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ABSTRACT

Measurement of Total Emissivity of Surfices

st Low Temperatures

(108)

The object of this work is to provide sdditional infor-
mation for the design of vacuum vessels for the storage and
conveyance of liquefied gases and to provide information for
the estimation of thermal radiation transfer in low temper-
ature apparatus. This information is presented in the form
of apparent emissivities,

Much of the presently available data or emissivity
has only limited applicabillty because optimum quality surfaces

were studled. For this reason the present study was planned

to provide data not on the "best" surfaces, but on surfaces

cleaned, polished, or otherwise prepared in ways that can be
copled in practice. The cryostat used for radiatlon studies
was designed in such a manner that the radiation transfer
could be determined with minimum corrections for other heat
leaks, The heat transfer was determined by metering the
evaporated gas leaving the cryostat,

The results of the surfaces studied at liquid nitrogen

temperature are tabulated in Table I.
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TABLE I

Summary of Results

Bot Surface (273°%K) Cold Surface {77.4°K) Emissivity

Lampblack™ Lampblack” 0.87
Scoteh Tape 0.89
G. o, Adheslve No, 7031 0.88
Rakelite Lacquer 0.87
Brass 0,098
Monel 0.11
Aluminum Foil 0.043
Brags (tarnished) 0.11
Wood's Metal 0.16
Chromium 0.084
Apiezon N 0.17
110 Sn/60 Pb Solder 0.047

All nonmetallic surfaces were found to have high emissivities,
As a general rule, most metallic surfaces have low emissivi-
ties. Aluminum foil, loosely wrapped, is an excellent
reflector., This material is recommended for the shielding
of high emissivity surfaces, It 1ls easy to handle and is
very sconomical,

Brass, monel metal, chromium, and aluminum foll, have
previously been investigated by other researciners, The
remaining sucrfaces in Table I have not been investigated

specifically prior to this research.

*A suspension of lampblack in Glyptael, a varnish
(No. 1202) made by the General klectric Company.




LIST O

TABLES

Materials of Construction for Cryostat........

Summary of Experiment:al Resultas,,...

Comparison of Several Common Surfaces...,..

L NN

& & & b

Approximate Black sSurfaces (77.hCK)....

Low Emisgivity Materials.

summary
Summary
Summary
Summary
Summary
Summary
Summary
Summary
Summary
Summary
sSummary
Summary
Summary
Summary
Summary

Summary

of
of
of
of
of
of
of
of
of
of
of
of
of
of
of
of

Operating
Operating
Operating
Overating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating

Operating

Data
Data
Data
Data
Data
Deta
Data
Data
Data
Data
Data
Data
Data
Data
Data

Data

6
7
8

LN B B BB B A

LR B B BN B B BN

* & b

g.

10000‘

LI B K I R B L B

LI B B BE Y

11......0!..

1200!!

L B BE B BN

130....-.0..




ix

22, Summary of Operating Data for Run 1h..,ce0ev.. 83
23, Summary of Operating Data for Run 15.......... 84
2. Summary of Operating Data for Run 16.......... 85
25, Summary of Operating Data for Run 17.......0e0 86
26, Summary of Operatiar Data for Runm 18...cseeess 87
27. Summary of Operating Data for Run 19..c.v0euss 88

28. Summary of Calibration Data for Capillary

Flowmater..'..'.'...0..'.0..1’..0.00...‘l'l'... 95

29. Comparison of Eauations (8) and (14).e.euevs.. 108




LIST OF FIGUREDS

Flgure Page
1. Energy Distribution of Black Body Radiation

(T 300PK.).ueeneocnsoonecancosnsvonanavessans 15
2. Geometry of Radlating Surfaces of Cryostat,.... 19
3. Graphical Solution of Eguation (15) for
Cryostat. e ieeieresocnosaassescsnnsssrsossnaacna 25
L. The Cryostab..ceiccvecvesccsssssanasanvsnssnae 27
B. Electrical SyStomMeseceecescssssossssossssnsncanse | 3
6, Vacuum SysStem....... Gt et tecentesascosesocsareen 34
7. Primary Flowmeter System.......... resetrane e 36
8, Flowrate Versus Time Plot for Run No., 12...... L2
O, Heat PLux to SAMPLle, .. eesencorssoncenssresnnes I3
10, Csalibration System for Capillary Flowmener.... 90
11, Various Readings Versus Time...oveevosonsosses 91

12, Callbration CUlVES...esessesasensassossnesesys ol




CHAFTER I
TNTRCDUCTION

To the eryogenie enginser or scientist the problem of
reducing the heat transmiassion from the surroundings to the
produced liquefied gas 1s a never ending problem., It is
hoped that this thesis will be a small contribution to this
nevor ending problem,

The object of this work is to provide additional
information for the deslgn of vacuum vesssls for the storage
and conveyance of liquefiea gases and to provide information
for the estimation of thermsl radiation transfer in low
temperature apparatus, Thiz Informatlon will be presented
in the form of apparent emissivities. The surfaces
investigated in this research are yellow brasa, monel metal,
aluminum foil, oxidized brass, plated chromium, Wood's metal,
40/60 solder, lampblackl, Scoteh tape, bakeliue, adhesiveg,

and Apiezon N3. These surfaces were investigated because

they are often encountered in low temperature work.

1A suspension of lampblack in Glyptal, a varnish
made by the General Electrie Company,

2General Electric adhesive No, 7031.

3Apiezon N, a vacuum grease manufactured by the
Metropolitan-Vickers klectrical Company Ltd.




Brass and monel metal were investigated because they
are often used in the construction of low temperature appa-
ratus, Oxlidized brass was invesatigated because brass will
oxjdize over a relatively short period of time, The
observation of the change in emissivity will be helpful in
design, Chromium was investigated because of thelease of
plating films of this material on many metallle surfaces,
Loosely wrapped aluminum foll is of interest since this
would be a very simple end inexpenslive method of decreasing
the radiation transfer, Wood!'s metal has the property of a
low melting point., Because of thls property, 1t is often
used in regions that can tolerate little temperature rise
in scldering. Solder having the composition forty per cent
tin and sixty per cent lead by weight is a solder commonly
used in low temperature ejulpment, The emissivities of
these two solders sasre of interest because parts of the
apparatus are often covered with these substances, The non-
metals except for Aplezon N are used in electrical insulation
and in attaching wires to surfaces, A thin 7ilm of Apiezon N
is transparent and does not affect the polished surfsace of
a metal, By applying such a thin film to a polished metal,
one is able to observe the effect of emissivity change upon
a polished surface due to the presence of an unseen organic

compound,

The most notable device in low temperature heat




reduction is the vacuum vessel., The vacuum vessel was
introduced by Sir James Dewar, Since this classical work,
there has been a considerable number of resewurches on

vacuum- jacketed vessels; but even now the subject does not
seem to have been studied as completely as its practical
importance and theoretical interest would seem to justify,

In the following paragraphs, a brief review of the literature
will be presented. All types of "heat leaks" to Dewar
vessels will be included in this review,

A brief review of the literature indicates the
following publications on the subject., In 1893 Dewar (l)u
published his work on the vacuum vessel, although he had
used a highly-exhausted ?essel in calorimetric experiments
as early as 1873. By evacuating a double wall vessel Dewar
found that the evaporation rate of oxygen anc ethylene was
decreased by a factor of 5, When the walls of the vessel
were silvered, the evaporation rate of the same two
substances decreased by a factor of 10, In 1893 he published
a astudy of the efficiencies of glass vecuum flasks with
various coatings on the surface and with varlous substances
in the vacuum space, He only got approximate results (2),
Although Dewar and Tait had used charcoal to produce a
vacuﬁm in 1874, it was not until 1904 that Dewar drew

attentlon to the use of charcoal cooled in liquid air to

uﬂumbers in parentheses refer to ltems in the
Bibliography.




give high vacua (3). This enabled him to develop the metal
vacuum vessel,

After the preliminsry work by Dewar, various
researchers investigated the physics of the vacuum vessel,
Seven causes of heat flow to the inner vessel of a vacuum
container were found. These seven causes of heat flow were
listed in a report by the Oxygen Research Committee of the
Department of Sclentific and Industrial Research (London) (4).

(1) Conduction through the residual gas in the

vacuum space,

(2) Convection through the residual gas in the
vacuum spacs,

{3) Radiation across the vacuum space,
(4) Conduction along the neck of the flask,
(5) Radiation through the neck aperture.

(6} Conduction through supporting materials, if any,
across the vacuum spacs,

(7) Convection in the interior space of the flask and
neck.

O0f these seven heat flows, four of them predominate (5):

(1) Conduction along the neck of the flask,

(2) Conduction through the residual gas in the
vacuum space.,

(3) Radiation through the neclt aperture.

() Radiation across the vacuum space.

Each of the above factors has been considered in the design




of the apparatus used in this research, A discussion of
these considerations can be found in Chapter U,

Conduction Along the Neck of the Flask,-~Banneitz, Rhein,

and Kurge (6), devised a method for measuring the conduction
along the neck independent of other losses. Briggs (7),
using the method of Banneltz et al.,, found that the
evaporation due 5o neck conduction decreased as the
evaporation rate is increased because of the heat transfer
of the cold evaporated gas traveling up the neck, The
method was to place another tube in the neck of the vessel,
thereby increasing the area of conduction, &Ey observing

the increase in evaporation the neck loss couvld be deter-
mined,

Hoag (8) and Meissner (9) made calculations for the
estimation of the evaporation increase due to conduction
along the neck, Hoag assumed the complete transfer of heat
from the neck to the cold evaporated gas. Melssner assumed
the temperature change along the neck to be a linear function
of length. Ryabinin (5) made various experimsnts verifying
the method of Hoag. His experimental method consisted of a
high thermal conductivity ring with a thermocouple enclosed
by & low thermal conductivity materisl on thrse sides, By
sliding the ring up and down the neck of a Dewar flask he
could obtaln the temperature distribution of the wall or of
the gas depending upon which side the high thermal

conductivity material was inserted,




In more recent years, Sydoriak and Sommers (10), and
Henry (11), have made simfilar calculations for helium vessels,
Both used the same line of thought as Hoag, Sydorisk and
Sommers assumed that any level in the Dewar vessel the
temperatures of the vapor and of the adjacent wall are the
same. Henry applies a finite difference treatment of the
problem, making assumptlons similar to that of Sydoriak and
Sommers,

Perhaps the most unique method for the determination
of neck "heat leak" was devised by Wexler (12)}. Wexler
Inserts a heater into the Dewar flask. At high heat inputs
the evaporation rate became a linear function of heat input,
By extrapolating this linear relationship to zero input one
can destermine the heat leak produced by the neck, which is
the difference of the obssrved and the extrapolated value,

Conduction Through the Res3idual Gas in the Vacuum Space.=-=-

Soddy and Berry (13) by the uss of 5 gases showed experimental-
ly that the heat transmitting power of the gas varies directly
as the pressure at pressures up to a few millionths of an
atmosphere, The relation observed expressed in mathematical

form is

Q =C (T2 - Tl] AP (1)
Where C = Factor for a Specific Gas
T « Temperature (T2 - Hot, T, - Cold)

A = Ares

P . Pressure




Q@ = Heat Transmitted

The above relation is approximatsly equal to a modified form

of the Knudsen equation due to Ryabinin (5) which states
an.e;f?J.(Tz-Tl)AP (2)

in which N is a factor for a specific gas and T is the
temperature of the rarified gas, assumed equal to the

arithmetic mean of T; and T Knudsen (1l}) derived the

2.
relation
w=(Zrpy J1-T2 (3)
T & [273 T

from the kinetic theory of gases, Et is the energy galned
per unit ares of receiving surface, /% 1s the specific
gravity of the gas at a temperaturs of 273°K and a pressure
of one dyne per square centimeter, T 1s the temperature of
the rarified gas with T, and T, being the hot and cold
surface temperatures, respectively., When the temperature
of the rarified gas is constant, the energy transmitted is

a linear function of the pressurse,

Radliation Through the Neck Aperture.--It 1s general practice

to assume the radlation through the neck aperture to be
black body radiation, which c¢an be calculated by the
Stefan«Boltzmann Law,

Radiation Across the Vacuum Space,=-Blackman (2) devised an

apparatus for the measurement of the heat transmission by

radiation across the vacuum space independent of all the




other heat losses by the addition of a heat transfer
reservoir to prevent conduction down the neck, If the neck
is small and the vacuum very high, the radiation acrosa the
vacuum space is approximately equal to all tae "heat leak",
By metering the evaporation rate, Blackman was able to
calculate the apparent emiassivity of the surface studied,
Before Blackman's work, all the other researchers have
evaluated the various heat losses and subtracted from the
total heat loss to obtain the radliation loss across the vacuum
space, Blackman points sut that surface conditions such as
cold working, cleanness, etc. are important ractors governing
radiation transfer,

It usually has been taken for granted, following
Dewar, that the vacuum adjacent surfaces in metal vessels
should be as highly pclished as possible; but thls 18 not
necessarily so, because a highly polished surface 1s
generally covered with a thin oxide film and also retains some
of the polishing material., dJudgment of the surface by eye
may in soms cases lead to erronsous results., The visible
region of wave lengths detectable by the eye is approxi-
mately from 0,4 to 0.7 microns but the maximum energy is
at 9,7 microns approximately for blackbody radiation at
room temperature as indicated by Wien's Dilsplacement Law,
This fact will be developed further in the next Chapter in
the discusslon of theoretical concepts,

Perhaps the most complete summary of apparent

emiasivities for low temperatures has been published by




Fulk, Reynolds, and Park {15), This research was fortunate
in obtaining a copy of NBS=-AEC (Cryogenic Engineering
Laboratory Note 5l-9 from M, M., Fulk, The Leboratory Note
65L-9 was a preliminary summary of low tempersture emis-

sivities for the new Handbook of Physics, edited by

M, Zemansky. Fulk, Reynolds, and Park have used various
types of apparatus for measuring low temperature emissivity,
They have used a metallic reservoir type, a rlastic type, and
a glass type apparatus in tﬁeir work.

Other Types of Vacuum Vessels,--The triple-walled vessel and

the double-double walled vessel will be mentioned. The
triple-walled vessel is a vacuum vessel with a radiation
shield of some type inserted in the vacuum space between the
outer and inner walls with minimum contact to these walls,
Rosbuck (16) designed and built a 120 liter vessel of the
triplé-walled type for the storage of liquid air., It was
found that the vessel agreed very well with theory (17),
which indicated that the radiation loss should be approxi-
mately one-half of that of the double-walled vessel. Rips
(18) calculated that the radiation loss should be decreased
by 4O per cent and the evaporation rate be decreased by
25 per cent for a silvered spherical Dewar vessel of 15 liter
capacity as & container fcr liquid oxygen.

The double-double walled vacuum vessel is actually
one vacuum vessel in another. Vessels of this type are

used for the storage of hydrogen and helium with liquid air

or nitrogen in the outer vacuum veasel, Giaujue (19),
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"Henry and Dolecek (20), and Wexler (12) have done work
along these lines,

The ugse of vacuum-powder insulation will be also
mentioned, Katan (21) covers this subject up to 1951, He
indicates that powders under vacuum are good low temperature
insulators.

At present, a considerable amount of work 1s being
done in the field of low temperature radiation., bSome of
the researchers, other than ourselves, are M, M. Fulk of
the National Bureau of Steandards at Boulder, Coloreado, and

Fo Jo Zimmerman (22) at the Arthur D, Little Company,

Cambridge, Massachusetts.




CHAFTER IIS

THEORY

List of Symbols,--The notation and terminology used in this

thesis are similear to those of VeAdams (23).
Area of a surface; Al, 2, 3, area of a source-sink-
type surface {eme)
Dimensional constants in Planck equation

Configuration factor also called view factor and
geometric factor

\f.(

Over-all interchange factor, a function of e and F
Pressure {mm Hg)

Barometric pressure (mm Hg)

P
PB
P

Partial pressure of water (mm Hg)

b 4

Temperature {CK)
Heat transferred (cal/min)
Time (min)

" Plowrate.of sample container when full {(ce/min)

= W e £ K3
"

Total emlssive power of source

=
uy)

Total emissive power of blask sourece
Wave length

Heat of vaporization

‘q'-I! >)

=
v

Monochromatic emissive power of source

SMuch of the material covered In this Chapter can be
fou?d in the books by Richtmyer and Kennard (2l) and McAdams
23).




12

sz Monochromatic emissive power of black source
o Absorptivity
€ Emissivity equal to W

Wg

1, 2, 3, &Subscripts indicate the source receiving and
radiating energy

General Introduction to Radiation Theory.-=-It is & matter

of common observation that bodies when heated emlt radiant
energy--or, more simply, thermal radlation--the quantlty
and quality of which depends, for any given body, on the
temperature of that body. It is & characteristic of this
kind of radiation that, when dispersed by 2 prism or other
similar means, a continuocus spectrum is formed, Inh order
that thermal radiation6 may become visually observable, 1t
is necessary that the lemperature of the radiater should be
500 to 55000. or above,

In 1879 Stefan, on the basis of the data observed by
Tyndall, was led to suggest that the total emlssive power of
any body is proportional o the fourth power »f the absolute
temperature., Tyndall had shown that the ratio of the
radiation from a platinum wire at 1200°¢, to the radiation
of the same wire at 525°C. was 1le.7:1. Stefan pointed out
that the ratio {(24)

(1,200 + 273)%

= 11.6
(525 + 273)% ’

6Hereafter thermal radiation will be called simply
radiation, the adjective bsing omitted to save repetition,
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thus indicating

wpt = O pt TLL (4)

Boltzmann later (188) deduced the same law from theoretical
considerations by applying the laws of Carnot's cycle to the
radiation in an "ether engine", the radiation playing the

part of the working substance, The sequation
Wy = 0 b (5)

(WB being the smissive power of a black surface) is known as
the Stefan-Boltzmann law; and the proportionality constant ¢
is known as the Stefan-Boltzmsnn constant. This constant has

the following values in the indicated units

8 Bru/(sq. ft.)(hr.)(deg. K}

L,

0.173 x 10~
5.71 x 10-5 ergs/(sd. em.)(sec,)(deg. K)
h.92 x 10-8 Kg - ¢cal/(sq. m,)(hr,)(deg., K)h.

Bquation (5) and its modifications may be considered the
"working" equation for the engineering calculutions of
radiation transfer, COCther properties of interest of
black body radiation ere its distribution in the spectrum
and the shift of that distribution with temperature, If
WBA is the monochromatic emissive power at wave length A
such that wBa d, is the ensrgy smitted from a surface
throughout a hemispherical angle per unit area per unit

time in the wave length interval A to X + dX, the

relation between W s A, and T is given by Planck's law,
Ba




LA

W =277h02 7\"5_..01 A -5

B B A
A~ oh/KAT_ JCoAT_y

(6)

1

where ¢ = velocity of light, 2,9979 x 1010 em/secy

h = Planck's constant, 6,6236 x 10712 erg - sec;

k = Boltzmann's c¢onstant, 1.3802 x 10-16 erg/deg K;

Cq1= 3.7403 x 10"5 erg cme/sec; C, = 1.4387 c¢m deg K. The
maximum of the Planck equation is given by Wien's Displace-

ment Law
Amax T = 0,2898 cm deg®K, : (7)

This relstion was observed by Wien before the introduction
of the quantum theory in 1900. - The wave length of meximum
intensity is seen to bhe lnversely proportional to the
absolute temperature; therefore one would expect the larger
part of the energy to be at the longer wave Jlengths at low
temperatures, PFlgure 1 is a plot of energy versus wave
length at approximately room tempsrature (300°K.) This
figure emphasizes the point mentloned in Chapter I, that
is, that vlisual observation msy be erroneous at times.
Notice that the maximum of the energy distribution 1is at
approximately 9,7 micerons, whereas the visible region
observable by the eye is from 0.4 microns to 0,7 microns,

Imissivity and Absorptivity of Surfaces.--The emissivity

(e) of a surface is defined at the ratio of the emissive

power of that surface to the emissive power of a black

surface at the same temperature, The absorptivity (o< )




Figure 1

Energy Distributlion of Black Body Radiation
T = 300°K,
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and emisaivity are related by Kirchhoff's law, which states
that at thermal equilibrium the emissivity and absorptivity
of a body are the same (23), Factors affecting the emis-
sivity of a surface are temperature, degree of roughness,
cleanness, and, if a metal, degree of oxidation, The
absorptivity { & ) of a surface depends on the same factors
and, in additlon, on the quality of the inclcent radiation,
measured by its distribution In the spectrum. If X is a
constant independent of A , the surface is called gray and
its total absorptivity ( O ) will be independent of the
spectral-energy distribution of the incident radiation; then

X 122X 11 = eq; that is, emissivity (e) may be used in
substitution for K even though the temperature of the
incidsent radiation and the receiver are not the same. Only
with the assumption of gray bodies can one calculate the
emissivity of one surface knowing the emissivity of another
at a different temperature and the heat transferred,

Radlant Interchange Between Two Gray Socurces,-~For radlant

interchange betwsen two surfaces forming part of an enclosure
in the presence of a nonabsorbing medium, considerations of
two kinds have to be made (1) the view the surfaces have of
sach other and (2) thelr emitting and absorbiang character-
istics, The only case in which the first of these need not
be considered is the case of two infinits parallel planes
since in this instance each surface has an unobstructed

view of the other alons, The steps for the sammatlion of the

infinite geometric series for this case will not be given
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gsince this summation can be found in most radiatlion texts
(23). The result of this summation is

- L o_ b
Qo= 4 o (1] - 1) 1 (8}
/ey 1/e, = 1

In the case of radliant interchange betwseen two gray
finite parallel bodies without refractory surfaces, the view
or configuration factor (F) must be considered. The con-
figuration factor introducsd by Langmuir, Adams, and
Meikle (25) assumes that the intensity varies as the cosine
of the angle from the normal of one source to the other,
which is Lambert's cosine law, Making use of the configu=
ration factor, one can proceed to solve this case, The
fraction (per unit area) rscelved by source A, from source
Al willl be F12 oy and the fraction reflected by source A2
willzbe Fi5 64 (1 ~ e,), fThe first reflection from A, will
be F1, &; (1 = 81; (1 - e,) F,; and the s;cond reflection
12 Foy (1 -e) (1= e,) . This will
proceed indefinitely, The summation of this infinite

from A2 will be F

geomatric series (see Appendix A) is

F &1 &
12 "L te (9)

l - F12 F21 (1 - 91) (1 - 32)

An exactly similar result applies for the fraction

lost by A, except that F is replaced by F in the

2 1¢ 21
numerator of Equation (9)., Since Ay Fio= A2 F21 (see

Reference 23, page 65) it follows thet the net heat
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absorbed by A2 is given by

P A
Q. .~ 12 °1 %2 ™1 d'(TL{ - Tg) {10)

2 CF v (1 } (1 )
1=Fyp¥py L9 - e

From the relation above it is obvious that when both sources

are black (el =e,= 1}, the radiant transmission depends

2
only on the configuration factors. One can rewrite Equation

{(10) in the form

_ P
ng._'?fle Al ¢ (T1 Ta) (11)
where 7F12 is an overall interchange factcor. If refractory

walls are present, the equation above 1s not valid., But the
new overall Interchangs factor will still be some function
of the configuration factors and the emissivities, Hottel
gives a discussion of this situation (23).

Bquation for the Cryostat Used in this Thesls,--2A schematic

diagram of the cryostat used in the radiation studies
described in this thesis is shown in Chapter IJI, Filgurs L,
The section of the cryostat of immediate concern in the
radiation studies 1s shown in Figure 2, where the principal
radiating surfaces are indicated, Only the small tubes with
area At are not indlcated. The prime on the area of the
outer cylinder wall (Ai) and the area of the inner cylinder
wall (ﬂ;) were 3o designated only to avoid eonfusion

because of the use of Al and A_ 1n the previous derivation,

2
For the special case of this cryostat, a form of Equation (11)




Figure 2
Geometry of Radisating Surfaces of Cryostat

The surfaces Ai, A3 and AS are the hot surfaces (273°K),

The surfaces AL and A, are the cold surfaces (77.4°K),

2 80 By

This figure is drewn to scale (1 in,= 1 in.,),
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is valid. But because of the complexity of tne geometry,
there is no known exact solution for this problem., In order
to svaluate the ;i2 Al term in Fouation (11), this problem
was resolved into § parts:

t

(1) Radistion transfer between A. and Aé

[

(2} Radiation transfer between A3 and Au
(3) Radiation transfer between AS and AH

{4) Radiation from the tubes (At)

(5) kadiation from & vo Aé and A, to A;
Part {5) was neglected since the radiating sources are small
and are never normal to the receiving sources, The sources
Ai, A3, and AS have the same emissivity (el). The emissivi-
ties of Aé and Ah are equal and will be represented by 92.
In order to simplify the mathematics, only the derivatlons
for the absorbed fraction at Aé and Ah will be presented.
The fraction lost by these sources have similar solutions and
can be related as before (see page 17) since Aé Foy = Ai Fle’
ALL FLLS: A3 FB'-L’ and Ah F'L'E: AS FSI.,..
" Radiation Transfer Between Ai and Ag.--This is a cass of two
concentric finite cylinders, the geometriec solution of which

has been determined by Hamilton and Morgan {26), The energy
tranafer consists of two parts, the diffuse radiation, which
1s the radiation that misses per reflection but scatters at
the outer wall and does reach the inner surface on the next
reflection, and the direct radiation from the outer surface

to the inner surface.

Consider first the direct radiation. Aé will receive
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1 1
the fraction F12 eq from Al and ﬁa willl refleect F12 el
22). Of the fraction F12 0y (1 = 92) reflected fTom
1o F21 e (1 - el) (1 = BEJ will be received by A,

again after reflection from Ai. Then the fraction F§2 F21 ey

{1 - el) (1 - 92)2 is reflected, The summaetion of the

(1 -~ e
1]
A, F

received fraction minus the summation of the reflected

fraction 1is given by Eouation (9)

Fi12 e1 e

1 -Fyp Fpp (1= e) (1=065)

The 1ndirect diffuse radiation will now be ccnsidered., The
1
fraction of the energy recelved from Al by Aé from the first

diffuse reflection is Fll F12 o, (1 - el). The reflected

' -
fraction from A2 is Fll 112 el

reflections will proceed indefinitely, The summation of the

(1 - el) (1 - 92). These

fraction absorbed which 1ls the summatlion of the received
fraction minus the summation of the reflected fraction (see

Appendix B} 1is

12

(1 e e-l) (1 - 62)

P

1-FpFy

Let this diffuse auantity equal q,

Each direct reflection from Aé also gives an indirect

diffuse reflection, so the indirect radiation is




22

Fio 01 o5

. (12.1)

1 (1 - el) (1 - 62)

- P2 Fy

The total fraction of the radiation from the outer surfacs

(Ai) to the inner surface (Aé) becomes

L g, ©
12 1 2 (1 + q) (13)

1 {1~ el) (1 - e,)

- Fs F21 2

whilch is the sum of Equations 12 and 12.1. It can be shown

that there is & similar solution for the total fraction lost

L]
by Az.
Radiation Transfer Betweean A3 and Au.--The overall interchange
factor between A, and A has the same form a&s Equation (9)

3 b
if A, and A_ are assumed to have no effect upon each other,

3 5

or in other words 1f A, spproximately absorbs all energy

3
striking it from A5 and vice versa (see Appendix B).

Radiation Transfer Between A5 and Au.—-The overall interchnangse

factor bstween A5 and Ah has the same form as Equation (9),
An sdditional assumption was made, Tne geometry of the case
of radiant interchange between a perpsndicular ring source
té a circular disk has not been determined, 'The case of
radiant interchange between a perpendicular element of

area (dA) to a ecircular disk has been determined by Hamilton
and Moréan (26). It is assumed that this cass approximates
the actual one (see Appendix B).

Radiation Transfer From the Tubes {(Ai).-~The radiant energy
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- from the apertures of the tubes leading into the sample
contalner was considered black hedy radiation.

Total Radiation Transfer.--The total radiation transfer,

which 1s the sum of all four of the net tranafers (see
Appendix 8 for complete derivation)}, 1is

1
Q-( Fip e €5 A Q+ Fiq Fip 8 e5(1 - o))

E.- F12F21(1 - el}(l - 62) 1 - F12F21[1 - el)(l - 92)

-._./

F3Ll ey 62 AB N FSLL e 92 A5

1 - FBhFhB(l - el)(l - 92) 1 - FEuFugfl - 8,)(1 - 32)

+

Y _ b
+At] s (Tl Tz) (1)

Application of #gquation (1L} to the nyostat“--The con-

ditions appropriate to this problem are:

Ay = 377.2 on? F = 0.1197
A} = 330.8 cm® Fy, = 0.881
A3 = 41.7 em® Fyy = 1

Ah = 31.7 em® F3h = 0,67
As = 14.5 em® Fh3 = 0,882
At =  0.2% cm2 FhS = 0.065
T, = 273%k Fy, = 0.142
T, = 77.4°K e, = 0.866

7411 F factors taken from Hamilton and. Morgen (26).
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The emissivity (e,) of the outer surface at the temperature
of 273°K was determined by data obtained in Funs 2 and 12
(see Appendix C) with the assumption of gray surfaces, A
complete discussion is given in Chapter IV. The final

form of the squation after substitution in Equation (1) is

10,118 (1 - e,) 1 -0,118 (1 - ey)
2h,2 e 1.78 e '
2 + 2 + 0.25] (15}
1 - 0.0792 (1 - ez) 1 - 0.00124 (1 - e,)

where Q has the units, calories per minute. A graphical
solution (Figure 3) of Equation (15) can be obtained for
i}
@ and €50

It is obvious from the sbove equation that the first
term, that for the cylindrical portion, is controlling,

which is what one would expect from an obaervation of the

magnitude of the radiating areas.




Figure 3

Graphical Solution of Equation (15) for Cryostat
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CHAPTER ITI
EXPERIMENTAL PROCEDURE

Apparatus,-=-After considering the work of other investigators,
it was declded to construct a cryostat as shown in Figure
for radiation measurements, This cryostat iz simlilar in
design to the glass cryostat used by Blackman et al, (2).
During the construction of this cryostat, Dr. W. T. Ziegler,
the director of the cryogenie laboratory here at the Georgia
Institute of Technology, noted at the Cryogenic Conference

in Boulder, Colorado, that a metallic reservoir type cryostat,
somewhat similar to this cryostat, was being used by Reynolds
et 21, at the National Bureau of Standards Lsboratory in
Boulder, Colorado (15). {ne might say that this ecryostat is
similar in design to Blackman's glass c¢ryostat and similar

to the NBS cryostat in that it is made of metal,

The cryostat consist of three parts, (1) a top or
liquefied gas reservoir section (R) through which the tubes
from above passed, (2) a lower section (M, callsd the
sample container) on which various surfaces at liquid
nitrogen temperature are studied, and (3) an osuter jacket

{(J) blackened with a 1ampblack8 suspension in glyptal, The

8

Lampblack, Rainbow Genuline Germanstown Lampblack

made by the Murray-Williams Color and Chemical Company,
Maplewood, N, J.




Figure UL

The Cryostat
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varnish coated the lower part of the jacket up to a height
of approximately two lnches above the sample container., The
reservoir was designed to have sufficient refrigeration
capacity so that the refilling of liquid nitrogen was un-
necessary during an experiment. The reservoir was 2% inches
in outer dliameter and 10 inches in length with a liquid
storage capaclity of 770 cubic centimeters. The reservoir
was loosely wrapped with aluminum foil to mirimize radiation
heat leak, The sample contalner wsas 2% inches 1in outer
dlameter and 6 5/8 inches long with a liquid capacity of L83
cuble centimeters for a monel contalner., The outer jacket
had the dimensions, 3 inches outer diameter and 21 inches in
length,

The materials of construction for the various parts
are given in Table 1., All the joints of this cryostat are
brazed with "Zasy Flo" except for the tubs joints at plate B
and the Joint connecting plate 4 and the outer jacket which
are soldered with L0 Sn - 60 Pb solder, The sample contalner
(M) was fastened to the reservoir (R) by means of Wood's
metal at plate C,

Thres sample contalners which could be used inter-
changeably were made in order to c¢onserve tim2 in changling
the surfaces, Two containers were made of monel metal (as
indicated in Table 1} and one was made of free machining

yellow braas, By using the brass sample container, the

effect of changing the thermal conductivity of the sample
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contalner could be studied,

A "tree" (T) made of copper sheet and brass rod was
placed in the sample contalner to prevent superheating. The
dimensions of each copper sheet were # inch by 2 inches with
a thickness of 0.01 inches., The rod was % inch in diameter
and 6 inches long., The rod support was a brass plate, 2
inches in diameter and 0,065 inches thick, Ten 20 cm,
pleces of copper wire, 0,13 cm. 1in diameter were placed in
the reservoir (R) for the same purpose of preventing super-
heating. The objeetive was to prevent a temperature gradient
from existing across plate C,

Copper~Constantan thermocouplas were connected to the
cryostat in order to observe temperature changes throughout
an expefiment. Figure S is a wiring diagram of the various
thermocouple connections. TC, was a difference couple. One
junetion was placed at the bottom of the reservoir and the
other junction iIn a 1liquid nitrogen bath., Couple T02 had
one junctlon fastened by solder to the ocutside of the reser-
voir approximately ten centimeters from ring (R,) with the
reference junction in an ice bath, Couple TC3 was soldered
to the outer jacket approximately twenty censimeters from
the bottom with the reference junction in an ice bath,

The kMF of each couple was observed with a Lieds and
Northrup potentiometer (serial No. 707158) ecapable of

estimating one microvolt. %ilth these three :hermocouples

one 1a abls to observe the temperature change of the outer




TABLE 1
Materials of Constructicn for Cryostat

Part Material Dimensions (in.)
Plate A at AA Brass 3 Dia., 0.0936 Thick
Piate B at BB Brass 2.5 Dia,, 0.,0936 Thick
Plate C at CC Brass 2.5 Dia,, 00,0936 Thick
Plate D Monesl 2.5 Dia., 0,062% Thick
Plate E Brass 3 Dia., 0,0935 Thiek
Filling Tube (Fq) Monel 1/8 x 0,01 Tube
Filling Tube (F,) Mornel 1/8 x 0,01 Tube
Tube for (J) Brass 3 x 0,065 Tube
Surface (L) Lampblack
Ring for (J) Brass 3 I.Ds, 3,37 0.D. x 0,218
Ring for (M) Brass 2,5 I.D., 2,95 0.D, x 0,25

Spare Line (S) Monel 3/16 x 0.0l Tube

Vacuum Line (V) Monel 4 x 0,01 Tube

Vent Line (V,) Monel 3/16 x 0,01 Tube
Vent Line (V,) Monel 3/16 x 0,01 Tube
Tube for (M) Monel 2.5 x 0,035 Tubs
Tube for (R) Monel 2,5 x 0,035 Tubs
Heater Line (HL) Monsl 1/8 x 0.01 Tube
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jacket, the liquid in the reservoir, and the wall of the
reservolr, All the thermocouples were made of No. 34 copper
and No, 32 Constantan wire,

A heater (K) wes installed in the sample contailner,
The purposes of this heater wsre to evaporate liguid nitrogen
in the runs with low emisaivity surfaces in order to obtain
& check on the height measuring device and tc check the heat
transfer, At high heat loads, the evaporaticn rate would be
expected to becoms a linear function of heat input. By
extrapolating to zero heat input, one is able to observe the
"heat leaks" to the container and therefore have a check as
to the value of the radiation transfer, The line of thought
here is the same as that of Wexler's which was mentioned 1in
Chapter I. Unfortunatsly, time did not permit experiments
making use of this heater,

A height measuring device was installed in the vent
line (V2) for runs with low heat flux in order to conserve
time. ‘[he height of the liquid nitrogen level in the high
heat flux runs could be determined with a cumulative wet
test meter since the time for the complete evaporation of
the 1iquid in the sample container was reasonable (2-4 hours).
The height measuring devics mentioned above wus used to
measure the liquid level of the nitrogen in the sample
container, This device will be referred to throughout this
thesis as a probe., The probe consists of a thermocouple
wrapped with a resistance heater attached to & 1/16 inch

monel tube, The principle of this probe is quite simple,
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As long as the thermocouple is in contact with the 1liquild
nitrogen, the coefficient of heat transfer 1s large, Enough
heat 1s removed to overcome the small amount of heat pro-
duced by the heater, Therefors, there will bte no deflection
of the potentiometer connected to the thermocouple. But
when the thermocouple leaves the liquid, the coefficient of
hest transfer diminishes greatly, This in turn will produce
a sudden deflection in the potentiometer. By raising or
lowering the probe one can determinse approximately the
gas-1liguid interface. This probe iIs accurate to about 2 mm,
in liquid height as determined by visual messurements made
in a glass Dewar vesssl,

The vacuum system brisfly consists of a McLeod gauge
(M), a diffusion pump (D), and two mechanical vacuum pumps
(Me), The diffusion pump was a type VMV-20W made by the
Consolidated Vacuum Company capable of maintaining an unti-
mate pressure of 1 - 106 mm, Hg. with a forepressure of
0,100 mm, of Hg, The speed listed was 20 liters/min, at
1 x 10°4 mm, Hg. The two mechanical pumps were Duo-Seal
vacuum pumps (115 volts, 60 cycles, A. C,) made by the
W, M, Welch Manufacturing Company, capable of producing a
vacuum of 0,0001 mm, Hg, The free-alir capacity is 21
liters/min., A diagram of this system is shown in Figure 6,

Two flowmeters were used to measure the evaporestion
rates, one to measure the flow of evavorated jzas from the

sample container and another to measure the flow of

evaporated gas from the reservoir, The flowmzter connected




Figure 6
Vacuum System

T, = Liguid Nitrogen Trap No. 1
T2 = Liquid Nitrogen Trap No, 2
= McLeod Gauge

= U=Tube

1

Diffusion Fump

W U g =
I

H

Mercury Bulb for U«Tube
ﬁel:zﬁechanical Vacuum Pump No. 1

M32 =Mechanic¢al Vacuum Pump No, 2
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to the sample container was the primary flowmeter. These
were the measurements used in determining th2 heat trans-
mission, This flowmeter and 1ts connections etc. were
considered the primary flowmeter system. A diagram of the
primary flowmeter system is shown in Figure 7, The system
was arranged in such a manner that an accumulative meter and
an instantaneous meter could be operated in series at any
time desired.

Three flowmeters were used in this experiment, two
20 cubic feet precision wet test meters and a capillary
flowmeter made by the Scientific Glass Apparatus Company
with three interchangesable capillaries., The capillary flow-
meter that used dibutyl phthalate waa the only flowmeter
calibrated in this research, The capillary lowmeter was
calibrated (see Appendix D for celibration) in such a manner
that it could be used in series with a wet test meter, The
two 20 curic feet precision wet test meters were factory
calibrated by the Precision Scilentific Company, before
purchase, with a rated accuracy of # of one per cent. The
two wet test meters were connected in series and a discrepan-
cy of only 1/5 of one per cent was found. During various
runs the capillary flowmeter and wet test meter were run in
series; the maximum devistion noted was spprcximately two
per cent.

Surfaces Studied,==This section of the thesls is devoted to

a summsry of the descriptions of the cold surfaces studied
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Figure 7

Primary Floumeter System

Saturation Vessel (20 Liters)

Water Manometer
Capillary Flowmeter

Precision Wet Test Meter
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in the runs summarized in Appendix ¢, After a study of

the preliminary runs, it wes decided that a suspension of

25 gm., of lampblackg in 60 cc. of glyptal (General Electric

Company clear varnish No. 1202} and 30 cc. of thinner (G, E.

No, 1500} would be suitable for the hot radiating surface

(273°K.). The surface resulting after baking had the

desired properties of good adhesion and roughness plus the

fact that the surface was easy to degas.

A descriptlon of the variocus surfaces studied at
liguid nitrogen temperature with the surface described above
as the hot radiating surface are listed below:

(1) Lampblack - The lampblack-glyptal suspension after air
drying overnight was baked &t 125°C, for one
and one half hours, This surface is the
same as the hot aurface as cescribed above,
The surface was black and very rough,

(2) Scotch Tape = A layer of Scotch Tape was wrapped on &
monel container, The tape was two centi-
meters wlde, clear, and transparent; but
there were a few alr bubbles 1n the surface,

(3} Brass - The free machining yellcew brass tubing was
hand-polished with Fo, $2 Crocus Cloth

made by the Carborundum Comgpany., The

9Lampblack, Ralnbow Genulne Germantown Lampblack
made by the Murray-Williams Color and Chemical Company,
Maplewood, N, J.




Monel =

Adhesive =
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resulting surface was brighs and shiny with
a few cuts,

The monsl container was polished in the same
manner as the brass. The resulting surface
was bright and shiny.

General Fklectrle Adhesive No. 7031 was
brushtied on a monel c¢ontalner, After air
drying overnight, the coat of adhesive was

transparsnt and had a brown’sh tinge.

Aluminum Foil - Aluminum foil was loosely wrapped around

a lampblack surface. The side exposed to
the radiator had previocusly been polished
by the manufacturer. (This was a house-

hold grade of foil produced by the

Reynold's Company).

Brass (tarnished) - The previous hand-pclished brass

Bakelite =

(3) was tarnished in an oxicizing flame
until the surlace became dull, The surface
had a brownish tinge. Ihe oxidation was not
uniform,

A bakellte lacquer wes alr dried overnight
and then baked at 135°C. for two hours,

The resulting surface was ncn-uniform,
brownish-red, and transperert. (This

lacguer was an old batch of material used

in a number of early cryostats),
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(9) Wood's Mstal -~ A coat of Wood's metel was applled to a
brass contalner with a gas-air torch, The
resulting surface was silver in color with
g dull sppearance, The surface was rough
and not uniform.

{10) Chromium (plated) - Chromium wes plated by a commercial
plater on one of the monel containers. The
resulting surface was bright, shiny, and
uniform.

{11) Apiezon N - 4 thin film of Apiezon N grease was placed
on the chromium plated surface of Run 15.
The ilm of grease was very thin, uniform,
and transparent,

(12) 40/60 Solder - A coat of LO Sn - 60 Pb solder was
placed on brass with a gas-air torech, The
resulting surface was shiny end silvery in
color but not uniform.

In the case of metals, no change in surface conditions were

found after each run, In the case of non-metals (except for

Aplezon N), the surfaces were cracked in every case,

However, the adhesion of the varnish films to the sample

container was good and no sign of flaking was observed,

Measurement and Interpretstion.-~The chronological opseration

of the apparatus described in this Chapter 1s as follows:
(1) Befors each run the system was pumped overnight. The
ultimate vacuum reached was approximately 1 x 10"5 mme.

Hg.




(2)

(3)

()

(5)

(6)

(7

Lo

The reservoir and a sample container are filled with
liquid nitrogen by means of a transfer device con-
gisting of a two liter Dewar vessel, a nitrogen
cylinder, and a vacuum insulated transafer tube, The
reservoir was fllled first,

The sample probe was Inserted into the sample container
through the vent line, The height of the 1liquid
nitrogen was recorded,

The lines to the flowmeter systems were then connected,
After these connections, the timer was started
immediately.

Flowrates at various times were recorded in the primary
flowmeter system, which i3 connected Lo the sample
container,

Data such as barometric pressure, temperature of the
outer jacket, temperature of the reservoir, and the
vacuum pressure were then recorded and checked at
varlous times durling sach sxperiment,

The flowrate of the rsservoir was observed at various
times during the experiment in order to notice any
superheating and to make a rough check with respect to
the flowrate of the sample container, The initial
flowrate of the reservoir corresponded to a heat leak
of 12 eal./min. and inecreased throughout the experiment.
The rate of inersase in flowrate was approximately

squivalent to the rate of decrease in flowrate in the

gsample container since the heat leak to Lhe reservoir
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was approximately a small constant rate plus the X
factor effect of the sample container (see X factor
effect in Chapter III).

From the data collected in step {(5), a plot of
flowrate versus time was made, Figurs 8 is a plot of this
type for Run 12 (see Appendix C for details)., Knowing the
height of liguid nitrogen in the sample contalner at the
start elther from the sample probe measuremsni or from the
accumulative wet test meter measurement (if time is allowed
for all the liquld nitrogsn to evaporate}, one can calculate
the unfilled volume and the equivalent amount of gas for
this volume. By extrapolating the flowrate-time curve
allowing for this unfilled volume by graphieal integration,
the flowrate (Rr) corresponding to a full sample container
can be determined, The integration can be done eaaily
because of the straightness of the flowrate-~time curve, and
because of the shortness of the extrapolation. The contalner
was approximately full at the start in every experiment,

Assuming the total heat flux to be radiation, one
would expect an approximate linear relationship between the
level of the ligquid nitrogen {(h) in the sample contalner and
the flowrate since the flowrate is directly proportional to
the heat transmitted. Consider Figure 9, the heat received
(Q) is the sum of the heat flux from the end (Q;) and from
the c¢ylinder up to the level of liquid nitrogen (Q;) plus
heat transmitted by conduction (XQG) which is some fraction
X times the heat flux to the unfllled section. The relation




Figure 8

Flowrate Versus Time Plot for Run No. 12

Lampblack-Lampblack Surface




2400

2300 \'.

- ™

1900 AN

1800 AN

Rate (cc/min)
4

1700 ™

1600 e

1500 . ‘ \

1koo

-0 =100 0 10 20 30 W S 60 70 8 9 1100 110 120
Pims (min)

3




Figure 9

Heat #lux to Sample




A
o




expressed mathematically is
1
= + “+
Q= Q. + X *Q (16}

Since the P factors, areas, and emissivities are constant

for an experiment, one may express Equation (16) as follows
Q = Q,+ XK (hy - h) + Kh (17)

where K is & constant depsending on the emissivities, areas,
and the geometry (see Equation (14)). The full height (h.)

18 16.3 em. Differentiating Bauation (17} at constant X
d4q/dh = K (1 - X) (18)

Therefore if X is constant, dQ/dh, which is directly
proportional to the change in flowrate with time, is a
constant, X should be a constant for a small drop in (h)
because of the symmetry and the poor heat transfer to the
evaporated gas, The fraction X was found to be in the
neighborhood of 0,45 (see Appendix F for sample calculation),
One would expect X to be 0.5, but evidently some energy
was utilized in regard to the temperature riss of the
unfilled portion of the sample container and perhaps some
energy was transferred to the gas phase,

To obtain an emissivity (92) for the cold surface
from a full flowrate (Rr), two assumptions in addition to the
assumptions already made In Chapter 1] were made:

(1) The saturated nitrogen is an ideal gas mixture of

nitrogen and water vapor,
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{2) The pressure upon the liquid in the sample
container is 760 mm, Hg,

With these two assumptions (see Appendix H for details)

P Pn = P
Q‘-‘-Rr(B.TO.W.B “)Hv (19)
PO T VO PB
where & = net heat transmitted, cal/min,
PB: Barometric¢ pressure mm, He,

o =Subscript for standard conditions, Po = 760 mm, Hg,
T = 273°K, V_ = 22,400 cc.
MW =Molecular weight of Ng, gm,
Pw = Vapor pressure of water at T, mm, tig.
Hv::Heat of vaporization of NE at 760 nm. Hg., cal/em.
Rr}:Full flowrate, cc/min.
T = Temperature of gas, °K,
The bracket terms converted Rr {volume rate of flow) to a
mass rate of flow., 1The latent heat of vaporization,
b7.6 eal./gm. (27), times this quantity gives the heat

transmiassion., Grouping the constant terms and simplifying,

Equation (19) becomes

Q=¢R ,_° ¥ (20)

s
where C = constant = 0.,002137 (Cal.) ("K)
(cc)(mm, Hgld

When the capillary flowmeter was used, an additional term
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was required to correct Rr to the conditions of the
experiment since the calibrations of the capillaries were at
a different temperature asnd pressure, This correction

term for Rr is

where the subscript ¢ indicates the temperature and the
barometer pressure of the calibration, This correction term
is very small, A sample calculation applyinz the corrsection
term is given in Appendix H, Once the full flowrate (Rr) is
determined, one only has to substitute this wvalue into
Bquation (20) for Q since Pp minus Pw and T are known for a
specifie run. Using the plot of G versus e, in Chapter 11,
any e2 can be determined depending on the full flowrate

(R,) of the sample. A sample calculation is given in

Appendix H.




CHAPTER IV

DISCUSSION OF RESULTS

Results,-=-The results of this research are piresented in

Table 2.
TABLE 2
Summary of Resulta

Cold Surface (77.4°K) © (cal/min) Per Cent Deviation e

2
Lampblack in Glyptal 127.0 0.31 (2, 12) 0,866
Scotch Tape 130, 1,76 (1, 3, 18) 0.89
G. E, Adhesive 128, (8) 0.88
Bakelite Lacquer 128,0 (11) 0.87
Brass 15.87 0.31 (4, 5) 0.098
Brass ({(tarnished 18,356 (19} 0.11
Monel 18,446 1.95 (6, 7) 0,11
Aluminum Foil 705 {93 0,043
Chromium {plated) 13.85 0.29 {1y, 15) 0.084
Wood's Metal 28,15 (13) 0.16
Apiezon N on Chromium 26.9 (16) 0.17
4O Sn ~ 60 Pb Solder 7.76 (17) 0.0L7

The radiating surface was lempblack in Glyptal at 273°K in

all cases, The emissivity of the radiating surface was deter-
mined ffom data obtained in Runs 2 end 12 given in Appendix C,
In both experliments, the radliating and the receiving surfaces

were lampblack in Glyptal. XKnowing the heat transfer from

the evaporation raete and assuming gray bodies, the emissivity

of the radiating and the receiving surfaess could be

calculated from Equation {(1l) assuming e, = e This

1- T2




48

~calculation is presented in Appendix H (also serves as
sample caleculation)., Column 1 is the cold surface at TT.MOK.
Column 2 1s the rats of heat transmission assuming all
energy transmitted to be radlant energy. For surfaces for
which duplicate and triplicate runs were made, the rate of
heat transmission 1s the average rate for all experliments
performed with the surface, Column 3 1s the per cent devi-
ation 1n the rate of heat transmission between duplicates
for a specific surface. In the case of a triplicate, the
deviation of the extreme two was taken. The numbers in
brackets following the percentage refer to the runs glven in
Appendix C; Column 4 is the apparent emissivity of the cold

surface as caleculated from fquation (15).
TABLE 3

Comparison of Several Common Surfaces

Material our {77.4°K) Blackman (90°K) Reynolds (76°K)

Brass 0.098 0,046 0.029
~Aluminum Foil 0.0%3 0,055 0.02

Chromium 0.08L 0.06% 0.08

4,0/60 Solder 0.047

50/50 Solder 0.03

Table 3 13 a tabulation of common surfaces investi-
gated by this research compared with the works of Blackman
{2) and Reynolds (15). The large discrepancy in the apparent
emissivity of brass is believed to be due to the different

methods of polishing, The author did expect, however, that
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the emissivity of brass and monel of this research would be
high, In cleaning, grooves were made in the surface by the
lathe, All the grooves could not be removed by hand
polishing.,

Accuracy of Results.--In Chapter I, seven "heat leaks" to

Dewar vessels were listed:

(1} GConduction through the residual gzas in the vacuum
space,

(2} Convection through the rssidual gas in the vacuum
space,

(3} Radiation across the vacuum spacs,
(l,) Conduction along the neck of the flask.
(5) Radiation through the neck aperture,

{6} Conduction through supporting maverials, if any,
acrosgs the vscuum space,

(7} Convectlon 1n the interior space of the flask
and neck,

Of these seven "heat leaks" only one of them, (1)}
conduction through the residual gas ln ths vacuum space,
produced a significant error in the calculated apparent
emissivities in Table 2. This error is in the neighborhcod
of 0,2 to 0,3 % for high emissivity surfaces and 2 to 3 %
for low emissivity surfaces (see Appendix E for estimation of
heat transmission by gaseous conduction). By the use of a
high vacuum, small neck tubes, and a llquefied gas reservoir,
all the other "heat leaks" can be assumed to be negligible
except (3) radiation across the vacuum space and (5} radi-

ation through the neck aperture, The assumption of

blackbody radiation for the neck aperture accounts for (5),.
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The vacuum was 1 x 10_“5 mm, Hg. The ratio of the areas of
the tube apertures of the tubes leading to bthe sample
container with respect to the total area of the sample
container was approximately 1/2000, The assumption that the
total "heat leak"” is radiation is believed fo be reasonable
with the design of the apparatus used in this research,

The assumption of gray bodies for the calculation of
the emiasivity of\the radiating surface 1s also belisved to
be reasonable, By decreasing the temperature of the radi-
eting surface from 273.16%K to 194.2°K, usirg a Scotch Tape
gurface (Run 19) as the receiver, the observed heat trans-
mitted was 31,1 cal./min, as compared with 32,1 cal,/min,
calculated by the tempersture ralsed to the fourth power
relationship. The deviation was four per cent., The precision
of the system is belleved to be two per cent, taking the
precision equal to the reproducliability for the system,

With a precision of two per cent for both rates of heat trans-
misslon, the deviation of four per cent is approximately
within experimental error. It 1s believed that the lamp=-
black surfaces are approximately gray.

Superheating of the ressrvoir was noted in a Tew of
the experiments. The superheating was less than 0.10 C as
observed by thermocouple measurements., fHowever, this
superheating seemed to have little effect upcn the sample
container since significant superheating would have made the

X factor greater than 0.5,
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The possibility of a temperature gradient existing
across the plastic film of the radiating surface was also
investigated. The analysis was made only on the outer
surface gsince thls surfesce was much more sensitive with
respect to heat transmission. This is obvious because of the
temperature to the fourth power relationship. A temperature
gradient of 0,08°C (sce Appendix G) was calcilated for the
radiating surface at 273°K and the gradient increased to
0.09°C for the same surface at 200°K, With an error of
roughly four per cent per 1°C change in the radlating surface
temperature at 273°K, the error produced by the temperature
gradient across the rsdiating film is small,

No effect in the heat transmission was noted due to
changing the thermal conductivity of the sample container
from monel metal to yellow brass,

The experimental apparatus was found to approach the
parallel plate case mentioned in Chapter Il within less than
two per cent (see Appendix I for discussion and calculation),

The limiting accuraecy of the apparent emlissivities in
Table 2 is the assumption of Lambert's cosine law, the
accuracy of which is in the neighborhood of 15 to 20 per cent.
The author feels that the accuracy is withln the accuracy of

most chemical engineering calculations.
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CHAPTER V
CONCLUSIONS AND RECOMMSNDATIONS

In addition to the dats presented, the author wishes
to emphasize a few important facts which should be considered
in the design of vacuum type containers or apparatus for low
temperature use, It is obvious from the apparent emis-
sivities obtained that plastics are good emitters and
absorbers., Therefore, they should be shielded to minimize
heat leak by radiation., Organic impurities will increase
the emissivity. Generally speakins, most metallic surfaces
are good reflectors, Aluminum foil is an excellent reflector.
This material is of Ilnterest since it 1s very inexpensive
and easy to handle. Pollshing, cleaning, and maintaining a
surface of low emissivity 1ls expensive; but by wrapping
aluminum foil upon any surface, one 1ls insured of a reason-
ably low emissivity surface regardless of the contact of the
aluminum foil to that surface. Thismethod of decreasing the
emissivity has industrial possibilities,

Some recommendations will be pressnted with respect
to the apparatus used in thnis research. It 1s recommended
that the reservoir section be constructed of a high thermal
conductivity material in order to eliminate the small degree
of superheating observed in the reservolr. Testing the

grayness of some of the surfaces investigated in this
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resecarch is worthy of a master's thesais, This could be
accomplished by the use of other liqueflied gases such as
helium, hydrogen, oxygen, and hydrocarbons for the cold
surface temperature. Precaution, of course, will have to be
taken if oxygen, hydrogen, or hydrocarbons are used., oSomse
surfaces which one may use as standards for the above

experiments are given in Table L.
PABLE I

Approximate Black Surfaces (?7.h°K)

Surface Apparent emissivity
Scotch Tape 0,84
Bakelite LacGuer 0.87
G. ®. Adhesive {(No. 7031) 0,88
Lampblack in Glyptal 0.866

4 tabulation of a few helpful emissivities for low temperature

design in given in Table 5,
TABLE &

Low Emissivity Materials

Material Temp"(oK) Emissivity Reference
Silver 76 0.008 (15)
Polished Copper 76 0,03 {15)
Stainless Steel 76 0.048 (15)
Aluminum Foll 77l 0,043 This Research
40 5n/60 Pb Solder o 0.047 This Research
Brass G0 0.046 (2)

Glass G0 0,87 {2)

Tin a0 0,038 (2)
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APFENDIX A
DERIVATION OF OVERALL INTERCHANGE FACTOR

In the case of radiant interchange between two gray
finite bodies without refractory surfaces, the view or
configuration factor (F) must be considered in determining
the overall interchange factor., Assuming tw> gray bodies

A, and A_, the fraction {per unit area) absorbed by source

1 2

Az from Al is the difference of the received fraction and

the reflected fraction at 4 _.

2
Received by A2 from Al Reflected from A2
P e
12 1 Fl2 el(l - eg)
3 7o _ _ 12 21 1 1 2
Fla Fop €1(1 - oy ) (1 -e, )® 3 L2 3
P 1 F21 e (1 - e ) (1 - e, )
Sum of the Received is
2 2 2
B + B F - - 3 ¥ -
12 °1 (2 10 Fpy (1 me) (1= e)) ¥+ 7], 70 (1 - )
2., n - l n -1 n -1
(L - e )4+ = = == <« - - F -
> + 12 21 (1 el)
n =1
l - ¢
( ) 1

which has the form

KA+ X+x®+x%+ -0 X )




the sum of which is

(=)
1l « X
thsrefore the summation of the received is

F1p0 o3

- F12 Foy (1 - el) (1 - 92)

The sum of the reflected is

2 F2

F 12 21

(1 - ) [:1-+ F (1-e)Q-0)+F

F
12 %1 12 21

> e
(1 - el) (1 - 92) +

which has the same form as the series above, This summation

is

1 - F12 F21 (1 - el) (1 - 92)

The difference of the former and the latter series is the

fraction absorbed

F12 61 62

1 - Fp Fpy (1= 0] (1 -e,)

The fractlon absorbed by source Al from A_ obviously would
[

give similar results except F12 and e, are replaced by F21
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and s and vice versa, throughout the above derivation.

The fraction absorbed at source Al would be

F?l 62 e
! (9a)

1 - Fy Fis (1 - el) (1 - 82)

The energy absorbed by A, is ¢~ 4, T% times Ejuation (9) and
the energy absorbed by A, 1is ¢'A2 Tg times Equation (9a).
Therefore, the net energy absorbed by A2 is the difference of
the former and the latter products,

it

Q (9b)

12 ~

or since F., Al = F21 A2 (see reference (23), page 65} the

above equation can be expressed

F12 &y &5 Al

Q=
12

N
(T - Tg) (10)

1 (1 - el) (1 ~ ee)

- Mooy

after substituting I The overall interchange

Al for F21 A2.

12
factor ¥ 1is Equation (9},
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APPENDIX B
DERIVATION FOR EGUATION OF CRYOSTAR

The purpose of this appendix Is to give a more com-
_plete derivation of Equation (15) since many mathematical
steps were omitted in Chapter II, The notation will be the
same,

The problem was resolved into five parts as was stated

in Chapter I1:

(1) HKRadiation transfer between A' and &

[

L]
2
(2} Radiation transfer between A3 and Ah
(3) Radiation transfer between A and Au

(4) Radiation from the tubes {ﬂt)

(5) Radiation from A_ to A' and & to A'

5 2 3 2

Part (5) was neglected since the radiating areas are small
end are never normal to the receiving sourcses,
Fadiation Transfer Betwsen Ai and A!,-~This is the case of

2
two concentric finite cylinders, the geometric solution of

which has been determined by Hamilton and Morgan. The energy
transfer consist of two parts: the diffuse radiation which
is the radiation that misses per reflection bui: scatters at
the outer wall and does reach the inner surface on the next

reflection, and the direct radiation from the cuter surface
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]
to the inner surface. The direct radlation from Ai to A2 is

given by Zquation (9) in Appendix A,

For the diffuse radiation, the following applies

Recelived by A2

after diffuse reflection at Ai

F o, {1 - el)

F
11 12 1

2 2
F1a F1o Fop oy (1= 0071 - e))

3 2 3 2
Fll F12 F21 el (1 el) (1 32)

t
Reflected from A2

Fll F12 o (1 - el) (1 - 92)
2 2 2
Fll F12 F21 e, (1 - el) (1 ez)

3 2 37 . 3
Fll F12 le s (1 - el) (1 62)

Sum of the received is

- ‘ ) B F - ' - 4
Fll F12 el (1 el) 1+ 12 To1 (1 elj (1 92)
z 2 2 2
P F 1 - 1 - - - mem .= ]
1 21 ( el) ( ea) +

The summation of which is

1 2}

(1 - el) (1 -6

- Fio Py
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The sum of the reflected is

PP e (1-e) (1-oa) (}.«-F F, (1-e)(l-e)+

11 12 1 12 21
0
2 P2 (1 -e)2(1 -6 )84 =cwe--
1o Ty ey 174 o)t 1

Summation of which is

Fll F12 97 (1 - el) (1 - 62)

1 (1 - el) (1 - e.)

- P
F12 21 2

The difference, the absorbted fraction, is

1 -F {1 - el) (1 ~ 92J

F
12 21

The fraction absorbed by A; will give similer results except

F in the above equastion is replaced by F .,
12 4 P T o

Recsived by Ai (diffused)

F B -
11 Fo e2 (1 el)

F._ F._F°

2
12 Fio Fpp 95 (1 - )7 (1 -0

)

Reflected from Ai

2
Fll F21 e, (1 - el}

2

F P P - 3¢9 -
11 T1p Fop % (1 - e (1 = e))

The difference of the summations of the fraction received
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and the fraction reflected which is the fractiion absorbed by

1
A; from A2 is given by

P F e. 8, (1 ~ e.)
11 " 21 "1 "2 1 (12a)

1 - F,Fy (1 = el) (1 - 62)

This expression then can be expressec With respect to Ai by
the substitution Al Fl? = Aé le to give Equation (12). |
Let Bauation (12) ecual q. Since each term c¢f the direct
series has a diffuse summation, the total amcunt absorbed

will be

B 8. @
12 °3
2 (1+q)

- - -
1-F,Fyy (1me) (2 -e)

Radiation Transfer Betwsen AB and A ,--This i3 the case of two

L

parallel disk, one larger than the other, if A3 and AS are

assumed to have no effect upon each other, or irn other words

A3 absorvs all radiatlon striking it from AS

Then the fraction received by Ah and the fraction reflebted

and vice versa,

by Au are

Recsived by Ah from A3 | Reflected from Ah

2 F31I-31 FBJ-I- l"e) 2
F3h FHS - e ) (1 - 92) 3h h3 l (1 - e {1l - e,)

3 g2 - - 2 73 g2 _ - 2
F3h FuB el (1 el)(l e2) 3 F 3% (1 el) 21 62)
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The

The

The

The

61

sum of the received is

F3u o, [:1-+ th Foo(1 - 61)L1 - °2) +

43
2(7 2 8 } b o e e e oo
Fay Py (1= o)%(1 =6} -1
surmmation bescomes
Fﬂﬂl 191
l = F3LL FhB (1 = al) (1 - 92)

sum of the reflected 1ls

- . - - +
F3h o (1 -e,) [ﬁ +-F3ll FuB (1 el)(l eg

72 P2 (1-0)%(1-0)2 4= oo - - ]
34 43 1l <

summatlion of this series 1s

F3u ey {1 - 92)

1 (1 - el) (1 - 62)

- F F
3 i3

fraction absorbed being the differencs of the former

series and the latter series 1s

Ty 0 %
1-F_  F _ (1L=-¢)(1~-c¢e)
b 43 1 2
The fraction absorbed by A3 can be treated as before making
use of the relation A_ F_ = A F |

3 34 i 43
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Radiation Transfer Between AS and Ah.--In addition to the

assumption in (2), it is assumed that this case of a perpen=-
dicular ring radlating te a circular disk is approximately
equal to the case of 8 perpendicular slement of area (dA) to
a circular disk, With these assumptions, the absorbed

fraction is

F5h el e2
1 - FS& (l - e ) (1 - e, )

The derivation of the absorbed fraction 13 the same as that

of (2).

Radiation From the Tubes (A,),--The radisnt energy from the

apertures of the tubes leading into the sample container 1is

assumed blackbody radietion,
The finel relationship for the heat transmission is

t

Q= 12 % % 4 Ll'f 11 F10 & a1 - o)) )
1 - 12 21(1 - el)(l - 82) 1 - 12 21( - el)(l - 92)
¥ e e_ A R 8. .0, A
+ 3'-|- 1 2 3 + 5“- 1 2 5
FBhFhs(l - el)(l - e2) 1 - FShFuE(l - el)(l - 32)

+ A J— (Tg - Tg)

(14)
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Substituting the conditions imposed by the crryostat,

Ay = 377.2 en? B = 0119
A, =330.8 cn? F., = 0.881
AB = 41,7 em? le =1
Ah = 31.7 em® sz‘ =0.67
A5 T 1.5 cm2f Fh} =0,882
A T 0.25 cme Flg =0.065
Tl =273% FSu =0,142
T2 - 77.4°K el =0.866

The equation for the crycstat becomes

_ 288 62 0.0122 32
Q@ = 0,452 (‘ + ) 4+
1 - 0,118 (1 - 62) 1 - 0,118 (1 - 32)
2L .2 e, + 1,78 e, + 0.0

1 - 90,0792 (1 - 92) 1 - 0.00124 (1 - 62)

The configuration factors ¥ , F , ard F_ , were

3L
taken from Hamilton and Morgan (26)}. Fll (denoted as Con-

figuration L-4 by Hamilton and Morgan, page £9) was evaluated
from Table 11 {page 66 of the above reference)}, In order to
avold linear extrapolation, a large plot was produced using
their I} place factors, Fll was then taken to be the value
found on this plot. The values were rounded off to 3 places.

(Configuration A-6, page 32 and Table 1, page 69 of

F
34
(26)) was evaluated by the same means, .’F‘SLL {Configuration




P-7, page 25 and Equation P-7 of Appendix C, page 37 of
(26)) was evaluated from Fquation P-7 of Hamilton and Morgan,

F was assumed to be one,

21

Fu.3 and F’_‘_S
4 =
N

and FhS

khown,

sources, Ax and A , the equation for the net lheat interchange
y

is

Qxy

Since the configuratlon factors are independent with respect

to temperature, Q

Becaude ¥ is a

is true,

the other can be detsrmined (knowing the areas of the two

sources).

o,

Morgan).

were svaluated from the relations,

F_ A
54 5

The following reasoning is used,

Therefore, if one knows one configuratlon factor,

Numbers used in the evaluation of P

are given below (notations same as that of Hamilton and

was taken to he 1 - ¥,
11

Fa, A3 7 Fu3 dy

thres of the values are

F
12

« JIn both cases,

Assuming two black

—

A mH
yX y y

A Th - F
X x

¢ (F
Xy

approaches T ,

wlll approach zerc as T
Xy x

constant, the relation

—

F
yX

11’ F3h’ and

Configuration L=l
- ~ 1.h35%
D= 4d - e = 1.1
/r 1.25 ot
L = 1/r = 8836 = 5 305
1.25

Fll = 0.119 from Table 11, page 66 (26)




where

where

where
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d = outer cylinder radius

r = lnner cylinder radius

1 = length of ecylinder
Configuration A-6
B zry/d = %f?g [
D =d/r. = 0.25 =0,174
1 1.435

FBH:' .67 from Table lli, page 69 (26)

d = distance between disks
rlz.radius of larger disk

r2==radius of smsller disk

Configuration P-7

R - r - 1025 = 0.871
b 1.435

D =._%_, varied from ¢ to 0.17L

FShT: 0.142 from Equation P-7, page 37 (26)
assuming D to be zero ard 0,174 and
taking an arithmetic average of the two

= radius »f perpendicular disk

r
b = vertical distance to plane containing
dA5 from center of perpendicular disk

a = horizonal distance from perpendicular
disk to slement of area da

5
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APPENDIX C
SUMMARY OF OPzRATING DATA

This appendix is a summary of the Information obtalned
from 3 preliminary and 19 experimental runs,

The hot surface indicated on the various data sheets
is at a temperature of 273°K. The cold surface 1s at 77.4°K,
the bolling point of nitrﬁgen at 1 atm, The full flowrate
(Rr) is the extrapolated Ilowrate corresponding to a level of
16,3 em, in the sample container. The height from the
bottom of the sample contalner to the lower edge of the brass
ring is 16.3 cm, 'fhe height at start is the helght of the
liquid nitrogen at zero time., Zero time is the time at which
the primary flowmster system and the cryostat were connected.
¥hen wet test meter 1s indicated, this refers to the 20
cublc feet precision meter., Wwhen caplllary 1s indicated,
this means the capillary flowmeter was used., The number
after the word capillary designates the capillary used, The
flowrates given are for the primaery flow system, At the

bottom of each data sheet is & brief description of the cold

surface. All other items are self-sxplanatory.
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AYYPENDIX C

TARLE 6

Summary of Operating Data for Run i

Hot Surface Glyptal
Cold Surface Glyptal
Full Flowrate 970 cc./min,
Barometer 7116 mm, Hg.
Temperature 23.900.5
Vacuum 2 x 1077 mm., Hg.
Height at Start 15.5 em,
Material of Sample Contalner Monel
Flowmeter Used Wot Test Meter
Flowrate
Time {(min,)} Rate (cc./min.}
0 -
13 919
Eé.h 92%
3 91
Ls 892
61 872
70.7 855
4.5 836
112.5 810
126.5 793
137.3 782
149.0 767
174.5 45
202,5 716
220,3 700

Description of Cold Surface

Glyptal was painted on monel and baked at 125°C. for
2 hours after air drying overnight. The resulting surface was
clear, smooth, and uniform with a brownish tinge but trans-
parent,
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APPENDIX C

TABLE 7
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Summary of Operating Dete for Run 1

Hot Surface

Cold Surface

Full Flowrate

Barometer

Temperature

Vacuum

Height at Start

Materfal of Sample Container
Flowmeter Used

Flowrate

Time {(min.)

* @& B e & 4 8 e s Y eoE e s
O DLW~ N0 OGO O

M
VL N OO0 =3 TN i [0

Description of Celd surface

Glyptal

Scoteh Tape

1237 cc./gin.
741.8 mm. Hg.
2L.2°%, .

1 x 10"~ mm, Hg.
15.5 cm,

Monel

Wet Test Meter

Rate (cc./min.)

113&
1121
1107
108¢
1062
104E
103¢
101l
1003
969
949
909
88
855
847

A layer of Scotch Tape was wrapped on a monel con-
tainer, The tape was 2 c¢m, wide, clear, and transparent,
but there were a few air bubbles in the surface,
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APPENDIX
TABLE 8

Summary of Operating Data for Run 1ili

Hot Surface G.yptal
Cold Surface Seoteh Tape
Full Flowrsate 1976 ce./min,
Sarometer T4h3.6 mm. Hg.
Temperature 23.4°¢C,
Vacuum 9 x 1076 mm, hLg.
Height at Start 15,3
Material of Sample Container Monel
Flowmeter Used wat Test Meter
Flowrate
Time (min.) Rate (ce./min.)

0 -

9.3 1882

13.8 185¢

20,0 1824

27.9 1773

32.7 1750

39.2 1716

h7.5 1668

57.8 1620

68.4 1575

77.6 1529

Description of Cold Surface

The cold surfacs 18 the same as Ruan il but the outer
hot surface has been changed to 2 coats of Clyptal.
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APPZNDIX C
TABLE 9

Summary of Operating Dats for Eun 1

Hot Surface Lampblack
Cold Surface Scotch Tape
Full Flowrate 2501 ce./min.
Barometer 745.7 mm, Hg.
Temperature 23.59cC.
Vacuum : 1'x 10°5 mm. Hg.
Beight 2t Stert 1.2 cm.
Material of Sample Container Monel
Flowmeter Used wot Test Meter
Flowrate
Time {(min.) Rate (cc./nin.)
0 -

6.1 2362

10,0 2334

1.8 2283

21l.1 2226

28.8 2155

3.1 2113

39,5 2065

45.1 2019

50,7 1971

58.0 191

Description of Cold Surface

A layer of ‘cotch Tape was wrapped on a monel contalner,
The tape was £ ecm, wide, clear, and transparent, but there
were a few alr bubbles in the surfacs.




71

APPENDIX €
TABLE 10

Summary of Operating Data for Run 2

Hot Surface Lampblack
Cold Surface Lampblack
Full Flowrate 2379 cc./min,
Barometer 743.5 mm. Hg.
Lemperature 23,5°C,
Vacuum 2 x 10°5 mm, Hg.
Hetght at Start 15.3 cm.,
Material of Sample Container Monel
Flowmeter Used Wet Test Meter -
Flowrate
Time (min.) Rate {(cc./min,)
0 -
T.4 2314

11.2 2280

4.9 2260

19,9 2220

2746 2138

33.0 2099

38,5 2056

45.4 1988

55.6 1912

67.8 1815

Description of Cold Burface

The lampblack-glyptal suspension after alr drying
overnight was baked at 125°C, for 1% hours, This surface is
the same as the hot surface, The surface was black and very
rough.
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APPHNDIX C

TABLE 11

Summary of Operating Date for Run 3

Hot Surface Lampblack
Cold Surface Scotch Tape
Full Flowrsate 2523 ce¢./min,
Barometer 746.1 mm. Hg.
Temperature 23.4°¢C.
Vacuum 1"x 10-5 mm, Hg.
Height at Start 15.3 cm.
Materlal of Sample Container Mo:el
Plowmeter Used Wet Test Meter
Flowrate
Time (min.) Rate (ecc./min.)
0 -
7.5 2351

12.3 2325

15.3 2294

22.2 2232

26,0 2215

35,14 2096

4o.7 2056

b7.7 1999

SS.E. 19,48

63, 1861

Description of Cold Surface

A layer of Scotch Tape was wrapped on a monel container.
The tape was 2 cm, wide, clear, and transparent, but there
were a few air bubbles In the surface,
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APPENDIX C
TABLE 12

Summary of Operating Data for Run 4

Hot Surface Lampblack
Cold Surface - Brass
Full Flowrate 304.0 ce./min.
Barometer 751.2 mm, ig.
Temperature 2h.5°C,
Vacuum 1 x 10°5 mm, Hg.
Height at Start 15.9 cm. '
Material of Sample Contaliner Brass
Flowmeter Used Capillary No. 3
Flowrate
Time (min,) Rate (cc./min.)
0 -

10,5 219

5.7 330

29.7 306

38.8 292

41.9 348

46.7 304

51.8 , 285

Sh.h 281

56.3 281

€0,9 278

6%.0 278

68.7 275

72.6 275

83.2 272

103.6 267

109.6 - 266

120.2 261

134.9 - 257

Description of Cold Surface

The orass tubling was hand-polished with No., 92 Crocus
Cloth msde by the Carborundum Company. The resulting surface’
was bright and shiny with a few cuts. ‘
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APPENDIX C
TABLE 13

Summary of Operating Data for Run 5

Hot Surface _ Lempblack _
Cold Surface Brass (tubing)
FPull Flowrate 305.5 cc./min.
Baromster 753 mm. Hg.
Tamperature 2L0c,
Vacuum ' _ 1 x 10'5 mm,. fg.
Height at Start 15,7 cm.,
Materlal of Sample Container Brass
Flowmeter Used . Capillary No., 3
Flowrate
Time (min.) Rate (ce./min,)
0 -
1l 233
22.¢ 322
29.9 292
39.5 285
53,6 280
61 279
68.9 278,.5
85.2 276.3
93.2 275
100 272.5
105.h 272
112.6 271
143.0 261
155 260
165 ' 257.5

Description of Cold Surface

The brass tubing was hand-polished wita No, 92 Crocus
Cloth made by the Carborundum Company. The rssulting surface
was bright and shiny with a few cuts.




75

APPANDIX C
TASLE 1l
Summary of Operating Data for Run 6

Hot Surface Lampblack

Cold Surface Monel

Full Flowrate 360.7 cc./min,
Barometer TL0.h mm, Hg.
Temperature 2h.ec,

Vacuum 1x 10°5 mm, Hg,.
Height at Start 15,1 em,
Material of Sample Container Monel

Flowmeter Used Cepillary No. 3

Flowrate
Time {(min.) Rate {(cec,/min,)
0o -
10,2 300
17.2 353
27.2 . 266.4
32.6 365
39,2 363
67.3 347
90.3 . 332
100,7 326
112,.2 324.5
125,7 320
131.7 317
141.2 31
154.,.8 312
166,.2 ~ 313
171.9 309.5
1961 308

Description of Cold oSurface

' A monel container was hand-polished with No. 92 Crocus
Cloth made by the Carborundum Company. The resulting surface
was bright and shiny.
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APPANDIX C
TARLE 15

Summary of Operating Date for Kun 7

Hot Surface Lampblack
Cold Surface Monel
Full Flowrate . 3%6.3 ce./min,
Barometer 73y mm, Heg.
Pemperature 2l .1°¢C,
Vacuum l x 10“5 mm, Hg,
Height at Start 15.3 cm.
Material of Sample Container Mcnel
Mlowmeter Used Ceplllary No. 3
Flowrate
Time {min.) Rate (cc./min.)
0 -
12,3 326
15,3 345
23.7 352.5
52.3 336.5
82.3 337.0
102.7 334.0
111.4 329.0
132.9 322.0
144 .8 320.0
159.8 317.0
181.3 312.0
205.0 309.0
217.2 309.,0
224.5 306.0
2&9.% 303.0
276, 298,13

Description of Cold Surface

A monel container was hand-polished with No, 92 Crocus
Cloth made by the Carborundum Company. The resulting surface
was bright and shiny.
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APPiNDIX €
TABLE 16
Summary of Operafting Deta for Run 8

Hot Surface Lempblack

Cold Surface Acéhesive

Full Flowrate _ 2&&5 ce./min.
Barometer g mm. Hg.
Temperature 1rl

Vacuum 2 x lO =5 mm, Hg.
Height at Start 1€.1 cm,
Material of Sample Container ' Mcnel

Flowmeter Used Wet Test Meter

Flowrate
Time (min.) Rats {cc./min.)

231

228

2257
2202
2178
2138
2067
2035
2002
1931
1886
1845
1807
178)
1722
1671
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Description of Cold Surface

General klectric Adhesilve No. 7031 was brushed on a
monel container. After air drying overnight, the thick
coat of adhesive was transparent and had a brownlsh tinge.
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APPENDIX C
TASLE 17
Summary of Operating Data for Run 9

Hot Burface , _ Larpblack

Cold Surface Aluminum Foil
Full Flowrate 137.5 ce./min,
Baromster 73g.h mm, Hg.
Temperature 2h°C,
Vacuum 1 x 10-5 mm, Hg.
Height at Start 15.5 cm.,
Material of Sample Contalner Monel
FPlowmeter Used - Capillary No. 3
Flowrate
Pime (min,) ' Rate (cc./min.)
0 -
7.8 87
17.5 118
33.9 146
hé .l 140
57«3 137.5
70.0 135
87.1 130
100,5 127.3
5.2 119
160,9 116
206.4 113
236.3 109
266.,0 10Lh.5
294..0 104 .5
331.0 104.5
372.0 100
hih.o 99

Description of Cold Surface

Aluminum foil was loosely wrapped around surface
of Run 8 (lampblack). The side exposed to the radiator had
previocusly been polished by the manufacturer, This was a
household grade of foil produced by the Reynold's Company.
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Summary of Operating Data for Run 10

Hot Surface
Cold Surface
Full Plowrate
Barometer
Temperature
Vacuum

Height at Start

Material of Sample Containsar

Plowmeter Used

Time {(min.)

N e el _

om@mwoomqwgmm

vV s s o e ow ©
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Flowrate

Description of Cold Surface

Lampblack

Brass (tarnished)
355 ce./min.
7]_]-2.2 mm, ch
2k..1°¢,

1 x 10-5 mm. Hg.
1t.1 cm,

Brass

Cepillsry No. 3

Rate {(cc./min.)

330
319
306.5
310
305
302
300
300
296
29,5
281
265
263

Previous hand-polished brass was tarnished in an
oxidizing flame until the surface became dull., The surface
had a brownish tinge,

The oxidation was not uniform.
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APPENDIX C
TABLE 19
Summary of Operating Data for Run 1l

Hot Surface Lsmpblack

Cold Surface Bekelits

Full Flowrate 2L21 cc./min.
Barometer 748.8 mm. Hg.
Temperaturs 21.7°cC.

Vacuum 1l x 107~ mm, Hg,
Helght at Start 1.2 em.
Mgterial of Sample Contalnsr Brass

Flovmseter Used Wet Test Meter

FPlowrate
Time (min.,) Rate (cc./min.)

231}
2300
2268
2210
221

217

2138
2082
2056
2039
1943
1900
1866
18),1
1756
1699
1529
1331
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Description of Cold Surface

The bakelite was air drled overnight and then baked at
135°C. for 2 hours. ‘The resulting surface was non-uniform,
brownish-red, and transparent.
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AFPPENDIX C
TABLE 20

Summary of Operating Data for Run 12

Hot Surface Lampblack
Cold Surface Lampblack
Full Flowrate 2365 ce./min,
Barometer 749.6 mm. Hg.
Temperature 20°¢C,
Vacuum ' 1 x 105 mm, Hg.
Height at Start 15,2 cm,
Material of Sample Containsr Brass
Flowmeter Used Wet Test Meter
Flowrate
Time (min.) Rate (ce,./min,) -
Q -
2.8 2322
5.3 2356
T7 2291
10.2 2271
15.2 225\
20,3 2155
23,0 2138
32.4 2056
ho,2 1985
52.3 1909
59.8 1852
67.6 1787
772 1722
87.4 1617
96.3 1541
105.7 11150
113.5 1408

Description of Cold Surfacs

Surface is as game as in Run 2., This surface was not
baked whereas the lampblack surface in Run 2 was baked,
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TABLE 21
Summary of Opersting Data for Run 13

Hot Surface Lampblack

Cold Surface Wood's Metal
Full Flowrate LB4,.5 ce,/min.
Barometer 7h5.2 mm, Hg.
Temperature 2li.1°¢C,

Vacuum lx 10-5 mm, Hg.
Height at Start ' 15.0 cm,
Material of Sample Corntainsr Brass

Flowmeter Used Capillary No. 3

Flowrate
Time (min.) Rate (cc./min.)

0

13.5
16.3
19.3
23.8
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Description of Cold Surfsce

A coat of Wood's metal was applied to a brass container
with a gas-air torch, The resulting surface was silver in
color with a dull appearsrce. The surface was rough and not
uniform.
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APFPERNDIX C

TABLE 22

Summary of Opereting Data for Run 1l

Hot Surface Lampblack
Cold Surface Chromium
Full Flowrate 266, 5 cc./min.
Barometer : 4.6 mm, hHg,
Temperature 23.9°C,
Vacuum 1 x 107 =5 mm. Hg.
Height at Start 15.5 em.
Material of Sample Container Monel
Flowmeter Used . Capillary No., 3
Flowrsate
Time {(min.) Rate (cc./min.)
0 -
22.9 228.5
34.9 232.3
41.0 253
52.3 250
62.6 24l
76.0 239
85.9 235
99.6 233
114.2 231
126.6 227
137.3 224
155, 220
167.8 218
-181.0 216
190.6 21h.5
207.2 212

Description of Ceold Surface

Chromium was plated on a monel container, The
resul ting surface wasz bright, shiny, and uniform.
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APPENDIX C
TABLE 23

Summary of Operating Data for Rua 15

Hot Surface _ Lampblack
Cold Surface Chiromium
Full Flowrate 265.8 cc./min,
Barometer -~ 7L45.5 mm. hHg.
Temperature , 2, 29cC,
Vacuum 1 x 1075 mm. Heg.
Height at Start 1€.9 cm.
Materiasl of Sample Containsr Monel '
Flowmeter Used Cepillary No, 3
FPlowrate
Time {(min.) Rate (ce./min.)
0 -
11.5 170
26.1 268
hl.1 262
£3.6 245
63.4 2h2,.2
75.3 238.5
8l1.3 238
oL .5 23k
104 .6 231.5
114.9 229.5
127 .6 225
135.6 220
44,8 222
155.6 220
160,0 219
172.3 215

Description of Cold Sﬁrface

Chromium plated on a monel container, The resulting
surface was bright, shiny, and uniform.
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APPEKNDIX C
TABLE 24

Summaf& of Operafing Data for Run 16

Hot Surface Lampblack
Cold Surface Apiezon N
Full Flowrate 20,5 ce./min.
Barometer 733y mm, Heg.
Temperature 23.h°C,
Vacuum . . 1"x 10°5 mm. He.
Height at Start 15.8 em,
Material of Sampls Container Monel
Plowmater Used Wet Test Meter
Flowrate
Time (min.) Rate (ecc./min,)
0 -

11,9 529.9

22.7 516,10

33.1 £06.9

4c.6 n88.%

67.9 L87.1

79.5 . 4182.9

91.3 1175.8

103,2 L71.%

132.8 441.8

195.6 037.3

208.6 h30.7

222.5 Laé.2

Description of Cold Surface

A thin film of Apiezon N was placed on the chromium
plated surface of Run 15. The film of grease was very thin,
uniform, and transparent., Aplezon N manufactured by
Metropolitan-Vickers Electrical Company Ltd.
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APPRNDIX C
TABLE 2%

Summary of Operating Data for Run 17

Hot Surface Lampblack
Cold Surface : 4O Sn/60 Pb Solder
Full Flowrate 149.5 cc./min,
Barometer . 743.3 mm, hHe.
Temperature 2ioc. 6
Vacuum 7 x 107° mm. Hg.
Height at Start 15.9 em.
Material of Sample Container Brass
Flowmeter ' Capillary No. 3
Flowrate
Time (min.) Rate (ce./min.)
0 -
20,9 119
30.8 132
43.3 1h6
66.9 140
5.3 RVINY
101,7 140
134.h 140
181,4 135
207.0 134
212.6 133
219,0 132.8
248.1 130
312.5 127.3
4i9.5 119

Description of Cold Surface

A coat of 40 Sn/60 Pb solder was placed on brass with
a gas-air torch., The resulting surface was silvery in color
but not uniform. Solder manufactured by National Lead Company.
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APPEWNDIX C
TASLE 26
Summary of Operating Data for Run 18

Hot Surface Lampblack

Cold Surface Sgotch Tape
Full Flowrate 2,38 cc./ﬁin.
Barometsar 737.9 mm. Hg.
Temperature 22.9°C,

Vacuum 1 x 10-5 mm, dg.
Height at Start 15.1 cm.
Material of Sample Container Monael

Flowmeter Wet Test Meter

Flowrate
Time (min.) Rate (cc./min.)

2351
2331
229
22hh
2195
2113
2107
2036
1963
1880
1810
1733
1719
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Description of Cold Surface

Triplicate of Run 1 and Run 3,
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APPENDIX C
TABLE 27

Summary of Operating Data for Run 19

Hot Surface Lampblackl®
Cold Surface Scotch Tape
Full Flowrate 605 cc./min,
Barometer 736.4 mm. fAg.
Temperature 23.4°C,
Vacuum 1 x 1075 mm, Hg.
Height at Start 15.6 cm,
Material of Sample Containsr Monel
Flowmeter Used Wet Test Meter
- Flowrate
Time (min.) Rate {ecc./min.}
0 -
8.4 ©16,0
20,0 c82.2
32.3 574.4
hg.l 566.0
56.0 556.5
62.8 553.0
70.5 Sihy .0
76.1 5L5.0
80.7 she.2
107.0 522,0
112.,0 520.0
126.0 511.0

Description of Cold Surface

_ Scotch Tape on monel tubing., Same surface asas the
previous Scotch Tape runs,

10

Hot surface at 19l.2°K,
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APPENDIX D
CALTBRATION OF CAPILLARY FLOWMLTER

The design of the system used for caslibration of the
capillary flowmeter with 1ts three capillaries is shown in
Figure 10. The scheme consist of: (1) a nitrogen source (A)
which in this case is a compressed nitrogen cylinder, (2) a
needle valve for flow control, (3) a saturation vessel (B)
for saturating the dry nitrogen, and (lj) a vessel (&} for the
displacement of water by the saturated nitrogen gas,

The calibration of the capillaries was simple. The
siphon {G) on the vessel {(E), which is fillec with water, is
ad justed to give a desired reading on the Flcwmeter (D). At
various times, the readings were taken from the water
manometers (C) and (P) on both vessels, and from the capil-
lary flowmster, The displaced water from the siphon was col-
lected in a volumetric flask at various known times, The
volumetric flasks used had capacities of 100, 250, and 500 ml,
depending on the dliameter of the capillary belng calibrated.
An example of a plot of tvime versus the varicus readings
taken is given in Figure 11, The curves obtained did not
have zero slopes but have finite slopes which indicates a
non-~equilibrium calibration, This fact is due to the change

in head of the water in the displacement vessel (&), o

prove that there 1s nco significant ef'fect due to this




Figure 10

Calibration System for Caplllary Flowmeter

Nitrogen Cylinder

Saturation Vessel (20 Liters)
Water Manometer
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Figure 11
Various Readings Versus Time

= Capillary Flowmeter Reading
4+ - Water Manometer (C) Reading
o = Water Manometer (F) Reading

Rate of Flow from Siphon

x
1t




92

non-equilibrium, a calibration was made with better control
of the needle valve, so that the system was very much nearer
equilibrium,

In checking the flowmeter reading, tne difference in
the manometer readings should be equsel to the pressure drop
in the caplllary since the slight pressure drop of the
connections can be neglected, This fact can be illustrated
from Figure 11. For a time of 10 minutes, water manometer
(C) reads 12.1 cm, and water msnomster (F)} reads -2 cm,,
giving a pressure drop of 1L.l cm, of water, The caplllary
flowmeter reads 13.42 em, of dibutyl phthalate, converting to
centimeters of water gives 13,42 x 1.045 (see reference 30,
page 136 for specific gravity of dibutyl phthalate) or
14,04 em. of water which is a difference o»f approximately
0.4 per cent,

since the theory of the flow of gases throusgh a capil-
lary tube is well known, only a brief discussion will be
given with respect to the calibration and the actual use of
the flowmeter, ™acts to be considered are (1) the tempera-
ture varied in the nsighborhood of 2 to 6 degrees centigrade
during the calibration and varied as ruch as 10°C when used
for a run, (2) the barometric pressure varied approximately
10 mm., of Hg., and (3) the flowmeter reading was never over
25 em, of water. The conventional flow equation for flow of
gases through a capillary tube is glven by Polsseuille's law

(reference 1Y, page 245)
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77 (py =~ p2) e

v
871 L
where V = Volume rate of flow
p1: Inlat; pressure
p2 = Outlet pressure
R = Radius of capillary
L = Length of capillary tube
7 = Viscosity

Therefore, for a constant pressure difference, the volume
rate of flow is a function of the viscosity. Since the
viscosity is independent of the pressure (see reference 1lj,
page 187) at moderate pressures, the only error in the volume
rate of flow would be the error introduced by the change 1in
temperature., The error therefore would be arproximately 0.3
per cent/°C assuming that the viscosity of the saturated
nitrogen varies proportionally with that of pure nitrogen
gaa (see reference 30, page 370, calculated from Equation 2},

For more precise measurements at high rates, the
"eoefficient of slip" should be considered., Also for short
capillaries, end effects should be considered (see reference
1, page 2h6)},

The calibration curves for the three capillaries are

given in Figure 12, Table 28 is a summary of the calibration

data.




Figure 12
Calibration Curves
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Summary of Calibration Data for Capillary Flowmeter

Capillary HNo.

W W WA W WIW R RN NN N O -

h {em,)

2.88
5.10
7425
12,55
14.50
17.10
21.34
0.80
8.20
9 - 20
13.47
13 L] 1
15.1%
19.3
20,88
22,98
3.93
7.49
9.67
10.90
12,06
14,10
lu 68
19,36
25.00

Rate {(cc./min.)

L46
672
8L

1210

1321

1452

1702

Sk
1,00
{10
£80
581
621
738
788
860
106
178
22l
246
269
5
382
21

T (93

26,9
26,9
26.8
27.9

I)

P {mm. Hg.)
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APPHNDIX B
BASEOUS CONDUCTION ACROSS THE VACUUM SPACH

In order to estimate the energy transmitted by gassous
conduction, a modifled form of the Knudsen equation was
applied, The constant (N} for alr was evaluated by Ryabinin

(5). ‘ihe egquation

Q = N [213

g - 5 - Tl) + Pe 8

has already been discussed in Chapter I, Inserting the

condition imposed by the cryostat

T = 273%
Tl = 17 -LLOK
l x 10'5 mm, Hg.

370 cm2 (inside surface)

0.317 x 102 cal
sec mm, ng. emé 9K

I'4
S
N
T

175.2°K

Qg becomes 0,172 cal./min,
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APPHENDIX F
CALCULATION Of X FACTOR

A sample calculation of the X factor will be given in
this appendix., As an illustration Run 12 (lampblack-lampblack)
will be used, '[he heat transmission for this run was 126,.8
cal,/min, for a full contalner and the emissivity was 0,866,
Extrapolating the straight line portion of the time versus
flowrate curve to zero height, the zero helght flowrate
corresponds to 65.2 cal./min. This extrapolation was sc-
complished 1n the same manner as the extrapolation for the
full flowrate in Chapter III, AKnowing the emissivity, the
heat transmitted by the disgk and the tube apertures can be
evaluated by the last three terms of Hquation (15), The heat
transmitted by the disk and the tube apertures was found to
be 10.4 cal./min., The heat transmitted to the cylindrical
portion of the container is 126.8 cal./min, minus 10.4 cal./
min, As the ligquid level approaches zero height in the
container, the evaporation rate is due to the heat trans-
mitted to thes bottom disk, to X times the heat transmitted to
the cylindrical portion, and to the heat transmitted through
" the tube apertures., Therefore, X times the hest transmitted
to the cylindrical portion must be 65.2 cal./min. minus

10.4 cal./min. Then

X = 65-2 - 10,4 o 0.L|.7

126.8 - 10.4
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In order {o accouny for the tempersature rise in the
cylindrical section with respect to the total heat trans-
mission, 126.8 cal./min., the following rough estimation was
made:

(1) Since the operating data in Appendlx C was obtained be-
fore the liquid level of the sample container decreased
two inches, the estimation 1Is for a liquid levsl drop
of two inches,

(2) The cylindrical section of the above sample container
(Appendix €, Run 12) was made from a 2% in, x 0,065 in.
brass tube, The solid cross sectional area, therefore,
is 0,5025 sq, in,

(3) The following assumptions are now msde:

(a)} the X factor is assumed to be approximately 0.5

(b) the molecular weight of brass is assumed to be
65 gm.,

(¢) it is assumed that the Debye Theory holds for

brass and that

Brass ~ Zn © Zn ¥ Ncu 9C:u

where 8 = Debye 8 , NZn = mole fraction zinc, ch: mole
fraction copper.
(L) The heat flux to the liquid nitrogen from the unfilled

gection is

g = (126,8 - 10.4) 2/6.625 (0.5)

or 17.56 cal,/min,




(5)

(6)
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From Fourier's law, AT is equal to 0.7600., thermal
conductivity of brass = 0.6 watts/cmWOC., Figure 27,
reference 28, page }9.

Xnowing the density of brass, the hest capacity of
brass (Figure 2, reference 30, page 298), and assuming
a linear temperature distribution for the temperature

difference, the energy utilized by the temperature rise

is 1.4 cal./min.
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APPIENDIX G

ESTIMATION CF TiMPERATURZ GRADIENT
ACROSS RADIATING LAMPBLACK FILM

Since energy transmitted by radiation 1s a function of
the fourth power of the absolute temperature, It is obvious
that a significant temperature &rop across the outer jacket
of the cryostat described in Chapter III would procduce a
significant error 1n the calculations, An estimation of
the temperature gradisent across the wall and the film of
lampblack of the outer jacket will be presented in this
appendix, The thickness of the lampblack film was measured
in an indirect way. A similar lampblack film was painted
and baked under the same conditions as the original {film upon
& brass sheet. Measurements were made before and after
application of the lampblack with a micrometer, The esti-
mated thickness was 0,04 mm,

For heat transmission by conduction the familiar
Fourier equation for steady state conduction was used,

Q — KAAT
€ L

Where K thermal conductivity

i

il

cross-sectional ares
1 = length
DT

Lemperature gradient
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sinece the largest temperature gradient will ke obtained with
the largest heat transmission, the case of Scoteh Taps will

be used. The heat transmitted in this case is 130.L cal./
min, or 2,17 cal,/sec, Ths thermal conductivity of brass at
273°K 18 0.263 cal./sec. «m,®°K (28). The thermal conductivity
of the plastic was taken to be approximately equal to that of
lucite which is 5 x 107k cal,/sec, cm.”K (29). Therefors,

tne temperature gradient is

-~ £2,17)(0,165)

T = 0.0031°%
brass  (,263}{433) ’

{2.am(0,004) 680

5 % 1074) (433)

—

Tplastic

The total temperature gradisnt is 0,08°C which is not

significant since a one degres gradient will produce an error

of approximately four per cent,
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APPENDIX H

DISCUSSION OF EGCATIONS (15) AND (19)

AND SAMPLE CALCULATIONS

{1) A supplementary discussion of Equation (19) will
be presented in the first section of this appendix. With

reference to Chapter 17T, page L5, Equation (19) 1s

P T MY Py - P
Q =R B, o, LI (19)
r P T v Py v

The full flowrate (R.) can be obtained from Appendix C. The
term (PB - Pw)/PB takes into account the fact that the nitro-
gen gas was saturated (nitrogen plus water vespor). The
terms, PB/Po and T,/T, reduces the volume rate of flow to
that of standard conditions., The term MW/Vo converts volume
rate of flow to mass rate of flow, The mass rate of flow
times the heat of evaporation per gram (H,) gives the heat
transmitted,

(2) &Sample calculations for a -run involving the wet
test meter and a run invelving the capillary flowmeter are
given in this section. Equation (20) in Chapter ITI is
valid for both calculsations. In the case of thé capillary

flowmeter, the full flowrate (R,) has to be corrected by the

term
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B T

As an illustration for a run involving the wet test meter,
consider Run 12 (Lampblack-Lampblack). Referring to

Appendix C, page 81

R_ = 2365 ce./min.

r

o= 293°K

PB = ?Ll.gcé mm. Hgo

P, = 17.5 mm. Hg. (30)

Equation (20) states that

P. - P
@ =CR, B "w
' T

{eal.) (°K)

where C = constant = 0,002137
(Cco) (MO HS-)

Substituting into kauation (20}

Q = 0,002137 (2365) [749.6 - 17.5)
37 (2365) 552

the heat transfer is 126.% cal./min, Using Figure 3, e,
equals 0,86,

As an 1llustration for a run Involving the capillary
flowmeter, the calculation for the emissivity of aluminum

foil will be presented, Feferring to Run 9 in Appendix C,

page 78
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R, = 137.5 cc./min,

T = 297°K

P = 734.4 mm. Hg.

P, = 22.k mm, Heg. (30)

W
Capillary No, 3

For Capillary No. 3, T, = 303°K and Pg, = 742 mm. Hg., the

correction therefore is

P T _ (734.4) (303)
Pg, T (7h2) (297°K)

1.008
Substituting into Equation {(20) as in the case of Lampblack-
Lampblack

Q = (0.002137) (137.5) (1.008) (I3L.b - 22.4)
297

the heat transfer is 7.05 cal./min. Agaln using Figure 3, e,
equals 0,043,

(3) The general method of calculation for high emis-
sivity surfaces was discussed in (2) with Lampblack-Lampblacdk
surfaces as the illustration. The actual evaluation of the
emissivity of the Lampblack-Lampblack surfaces was a trial
and error solution of Eguation (14) assuming el equal to ®5e
After obtalning a atandard radiating surface, Equationl(IS)
wag derived Cor the cryestat and Figure 3 was constructed.
Equation (15) is only valié for a radiating surface of

lampblack, applied in the specific manner deseribed in Ap-

pendix C, Runs 2 and 12.
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APFPENDIX I
CASE OF INFINITE PARALLEI PLANES VERSUS ACTUAL CASE

Since the radiatling and receliving surfaces are reason-
ably close (0,185 inches Letween cylinders and 0,25 inches
between disks, see Figure 2, page 19), it is expected that
the actual case approaches the case of infinite parallel
planes, The csses are represented by squation (14) and (8),
respectively. To compare the two cases, four calculations
were made utilizing each equation, assuming e equal to 0,866

and varying e The results of these calculations are given

2.
in Table 29,

TLBLE 29

Comparison of Equations (8) and {14)

® & ecal,/min, @ cal./min,
2 by Equation (8) by Equation (1l)
1 141,51 142
0.5 75.91 7€.55
0.1 16,17 1€.2
0.085 .15 £€.21

Column 2 was calculated by means of Equation (8) with the
assumption that the area (Al) was equal to the inside area

" .
(A, + Ah = 361.5 cmz). The energy transmitted by the aper-

tures of the tubes (0.11 cal./min.) was addec¢ to the above
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‘calculation., The inside zrea was used rather than the outer
erea because of the fact that el was approximately equal to

one, Any F energy would be approximately absorbed,

11




11,
12.
13.

14,

15.

16,

17.
18,
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