCTIVITY OF

VITH DIFFERINT

PRISSURE

TZHMPZNATUREZ

DEG F DEG R
UMNITS OF K

DEG C DEG X
UNITS OF i«
900.00 1359.78
BT!J/(HR=FT~F)
482.23 75539
UATT/(METER=K)
950.00 1409 .70
BT1/CHR=FT=-F)
510.901 783417
TATT/CMETER-K)
1200 .30 1459470
BTU/(HR=FT~F)
537.78 B10.94
UYATT/QMETIR-K)
1050 .02 1539476
BTU/(HR=-FT-F)
56556 433,70
WATT/CHETIR-K)
1109.69 1559 .70
BTU/(HR=FT=F)
593.34 $66 .58
UATT/¢METER-K)
1153.00 15629.70
BT/ (HBR=-FT~F)
621412 594420

UATT/CIEZTER-ID

PSIA =

TAZRIAL

341730
U.1710

2.2993
0.2959

QelT74
g.1752

0.3870
B.3831

Dal318
de1733

J.3146
J«3103
e 1335‘

Ge3221

T L3174

VelI9u4h

21875

©.3295
73245

B.1947

el 315

We3369
#.2315

EUUATIONS

COUPUTED

ATM =

COMDUCTIVITY

2.1725

B.1718

Be29306
2973

Ca1767
76

ol

2 .3057
9 .30579

1.1807
Pe1885

& )’
Be23125
Cal1847

# .13 443

Je3197
Je3194

e 1M
(aldsg

D 1927
2 e 192347

%3334
D«3341

58 .949 3AR

Je 1631
17883

9.2909
242956

Dal720
G.1751

0.2978
D.3839

01759
21793

Je3E45
ve3lB3

He1798
71334

Ge3112
23174

Ge1836
Ze1875

De3177
.3244

L1373
el l 4l

T 3242
7433213



TH I AL

ToPERATY2S
DI5 ¥ I3 s

UNITS 0OF X

DZ3 C Dza X
UJNITS OF X
1233 .23 165974
BTU/CHA=-FT=-F)
648 .98 922.006

UATT/CIETER-ID

1250.44 1789 .70
BTU/C(AR-FT~F)
67667 219.8%73

TATT/CAETER-KD

1368.00 1759.7¢
BTU/C(HR-FT~-F)

70445 7751
HATT/CIETER~K)

1358.32 189,70

BTU/(HR-FT~F)
732.23 1085439

”Aﬁ“m/(wl Tc*:r\."'\)

1400 .60 1859 .76

B3TYU/C(HR-FT~F)
76¢.01 1833.17
TATT/ZCGIZTER-XD

1450 .09 1909 .7¢

BTU/(HR-FT~F)

78775 1062424
TATT/ZCHETER =10

66

Table A.5 (Continued)

COUSICTIVITY OF HELTI U
UITH DIFFERINT

LGUJATIO
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Je1333
Jel955
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@.3334
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J.22872
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.
[SV ]
—
Ul Ul
91}

[ESIR N
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Je3734
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CAIULTIIVITY
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CoW

VelS1U8
Gel954

B.3395
¢.33%1

21940
e 1992

463365
Je 3443

“Ge1931
7 e2083%

L3429
Se3514

Je2d15
e2B68

Je 2256
2.2104

e3549
7 e3042

1.2284
da2lal

3607
Ve2745
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Table A.5 (Continued)

THZERMAL COUDUCTIVITY OF

I TH

PRES

TEMPERATURE

DEG R

DEG DEG X
UNITS OF X
1500 .00 1959.70
© BTU/(HR~FT~F)
815.56 1838472

TJATT/C(HMETER-H

155¢ .00 2009.78
BTU/(HR-FT-F)
843,34 1116.5¢

TATT/IMETER=-D)

1600 .00 . 2859.74
BTU/(HR=-FT-F)
g71.12 1144.28

YATT/CAETEN-K)

1653 .00 21089.70
BTU/(HR~-FT-F)
394 .90 1172.86

TATT/CAZTER-HD

1726 .93 2159.73
BT 700

D=FT-

92067 1199.37
MATTZCHTTER-R)

1750.0¢ 2209 .
STUZ/GIE-FT~1)

354445 e
TATT/ZCH TR0

127 .61

SURE

DIFFEREZHNT EQ
= 1988 PSIa =

T
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!
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“
e
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[OVIN oA

[VSERS]
D e

Pedl 39
e Al

e300

Je2371

HELT U1 COLPUTED

UATIONHS

G8.d457 AT =

HEKIAL COLiD

ety

[S1\]

Be2192
B.2193

23793
D.3726
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3
[§%)
(oM

.2
52

\)Fv

]
03
o

‘S

e 37
33

G 3

&
U?ul

o

De2265
Je2263

De3319
€ «3918

Ne2301
Fa2297

A%

0 e2336
He2351

65.2349 34aR

JCTIVITY

)
K2
HZ6

d.2117
B.2177

8+3004
F.3767

Be2149
Be.2212

D372
J.3328

Z.2181
Ha2247

243775
23339



TZHMDIRATIIRE

DTG F DTG R
UNITS OF ¥
DuG C DEG K

NITS OF X

1803 439 225278

BTU/(HE-FT-

9872.22 1355 39
TATT /7 QIETER~X)
1358.4€ 23327
BTY/(AR-FT-1)
1913.31 1283.17

YATT/CHET 20

12003.03
BTU/ (AR~

2359479
FT-F)

1837.78 1318
IATT/CIZTER-X)

PN R4

1950 .09 2409 .79
BTU/(HR-FT~F)
1765.506 1333.72

MATT /7 CIETER-R

20403 .00 243974
BTU/(HAR=-FT-F)

1833.34 1366450
TATT/ZCHIZTZRE-K0
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Table A.5 (Continued)

PWICTIVITY Jf 5o

SLFFERIOT

= 192ad PS

1A = H3d,.,23057

C)\.J P49

THERAAL CONDUCTIVITY

Kl
{4

22453
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Table A.5

THRERMAL CONDUCTIVITY OF HELIUM AT 1500 PSIA
THELRHAL COuLUCTIVITY OF HALI T ConlliThw
JITH DIFFERINT ZwUATIONS '
REFENSNCE LIST:
K1 BISO REPT 254. K2: GA CO.
X33 JePe S5ANDERS,0BNL e K43 D.L. MO ZLROY. ORIL
55 JULICH, RIEPT {Fa-IRZ-17/72.
65 ASHARAL, THZRMOPHYS. PROP.,1273.
PRESSYNRE = 1500 PSIA = 2,069 AT = 193.423 BAR
TEMPERATURS THERMAL COHNDUCTIVITY
DEG F DEG R e K2 13
IUNITS OF ¥ L4 K5 Ko
DEG C DEG ¥
UNITS OF K
53.00 509.70 B.0377 3.0925 T.3917
BTU/{HR-FT-F) - 3 .9846 G.0843
10.01 283.17 0.1517 P.1630 9.15388
VATT/(METER-K) - Z.1464 J.1459
182.00 559 .70 B.0936 3.0981 B.0968
BTU/(HR-~FT=~F) - 2.0905 Y.03901
37.78 3190.94 P.1619 2.1697 B.1675
VATT/(METER~-K) —~——— J.1567 P.1559
15¢.90 609 .70 3.0993 P.1035 B.1017
BTU/(HR=-FT~-F) -——— J.0964 BeBIST
65.56 338.72 B.1719 D 2 Z.1769
YATT/(METER~H) - A g Z.1657
200 .00 65970 F.1049 7.1088 B.1066
BTU/(HR~-FT~F) -——- J.1¢20 DelB13
93.34 366450 Ba1816 J.1883 Pe1345
JATT/(METER~-K - Ba.lT766 BalT754
250 .80 709.72 #.1104 3.1144 Gelll3
BTU/(HR~FT-F)> - 2.1075 P 1369
121.12 394.2% F.1913 3.1973 5e1929
YATT/Z(METER-XK) -—— A.1562 G.1350



THERMAL CONDUCTIVITY OF HELI U
"ITH DIFFERENT

PRISSURE

TEMPERATUIRE
DES F DEG T

UNITS OF

DEG C
UNITS OF X

DEG A

333 .00
BTU/(HR~-FT-F)

759.70

148 .90 422.06
UATT/(METER-K)

350 .06 309.70
BTU/(HR-FT~F)
176.67 449 .83

YATT/(METER-KD

403 .89 359,73
BTU/(HR~FT~F)
204 .45 477451

VATT/CMETER-X)

453 .32 983.74
BTU/Z(HR~FT-F)
232.23 50339

TATT/ZCIETER-D

560.00 959 .73
BTU/(HR=FT~-F)
262401 533.17

TATT/CIETER-K)

557 .93
BTU/(HAR-FT-F)

39%.70

2587.73 S63.94

VATT/Z7CAnTZR-10
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Table A.6 (Continued)

= 1588 P5la =

ZRUATIONE

COMPUTED

l@? 0@69 .\T'I ==

103.423

THERMAL CONDUCTIVITY

e

N4

del1157

J.2003

d.1210

B.2894

P.1261

Z.2183

4.1312
G.1323

Wel361
De.1368

4e2355
d3.2367

Dell 1O

Zelal2

Ry

o oes
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d.1191
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Bel240
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@.2049

d.1289
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} oy

\

N w
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o o
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bel1332
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d.1429
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B.2d12
delGas
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B.1177

de2093
B.2837
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bel1238
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B.2129

@.1332
de1232

3 .‘2‘253
g.2219

Je 1347
@.1334

5.2332
@e232%

b.13922
Jd.1334

J2409
@.2396



THEHRMAL CONDUCTIVITY
UTLTH

PRESSURE

TEMPERATURE

{5

v}

-~
2

DEG F D
ITS OF K

DE5 C DEG K
UNLTS OF ¥

£9@ .48 1259.740
BTU/(HR~FT-FJ

315.56 588.72
YATT/(METER-)

650 .30 1109.73
BTU/(HR-FT-F)

34334 616.58
YATT /CMETER=K) -

780.00 1159.78
BTUI/(HR-FT~-F)

37112 644.28
JATT/(METER~K)

750.89 1209.79
BTU/(HR-FT-F)

398.98 672.06
WATT/(METER-K)

800 .00 1259.74d
BTU/(HR-FT~F>

426..67 699483
YATT/ (METER=K)

350 .20 1309.70
BT/ (HR-FT~-F)
454.45 727 .61

YATT/CAETER-K)

T1

Table A.6 (Continued)

aF

[Tl
sl

DIFFER800T

= 13530 ’35IA =

HEILI I
JATICH:

122369 AT =

SOUPITZO

l«)3-423

THERMAL CUNDUCTIVITY

Jeldasy
B.1450

2.2524
0.2520

2.15806
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B.2596

8.1553
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Jd.1529

g.2634
B.2646
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B.1575

B.2707
BD.2726

Z3.1606
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Del1647
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Table A.6 (Continued)

ICTIVITY O3F HZLI

T COMPUIED

WITH DIFFERZNT Z2UATIONS

PRESSIIRE

TCMPERATURE
DEG F DEG R
UNITS OF XK
DEG C DZG X
UNITS OF X
FddUd 1359.74
BTU/(HR=-FT~-F)
482.23 755-39
YATT/(METZR-K
953.03 1403 .70
BTU/(HR-FT~F)
513.01 733.17
UATT/CHUMETER-K)D
163@.33 1459 .73
BTUJ/(HR~FT~-F)
53773 B1A.94

UATT/ZCMETER-X)

1458 .20 1509 .73
3TY/(HR-FT~
565456 838.72

TATT /7 (METER-KD

1130 .6¢ 559.7¢
BTU/(HR-FT-FJ
593.34 36050

TATT /7 (METER -2

1152.2¢ 1603 .7¢
3TU/(HR-FT-F)

621412
TATT /CHETTE -

59 He25
D

= 1540 PSIA = 132.069 AT = 103.423
THERA1 CONDICTIVITY
il Nz
K4 €5
Be1735 31732
d.1713 Cel718
G e 30010 22998
J.2365 Je2973
BelTT9 el773
F.1755 de 1752
03078 B3.3059
D«3337 Ae3359
#.18292 Sel314
Nel796 Je 1335
Ze3124 LS Y
ARRER UL 3125
DelBLH Je 1854
Jel1037 delzan
ﬂoapg \2103209
3134 Je3130
D.1908 Je 1894
J.1378 Jeld9
73343 363275
A e 325 363270
Bel251 Ze1933

da1913

Je3370
d.3329

e 1330

Wde3300
Fe234a1

Ko

DelbB7
Z.1738

NI\)
U o
o &

Jde232
Je29

21727
Ba1751

De2989
13030

¢.1766
d.1793

0 .3356
J.3103

belB834
2.1334

2.3123
Z.3174

Jelsal
BelsT75

Bedlig
e 3244

e l379
el ly

Jed253
s e3313
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Table A.6 (Continued)

THIMMAL COWDUCTIVITY Uk
UVITA DIFFILISCSHT =29

PAHRESSTINZ

TZMPERATURL

DEG F DEG R
UNITS OF K

bEG C
UNITS DF

12008 .90 1659.73

BTU/(HR~FT~F)

648 .98 P22.0 0
YATT/(METER-¥D

1250.00 1709.70
BTU/(HR-FT=~-F)

676467 949.83
JATT/CMETER-X)

1363.00 1759.70@
BTU/(HR-FT~F)

T24.45
WATT/(METER-K

97761

1350 .00 188970

BTU/(HR-FT~F)

732.23 133539
WATT /(METER-K)

1428.00 185970
BTU/(HR-FT-F)

760.01 1833.17
ATT/Z(METER~KD

14580 .08 19689.70
BTU/(HAR~FT~-F)

737 .78 106094
YATT/(METER~K?

1500

PS5Ia =

~3

U.1992
2.19548

Y3448
23389

82434

¥.3524
0.3458

" B.2075

9.2837

063592
#.3525

de2116
D.2076

03662
©.3593

B.2156

#e3732

243639

'

F.2197
P.2152

B.3802
23725

AZL LU
HaTlons

Colirriun

124869 AT.L =

HENidal COJLUCTIVITY

delv72
11974

Je3414
G e3410

g.2d11
22389
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@.3477

02049
g.2247
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Ge3344
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[saRpoN
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CD.

<

-
P

[AS Y]
e}

i

Je3012
Je.30608
2.2125

de2122

V3677
d.3672

P.21562
02158

3741
J«3734

133.42

380

LM
o W

HelIl6
De1954

8.3310
de3381
B.1952
1992
£«3378
Ce3448

B.1987
0.2239

3439
d.3514

Q.2022
da2868
U330

243578

Be2056
de.21304

@e3559
de3642

g.209¢
Be.2141

2.3617
B.3785
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Table A.6 (Continued)

THERMAL CONDUCTIVITY OF HELIWM C
WITH DIFFEREIT SWQUATIONS
PRESSINRE = 1500 PSIA = 132.369
TEMPERATURE THERMAL CO
DEG F DEG R "l
UNITS OF K R4
DEG C DEG K
UNITS OF K
15840.00 1959.70 B.2236
BTU/(HR-FT~F?3 2.2190
815456 1083.72 B.3871
YATT/(METER-¥) D.3790
1550.99 2009 .70 B.2276
BTU/(HR-FT~ 1) 0.2227
B843.34 1116459 G.3239
UATT/7CMETER-KO €.3855
16006 .04 2059 .76 2.2315
BTU/(HR-FT~F) Je2284
871.12 l14a4.,23 Delidem7
HATT/QIETER-K? 2.3919
1650.20 2189.7¢ Be2354
BTU/(HR-FT~F) Ba.2301
B9g .38 1172.66 Ve 130T 4
TATT/MET ZR~KD) “a3982
1760 .00 2159.70 3.2393
BTU/(HR~FT-F) 22337
92667 1199.33 Gealal
UATT/(METER-K) Q.4345
1758 .03 2209 .74 e2431
BTIJ/CHAR-FT~F) .23
5445 1227 .61 Jeli23
HATT/Z(METER-HD F.ala7?

OMPUTED

4
s

AT = 183.423

NDUCTIVITY

N2
K3

d.2199
d.2193

D.3805
B.3796

N\)
NN
N W
X U

A .
Q.

Je3931
Wa32186

&
\:D

a7
7

&
i\) xO
oW
el

D394
Be3975

72343
We2331

B.4a0855
D.4334

D.2373
62300

BAR

X3
«£6

Be.2122
G.2177

P.3673
Be3767
¥.2155
B.2212
Ge3729
B.3828
d.2186
Ge2247

Ce3784
0+ 3339

B.2217
0.2281

B.33%333
943949



THIRMAL

PRES S

(o,

TEMPERAT RS

DEG F
UNITS OF

DESG C
UtII TS OF

18a¢ .02

BTU/{HR-FT~-

B82.23
TATTZC

=T
s b e

18580.8¢

BTU/(HR-FT~

1910.01

DIG R
¢

DEG ¥
3¢

2259 7€
)

125539

-2

230379
¥)

1293.17

YATT/(METER-K)

190.20

1937753
UATT/CGIET

1958.08

BTU/(IR~FT~

1865.56

TATT/(METE! -

2003 .00

BTU/(HR-FT~

1993.34

JATT/(METER-

oy

Latn

CONDUCTIVITY
I

5359.70
B3TU/(HR=FT-T)

1318.94

~1J

2409 .T78

J3p/

1338472
HO

2459.79
)

1366.50
Re.

5

Table A.6 (Continued)

3

::I)

DIFFERZAT

= 152Y P5IA =

ToAmn

B2469
Ae24U8%

3. 4274
ded]l 63

25907
de.2444

7 .4339
D229

Je2545
de2470

Aef4@ 4y
G239

v
.
[yl

*

S
5

L..‘(O

&
1

A

e 4467

¥.4349
20619
Je2547

B.4533
Delyaid’?

HELIUT COPUTZO

UATLOWS

tu2.059 ATii

YL
X.I{Ua vJ b\

g

rrowa

Ae2414
362398

133423

TIVITY

G.4173%

D2l l50

2449
2431

(538
J e
Uo‘i:_‘:.))j
oo 42U5

1J e 23 3
D e2404

Bal3358:

D. 4322

T

555k
3

=
[SC V]
9] U‘

@.aua17
ey 379

BAR

{3
~n6

W w
WI'Q

a7
32

{\J \D

Je
5
#e3992
d.4123

Je2335
de2415

D e ANAD
Ce 4135

Je23053
Gel24AT

P.4490
B.4236

He2390
Q2473

De ﬂ137
Y221

201«‘*17
Ge2511

Ded4183
Bel346
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Table A.7

THERMAL CONDUCTIVITY OF HELIUM AT 2000 PSTA

TAERMAL CONDJCTIVITY OF

YITH DIFFERZMT

REFERENCE

g1
NECH
K53
K635
PRISSURZ

TIMPERATURE

DE3 F DEG N
UNITS OF X

DEG C DEG K
UNITS OF X

583.00 529 .78
BTU/C(HR-FT~F)
12.01 283.17
JATT/Z(METZR-)
103 .80 559.78
BTU/(HR-FT~F)
37.78 318.94

MATT /IMETER-)

150.2¢ 6502 .70
3TH/(HR=FT=F)
65456 33%.72

TATT/CMETER-K

208 .32 659.7@
BTU/(HR-FT-F)

33.34 366.52
TATT/CIETER-X)

250.0¢ 709 .79
BTU/(HR-FT-F)

121.12 394.25%
UATT/CIETZR-1D

LIST:

RISC REPT 224-.
Jcpa

= 2080 P3Ia =

Hal 1!

TEUATIONS

CUAPIT Zp

K23 3A CO.

SANDERS, 30NL . K45 Dels
JIJLICH, REPT {Fa-
ASHVAE, THERMOPUYS. PROP.,1972.

IRE~-17/772,.

136.091 AT =

AC T ZLRIY. ORL

137.5898 BAR

THERWAL CONDUGCTIVITY

«1
K4

B.1382

@.1527

da294l

2.1629

Va.3999

B.172%

BelC5S4

Bel325

Jel1@9

2.1919

He
XS

2.8934
2.0846

41609
deldcy

2.4936
2.0985

de17@7
del13567
D.1041
D.0964

J.1301
d.16683

B.1294
9.10820

de1760

dJe«ll4as
Jeli176

X3
Ké

JeBd220¢
J.3843

2.1593
Delas?

2.3371
B.3901

Delb32
@.1559

Uelazi
8.8957

BelT67
0.1637

del @76
Jde.1813

Jel852
el 754

B.1113
J.1369

Cel2306

G« 1353



TAEZRMAL COWDUCTIVITY OF HELIUU
VITH

PRESSURLE

TEZMPERATURE

DEG F nEg R
UNITS OF X
DE3 C PEG K

UNITS OF XK

309 .00 759.78¢
3TI/(HR-FT-F)

142 .99 422 .86
YATT/(HMETER-L)

350 .29 309470
BTU/(HR-FT-F)
17667 449 83

YATT/(CAETER=-K)

4133 .09 853 «72
BTU/(HR-FT~F)>
284.45 47761
TJATT/(MZTER-KO

450 .82 909,70
BTH/(HR=-FT=F)
232,23 545.39

HATT/(MTTER =KD

303 .09 P59 .7
BTU/(HR-FT~-F)
267 .01 53317

TATT/CHZTIR-D

55 « B9 129 « 70
BT/ (AR ~FT=F)

287 .78 56«94
MATT/(CMETER-ID

7

Table A.7 (Continued)

DIFFIRZHT SAUATIONS

THERAL
Ry
$4
B.1162

D.2012

da1215

da.2132

el2066

2.2191

d«1316
2.1329

2.
G

l\J {J
[ IV
]

3
S

Pal366
J«1373

W -(_,\3({14
HDe2377

1413
417

Vel

"
O

2445
451

&
o
L_.,‘Lh‘

COPITID

AT o= 1374595

COMDUICTIVITY

-
U N

N

d.1196
A«1131

Je2070
J. 1957

Del245
Jellna

b.2155
e 2049

274
236

de2322
D.2229

el 333
41337

Ca 2483
Je2317

De1434
Jel 3573

/J")[ljf‘)

3.2 4s 4

3Aal

Yuoen
[o I

.1167
@d.1123

U201
Cel944

Wel2l4
A.1177

De21u2
Be2A37

B.1261
2.1238

g.2132
.

Je

D 1387
e l2%2

Del2202

\(_v {‘\.

de22 1

451353
wel334

Wel2341

D et 3w

Se1397
41331

Ledd 19
JeZ396



THERAL

WITH DIFFIRZOT

PRZSSURL = 2409 P5Ia = 136.991 ATt = 137.393 BAR
TEZMPERATIRE THEIHMAL CONDUCTIVITY
DEG F DTG R itl i{z X3
UNITS OF K 1 KS K&
DEG C DEG K
UNITS OF A

603 .40 1459.70 de1463 1479 B.4442
BT/ (HR-FT-F) Belasl d.1438 @.1433
315.56 588.72 Je2532 842561 ﬂ 2495

TATT/CATTER-K) Q.2523 A.2439 22431
650 .30 1189.703 B.1510 A.1524 delags
BTU/(HR~-FT-F) «1545 Me1486 be.l432
343.34 516.50 J. ?613 242638 B.2576
YATT/(METER-K)D 0.2604 2573 de.2564
700 .00 1159.70 @.1557 Q.156% 2.1528
BTU/(HR-FT~F) 2.1548 @.1534 2.1529
371.12 644423 B.2694 b.2714 32645
VATT/(METER~X) Z.2679 d.2655 Ve2046
T30 .00 12909.7@ d.1683 Je.1611 Bel578
BTU/C(HR-FT-F) 2.1521 Jd.1331 Be1575
398.97 672.06 D.2774 B.2788 B.2718
TATT/Z CAETER~K) 2.2753 0.2737 Jd.2726
300 .00 1252.78¢ el 045 2.1654 de1512
BTU/(HR-FT~F) 2.1633 Z.1628 Ba.1628
426467 69283 2352 B.2862 @.2790
JATT/(METER-KD 3 2826 Je2517 B.2834
358.28 1302.78 J.1€93 Jel596 Be1653
BTT/(HR-FT-F) Fe1 35753 J.1673 bde1665
a454.45 727.561 4 e293¢ de2935 9.2561
UATT/Z7CAETER - 7e2399 2.23906 Be.2881
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Table A.7 (Continued)

CONDUICTIVITY OF

HIZLIMA

Z2QUAaTINS

COUPUTED



THERMAL CONDUCTIVITY OF HA&LIU

UITH DIFFEZRENT EQUATIONS
PRESSURT = 200@ PSIA = 136.091

TEMPERATURE

DES F DEG R
UNITS OF K

DEG C DEG ¥
UNITS OF H

@@ .30 1359.79

BTU/(HR-FT~F)

482423 755.32

VATT/(METER-K)

253 .40 1439.70
BTU/(HR-FT~F)
512.01 733.17

JATT/Z(UETER-K)

1200 .00 1459.7@
BTU/(HR~-FT~F)
537.78 810.94

HYATT/(METER-K)

1250 .09 15839.72
BTH/(HR-FT=-F)

3654556 833%.72
UATT/(METER~XD
1183.28C 155274
BTU/(HR-FT-F)

593.34 368.59

TATT/CMETER -

1152.903 1609.74
BTU/(HR-FT~)

621 .12 394.25
UATTZCIETER-)

9

Table A.7 (Continued)

THERMAL COWDUCTIVITY

CJe1 737
B.1717

d.3037
Bn.2972

d.1731
Pa1753

P.3083
b .3044

g.1825
7.1300

33154
S.3115

F.1841

d.3232
63136

J.1918
Jald3l

We33d 06
33236

41952
Ya.l921

7 0337“)
$.3326

COAPUTLID

AT =

K2
K5

241733
217153

B.3247
2973
Del1 779
Gel7062

D.3879
d.32573

<2

.18319
L1835

S

2.3149
P.3125

D.1860
Jde13473

Ge3213
< w3198

J. 1899
e 18539

D133
JwlI 38

2.2355
i’}o\3341

BAR

Nal1693
¥.1708

2.2931
Be2956

g.1733
del1751

3.3839
0.3032

el 772
B.1793

$.3067
F3.3103

B.1811
Z2.1834

Je3134
Be3174

ifal348
41375

Ba3193
De3244

1846
Jel914

J3263
#.3313



THSRAL,

CONDUGCTIVITY OF HilIUM CONPUTID
TITH DIFFEREUT £QUATIONS
PRESSURE = 2039 PSIA = 135.491 AT =

TZMP2RATUAR

DEG F DEG R
TINITS OF X
DES C DES K
UNITS OF ¥
1200.33 1659.7¢
BTU/(HR-FT~F)
648 .9¢ 922.06

VATT/(METER-X)

1256 .34 17489 .7¢
BTU/(HR~FT~F)
676.67 949,83

MATT/(METER~K)

1300.00 1759473
BTU/(HR-FT-F)

T84.45 97761
YATT/(METER=-K)

1358 .4¢ 1389.7¢
3TJ/(HR=FT~F)

732.23
VATT/(METER -

1805.39
X

1400.30
BTU/(HR-

1859.7¢
FT-F)

760 .91
JATT/Z(MET

133317
IR-KD

1458.89 1989.70
BTU/(HR-FT-F)

787.78
TATT /7 (MZTE -

1@6m.0s
)
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Table A.7 (Continued)

137893

TiIZ2MAL COWNDUCTIVITY

4

A.1924
Z.1361}

d.3451
@+33%4

d.2035
G.2001

Jd.3522
B+34053

B.2876
g.2040

@.3593
3.3530

de2117
Q2073

903()63
d.3597

'\);\7

be
21

;—-J|

¥.3733
236564

2197
Be2155

Je3802
23729

SLoes
(SIS

Z.1974
B3.1972

d.3423
2.34l@

2.2016
J 2009

Be3490
Oe3477

B.2054
J.2047
d«3556
B3344

J.2092
J.2@35

d.3621
Je30U8

d.2130
J.2122

D.3636
d.3672

de2167
2.2158

23751
d.3734

13A0L

Ge.1922
bel954

G.3327
3.3381

H]- 1958
D.1992

¥.3389
B.3448

d.1993
2.2030

Ge3450
Ge3514

2.2028
2.2863

NG‘

« 3
«3

CQB;

51
57

230626
@.3785



THERMAL CONDUCTIVITY OF HELIUM COMPUTED
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Table A.7 (Continued)

UITH DIFFEZRENT EQUATIONS

PRESSURE =

TEMPERATURE

DEG F
UNITS OF K

DEG R

DEG C
UNITS OF K

DEG K
1560 .88 1959.70
BTU/(HR-FT-F>

B15.56 1988.72
VATT/(METER=K)

1550:080 2039 .70
BTU/(HR=-FT=F)

B843.34 1116.59
WATT/(METER~K)

1600 .00 2059.70
BTU/(HR-FT-F)

B71.12 1144.28
YATT/(METER-KD

1650.00 2189.7¢
BTU/CHR-FT~F)

398.90 1172.08¢6
WATT/(METER~)

1700.08 2159.74@
BTU/(HR=-FT~F)

926.67 1199.83
UATT/(METER~KD

1750 .82 2209 .79
3TU/(HR-FT~-)

954.45 1227.61
VATT/ (METER-K)

2080 PSIA =

136.091 ATH =

137.893 BAR

THERMAL COHNDUCTIVITY

K1
K4

3.2236
8.2192

B.3870
B.3795

@.2275
2.2230

©.3938
d.3859

@.2314
B.2267

B.4885
B.3923

D.2353
3.2303

d.4072
B.3936

B.2391
2.2339

G.4139
2.4049

022429
3.2375

D 4205
g.4111

B.2204
B.2193

d.3814
B.3796

De2241
23.2228

B.3941
P.3916

B.2297

B l4B03
B.3975

3.2349
0.2331

D ald65
Dedd34

B.2384
A.2365

Dedil206
D eli392

K3
K6

B.2128
B.2177

#3683
B.3767

 B.2160
2.2212

13738
B.3828

d.2191
B.2247

B.3793
3.3889

Y.2222
2.2281

De3846
@.3949

B.2252
@»2315

9.3893
BanB27

Be2282
Y2349

éd.3949
04065



THERIIAL

W

PrEsst

TEMPERATIRZ

D23 F pIg R
UNITS OF X

DTG C DE3 K
UNITS OF X

1803 .30 2259 ,7@

3T/ (HR=FT~F)
982.23 1255.39

UATT/CIETER=K)

16850 .00 23039 .79

3TU/(HR~-FT~F)

1216.01 1283.17

JATT/ (METER=K)

1900 .20 2359.73

BTU/(HR=FT-F)

1337.78 131G.94

TATT/(METER~K)

1958.480 24290 .78
BTU/(HR~-FT~F2

1865.56 1338.72
YATT/CAZTER-K)

2000 .09 2459 .70
BTU/C(HR-FT~FJ
19093.34 1366.50

VATT/(HISTER=-K)
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Table A.7 (Continued)

COMDICTIVETY OF
ITHA DIFFSREZLT

HELIUM
RUlJaTI oS

CH2UTES

s 2UE¥ PSIA 130.u31 ATl = 1374523

THERMAL CONDUCTIVITY

{1 S
K4 <5
2407 2419
Je2411 J 2396
B U270 Jed137
B.alte Jdedt] 58
d.2565 We2d404
Aa.2445 A.2431
00/5333 ‘.5./-1247

2.2542 de2489
Je2480 Jde2464
Be4400 B.4307
944293 J.4265
3.2579 W.25323
B.2515 de2497

ey el Deut367
Be4352 Je4322
11-261() Je2557
W e254% J.2534

Jed528 G e 4H20
dessall Fen1379

3R

B.3999
d.4123

@.2339
de2415

34048
D.4180

1.2366
G.2447

J.4095
B.4236

¥.2393
de2479

d.4142
Bd.u4221

J.2422
Jda2511

@-“4188
?21-/43/46
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(2) Equation A.L published by the General Atomic Co., (Ref. 20) also
produces higher values of conductivity that are equal or very nearly
equal to those calculated with Eg. 4.3B.

(3) The conductivities computed with Eq. 4.5 at pressures (psia) of
500, 750, and 1500 were obtained by linear interpolation bétween con=
ductivities calculated at 100, 1000, and 2000 psia.

(%) In using Eq. A.7 the pressure (density) correction was computed
with the assumption that helium is a perfect gas. This is a compromise;
the expression for density in Ref. 8 is an implicit function of density
and, computationally, very awkward. Becsuse pressure effeéts on con-
ductivity are small, this alteration is considered insignificant.

(5) The ASHRAE expression for conductivity, Eq. A.8 1s apparently
based on the recent work of Ho, Powell and Liley (Ref. 22).

SUMMARY OF EQUATIONS DEVELOPED FOR EVALUATING THE
THERMAL CONDUCTIVITY OF HELIUM

A, TFrom Ref. 1.

K1 = (2.682 x 1073) (1.0 + 1.123 x 1073p) T.71(1—.0002P) (A.3A)
Kl = w/(m® K/m)
T = temperature, K

273 K = T < 1800 K

P = bar; 1 bar = 10° N/r® = 0.9869 atm

]

in British units

KL = (1.549 x 107°)(1.0 + T.743 1o*5p)[i?§].71(1.0_4.379x10*5P) (4.38)

K1
T

i

(Btu/hr)/ (£1°-F/ft)
temperature, °R
LOOPR = T < 3240°R
0°F = T < 2780°F

P = absolute pressure, psia

i

The pressure effect is very small and can be neglected in most engineering

computations.
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B. From Ref. 20:

An equation for helium conductivity in recent use (1974), by the

General Atomic Company is:
K2 = 1.29 x 1073 70.674 + (8,15 x 1074)(P — 14.7)0.28 (A.L)
K2 = thermal conductivity, (Btu/hr)/(ft®-°F/ft)

T = temperature, °Rankine

P = pressure, psia.

C. TFrom Ref. 2:

Equations have been developed by Sanders

2 using data prepared by

Wilson and published by the General Dynamics Corporation. Sanders de-
velopaed polynomial fitting equations for computing the thermal conduc-
tivity of helium as a function of temperature at different pressures.

These equations have the general form

K3 = A + BT + o2 (A.5)

K3= (Btu/hr)/(ft?-°F/ft)

T = temperature, °F

The constants, A, B, and C are slightly pressure dependent as shown in

the following table.

Pressure A B c
{psia)
1.7 0.0809175 9.9936 x 10 ~1.10095 x 1078
100.0 0.0834957  10.08k2 x 107> -1.13598 x 1078
1000.0 0.0863791  10.1611 x 10> ~1.20405 x 1078
2000,0 0.0869068 10.3092 x 10 -1.278k4 x 1078

D. From Ref, 21:

McElroy, with data from Ref. 22, developed a second degree equation
to describe the thermal conductivity of helium at 1.0 atm pressure. An
additive density correction for other pressures from the experimental

work of Tsederberg?3 is included. These equations, in metric units, are:
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(Kh)o = 0.71h0k6 X 1072 + 0.328159 x 1070 T - 0.42803 x 1079 T°
' (A.6A)

o= (k) _+ (1.73 x 107%) (p/T)t-17
(Ku)o = thermal conductivity of helium at 1.0 atm pressure, w/{co® K/cm)
ki = thermal conductivity, of helium, w/(cm® K/cm)

T = temperature, K
500K < T < 1500K
P = pressure, atm
In British units:
(K4)_ = 0.0k126 + (1.053Lk x 107*)T - (7.6331 x 1072)7° (A.6B)

Kb o= (k) + (8.568 x 107) (p/T)t-17

Kk = thermal conductivity of helium, (Btu/hr)/(£t%-°F/ft)
(K4) = thermal conductivity of helium at 1 atm (= 14.696 psia)
©  pressure
T = temperature, °Rankine

900°R (=MMO°F) < T < 2700°R (=22L40°F)

P = pressure, psla

E. From Ref. 8:

(9.23 x 10°) (T - 273.16)

(T - 273.10)5 - L,29 x 1014 (A.74)

(xk5) =(2.97 x 1079) %% +

K5 = (K5) + 2.33 x 107% p + 2.39 x 1076 p®
o
(K5)O= thermal conductivity, w/m-K at P £ 1 bar

(Btw/hr)/(£ft7 =°F/ft) = 0.5779 x (w/m K)
1 bar = 10° N/nf = 0.9869 atm

K5 = thermal conductivity, w/m k

P > 1 bar

density, kg/m®

1o/£t% = 0.062428 X kg/n’

©
i

T = temperature, °K .
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In British units:

. (2.96 x 10° )(T - 491.7)
(5.292x1072)(1T-491.7)° + (4.29x10**)

(KS)O = (1.1hL x 1078) pe°

A.TB
KS = (K5)_* (5.586 x 107®)(p/T) + (2.378 x 1077(®/T)? e
g5 = thermal conductivity, (Btw/hr)/(ft?-°F/rt)
P<1bar 1 atm
(KS)O = thermal conductivity, (Btu/hr)/(ft?<°F/ft)
T = temperature, °R
P = pressure, psia
F. From Ref. 2k:
K6 = °°5/(A + B/T + ¢/TP + D/T°) (A.84)

K6

{1

m/ (cnf K/cm)
T=X

The constant terms and applicable temperature ranges are shown on the

following table.

5K to L5K 50K to 200K 200K to 500K 500K to 1000K

9°R to 81°R 90°R to 360°R 360°R to 900°R 900°R to 1800°R

-U51°F to =379°F  ~370°F to ~-100°F  =100°F to LLO°F  LLUO°F to 1340°F
A 14,7978 9.97104 6.61227 7.48415

B 418.29403 590,260 2429,73 1429.50

¢ ~30.03851 ~26632.5 ~376539 ~45815.2

D 0.0 522649 23473100 0.0
Avg. 0.5 0.2 0.0 0.1
Deviation, %
Max. 1.9 at L5K 0.3 at 130K 0.1 at 240K 0.2 at 900K

Deviation,%
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For the temperature range W0°F to 1340°F the above formula in British
units is:

Ko = 0.0b307 TO°% /(7.L8L15 + 2573.1/T - 1L8hL1/T%) (A.8B)

i

K6 = (Btw/hr)/(£62-°F/£t)

T = “Rankine

#
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Appendix B

Thermal Conductivity of Helium~-Nitrogen Mixtures

This appendix describes, in detail, the procedure and the supporting
data used to develop Eg. IV.A3 used in the CACHE progranm to evalunate the
thermal conductivity of mixtures of hellium with air and air-like gases
having molecular weights in the region 28 to 32.

Thermophysical data on the transport properties of these mixtures
is scarce and does not cover the complete range of compositions and
temperatures required for HTGR applications. The tebulations and curves
of conductivity in Ref., 10 are the bases for Eg. IV.A3 in Section 1V of
this report. The data, Fig. 10, Section 1V, of nitrogen-helium con-
ductivity at 601°F versus the mole fraction of nitrogen was used to
produce a fitting equation representing the variation of conductivity
with composition., The effect of gas temperature was obtained from the
data at 601°F and 219°F. In the unlikely event that a Design Basis De-
pressurization Accident (IBDA) occurs, followed by the ingress of air
into the Prestressed Concrete Reactor Vessel (PCRV), it is expected that
a portion of the core graphite will be partially oxidized producing
carbon monoxide. The core coolant gas will consist principally of heliun
diluted with nitrogen and carbon monoxide. The composition will change
with elapsed time after the DBDA. Because no data on the characteristics
of such three component mixtures was located, and because the molecular
weights, conductivities, and viscosities of air, carbon monoxide and
nitrogen are similar (Fig. 7 in Section IV and Table C? in Appendix (),
it has been assumed that the helium-nitrogen data is applicable to the
post~-DBDA atmosphere in the PCRV.

Equation IV.A3 was developed in two parts. The first describes the
variation of mixture conduchbivity with composition at 601°F; the second
is a term supplying the temperature variation. The step~by-step pro-
cedure follows:

(1) It may be observed, Fig. 8 and FPig. 9, that the general shape
of the curves of conductivity, k, versus F, the mole fraction of Nz or Oz,
for mixtures of helium with nitrogen or oxygen resembles a hyperbola.

Therefore, an equation of the form



(B.14)

was used to obtain an approximate fit to the data. 1In this equation

k = thermal conductivity, (Btu/hr)/ft-°F/ft)
F = mole fraction of the diluent gas, Ny or CO.
A,B = constants

The constants, A and B, were determined so that the "correct” value at
601°F for pure helium (F = O) from Eg, I.A3 and the experimental value
at F = 0.6 in Table 85b, Ref. 10, were satisfied. The resulting equation

is
__0.03991
fa = 5T (8.18)
It was not anticipated that this simple equation would be adeguate.
Additional terms were added to reduce the errors, defined thus:

E(F) kexp -k ‘ (B.24)

E(F) = error, the difference between the experimental values of k

for F > 0 and k3 defined by E¢. B.1B.

kexp= k) at 601°F from Table 85b, Ref. 10, except at ¥ = O as

ncted above, ;

The error, E(F), was approximated by a least squares fitting poly-
nomial in F and the final equation for mixture conductivity, KD, at
601°F became

k =k + E(F), (Btwhr)/(ft?~°F/ft) (B.2B)

k= exp
E(F) = - 0.003196 -+ o.07014F - 0.1576752;+ 0.08612F° (B.2C)
and
ko = 6952%%%%F - .003196 + 0,07014F - 0.15767F° + 0.08612F°
(B.3A)

This equation, B.3A, fits the data at 601°F within 3% over the
entire range of nitrogen-helium composgition. In the range of interest,
when the mixture molecular weights are from 6.0 to seldom or ever more

than 20 corresponding to mole fractions, F, of air (nitrogen) from 0.08
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to 0.66, the maximum error is the order of 1.5%. Table B.l lists the
experimental and calculated values at 601°F, their differences, and
their ratios.

The dependence of thermal conductivity with temperatire was assumed

to be of the form:

K(T) =k (T/TO)x (B.4A)

=
il

k at 601°F (=1061°R}, (from Eq. B.3A)
1061°R

=
If

T = absolute temperature of mixture, °R

The exponent, x, is based on the data in Table 85b, Ref. 10, which
shows values of k versus F at temperatures of 32°F, 86°F, 113°F, 219°F,
and 601°F. Using the tabulated values of k at 219°F and 601°F, x was

evaluated with the relation
x = log (k/k_)/log (T/TO) (B.5A)

k, ko ~ thermal conductivities, Table 85b, of a helium-nitrogen
nixture both with the same mole fraction, F, of nitrogen
at temperature T = 679°R and T, = 1061°R.

after inserting temperatures
x = -2,24 log (k/ko) (B.58B)

Figure B.] shows the exponent, x, plotted as a function of F. The vari-
ation of x is, unfortunately, larger than desirable; from a minimum of
0.53 to a maximum of 0.82., Because this variation did not have a regular
pattern, it was arbitrarily decided to establish x as a constant by using
the arithmetic average, 0.66, of the values of x shown in Fig. B.1l. The
final equation for the thermal conductivity of these helium-nitrogen

mixtures is

T _.03991 , ) N ) T \"66
k = | 7B .003196 + JOTO1LF - 15767F° + '086]2E£:K36€I>
(B.6A)

(Also IV.A3)
Figure 10 in Section IV displays curves of k from Eg., B.6A as a function
of temperature and composition. The data for pure helium and pure nitro-

gen are also shown for comparison. The agreement, when F = 0, with the
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Fig. B.1l. Variation of the exponent of temperature in an equation
for thermsl conductivity of helium~nitrogen mixtures assumed to have the
form,

k= ko TX; T = absolute temperature
At F = 0; x £ 0.71 for pure helium, Ref. 1 or Eq. I.A3
At F > 0; x has been calculated from experimentsl values of thermal

conductivity at temperatures of 377.2K and 589.2K, Table 85b, Ref. 10.



pure helium data is excellent. The agreement, when F = 1.0, with the
nitrogen data is nol as close, but no situations have been postulated
in which ¥, the mole fraction of nitrogen in the mixture, is above 0.6.
Furthermore, the exact composition of PCRV atmospheres after DBCAs can-
not be forecast with extreme accuracy. The uncertainties in forecasting
the post-DBDA gas compositions and thelr variation with elapsed time
after reactor shutdown will, in all likelihcod, be greater than errors

in evaluating gas mixture thermal transport properties.

Table B.l.

Comparison of experimental# and calculated#i
thermal conductivities of helium~nitrogen
gas mixtures at 601°F

F, Thermal conductivity,

Mole (Btu/hr)/ (£t -°F/£t) Ratio,
fraction Experimental, Calculated k ../%
nitrogen, ‘ k calel exp

eXDe cale

0 0.1434 0.14076L 0.981€18

0.05 0.118% 0.121886 1.029kk

0.1 0.1069 0.108118 1.011%

0.15 0.0976 9. 74761 E~2 0.998731

0.2 0.0896 8.88345E-0 0.991457

0.25 0.0826 8.15197E-2 0.986922

0.3 0.0763 7.51137E-2 0.984L52

0.35 6.+99000E-2 6.93524E~2 0.992166

Okt 0.,0641 6. 4O6SBE-2 0.,999513

0.45 0.0589 5,91596E-2 1.00441

0.5 0.05L 5. 456460 1.01046

0.55 0.0495 5.02541E~-2 1.01523

0.6 0.0u455 L6219k E-2 1.01581

0.65 0.0419 b.2L681E-2 1,01356

0.7 3.88000E~2 3.90101E~2 1.00565

0.75 0.0362 3.59005E~2 0.991725

0.8 0.0337 3.31L68E-0 0.983585

0.85 0.0315 3.07982E-2 0.977721

0.9 0.0295 2 .8898gE-2 0.979622

0.95 2., 76000E~2 2, ThOERE~2 0.996243

1 2.58000E-2 2 66UOTE~R 1.03259

*Experimental data from Table 85b, Ref. 10,
-~ 0.003196 + 0,07014F ~ 0.15767F% + 0.08612F°

Wi

calc = C.27T16+F

0.03991
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Aggendix C

The Viscosity of Helium

The Viscosity of Pure Helium

The information in this appendix was developed in the process of
obtaining the equations in Sections I and IV describing the viscosity
of pure helium and helium-air mixtures. |

Before finally selecting Egq. I.B2 (Section I), several sources of
viscosity data on pure helium were located and reviewed. Tn a gub=-
sequent paragraph six equations and thelr sources are listed. All give
similar numerical results at 650°F. This is a representative value for
the mean helium film temperature in the central region of an HIGR Core

Auxiliary Heat Exchanger. The similarity is illustrated by Table C.1.

Table C.1l. The viscosity of pure helium at 650°F evaluated
with Equations C.1B through C.6B, inclusive.

Equation Reference Viscosity, 1bp/(ft-hr)
C.1B Riso Report 224, Ref. 1 0.0798
C.2 GA Co., Ref. 20 0.0779
€.3 J. P. Sanders, Ref. 2 0.0789
C.he Bonka and Vogt, Ref. 8 0. 0777
C.5B J. M. Wright, Ref. 6 0.0778
C.68 ASHRAE, Ref. 2k 0.0788

Equation A.2B in Appendix A is a method of estimating the effect of small
variations or differences in viscosity on the film coefficient of heat
transfer. The {ilm coefficient is less sensitive than for similar
changes in conductivity and therefore no detailed comparative tebulations
of viscosities based on these eqﬁations are provided. PFor example, in
Table C.1 the maximum and minimum values, 0.0798 and 0.0777, differ by
0.0021. The effect of this incremental difference in a typical CAHE per-

formance computation will be less than 1.0%.
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It has been stated elsewhere in this report that the viscosities of
air, nitrogen, carbon monoxide, and oxygen are generally similar and
follow similar trends with temperature. TFigure C.1 shows these viscosi-
ties based on equations in Ref. 24 and Ref. 25. Table C.2 provides

calculated viscosity data in British and metric units.
Equations for Calculating the Viscosity of Helium:

A. From Ref. 1.:

b= (3.67% x 1077)1P*7° (C.14)

b = viscosity, ke/(m-sec)
T = temperature, K
273 K < T < 1800 K

in British units

u = (5.890 x 10™* )r°'7° (c.1B)
(Identical to
w = viscosity, 1b /(ft-hr) Eq. I.B2)
T = temperature, °R

LE0°R < T < 3LUO°R
0°F < T =< 2780°F

Petersent states: "The standard deviation, U, is about 0.1% at 273 K and

2.7% at 1800 K, i.e., 0 = 0.0015 T%,"

B. From Ref. 20

wo= 6,9 x 107% 107 1p /rt-he (c.2)
T = °Rankine

C. From Ref. 2.:

Sanders, using Ref. 3 for source material, presents this empirical

equation for helium viscosity:
b= (6.7 x 107 %)1°°88 1b /(rt-hr) (C.3)
T = temperature, °R

Helium viscosity is stated to be independent of pressure from atmos-

pheric to 2000 psia.
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CAMPUTED FROM FOUATIONS IN THERMAPHYSICAL PRBPERTIES
BF REFRIGERANTS. ASHRAE 1973

TEMPERATURE

DEG F
DEG €

50
10

100
377778

150
6545556

200
?23.3333

250
t21.111

ano
148.889

350
176667

A00
204, 444

450
232.222

500
260

550
287.T78

600
315.556

650
343.333

~===YISCASITIFS @F NITROGEN, 3XYGEN»

DEG R
DEG K

5097
283.167

5597
310.%44

609.7
338.722

597
3665

TG97
394.278

759 .7
422.05¢6

B80%.7
449 .833

859.7
47 Te611

90%9.7
505.389

9557
533,167

1009.7
560.944

10597
588. 722

1109.7
6146.5

96

TABIE C.2

VN2

LB/FT-HR
KG/M-G

4012544€°2
1. 705375

44365652
1.83414E~5

4.T3615E-2
1-95782E~-5

5. 024122
2.0768B8E-5

5. 3018B4E~2
2.19167E-5

5.57015E-2
2.30258£~53

5.82983% -2
2409938~5

6.08154E-2
2.513%8E~5

6+31159€-2
2.60908E-S

6¢54510F-2
2.70560E~5

6¢T7213E~2
2.79946E“S

6+99317E~-2
2.82083E~5

T.20862E~2
2.9798%9E~5

Vs@2

LB/FT~HR
KG/M~-S

Ae TTYG2E-2
1.9 T2A8E~5

Se 14883E-2
2. 12842E-5

5.5114%E-2
2.27833E~5

S5eB&OTSE-2
2. 42271E~5

6419 TTO0E~2
2.556200E~5

645233182
2.62660E-5

£8384TE-2
2.82688FE~5

Te14325E~-2
2.95316F-5

Te44626FE~2
3+07B12E~5

Te 73523F~2
3«12758E-5

B.01648E-2
3«31384E~5

8.29052E-2
3. 42712E~5

B:55781E-2
3-53762E-5

AND

AIR==w=-=

Vs ALR

LB/7FT~HR
KG/M-8

4.28033E~2
1. 769 40E~5

AsSFI2IE~2
1.20124E-S

4.90520E-2
2.02770E-S

5.19954E-2
2+.14938E~5

5.48331FE~2
2.26668E-5

SeTSTA3E~2
2.38000E~5

6.02270E~2
2.48964F~5

6.27983E~-2
2.59595E-5

60529 45%E-2
269913E-5

67721082
2.79944E~5

7.00828E~2
2.82707E-3

T,238343E~2
2.99221E-5

Te A6EPAE~2
3.08502E~-5
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TABIE C.2 (continued)

~=--=-VISCOSITIES OF NITROGEN, GXYGEN, AMD AIR~-~-

COMPUTED FROM FOUATIONS IN THERMOPHYSICAL PROPERTIES
@F REFRIGFRANTS. ASHRAE 1973.

TEMPERATURE VsN2 V.02 Vs AIR
DFG F DEG R LB/FT~HR LB/FT-HR LB/FT-HR
DEG C DEG K KG/M=S KG/M-5 KG/M=S

700 1159.7 7.41887F-2 8.81878E-2 7.68217E-2

371111 644.278 3.06680F-5 3. 64550F-5 3.17S6%E-S

750 1209.7 7+62425E-2 9.07381E~-2 7.89645E-2

398.889 672.056 3.15170E-5 3.75092E-5 3e26422F-5

300 1259.7 7.82507E-2 9.32325F-2 8.10606E~2

4264667 699.833 3.23472E-5 3.85403E-5 3.35087€~5

850 1309.7 B.02159E~2 9.56741E=2 8.31128E-2

AS4.444 727.611 3.31595F-5 3.95494F~5 3.43570E-5

900 1359.7 B8.21407TE~2 9.804659E~2 B.51234F-2

482.222 755.389 3.39552€-5 A.05384FE~5 3.51882F-5

950 1409.7 8.40273E~-2 0.100411 Be70947TE-2

510 783.167 3.47351E-5 4. 15076E~5 3.60031E~5

$37.778 810.944 3.55001E-5 A.24583E~5 3. 68026E-5

1050 150947 8e76940E-2 0.104968 9.09273FE~2

565.556 838.722 3.62508E-5 4.3391SE~5S 3.75874E-5

1100 1559.7 8.947717E-2 0.107185 9.27923E~2

593.333 8665 3.69882E-5 4.43079E~5 3.83584E-5

1150 1609.7 9.12305E~2 0.109363 9. AL2SIE~2

621.111 894.278 3.77127E-S 4.52085F-5% 3.91161E-S

1200 1659.7 9.29538E-2 0.111505 9.6427TE~2

648.889 922.056 3.84251F-5 4.60939E-5 3.9B611E-S

1250 17097 9.46490F-2 0.113612 9.82009F~2

6764667 949.833 3.91259E~5 4.69648E~5 6.059 42E-5

1300 1759.7 9.631738-2 0.115685 $.99442F~2

T04-444 977.611 3.98155F~5 4.78219E~% 4+13156E-5

1350 1809+ 7 9 .79 600F-2 0.117727 0.101665

732.222 1005.39 4.04946E-5 4.8665TE~S 4.20261E-5
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D. From Ref. 8.:

Bonka and Vogt give these equations for helium viscosity:

Cag O
uy = (3.78 x 1077)T + (5 x 1077)/(0.52 + T/569.6) (C.hA)
b= g+ (2467 x 10710 )0 (C.uB)
u, = viscosity, W s/

P < 1 bar

u = viscosity, N s/n®

P > 1 bar
T = temperature, K
p = density, kg/m?®

The density correction is negligible, 1 part in 109, and can be

ignored in HIGR computations.
In British units the equation for viscosity is:

(6.095 x 107%) T°°8% 4+ 1.2095 x 10 °/(.52 + 9.7534% x 10~ *T)

=
i

o)
(Cc.hc)
by = viscosity lbm/ftnhr
T = temperabure, °R
E. From Ref. 6.:
J. M. Wright proposes this equation for helium viscosity:
= (2.79 x 107°%) 7 [(1/5.3)°'7% + (1/5.3)70"787]70 47 (C.5A)

u = viscosity, poises = g/(cm-sec)
T = temperature, K
15K = T < 1090K
After rearranging and converting to British units, the eguation is written:

po= (3.75 X 1074) T (0,1842 T°7% 4 1/0.184200 75 )7 0%47 (C.5B)

W = viscosity, lbm/(ft~hr)
T = temperature, °R
27°R < T < 1960°R
-133°F < T < 1500°F

Wright states that the average error in this equation is 0,8%.
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F. TFrom Ref. 24, :

This ASHRAE publication contains an equation having the general
form:
o= T%/(A + B/T + ¢/T°% + D/T®) (c.64)
L o= viscosity, (N s/m®) x 107°
N s/nf = kg/m-sec

T = temperature, X

The constants and the accuracy of the fit are tabulated for three tempera-

ture ranges.

Temperature range

1.25 K to 20.0 K 20 K to 300 K 300 K to 1000 K
2.25°R to 36.0°R 36.0°R to 5h40°F S5SL0°R to 1800°R
- U57.4°F to -L23.7°F -L2ker to 80°F 80°F to 1340°F
A 1.11871 0.83477 0.55797
B 3.30741 . 2.h4heee 180.017
o -0.18070 -592.753 ~L0o566.2
D -1.13103 5650.18 4431360
Avg. dev. 0.2% 1.4% 0.0
Mex. dev. 0.7% at 20 K L.3% at 300 K 0.5% at 950 K

In British units this egquation becomes

b= (1.8031 x 1072) 7°°8/z

Z = 0.55797 + 324.031/T - 13143L/T° + 25,843,700/T ° (C.6B)
Moo= lbm/ft-h]"
T = temperature, °R

540°R = T < 1800°R
80°F < T < 13LO°F

A
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AEEendix D

The Specific Heat of Helium~-

Ajr Mixtures

When the compositicn of a gas mixture is known or established, and
the specific heats of the individual gases in the mixture are known,
the specific heat of the mixture is easily determined. In strict terms
a mixture of air and helium consists of three components; however,
since the thermal transport properties of air are well cstablished, it
will be considered as a single component gas. Gas composition is usu-
ally expressed in terms of mole fractions of the components or the molec-
ular weight of the mixture. Mixture specific heat is dependent on the
welght fractions of the constituent gases. The equations that inter-
relate these modes of stating composition are simple and well known;
they are included as a matter of convenience. For a two component gas,

air and helium, the composition equations are outlined below.,

1. Symbols:

Subscripts L a, h, and m refer to
air, helium and mix-
tures of air with
helium respectively.

molecular weight
28.97
4,00

= mole fraction, moles/mole of mixture

i

a

A
A
n
F

il

W = weight/mole, 1lbs/mole of mixture

2
!

= weight fraction, 1bs/lb of mixture

Cp = specifiec heat, Btu/lb~°F
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2. Weight fractions when the molecular weight of the gas mixture is

given:
ow, A (A -A) A~ k.00,
Y o= ~ = 1.1602 ( - (D.1A)
a Am. Am.Aa - Ah Am
W & (A - A) A - 28,97
h h':'m a m
L il o = -0,1602 (“""K""“"‘) (D.24)
m m a m
3. Mole fractions when the weight fraction is given:
Y A1 4,00 ¥
P53 +?13Y)A=2+OOY +2HS7(J-Y) (D.34)
afn a’a ' a : ’ a
o
. T, A, ) 28.97 Y, (5.4)
= + _ = T ~ .
h =y A+ (1 Yh)Ah 28.97 Y, + k.00 (1 Y,;)
L, Mole fractions when the molecular weight is glven:
m Ah Am ~ 4.00 ( )
o= = D.SA
a Aa - Ah 2L.o7
Am - Aa Am - 28.97
F o= = (D.64)
h Ah - Aa 24,97
5. Specific Heat:
(cp)m = Ya(Cp)a + Yh(Cp)h = YaLCp)a + 12k (1-7) (D.74)

The specific heat at constant pressure, (Cp)a of air was obtained
from a tabulation* of enthalpy versus temperature in Ref. 26, thus:
- Lk
p AT

A least squares f£it (Ref. 11) with a second degree polynomial was used

C

to approximate the tabuwlated values of (Cp)a so obtained. The resulting

equation is:

#This tabulation has been gbstracted from Ref. 27.
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0.230k + (3.7672 x 10" 8)1 - (L.860 x 107°%)T? (p.8a)
(Also Eq. IV.C3)

),
T = °F
Table D.1., the printout of the fitting program, contains the
tabulated values of Ah/AT and (Cp)a computed with Eq. D.BA. A graphic
comparison of (Cp)a from Eq. D.8A with the tabulated values in Ref. 27
is in Fig. D.1. Figure 14 in Section IV shows curves of the specific
heat of air-helium mixtures at 500°F and 900°F, computed by substituting

Bg. D.8A into Eq. D.TA.



vable D.1. The specific heat of air at constant pressure; & comparison of tabulated vaiues®® with
o second degree polynomial fit®
Temperaturs Specific heat [Btw/ {1b-°F) ] Difference Percent
(°F) (Ref. 20) (Eq. D.BA) Difference
300 243 .ohashs 1.75505 x 10 ° L727RO5
390 oh5 2oLh33h 6.66377 x 107* 272732
450 RS .2hé3kg -3.48996 x 10°* -, 11667
k90 2h7 L2hT7673 -6.73137 x 10 * -.271785
590 .25 .250915 -9.15k51 x 10_% -, 364845
690 .253 254061 -1.06057 % 10°° - L1ThLE
790 256 .257108 -1.10848 x 10°° -, 131133
890 .26 . 260059 -5.91607 x 10> -2.27605 102
990 263 262913 8.72971 x 10°° 3.32038 10
1050 265 264578 21846 x 10°% L159hHT
1090 265 265669 -6.69015 x 10 * -.251823
1150 267 267276 -2 76186 x 107* -.103318
1190 269 268328 §.7187k x 107% 250393
1290 271 27089 1.09963 x 10°* L.09533 1072
1390 27k 273355 6.45252 x 10°* 236049
1L90 276 JETSTRP 2.777H2 X 107 L100733
1550 278 277096 9.03893 x 10 * .32
1590 279 277993 1.00743 x 107° . 3623096
1650 .28 279308 £.91903 x 10" 2Ly B
1650 28 280166 -1.65676 % 10 ¢ ~5.,91351 1077
172 281 280799 £.013k5 x 107° 7.17046 10
1750 Le281 .281k23 -k ,22886 x 10 % -, 150267
1790 282 .2Bpoip -2. 41585 x 107% -8.55551 1072
1850 283 28344 -b Lokl x 107% -.155403
1900 .28k .28LL13 12818 x 107* -, 155307
1950 285 285361 -3.60862 x 20°° -.126458
2000 286 286285 -2 .8u606 x 107F -5.9Lk137 1077

0.030h + (3.7672 x 207%)T - (4.86 X 107°)7®, Eg. D.BA

€0T
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Fig. D.1. Calculated® and tabulatedb values for the specific heat
of air at constant pressure.

%The continuous curve represents the equation:
C, = 0.230h + (3.7672 x 107°) ' ~ (L.86 x 107%) 72, T = °F

b ©, From Keenan and Kaye, "Gas Tables,” Ref. 27.
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