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Experimental data on free convection and nucleate bolling was
taken in liquid nitrogen and liquid helium using platinum wires as
heating elements. The results in liquid helium and particularly in
liquid nitrogen were found not to agree with the generally accepted
results in other liquids. In particular it was found that the
transition from free convection to nucleate boiling would not take
place until the temperature of the wire was much greater than that
found for nucleate boiling. An "extended region"” thus must be added
to the free convection curve. This extended region did not reoccur
in the reverse transitlon from nucleate boiling to free convection.

It is usual to represent nucleate boiling heat transfer data
to liquids as an equation of the form q/a = CAT" where g¢/a is the rate
of heat transferred per unit area, AT is the excess temperature of

the heating surface and C and n are independent constants. There is
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universal agreement that 2.5 = n s 4 for all liquids. However, it
is found for liquid nitrogen that n is not in this region but is
about 11. It is then shown thet C is a function of n and the equation

in liquid nitrogen reduces to one with & single arbitrary constent
of the form.

o/ = e”‘:P(lo.as - 2.h45n) AR 55nsw
This equation represents & family of curves which intefsect &t the
maximum observed velue of q/a for 0.008 inch wires.

The existing mechanisms used to explain the high heaﬁ transfer
rates in nucleate boiling are reviewed and shown to be quantétatively
invalid in liquid nitrogen.

A "hot" molecule hypothesis is proposed, wherein a single hot
molecule is assumed to supply all of the energy requirements for
the growth of a bubble. It is shown that this hypothesis is invalid
in itself but the calculations lead to an alternative hypothesis.
This alternative hypothesis proposes that the excess energy stored in
the bubble boundary acts as an energy sorting mechanism which must
be present to keep a growing bubble from violating the laws of
thermodynamics.

Experimental data is presented for nucleate boiling from
platinum wires in liquid helium. This data is also unusual but is
more or less consistent with the results obtained in liquid nitrogen.

An extended region is not, however, observed in liquid helium.
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INTRODUCTION

People have always known that liquids boil. Thelr acquaintence
with this phenomena is probably as old as their discovery of fire.
Probably equally venerable is the observation that no matter how hot
the fire, a pot set to boil will become blackened. Relatively speaking
then, the pot is never much hotter than the liquid. By the early 1800's
it was well understood that another state of boiling occurred which
was referred to as the spherdidal state or the Leidenfrost state. **

The word spheroidal arose because of the observation that drops of
water dropped onto a very hot surface would form smell spheroids and
dance around on the surface instead of spreading out and wetting the
surface. Another 100 years was to pass before a careful examination
and discussion of multiple boiling regimes appeared.

In 1934 Nukiysma® electrically heated a platinum wire in water
to produce boiling. He observed that the rate of heat transfer to the
water Increased steadily until the wire reached about 300°F. 1In
attempting to go slightly above 300°F by increasing the electric current
& small smount the wire temperature jumped suddenly to about 1800°F.
Reducing the current slightly d4id not return the wire to the 300°F
point on the curve Further reduction of the current lowered the
temperature of the wire continuously to about 600°F at which point the

* Superscripts refer to Literature cited.
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temperature fell rapidly to the original curve. Nukiyams concluded
that one type of boiling occurred below 300°F and another above 600°F
and he guessed that a third, ebnormsl kind of boiling might take place
between 300°F and 600°F. One of Nukiyema's curves is shown as Figure 1
for bolling from a 0.0055 inch platinum wire in water at one atmosphere
pressure.

Subsequent research by many investigators has shown that this
state of affairs caen be duplicated in other liquids and there are
indeed three types of boiling. They are usually called nucleate
transition and film boiling. As the heating surface (wire) becomes
progressively warmer the following events are seen to happen. First
the wire merely warms the surrounding liquid but not sufficlently to
produce bubbles. This is region A-B where heat tramsfer is by natural
convection. At point B the wire is warm enough to cause bubbles to
form at points along the wire and nucleate bolling becomes progressively

more vigorous. Between C and D an unstable transition takes place from



nucleate boiling to film boiling. The region DEF represents film
boiling which is characterized by a film of gas which surrounds the
wire and from which large volumes of gas grow and separate irregularly.
Invention of the Cryotron®, a superconductive electronic switch
a few years ago has made it highly desirable to obtain heat transfer
data to liquid helium. In its present state of development it appears
that an upper limit to the ultimate speed of operation of & Cryotron
mey be temperature related. Thus it follows that for a very high speed
superconductive digitel computer the thermsl time constant may be a
limiting factor. Boiling heat transfer, while a steady state phenomena,
should provide an upper bound for the necessary calculations.
The original intent of this resear;:h was to take most of the
data in liquid helium. Because of the difficulty of working in helium
and the very high cost of the liquid it was decided to do some preliminary
investigations in liquid nitrogen. The results obtained in liquid nitrogen
were so unusuel that the majority of this thesis is devoted to liquid
nitrogen. However, brief data on liquid helium and a discussion of

the necessary experimentael techniques are included.



CHAPTER I

EXPERIMENTAL TECHNIQUES IN LIQUID NITROGEN

General. A frequently used material in studying boiling heat
transfer is platinum wire because the resistance of pure platinum as &
function of temperature is extremely well known over & wide range of
temperatures. Platinum wire of sufficient purity for resistance
therometry is obtainable from a number of commercial sources, and is
available in any desired wire size. Wires of 0.004 inch and 0.008 inch
diameter were used in these experiments. The wire was hard drawn from
a completely fused ingot.

In their excellent pasper® on heat transfer from single horizontal
wires to boiling water, McAdams et. al. describe an experimental setup
which formed the basis for present work. However, the anti-corrosion
circuit which McAdams et. al. included was not found necessary in
liquid nitrogen and was eliminated. As they suggest, only the central
portion of the platinum wire was used as & test element by spot welding
platinum potential leads at least one half inch from the points at which
the wire joined the brass binding posts. The potential leads were in
all cases 0.002 inch wire. The holder of the heating element and
potential leads consists of & 5/32 inch glass rod formed into a
rectangle about 2 inches by 4 inches (shown in photograph I). Four

brass legs extend downward from a 10 x 10 plexiglass plate and are



clamped to the glass rectangle with 2-56 brass nuts and brass machine
screws. These clamps also serve to hold the test wire and potential
leads. The external electrical connections are made to similar brass
machine screws which act as feed thrus for the plexiglass. A 1/2 inch
diemeter rod is fastened to the plexigless plate and serves as & handle
and as a support for an eir hose. The entire assembly is then lowered
into an open mouthed Dewar vessel which holds the ligquid nitrogen.

The assembly can be seen in place in the right foreground of Photograph
2. The air hose which points downward toward the plexiglass plate was
used to insure that the plate remained dry. Moisture condensing from
the air on the top of the plate was found to short circuit a small
electric current. This moisture was prevented from condensing by &
continuous stream of warm air.

The cotton balls which can be seen in both Photograph I and 2
enclose the alligator clips which connect the potential measuring
circuit. Convection currents of room air were producing small thermo-
electric voltages at the junction of the brass and the alligator clips.
These parasitic voltages were not observed after wrepping the Junctions

in cotton.

The Measuring Circuit and Its Operation. A circuit disgram
of the measuring circuits is given in Figure 2 on the following page.

The circuit diagram cen be correlated with Photogreph 2 which shows
all but the four 12 volt wet cells in parallel which were used as a
current source. The method of operation was as follows:

1. The resistance box which was used only in calibration of

the wire at the ice point was shorted out of the circuit.
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2. The remaining six rheostats were adjusted to give the
desired electric current thru the platinum wire. All six rheostats
are mounted on a panel which can be seen at the back of Photograph 2.

3. The potential across the experimental test section was
determined using a Rubicon Type B potentiometer¥* and a galvanometer.

A null method was used.

L. Current thru the wire was determined by measuring the
potential across a 0.1 ohm standard resistor* using the same potentiometer
and galvenometer.

5. A double pole double throw switch was used to select the
desired potentiometer imput.

6. A shorting switch, shown in Figure 2 was used to eliminate
the four 100 ohm resistors from the circuit when, in the process of
increasing the current, the resistors had all been reduced to zero.

It was observed that the accuracy of the measurement wes limited
by the stability of the boiling phenomena rather than the precision of
the equipment. Between each setting of the external resistance which
controlled the current, time wes allowed for thermal and electrical
equilibrium to be reached. Admittedly exact equilibrium is difficult

to determine so the galvanometer drift was observed and when no longer

* The potentiometer had a stated error of no more than 0.015%
over the range O to 1.6 volts.

* The deflection of the galvenometer was 0.5 microvolts per
millimeter.

% The 0.1 ohm standard resistor had an error of less than 0.001%

within the range of currents encountered.



discernable, readings were taken. Some thought was also given to the
fact that both current and voltage were not determined simultaneously.
To minimize this possible source of error the order of the readings
was alternated, current first then voltage first. Since the ratio of
current and voltege appears in the final result (E/I = R = £(t)) this
should produce a random scatter in the calculated points rather than a
bias.

McAdams et. al.* reported a problem in the vicinity of the maximum
nucleate boiling heat flux. In attempting to cross the discontinuity
to film boiling their wire frequently burned out. They proposed the
explanation that this was more current than the wire could carry
continuously in the film boiling state without melting. Their solution
to this dilemme was a knife switch with which they could momentarily
short out the remaining external resistance of the circuit. By thus
sending a current pulse thru the wire they were able to drive a fairly
large section of the wire into film boiling, and its own increased
resistance acted as a subsequent current limiter. In the present work
a knife switch proved inadequate and was replaced by a normally open
36 ampere relay. The relay was controlled by a normelly open micro-
switch in a 110V actuating circuit. Much shorter pulses were obtained
and the transition to film boiling became routine. This did not
eliminate the problem of accidental spontaneous film boiling when
taking data close to the maximum for nucleate boiling. This usually
destroyed the wire and these readings were taken with caution.

It should be noted that the reverse transition from film
boiling back to nucleate boiling presents no problem. The film slowly

decays and the temperature of the wire drops.



Preparation and Celibration. After spot welding the potential

leads to the experimental wire the wire was anneasled in still air for
20 minutes at 1000°C. During this anneal several wires were observed
with a radiation pyrometer and no discernsble temperature gradient was
found within the test section. Since the wires were used at a much
lower temperature it was assumed that no significant temperature gradient
would exist along the test section. Also during the experimentel runs
it was further observed that boiling took place as readily and as
vigorously at the ends of the wires as it did in the central test
section. Since the presence and intensity of nucleation centers is
directly related to the temperature of the wire this was taken as
confirmation of the assumption that the linear gredient was small.
Following the anneal the wire was mounted in the gless frame and its

length measured to the closest 0.0l inch.

100 Rx
Ro

samples of platinum is given in the International Critical Tables>

The electricel resistance ratio vs. Ty for several
(hereafter referred to as the ICT). Examination of this data shows
that the change of resistance between nitrogen temperature and the ice
point is so nearly linear that use of a linear assumption is justified.
Thus calibretion at two points will establish the R vs. T curve.
Obviously the ice point is a good choice as a fixed point because of
its known reproducibility®. However, reproduction of the ice point
proved not a trivial teask. The following method was used.

1. The inside of an open mouthed Dewar flask was precooled

with liquid nitrogen.
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2. About a teacup of distilled water was poured into the cold
Dewar and the Dewar was tilted and rotated slowly to allow a layer of
ice to freeze on the sides and bottom of the Dewar.

5. More liquid nitrogen waes added and steps 1 and 2 above
repeated until an ice mantle about 1/4 inch thick hed formed on the
inside of the Dewar.

L. Concurrently a block of distilled water ice was being
frozen by suspending a 500 mililiter polyethelyne beaker in a second
Dewar which was full of liquid nitrogen.

5. When frozen this block of ice was removed from the besker,
crushed and mixed with more distilled water.

6. The glass frame was lowered into the Dewar onto @hich was
frozen the 1/4 inch ice mantle.

7. The chilled distilled water was slowly poured into the
Devar until it covered the platinum wire to a depth of about two
inches.

8. The remaining crushed ice was carefully added.

Now the wire was completely surrounded by ice and any heat
flow from the surroundings should melt ice instead of increasing the
bath temperature. It was observed in subsequent readings that the ice
mantle frozen to the sides of the Dewar usually melted first. As soon
as & small hole, say a square inch in area, appeared the temperature
of the bath began rising preceptably. A drawing of the arrangement
of the ice bath is shown as Figure 3.

Having prepared the ice point bath the resistance of the wire
was found. This was done by passing & small current thru the wire

and recording the voltage across the wire and the standard resistor.
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The resistance of the wire wes then calculated using the following

formule where RStd is known.
* Rgta
Ro = E
std

The subscripts Std and Exp are used thruout this thesis and always
have the same meaning. Exp. always refers to the platinum test wire
and Std. to the standard resistor.

It would be desirable to measure the resistance of the wire
using zero measuring current since any current will produce a small
heating effect and thus raise the temperature of the wire slightly.

In theory it is possible to use progressively smaller measuring
currents and extrapolate the results to zero. In practice a compromise
must be effected because there is a limit below which any potentiometer
will indicate its maximum number of significant digits. In this
experiment five significant digits could be read on the Rubicon Type B
potentiometer only when the current was greater than sbout 10 milli-
amperes. However, readings as great as 20 milliamperes produced no
determinable varistion in resistance. Consequently in the initial

ice point celibration about a dozen pairs of readings (Exp and Std)
were taken with various currents between 10 and 20 milliemperes.

Ro was calculated from each pailr of readings and then all of the
values of Ro were aversged.

Only one step remains in the ice point calibretion. The wire
must be removed from the bath without its breaking or bending. The
crushed ice must be removed before removing the wire.

The boiling point of liquid nitrogen is a function of pressure

and can be represented over a limited range by?
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TN2 = -195.80°C + 0.0109(P-T760) P in wm. Hg.

Berometric pressure was measured whenever necessary for use in the
ebove formula. In the same manner as the ice point calibration the
minimum current which gave five significant digits was used as a
limiting value. Several sets of readings were taken and Rﬂé calculated
from the same expression used for Ro. It was observed tha@ RNa some-
times drifted slightly during or between experimental runs. For this
reason redetermination of RNa was frequent and for each new RN.2 & new
curve was drewn. The two sets of curves, one for the 0.004 inch wires
and the other for the 0.008 imch wires are Figures 4 and 5 which are

included with the experimental data on liquid nitrogen. It should be

noted that these curves are plotted as lgOR vs. T. It can be expected?

o
that l%%ﬁ will remein constant even though RNa and Ro drift and for

these

each new RNa a new Rp has been calculated. By plotting as lggR
curves could be drawn parallel to the similar data of reference 5.

Plotting in this fashion alsoc has the effect of normalizing the data
vhich frequently made it possible to reuse a prior resistance curve.

The completes the description of the calibration of the

pPlatinum wire.



CHAPTER II

EXPERIMENTAL RESULTS IN LIQUID NITROGEN

When work began in liquid nitrogen it was expected that the
date would result in a series of curves which were similar in sheape
and details to Figure 1 since previously reported curves agreed for
all liquids. And, in fact, the results of Tables 2, 3 and 4 do
correspond to the expected shape of the curve. It was with some
surprise that a new and easily measurable extension of the basic
curve appeared in run 5. This extension first occurs in the data of
Teble 5 and its significance with relation to the nucleate boiling
region of the curve is first shown in Table 6*. The data of Table 6
eppears on the next page. Note that the gradual transition from free
convective heat transfer to nucleate bolling does not occur. The free
convective region extends well beyond the AT at which nucleate boiling

should begin. Only e relatively large AT does nucleation begin at a

* A total of 42 experimental runs were made in nitrogen
exclusive of celibration runs. Each run is given in Appendix 1 as
both & Table of experimental data and calculations, and a log. log.
plot of the results of each run. Typical curves have been abstracted
and appear in the body of the theslis wherever needed in order to save
thumbing thru the mass of experimental data.

14
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number of points on the wire. Further increase in the value of g/a
establishes more nucleation centers but instead of continuing to rise,
the value of AT drops. This decrease in AT goes on until the region
of the normal nuclesate bolling curve is reached and from then on AT
behaves normally as g/a increases.

If this describes a true state of affairs why does it not
appear in Tables 2, 3 and 4? The answer to this question for Tables
2 and 3 in the direction in which the run was made. In the data of
Tables 2 and 5 each succeeding point is at a lower value while in
Tables 5 and 6 the reverse is true and each point represents a
progressively greater g/a. Table 4 requires further explenstion.

The data of Table 4 is an Up run as are Tables 5 and 6 but no
extended region is found in Table 4. The reason for this is that
prior to taking the data of Table L the wire had never been boiled in
liguid nitrogen for more than a few minutes. Thus for the data of
Table 4 the wire has some past history which is largely unknown. The
wire had at least been exposed to room alr and to distilled water.
Runs similar to that of Table 4 were observed for most of the wires
prior to their prolonged boiling in liquid nitrogen but were not
recorded beczuse the date was not consistent. This indicated that
pre-contamination of the wire was significant but could be removed
by vigorous boiling. Typical curves for both Up and Down runs are
shown in Figures T, 8, 9 and 10.

In general, except for & few runs made under non-normal
conditions, these results are always true and may be sumarized as

follows.
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An extended region of the free convection curve occurs prior to
the establishment of nucleate boiling but does not re-occur during the
decay transition from nucleate boiling back to free convection. The
maximum AT of free convection is frequently significantly greater the
maximum AT obtainable with nucleate boiling.

The portion of the free convection curve which extends beyond
the normal beginning point for nucleate boiling will be called the
"extended region". In the beginning of the extended region the
phenomena is apparently very stable. Observation indicates that no
bubbles are generated even after several hours. At about the middle
of the extended region bubbles arise from one or more distinct
nucleation centers after a deley of several minutes. The maximum
of the extension represents a point where stability was only sufficient
to insure two potentiometer readings. Perhaps 30-60 seconds.
Metastable does not quite tell the whole story. Furthermore, both
metastable® and transitionl© have been used in the description of the
discontinuity between nucleate boiling and film boiling.

Having found a transition phenomena which does not correspond
to the general body of information on nucleate boiling a further search
of the literature was made. There are a few references to the super-
heating of waterl» 12, 13 ang it is generally known that extremely
pure gas free liquids, in contact with their own vapor in a closed
very clean container, will superheat extensively. The work of LarsonlZ
is perhaps the most informative and he found only the end point of the
extended region for water as a function of the type of heating surface.
Unfortunstely in water the sudden release of the stored energy when

boiling began frequently destroyed the apparatus. No provision was
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made for determination of a rate of heat transfer (gq/a) in his work.
Signposts existed for discovery of the extended region but apparently
liquid nitrogen has a combination of properties which make observation
more straightforward.

So far the discussion has been qualitative. What about the
numbers which can be associated with the curves for liquid nitrogen?
These too prove unusual. The two regions, free convection and nucleate
boiling are reasonably representable by straight lines in & plot of q/a
versus AT on log-log paper. Each then may be represented by an
equation of the form,

o/a=C AT C and n = constents.
McAdams1* summarizes the work of many investigators in a number of
liquids by assigning a value to n of 3 or 4 in the region of nucleate
boiling. This number has been thought to be a constant for all liquids.
The value of n obtained for liquid nitrogen is much greater than this
and actually two values for n ere necessary since n is dependent on the
direction of the run, Up or Down. In the free convective data n is the
same within limits of experimental error for both wire sizes. The
median values of the resulting equations are given in the following
Table which is the first of the two tables on the next page. The
equations of Table A are plotted as Figure 11 which in turn mey be
compared with Figures 12 and 13.. Figures 12 and 13 show the extent
of scatter of all the observed data.

Values of the constant C in the equations in Table A have been
tabulated for a number of other liquids in the nucleate boiling region®

as Table B.
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Table A

Liquid Nitrogen

q/a = 251 AT+ 10 Free convection 0.004" wire
q/a = 8.52 x 10~10 Apld.2 Nucleate Up Run 0.004" wire
q/a = 2.34 x 10°8 Apll-7 Nucleate Down Run 0.004" wire
q/a = 206 Apl-123 Free convection 0.008" wire
q/a = 5.52 x 10°13 aAple-2 Nucleate Up Run 0.008" wire
a/a = 9.67 x 10~ aAr®-27 Nucleate Down Run 0.008" wire
Table B
Value of C

n-Butanol---- 5.05 x 10~1 25% Sucrose----- 9.16 x 10°
- 53 PP 6.45 x 101 26% Glycerol---- 2.90 x 10%
Gasoline--~-- 8.18 x 10°1 9.1% NaCl------- 3.65 x 10*
Kerosene~---- 1.31 = 10° 9.6% NaoSO4=~~== k.05 x 10
Methanol----- 1.95 x 10° Water---—--cecme- 6.08 x 10
26% NaCl----- 4.38 x 10°

Note: 2.5 = n s 4 for all liquids of this table.

The coefficient C for liquid nitrogen is seen to bear little relation
to those of the other liquids. It will later be shown that this is
because n is not in the range 2f5 to 4 as is thought to be universally
true for liquids and C is & function of n.

No such tabulation is available in the free convection region,
however a comparison of the two extremes may be made by calculating

the equation for water from McAdems et. al.% The equations are found



HEAT TRANSFER TO
LIQUID NITROGEN ;
. 10
Size of wire - 0.004"-0008"
Run no. Median Equations
i
1
i
|
|
[
|
1 ,, |04
.l
Il Ny »
| Z
4
I
/4 I
/ 4
/|
//
r/’/
,// |03
L/ '
7V
/ /
N / ,/
S
o A"
7 o\.’
/ /
///
/
/
10°
1.0 DT in F 10

FIGURE 11



25

HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004"
Run no, - All data

10

DT in°F

FIGURE 12



26

HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire- 0.008"
Run no.- All data

o

K
o
N SR
Jf )
7’ > .'-."A
5 S I
- 1. _.'-" q
o ¥t /q o
e

AT in°F

FIGURE 13



a7

to be:

0.004" Wire in Water

o/a = T40 APL-3S

0.008" Wire in Water

/e = 390 Apt-4l

and from this dats

0.004" Wire in Liquid Nitrogen

q/a = 251 Ar?-10

0.008" Wire in Liguid Nitrogen

q/a = 206 Api-13
It is interesting to note that the coefficient C changes inversely
with wire size in both liquids. Also the exponent n is seen to
increasse directly with wire size in both liquids. It is doubtful that

this is accidental. Further research with additiopnal wire sizes would

be desirsble.

Additional Observations on Boiling in Liquid Nitrogen. In the

course of gathering the experimental data a number of phenomena were
observed. Some bear relation to the ensuing calculations and some
are merely interesting. All are worth recording.

The first is on the presence of impurities in liquid nitrogen.
Dissolved gases have been shown to play an important part in the boiling
of some 1liquids®S» 2® gnd it is inferred that the shape and size of

the resulting bubbles are related in some fashion to the quentity and
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neture of the dissolved gases. The presence of weter in boiling
liquids has been shown to alter the nature of boiling2. It

further has been speculated that lons and dust particles may have some
role in the heat transfer process.

The very low boiling point of liquid nitrogen (-196°C or -132°F)
eliminates all but helium, hydrogen, and neon as possible gaseous
contaminants. These three elements are present only as traces in
the atmosphere and it is doubtful that any of them would be absorbed in
sufficlent quantity to have any effect on boiling in nitrogen. Oxygen
and argon are sbsorbed by liquid nitrogen when it is exposed to air but
these gases promptly liquify. The boiling point of the resulting
mixture can be found from dats in the International Critical Tables?®
and it changes very little for small percentages of liquid oxygen.

The fact that the No calibration resistances did not increase with the
age of the liquid nitrogen is good indication that very little liquld
oxygen was present. Carbon dioxide and water are also sbsorbed but
they solidify even before they fall into the liquid. Weater in the

form of microscopic ice crystals entered the liquid nitrogen in such
large quantities in early rums that it changed the liquid from clear to
milky in color but produced no chenge in the heat transfer date. The
effect was probably the same as the addition of a handful of clean sand.
The possibility of ions in ligquid nitrogen looks remote.

The size, shape and frequency of bubbles in nitrogen is of
gsome interest. An attempt was made to measure the rate of bubble
formation from a single nucleation center on the wire. This was done
by connecting & neon glow bulb to the output of a varisble frequency

pulse generator. The frequency of the pulse generator was continuously
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variable from one pulse every sixty seconds to 100,000 pulses per second.
The neon glow bulb was lowered directly into the nitrogen and surprisingly
enough continued to function. The wire was then observed thru a 10x
binocular microscope. It was hoped that the stroboscoplc effect of the
neon bulb would "freeze" the column of rising bubbles at some frequency
and thus give the desired information. This proved lmpossible because
the rate of bubble formation from a given nucleation center is not a
constant. The variation in frequency of bubble formation is more or
less sinusoidal with a period of 10-20 seconds but could not be
synchronized manually. A rough estimate of the number of bubbles per
second per nucleation center might be 20. There is & tremendous
variation for this number in other liquids as recorded in the literature
with 17 per second© on the low end and 1000 per second!® on the high
end. The observation of 1000 per second is well documented and has

been used by others in subsequent calculationsl? while the 17 per second
is not. This research tends to confirm the lower frequency.

Even though the rate of formation of bubbles could not be found
the neon glow bulb provided information on the size and shape of the
bubbles. By using the wire size as a reference (0.004") it was
determined that a bubble grew to a size about 0.003 inches in radius
before moving upward away from the wire and increased only slightly
in size thereafter. The growth from zero to 0.003 inches was too
repid to be seen. It should be noted that 0.003 inch radius bubbles
are much smaller than those usually eppearing in photographs in the
literaturel: 15, (n the other hand the number of nucleation centers

per unit ares which could be genersted at peak nucleate bolling rates
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is high, perhaps 5000-10,000 per square inch.* The only other number
found in the literaturel” is 100 per square inch which is so low that
it 1s questionable.

The stability of the extended region likewise deserves additional
study. As a rule of thumb it can be said that the further out on the
tail of the extended region one moves the shorter the wait for
nucleation. However, at any given point the time deley is not uniform
from run to run. Probably the underlying phenomena is statisticel in
nature and with sufficient date & time distribution curve could be
plotted. If this could be shown to be say, Maxwellian it would add

enother piece of information to the nature of bubble formation.

*¥ Further research could be done on this problem. The free
convection curve in liquid nitrogen can be established with consider-
able precigion. Also, it is easy to establish a single nucleation
center on the wire and for this point or series of points find q/e
and AT. The g/a displacement of the curve for a single nucleation
center from the free convection curve is reasonsble and can thus be
found. If now the number of bubbles per second is determined with a
high speed camera the heat transferred per bubble can be determined.

This might shed further light on the mechanism of boiling heat transfer.



CHAPTER ITI

BOILING IN NITROGEN FROM THE ANALYTIC VIEWPOINT

Possible Mechanisms. Forster and Grief have recently

discussedl’ the various mechenisms which have been proposed for the
high heat transfer rates observed in nucleate boiling. They conclude
thet neither micro-convection in the laminar sub-leyer nor bubbles
acting in the menner of surface roughness are satisfa;tory. The first
because it will not correlate with findings on subcooled liquids where
boiling heat flux is almost insensitive to the level of subcooling.
The second fails to explain boiling inside tubes where the ratio of
bubble diameter to tube dlemeter has been shown not to be significant.
A third mechanism, latent heat transport by bubbles, is worthy of
numerical calculation in liquid nitrogen even though Jekob and others
have shown that this concept of itself is not sufficient to explain
high heat trensfer rates. Thus from Table L

a/a = 6.65 x lO3 BTU/f'b2 hr for 35 nucleation centers

q/a = 5.82 x 103 BTU/f'b2 hr for 20 nucleation centers

Thus 6.65 x 103 - 5.82 x 103 = 0.83 x 103 BTU/£tZ hr from 15 nuclea-

tion centers is observed. By dividing by the wire area this becomes
1.81 x 10”! BTU/Ar.

Now using the rough approximations of the preceding chapter

Radius = 0.003 inches so Vol = 6.54 x 1 g ft3/bubble

Nunber of Bubbles = 20 per second per nucleation center

31
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Total volume of gas generated = (6.54 x lO'll)(20.15.60.60)

7.06 x 102 £t3/hr
But from Figure 22 the density of saturated nitrogen gas is 0.005 gram/
mililiter or 0.302 pounds/ft3. Also from Figure 21 the latent heat of

vaporization of liquid nitrogen can be taken as 88 BTU/1bmore or less.

Thus the total latent heat transport = 7.06 x 1072 . 0.302 . 88

1.87 x 1073 BTU/hr

it

Note that 1.81 x 1071 BTU/hr wes actually transferred. Thus latent heat
transport accounts for slightly less than l% of the total heat transferred
by the bubble action. 1In order for latent heat transport to transfer the
total Aq the observations of the total volume of gas generated would have
to be in error by a total of two orders of magnitude.
The mechanism favored by Forster and Grief is a vapor liquid
exchange action. In effect they consider each bubble to act as a
piston in the process of its growth at the surface of the wire. Each
bubble pushes a slug of liquid at least equal to its own volume away
from the hot wire and into the bulk liquid. This liquid is then re-
placed by an equal volume of colder bulk temperature liquid which is
heated by the hot wire while awaiting the appearance of the next bubble.
To verify the merit of this mechanism in liquid nitrogen two
methods of calculation may be used. Both require extensive assumptions.
First using some of the data of the previous latent heat transport
calculation and making the calculation for the same point in Table 4,
qg=mCp (Ty - Tp)-
Note that this equation implies that the amount of liquid moved (m)

is known. It is not, and this is the weak point in the argument.
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Assuming that the amount of liquid moved (pumped) is equal to the
volume of bubbles generated and further assuming that all of the liquid

moved is as hot as the wire, then:

m= Vp where V

i

volume in ft3/hr

density 1b./ft (Figure 22)

P

1]

(7.06 x 10~2) (L8)

3.39 x 1073 1b./hr from 15 nucleation centers

]

(3.39 x 1073)(0.475) (11.5)

Q
i

1.85 x 10”2 btu/hr from 15 nucleation centers

But 1.81 x 10-1 btu/hr was observed from 15 n.c. The above calculation
relies on not only knowing the amount of liquid pumped per bubble but
also on the number and size of the bubbles. An error of more than two
in the observed radius of the bubbles would fix things up.

The possibility of mistaking a 0.003 inch radius bubble for one
of 0.006 inch radius exists but is small.

The problem may be approached from another fashion which does
not require knowledge of either bubble radius or bubble frequency. For
some liquids (notably water) it has been shown that latent heat trans-
port accounts for about 4% of the total heat removed. Now taking the
ratio of the answers in the two prior examples.

WM = Heat removed by pumping
Heat removed by latent heat

VP Cp (Ty - Tg) P Cp (Ty - Tp)

v Pg L Pg L

_ 1.85 x 1072
1.87 x 1073

about 10:1
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Since V cancels in the above eguation both bubble frequency and bubble
size are eliminated as variables. Now it appears that if latent heat
removes 4% then pumping will remove another 4O%. Only 50% remains
unaccounted for.

The calculation of M for water on the basis of supposedly good
data leads to values of 50 to 250 which in turn lead Forster and Grief
to rest their case.ll They consider the answer valid for liquids in
general.

The insufficiency of this mechanism to explain quentatatively
boiling in liquid nitrogen does not rule it out entirely. Intuitively
it has, at this time, the most appeal. If it could be shown that latent
heat transport accounts for as much as 10% instead of 1% of the total
heat removed then pumping action would barely make the grade, but that
would be good enough. Or if it cen be assumed that pumping moves a
duantity of liquid gredter than the volume of bubbles generated then

the mechanism would be quantatatively wvalid.

Modification of g/a = CAT® for Nucleate Boiling. The

determination of the equation

¢/a = cAT?
for each of the curves accompanying Tables 1-48 lead to the conclusion
that the constant C is related to the congtant n. The values of C vs.
n for all of the curves, both for 0.004 inch and 0.008 inch wire were

thus plotted on semi-logarithmic paper as Figure 1li. The points fall

surprisingly well on a straight line which extends over 20 decades.

A straight line on semi~-log paper must obey the following

relation:
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=k k = constant
Y, - Yo
Thus
Logio C1 - Logio Ca _ Kk
n; - n2
From Figure 14
Cy = 1078 and n; = 21.05

Cz = 10"2 and np = 6.05

Substituting
Logio (10)~2° - Logyo (10)-2 _ -6 _ £
21.05 - 6.05 15
k = -1.067
Now

1o Cc - Lo 10)-2
Glon_b'%g( ) - _1.067

Solving for Logio C

Logio C = =1.067 n + U.4Y5

But Logio C = Ln, C + 2.3
or In, C = 2.45 n + 10.25
i 5 exp.10.25 -2.45n
Thus
_ 2.83 x 10t
Q/Q-exp.a' 5 n - art
or
q/a - exp.lO-zs - 2-"‘5 n " Mp

Note: 5£nsow
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This equation which proves simpler to use in the second of the two
forms has been plotted for a few values of n as Figure 15. The fit as
compared to Figure 11 is seen to be good and the number of arbitrary
constants 1s reduced from two to one.

The point at which the several curves of Figure 15 cross has
some physical significance. The point is epproximately 3.5 x 10% BTU/
£t2 hr which corresponds to the peak of nucleate boiling for 0.008 inch
wires but is somewhat under the peak for 0.004 inch wires. This seems
to agree with the idea expressed by several authors?S’ 17 that peak
flux is determined by bubble choking and thus occurs at & predetermined

spot on the curve.

The Formation of Bubbles. At this point it was decided that

further progress in the analysis of nucleate boiling in liquid nitrogen
depended on an understanding of the underlying physical processes which
govern the initial formation and subsequent growth of a bubble. On
this subject the literature is extensive but not enlightening. While
the process of bubble formation is probably kinetic in nature the state
of affairs is summed up by Frenkel!® in his book "Kinetic Theory of
Liquids" by saying, "We thus see that the kinetic theory of the process
of condensation of a supersaturated vapor and especially of the boiling
up of an overheated liquid possesses only a very limited practical
significance."

Fundementally the problem of formation and growth of a bubble
is related to a very simple equation which relastes the surface temnsion
of the bubble to the excess pressure inside the bubble necessary to

balance the surface tension.



mq_ .o_N.u_ 0 m_.q_ o\m.@_ dﬂ
~ - S
//[./+
~.
'~ umog , 8000 — o o
T// drj ,8p00 — [ °° e
xz/ﬁ umoq ,HO00| — |x x x
s dn #0000 — |+++
N
//.o/ o
~., of B
ek E
/c./ 02
00 o,
//
NIOOHLIN QiNDIT ¥04 N
D
AT0=T G2
N
NOILYNDI 3HL NI U ONV 9
NIIM13E NOLVTY 3IHL
Q¢




38

HEAT TRANSFER TO
LIQUID NITROGEN s
Size of wire — 0004-~0008"
Run no.
283 x 10" I
q, = = — T
Y exp2 A /
10*
|
I
]
/ L
4
£ I 8 i
‘:? &
[/ o
tnd
10°
10°
1.0 DT in F 10

FIGURE 15



39

Thus
Pg - PL = g;o- Where Pg = Pressure lnside bubble
PL = Pressure in surrounding
liquid
¢ = Surface tension
r = Bubble radius

The trouble with this equation is the term r which initially must be
extremely small. This leads to the correspondingly large values for
P which must be explained in any theory of bubble formetion. But,
like the bumblebee who doesn't know that he is aerodynamically unstable
and goes ahead and flies anyway, bubbles do form in hested liquids.
Certainly the surface of the wire has some role in this process
because nucleation is observed to begin at the same point repeatedly.
The complication added by including & surface and thus & liquid solid
interfaclal energy has been included to some extent in Larsons work12
but will not be considered here. If the mechanism of bubble growth
can be shown it might then be possible to show that bubbles form &t
points on a surface where the contribution of the surface energy term
is a local maximum.

Now it becomes desirable to advance an hypothesis about the
origin of a bubble. It will be assumed that a single molecule with
extremely high energy, arising from Maxwellian energy fluctuations
within the liquid, is responsible for the beginning of a bubble.

This would be a nice thing to prove becauseas previously noted the
stability of the extended region may have & Maxwellian distribution

in time.
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The fact that Pg in the preceding equation varies, means that
the growth of a bubble should be representable as a "state" line on
a Mollier Chart for liquid nitrogen. Such a Mollier Chart exists!®
and a copy is included in the pocket in the back cover. This chart
proved not quite adequate for all of the necessary calculations because
high pressure data was necessary. Consequently an Extended Mollier
Chart was constructed and also is included in the pocket in the back
cover. The properties of the Extended Mollier Chart were determined
in the following fashion.

High pressure Pv data for gaseous nitrogen is availableZ°
and is plotted as Figure 16. The linearity of this data is fortunate
because some extrapolation was necessary. The two volume lines were
found by dividing Pv by v. Also available®! is high pressure on Cp
for nitrogen which was plotted and extrapolated in Figure 17. By
combining the data of Figures 16 and 17 it is indicated that Cp becomes
constant at about 600°C. Consequently the 600°C isotherm on the
Extended Mollier Chart must be parallel to a line of constant enthalpy.
The enthalpy at this point was found to be

H

il

Enthalpy at 0°C + Cp (Teoo - To)

2700 (from Mollier Chart) + Egigi (600-0)

6933 grem calories/mole

= 443 BTU/1b*

*Po convert gram calories/mole to BTU/lb divide by 15.65.

To convert cc/mole to £t3/1b divide by 1.749 x 10°.
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The 600°C isotherm was drawn on the Extended Mollier Chert to find
points on other isotherms as a function of pressure Figure 18 was
drawn by combining the data of Figures 16 and 17. The variation of

Cp with temperature was found by graphic integration of Figure 18 at

the pressure shown end used in the formula
H, = 2700 + Cp (Tsoo - Tx)

Some smoothing was done on the resulting lines on the Extended Mollier

Chart.

The Path of the Process. It is of interest to find the path

of the process. One way to do this is to consider many types of paths
and see which ones make sense. These paths were in general representable
on the Mollier charts which presents data for one gram mole, however by
suitable conversion factors this may be converted to a poun@, BTU, 13,
etc. basis, or for that matter to a per molecule basis. This per
molecule basis turned out to have great utility and was used frequently,
with the understanding that this meant an average molecule, not a
particular molecule. This of course placed a limitation on the smallness
of the bubble in the sense that talking about an average molecule implied
the average molecule was a member of a population which was large enough
for the concept of "average" to have meaning. How many molecules should
be members of the bubble before thermodynemics and averages become
useful tools? Unfortunately no definite answer exists for this question.
A sample of about 10,000 or larger was taken for this analysis. 1In
other words thermodynamics was used to chart the growth of bubbles

after they reached a size of about 10,000 molecules. In general this
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occurred when the bubble had a radius of about one millionth of an

inch (10°® inches).

The System and the Limitations on the Path of the Process.

The system which was used for the ensuling calculations consisted of
the volume of gas which was inside the bubble and the layer of mole-
cules which surrounded this gas and were assumed to form the surface
of the bubble. The surface layer was assumed monomolecular end was
included in the system because its energy differed from that of the
bulk liquid.

The possible state lines which are considered will first be
limited by placing a restriction on the end point of the state line.
Since the growth of a bubble is a natural process the bubble should
tend towerd equilibrium with its surroundings. Thus state lines whose
end points differ significantly from the temperature of the bulk
1liquid which may vary from 139°R to 161°R will not be calculated.
Also state lines whose end points are far into the wet region of the
Mollier Chart will not be calculated. This latter condition would
require that condensation be a significent factor in the final stages
of bubble growth. No evidence of bubble condensation was found in
liquid nitrogen.* All bubbles which were observed appeared to grow

larger monotonically.

* Bubble condensation (collapse) has however been observedlS
in boiling in subcooled liquids and has been used to explain high

heat transfer rates in subcooled lgiuids.l4
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Isothermal Expansion. A little study of the Mollier Chart

reveals that isothermal expansions fall into two classes, those
isothermals which pass thru the "wet™ region and those which do not.
Following any of the "dry" isotherms down to 14.7 psia., the end
point of the path of the process leads one to the conclusion that the
bubble is hotter than the surrounding liquid throughout its entire
life. Thus it must be losing heat to its surroundings continuously.
The initial energy requirements for a bubble of this type can be
shown to be unreasonable.

The bubble which follows an isotherm thru the "wet" region
must follow a process which moves from left to right thru this region.
This forces the bubble to spend most of its early life as a liquid
and suddenly to find sufficient energy to convert to gas after it has
reached fairly large size. A doubtful process at best. Isothermal

expansions will not be considered further.

Constant Enthalpy Expansion. For processes of constant

enthalpy the Mollier Chart needs to be divided into three regions,

that for which H < 1350, that for which H > 1500, and the part in
between where 1350 < H < 1500. For the region where H < 1350 the
bubble must spend the maJori‘i:y of its lifetime condensing which is
contrary to observation. For H > 1500 the bubble slso must spend

its entire lifetime hotter than the surrounding liquid. This also
conflicts with the requirement that a bubble should tend to the thermal

equilibrium.
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In the remaining region (1350 < H < 1500) celculations were
made for several combinations of enthalpy and liquid temperatures.
These are included in Appendix 2. The results will be discussed later

in this chapter.

Constant Entropy Expansion. The region where the value of

entropy 1is greater than 19 is elimineted because the end points of
those constant entropy state lines are &t a higher tempersture than
the maximum observed superheat in the liquid.

For the other bound the adiabatics which are less than 17
are excluded beceuse they terminate well into the wet region. A
series of calculations were made for adiabatics between 17 and 19
which are included in Appendix 2. The method of calculation is
included here because of its significance in the understanding of

boiling in liquid nitrogen.

Method of Calculation - Appendix 2

1 -r in cm. - assumed

2 -~ vy in g —V1=)-|-/3ﬂ'r3
AP dn pel - AP = & L
3 - psl - r 6.80 x 104

An sssumption was made here that AP = 2¢/r which has the
follovwing physicel limitations:

a) o is a function of temperature as shown in Figure 19.
Consequently some bubble surface temperature must be assumed. For
these calculations the temperature of the superheated liquid was
chosen and it was further assumed that this temp.erature remained

constant throughout the growth of the bubble.
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b) The concept of surface tension is of doubtful amalytic

validity vwhen r is very small and very few molecules are involved.

Thus the calculation for r = 10~7 cm is separated from the remaining

calculations by a line to indicate the questionability of the results.

c) The tempersture of the bulk liquid is not a constant but

falls off as the bubble grows away from the wire. For bubbles which

have a radius greater than 10! cm. this might introduce significant

error but bubbles this large seldom form in nucleate boiling in liquid

nitrogen.

L -

Pg in psia. - The total pressure inside the bubble.
Pg = &P + 4.7

Tg in OR - The gas temperature inside the bubble.
'.I‘g found from the Mollier Chart

V in £:3/1b. - The specific volume of the bubble.

a) )
V found from the Mollier Chart. V N

H in gram calories/mole

H found from the Mollier Chart

H in BTU/1b. = H/15.65

nm in pounds. The welght of the bubble.

Let Pvy = mmR'T. Note that this differs from the perfect gas law
in that R' is substituted for R. Now if no restriction is placed
on R' then Pv, = nmR'T should be universally valid. In fact it
should be valid even for liquids and solids. A determination of
the numerical value of R' might be difficult (or easy depending
on the information at hand) but one significent statement can be

mede sbout R'. It is a point function. Thet is, given values for
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P, vy, mm, T at a point this is sufficient to determine R' at that

point. Now also at any given point PV = R'T where V is the specific

volume. Thus,

nm=1.:.v.!-. but also R! - L
R'T T
80
Pv,y
m =
PV .7
T
thus nm = %ﬁ regardless of the state of the fluid.

9 - n - The number of molecules

nm

n ="+ and m = 1.024 x 10%° pounds per molecule

10 - Average energy per liquid molecule - BTU per molecule.
This was found by summing CpT from O°R to the temperature of the

superheated liquid. The data used was teken from the ICT.

Cp gor44 = 2 Joule/gm. atom

C pusion = 356 Joule/gm. atom

Cp 11quid = 27.8 Joule/gm. atom

11 - Average energy per gas molecule.
This was found by combining the data of 10 and the additional
enthalpy determined from the Mollier Chart.

12 - Inside surface area of the bubble = Yyr2, £t2

Item 12
1.95 x 10-18 fg2

13 - Number of surface molecules =
The average cross sectional area of a nitrogen molecule was
calculated using the density of the liquid and assuming the

molecule & sphere. There are other methods of calculating cross
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sectional areas of molecules which do not necessarily lead to
the same answer. Thus the area occupled by a surface molecule
is open to question from both the area of a single molecule

and the method of packing at the surface.

14 - Total surface energy - BTU/bubble

The excess surface energy stored per bubble is given by22

AE=(0-T%%)A

Where ¢ = surface tension in dyne/cm.

T = temperature in °R.
A = area in cm®.
E = energy i'n dyne/cum.

Now A=3vy/r

So

3(c-T %%) vy )
LR = - + 2.685 x 1078

Where vy in £t2 (Item 2)
rincm (Item 1)
do
(6 - T3 in dyne/cm.
2.685 x 10°® conversion factor

which results in AE = BTU/bubble

in excess of liquid energy.
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The vealues for ¢ and T g% are taken from Figure 20.%

15 - Average Energy of a Surface Molecule - BTU/molecule.
This was found by dividing the surface energy per bubble by the
number of molecules in the surface and adding this to the average
energy per liquid molecule.

Item 14

L Item 13

+ Ttem 10 = Ttem 15.

* The validity of the expression AE = f£(g - T g%) is open to
question at any but modest pressures. A look at Figure 20 indicates
that ¢ decreases to zero monotonically at the critical point. This is
in line with experimental evidence. However, the calculated values of
T g% are falrly constant at all values below the critical point and
disappear dlscontinuously at the eriticel point. If this is really so
then the energy given by AE = (g - T %%) A must have a dlscontinuity at
the critical point. If then this 1s so all of the energy stored in the
surface must be dumped out when the surface diseppears at the critical
point. It should be possible to build an apparatus to determine the
resulting increase in temperature in the system when the critical point
is reached.

It is much more reasonsble to believe that AE = (¢ - T %%)
decreases monotonically to zero at the critical point and that the term
T %" should be multiplied by some factor such as (P-I‘--'—ff‘-). This

Pr,
incidentally would be more in line with the nearest nelghbor concept

of surface tension.18
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16 - Total Energy - Gas + Surface - BTU/bubble.
This was found by multiplying the number of gas molecules by
their average energy and adding this to the product of the average
energy of a surface molecule and the number of surface molecules.
Thus, Item 16 = (Item 11 - Item 9) + (Item 15 - Item 13).

17 - Total Molecules - Gas and Surface.
Ttem 17 = Item 9 + Item 13.

18 - Energy of an Equal Number of Liquid Molecules - BTU.
Item 18 = Item 10 * Item 17.

Heving made the calculations some conclusions may be drawn from
the resulting numbers. It will be shown presently that the "hot molecule"
concept will not hold and with this in mind some clue to the bubble
forming mechanism may emerge from the tabulated calculations.

The first thing of interest is the contribution of surface
energy to the total energy of the bubble. Regardless of the path of
the process chosen, the contribution of the surface energy to the total
energy of the bubble is nil except when the bubble is very small. The
surface energy is not a storehouse which can supply the later energy
requirements of the growing bubble. Even when r = 10~7 cm. and the
concept of surface tension is questionable (60 to 100 molecules
enclosing another 60 to 100) the surface contributes less than half
of the totel bubble energy.

The second point of interest is the great change of magnitude
of all of the numbers as r increases. This far exceeds any variation
from path to path. For each process path chosen there is little
difference in the resulting numbers at any given radius and thus

little basis for & correct choice of the path of the process. It could



well lie anywhere within the region of these calculations. Some

general statements may be made however.

When, in the course of the bubble expansion, the temperature
of the gas and the surrounding liquid are equel, then the state line
(path) must be tangent to a line of constant entropy. After reaching
this tangent point, if the pressure in the bubble is still greater
than the surrounding liquid the bubble should continue to expand and
the bubble temperature must fall below that of the liquid. Heat
transfer would now be into the bubble. Before reaching the tangent
point the bubble is very much hotter than the liquid and the direction
of heat transfer outward. This would be typical of a normel polytropic
expansion. The probable shape of this state line is shown in Figure 23
but its exact location is not specified.

The last and probably most significant point of interest is
the ratio of the average energy of a liquid molecule to that of a
molecule which is part of the bubble. This may be seen by inspection
and is not calculated but can be approximated by compering Items 10
and 11 since the contribution of the surface energy has been shown
to be small. This ratio turns out to be reasonsbly constant and of
the order of one to two. This is a very interesting thing. Here is
a bubble which is growing in a liquid by appropriating molecules from
the liquid yet it seems to be very choosy about which molecules it
will accept. If the bubble were to draw its members at random from
a population with low energy such as the liquid then shortly the
liquid and bubble would have the same energy since the bubble has
been shown to have very little stored energy available to give to

the incoming members. This leads to the conclusion that the bubble
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has some built in energy sorting mechanism which rejects average

molecules from the liquid when they attempt to enter and accepts
only those molecules whose energy is sufficient to waintain the
interior population at the required level.

This energy sorting mechanism must be the excess energy
contained in the surface molecules end the sequence of events this.

The surface molecules are, in effect, bound in place by surface
forces which are in excess of the liquid energy. The average liquid
molecule does not have sufficient energy to displace a surface molecule
and thus, when striking a surface molecule, is repelled. On the other
hand a molecule with sufficient energy should dislodge a surface mole-
cule upon collision and one or the other or perhaps both should enter
the bubble. It does not follow that after a time the energy of gas
molecules and surface wmolecules should be equal because some molecules
with very high (relatively) energy will always be entering.

Unfortunately limitations in the ability to calculate the exact
number of surface molecules and limitations in the known solutions of
the Maxwell-Boltzman distribution function preclude exact analysis of
the energy sorting hypothesis. However some indication of the

plausability of the mechanism is available and will be considered later.

The Maxwell-Boltzmen Distribution Function. On Page 38 a

"hot" molecule hypothesis was advanced. This hypothesis proposed
that all of the excess energy required by a bubble was provided by
a single very high energy molecule. This "hot" molecule was to be
the nucleus of the bubble and growth was to take place by dissipation

of energy from this "hot" molecule to its neighbors at random. The
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set of state line calculations was expected to provide the data
necessary to support this hypothesis. Enough information is at hand
t0 now make the calculation for a "hot" molecule after some preliminary
discussion of the Maxwell-Boltzman equation.

The problem is to determine what fraction of nitrogen molecules
in an essembly have energies greater than some value E;. It is usual,
in texts which consider Maxwellien distribution, to limit the discussion
to molecules which can be represented as hard sphere with various
properties such as perfect elasticity, variable radius, perfect rough-
ness, etc.®® Thus only the energy of translation is considered. Since
the theorem of equipartition of energy indicates that & large fraction
of the energy of a diatomic is not tramslitory some extension of the
usual treatment should be considered. A derivation of the required
function could not be found, although it no doubt exists, and is thus

included as Appendix 3. The result is given by:

Ales

Ey 1/2 -
Kfo E exp dE

Fraction =

]

® 4 -
Kfo E exp ag

Al

Which upon integration becomes*

B

2
Fraction = Erf. VE; - = /E, exp
N

* A word here about the error function (Erf.). This function
is zero for Erf (O) and rises rapidly to one for Erf (). The
complimentary function is given by Erf. (x) = 1 - Erf(x). An

excellent tabulation is availsble.2%



This expression actually gives the fraction of molecules with
energy less than same number E;, but the computation of the complimentary
N >E is trivial.

Now to compute the fraction of all molecules having energy
sufficient to provide all of the energy necessary for formation of a
bubble. The constant entropy (19.0) tabulation of Appendix 2 will be
used as an example. This is the last page of tabulated values in
Appendix 2.

Total energy of a 0.003 inch bubble (r = 10-2 cm.) is found to be
5.32 x 10”® BTU
Total energy of an equal number of liquid molecule is found to be
2.58 x 107® BTU
Extra energy required of a "hot" molecule
5.32 x 1072 - 2.58 x 10°° = 2.74 x 10~® BTU
Average energy of a liquid molecule is found to be
8.09 x 10~2% BTU/molecule
The problem can now be stated as, "What fraction of molecules

2.74 x 107®

have energy of 505 x 1T0°5% = 3.39 x 10'* greater than average.

Applying the following constants to the fraction equation

T = 164°R
R = 154k /molecular weight = 55.11
778/RT = 0.086081

a curve uey be plotted of E; vs. Fraction and this has been done for
T = 164°R and a number of other temperatures as Figure 2k.

Two comments are in order about Figure 24. The first is the
small effect of temperature in the range of interest, and the second

is to note the arbitrary units of the energy. The numerical value of
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the energy differs from that of the Molller Chart by a factor of
1.8 x 10723, This is expected because of the value of R used in
the Fraction equation. Obviously R of a liquid is not defined by
R = 1544/MW but is a much larger number. However E increases
proportionally* and numerical values of E are mutually convertible.

Now from Figure 24, E

S—_— is found to be 17 energy units.

Thus 17 * 3.39 x 10** = 5.8 x 10*S Maxwellisn Energy Units are
required by the "hot" molecule. Extrapolation of Figure 24 results
in the conclusion that one molecule in 1019,000,000,000 pag the

required energy. That ends the "hot" molecule hypothesis.

The "Warm" Molecule Hypothesis. The downfall of the "hot”

molecule hypothesis was the tremendous amount of energy required by
that molecule in order to heat neighboring molecules at random. Now
on Page 55 another condition 1s added to the mechanism of bubble
growth. This 1s the hypothesls that surface tension acts as a mole-
cule sorting mechanism which rejects molecules of average energy and
allows only molecules of higher energy to enter the bubble and
contribute to its growth. If thls condition is included then the
nucleating "hot" molecule need only have sufficient energy to sustain
growth until the bubble 1s of sufficlent size to have the concepts

of a surface and surface tenslion becomes valid. The size of the bubble
when 1t becomes meaningful to discuss surface tension is not known but

should be very small. In other words only a relatively small number of

* And thus should make 1t possible to calculate R of a liquid

by using Epean-
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molecules must be heated by the "warm" molecule. A calculation
similar to that which invalidated the "hot" molecule hypothesis was
made agaln using the data of Table 28, Appendix 2 only this time for

r = 107 cm. The results indicate that one molecule in 10%*° has the
required energy. Thus for a "warm" molecule hypothesis the numbers
are still too large but not unreasonably so. Considering the necessary
crudeness of the assumptions because of lack of good physical constents
the calculation looks promising and far better than the "hot" molecule
hypothesis.

A second calculation in support of the "warm" molecule hypothesis
may also be made. Using the same table as before and choosing r = 10~2
cu. again for convenience.

Average energy liquid molecule = 8.09 x 10-24

Average energy surface molecule = 12.23 x 10724

12.23 x 10”24

Ratio =
. 8.09 x 10-2%

=1.51

Thus an average surface molecule has 1.51 times the energy

of an average liquid molecule. From Figure 24 it is seen

that 23% of all liquid molecules have energies greater

than that of the surface. This 23% is the part of the

liquid from which the bubble population is being accepted.

The average energy of the incoming molecules can be computed
again with recourse to Figure 24. Since this is nothing more than
the value of energy corresponding to %? or 11.5%. The value of
energy is found to be 33 Mexwell units of 1.65 x 10”2 BTU/molecule.

The comparison with the Tabular value of 1.67 x 1022 is fortuitous

considering the underlying assumptions.



CHAPTER IV

CONCLUSIONS ON LIQUID NITROGEN

The experimentsl results in liquid nitrogen are significantly
different from those of other liquids. The transition from free
convective heat transfer to nucleate boiling heat transfer is not
smooth but tekes place via an "extended region" as illustrated by
Figure 6. The reverse transition from nucleate boiling back to free
convection is, however, normal and no extended region occurs. The
numerical values associated with liquid nitrogen are much lower than
those of other liquids with the exception of the exponent n in the
relation

q/a = caT"
which is not in the range 2.5 £ n £ I reported for all other liquids
but is of the order of n = 10,

It is also shown that C in the above equation is not an

arbitrary constant but is dependent on the observed value of n such

that
4
gfe=2BEL . ot sshs.
2.45 n
exp :
These unususl results in liquid nitrogen are attributed in part to the
cleanliness of the liquid in a heat transfer sense.
The mechanism of bubble pumping action which is currently held

most logically responsible for the high heat transfer rates in nucleate

65
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boiling is shown to be insufficient in liquid nitrogen on the basis
of observed physical data.

In the free convective region, heat transfer is shown to be
a function of wire size as reported for other liquids. This dependence
on wire size is not present in nucleste boiling.

A mechanism is proposed for the initial formation of a single
bubble which depends on the presence of "hot" molecules. The "hot"
molecule is required to provide all of the energy necessary for the
bubble's further growth. On the basis of data calculated for a
number of state lines on the Mollier Chart the "hot" molecule concept
is shown to be impossible because of the extreme energy requirements.
Subsequently in a warm molecule hypothesis it is postulated that the
surface energy assoclated with a bubble is the governing mechanism
and that this surface energy acts as a molecular energy sorter during
bubble growth. Present limitations in the knowledge of bubble surface
molecular packing densities preclude exact proof or disproof of the
energy sorting hypothesis, however, it 1s shown that the mechaﬁism

reduces initial bubble energy requirements to more reasonable velues.



CHAPTER V

EXPERIMENTAL TECHNIQUES IN LIQUID HELIUM

General. The technigues required in liquid helium are somewhat
more elaborate than those of other liquids because of the extremely
low latent heat of vaporization (9.06 BTU/1b.). Considersble care
must be taken to minimize heat leakage from room temperature
surroundings. The standard procedure is to use a nitrogen dewar
similar to that of Figure 3 but much deeper and inside this to place
a second smaller dewar which actually holds the liquid helium. Heat
leakage from the surroundings will boil away the liquid nitrogen
which is replenished from time to time. Figure 25 shows an experi-
mental dewar similar to that used in the experiment. The actual
dewar is shown in Photograph 4.

Liquid helium cannot be poured from container to container as
can liquid nitrogen so a speciel transfer tube must be used to £ill
the experimental dewar from a larger storage dewar. Transfer tubes
are available commercially and consist of a thin walled stainless
steel tube surrounded except at the ends by a larger copper tube.

A very hard vecuum is maintained in the annular space between the

two tubes in order to minimize heat transfer. A cylinder of dry

helium gas is used to maintain a positive pressure of about ten

ounces inside the storage dewar and this forces the liquid helium
67
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thru the transfer tube and into the experimental dewar. Transfer
rates are about two liters a minute after the transfer tube and

experimental dewar have cooled to liquid helium temperature.

The Measuring Circuit and Its Operation. The resistance of

Platinum while known® at liquid helium temperatures is not a strong
function of temperature. This forced the use of a higher degree of
precision and stability then was found necessary in liquid nitrogen.
While the circuit is identical in its function to that of Figure 2
and thus will not be redrawn the following refinements were found
necessary.

1. The external resistances which are panel mounted (Figure 2
and Photograph 2) change value when heated by an electric current and
were replaced by two water cooled 60 ampere resistances which can be
seen protruding from behind the cathode ray oscilloscope in Photograph
L. Current stabllity was then found to be acceptable.

2. The Rubicon Type B potentiometer was replaced by a Rubicon
6 Dial thermofree potentiometer capeble of reading to 108 volts which
is designed so that internsal peresitic thermal emfs will be less than
the minimum observeble reading. A 10x binocular microscope was used
to observe the galvanometer which was used as & null instrument. The
entire measuring circult between the experimental test wire, standard
resistor, end potentiometer was constructed of platinum wire in order
to minimize externsl thermocouple voltages and external rectifying
Jjunctions.

3. Four more 12 volt storage batteries as a current source

were added in perallel for a total of eight 12 volt batteries.
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4. The temperature of the liquid helium was determined with a

calibrated carbon resistor which wes read to the closest 1/10 ohm using
an A.C. bridge.Z® The copper cased resistor, calibration curve, and
A.C. bridge were provided thru the courtesy of Ltjg. J. L. Edwards, USN.
The calibration curve is shown as Figure 26. An accuracy of 0.01%K is

possible in the measurement of T.b27 :

Preparation and Calibration. The platinum wires used in liquid
helium were prepared in the same manner as those used in liquid nitrogen
and were held in the frame shown in Photograph 3. The calibration was
however, different. A single ice point calibration was made to find
Ro and then Rp. was determined in the same manner as RNa' The computed

ratio showed that N was reasonably close to the values of N given in

" the ICT.S A curve identical in shape to the resistance curves of PT

given in the ICT® was then drawn vhich intersected the experimentally
determined value of RHe' Considerable experimental Jjustification of
this procedure is availableS.

Before each experimental run the value of RHe was redetermined
since this number proved not be constant. The variation of RHe was
not random but had & steady downward drift. Exactly the same
phenomena was observed in liquid nitrogen and in nitrogen the drift
was found to stabilize only after the wire had been driven into the
£ilm boiling region for a period of a number of minutes. This was done
for the second of the two wires used in helium and the resistance then

showed little further variation. No explanation of this phenomena 1s
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given.* For some of the experimental runs then the resistance vs.
temperature curve of wire 1 (Figure 27) must be displaced horizontally

until the observed calibration value of RHe corresponds to the observed

T, - The corresponding curve (Figure 28) for wire 2 requires no such
displacement.

* Some speculation is possible however. In liquid nitrogen
the film boiling temperature did not equal the temperature used in the
original air anneal. In liquid helium the film boiling temperature
probably did not exceed 50%K. Thus changes in the volume resistivity
were not due to an annealing process.

The bubbles in film bolling are generated by a very explosive
process 80 perhaps some resistance change was possible by shock
induced cold working.

Langmuir®® held that the loss of heat from wire was independent
of convection and depended only on conduction very close to the wire.
Now film boiling may drastically alter the character of the layers of
molecules which are thought to be bound to the surface of wires. If
the film boiling is violent enough these surface molecules, which
may be water, oxygen, nitrogen or anything depending on the past
history of the wire, may be stripped free. They would then be
replaced by molecules which compose the bath. How this would lower
the temperature of the wire is not known but an analogy between

electricel impedance mismatch and thermal mismatch may exist.



CHAPTER VI

EXPERIMENTAL RESULTS AND CONCLUSIONS
IN LIQUID HELIUM

The experimental data and calculations for liquid helium are
included as Appendix 4. The results are shown as Figures 29 and 30.
The equation for nucleate boiling for each Figure has been calculated

and is found to be:
a/a
a/a

As in liquid nitrogen the nucleate boiling curves are very steep and

3 x 10725 ATS3°5 . Wire 1

1.2 x 1078 AT®4°2 _ yire 2

cannot be represented by an equation where 2.5 s n s 4. In fact the
exporent in helium is even larger than that in liquid nitrogen. No
further explanation can be given other than to observe that no
contamination other than solid particles can be present in the liquid
or on the surface of the wire. All foreign geses have solidified at
liquid helium temperatures.

The maximum AT for nucleate boiling is only a little more than
30F but this is not surprising when it is noted that for many liquids
boiling at atmospheric pressure the maximum AT is roughly related to
the boiling point on the absolute scale. Also the low maximum q/a
of 1.2 x 10® BTU/£t® hr is not as surprising in retrospect.

15
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It was hoped that an extended region could be observed in
liquid helium but such was not the case. Such an extended region may
or may not exist but it will require more sensitive measuring equipment
to resolve the question.

As a final observation it should be noted that the bubbles
generated in liquid helium during nucleate boiling are difficult to
see thelr maximum diemeter is probably no more then two to three
thousandths of an inch. Correspondingly there are many of them and
they eppear to move away from the wire as clouds of bubbles. Their
size increases when film boiling begins and the entire dewer of liquid
is churned into a rolling boil which raises the level of the liquid
on the order of 10%.
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SUMMARY

The following are considered to be the most significant points
of this thesis.

1. The transition from free convective heat transfer to
nucleate boiling in liquid nitrogen is shown experimentally to be
gradual but takes place only after the free convection curve has
passed thru an extended region.

2. The equations representing the nucleate boiling region
for 0.004 inch diemeter and 0.008 inch diemeter wires in liquid

nitrogen are shown to be a family of curves of the form

10.25 - 2.45n ATR

o/a = exp

Note 5 £nsow
The value of n for other liquids is much lower and is usually found
to be 2.4 = n = 4,

3. The usually assumed explanation of nucleate boiling heat
transfer 1s not quantitatively valid in liquid nitrogen.

k. An molecular energy sorting mechanism is postulated to
explain the nucleation and growth of & bubble along a state line.

5. Data is presented on nucleate boiling heat transfer to

1iquid helium.



APPENDIX 1

EXPERIMENTAL DATA, CALCULATIONS
AND THE RESULTING CURVES
FOR LIQUID NITROGEN
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Sample Calculations - Liquid Nitrogen. As a random exsmple

the calculations will be carried thru for the first row of Table 25

Exp - volts (2.295 x 1072) Observed data
std - volts  (7.5145 x 10™2) Observed date
R - ohm (0.03054) Substituting the value for

Std - volts and the Std resistor (0.1Q) in E = IR.

7.5145 x 1002 =1 + 0.1, thus I g 7.5145 x 1071

)

aiors. RedB = (Exp i volts) _ (Exp - volts)(Std)

Std - volts

2.295 x 1072 - 0.1
T.5145 x 1072

so R = =  0.03054 ohm.

100R The value of Ro is taken from the last Np celibration
Ro

which in this case is Table 24, Rg = 0.15960 ohm.

100R _ 100 * 0.0305k4

Rg 5.15960 19.14

T - °C Using Figure 5 for 0.008 inch wires and the curve for
Wire U4 the preceding value of 19.14 locates a point on
the proper curve. This point corresponds to a temperature
in degrees Centigrade of -195.40.

El - watts Heving found IStd above in R-ohm the product of this and

Exp - volts becomes EI.

EI = 2.295 x 102 » 7.5145 x 101 = 1.725 x 10"2 watt



BTU/£tZ hr.
I
AT - OF

82

The surface area of the wire in ft2 is needed.

A = qon/1bk = T2 °‘°§§h' 2:065 - 3.604 x 104

Now 1 watt = 3.413 btu/hr.

. 'L”l = . -4 2
So EI - 37 ~“7o=x = EI * 0.9470 x 10™* = BTU/£t? hr

Thus 1.725 x 1072 + 0.9470 x 1074 = 1.63 x 10® BTU/ft2 hr

The boiling point of liquid Nitrogen is needed.

Using the formula on page 11 and the observed barometric

pressure
TN = -195.80°% + 0.0109 (P - 760)
2
= -195.80 + 0.0109 (760 - 760)
= -195.80
o o _O
Now T (TN2 i) = 98
= -195.80 - (-195.40)
= 0.40 9¢
AT-CF = B¢ - 1.8

0.7 °p



8

=195

190

-185

/

-195 T in° -190

/7
——Wire 3
— Wire 2
23
— Wire |
00 R
Ro
Wire 3
-2 2 ///
-2
20
/ IOOR/R, VS. T IN THE
VICINITY OF LIQUID
NITROGEN TEMPERATURE

0.004 INCH WIRE

Fl

GURE 4




8l

195

Tin®°C

-195 -190 -185
L 24 // 3
AWire 2
——Wire 2
e S S
00 R — Wire |
RO
Wires 3 8 4
o2 / 5
Y /// e
20
/ IOOR/R, VS. T IN THE
VICINITY OF LIQuIp
/ NITROGEN TEMPERATURE
/ 0.008 INCH WIRE

-190

FIGURE 5




L0 o sta. ves\z*ar Table 1 Wire 1
T it Calibriien o004 "

Exp.— volte  Std. —volts R-ochwms
3.870Z x/76® 3. 20ZZ x5 * 082740

é6.3996 A g = 0.8R766
/. 0654 1.2873 0.8Z7¢ %
/.- 36L8% /6533 0. BRT54
1. 5950 /2277 L.BATLT
2.9/1/ Z2.3090 0.8Z767
Z. )R8 Z.5635 O.8R770
Z.3847 Z-88/H# O.827LZ
A A 3./987 LBETTY
Z.295/ 3.5946 O.-8X7%é
3. 395X 1076 aBX777
3.9537 L.T767 0.8% 770
47337 ATy 0.8Z790

Averace R, 08770 o
>

Lewé‘\)h. A R = RSO

S8




0.1 n sta. Table z

Dowwn. Row
Exp. ~ voltes Std - velts. R-chm 1OR/R. T-° E1- wille
2403 xeo”! 6.265 x5’ 0/838 24.33 -/84] RIZXP %10
5. 440 Z.979 0./826 RZ.ZI -/82F 1.e%l
3. p80 zZ.788 O0./JBZZ RZR.0! —188.4 [.%#/10
. L Z.565 o0./8/Z 2/,.89 ~189.7 /9%
H.Z6/ Z.357 0./808 m2.8¢ ~/83.8 Joo¥
3,488 Z2.0%8 O/80F Ri.BE -/89.8 7510 X0
Zob4 ). 709 0./793 Zi.b66 1902 5.136
Z. 336 -2 0.1778 Z!.48 /906 3.07Z
/. 850 /. 087 O.1760 Zl.Z6 ~790.7 /. FHH
) Z9R 7.614 x106°° 0./69¢ zo49 -19%2.9 F.835 xs6*
7578 x/0°° &£.87T7 OICZT 1968 /M B 3.5z
Z.634 AR A , Owoo  13.33 ~196.6 N, 33¢C x>
/.338 8.39% X/10° O./594 )9.Xé6 -/95.8 7,723
). 1273 7. 065 0./5%6 )9.28 /958 790y xm6?
9.37% x16° 5877 OIERE I1.ARYT /958
7007 A 398 0I5y  ye.72l /5.8
S.78 3. z4e 0-1594 19.26 ~/95.8
4. 609 Z.89Z O.I594  ]9.2 —195.8

Cowversion: wa‘“’g o B-\'o/.p-{—’- Whe

Wate - 3.4.3 B%jﬁ_ = BTYLT e
Revaa of Lhea

BT/ Wy

3. 489 x /a"'

z.7/
zZ.37
.99
/.68
A 4
8.77 xs0°
S. M4
3. X5
/.65
5,90 xi10*
726 = 0"
/. 88
/.33

BN S NN
Wity - ?r:'/;o.aol/ Yz.505) = wWaXe x 288y x6”

L.Dure 1
O.004 "

AT-°C AT-F Nies

"H.75
6.9
6.5

z/.7
IZ.4
w7
/1.0
/0.8
/0.8
/6.7
9. ¥
8.5
5,0
/. 8
0. 36
0.00
0.00
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HEAT TRANSFER TO

LIQUID NITROGEN

Size of wire — 0.004"

Run no. 2 — Down

10
4 %
//
o [k A ke /‘
/ / 10°
/|
7
_/
//
//
/|
/|
10%
/
o/
L T 10




0.1 O =td. Table 3 Wire |

POU’V\- R\DM 0. 004
Exp.-volts Std.-volts WR-duw 0IR/R. T-°C Ei-wslls BTO/fMH e AT-C AT-*F Notes
6.288 X106 3459 xi107 1818 B9 —189.5 Z.7Sx10° 4,24 x10% 6.3 "3
5.96/ 3.287 /. B4 Z.9Z 189.6 1.959 3.96 &% .z
§.8/15 3. ZIZ 1.8/10 z/.87 ’89.7 1.868 ! 6./ /7.0
5. 403 Z2.99/ /. BOL Z).8Z /89.8 1.6/6 Z.5Z 6.0 /0.8
S. 077 Z.8/5 7. 804 Z/ 80 /187.9 /L A4ZF zZ.23 5.9 /0.6
M. TS5 Z.598 1.799 b T ] /90.0 1o Zt5 /.90 5.8 10.4
M, 303 Z2.393 1.798 zr. M /90./ .030 1.6/ 5.8 70.4
3.78/ z.lto 1,792 Z1lS5 190.% 7.978x06° 1,25 5.6 j0.1
> z209 ). 727 1786 /.58 1904 &T767 700 ac0° 5S4l 9.7
R.669 1.497 7.7863  &1.5¥ /908  3.996 6. 24 5.3 9.5
z.107 1.190 7. 777 X/. 40 190.8 Z.507 3.9/ 5.0 9.0
1 %47 1.104 1. 764 Z(.3/ /9/.0 Z./50 3. 36 ) a6é
/765 ). 006 17.76%  BI-19 12,3 ). 774 2.77 4.5 8/
.59 Q.110 Xf™* Lusz  BlaT  191.9  1.454 Z.27 45 81
/. 400 8087 573/ xo.7/ 193.5  J).13z2 .77 2.7 7.0
/.008 6.023 ) 674 ZO.ZZ 1948  6.0T3x8° 948 x* 2.3 A1
6457 x10% 3.9¢% JLRG 1968 1948 z.558 3.99 20 8
327/ zZ.034 1608 1943 1954  6.65Zx0° Lo xi0" o4 0.7
/268 7.935 1.598  19.3) /195.6 1,006 .67 xn0' o.xz o.4
6.Z27 2/0° 3.899 L5997  19.Z9 1967 Z4z8 A6 309 x0° 5. 0.Z

covu:c'hplo w LSSl x 104
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HEAT TRANSFER TO
LIQUID NITROGEN o
|
Size of wire — 0.004"
Run no.3 — Down
{
)
%, =2.34 x107 AT"| +1+ F
10°
’I
q, —
/ ‘a
% =186 ATl /
L/ 10’
7
P
Vv
/
/|
/
/
¢ |0z
1O DT in F 10




o sL 1. Table # Whve |
764 wAwA, Hé Op Rou s
Exp-volts sStd - volts R-ohw 106RA, T-°C El- wsls BTOAF W AT-°C AT-°F notes

9.901 x0°% 5950 x/0% ;e  19.89 1943 5.83Lx0° F.Z2O xs0% /.6 zZ.9
2.19Z X106~ 709z x0* L8888 zOIT 1937 8.4 137 x10° % 3.9

/1.3¢8 8.067 1.69¢ z0zZT 934  L/03 x/07 172 z.5 45 v
1.627 8.953 1.706  20.38 1932 /.367 - . 2.7 “4 q z/
1953 1,009 x 162 1737 z0.7( 192.3  1.7¢9 Z.76 26 0.5 ¥
1.934 /.104 1.753 zo.94 191.9 X3¢ 3.33 40 Tz ¥
ZA4T7 12O L7785 Zl 2l g X597 4. 05 #.7 85 4
Z.H4IZ /. 298 858 ZZ.20 188.9 3./3/ 4,89 76 12.6

Z.6r3 LAZT .83z Z2.89 1896 328 S5.82 6.3 .3 &/
2.7T95 552> 1.835 Z249> 189.5 4H4.z257 b.68 o4 ns 1/
Z2.976 LGt 1.843 ZZ.0Z 189.3 H.8o4 7.50 é.6 0.9 &
3,7/ 1. T4 /1.850 ZZ./ 189.3 6.435 8.49 .8 X

3. 345 1. 874 1844  zz.o4 189.Z2 (.068 G.47 &7 124

3 780 2.039 L8544  Zz./6 1849.0  7.708 120 x 0¥ C.7 12,4

150 Z.234 /857 ZZ./9 /189.0 Q.270 .45 6.7 /2.4

“4.514 Z 4285 1841  zz.zd 1888 )04 x0" 17/ 74 /Z.8

A IZF Z.6H¢ 1.8¢63 zz.X6 888  |.304 z. o4 7.1 I1Z.8

S, 280 Z.834 ].863 ZZ.Z6 188.8  1.496 Z.34 vl /1Z.8

S. 65/ 3032 ,.8c4 ZZz.z8 1887 1,73 z.67 7.z /3.0
.07 3,254 L8666 Zz.30 1287 975 =.08 7Z I3 0

6.486 3.477 1868 zz.32 /886 R.Z5Z 3.5Z 7.3 /3.7

7.767 3.837 /. 868 ZZ.32 /88.¢ Z2.750 HAZT 7.3 13.4

7.7 % 140 L. 870 zz.35 /885 3.Z286 5./3 7o 133

06



Notes from Table k4

N Calibration
—p mnmlls

Std. 10282 11256 124k 12437 11254

Exp. 16557 18134 20043 20038 18133

Ry 0.16103 0.,16110 0.16111 0.16112 0.16112
2

Use Ry (764 mm) as 0.16109
2
Last previous claibration Ry (760 mm) = 0.16084
2
New R = 0.83678

1/ 2-5 Nucleation centers which are not all continuous
) / 8 " " n " " n (1]

n n o n " 1" n
Eé }:ﬁ n 1 13 111 1 1} 1
5/ 15 u n " L] 1] n n
6/ About 20 nucleation centers
7/ 1" 35 1] n

8/ Too many to count

taps.
value for g/A

10277
16552
0.16106

In attempting to reach a Std value of 4.2 x 10~ ! the wire melted and broke outside the potential
The wire 1s still usable but this indicated the top of this curve is very close to a limiting

6
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HEAT TRANSFER TO
LIQUID NITROGEN .
10
Size of wire — 0.004"
Runno.4 — Up
9,=4.08x10] AT" '
10°
.
q,
a
%, F198 AT > /4
,/ 10°
10°
1.0 AT in_F 10




0./ s s5td Takle & Whee 14

T wawn, Hé. ﬁraual o o.004
Exp-volle Std-volta R-ochw 100R/R, T-°C El-wwlts BToAT ke  AT-C AT-°F nlshes
6.776 x10* 4150 x0°% 0.7033 19.57 1952 p2.8/2x10° 439 x10° 0.7 L3
1.063 x10" L.356 0./673 19.99 1941 6.759 /.06 x 108 /.8 3.z
/. 200 7. 137 0./48z 20./0 7938 8.55¥4 25¢ a./ 3.8 Y
YR 72 B8.243 o.172!  Ro.56 1928 1169 xt8' .83 3.7 $.¢ Z/
/.59 7.167 0./T43 Ro.8Z /9%.7 1.4/ z.28 38 6.8 ¥
/.838 5. 035 20" o773 21049 /91.3 1898 z.9¢6 4.6 8.3
z.089 LIS 0./824 %/, 80 /189.9 Z.39/ 3.73 é.0 /0.8
R.230 2:.2/0 OI/84HZ ZZ. 0/ 189.4 2,699 44, 2/ 6.5 na
z.5x/ /. 308 0./9Z8 Z3.04 1270 3,297 5./5 8.9 /6.0
Z.84) 2438 o.r975 x3.60 1864 A oBY 4.38 9.5 7./
3.0// LM/ o.z019 4.3 1898 4489 7.0/ ".A 20.8
3. oks /509 0.p005 23.96 1849.9  4.SLH 7.13 /7.0 /9.8 ~/
3, /40 2573 o/997 23,86 /8s./ 4,938 7.7/ 0.9 19.6
/20 /.569 2.1989 X377 785.3 .880 2.62 70.6 9.7
I&570 /.730 D.2044 RH.G6 /833 b./80 9.45 IZ.6 2.7 &/

Notes v 1 nNod e:'hovt cewlar
v & " “
Yy Noe! silvon ¢_¢v;+¢re oue
4/ k) Noclae ltw c u."é - mive
-‘-7 ?cf\:lft i u.odeu ton géwler

—“ﬂ-\b bpccli-) rTOW u\ao\uCA Av-\vw'. wive Lrt‘ \ nw.+ '*ke -c‘m Leu
veayow batore _ﬁ: Pa\r %bés AfYer é\m \no:ln\g Acca,d ")@

< \&é‘ [P 1 T3

€6



HEAT TRANSFER TO
LIQUID NITROGEN :
|0

Size of wire — 0.004"

Run no. 5 — Special
10°
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0.1 n st Table ¢ Wiee |

758 vawm. l—\é ,5';“.;\ Row o.o00# "
Exp-vole Std-yolte R-chw 1OR/R, T-°C E\- wills BTo/r ke AT-% AT-°F noles
MITo x10”' &.963 xw0* 0./680 zo.10 ~/93.8 8./40 x10 £ )27 x0° z.0 3.6
1.361 8.c0% 0.170/ 20.35 193.2 Legexsn’ )70 Z% 4.7
,.589 9. 038 o758  as .04 191.6 /.436 a.24 4z 7.6
XLV r.01% x10" ©0./770 2/./8 191.3  1.8)% z.83 #.5 8./
Q.0ZH 1,10 o./18/1Z2 21,69 190,/ Z2.260 I s3 5.7 /0.3
a.alo /.328 o.1827 /.86 189.7  z.e70 4.7 é./ /.o
2.516 7,330 0.1890 XX LRX 187.9 3.330 $.Zo0 7.7 w2
Z.YRY 1.41¢ O, 1924 Z23.03 187.0 3.854 é.00 88 )5.8
2.995 1.814 0-/978 T3.LT  185.5 &3 7.08 s0.3 /8.5
3,094 /. 695 2./2940 Z3.21 786.6 A4.935 7.7/ 99X /6.6
3,230 1L.7XZ 0.1879 RANF /88.Z 5672 8.76 76 /3.9
3.048 /.840 0./854 ZZx./6 /&8%e é.270 9.79 6.8 /%4
3.64¢ 1.972 0.7849 ZRI3 189,/ 7.190 11X ns0” 6.7 12/
3 904 Z.109 0./85/ ZR./E /89.0  8a3o L X9 2.0 /2.6
SX -1 b BV 0./850 XX.14 /897 1,087 x/0° 170 &7 2./
5.769 2.7TT2 0./86/ 2R.297 /88.8 1,430 F¥ 3 7o I1Z.6
5,668 3. 034 0.7866 ZZ.32 /86.6 1.869 Z.92 7.z /30
6.793 3.3/7 0.1847 Z22.35 188. 6 2,065 3.z 7.x /3.0
7.054 3. 768 0./872 Zz.4C  I188.4 .. #.18 2.4 /33
7. 03/ .70 0./870 zz. 38 188.6 Z.646 .13 7.3 3.1

cl\ \\rs‘ﬁov\ c‘.\a.ec‘t-

Ex l88e /IBE3ID zoSeHd X3oa! Zos595 0./185 36 r.88/%5
<t 16463 JIHBF  /ZV38 IH298 I1Z738 1148¢ Io467
Ry, ves4/ 64673] O.J/IN3 OONIHZ  p JoINO 0.0/6138  O.JLINY Ose R = O-le1#D

g6



HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004" T

Run no.6 — Special J_, ||
T b_“‘_‘ﬁ—-_’.,
oy ___{,..,.__M____‘_.__.__,_._Lﬂ’_;___—. £
BRI HiE

- N °
9 =2.o:ex|;ija AT ’.
a ®
e e :
S - ol T :
\“\1 I U B = oo, o o /
\"\—w I VORI R S ./
b= — 1z
N A
A4
q L1.03 K
7.5 46| AT /
° /
®
\T\ﬁ ___—.—-—-———‘.—_‘_ L_"—q’/‘——
\ -/—’_-‘———-‘___”__

. 1
\\ [— 1
\\\&_ ] .-

- [ EER0 ———
—’———‘b——"/ﬂ"‘
\\\1—-\ I _,._;_———-—-—"‘r—"‘
B e
S — T
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. #1000
R <

fO.Mﬂ)ﬂGJ_/.ﬂU lﬂla).ﬁl V.U.H
4 P=L

, @0/ = PmmM 4o Jf%sﬁj

& S50L40 =% SBesvoly

o80LL0 _01%x Sn/h

490440 Lobl7
GroLL'D | o X 87/
frFOLL O Ot X 2515
LSOLL O otbr/

204LL°O L O/ 487
§S0LL O ¢ O/ X% Cblp
2 504LL 0 20677
1SoLL @ o/ x 2687

“e-a SHen - _vL...U.v

Lir8o 4
cO!% 476
2% 9r0%f

05894
9% QELIS
9% proe!

L£80%
c /% petrdt b
97 sroev
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ol L =td

760 wama Hg

Exp- voH's
6.351 xs07°

/.206 x /0”7

3.79¢6
H.oeoY
7.888
JoINS
/,.296
1,378
1,576
.587
1713
1,808
1.86/
.08/
Zz.72/
Z.882
3,747
3. .28/
3.708
4. 326
Y. 66/
L. 955
5.35/
5¢33
597/

6./74/3
b. 594

<

-f

x/0

Table &

Op Row
s - vo\"'s R-chwm 1oRA, T—°C. EI- wsts BT/ he
4258 x10%  oma3s 1937 19575 ZrMoxw? 44z x 10°
8.069 O./494 79.39 /95.70 9.730 .59 % 0’
z.085 O./499 1945 19500 6.327 /6> 163 x 0°
3./64 o. /4% 1948 195.65 14T x106*  z 40
$./738 ©./15 34 /9.9/ /94.55 4 o5K 6.60
7.255 0I579 Zo.49 193.25 831/ ,.38 R 10>
8.174 0./58%5 zo0.57 19305 1059 xR0’ 193
8.537 0.6/ Zo.90 I19R.XS  ).174 Y
Q049 0./630 R7.16 /91,68 /). 335 z./8
9.558 o. /660 y IR 4 /790.75 /.5/6 47
Lo007 xsp0”' orn8s x7.86 790.00 [J943 zZ.84
/0857 o./1708 ZZ2./7 /89.30 1.907 3,7/
/,.108 O0./7684 /.88 /90.00 Zx.057 3.35
/04 2,703 Zzx./0 18945 R.470 .03
1.494 O./18%/ x3.60 186.00 #,06¢ 6.6
/7.898 0,/1803 Z3.40 186.4% 4.607 757
L7008 o./1826 A3.48 /85.80 &.304 8.6%
/1,800 0./1823 A3 66 185.90  $.904 7.63
Z.029 o./8zé Z3.70 185.75 9.8)9 .23 ns0¥
Z.04X o./80/ 23.37 /186.55 1,039 ar0° 169
z.6/0 0./1786 Z3./8 /186.70 219 /.98
Z.806 b.176¢ 22.92 18..0 4,390 zz9
3. 050 0.1754 2R.76 /87.95 /, 63K .66
3234 0.17%1 ZR.59 /188.30 4 82 3.07
3432 0./T#O ZZ.58 /88.30 Z.049 3.3+
3570 0.1720 RZX-33 /88.90 Z.193 3.597
3.78¢ O./YHZ RR.LO 188.25 .49, 4o

Wive Z
oc.oo4 "

AT AT lites

0.05
o0./76
0.20
o./%5
125
Z.65
z2.7%
3.55
4.5
s.08
580
&.50
S5.80
6.35
9.80
.35
10.00
.90
10.0§
9.25
9./0
8206
rés
756
2.50
&.90
7.55

o. 09
o./8
0.36
o.24
225
4.59
.95
6.39
747
q.07
1044
N, 70
J10-4%
17.43
17.¢4
J)6-83
18.00
17.8Z2
18./70
76.65
/6.38
44.76
13.97
13,50
/1350
1242
Jase
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HEAT TRANSFER TO
LIQUID NITROGEN .
10

Size of wire — 0.004"

Runno. 8 — Up
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HEAT TRANSFER TO
LIQUID NITROGEN .
10
Size of wire — 0.004"
Run no.9 — Down
[
%,=3.61x101AT"°|
10°
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:
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0.95 /‘
q,ar405 AT ——— //
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Exp - volts
7.207 x r0”’
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/.077
D HLH
6.125
“4.559
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3. 000
3.758

. BoH

S5 4f
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- X
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X 40
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Table /0
L)F & Dow&%w
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1894
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x/,0

x/0
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o.004 "

OAT-°C AT-°F nsles
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4.6
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0.8
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o«
0.7
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o4
6.0
9.e
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7.Z
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74
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12 Z
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.S
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7.6
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Notes from Table 10

N2 Calibration

Exp 15713 15723 21490 211486 21488

Std 10754 10752 14696 14699 14696

Ry 0.14611 0.14623 0.14623 0.14617 0.14621
2

Use Ry (760 mm) as 0.14620
2

Since "Temperature--" 6 says resistance changes are proportional I will adjust the ice point value so that

I can use the present curve for Wire 2. T checked this for Wire 1 runs 1 & 2 and it was valid.
Thus 14.620 = 0.7550 or Ry = 0.7550

19.363

¢oT




HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004"

Run no. 10 — Up-Down
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HEAT TRANSFER TO
LIQUID NITROGEN :
10
Size of wire — 0.004" -
Run no. Il — Up-Down .
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Table 12  cowtd.

Exp -volts St - votte R-chwm 106RAR, T-°C El- wilts BTO/H ke AT-C AT-F noles
SRTZG X10 ISMBT X18° 61549 ZETIS /8740 [.909 x/8 BIFo xs0% g /5.23

S.HTR 3.4/8( 01549 X273 BT 1908 3. 390 8.4 75.23
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HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004"

Run no. 12 — Up
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768 wawa “g

Exp- volts
.09 x16*"
/.0302% » /6

L1127
LZTM
AMIO
/.6/88
L7806
L9923
27703
z.3907
Z.538
x.7/98
£.90Z0
3.03%/
J/6.87
XS0L3
37803
Hobs 3

L E496 x107%
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8. oo
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1.2085 % 18’
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OI/5T7S
o./578
O, /564

Takle 13
Lals oF Bobbles Rom
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zZ/). 99 188.2 X.6lE A e
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Notes from Table 13

l -3 nuclestion centers
2 L h " 1
1 "
E - ,; 1 11
5 e 7 1] n
6 = 10 " 1
7 P 9 | H 1"
8 =~ 10-11 . -
9 - About 1k nucleation centers
10 L 1 16 1 1]
1 - " 12 ¥ £ Are some of these doublets?
12 - v 17
13 A 1" 25
14 - Too many to count

In attempting to reach a Std value of 2.9 x 10~ the wire went into film boiling. The wire has been in N2
continucusly for many hours. Am I out gasing the surface?

This run is more stable than the special runs where boiling does not begin until late in the run.
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HEAT TRANSFER TO
LIQUID NITROGEN .
10
Size of wire — 0.004"
Run no, I3 — Lots of N.C.
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Std-0./70 Table /4 Whve ;’,
768 waw. H%‘ Down Row BpoH
Exp-volts S - valts R-ohw 100RA, T-°C EL- wilts BTO/4 ke &T-°C. AT-"F Noks
HovIB x5 Z.e328 x0°  0ISHT ZZ44 -/88.] LorZx 206° 190 xr0” 2.7 139 %
3.7095 2406 3 D./5HE  Z2Z.34 883 B.9%6 x10' 158 7.5 13.5

3. 48R0 z. 28/ 0.1535  XX.zZY 1e8s 1.898 /.40 73 /3.7
33253 21670 ©-1535 zx.Z4 /888 7xoé 1.Z28 2.3 AN
3./835 Z.0770 O0.153Z% XTX./T 188.7 b.LiX .17 7/ 12.8
Z.7550 /. 7986 O.IS532 ZZ./9 JBB.7 M.asE 8.80 x.0* vai 2.8
Z.H452Y 1.609/ OI524 22,08 188.9 3.q4e 7.0/ 6.9 124

Z. 2844 /.5063 0./517 x1.98 189.1 S44) 6.1/ 6.7 2./
2.1397 YR A O.ISIR z/.90 189.3 3.027 $.38 6.5 74

/. 9806 J.3/0% O./51&% Z/.90 /89.3 595 .ol .5 /A4
1.7977 YAV £ ¥4 O. 1495 Z1.6l /89.9 &Z.1l! 3.84 $9 10.6 /
].6/92 /707 Z 0./4 70 x!. 30 )90.7 1,783 3./7 =./ 9.Z z
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HEAT TRANSFER TO
LIQUID NITROGEN ;
10
Size of wire — 0.004"
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0.1 5 =Y

T68 ww Hé

Exp.- velts

SLETH X160 " 4z086 x10°F

/0406 x 10"
7,1398
1. 29N/
1.4809
17.8696
Z.ov03
z.27/0
Z.5535
.47
z.855
z.974
3./ZZ
3. 234
3.347
3.4/
3.9547
3. 900
A0/
. X

std. - velte

V4523
8.068Y7
9?.0000
7.009/ »10”
/. 2188
/3713

14106

1. 5Z29Z
/7.609
7.2x47

/L BRo7

1. 7099

T/ 88
Z/XXE
Z.ZZ27
2403

L S5063
2.6788
Z 7323

Table /5
LVp Rum

R- ol 190RA, T-C

0./33%
0.7396
O.74 14
O, /438
C./467
0.153¢
o.7579
0.76/0
0./67Z
o.1707
0./453
0./33
0./35
0./6OZ
0./1577
0./568
O0./5463
0.15%6
0,/55%
O./55Z

19.47
xo0.z2
RO. 48
20.83
2/ 25
RZ.ZZ
z2.87
2332
Z4.22
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Z3.66
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/90.8
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/8.8
/84.6
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185 2
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/187.1
87.%
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/7886.0

El- wite BTO/AY Lr
423 x 10*
/.38 ns0°

238/ x0° "
V. 756
92.189
7.765 no”
1494
Z27T9
RV1E
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3. 700
4420
+.930
S.4/85
5.903
&.529
7./04
7.774
9.02Z
?.778
1. 064 n/0°
1.759

/.63
z.07
z.65
4. 05
4.8z
5.69
& .73
7.8§
8.76
?.6Z
/.66
.76
LR6
/.38
/.60
1.74
/.89
Z-%

X /o‘

0.8
z.6
3z
4.0
$.0
A -
a7
9.8
/a4
/3.0
"z
/0.5
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87
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8z
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7.9
78

Wive 3

/. %
AT
&8
b & 4
f0
/3.0
18.7
/7.6
Z1.4
34
zo.Z
/8.9
/9.7
7.7
8.7
/4.9
4.8
4.4
/4, Z
YR

o.coM8"

AT-°C AT-°F Notes

o1t



Notes from Table 15

1. About 5 mucleation centers as compared to all the wire boiling at this point in Table 1k.

wl
2. Std. of 2.7323 x 10 1is the highest obtainable point. The wire went spontaneously to film boiling just
sbove this wvalue.

The last few runs make 1t look like adsorbed gas promotes nuclear boiling since the first run after a
long anneal period is far to the left of the others. OSee what this may indicate: A long boiling period
is necessary to remove all the adsorbed gas although much of it may go in a hurry. But when it is gone
it is harder to transfer heat and the n.b. curve moves to the right.

9Tt
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HEAT TRANSFER TO
LIQUID NITROGEN .
10

Size of wire — 0.004"
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768 wawma \-\8,

Exp - volts

Lo¥LS x 10
/.3/06
/. 4535
1.68558
/.862
R.OXZ
Z.306
Z.5/0
2. 746
£.879
Z.9299
3 o084
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I.594
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A, 14 E
H.GeR6E
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Std - volts

Va4 S x /0 °

Qo6 XY

/0036 X w0’

7.1043
). 2745
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/. 26
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/,.8Z6
/-913
Z.0Z1E
2.23/8
Z.4 34
2.6 %/
z.935
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C-al ) Lv-a"'\'- [~1% 3 eltc:.\k

Exp 4746
std 112
T4 IBIZO

Averace R“ (7B ) 0.3208 2
R = 0.La50 SL

L-2% ¥4 o

/6 /89
IZ2O3
/13266

Table

/6

Op Rou-ULe Fres\«_ly Reaunenlad

R-chwm 16ORR, T-°C

o./ 08
O, /44¢
O, /1448
O./4EF
0. /5 38
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O./636
O.le56
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0./669
O/l Z
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0./6/&
O /6 /0
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X0.80
z0.83
287
ZZ./3
RZ.IZ
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HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004"

Run no. 16 — Up

/%
/
s/
LiQ // q =i
9 =251 AT 7 a
10°
10°
.0 DT in F 10




120

7€
]/ 'es
l€r
gxr
Yoo 44
r7°'z/
V¥4
Vv 44
o {4
g frt
247
V34
X0
#er
&er
o
88
g2
re
I o
bz
e

Ace we.:d— Paae

SAN d4o-1V Do-LV

w900
INE 2 Ve g

2
19
<4
e
&2
45?
2'9
22
52
zg
= 2
VA {4
z
Z o7
28
/2
&F
e
o
[ 4
2%
Lo

o%2¢
/o0&
prrrZ
767
£27
s/
7'/
po/%x c0%
826
SHS
(o]- ¥/
oad
5r'2
SsEs
LeH
zZs's
g4°2
oz
£L°7
nQ; Ve dld
g2 6
297 x ol'F

M H/ora SR - 13

110.3.!’“# N—.JDQMW

2002
I VA
o
SO/XH20Y
2478
6244
coN'?
orL’S
24
bos'tr
lss ¥
Yol'ty
/e
iz
Lerz
y. 224
ShS !
oI AZZ 7/
074
/8%
8L8'F
L9/ LLTY

Feg/ 2y X
Sagr rxzZx
See/ g/ 2z
Les/ o' zZZ
V-4 l0°2Z
V-4 VY N 4
Yigs £61Z
lser 7220 & 4

&egrs boxz
o24e/ 4222

0 95/ S~ 4
V&~ 14 &5 4x
O re/ VAN 4

9587 182

4274 os2x
Y-V sLrZ
b'obl 1z 1z

o'xé/ 240
e b Le0Z
&b/ bo oY
Y tb/ og ' bl
/'Sbl~  ofrbs
Yo =L, gnoo_

.vth ~ nox LO

AL ARE

2651 O
Sbsr'o
r68/'0
SsB8sro
bLls/0
LLS0O
£L87°0
gs587'0
eger ©
2z o0
L9
SOLIQ
blLro
28970
seoro
o25/°C
/Zs5r 0
LG O
Zott 'O
Ll O
VN 7
v X Ve

mve _3

'

SHse
boze
S’
/&5 Z
orrx
Y &4
Lg%
VA= 24
Sogf
zeod '/
o2/
SE2st
ot/
egxe’/
Iy & 4
bt
orx LLeo’!
206
seorg
S198°L
S5r°2

29X DIHO L

‘tO) - 1.~|w

077§
77/ ¢
72 K
Sol 'l
VA4 =R
/67 e
CLIE
onow
LS8y
LoL'2
7622
LS X
SYA#'Y
SLET2Z
9647
Drrk’/
N
osg
sgl
,0! X 1907
L4

2 97X 99778

FTHea - axw

.@I,S‘ZS X%

PG wu /e



Notes from Table 17

N2 Calibration
Exp 152115 16718 18536 18535 16693 15202
Std 111115 12202 13532 13530 12198 11104
R 136898 13701 13698 13699 13685 13690
Average R (767 m) = 0.13694

2
New R, = 0.7171

Redetermination of L. L = 2.222 inches. Prior value 2,192. This is about 1% %. I shall not recalculate
the prior wire 3 data. Not significant.

This run about returns to the first run which is pretty good confirmetion that boilling is doing something
to the wire. I will now boil the wire for an hour and see 1f the curve changes in the expected fashion.



HEAT TRANSFER TO
LIQUID NITROGEN
Size of wire — 0.004"
Run no.17 — Up
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Table 18
7 7 wana. “é
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Notes from Table 19

Ng Calibration
Exp 14201 14201 15465
Stad 10395 10385 11317
R 13661 13674 13665
Average Ry (762 mm) = 0.13668

2
New Ry = 0.71597
1/ Many nucleation centers

2/ 1 3 1"
3/ About the end of boiling

This wire has been sitting in air for two days.

In this run no bolling pulses were used to clean the wire between readings.
ice powder was seen to be covering the wire.
The next run will be taken with a boiling pulse between each set of values.
a true down run the maximum current will be only that from which film boiling will decay spontaneously.

This run was very stable.

16988
12426
13671

This is the first run today.

At the end of the run a layer of
This perhaps insulated the wire and caused unusual values.
In order for the next run to be

9T
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HEAT TRANSFER TO
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Size of wire — 0,004"
Run no. 19 — Down
s ol [
9, = 5.43 x 10| AT !
i o'
q, —
J{ s
40’
10
I e 10




128

w
by
2's
8
L
y A
8s
ré
28
r 474
r /4
&/

& 44
»z/
Iy 7
4
/ PO
Ve J;
b

nﬂ\ﬂlﬁz do-1V  De—-LV

. P00 '©
o P m

T /2ZL0 = T2 V™ SPLEI O = (W™ x2s ) NN SGUE!  CFLE/
ogrel! ST
OSHhH!  tHl 5!

L 4
Lx
b2
2c
L
/%
V¥ 4
2'G
8
o 4
v
22
69
&7
£8
se
ré
ré
F &)

erv poxg  §E€s/ booYy /Spr o
0Lt LS wé /€47 270 E%2M°0C
ob -/ 9280/ b Tb/ feox €/ 0
ox 'z Y 2 3 7 2267 2ox @8yl 0o
Mz PSS /'Zo6/ 2'ox  D&AIO
'z 08t  L1e/ A#80Y | SosSro
zo°'L L2927 b06/ Sx/>y €£5/0
ore L8'& 9206/ SENY ZHS/O
£€7'% Llox o7&/ orx xS/ o
"y sexy 249/ WY (LS50
Vi 4 gEr'Y 248/ 2% 12 /4 870
GL'r £ b &4 Sbiy | §8§/0
Ssre 2%b'2 B Lsr vo'xy $L&/0
oL's 47re b'ger boZy  ssSt0
rx'9 xskh's SiLer S2XY e
47°? Lob's SLS/ AL2Z 97O
ZxL boo'tr (°P0/ POSX H?7O
of4 ASSy P8/ VAL < 4 Lo O
eV X E/'8 , Y LISt PHO8/- LI'CY  SLUO

MatYorel Yre-13 Vo-L “d/ncol Wve 2

0u01¢|@s .~.om..£..n3 -SQN.I.(KJODV
0Z 2)|=L

L8ter Ny
IS/ P
oLXL LﬂM

:)uUAU .sbn.’lﬂ&J JlU
ﬂ&ULH.UO .So“hldld.-n..s o:.!a. e N.SO \

orsd
beo'g
/87’
Z90%
185

r 9/ % 5864
o2rCY
900/7

VY 284
20Xy

Dz 7
oz
esc
bopr/
4.
rosv
yss'!
Se02°!

o7 X ZXSH?

-

Her - P

réo Y/
oL/
SAZY
osey
exry
sos
o7
904 Y
254t
st/
255
250z
Se1'y
ez
gL
ol
o852
eb2’X
;-9 X b2

Spen - dx3

@1 ‘wawm roy
B.ﬂ T /o



129

HEAT TRANSFER TO
LIQUID NITROGEN 5
10
Size of wire — 0.004"
Run no. 20 — Down
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ol L~ Talble 2/ Wive 3

TeZ ana Aé Deown Rowm - u),-\h T‘f" o.004 "
Exp.-volte std- vats R-ochw 100RR, T-%C. EI- watts BTO/Sf ke AT-°C &T-°F Notes
L1609 x10” . HHY x 1w o./68/ 349 1857 LooY xp° 18/ xn* 10.7 /8. %

3.850 2302 OLTZ  Z3.3% /60 8o xw' 1.c¢o 7.8 176

.67/ R. 209 O.lé% z3.XZ 8.3 8,07 /.46 G5 7.7
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Z.9%3 1.807 0./6/8 Z2.40 /1877 .28 9.5/ x 0" 8./ 146

z.7¢8 1699 O./XT XX.TS B74 4.698 8.4 8.4 5./

2.853 .58/ 0,168 ZX. 56 /187.8 03¢ 7.26 8o 14,4

MY L8508 0./609 F 4 X4 /880 3660 6.59 7.8 140

Z.230 397 0./5%96 2Z.30 /884 3NS5 5.6/ 7.4 /3.3

z.085) 1.2G4 oss85 ZA /M /188.7 ZX.65 4,78 72/ 12.8

/.890 LRO9 O./56X Z/.8Z /1895 z.287 4,1z 43 /7.3

/693 1.0/6 O./5%7 Z/.33 1906 1,878 338 S.Z 14

/.53 L os5¢ x w* o512 Z/IZ 19/./  1,$¢/ z.8/ o7 85

/.343 205p o.1483 zo0 70 192.0  LZ14 z./9 38 é.8

/777 8.col oY RoS5 r9XH  QHTXI6E /1. 70 34 .7

L o9/ 7.487 o./487 Zo.36 I192.9 8./48 /.47 z9 5.2
N, calbration Belore e_acld cead . e clauaavr was

+5PP¢‘ > A-slod accowmolatzd snow

Exp 4035 /5335 /6855 5324 Frow —the u:vrc row was

std ,0283  pz/0 /1236 1/ZZZ prec eeAeA by an Lwov- of Gl bail-
—2“_‘ 136H4? /13679 1367 /365 H me whc -‘E\Ao olel w\akc nodeation \E

i eolt p;\nau wave e corve
?“z('?dl wam) = O./3LLH A TRGTO.7/576 s He v-lé "Y' ‘e Pfeceaghu& YOn,
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HEAT TRANSFER TO
LIQUID NITROGEN 05
|
Size of wire — 0.004"
Run no, 21 — Down
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o/ L =td Table 22 Whive 3
960 yawm. l-lg PDown Rewn 0.004 ¥

Exp - voits  sStd-votts R-ohw 100RA, T-°c EI-wils BTO/8% e AT-92 AT-°F Naes

3957 0" .RLIS x10" 0,59 12347 -18c8 B8483x/6° 1.3 no* 9.0 16.% *
SHIZ Z.AH15E O./62] ZXLH 197.6 7435 . 34 8% /4.8
3.zZ37 Z.0045 0./613 2X.52 /187.9 6495 117 79 M2
3072 7.906 0./612 ZZ.5/ 879 s.855 /.06 79 Mz
z.906 /. 807 0.1608 2R /1882 S.2S/ 245 x/10° 2¢ /3.7
Z. 740 /2,703 o0./1609 2247 188 «.iil 8.40 7.6 IX7
2.569 L&O7 o/599 2Zz2.33 188> )28 7.43 7.s 13.5
Z.394 7,505 ©.1859 ZX.ZX 188.6 3603 c.4/8 7.£ 13.0
Z.233 L4105 0.72583 zX.)N 1888 3 /50 5.67 7o 12,6
z.07/ /-3/25 01578 zZr.o 187.0 z.8 489 6.8 2.z
/. 900 L2075 o0.ISTS x1.97 189.% Zz29¥ 4,/3 6.6 n.9
/. 732 L1078 0.756> x1.83 1876 198 344 .3 n3
1,527 q.984 x16% 04629 2135 190.6  L5X5 z.75 T 4 7.4
,.358 FOXX o0.18508 Z/. 0% 1913 2225 z.x/ 4% 8./
1190 8.627 0./483  Z0.7/ 192.] 9,554 xp0" /.7% X7 .7
,. 100 4785 o.M/ Zo.s4 192.5 B.azy /.48 I3 5.9
948/ x10* (. s4Z o./449 zo.z¥4 193] 4.203 ¥4 z7 4“9
6.893 #4.8¢1 0./1418 /9.80 194.2 ®3s} .03 X 10" /¢ z.9

* Maximom valoe & B4
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HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.004"
Run no. 22 — Down
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HEAT TRANSFER TO
LIQUID NITROGEN :
10
Size of wire — 0.004"
Run no. 23 — Up
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HEAT TRANSFER TO
LIQUID NITROGEN "
10
Size of wire — 0.008"
Run no. 25 — Up
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0./ SL &% Table Zé Whve 4
7.8 MMHé Dowow ow o.008"

Exp-volls SH-vdts R-okw 19904, T-2C ET-walle BTO/SH Ue AT-°C ATF Nolhe

3.555 xco”  J0iL) x15° po3499 2473 18240 3.4izx10° 34z x107 .30 /.3
3./L83 q.014 x 107 pozsi5 2183 1879./5 Z.856 Z.70 b55 /.8
3060 8.73%7 LO350Z Z/.75 /8930 Z.L74 Z.53 &, %40 5 U\
.76/ 7.849 0.03517 z,.84 187,10 Z/67 208 660 /1.9 N
Z2.639 75275 003506 Z1.78 /8225 /.987 /.88 &S 2.6 i\
2. 45T 7.03% 0.O34q4  Z1.T0 /189 45 1728 7.64 6.Z5 3 $
2286 £.543 CO34IH  ZITO  IBIHE L4 JAZ 6.z5 nz @
z.07¢ 5. 948 Qo3490  ZILLE /8950 1.Z35 7.7 ¢.20 e
L Bed 5.350 Ca34Bd  zled 18960 T.97Zx0°  Gupl x 107 6.70 o T
1.738 5. 00Z O.O3HTS  Z[S58 189, 70 8.693 8.23 4.00 /0.8 Qz
.58¢ 4538 coz3495 &7 /87,40 7./97 6.82Z é.30 & J
/457 HLZZZ o.03451  ZlL44 18905 6.157 5.8Z S5e5 10.Z
/..307 32.785 OOIHSE3I  ZL4YS 188.00 4.9%7 #.648 570 70.3

L2/ I 52% QO3438 Z.35 190.z5 H.Ze5 A od S45 9.8
Lo87 3.790 0.03408  ZI.17 190.45 347 _[zZ8 A5 94
9.859 x 0% z.9/8 003379 20.99 197,70 Z.877 Z.78 4.40 83
8.7/9 Z.6o5 0.03347 2079 197.50 Z.27/ Z.75 & zo 7.6 i
7.675 zZ.z98 0.0331¥4 zo.5/ /9Z.20 1.750 l.¢L 250 4.3

¢.578 Z.009 ©0o3z74 20.34 /9260 1. 3ZZ 1,25 =,/0 Y4
o937 .8zZ7 0.Q3250 2019 /9Z2.95 L o85S /.03 R.75 A0
5.165 1.603 0.03ZZZ  Z20.02 /9330 BZR7?*06° 2,84 x /0% Z.HO 4,3
HHTT /. HOo4Y 0.03188 79.80 /93.80 6.286 5.95 7,90 24

3./56 /.0/8 0.0 /00 /9.-Z26 /95,70 32)3 3,04 0.40 1 .

Z47% 7.977 x10° poz0o99 19.26  195.10 1.97Z 1.87 660 Y,

1. 97 6.Z77 0.0308¢ /9./8 /95.30 /. Z/b LIl5 2.40 0.7

l2HE o449 Qo307 19,70 /a5.50 A.04I81087° 2497 x 10° o.20 0.4

1. ZH4 M,052 0.63070 19.08 195.55 B.oy/ .97 B/5 0.3 2

6¢T



Notes for Table 26

I\T2 Calibration

Exp. 101585 10153 107215
sta. 33180 33181 35043
Ry 30616 30598 30595
2
Average Ry (768 mm) = 0.03060k4

2

New Ry = 0.1610

l. Very few nucleation centers

2. Duplicate point.

113625

3711215
30603

o4t
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HEAT TRANSFER TO
LIQUID NITROGEN 3
10
Size of wire — 0.008"
Run no, 26 — Down i
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ol SL =td Takle 27 Whve 4

T8 vwana, Hé DP owv o0.008"
Exp-volts Std.-volts R-olwm 100RA, T- ¢ El-wiles BIO/A4+Ue AT-°C AT-°F Notes
2.3455 x/0% Te01T X 16°% 0.03085 91¢ -195.35 [783X)0° 169 x 10% 0.35 o.¢ t
J4t3/ 1.1002 X0~ 003118  19.37 194.85 3775 3.57 0.85 pi I
HYH4Z255 .3995 0.03/62 19.¢4 194.20 6,193 5.86 /.50 £y t
S LS5 LTIZT 0.032%6 Z0.63 /9325 Q.43 8.9¢ Z.45 &4 )
6687 Z.0Z7 003299  zoy8 I92.20 1.355 X158 .28 x0° z50 &3 t
7.87% Z.33% 0.0337Z  Zo35 19115 )37 L 74 4.55 8.2 t
7.068 22D O.03457 b IR/A /190.00 Zz 379 zZ5 570 0.3 '
[ o344 x6'  z.908 ac3ssL  zz.07 18845 3.007 z.85 7.05 2.7 u
1179 S, 2085 ao3674 zZz2.8Z /8¢.685 3793 ALs8 885 5.9 !
/. TE53 3417 003673 ZZ. 81 /86.85 HZ74 .05 885 5.9 ’
/. 330 3.6/4 003680 ZZ.8l 180,75 4.807 4,55 8.95 /6! z
YA di 3.6 O.03520 ZZ.8b 189.05 4 s590 4f,35 6.65 /Z.0 3
/352 3 800 b.03558 ZZ./0 /gas50 5./38 A487 7.20 /20

[, 444 O H.O040 0.055C 4 ZZ. 14 /Be4s Sere .93 225 ey

1483 “4.Z 70 OOJHT73 Z/.57 18775 6332 &.00 5.95 /0.7

1.6/ L6124 00345 Z/.52 1872.85 544 7./6 S85 /0.5
LTIZ 5.039 QoO343ZY7 2/ 34 J90.25 8728 8z7 5. 45 9.8

1975 5,754 OOSHHY  Z1.3%F 19045 1LI3XEXS  [,07x 0% 555 /0.0

Z.Z o0 ¢.378 OO3HSZ /45 ]9000 L4018 /.33 5,70 /0.3
Z43% 7.064 OO3H443  ZNH3IT /9015 ). 7/80 .63 5.55 20.0
Z.-876 8.z277 0O34IS Z/.58 18970 z,380 z.z5 .00 Jo.8
S.2TL ?2.397 . 0.0348Z Z/e3 /189.60 3.075 z.9/ &./0 .6
2537 1.0Z98 X/0° 003493 ZLT70  /8%H5 704 2.5/ 625 /.3
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HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.008"

Run no. 27 — Up
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HEAT TRANSFER TO
LIQUID NITROGEN .
10

Size of wire — 0.008"

Run no. 28 — Up
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o/ . =td Tabkle 29 B il

V72 wawA, Hg- Hy:'\'e*‘e::ns Row o.oog"
Exp - volts S - yotts  R-ohw 10oRA Az, T-°C EI1- watts BTUATUe. AT-°C AT-F Notes
2348 x 0% gssz R0t o309 /9.23 -195.Z0 ;773 xM°  1.¢8 xs0" o.45 0.8
3482 /1085 x0” o34/ 19. 44 /194,70 3.840 346 0.95 .7
“.85¢ 1519 o.o03/97 /9.78 193.40 7.37C $.99 .75 3Z
6. ZUS 1.919 003253  zos3 193.08 1.198 xs0' 1,13 =0 240 4.7
v 70/ z.3/% 20333/ z0.6/ 21.95 L7880 1.9 370 &7
9.343 Z.7x/ Q03434 z/.25 190.50 RZ.54Z zMl S5 9.3
L1ooy x10”" 3085 oa3s544  Z.93 /88.90 34T 3.z4 .75 12.2
/2GR 3522 003583 2.7 /88,35 HHAHS a2/ 7.30 /3.7
/.37 3.900 acss505 21,69 789,35 5.331 So05 ¢.30 /7.3
7,399 N3 o034 76 z1.5/ /189.90 S5.63/ 5.33 575 - ed
LHRY 43 0O346R  X/.4Z /90./0 5.85T 5.55 555 /0.0
774 425/ 003413 TN /90.80 6./68 S 4.85 87
1.50/ 4 386 O.034ZZ 2/.78 /90.c5 ¢£.583 £.23 So0 9.0
l.677 4.7/¢ Co34Z?  z/ 22 /90.55 1.6Z6 7ZZ 5./0 ?.2
1628 4,733 003433 Zzr,z4 /9050 T.697 7%z8 518 9.3
1476 4. Z29¢ a03436 Z/.Z( /90.45 6.3/ 4.00 S.20 z4
/. 3846 047 0.034Z2S5 z/./9 190.65 S.6.09 5.3/ 5L oo g0
LZ267 3468Z Qa34z5 z/./9 190.68 A4S «/. 40 5,00 qo0
1.155 3386 0341 z4/] /90.80 3.9// 370 .85 87
l.022 303 o339 Zo.99 19/.00 3.079 z2.9Z 4556 82z
B.759 x10% x4/l 003349  Zo.7Z /91,70 Z2.z9/ 2.17 3.95 7./
72232 z.z0/ 203286 X033 192.¢5 LS9Z X7 3.00 5.4
ABzo 1796 OCB3240 Zo.05 193.25 /045 9.90 x s0% Z.40 4.3
4.500 /. 4070 vazral 19,75 193.95 L3455 x6% Lol /.70 3/

3./97 L0/8 0.03/40  /9.43 /94,75 3.Z54 3.08 .90 = 16

MT
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HEAT TRANSFER TO
LIQUID NITROGEN g
10
Size of wire — 0.008"
Run no. 29 — Hysteresis B
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or 0 =id

772 wawnx. Hé

Exp- volts
Z2.327 xo”®
3v85
4834
6.239
7.706
9. 3454
2095 x5!
L2290
L4 TO
[.557
/.40Z

1.5L0

1,535

1.58%

.45

/l 7/0

/.824

/988

Z.167
2.4 00
2657
Z.947
3.3J)
3.¢258

Sitd - volts

7489 x 10~
1./08 x 0
LSZZ

/.98
Z.30/

Z77

3.//15

3534

I M0

&, O

4,356

HISY

4. 254

4.538

4, To4#

+f, 209
5. 248
SBT3
6.2/77
6866
7. 605
-X7¢ ¥4
L4 344
l.030 x °

R~ ohaw
503107
o.03485
0.03176
C.O0325Z
0.03349
0.033446
0.03515
Q03650
0.03 7351
0.03835
QO36LT78
o.o358]
OO3S525
0.034H8(
o.03497
OOSHBZ

O.CO476

D.O3HBO

O.OD4P6

0.03 Hp5

O.O3 g4

aa3 504

calsio

oca35/9

Recalibralion —Q”z. (772 vamn)

lLORR, T-°C EI-wille BTO/A 4+~

9, 23

25,20 1743 X0
19.46 794.(5 3¢/
19.65 /9420 7,357
20./Z 19370 1497 x06°
2072 197,76  1.173
ZILZ8 (90.40 2,539
27,74 189.35 3.41]
b & WA IBT.Z2S5 H 559
Z23.07 18,30 S5.79Z
Z23.7Z 184,75 .27Z
ZzZZ2.75 /87T.05 L.978
ZZ. 15 8840 (.795
zl.8l /87.20 .83
ZIL57 875 77.47?
1.0 /(89.60 2.738
2155 /89.80 .39
2457 /89,90 9.57Z
Z/1.53 189.85 (.13¢ xs0°
2157 189.75 1. 347
20.L2 /8¢S 1.448
Z/.LZ 182.45 zZoz/
2165 182.55 X483
2/).73 /8240 3/zY
2178 189.28 3.73¥

Table 30
Op Kown

T 0.030C727 L

Le# x r0%
3.6
e.97
lLtZ %x10>
/.46
2358
3.20
HZg
S.at4l
S5.89
(. S5S
L.38
6.Z7
¢.74
7. %26
7.88
8.99

[-07T x /o"‘

L.z{
.55

/7. 70
<.33

Z2.93
357

L.b\"&‘/

o.ce3"

AT-°C AT-°F potes

o.45
7,00
LH4S
Z.55
3.95
b X3
4,30
8.0
7.30
10,906
8.460
7.%5
645
S.90

(.05
5.85
575
580
S.q90
é.00
¢.00
6./0
.25
L. 4o

New R, = onz .

0.8
7.8
Z.6
¥4
7.1
9.5
7S
5./
6.7
79.¢
15.5
13,0
/. C
10.L
70.9
/0.5
70.4
J0.5
/0.6
/0.8
0.8
1,0
1,3
L5

ght
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HEAT TRANSFER TO
LIQUID NITROGEN a
10
Size of wire — 0.008"
Run no. 30 — Up |
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o.1 D, std Table =/ Whre 4

i AT Hé’ Dowu Rown 0.008"
Ex p.—V olts Sta - volts R- ow IOOF/‘R@ T-°C E1- wa‘_&s BTO 4+ e AT-2C¢ AT-F Na_}—e.s
340( x w0 2,750 X /o" OOIYG3 2/ X /8765 3.32/ x /6° 3, 124 x00% %.00 J0.8
3,098 8.904 0.03479 Z1.53 /89.85 z.758 z../ 5.80 0.4
Z2.834 8./07 O.C349¢  =1.¢3 /8%9..0 z.298 Z./8 4.08 /0.9

Z, 455 9.165 O.Q3455 2138 /90.20 /], 744 /.5 545 9.8
Z./50 6. 250 Qo3 z],Z9 /90.70 1344 LEY 528 95

/. 932 SLRZ 003436 Z1.ZC /90.45 4,086 ] J. 03 526 9.4

/.£80 A q07 0.034z4  ZIT 190.65 B.244 x 10 780 X103 S.00 9.0

YR FI] A ZOZ co3398 2103 19/7.00 (.000 5..8 “.e5 B4

/X33 S6Zb o.@FH0 Zlo4 /94,00 A7/ .z 445 84

Jordf 3. 004 003375 2089 /91.30 3.04, z.88 435 78

83¢¢ x10 % zZ.570 003333 2043 /9190 Z./00 /.99 3,75 ‘.8

¢.533 2. 000 oo3z.] zo.zX /9285 130T LZY Z.80 S0
4784 1. 494 oa3zoz  19.8% /9380  7.150 x° 477 x10% L85 3.3

0ST
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HEAT TRANSFER TO
LIQUID NITROGEN '05
Size of wire — 0.008"
Run no. 31 — Down
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THE wawa .l-\g,-

Ex P- vo\‘\’s
Z.298 x 107%
3/03
4/28
.83
£.938

b. 966

8. 104
49.38/ -
1.063 x 10
/RO
/,.3185

/. 376

L 459
).579
L7707
/.883
Z.094
Z2.275
Z.HZZ
Z.850
3.2X6
3,57/

Std - velts
T4 x 1072
?2.975
J. 308
1.5 1
1,827
z.109
2407
X.7//
Z.99/
332/
3,626
3.929
.25¢
XU

4,993
85473
b.065
6.558
6.957
8. /0%
QIS5
10085 xr”’

x r0°%

R—-ohw 100%/R, T-°C EI- wilts BTO/M* Ly
10 xi0~

003088
0.03/1//

003156
603/86
oo3250
oo3Z298
0.033L7
Qo3yeo
Q03554
Q3619
0O3626
0.0350Z
QO3INZB
O.C3H4R!
QOSHIG
ao3 440
0.03452
QO3 #e X
o348/
0.03517
0.035X6
003553

719.04

/9.06

1944

]9.63

20.0%
Zo.32Z
20.78
Z/).3Z
Z/.90
ZZ. 30
AZ.48
158
yF Y 4
Zl/, 08
z1,07
/.79
F 7 4 4
Z/.37
R/ S
/.67
zx/. 72
zZ/-87

Takle =3
UP Row

-/195.460
195 .30
194 .40
/94. 20
/93.Z5
/19X.55
/9/.55
/190.Z20
/88 .90
8275
187..0
189.45
/90.70
/90.80
/90.80
/90.55
/90.38
/90./5
/189.90
/89,40
/89.30
/88.90

3095
5.39%9
7.320
Lo85 xs6’
LHeT
1.95/
Z.5¢3
/79
3.99L
478
Aot
é.x07
Tx89
85z3
Lo3/
4Z70
14,92
1685
z. 309
z.952
3.589

1,60 xs0%
x.
508
6.87

,-ol &IO:

/7,38
1.84
z.39
z.99
3.7
N4
g.09
5,85
6.8
a0z
9 70

/.20 x 70

/.40
/.69
x./7

‘o 78
3 38

Whre é

a.008°

AT-°C AT-F Nstee

0.30
0.60
/.30
/470
.68
335
435
5.70
7.00
8./5%
8.30
6.Z5
5.20
5./0
5./0
5.3%
B5S
5.78
&. 00
6.50
640
é6.%0

0.5
/7
z.3
3/
4.8
6.0
7.8
/0.3
2.6
.7
/4.9
"3
X
7L
P 4

70‘
10.0

/70.4
/0.8
"7
"e
/2.6

49
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HEAT TRANSFER TO
LIQUID NITROGEN

Size of wire — 0.008"
Run no.33 — Up
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HEAT TRANSFER TO
LIQUID NITROGEN .
10
Size of wire - 0.008"
Run no. 34 - Down
[
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» q =1
) ‘a
a, L ook A 4us -
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A 1)
/
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10
1.0 DT in °F 10




.07 LL f_;"t'a Table. 35 u.)u-elp

THE 'Hé' Hystercais Rou o.008"
Exp ~volts Std- volts R-odhwm 106RA, T-°C E1- wits BT/ ke AT-°C oT-°F Notes
765 X106 18507 X10°T D03I6E (.48  —194.55 718/ x16%  4.7¢ x 10* /.35 Z4
6.043 Z.000 0.03Z0Z /9.T3 /93.95 Jz8 x10” ;. z/ x,0° .95 3s
8.40Z Z.530 0.0332/ XOe /9Z.X25 Z./Z6 z.00 38 (A
L. o5 r0” z.994 0.03537 2179 189.15 3.7/ z.98 .75 12.%
/. 260 3. 488 0.036/% 22.26 /188.08 4,395 v 7.85 14 {
J.39Z 3.86Z O03é0¥ RZZY/ /18B.RO 5.374 S.06 7,70 /39
YRy 4.100 0.a3573 ZZ.0/ /88.48 (.006 565 7.Z25 /3./
1.55/ M. HIZ o.03500 2153 /89.75 &.874 6. 47 6./5 7.1
1655 4.85/ O.0341Z 2/.02 /90. 90 @.028 7.55 5.00 7.0

195/ 5696 O.034ZE  ZL /0 190.75 .14/ x 70° 1.05 x 10" Sus 9.3
Z.063 5.970 0.03455 Z].29 /9030 1.Z32 YA 560 /0.1
450 703 OO3HBZ  Z/.45 /182.90 L 7RY /. 6% 4.00 /0.8
Z.847 8147 oosue4d  2/.53 /89.75 2.3Z0 zZ./8 .15 /7.7
i X274 9./68 003506 z/40 189.55 R.947 z.77 6.35 4
£.684 7798 CO34H4¥  2/.ZX /P0.45 Z.o94 97 S.45 g8
2.395 6.934 oQ3H4SH 2. 28 190.30 [ 66/ /.56 S.¢0 /0.1
1.8H#Z 5.397 0.03413  Z/.03 190.90 @9/ x10  9.3C As0°  5.00 4.0
693 4. 974 003404  20.97 /9,06 S.4Z/ 793 4.85 87
yA-1."74 4537 203397 20.93 /91,18 4. T4 6.32 <475 ge
LH#Z8 Y215 003388 20.87 /191285  4.0/9 5.67 4.5 8«
/. ZB80 3.79& 0.03,374 o080 19/. 48 4 854 4,57 o4 80
1.077 3.Z08 co3357 Z0.68 /194,70 3455 325 420 7.6
9.334 x10°*  z.794 o334  R0.59 /91.90 z.408 Z.44 400 7.2
7.899 Z2.385 0.03312 ZO.4H/ /92.35 /. 883 .77 3.55 G. 4
6.513 Z.005 203248 20.0( /93.30  }, 304 L2Z3 2.60 “T7

4.727 A4/ 0.a3170 19.53 /TY4HE  T.04TXI0F  L.43 Xj0% LS F 4

LST
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HEAT TRANSFER TO
LIQUID NITROGEN .
10
Size of wire — 0.008"
Run no. 35 - Hysteresis
9 =812[x10] AT [ [
: 10°
T
N
I ;
) q, -
) i
)rl / a
9 l=a7s|A[T"° —— 2/ 3
7 -} O
/I
-
/l
7/
10
1.0 DT in °F 10




.01 5L =14 Table 3¢

THE wawa.. I-lé- Op Rown

Exp- voltes St -volts R-dhwm 100RA, T-°¢ EI- wills BTO/AH he
Z.ZXT x10X  7zZ/ x10"> oco3084 19.66 ~196.55 LecaB 10t 151 x0%
3./705 9.958 203/18 19.27 /95,05 309 z. 9/
4082 1.294 X /0°* 03754 19.49 /94/.50 5. z8Z 97
S./27 l.L04 003196 9.75 /683.90 B8.2z4 7. 74
6.790 /.906 o.03z48  Zo.07 /635.05 1180 xs5’ L1 R0
7ZzZ36 Z.Zo/ o0.o3z88 Z0.3Z /92.58 1593 /.50
B.apif/ Z.8505 2.03370 Z20.8% 191.35 R/ 1.99
G.LHZ z.815 003425 x417 19055 Z. U4 Z.55
1114 x07' msz0 oo35T0 ZX.06 /8850 3.4% 3z7

7 210 3393 903566 ZZ. o4 /88,58 #1085 3.86

_ﬁms rewn PrececJeJ b?r S50 waim, a$ Q.lm \oa'.l;ué

Ny Calibvation

Exp /00176 706 14 WZ79 10618 /COZS
std 3z 34707  3.88/ 3478 32798
Ry, 30543 3058/ 3Io$8Z 30584 3osce

Aoeraée _12"2 (748 wam) = ©0.030575 n.

New R, “on/8 o

Whvre &
o.008"

ALT-°C AT-°F Na“'es

0.35 0.6
0.85 /.S
/7, #0 z.5
Z.00 36
Z2.7% S0
335 6.0
4. 55 8.2
£5.35 7.6

7.40 "3

735 /3.Z

661
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HEAT TRANSFER TO
LIQUID NITROGEN 5
1)
Size of wire — 0.008"
Run no. 36 — Up
ToX
./1 q/o_—
%2210 AT“JO
¢ 3
4 jo
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//
£ T
74
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GIV/
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1.0 AT in °F 10




6.0/ £ S1d. Table 37 Lhve b

%8 wawm. He Op Rown oeae”
Exp —volts std - yolts TR-chkw lIoORAR, T-°C EIL- walts BVWITO/$+t ke AT-°C AT-°F Netes
Z.380 X/6°% 74485 x 107 pa3//3 1919  <195.20 1.8/9 x0% 17/ 0% o.50 o9
3129 g 876 203168 79.53 19445 3.090 Z.9/ 1.Z5 b a4
4053 J.Z8Z x8% pa3/se /9. 48 194.50 £./96 .89 /.20 £ Z
5,185 /.607 OO3226 19.89 /93.55 8. 333 784 ZI5 3.7
6.335 1.929 co3284 zo.24 19275 1.22Z X186~ 115 x 0% z.95 5.3
7 349 ZZ2/9 0.033/7/ RO M/ /92.35 143/ /.53 335 6.0
8.585 Z.503 0.03430 114 /50.66 Z./49 Z.OX% s5.08 9.7
Jooo X107 Z2.843 003493 2154 189,70 Z.846 Z.70 4.00 /0.8
1.08% o772 ao3532 2 X/.78 /8%./15 3.333 3.4 é.55 7.8
/.320 3.585 oo3e8z Zz. 70 /87205 4732 4] B8aS /5.4
/1. 396 2694 ao3779 X330 /18545 S5./57 <, 85 70.08 /8./

/. 478 3.858 00383/ z3.62 /84.90 5.702 5.37 /0.60 /9.7
1.545 A 008 oo38s5 z377 /18455 6./92 5.83 /7.15 zo. /{

Nz CaliLfa+ion

E’*P 10610 HZH4O JIOLRZ 10063
Std IYYLL BLHGEB  34Y79  3ZLIS5
'R.,; 230783 30794 30807 30797
Aee.-raée. ?N‘ = 0.03079¢ QL

New R, "0 /cz2 N

9T
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HEAT TRANSFER TO
LIQUID NITROGEN o
]
Size of wire — 0.008"
Run no, 37 — Up
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HEAT TRANSFER TO
LIQUID NITROGEN 5
10
Size of wire — 0.008"
Run no. 38 — Up
f
q/°= l02 X'O-B ATb.Ql :
10°
/ a
4 q/a
/)
9 207\ a7t > /]
E ¢
7
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3
// Jo
7 i
Vi
//
7
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1O DT in F 10




0.0/ L =td. Table 37 R s
748 WA WA, Hg Dowu Rown o.co8

Exp. —volts Sitd. - volts R-olw 100RA, T-C. EI- walts BTU/Phr  AT-°C AT-°F Nstes
3.278 % 107 9209 x10% 003560 z/.95 -/88.80 3.0/ x10° z.84 xs* G790 Iz.4

z2.83¢ BOR7 003533 z2/.78 /189.75 Z.276 z./4 6.85 /.8
2.449 T.018 oa35/18 Z1.69 /89.40 1733 /.63 &.30 7.3
Zz.zL/ 4.438 0.0351Z 2/.645 /189.44 1 456 /.37 6.25 /7.3
Z.098 S5.99% 0.0350/ £/.58 /89.40 1257 /. /8 6. /0 /"0
/. 894 5.503 oco34y4)  RI.Z/ /90.50 J.04Z 9280 xs0° 5.zo0 9.
/723 4.946 0.03 HB3  RIH4T /189.85 gs5xx 28" 8oz 5.85 0.8
/1.594 4.416 Qo358  Z/.3Z 190.20 7T.3,7 6.94 5.50 %29
1439 4,185 003438 Z/.20 /90.50 é.0Z% 5.67 S.z0 9.4
/.33) 3.857 oa3z4s50 2/.27 /90.35 5,134 4.83 5.35 9.6
/158 3.4/0Z 0.03403 Z0.98 /9/.00 3940 .7 4. 70 as
/1047 3.704 003373 Xo.79 /9145 3250 .06 £ 25 77
F3945 x/0”° 2757 0.03389 X089 19/.20 Z.576 Z.43 4.50 al
8.522 2525 003375 Zo.80 /9145 Z.ISZ X.03 4z5 7.7
7425 Z2.ZoZ 0a3I37TT Z0.79 19/.48 /.63% /.54 #Z5 27
6.24% /.904 Qo3z278 zxaoz/ /PX.80 4/88 /7./Z Z.90 4
S5.070 L5581 oo3zo07 19.77 /93.85 8. o/6 7.55 x 10 /.85 33
4.093 /286 003183 /9.2 /PH RO 5203 “#.95 /50 z.7
3. 474 lL087 O.03 14/ /9.36 19480 3.7/ S.49 ego lé
Z.34Z 2576 xs0”3 oo3/16  19.2/ 195.25 1.760 /.66 o0.45 o8
No"'e‘.

T ‘l’h-: ~ow "“Kg +¢m1>ev-a'\'uv~c goeﬁ ,-.T\'"v-a.\ \&'\' dowwn Svroun 3.06 xs0° BTO/&t*Ue "‘b
154 X /02 BTO/M* ke solsele Chawrc_g?ouds J(cé ‘\'L.e_ reciow where "\'\;c.. N e
Ccev lers ave uau.’\b\"ng. Ts “'“zus "“Tse_ vsual ‘-b‘tgag atlairs.

69T
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HEAT TRANSFER TO

LIQUID NITROGEN

Size of wire — 0.008"

Run no. 39 — Down

%y=328/x167 A

6.38

L)
[ L4 \‘0\.

=

/0= 202

AT

DT in F




0.0/ N =td Table «o e
770 wawma, Hé- Duosoal OP?\JA c.co8”
Exp.-votts Std —volts R-—ochw 1008k, T-2 EI-wsle BTWOAHhe AT-°¢ AT-°F Nsles
7842 x10* .37 x16% poz306 z0.Z5 ~/9R70 1.8zZ5xm° 1.7Z x 103 3.00 S.4 *
6.746 Z.586 003382 x0.7Z /97.60 z.242 z./3 4,70 74
9.920 Z.915 O.03403 Zo.85 /9/.30 Z2.892 Z.7z 4, 40 29
L0090 x 0”7 3 z35 Q03349 zZoe¥  19/.80 3.6Z6 33z 3.90 70
L2/6 3500 O.034 74 2/.29 190.30 #.x256 .0/ S.40 27
/. 364 3.863 003530 Z/.43 /189.50 5249 .96 6.20 7.2
/481 4.199 Q038527 Z1.4/ /B9.55 6.219 5.85 é.15 VN
/574 AHZ3 aasss? z2/.80 189,70 6.96Z .55 6.60 /.9
l 736 M.o49 Q03507 49 18585 859/ 8.09 5,85 J0.5
/.930 5. 43 Q03546 Z/.72 /89.30 /J.o050 xn° 9.88 6. 40 7%-3
z./56 4.060 oa3558  2/.80 /18970 1307 .23 x0¥ 4.co "9
Z.58/ T.045 oa3s74  x1.90 /88.90 1774 /.67 6.80 /Z2.2
£.7/0 7578 0.0357% z/.9) /8885 Z.o54 1.93 6.85 2.3
Z.93¢ 879/ oo3584 Z1.9¢ 788.95 Z.40%5 P 1A 6.95 /%5
3./2é6 8.648Z 203600 ZZ.06 /18850 Z.7/4 Z.55 7 zo0 /3.0
3.3/ G Z34 ao3587 z1.98 /18870 3,058 Z.88 200 /2.6
Ays2 9.5 94 0.03597 xz.o4 /188.55 A3/3 3.z 7./5 /2.9
3.6HdS L0124 x 10" 003600 zX06 IBBSO 3.690 247 2Z0 /3,0

Ny Cal bealion. # Nov-Ma“ ou au vp row T po—"

‘e the ci‘t‘e.udd reciou. chaoevéc

Exp J00) 0 1060/ RS5O HZS? 1067 jooH8 consider '8 e_ascé
=std passs/ SYRYY  BCITB  ILIZO0 BHRTO PANZX 1- Estzlbli s waany uuclca_\—ou covilzrs
R 30913 30957 30948 30985 30980 3099/ wtlhh 2 polse

z- Lower o_uv-v-cv:\' Aow‘ aw"-l 'L:

Ose ._R"z (770 van) = 0 o309 hc—&om

M‘-le:; < Lal pé occorrs,

3- Now do 2w op row.
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HEAT TRANSFER TO
LIQUID NITROGEN
%
Size of wire — 0.008" 1 9
Run no. 40 - Unusual Up 5 in——
e
Lo
. g, -
A i
AT
— 10’
10°
1.0 DT in F 10




0.l f =td

76] wAawA., Ré

Exp - volts

ZHBBT %10° 1.340Z X 15°
ZH#893 /. 3398
Z.2384 L XOSZ
Z.0338 /. 0953

1. 8626 L0028

) ELRT /. 0024
Z.0335 10944
Z.2/L0 J1933

S -~ gdts

R-ohw
o. /18570
0./8580
2./.857%
0./8568
O./8574
o /8573
O./8577
0./88 70

A\)<f]ée. R, =0./2578 N

L 11 SH
/l./780
17783
LIS
L0593
1.008Z

3.7/
3 3490
3.3493
3.7776
3.0/Z20
RBG7X

0.03577/
0.035/ 74
e.a3s/8o
0.A35/65
0.035/49
C.035/43

Aoe.vAée_ Ry, = 2.035/7Z A

Lcué-“-. a¥ wrre = L HOO WLcLes

IORN, fo = 1873

~195. 8O °C

Tahle 4/
Ic.e_-powd— C_a\ \ \OTB.)TO\A

Nl_hroéah\ Cul. 'ora't-\ev\

(.Dwe..?
oc.oo8"

Ca\-Lv-atou. :.-Q"\'r.v- /2 Loor Boclug " kld' e
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ool A 2t

76/ vwawm. H&

Exp.-volts

Z.60f x/0

3623
A 758
5.982
7./74

8.370
@ 700

X

Ltos x 0~

1. 234
399
557
1. 7482
YA 42 4
2836
/. 70Z
/. 994
Z./38
Z.328
Z.534
RéLéB
3.087
3. 368
3. Ful4
4 IRT

Std - vOH's

7296 xs0°°
rLooqd x /0%

1.307
-y 4
/. 9/8
ZzZ2o0b
z.51/
2.8/Z
3./00
3. 40/
3.708§
4.060
Y453
Y HYYLT
A /5
.90/
AZ4B
5.2
6.2/3
6547
7.559
8.13
9./40

1.0035 % 0~

/ - No w.Cc.

Z~ Mnuy (70-/58) wn.c.

R-ohw (00RA
Q03565 ~7985.35
2.0359/ /9.33
O.036 40 (9.9
003690 19.86
Q03146 Za/6
0.03 M4 ZOo.4
003863 z0.79
00395 2,07
Qo3IT8/ 2. HZ
0o%//3 2.4
QodZOZX 2.6/
oo¥ 305  R3.17
oo4298 X33
(Yo /0P 44 X ZX
o041 X4 AZX. 77
ao/ae? Z/90
0oYOTY  Z1.92
2.0407¢ z2,.94
204078 Z/. 95
oo oTs 2/1.93
0,04 683 Zz/.98
0.04077 /.24
DOHOZ6 ZZ.05
004113 ZZ./3

Talble 42
Op Row

T
/8
1GH#.90
194,30
/93,45
/92,945
/9Z.30
/9/.4S
790.80
/90.00
/88 35
IB7. X5
/85.9%5
/84 .00
/88 .15
/88 .30
/88 .90
/86.85
/88.80
/88 g0
/88.65
/188.70
/88.80
/88 .85
/88.35

ET- wats BTO/A e
L58 x j10°

/. 898 x 107
34656
6.X/9
94697
1374 xw0”
/844
2.434
3.096
A8RS
4,758
5769
2097
8523
8./¢5
8777
2.77%
/. I1ZZ X 10°
/.330
.84
1-T%7
2.333
Z.684
B.Y4ZZ
4141

Z.98
S.07
7.90
l/Z
Y X1
.98
L5
3./
3. 88
4.70
5.78
.94
6.685
2./5
7.96
9.14
lo8
,.Z8
yx'24
/.90
z./9
2.79
3.37

4
X /0

RJIO

Wire 7
O.008"!

AT-C AT-°F Nales

O. 45
o.90
/-50
z./5
&1
S50
435
A00
5.80
745
8.é5
q.85
9.80
264
750
6.90
é.95
72.00
£.95
2.00
7./70
700
725
745

2.8
/.6
z.7
29
A/
6.3
728
90

o4

/A4

/5.6
77
/7.6
/58

3.5
x4
IZS
VA4
1z2.5
/2.6
z.8
/Z.6
/3.7
134

OLT
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HEAT TRANSFER TO
LIQUID NITROGEN 5
10
Size of wire — 0.008"
Run no. 42 — Up
[
l
‘l
Y= 213167 AT .
i 10"
./.
S/ .
v a
/|
q L1 o
Y, 3175 AT /
/b 10°
|/
A
A
4
V
10
LO DT in F 10




.0/ Q. =td Table 4.3 Whre ”7
Zé/ \M.\M.!-\g Dowu Row 0.008

Exp-voltea Std-velte R-ohw 106R/g, T-°C EI- walts BTO/ff ke AT-%C AT-°F Nstes
%1340 x 10" 10480 107’ 0.04073 2192 /8B.AS5 #4196 »0° 34k x10* .95 12.5

x

3.6x5 B.700 a 10" opoHOSZT Z/.8/ 189. /10 3067 Z.50 6.70 1Z. ¢
2. IL3ZX 8065 0.04007 Z/.57 /89 .65 Zs07 L. /Z é.75 2.7
£.739 &.880 L.0398/ Z/.-43 /189. ¢85 1.884 /.54 5.85 10.5
Z.30H &.964 0.03%6& Z{.352 190,20 1477 15 5.40 s0.)
z./07 5. 344 Q23743 ZI.ZT  (FO4E (126 2.9/ xs0° 5.35 9.6
1.948 A 794 0.0394)  Zl Z/ /9050 9828 xK  B.0/ 5.30 45
1.778 H.5% 0.a3733  Z1./7  190.60 8038 6.55 5.20 o o
/. 639 #.778 O.03923 zl./] /90.70 46848 S.58 5./0 2.z
1486 3.785 oa3?zé RIS /9065 S5.6z4 458 5.45 73
1.377 3.52/ 003%9// z/.05 /7085 4.848 3.95 4 95 8.9
/. 263 3.220 2039ZL z=/.// /90.70 4067 3.3/ 5./0 9.2
VAP AA Z.895 aon3s89 20.93 197.715 3. .2L0 2.46 H.L5 8.4
/.008 zeo7 0a384 zo.8l  191.40 Z.4Z8 Z. 14 440 %9
B.774 n/6* z.z89 003833 Z0.63  /9/.80 Z.008 1.4 400 2z
NHTE L F9T 00374Z Zo.14 193,00 (.49 5 ZZ Z.80 S0
6.Z83 /. 676 Qo3 705 9.9 193.45 [,006 8.L9 r0*  z35 42
s.078 /. 378 0O383Z /9.55 /9435 2099 A0° 578 L4S zé
4017 2.4 0.03476 /9.6 /PH 6O H.AC3 364 120 zZZ
Z.568 7Zo8 xn™? OO3563 19./8 195.35 185/ 1.5/ o.45 o8

oLt
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HEAT TRANSFER TO
LIQUID NITROGEN
5
o 10
Size of wire — 0.008" ;q_fi__ B —————"
Run no.43 — Down ‘d::::;uh“\%ﬁgé
et L L] ]
1 RS B e o N
B . R R e : —t
ol A j
Y= 257/x16%|A TP ]
M e 10°
s 5 Pt L]
- S ﬁﬁix
P
q,
/ @
Al
%, 1185 AT — //°
/ RAd 6
// « AR -
N / SRR
// N .
) |
/|
¢/
—H— 10°
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1.0 DT in F 10




o.01 5. std, Table 4«4 Whive 7

760 vawt Hg- Op Rown o0.008"
Exp -volts oid - volts TR-okw 100RR, T-°C EI-walle BTO/f4%Ue AT-% AT-°F Netes
2.559 x10°° Tie Z10° 003857 1946 —195.30 1,834 X165 L4 x 0% o.45 0.8
3640 1009 x10°% po3408 /9.3 /94.80 34673 Zz.99 o.95 .7
4. 808 L3XZ 0.03637 192.5( 194. 45 6,354 £./8 /.30 Z23
5977 /. 6zZ2 0.0368%5 19.77 /93.85 9695 I 7.90 /.90 3.4/
%07 /.89/ 0.0314X z0.08 193./0 1.338%x/0 109 xs0° 265 48
B.354 Z./98 0.0380/ Z0.39 192,40 1.83( L50 3.35 ¢.0 !
9.736 2513 003874 2078 /91.50 Z.4Y47 1,99 “.ZE 7.7 !
L10E x10”° z.840 ao39xe  z/.06 19085 3167 z.68 4. 90 88 '
/.239 3./27 Q03F4LZ ZLZS /98.40 3,874 /6 5.35 26 |
/. 389 S4/2 0.04 07/ /. 84 /89.05 4H.739 3.86 6.70 z./ 1
/.588 S.9773 o.0% 209 Z2.58 /187.35 $.992 4. 88 8.40 /5.7 1
L7Z2Z 4.0Z7 oo/ Z76 ZZ.99 186.50 L.734 565 9.2% 7.7 |
/.938 H Y 0o/ 354  Z3.58 /185.00 B.599 7.0/ 1095 /9.4 z
Z.oHZ 4,569 aovH4SZ 23,88 /8430 9.307 263 /45 z2.6
Z./38 4.88Z 0.04 379 Z349 /185.20 ) o044 x/0° 8.s/ /0585 /9.0
Z£./58 S5.3/Z 004063 z/.80 183/ /.14 9.34 é.65 /X.0
Z.375 5.840 0.04067 z,.8/ /18%./0 /.387 5,13 x r0” 6.65 /2.0
Z.497 6./4Z aofaes 21.8/ 789./0 /5349 .25 ’.65 1Z2.0
x. 6857 6.5/4 040?79 Z/.88 18895 /. 73/ L4/ c.80 2.2
z.879 7./05 0.0¥ 052 Z/ T /18225 Z. 044 .67 %.50 ”.7
3,099 7622 0.0404L z,.8/ /89./0 X342 1. 9% b.65 /2.0
3.385/ 8.2/7 Qo4078 z..88 /188.95 Z.75¢4 Z.24 é.80 /1Z.Z
3,759 9135 Qo¥l/5 ZZ.08 /8850 I yd4 Z.80 7.z5 3./
4208 Loxs xs° oo¥Z/ zz. K IBBY0 M. 296 3.50 7238 /3.2

I~ 4 wec.
L~ B wn.¢C,

HLT



HEAT TRANSFER TO
LIQUID NITROGEN :
10
Size of wire — 0.008"
Run no. 44 — Up
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7
]
: 10
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/ e
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/
9 x182|aT
a
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Z
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v/
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ool n. =std Table 45 Whee 7

760 wawm. Hé OP Roomwm 0.8’
Exp - volts Std.-velts TR-okwm 160RE, T-T EL- wills BT/ Mrke AT-%¢ AT-°F Nstes
Z2.554 x)0% 7/L3 X107 003566 /9.2 —/95.35 .89 A% LH? X /0% o. 48 0.8
3.zz/ 9.063 003578 /9./1& /95.25 2.990 Z36 0.85 /.0
3.970 L107 2 10* ovo3s06 1934 194.85 & 37/ 3.56 0.95 LY
4,782 /3/6 Qao3434 /9.49 /94.50 & 293 $./3 /.30 z.3
5.946 L6/l 2 03689 19.78 193.85 9s585 7.8/ /.95 AS
7. 105 /.97/ 003718 19,94 /9345 1358 xi6° 111 xs0° Z.35 42
8 349 2.205 003786 x0.30 IPR60 1.84/ 1.50 Azo A58
?.650 Z.5/8 003832 Zo.55 /F9Z2.00 Z.430 ]-98 3 80 6.8
1,713 x 107" zZ.843 003915  z20.99 191.00 3.764 Z.58 «.80 8.6
L2260 3./08 QofosH z1.74 /189Z5 396 3./9 6.55 /.8
L4 O B 40X O.04IHS Z2.23 18815 4797 3.9/ 2.65 /3.8
/523 x.737 oo4ze3 ZZ.86 1870 5953 .85 g./0 /6.4
/. 7/Z 4,033 Q0 245 Z2.7% 18L.90 6 .F04 563 8.90 76.0
L8872 Y43 Qo4 Z’7 zz.¢/ /875 8.3/0 6.77 8.55 5.4
/. 995 4,696 Qo4 ZYA zZ2.78 /18¢..85 9. 369 763 8.95 6./
Z.0/7 4885 OO¥IZG ZzZ/4 /8835 9853 8.03 745 13,4/
Z.zZ3z 5. 408 o4 127 22./3 /8835 /.zo07 x0° 7.83 745 /3.4
Z.348 5.740 20409/ z/. o4 /8880 1.348 1.70 xzs0Y 700 12.4
Z-54#7 6.Z2Z O.04 OF4 Z21.95 188.80 /585 lLZ9 200 1Z6
2.693 6,585 aocf o590 Z/.93 /88.95 /1.773 /1.4 6.95 /2.5
Z.88Z 7.079 0.0407/ Z1.83 189.05  Z.odo /.66 6.75 JI2.Z
3./69 - 7739 0.04 095 z2/.96 188,75 2452 Z.00 205 IZ.7
3.293 8.035 v.ofo78 z2/.97 188,75 Z.646 z./6 %205 127
3.9x%5 g.066 04109 ZZ.03 188..0 3.377 z.95 720 Jao
4. 203 J03) x10” o0dO77 284 /B9.00  4.333 3.53 é.80 12.2

9LT
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HEAT TRANSFER TO
LIQUID NITROGEN s
Size of wire — 0.008" .
Run no. 45 — Up
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HEAT TRANSFER TO

LIQUID NITROGEN

Size of wire — 0.008"

Run no. 46 — Down
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oo/ n =t Tahle 47

Whive 7
754 wama, Hg,- Speeral Row o.008"
E‘ P =N °H5 45-‘3 & \JO‘+$ R- OL\\“ IOOY/Q. T— ep EI- wi‘“s ETU/H‘ hV‘ AT.. e AT' oF N°-1-e -
Z-5z9 x10°° 7uZ x10° 003556 19.06 ~/95.45 1,799 XI6°  L.47 x 10* 0.40 0.7
3233 9.052 003572  49./% /195.30 Z9Z7 z.38 o.55 7.0
3984 1,109 x10% o0o359z 19.2é 195.05 4418 3¢0 0.80 4
4. 350 lL2oZ 0.03619 /9440 /9470 £.229 #4.26 /.15 2./
£/10 .399 0.0365/ /9.58 194.30 7.149 583 /.55 z.8
5.9/0 lsLoé oa3zeso /9.73 /193.95 49/ ' 773 /.90 34
6. 706 /.808 o.03709 /9.9 /93.55 [.ZIZ X106 9.88 2.30 4/
7530 z.co8 ocadrse  zoul /93.085 1.5/2 1.Z3 xs0° 2.80 50
8. 307 z.zo07 003763  Zo./8 /9z2.90 1.833 ). 49 z.95 53
2223 Z. 4o/ co384!  Z0.60 19/.90 Zas¥ /. 80 395 7.7
1020 x 10~ z.63¢ ao3877  20.79 191.45 Z..83 z./9 440 29
/06 zZ.8Z2 0.039/9 2.0/ /90.95 =42/ Z.54 #4.90 a8
/./88 3.007 00395/ z/.48 190.55 3.572 z.9/ s.30 9.5
/1268 3.2%3 003996  Z/43 18995 415/ 338 590 106
/1400 3«42z oo409/  zI.94 18880 w99/ 370 205 127
1.4B6 S.ezx/ o.0¥/o4 zZ.00 /188..5 5.38/ .38 7zo 730
le#0 3.823 o.o4z289 2300 186.35 £.270 5./ 9.50 Y,
176X #.030 COH3IZ  Z34Y 185.30 7.40/ 5.78 Jo.55 190
.797 #.072 o.04413  Z34l 18480 7317 S9 .05 /199
/.898 4.299 Qo445 2347  /B4.80 BIoO .45 nos 199
Z.003 o413 0.04539 X4.33 183.35 8839 72Z0 1245 zz.4
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HEAT TRANSFER TO
110
LIQUID NITROGEN ]
e D [ . -——-——-"”'"/,__
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.0l S =td

752 wawma, l-lé

Table 48
Op Ron

Whre 7
0.008"

gt

Exp -volts Std-yolts R-chw 100R/R, T-%C EI- walta BTU/fM2 ke AT-°C AT-°F Noles
Z.LBY x /0% Q4985 x1072 po3s8) 19.09 ~195.45 ROIZX1T 14 xi0* o.40 o7
3o48 2011 X 10 003608 19.24 19570 3686 3.00 o.70 .3
o798 1.3/12 Q03655 /9.49 194.50 6.29/ 513 1,35 z4
L£.0/0 1624 003705 19.76 793.88 9.748 7.9 Z.00 3¢
7.310 1. 945 003758 20.04 193,20 )HZZ X106 L1t x10° z.65 48
7. 86406 2.068 oo38oY Z0. 28 192.65 1627 133 320 58
q9.2/0 , 2.394 203847 Zo.52 /19270 2.205 /.80 375 6.8
LOTH X JO Z.7HH C.O03P/4 zo87 191.30 Z.947 Z.H40 455 8.z
/. 2Z/ 3020 O.O4 043 2.5 189.66 3.487 3.00 &.20 1.Z
/. 370 3 308 ooV |4/ 22.08 18845 4,532 3.49 740 /3.3
/.50 3.584 oo¥Z/3 ZZHT 187.60 SHZ .41 8.zs5 149
1.674 3.945 o0.0¥4Z43 z253 18725 b.6od 5.38 a¢o 155
/. 70¢ MZ14 o440l Z/ 39 190.05 T.214 5.88 580 0.4
l.766 4,418 ao¥ o000 z/.32 /98.20 7.801 6.36 5.65 /0.2
/.907 4.7/ o.0f005 2/.36 190.15 G079 7.40 5,70 70.3
Z.058 5,734 o.04 009 zZ/.38 190.706 o057 x/0° 86/ 5.78 /0.4
z./87 S5.452 oodor Z/.39 /90.05 1./792 9.7/ 580 0.4
ZHS 6.006 actoig /43 189.95 1449 118 x10% S0 10.6
2.64/ 6.563 aodozy Z7.4 189.95 /97353 1.4/ 5.95 0.7
zZ.829 2 01/ QoY 035 Z/.5& /8780 1.983 /.62 é./0 "o
3.323 8.239 0.0403% zZ..5) /18980 2738 Z.23 é.05 10.9
3.764 937/ L.O¥0HI Z/.56 /18965 3B.s0S z2.86 6.20 2
MOZZ ?.905 0.04060 2.5 18945 Bosd 325 A 5
Nl C;_\.\av-a'how. Exp 11482 1Z7]% 12828

std 3z3sz 34/ 347

Ry, As49 35497 35488 Ruarzge Ry (762 vam)zo003547 2
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HEAT TRANSFER TO

LIQUID NITROGEN

Size of wire — 0.008"
Run no. 48 — Up
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HEAT TRANSFER TO

LIQUID NITROGEN
10°

Size of wire

Run no.
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APPENDIX 2

THEORETICAL CALCULATIONS ALONG
ASSUMED STATE LINES

FOR LIQUID NITROGEN
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APPENDIX 3

DERLVATION OF THE MAXWELL-BOLTZMAN
DISTRIBUTION FOR DIATOMICS

The equipartition theorem proposes that each degree of freedom
of a molecule should be as cepable of receiving energy as any other,
and that in the steady state the average energy of each degree of free-
dom will be the same. Of course this will only be true if the averege
is teaken over a large number of molecules, say 10%*. It could be true
for a small number, say 10, also; but it would be difficult to be sure.

A nitrogen molecule might thus be expected to have energy assoclated

with it in the following ways.
a. Translation along the x axis = Ex

b. Translation along the y axis

S

¢. Translation along the z exis = E,
d. Rotation about the x axis = Ee
e. Rotation sabout the y axis = Ep

f. Rotation about the z axis

#

Ey
Ey

g. Vibration of normal modes

h. Electrons ln excited states

]

Ee

Fortunately the quantum theory eliminates some of these in the range
of temperatures which are of interest in this problem. It also shows

that the classical theory 1s substantially correct in 1ts interpetation
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of the energy associated with the remaining degrees of freedom. Let
us see which of a-h above are of significance and which can be
eliminated. The three of tramslation (a,b,c) may be kept but one of
the rotational exes will be inactive. This is the axis which passes
thru both molecules. Let us say the Z axis. The quantum theory
then shows that there will be no vibration as long as the assembly

is below some characteristic temperature ev which for nitrogen is

ib.
3380°K.26 Electronic excitation occurs at an even higher temperature

80 1t need not be considered. Consequently

E'l:ota.l=Ex+Ey+1’-:z+}3:e+F.:°

And

Ex = Ey =E, = Ee - E’l’ vhere E denotes energy.

Now following Slater®® whose treatment is most lucid, one

writes the expresgsion for the momentum of all the molecules between

P apnd P + 4P
P2 P2 P2 P2 P2
ot e Ayl M X
2mkT 2mkT 2mkT  2IkKT 21T
I exp ap, 4P dP AP, &P,

vhere P is momentum, m is the mass of the molecule, I is the moment
of inerties, k is the Boltzman constant, and T is the absolute temperature.
Let n be the fraction of the total energy contained in Ex + Ey * Ez'

Consequently Ee + E° will contain the fraction l-n. Or

+ = = -
Ex+Ey E, nE,]?a.ndEe+1:".‘ls (ln)ET

But by definition
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So substituting above

=

( + ot )

ey @, @ @, @

B}
+
k™
+
Bls™
Ble™

dar

i

III[] exp - &, P dP_ dP, AP,

Now d‘Px dp d.Pz represents the volume of a spherical shell for which

y

the corresponding velocity vectors have magnitude between v and v + dv
Thus

ok i =
da, ary ar, = [-511' (mv + mav)3 - 5T (av)®] = bmPv2av

Now since n E = -él-m (v xz + Vy2 + sz) = %mvz the expression for

P dPy P, = N2 7 u®/2 n3/2 1:‘.,]31/2 dE,

In like fashion dPe cJI’q> as an annular region for which the corresponding
velocity vectors lie between @ and-wdw.

Thus

PP, = [r (I + Idw)? - m(Iw)2) = 2712 wdw
1 2 2y 1
And since (1-n) Ep =3 L (we + @y ) = 51 o® the expression for

dPe dPq> becomes by substitution for

P, AP, = 2nI(1-n) 4,

in the integral changes it

Putting the va.lue.ror dPx dpP v c].Pz dPe d.P°

from an integration of values of momentum to an integration of values

of kinetic energy. The integral becomes:
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E
[ 8 2¥/2 72 1 u3/2 u®/2 (n-1)] ETl/a exp - dEq,

Replacing 8 ot/2 12 1 u®/2 n8/2 (n-1)] by K and Ep by E

E
K [ B2 exp *T ag

It is interesting to note at this point that except for the value of
the constant K this is exactly the integral which is found by

considering translation only and in the expression used the K's

cancel.

What we are really concerned with here is the fraction of all

molecules which have energy greater than or less than some particular

value E; > 0. If the last expression is integrated between the limits

of zero and « this will give a value for the total energy of the
assembly. Likewise if the integration is from zero to E, this

should be the energy =E;. The fraction of the total energy which

is less than E; is thus given by

[m

K /52 Y2 exp KT g

Fraction =

Bl= B

K [5 EY2 exp ¥T g

The integration by parts may be made after e change of variables

letting B/kT = x2. The frection becomes

-23/2 (KL)s/2 [Er=kT SR exp-xg dax
Fraction = B

-2¥/2 (K1)3/2 13 202 ey ax



218

x = BY/2/xp

i /2
* W/Erfxlo

x exp"xz -("1%)l ) Erf x \:

where Erf is the error function.

/ E . /2 /

E 1/2 "% T /2 T /2
-G e = ~(p) Exf (i) )-[0- (p) Erf O]

- @Y mrel- 0- @Y meol

By 3/2 2 E; Y2 ‘%
= Erf (ﬁ") - TIE (&~ exp
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EXPERIMENTAL DATA, CALCULATIONS
AND THE RESULTING CURVES

FOR LIQUID HELIUM
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APPENDIX L4
SAMPLE CALCULATIONS - LIQUID HELIUM

The last row of Table 8 - Hy will be used as an example.

Exp - volts (64760.0 x 10~7) Observed data

Std - volts (55635.7 x 10~©) Observed data

R - ohm R = S4760.0 x 10"’:%_0._01 = 0.8600 x 10°° ohm
55635.7 x 10~

64760.0 x 10-7 x 55635 x 10°©

El - watts EI = 5oL

= 4,876 x 1072

BTU/£t2 hr BTU/£t2 hr = EI - -2.38% x 10% = 1.16 x 10°
Res Res = 133.4 ohm. Observed date
Ty - %K From Figure 26

Ty - %K From Figure 28
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