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ABSTRACT

Nucleate baiiing heat transfer, film boiling heat
transfer, and convective heat transfer (at pressures greater
than the critical pressure) studies were conducted on’a gold
surface for methane and nitrogen. | i

The data obtained were compared with equations which
are commonly used to predict boiling heat transfer behavior
for cryogenic fluids. The conclusion was drawn that the
equations which were compared to the data in both the film
and nucleate bolling regions are of little value except as
rough approximations. )

The film boiling heat flux for a specific temperature
difference was found to decrease rapidly with increasing
pressure at reduced préssures greater than 0.9. Below a re-
duced pressure of 0.8 the effect of pressure on the film
boiling heat flux was found to depend on the magnitude of the
témperature differénce. For low temperature differences the
flux at a given temperature difference decreases with increas-
ing pressure. At high temﬁerature differencers the flux at a
specific temperature difference was found to increase with
A increasing pressure.

The convective heat transfer coefficient exceeds the

coefficient found in the film boiling region over the limited
' 111 |



pressure range covered.

A theoretical equation which correlates the avallable
data on eritical temperature differences for liquids, which.
follow the iaw of corresponding states, has been derived and

discussed.
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NUCLEATE AND FILM BOILING HEAT TRANSFER TO METHANE
AND NITROGEN FROM ATMOSPHERIC PRESSURE
TO THE CRITICAL PRESSURE

. CHAPTER I
INTRODUCTION

Renewed interest in the field of boiling heat trans-
fer has occurred in the last ten years due to recent tech-
nological developments in huclear reactors, rocket engines
and cryogenic equlpment.

The entire boiling curve and the different boiling_
regimes were first discussed by Nukiyama (43) in 1934. It
was found that bolling heat transfer could be divided into
the four distinct regions shown in Figure 1. The four types
of bolling heat transfer can best be understood by conaider-V'
ing a heat transfer surfacg-tn contact with a saturated 1iq-
uld. As the surface temperature is raised slightly above the
liquid saturation temperaturé, convective currents circulate
the 1iquid and evaporation occurs at the free surface of the
liquid. If the surface témperature is increased further, the
nucleate bolling region is entered. Bubbles begin to form
at specific points on the surface called nuclei. With in-
creasing surface temperature more nuclel appear or become

1
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active,. The nucleate boilihg region is of special interest
because of the high heat fluxes which are obtained with rel-
atively small driving forces. As the surface temperature is
increased further, the bubbles which are forming suddenly
combine to form a film of vapor over the hegt transfer sur-
face. This condition corresponds to point A in Figure 1.
Point A 1s known as the critical heat flux or burnout'point.
Beyond point A the vapor film forms and collapses rapidly.
The added resistance due to the film formation causes the
heat transfer rate to drop quickly. This unstable film re-
gion continues until point B (Liedenfrost Point) 1is reached.
At point B the film of vapor becomes stable in the sense that
it does not form and collapse as in the unstéble_film bolling
region. However, thé film_surfacé is still in violent agita-.
tion. The film boiling region, once.considered to be only
an academic curiosity, is rapidly becoming an 1mportant‘fie1d
of heat transfer because of the data needed for design of
cryogenic equipment. |

Recently there have been several articles published
(5,10,19{20,36) which suggest that the behavior at point A of
' éimilar substances can be correlated using the reduced prop-
erties of the liquids (i.e., T/T, or P/P,). To date, experi-
mental verification of this theory has been restricted to
correlations of burnout points for organic cbmpounds and
water. Since water and organic compounds have compiicated
moiecules which cannot be considered similar, verification of

this theory depends on obtaining data on substances which can



be considered similar.

Data in the film boiling region over a range of pres-
sures appears to be restricted to one set of oxygen data (1).
More data are needed to check the theoretical equations which
are avallable and to describe fully the effect of pressure
on film boiling heat transfer.

This study was initiated to provide data in the areas
déscribed above and to provide deslign data for methane and.

nitrogen boiling heat transfer.



CHAPTER II
PREVIOUS WORK

In recent years a 1arge.number of publications have
been condérned with investigation of the sites (nuclei) on
which bubbles form in the nucleate boiling region. Corty and
Foust (12) found that the position and the slope of the boil-
ing curve vary with roughness. It was noted ﬁhat while the
temperature difference at a given heat flux decreases with
roughness the maximum temperature difference whiéh can be
reached before nucleate boiling is 1nitiated increases with
roughness.- Past boiling history of the surface was also
found to play an 1mportant part in the initiation of nucleate
boiling. vCorty and Foust explained the above phenomena by a
vapor entrapment model. It was postulated that surface pits
and scratches which were capable of entrapping vapor as the
bubbles left the surface were active sites.

Clark, Strenge, and Westwater (11) using high speed
photography confirmed that pits and scratches were in fact
nucleation sites; It was found that pits with diameters
between 0.0003V1nches and 0.003 inches were the most active
sites although other surface defectéAsuch as scratéhes, and

in one case foreign material; also acted as active nucleation:

5



sites.

Kurihara and Myers (34) confirmed Corty and Foust's
work and found that aging the surface in the 1iquid to be
boiled allowed reproducible runs to be obtained. It was
postulated that this aging allowed any excess inert gas
entrapped on the surface to diffuse into the liquid leaving
a surface which could be reproduced.

Bankoff (2,3) in recent papers discusses the effect
of surface geometry and liquid-solid contact angle on the
abllity of a cavity to become an active site. He also pre-

- sented an approximate theory for predicting the superheat
required to initiate bubble formation from an active cavity.

Denny (13) investigated nucleate boiling of carbon
tetrachloride from well defined artificlal pits of varying
geometfies and found the most active nucleil were steep walled
cavities with a depth to diameter ratio greater than one. .
Fouling which affected the internal dimensions of the site,
the local surface roughness of the site, and the surféce
chemistry of the site were also found to be important var-
iables which affect site activity. B

Griffith and Wallis (24) determined that the cavity
geometry 1s important in two ways. The}mouth diameter deter-
mines the superheat required to initiate boiling; the cavity
shape'determines the stability of the site after boiling is
initiated.

Gaertner and Westwater (22) found that the number of

active sites can be as high as 1130 sites per square inch at
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heat fluxes which were below the critical heat flux, where
’.the maximum site conéentration occurs. Their excellent study
also disproved the theory held by earlier workers (28, 40)
that the site population increases linearly with increasing
heat flux. |

At present pilts and scratches which are capable of
trapping vapor are accepted as the nucleatlion sites as postu-
lated by the work reviewed above. However, the mechanism
which accounts for the high heat transfer rate found in
nucleate boiling has not been definitely established. Since
knowledge.of the mechanism of nucleate boiling heat transfer
is a prerequisite to formulation of a generalized correlation,
some of the commonly proposed mechanisms will be briefly

discussed.

Mechanism 1: Microconvection in the Sublayer

This mechanism waé the most widely accepted mechanism
by early workers (28,40). The high heat transfer rates are
postulated to be due fo large convective velocities in the
superheaﬁed sublayer of the liquid. These large convective
velocitles are caused by the growth and collapse of the bub-
bles. As was pointed out by Forster and Grief (17), if mech-
anism 1 is correct the heat flux should be strongly dependent
on the temperature difference (T, ;7 - Tliquid); however, ex-

perimental investigations of subcooled 1liquids do not show

"‘this strong dependence.
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Mechanism 2: ILatent Heat Transport by Bubbles

It is postulated that as a bubble grows it absorbs
latent heat which is returned to the bulk liquid when the
bubble collapses. It has been shown (48) that this mechanism
can only account  for a small percentage of the total heat

which 18 transfered.

Mechanism 3: Vapor-Liquid Exchange Action

This mechanism which was first discussed by Forster
and Grief (17) assumes that as the bubble grows superheated
;1qu1d 18 forced from the superheated liquid layer into the
bulk 1liquid and that upon bubble detachment, cool liquid
rushes in to fill the void left by the departing bubble.

Mechanism 4: Mass Transfer Through the Bubble

It 1s postulated that as the bubble grows on the
aurfaée the inside of the bubble is exposed to a micro—layeﬁ'
of liquid which wets the surface. This ligquid layer evap-
orates into the 1nterior'of the bubble and condenses on the
bubble top where it gives up the latent heat of vaporization.

In a recent investigation, Moore and Mesler (42)
found that the surface temperature drops 20 to 30°F in about
2 milliseconds during nucleate boiling. This surface tem-
perature fluctuation, which had not been previously measured,
-wgs’investigatgd by using a specially designed thermocouple
which ﬁas an integral part of the heat transfg; surface.
There 18 nothing in mechanism 1 or 3 which can accountrfor

this large surface temperature drop. Mechanism 3 postulates
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that cool water rushes to the heater surface upon bubble
departure; however as was pointed cut by Moore and Mesler,
the large temperature fluctuations that were observed would
require liquid which was supercooled to be present. Moore
and Mesler note in their paper that mechanism 2 is consistent
with their experimental work.

Gaertner's (21) excellent photographic study pointed
out that there are three and possibly four distinct reglons
in nucleate boiling. The regions (discrete bubble region,
first transition region, vapor mushroom regidn, and second
transition region) were characterized by the mode of vapor
formation.

’In view of the previous work, it appears that a com-
bination of several mechanisms is required to explain the
nucleate boiling region. } .

Several correlating equations (17,18,35,41) have
been proposed for the npcleate boiling regicn; however, at
this time no general equation dgscribing the nucleate boil-
ing region has been found. This absence is, probably, due
to two factors. One, the su;face éharadteristics have been
neglected in all the published correlations. }Two, the pres-
ent correlations are all based on either-méchanism 1 or 3.
It is unlikely that a general equation describing nucleate
bolling will be discovered until the mechanism of nucleate

boiling is understood and the heat transfer surface can be

characterized.
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Technologically the most important point on the boil-
ing curve is the burnout point. In the nucleate boiling re-

2 are not

gion heat transfer coefficients o£-1000 Btu/°F-ft
uncommon; however, upon entry into the film boiling region
the heat transfer coefficient may drop by a factor of twenty
or more. In addition to the undesirable heat transfer which
is common to the film bolling region, the heat transfer sur-
face can be melted because of the poor heat transfer away
from the surface. Because of these factors, a reliable equa-
tion which can be used to predict critical heat fluxes is of
primary interest to the investigators studying boiling heat
transfer. At present, there 1s no general'equation which'-
will predict the burnout poinf. Theré have, however, been
several equations published which fit a part of the data |
available. , ) .
Rohsenow and Griffith (49) propose the critical heat
flux correlation given by‘equation 1. ‘Their semiaempirical

equation is based on data for organic iiquids and water.

(U/A)max _ 4n 7 PL =Py \0-6 -
—i 143 ( —;;") ft/hr (1)

Where: L is the latent heat of vaporization
pv is the vapor density.
pL'is the 1liquid density.

Kutateladze (33) by use of dimensional analysis de-

veloped the burnout correlation given by equation 2.



11

(Q/A) - /4
—5,L =016 ["8(9—1':?;&)% I} (2)

Where: o is the surface tension.

g 1is acceleration due to gravity.

Zuber (53) based his correlation on the limiting
stability of two phase flow. The resulting correlation is

given by equation 3.

(VM) pax  n Pr, =Py ~ . -l/4 Py, 1/2
p L .'EE["S( ;2 ')gc] .[pL+pv] (3)
v .
Cichelli and Bonilla (10) found that they could
empirically correlate their experimental data for a large

number of organic liquids by~equatioh L,

(Q/A) pax

Pr

= a f(p,) )

Where: P.. 18 the reduced pressure.
a is equal to 1 for clean surfaces.

a is equal to 1.15 for dirty surfaces.

Addoms (40) suggested the empirically determined

correlation given by equation 5.

(Q/A)max - ( PL, = Py > (5)
oL %c—f: 3 v
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Where: K is the thermal conductivity.
C is the specific heat.

None of the equations given above can adequately
correlate all of the experimental data that are available.
Use of these equatiéns can in many cases predict values which
are several hundred per cent in error. This diécrebahcy is
not surprising as none of the correlations consider surface

effects. Upon closer study of the equations given above, it

_ becomes apparént that the critical heat flux is a functlon

only of the thermodynamic properties of the fluid in all
cases. Therefore, for 1liquids, which are thermodynamically
gimilar and for boiling on the same surface(it is probable
that a correlation using reduced properties of the liquids
can be;found. Lienhard and Schrock (36); Borishansky,
Novikov, and Kutateladze (5); Frederking (19); and Cichelli
and Bonilla (see equation 4) have published work which
support this theory.

Liehhard and Schrock used equation 3 as a basis for
their work. By manipulating the Clagsius Clapeyron equation,
the expression for van der Waal's reduced Qolume, the definiﬁg
equation for the parachor, and equation 3 tpey obtained

equation 6.

(QA) max ' dP |
= f PI" TI" er.J pVI" £ (6)
max ' ( ‘ dTr lgat

Where: ¢ is the parachor.

M 1s molecular weight.
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8 M p, 3/4
]

nr4
Amax = 'E'[ /g + Po "( 3R T
Borishanskl and coworkers discuss the theory of
thermodynamic similarity as applied to the critical heat
flux. They also propose equation 7 as a correlation for _

critical heat flux.

(Q/A) gy VM

Pe T

= f(p,) (7)

Equations 6 and 7 were tested with data obtained by boiling
organic liquids and water. Equation 6 was tested with data
obtained on the same surface; however, the data used to test
equation 7 came from several sources. While the work cited
above 1is interesting and tends to support the thermodynamic
similarity theory, definite confirmation of the theory de-
~pends on obtaining data for liquids which follow ﬁﬁé law of
correspohding states to é high degree of accuracy such as
argon, kryptoﬁ, xenon, nitrogen, methane, oxygen, or carbon
monoxide (25). |

Frederking (19,20) developed an interesting equation
for prediction of the femperature difference at the burnout
point based on an estimate of the possible metastable states
in which a two phase system can exist. 'For a given pressure,
the maximum superheat occurs at the minimum of the metastable
isotherms on a P-V diégram. Therefore, with a surface free

of defects, a liquld which obeys van der Waal's equation
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should attain a 1liquid superheat corresponding to Ava shown
in Figure 2. Differentiating van der Waal's equation,

or,
ela ol (]

and minimizing with respect to V., gives an expression
(equation 8) for the reduced maximum temperature difference

that can be expected.

L S _ ~
AT, = =T* -1 - (8)
r T, r Tsat -

% _ (3VI’ - 1)

r wy
r

T

Since it would require a peffectly smooth surface to attailn

a superheat of AT Frederking suggests that the degree of

vW?
metastability attained be defined as,

Ao _ temperature difference in actual system (8a)

AT " theoretical temperature difference

€ =

As a first approximation Frederking assumed thaf the degree

of metastability, €, was equal to 0.5. As was pointed out by
Frederking, this work is highly idealized as van der Waal's |
equation and the law of corresponding states have been.assumed;
however, the theory presented here should be helpful in future

heat transfer investigations.
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The transition region (unstable film boiling) has
received little attention for two reasons. First, it 1s the
most difficult region to study. The use of electric heaters
ig difficult because of the instability of the heaters in the
unstable film boiling region. Therefore, the investigator
must employ a hot liquid or a condensing vapor as a heat
source. Second, a study of the transition region has no
practical use as industrial equipment cénnot bé deaigned
which will operate in this region. At present hb work of a
theoretical nature has been published in the area of unstable
film boiling; and; very little experimental data are.avail-
able. Westwater (15) has summarized the experimental data
which are available.

The film boiling region has recelved only a fraction
of the attention that the nucleate bqiling region has. The
first theoretical equation for the film bolling region was
proposed by Bromley (7). Bromley suggested that an equation
similar to Nusselt's film condensation equation with modifica-
tions in the coefficient and the physical properties would
characterize film boiling. The final form of the equation

for horizontal tubes is given by equation 9.

3
_ Ky py(Pp - py)lg 1/4
h = const. [ D n, &F ] (9)

Where Hy is the viscosity of the vapor and h is the heat
transfer coefficient due to convection. The constant was

determined empirically to be 0.62. The theoretical
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coefficient 1s 0.512 for a stagnant liquid around the vapor

LY

and 0.724 for liquid moving at the same vglocity as the vapor.
Bromley suggests that the-radiation heat transfer coefficlent
shduld be determined by assuming parallel plates and adding
the contribution to h at high temperatures where radiation is
significant. Bromley's equation has been found to fit experi-
mental déta over a limlted range of diameters. Small dlameter
heaters approach the film thickness which is not allowed for
in Bromley's derivation, and large diameters approach a flat
plate which according to equéﬁién 9 has a zero heat transfer
coefficient. Banchero, Barker and Boll (1) in their study of
liquid oxygen suggest that the diameter range where Bromley's
equation is valid is between diameters of 0.069 and 0.127
inches.A These authors found equation 10 correlated their

data for oxygen for a range of diameters from 0.025 to 0.75

inches.

1 K3 py(pp, - py)el 1/4 |
h=a 5+<:)|:""AT“Vv ] (10)

- where a is a temperature dependent function and C 1is equai
to 36.5 in"~1.

In recent years, several authors have developed
correlations for film boiling on flat horizontal surfaces
(4,8,9,27) using the concept of Taylor 1nétability. If a
iiqu1d~lies above a vapor, Taylor instability will develop;
that is, waves ﬁill form at the 1nterfa¢e and rupture will

occur allowing vapor to rise as bubbles. The wave length

-
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of the smallest wave which can form at the surface is given

by equation 11

-

. g 1/2
o = 2n [ gt T

(11)

Recently Breen and Westwater (6) have extended the Taylor
instability theory to film boiling on horizontal cylinders.

Their final equation is given below.

= 0.59 + 0.069 (~%§-)

el et = ]1/h
: K, o, (py - p,)8L (12)

Generality is claimed for equation 12 on the basis of data on
several substances at atmospheric pressure and one set of
data on oxygen (1) at a series of pressures. It will be

shown later in this work that equation 12 is not general.



CHAPTER III
EXPERIMENTAL EQUIPMENT

The experimental equipment used in this work consisted
of five basic elements, a heat transfer element, a power
source, a pressure vessel, a gauge to measure preésure, and
a potentiometer to measure temperatures.

The object of the heat transfer element design was to
develop a simple heater for which end effects could be neg-
lected (see Appendix C) and which could withstand the thermal
shock of'going through the_burnout point and film boiling
temperature differences of 1000°F. The final design (see"
Figure 3) consisted of a 0.44 inch diameter inner core of
boron nitride on which 26 gauge tungsten wire had been wound
in grooves cut in the core. There were 36 grooves per inch
cut to a depth of 0.022 inches. The ends of the tungsten
wire were heid by taps on 1/8 inch diameter screws which
were screwed into the core. The screws also acted as power
leads for the resistance winding. The inner core was then
cemented into a 2 1/32 inch long copper c&linderf The.O.D.
was-0.65 inches and the I.D. was 0.5 inches. The cement
used was W. T. Begg, type H cement. Three slots 120 degrees
apart were theﬁ milled one half the length of the copper tube

19 .- |
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to a depth of 0.022 inches. Three 32 gauée iron-constantan
thermocouples were silver soldered in the ends of the slots.
The thermocouple wires wWere theh cemented in place. This
entire assembly was then placed inside a 0.8022 inch cylinder
by shrink f;tting. This construction assured good thermal
contact between the two metal surfaces,

End plates made of transite were then cemented to the
ends of the heater assembly to minimize heat losses.

Brass plates were then soft soldered to the screws
which acted as power leéds; and, number 12 copper wire was
silver soldered to the brass plates to provide power leads
to the heat transfer elemeﬁt. | |

Upon testing the element in liquid nitrogen, an oxide
coating was observed to form on the heat transfer surface.
(This coating was probably due to the oxygen contained in the
liquid nitrogen). Since a reproducible surface was essential
to this investigation, the heét transfer surface was gold
plated at 0.2 amp. and 1.5 volts for thirty minutes with a
cathode to anqde ratio of 7. There was no visual deposit
formed on the gold surface when the heat transfer element was
tested again in 1iqu1d nitrogen.

The heat transfer element was powered by two model

- "MA28-125 power sources which were connected in series. The
range of control of the power source was from 18 to 72 volts
with a maximum amperage of 125. To obtain the control needed
for this investigation, a variable resistance made of 20 feet

of number 10 nichrome wire was connected in series with the
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power source. This resistance allowed the voltage to be
varied between 2 and 72 volts. .

The heat dissipated by the heat transfer element was
determined by measuring the current flow and the voltage drop
across the heat tranasfer elément. The amperage was measured
with a Simpson d.c. ammeter. The amperage could be measured
accurately to X 0.25 amps. The potentidl drop across the
heater was measured uﬁinsAtwo'd.c. Simpson voltmeters. One
meter was used to measure the range 0 to 25 volts; the other
was used in the range of 25 to 72 volts. The voltage meas-
urements in the low range were accurate to £ 0.5 volts. The
accuracy in the upper range was 1 2,0 volt.

The pressure vessel was a standard one liter autoclave
(see Figure 4) with a confined gasket type closure. The in-
side diameter of the vessel was 3 inches; and, the debth of
the vessel from the closure was 9 3/8 inches. Power and
thermocouple leads entered the aufoclave through two Conax
electrical lead sealing glands. The pressure of the system
was controlled by regulating the flow of 1liquid nitrogen
through an internal condensing coil.' The éondensing coll was
made of 10 feet of 1/4 inch stainléss steel tubing. The
tubing was coiled in such a manner that it extended only
2 1/2 inches from the closure of the pressure vessel. To
minimize heat losses to the atmosphere the entire autoclave
was surrounded by two feet of.ﬁearlite.

The system pressure was determined with a Heise

bourdon tube pressure gauge. The 16 inch dial was graduated
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from O to 1000 pounds per square inch in increments of one
pound per square inch. An Asheroft dead weight feﬁéer was
used to calibrate the pressure gauge (see Appendix E). It
was found that the pressure could be determined with an
accuracy of * one pound per square inch.

The temperatures were measured using a lLeeds and
Northrup portable precision potentiometer (number 8662).
Millivolt readings below 15 millivoltg could be read accu-
rately to % 0.005 millivolts. Above 15 millivolts the read-
ings could be read with an accuracy of + 0.025 millivolts.
The thermocoﬁples used in this investigation were calibrated
ﬁsing a platinum resistance thermometer (see Appendix D).

The cooling nitrogen was stored in Linde LS110 dewars
which had beén modified to give a working pressure of 235
pounds per square inch gauge. This érrangement provided
sufficient driving force to the cooling nitrogen so that the

system pressure could be controlled easily.



CHAPTER IV
EXPERIMENTAL PROCEDURE

Because surface effects can have an extreme effect
on the heat flux 1ﬂ the nucleate boiling region, great care
was taken to obtain a reproducibie éurface. After each
_series of runs the first run 6f the serles was repeated to
check the surface conditions. No surface changes were noted
during the nitrogen runs; however, the Dow Corning 630
electronig protective coating, which was placed on the end
plates of the heat transfer element, was attacked by liduid
methane and deposited on the héater surface. This fouling
pecessitafed removing the heat transfer element from the
pressure vessel and cleaning 1t with methanol apd acetone,
.The nitrogen run at a pressure of 389 pounds'per square inch
was then repeated to see if the surface had been restored to
its original state, and it checked.

The heat transfer surface was kept in a nitrogen or
a methane atmosphere between runs to insure that no con-
taminating gas was adsorped on the heater surface.

The heat transfer element was allowed to retuin to
room temperature several times during the investigation; this

cycling apparently did not affect the surface condition of
25
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the heater. Lyon (37) obtained similar results in his study
of boiling heat transfer to nitrogen and oxygen.

Since hysterisis effects have been noted in nucleate
boiliﬁg (12,34), barticular care was taken to always increase
the heat flux while nucleate bolling data were being obtained.
Run 9 which was briefly interrupted by a power faiiure and
was started again at the same flux yilelded flux values which
were high.

Several investigators (12,?6,34) have reported a
variatien of the heat transfer coefficient with time for a
newly immersed heat transfer surface. This effect was noted
in this investigatio;; however, after 30 minutes the surface
had reached a steady state and no variation was found at
longer times. Because of this time dependence, the 1liquid
was allowed to boil at least 30 minutes at the start of‘éach
series of runs before data were taken. After the heat trans-
fer surface had been in the film boiling region, it took only
a few minutes to reach a steady state condition after it was
returned to the nucleate boiling region.

At the start of each series of runs the syspem was
cooled by charging liquid nitrogen into the system and vent-
ing fhe vapér to the atmosphere. For nitrogen runs the vent
and fill 1line were closed when the liquid level in the auto-
clave was approximately 6 inches. For methane runs, the
nitfogen used for precooling was allowed to vaporize; then

the methane was charged until the depth of the 1iquid was

approximately 6 inches. During the méthane charging, the
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vent line was-lert open 80 small amounts of methane could
vaporize into the atmosphere and purge any nitrogen which was
left in the system. The 1liquid nitrogen coolant was circu-
lated through the condensing coil during the cooling and
£illing operations to cool the system faster. After the
pressure vessel was filled, the pressure required was obtained
by adjusting the metering valve which controlled the nitrogen
coolant stream. The heat transfer element was then turned
on and the temperatures, amperage, and voltage values were
recorded after equilibrium was reached. After each incréaqe'.
~in power the pressure was adjusted, and a new set of readings
was obtained.

" The experimental values in the film boiling region
took conslderable time to obtain because of the time required
for the heat transfer element to reach equilibrium. The
added resistance to heat flow caused ﬁhe tungsten’ﬁinding to
heat up yhich changed its resistance. It was found that the
time required for the heat transfer element to reach equilib--
rium in the film boiling region could be shortened by setting
the voltage slightly above the value wanted and then de-
creasing the voltage to the value which was to be recorded.
This procedure was also effective for the region above the
critical pdint.

_During the investigation, the teflon sealant in the
Conax fittings cold flowed. This fiow necessitated tighten-
ing these fittings every 2 hours:to prevent leékage.

Since the cooling capaclty of thevsystem was not
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great enough to obtain the entire nucleate boiling curve for
methanef film boliling was 1n1tiaéed by raising the pressure
above the critical pressure then reducing it to the pressure
which was of interest.

The atmospheric nitrogen data were obtained by
immersing the heat transfer element in a 5 liter dewar of
liquid nitrogen. Make-up nitrogen was added when the liquid
level reached a point 6 inches above the heat transfer '
surface.

To insure that no air would be drawn into the system
due to a vacuum the methane pressure was always held 1ln excess

of 10 pounds per square inch gauge.



CHAPTER V
DERIVATION OF EQUATION FOR CRITICAL TEMPERATURE DIFFERENCES

Because of surface effects which cannot be character-
1zed, nucleate boiling critical heat fluxes and the corres-
ponding temperature differences reported by various workers
are widely different for a given substance. Since the char-
acterization of the surface effects has not yet been accom-
plished, a method of comparing nucleate boiling burnout data
of various 1nvestigatqrs which eliminates surface effects is
needed. Such a method would not only allow the data of dif-
ferent investigators to be compared but would also provide a
methbd by which the surface could be characterized.

To date, attempts to correlate burnout data have been
primarily concerned with the’critical heat flux. Frederking's
work 1s the eiception.A Since the critical heat flux has re-
ceived wide attention with little success, this work will be
primarily conderned with the critical temperature difference.

The followlng derivation‘will be reétricted to corres-
ponding states liquids. This restriction will eliminate some
- of the complications which occur due té,the‘molecular inter-
actions of the more complicated substances. -

A logical starting point for any correlation, which
29
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eliminates the effect of surface conditions at the burnout
point, 18 an analysis of the variables which effect € as de-
fined by Frederking (see equation 8-a). € will certainly de-
pend on the geometry of the heat transfer element and the
number of potential nucleation sites. Since the number of
nucleation sites for a given surface which are active depends
upon the level of superheat (11,28,34), it seems reasonable
to assume that € will depend upon the thermodynamics of the
liquid being boiled. It will therefore be assumed that € can

be specified by an equation of the form given below
€ = f'(m,N,Tr) | (13)

Where: @ 13 a geometric shape factor.

ﬁ is the number of potential nucleation sites for a

given surface.

If the equation above is valid, € should be equal for liquids,
which follow the law of_corresponding states, that afe boiled
on the same heat transfer surface. A plot of Lyon's data
(37) for oxygen and nitrogen boiling on a platinum surface
(Figure 5) shows that € is not dependent on the 1liquid being
bolled up to a reduced temperature of 0.85. Unfértunately
Lyon's heat transfer elemeht ﬁas pértially in the film boiling
region at high pressures so values of € above a reduced tem-
perature of 0.85 for oxygen could not be calculated. However,
the close correspondence at pressures below 15.51 atmospheres
tends to prove the validity of aséuming equation 13.

The effect of surface effect and the effect of the
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surface geometry can be eliminated by éetting a reference
value of € on each surface and dividing all the €'s by this
reference value; that is, € at a given reduced pressure will'

be assumed as a reference value. This procedure yields:

e . %o OTyw ref _ I'(9,N,Ty)
eref Ava ATbo ref f'(Q’N’Tr ref)'

Since the geometric factor and the number of potential active
" nuclel will be constant for a given surface, the above equa-

tion reduces to:

. [ AT, ] _ 0 (T.) I AT . )
ATbo ref -N® [f'(Tr ref)]Nw Ava ref

[f'(Tp)]Nq) . f"(Tr)
[f'(Tr ref)]NQ f"(Tr ref)

] " i
or since [f ('1‘r ref)]Nm and f (Tr f) represent congtants
then,

AT

20 - f(r,) (14)
AT r

bo ref

Equation 14 should be valid for pool boiling of 1liquids which
follow the law of corresponding states to a high degree of
accuracy. The geometry of the heat transfer element should
not be a factor with the possible exceptidn of thin wires,
where the bubble diameter approaches the diameter of the wire.
The equation will probably also hold for a series of sub-

stances that are thermodynamically similar.



CHAPTER VI
RESULTS AND DISCUSSION

The usuai manner of representing boiling heat trans-
fer 1s to present a plot of the logarithm of the temperature.
difference versus the logarithm of the heat flux. This pro-
cedure tends/tg mask the scatter of the data and can be de-
ceiving to the cursory observer. For this reason, all data
Obtaingd in this investigation will be presented as plots of
the temperature difference versus the heat flux. Since the
“heat fluxes and temperature differences obtained with cryo-
genic liquids are lower than those obtained wifh higher
boiling 1liquids, the additional range afforded by log-log
plots 1is not required for presentation of the data.

The discussion of the experimehéal results will be
divided into four areas: nucleate boiling below the critical
heat flux, the critical heat flux, film boiling, and convecti;e
heat transfer at pressures which éxceed the 1liquid's critical
pressure.

While operating in the nuéleate bolling regidn a tem-
perature gradient around the circumference of the elemeﬁt

was noted. Similar gradients have also been noted by previous

33
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investigators (16,26). The values for the temperature differ-
ences 60° from the top (measured from the vertical axis) and
at the bottom of the element for a representative run are
plotted versus the heat flux in figure 6. The variation in
temperature around the circumference 1s less than 2°F. This
behavior was noted on all nucleate boliling data and seems to
be independent of pressure level. The variations in tempera-
ture around_ the circumference which were found in this inves-
tigation were larger than those reported by Haselden (26).
He used a 3/8 inch diameter heat transfer element as compared
with a diameter of 0.8022 inches used in this investigation,
suggesting that the variations in temperature with circum-
ference increase with increasing diameter of the heat trans-
'fer element. This variatioh around the circumference poses
the problem of what temperature difference should be used.
The temperature difference obtained from'the thermocouples
located 60 degrees from the top were chosen as representative
in this investigation since there were two thermocouples at
this angular location which provided a check on the tempera-
ture difference,

During the investigation, several runs were repeated
to check whether the surface had undergone a change. It was
found that for a given heat flux the temperature difference
could. be reproducedeithin 10 per cent. The 4 nitrogen ruuns-
conducted at atmospheric pressure are plotted-in Figure 7 to

give the reader a feeling fof the reproducibility of the data.
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Figure 7 also includes 3 nucleate boiling correlations which
are commonly used to predict nucleate boiling design data.
It is obvious that these correlations deviate from the ex-
perimental data enough to be of 1little value other than for
rough approximations. The higher pressure data were not com-
pared with the correlating equations sinée it was apparent
that the equations give heat fluxes which are low for a
given temperature difference. To predict nucleate boiling
data a correlation must account for surface conditions. As
yet, not enough 1is known about the surface.contribution té
allow such a correlation to be formulated.

An increase in the temperature difference with time,
when the heat transfer element was first immersed in liquid |
nitrogen, was noted;.however, after thirty minutes the tem-
perature difference had reached a constant value and the
data were réproducible. ‘A time effect was also noted when
the heat transfer element had been in the film bqiling region
prior to the nucleate boiling run. The time effeét was-ndt
Vas pronounced when the element had been in.film boiling. The
temperature differences under these conditions became constant
after two or three minutes. Exposing the}heat transfer elé-

ment to room conditions had an effect similar to that found
when the element had been in film boiling.

The effect of pressure on nucleate boiling nitrogen

and methane is shown in Figures 8 and 9. The nucleate
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boiling curves for nitrogen and methane shift to the left
wifh 1ncfeasiﬁg pressure as expected. However the nitrogen
curves for 299 and 389 pounds per square inch reach tempera-
ture differerites which are higher than the ones at lower
pressures for a given heat flux. This effect occurs as the
eritical heat flux is approached. Lyon (37) reports this
type of behavior for nitrogen boiling on a platinum plate.
Roubeau (50); however, does not report this behavior for
nitrogen boliling on a cooper plate. He does report a level-
ing out of the curve as the burnout point is approached.
This previous work coupled with the fact that the run at 389
pounds per square inch was reproduced tends to confirm that
this effect 1s indeed present, at least for boiling nitrogen
on gold and platinum surfaces.

Preliminary runs at atmospheric pressure for nitrogen

on a copper surface shifted the nucleate boiling curve to the
right. Fouling of the surface was found to shift the nucleate
boiling curves to the left.

Due to inadequate cooling for condensation of methane
at high heat fluxes, the critical heat flux for methane was
not obtainabie with the equipment used in this 1nvestigation.
Therefore, the discussion of thevcritical heat flux and
critical temperature difference 1is restricted to datq ob-

‘tained with the nitrogen system. The critical heat flux at
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a given pressure level varied less than 9 per cent when runs
were repeated to check surface conditions.

The critical temperature differences were found by
. extrapolating the temperature difference to the burnout
point as suggested by Cichelli and Bonilla (10). The ex-
| trapolated values of the critical temperature diffefehce for
a given_pressure level were within 10 per cent of each other
in all cases.

The variation of the critical heat flux with reduced
ﬁressure is shown in Figure 10; The experimental data of
Lyon, Kosky, and Harman (37) for the critical heat flux or
nitrogen boiling on a platinum plate and Roubeau's (50)
recommended curve for nitrogen bolling oh a copper plate are
also presented fof comparison purposes. It 1s apparent from
Figure 10 that the surface, or a combinatioﬁ of the surface
and heat transfer element geometry, has a significant effect
-upon the critical heat flux. (A similar conclusion was ad-
vanced by Gambill (23)).

In Fiéure 11 several of the common critical heat
flux correlations ﬁhich neglect surface and heat transfer
element geometry are compared with the experimental data ob-
tained in this investigation. Figures 10 and 11 show no
single equation plotted can predict the results of Roubeau

(50), Lyon et al., and this investigation.
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The critical temperature difference values obtained
in this investigation are compared with Prederking's pro-
posed equation (19,20) in Figure 12. The poor agreement of
the data with the equation is to be expected. As was |
pointed out by Frederking, the proposed relationship 1s a
rough épproximation and cannot be used for quantitative
predictions.

| A comparison of the values of € obtained in this
work with those of Lyon is given in Figure 13. The differ-
ence in € at any given temperature can be attributed to the
fact that Lyon used a flat platinum plate whereas in this
investigation a gold plated cylinder was used.

The validity of equation (14) derived earlier in
this work, was checked by plotting Lyon, Kosky and Harman's
nitrogen and oxygen data; Roubeau's nitrogen data; and the
data obtained in this investigation (Figure 14). The curve
drawn through the data i1s a least squares fit for an equa-

tion of the following type.

AT ‘
bo n
= 1 ~-T 1
e a( ) (15)

bo at Pr=0.l ’ .

The values of a and n respectivély were found to be 2.3 and

0.64, Of the 71 data points available for the least squares
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fit, 86 per cent of them deviate from equation 15 less than

15 per cent and 97 per cent of them deviate from the equa-
tion less than 30 per cent. In view of the scatter (10 per
cent in this investigation) which seems to be inherent in
boiling heat transfer data, it is felt that the correlation
predicts the data remarkably well. Equation 15 is expected
to be valid for any liquid which follows the law of corres-
ponding states to a high degree of accuracy; however, ex-
perimental data for all substances which meet this require-
ment are necessary before generality can be claimed. Equa-
tion 15 was compared with data on substances which do not
follow the law of corresponding states by plotting Addom's
data on water (40) and Cichelli and Bonilla's data for
organic 1iquids (10) (see Figure 15). The equation fits
this data well for values above a reduced temperature of
0.7, but wide deviations are noted at lower saturation tem--
peratures. The reader is cautioned against using equation
15 for predicting temperature;differences at high pressures
from low pressure data for substanceé which do ndt follow
the law of corresponding stafes to a high degree of accu- .
racy. Equation 15 was derived for corresponding states
liquids and should bé restricted to those 1liquids until
sufficient data are available to test the equation for |

substances which do not follow the law of corresponding
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states.

The experimental data for nitrogen and methane stable
film boiling at various pressure levels are presented in
Figures 16 and 17. Banchero, Barker and Boll's (1) data for
film boiling oxygen at several pressure levels are plotted
in Figure 18 for comparison purposes. It is believed that
these 3 sets of data are the only ones which have been re-
ported over a pressure range. The curves for pressures of
442 pounds per square inch for nitrogen and 614 pounds per
square inch for methane from this present study clearly show
that the heat flux at a given temperature decreases Fapidly
as the critical pressure 18 approached. This effect 1s not
apparent in Banchero's work; however, his highest pressure
run corresponds to a reduced pressure of 0.66 while this
effect is noted in the'present study at reduced pressures of
0.91 for methane énd 0.9 for nitrogen. Thereféré, a rapid
decrease 1n heat flux as the critical pressure is approached
would not be noticeabie in Banchero's data. The effect of
pressure on the runs which are at a reduced pressure lower
than 0.8 appears to depend upon the magnitude of the tempera—
ture difference. For high temperature differences an increase
in pressure lncreases the heat flux for a given temperatufe

difference. For low temperature differences an increase in

pressure will decrease the heat flux for a given temperature
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difference; The behavior of the nitrogen curve at a pressure
of 14.5 pounds per square inch leads to the conclusign that
at low pressures this transition behavior probably does not
occur. There 1s insufficient data available, however, to
predict the pressure below which the film boiling curves will
not cross. The temperature differences above which the heat
flux will increase with increasing pressure appear to be
approximately 350°F for nitrogen, 4O0°F for methane, and

350°F for oxygen.
The experimental data for film boiling methane and

nitrogen are compared with Breen and Westwater's predicted
curve (equation 12) in Figures_l9 and 20. The only restric-
tion placed on the predicted curve was that the diameter of
the heat transfer element did not equal (6) "the most dan-
gerous wave length" (i.e., the wave length whose amplitude
‘increases at fhe fastest rate). The diameter of the heat
transfer element used in this investigation wés 0.06685 feet.
"The most dangerous wave length" varied from 0.0104 feet at
614 pounds~pér square inch to Of063vfeet at 24 poundé per
square inch for methane and from 0.0065 feet at 442 po;nds
per square inch to 0.04 feet at 14.5 pounds per square inch.
for nitroéen. Therefore these data provide a test of the
generality of Breen and Westwater's equation. Figures 19 and

. 20 clearly show that the equation is not general. The factor,
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F

» 18 .dependent upon the temperature difference which

also casts doubts on the equation's generality. it is inter-
esting ﬁo note that the highest temperature difference (hT

in Figures 19 and 20) for a given pressure is nearly always
the point closest to the predicted curve, while the low tem-
perature difference (4T) 1s almost always the point which
shows the most deviation from the curve.

In addition to the boiling heat transfer data which
were the primary concern of this investigation, data on con-
vective heat transfer to nitrogen and methane at pressures in
excess of their critical pressure were obtained. These data
are shown in Figures 21 and 22.

It was found that the heat flux at a glven temperature
difference was independent of the pressure level for methane
in the range of T64 pounds per square inch to 864 pounds per
square inch and for nitrogen in the range of 514 pounds per
square inch to 814 pounds per square inch. As seen in Figures
21 and 22, if the data at pressures only slightly removed from
fhe critical pressure (492 pounds per square inch for nitrogen;
714 pounds per square inch for methane) are ignored, a straight
line will fit the data with an accuracy of 10 per cent.

It was noted that at a specific temperature differ-

ence heat transfer in the-film boiling region 1is less
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efficient than heat transfer in the convective region above

the critical pressure.



' CHAPTER VII
DISCUSSION OF ERRORS

There are two types of errors which are important in
boiling heat transfer studies, the errors due to physical
equipment or operational_limitations and the inherent errors
which invariably appear in'boiling heat transfer work. The
inherent error appears td be of the crder of 10 to 15 per
cent for boiling heat transfer (14,54). The magnitude of the
experimental errors will be discussed for the heat flux meas-
urements, temperature measurements, and the pressure measure-
ments. Experimental errors can be introduced in the heat
flux in several ways, inaccurate readings of voltage and
amperage, neglect of e1d losses from the heater, inaccurate
heat transfer areas, and neglect of the resistance of elec-
trical leads. The heat transfer area uncertainty and the
neglect of the resistance of electrical leads introduce |
errors whose magnitude 1s small compared to the errors intro-
duced by other factors; therefore, they can be safely neg-
lected since the relative error for the process of multiplica-
tion and division is the sum of the relative errors of the
factors involved. The error introduced by negleéting end
effects i1s approximately 2 per cent for the nucleate boiling

| 61
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region and less than 5 per cent for the film boiling region
(see Appendix C). The voltage could be read accurately to
1+ 0.5 volts for voltages below 25 volts and + 2.0 volts for
voltages above 25 volts. The amperage could be read accu-
rately to + 0.25 amperes. Therefore the relative error ex-
pected in the heat flux 1s the sum of the relative errors
found in the voltage and amperage readings. The errors intro-
duced are of the order of 12 per cent and 7 per cent for heat
fluxes of 2000 and 6500 Btu per hr-ft2, less than.l4 per cent
for fluxes greater than 12,000 in the film boiling region,
and less than 3 per cent for fluxes greater than 12,000 in
the nucleate boiling region. Therefore, the reported heat
flux for the nucleate bolling region 1s expected to vary from
the correct value by less than 5 per cent at fluxes exceeding
12,000 which represents the majority of the data. The film
" boiling heat flux is expected to vary from the correct value
less than 9 per cent at fluxes exceeding 12,000.

The thermocoupie reading could be read accurately to
0.005 millivolts below voltages of 15 millivolts and to 0.025
millivolts above voltages -of 15 millivolts. These values.
correspond to a temperature of 0.25°F and approximately 1°F
respectively. Therefore, temperatures taken in the film
boiling region are expected to vary from the correct value
less than 1 per cent. Values taken in the nucleate boiling
region can be expected to VAry froﬁ the correct value 25
pér cent, 5 per cent, 2.5 pef cent and 1 per cent at tempera-

ture differences of 1°F, 5°F, 10°F and 25°F respectively.
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These differences are variations from the actual behavior at
the point of the thermocouple Junction and not at the surface.
In this investigation the values at the surface were assumed
to be equal to.the values at the Jjunction because the correc-
tion factor for surface temperature was less than the gradient
around the tube in nucleate boiling and was less than 1 per
cent for the film boiling region. The temperatures used were
average values of the 3 readings in the film boiling region
since the variation of the 3 readings was random and this
procedure would in no case introduce errors greater than 5
per cent. The vaiues of temperature measured by the two
thermocouples at the top of the heat transfer element were
considered the correct values in the nucleate boiling region;
To insure correct values of temperature within the accuracy
obtainable with the potentiometer used, the thermocouples
were calibrated using a platinum resistance thermometer
(see Appendix D).
| The pressure could be read accurately to 1 pound per
square inch (see Appendix E)-whichjgives accuraclies superior

to those of the temperature differences and heat fluxes.



CHAPTER VIII
CONCLUSIONS

1.~ The temperature gradient around the circumference
of cylindrical heat transfer elements, which was previously
reported (16,26), was noted in this investigation during all
nucleate boiling runs. The magnitude of these differences
depends upon the diameter of the element and temperature
difference. The magnitude of the difference appears to be
independent of the pressure level.

2. Any generaiized correlation of nucleate boiling -
and critical heat flux should include the effect ofvsurface
and geometry.

3. The critical heat flux depen@s on surface and
geometry.

4. The theoretical equation (equation 14) which was
deriVed fits the available data covering oxygen and nitrogen.
The equation is expected to be valid for methane, carbon
monoxide, argon, nitrogen, krypton, oxygen, and xenon; however
more data are required to prove this contention. The final

form of the equation is

ATy 64

8Tho at PL=0.1

| 0.
=2.3(1.- 1)

64



. 65

5. The film bolling heat flux at a given temperature
difference decreases rapidly as the critical pressure 1is
approached. This decrease becomes apparent for nitrogen and
methane at redﬁced pressures greater than 0.9,

6. Breen and Westwater's (6) equation (equation 12
in this text) is not a general equation for film boiling pre-
dictions. Thelir equation may be valid at high temperature
| differenceé, but more data are needed to establish this
validify. It also appeafs that the equation could be 1mprovéd

by eliminating the temperature difference dependence, which
1/4
¢

is apparent in the value of =
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NOMENCLATURE

Area, rt.2
Constant 1in equation 10
Constant in equation 10

Heat capacity, B.t.u./1b. "F
Diameter, ft.
Potential, volts
3 2
[ Ky py(pp, - py)eLll + (0.34C, AT)/L] ]1/4
Hy AT

Acceleration due to gravity

Csnversion factor in Newton's law of motion |
Heat transfer.coefficient, B.t.u./hr. £t.2 °F
Current, amp. |

Thermal conductivity, B.t.u./hr. ft. °F
Iatent heat of vaporization, B.t.u./1b.
M01ecu1af weight

Number of potentially active nucleation sites

Pressure, P.S.I.

Rate of heat transfer, B.t.u./hr,

Universal gas constant

Temperature, °R

surface T

Temperature difference, (T liquid)

Specific volume, ft?/lb.
| 66
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Greek Symbols

Surface tension, 1b./ft.

e O 1/2
2“[ (PL" Pv) ]

Parachor

Degree of metastability defined by equation 8a
Viscosity
Geometric factor

Denéity, 1b./ft.3

Subscripts

refers to the critical point
refers to the vapor
refers to the liquid

refers to a reduced property (T/T., etec.)

. refers to a substance which behaves as predicted by .

van der Waal's equation
refers to the point where the critical heat flux occurs
refers to the point where the critical heat flux occurs-
refers to bottom thermocouple

refers to thermocouple 60° from the top measured from
vertical

refers to thermocouple -60° from the top measured from
vertical 4
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APPENDIX A
EXPERIMENTAL DATA

TABLE A-I  NUCLEATE BOILING N, DATA ON CLEAN GOLD SURFACE
TABLE A-II  FILM BOILING N, DATA ON CLEAN GOLD SURFACE
TABLE A-IIT NUCLEATE BOILING CH, DATA ON CLEAN GOLD SURFACE
TABLE A-IV  FILM BOILING CH, DATA ON CLEAN GOLD SURFACE

TABLE A-V CONVECTIVE HEAT TRANSFER DATA FOR No NEAR THE
CRITICAL POINT

TABLE A-VI  CONVECTIVE HEAT TRANSFER DATA FOR CHy NEAR THE
CRITICAL POINT

TABLE A-VII NUCLEATE BOILING N, DATA ON COPPER SURFACE

TABLE A-VIII FILM BOILING N, DATA ON COPPER SURFACE

TABLE A-IX | NUCLEATE BOILING N, DATA ON FOULED GOLD SURFACE
TABLE A-X NUCLEATE BOILING CHH DATA ON FOULED GOLD SURFACE
TABLE A-XI FILM BOILiNG CHu DATA ON FOULED GOLD SURFACE
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TABLE A-I

NUCLEATE BOILING N2 DATA ON CLEAN GOLD SURFACE

_ Run 1 -- Date 4/25/64
" Saturation Temperature 139 R
Saturation Pressure 14.5 P.S.I.A.

-4
Q/A (10) ATl AT2 AT h
B.t.u./hr. £t.° °p °p o5 B.t.u./hr. ft.2 °F

0.211 3.3 3.9 3.9 341
0.634 5. 6.1 6.1 1039
1.291 6.8 7.2 7.2 1793
2.549 7.9 8.9 8.9 2864
3.458 8.6 9.6 9.6 3602
3.586 8.9 9.6 9.6 3735
3.717 9.1 9.9 9.9 3754
3.804 9.1 Q.9 9.9 3842
3'9'77 903 909 909 4017
4.157 9.7 9.9 9.9 4198
4,244 10.0 10.7 10.7 3966
4 428 10.0 11.4 il.4° 3881
4,517 . Burnout Point

Run 2 -- Date 4/26/64 o
Saturation Temperature 139 R
Saturation Pressure 14.5 P.S.I.A.

QUA (10)'4 AT, 8T, ATy h
B.t.u./hr. £t.2 °p °p °p B.t.u./hr. £t.2 °F
0.177 2.8 3.2 3.2 553
i - - B B
3.002 7.5 8.6 8.6 3490
3.914 . 8.6 10.0 10.0 3914
4,165 9.7 10.7 10.7 3893
4,331 Burnout Point
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TABLE A-I continued

Run 3 -- Date 4/26/64

Saturation Temperature 139°R

Saturation Pressure 14.5 P.S.
QA (10)‘" AT, AT, AT
B.t.u./hr. £t.2 °F °F °F
0.247 3.6 3.9 3.9
1.287 6.5 7.5 7.5
2'309 705 900 900
3.163 8.3 10.0 10.0
4,006 9.7 11.4 11.4
Burnout Point

4 222

Run 4 -- Date 4/26/64

I.A.

h
B.t.u./hr. £t.2 °F

633
1716
2565
3163
3514

Saturation Temperature 139°R

Saturation Pressure 14.5 P.S.
A (10)7* AT, AT, AT,
2 o o o
B.t.u./hr. ft. ~°F F F
0.184 2.8 3.6 3.6
1.808 6.1 7.9 7.9
3.756 9.7 10.7 10.7
4,139 Burnout Point
Run 5 -- Date 5/12/64
Saturation Temperature 166°
Saturation Pressure 64 P.S.
Q/A (10)'4 Ty AT AT
B.t.u./hr. £t.2 °F °F °F
0.205 2.2 2.9 2.9
0.978 3.6 4.3 403
2.467 y 7 5.4 5.4
3.458 5.4 6.4 6.4
L.481 6.4 -8.2 8.2
5.078 6.8 8.6 8.6
5.440 Burnout Point

- B.t.u./hr. ft.

I.A.

B.t.u./hr. £t.2 °F

511
2288
3510

R
I.A.

h .
EoF

707
2274
4568
5403
5464
5904
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TABLE A-I continued

Run 6 -- Date 5/15/64 o
Saturation Temperature 179 R
Saturation Pressure 114 P.S.I.A.

VA (10)‘4 AT AT, AT h
B.t.u./hr. £t.2 °p °p °p B.t.u./hr. £t.2 °F
0.240 1.3 1.7 1.7 1412
2.314 4.0 h.7 4.7 4923
3.501 4.7 6.0 6.0 5835
5.440 6.0 8.0 8.0 6800
5.803 6.7 8.3 8.3 6991
5.982 Burnout Point
Run 7 -- Date 5/10/64
Saturation Temperature 187°R .
Saturation Pressure 148 P.S.I.A.
/A (10074 AT, AT, T3 h
B.t.u./hr. £t.° °p °p °p B.t.u./hr. £t.2 °F
0.209 1.6 1.6 1.6
1.398 3.1 4.4 3.6
2.372 3.8 u.7 b.7
Run 8 -- Date 5/12/64
Saturation Temperature 187°R
Saturation Pressure 148 P.S.I.A.
/A (10)~% AT, AT, ATS | h
B.t.u./hr. £t.° °p °F °F B.t.u./hr. £t.2 °F
0.195 1.6 1.9 1.9 1026
1.059 2.5 3.1 3.1 3416
2.404 3.8 4.4 4.4 5463
3.850 I.4 5.0 5.0 7700
4,118 5.0 5.3 5.3 7769
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TABLE A-l .con®inue

o oemovgee @V weo

Run 9* -- Date 5/1¢
Saturation Tempereature
Saturation Pressure 214 |}

VA (1007 8T, &T, »
B.t.u./hr. £t.2  °F °r °)
0.220 . 0.9 1.4 l.
0.797 1.6 2.4 2.
2.344 2.4 3.5 3.
2.615 2.7 3.% 3.
2.699 2.7 3.5 3.
2.904 2.7 3.3 3.
3.112 3.0 3. 3.
3.285 3.0 3.8 3.
3.501 3.3 a. Q.
3.808 3.3 4,1 8.
3.941 3.5 4.8 'R
4.257 3.7 8.7 &,
4,534 3.8 4.7 a,
4.715 2.8 8.7 i,
4,896 4.1 5.3 5.
5.078 4.4 5.9 5.
5.3‘52 4.4 6.2 6.
5. 5.3 7.1 7.
6.166 7.4 7.7 7.
6.347 7.4 7.7 7

6.529 Burnout Point
Run 10 -- Date 5/11
~ Saturetion Temperature
Saturation Pressure 214

- Q/A (10)"“ 8T, AT,

B.t.u./hr. ft.° °p R .
0.261 1.6 e.: 2.
2.531 3.8 4.4 'Y
Q.SOO 4.1 L. 7 &,
5.698 5.3 6.0 6.

5.97 Burnout Point

®Note

this gave 2 high critical flux.

this run was interrupted
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TABLE A-I continued

Run 9% -- Date 5/12/64
Saturation Temperature 198°R
Saturation Pressure 214 P.S.I.A.

QA (10) 4 AT, AT, AT3 h
B.t.u./hr. ft.2 °p °p °p B.t.u./hr. £t.2 °F
0.220 0.9 1.4 1.4 1571
0.797 1.6 2.4 2.4 3321
2.344 2.4 3.5 3.5 6697
2.615 2.7 3.5 3.5 7471
2.699 2.7 3.5 3.5 7711
2,904 2.7 3.5 3.5 8297
3,112 3.0 3.8 3.8 8189
3.285 3.0 3.8 3.8 8644
3.501 3.3 4,1 b.1 8539
3.808 3.3 4.1 4.1 9287
3.941 3.5 4.4 4.4 8956
L.257 3.7 . 4.7 4.7 9057
4,534 3.8 4 y.7 9646
4.715 3.8 4.7 4.7 10031
4,896 4,1 5.3 5.3 9237
5.078 4.4 5.9 5.9 8606
5.440 4. 4 6.2 6.2 8774
5.984 5.3 7.1 7.1 8428
6.166 7.4 7.7 7.7 8007
6.347 7.4 7.7 7.7 8242
6.529 Burnout Point
Run 10 -- Date 5/11/64
Saturation Temperature 198°R
Saturation Pressure 214 P.S.I.A.
wa (10)7* AT, AT, AT3 ho
B.t.u./hr. £t.° °p °F °p B.t.u./hr. £t.° °F

0.261 1.6 2.1 2.1 1243
2.531 3.8 4.4 4.4 5752
4,500 4.1 4.7 y.7 95Th -
5.693 5.3 6.0 6.0 oli88

5.978 Burnout Point

#Note this run was interrupted and started at 30 volts
this gave a high critical flux
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TABLE A-I continued

Run 11 -- Date 5/15/64 o
Saturation Temperature 209 R
Saturation Pressure 299 P.S.I.A.

VA (10)'4 AT, AT, AT, h
B.t.u./hr. f£t.2 °F . °p °p B.t.u./hr. £t.2 °F
0.234 1.4 1.7 1.7 1376
1.398 1.7 2.6 2.6 5376
2.435 2.0 2.9 2.9 8396
2.994 2.0 2.9 2.9 10324
3.205 2.3 3.1 3.1 10338
3.416 2.4 3.4 3.4 10047
3.587 2.4 3.5 3.5 10248
3.847 2.9 4.0 4,0 9617
4,193 3.4 4.6 4.6 9115
4,323 k.o 5.1 5.1 8476
L4 551 5.1 6.3 5.7 7984

4,726 Burnout Point
Run 12 -- Date 5/21/64
Saturation Temperature 219°R
Saturation Pressure 389 P.S.I.A.

VA (10)'“ AT, AT, ATy h
B.t.u./hr. ft.2 °p °F °p B.t.u./hr. ft.2 °F
0.261 0.8 1.1 1.1 2373
1.434 1.4 1.7 1.7 8435
2.444 1.9 2.5 2.5 9776
3.002 2.5 3.5 3.5 8577

3.122 Burnout Point
Run 13 -- Date 6/13/64
Saturation Temperature 219°R
Saturation Pressure 387 P.S.I.A.

A (10)7 4T, AT, ATy h
B.t.u./hr. £t.2 °F °F oF B.t.u./hr. £t.2 °F
1.347 0.05 1.4 _— 9621
2.249 0.08 2.2 -——- 10222

3.026 ) Burnout Point
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TABLE A-I continued

Run 14 -- Date 6/13/64
Saturation Temperature 219°R
Saturation Pressure 398 P.S.I.A.

QA (10) o AT ATo AT3 h
B.t.u./hr. f£t.° °p °p °p B.t.u./hr. ft.- °F
1.480 1.1 2.2 —— 6727
1.963 1.4 2.8 -_— 7010
2.362 1.7 3.6 -—— 6561

3.083 . Burnout Point

Run 15 -~ Date 5/10/64
Saturation Tempersture 223°R
Saturation Pressure 442 P.S.I.A.

=4
A (10) AT, AT, AT3 h
B.t.u./hr. £t.° °p °F °p B.t.u./hr. £t.2 °F
0.219 0.5 0.5 0.5 4380
0.329 0.75 0.75 0.75 4386
0.408 1.0 1.0 1.0 L4080
0.474 Burnout Point

Run 16 -- Date 5/21/64
Saturation Temperature 223°R
Saturation Pressure 442 P.S.I.A.

VA (10) AT,  ATp AT n
B.t.u./hr. £t.2 °p op o5 B.t.u./hr. £t.2 °F
0.261 0.65° 0.65 0.65 4015
0.412 1.1 1.1 1.1 3745
0.4Th 1.1 1.1 1.1 4309

0.497 Burnout Point



TABLE A-IT
FILM BOILING N, DATA ON CLEAN GOLD SURFACE

Run 17 -- Date 4/25/64
Saturation Temperature 139°R
Saturation Pressure 14.5 P.S.I.A.

vA (10)7* AT, AT AT3 h
B.t.u./hp. £t.2 °F °F °F3 B.t.u./hr. ft.
1.502 365 364 363 41.3
2.277 584 584 581 39.1
0.966 252 252 251 38.3
Run 18 -- Date 4/26/64
Saturation Temperature 129° R
Saturation Pressure 14.5 P.S.i.A.
A (10)7 AT, AT, 4T3 h
B.t.u./hr. £t.2 °F °p °°*  B.t.u./hr. ft.
0.886 203 201 ~ 200 4y .1
0.485 89 89 89 54.5
1.608 359 359 356 45.0
3.270 884 BB 878 37.1
Run 19 -- Date 4/26/64
Saturation Temperature 139 R
Saturation Pressure 14.5 P.S.I.A.
A (10)7* AT, AT, AT3 _ h
B.t.u./hr. £t.2 °F" op °p B.t.u./hr. ft.

0.7275 168 167 167 . 43.6

2

2

2

°F

°F

F
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TABLE A-II continued

Date 5/21/64
Saturation Temperature 179 R
Saturation Pressure 114 P.S.I.A.

-4
QA (10) ATy ATo AT3 h
B.t.u./hr. £t.° °p °p °p B.t.u./hr. ft.2 °F
1.833 210 210 210 87.3
1.634 154 154 154 106.1
Run 20 -- Date 5/15/64

Saturation Temperature 184°R

Saturation Pressure 148 P.S.I.A.

A (10)7 AT, AT, AT h
B.t.u./hr. f£t.° °p °F °p B.t.u./hr. £t.2 °F
1.961 218 217 219 90.0
1.608 143 143 143 112.4
2.115 275 2Tk 275 76.9

- Run 21 -- Date 5/15/64
Saturation Temperature 198 °R
Saturation Pressure 214 P.S.I.A.
va (10)7* AT, ATp AT3 h
B.t.u./hr. ft. °¢  °F °F B.t.u./hr. £t.2 °F

2.446 338 336 338 ‘ 72.5
1.990 238 237 238 83.6
1.576 145 144 145 108.7
1.372 76 75 76 180.5



VA (10)7

B.t.u./hr. £t.°

1. guo
1.893
2.446

2. 691

@A (10)74

B.t.u./hr. ft.

3.110 .
2.385
1.834
1.472
1.161

- 0.928

-4
QA (10)
‘B.t.u./hr. £t.°

0.502
1.616 .
1.181
1.815
0.702

0.379

TARLE A-II continued

ATl
°F

54
232
324
363

ATl
°F

4io
314
227
171
126

81

AT
°F
174

495
392

587

257
141

82

AT,
°F

54
233

32}
366

AT2
°F

Lot
312
225
171
126

81

AT,
°p

174
4ol
391
583
256
141

Run 22 -- Date 5/15/64
Saturation Temperature 209°R
Saturation Pressure 299 P.S.I.A.

s
F
54

234

326
367

Run 23 -- Date 5/21/64
Saturation Temperature 219 R
Saturation Pressure 389 P.S.I.A.

AT3
°F

411

315
227
172
126

81

Run 24 -- Date 5/10/64
Saturation Temperature 223°R
Saturation Pressure 442 P.S.I.A.

' h
B.t.u./hr.

£t.2 °F

192.6
81.2
75.5
73.7

B.t.u./hr.

h
B.t.u./hr.

OV 1= 1O 1O 1O

VWO O

£t.2 °F

2 o



TABLE A-ITI
NUCLEATE BOILING CHy DATA ON CLEAN GOLD SURFACE

Run 25 -- Date 6/17/64 o
Saturation Temperature 260 R
Saturation Pressure 114 P.S.I.A.

Q/A (10)‘“ . 4T, AT, 4T3 h
B.t.u./hr. £t.° °p g °p B.t.u./hr. £t.2 °F
1.392 10.0 10.5 10.5 1326
1.924 12.2 13.0  13.0 1480
2.242 14.6 16.2 16.2 . 1384
2.549 15.6 18.5  18.5 1379
2.868 19.0 20.0 20.0 1434
Run 26 -- Date 6/17/64
Saturation Temperature 286°R
Saturation Fressure 214 P.S.I.A{

Q/A (lo ) -k ATI AT2 AT3 h
B.t.u./hr. £t.° °F °F °p B.t.u,/hr. £t.2 °F
1.357 6.9 8.2 8.2 1654
1.911 i1.7 12.6 12.6 1517
2.262 13.4  1h.1 13.9 1627
2.344 1%.5 15.2 15.2 1542
2.0i57 15.2 15.7 15.6 1575
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TABLE A-III continued

Run 27 -- Date 6/17/64 .
Saturation Temperature 303 R
Saturation Pressure 314 P.S.I.A.

QA (10)7% AT, AT, ATy h
B.t.u./hr. £t.2 °p °p °p B.t.u./hr. £t.2 °F
1.307 6.5 7.2 7.2 1825
1.632 8.7 9.3 9.3 1754
2.030 10.4 11.1 11.3 1796

2.27 11.5 12.2 12.2 1866 -
2.59 12.8  14.4 14.4 1806
3.174 15.8 16.5 16.5 1924
3.619 18.0 18.7 18.7 1935
3.804 18.7 19.5 19.5 1951
3.897 20.0 20.4 20.4 1910
I, 223 21.5 22,1  22.0 1920
Run 28 -- Date 6/17/64
Saturation Temperature 317°R
Saturation Pressure 414 P.S.I.A.
-4
QA (10) 6T, AT, A4 h
B.t.u./hr. f£t.2 °p °F °F B.t.u./hr. £t.2 °F
1.290 6.9 7.1 7.1 1806
1.638 8.3 9.0 9.0 1830
2.109 10.2 10.9 10.9 11935
2.688 12.1 13.1 13.1 2052
3.284 14.5 15.9 15.9 2065
3.838 17.6 19.0 19.0 2020
3.977 18.6 19.5 19.5 2039
Run 29 -- Date 6/17/64 o
Saturation Temperature 260 R
Saturation Pressure 114 P.S.I.A.
Q/A (10)‘“ AT, AT, AT h
B.t.u./hr. £t.2 °F °* _ °F  B.t.u./hr. £t.2 °F
- 1.434 10.6 11,5 = == 1247
1.8145 11.3 12.2 _— 1512

2.40h 15.2  19.0 - 1265
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TABLE A-III continued

Run 30 -- Date 6/17/64 .
Saturation Temperature 328°R
Saturation Pressure 514 P.S.I.A.

/A (10)'“ AT, AT, AT h
B.t.u./hr. £t.2 °F  °F °F B.t.u./hr. £t.2 °F
1.181 6.2 6.8 6.9 1736
1.813 8.8 9.5 9.6 1908
2.358 10.8 12.0 12.0 1965
3.070 13.5  14.5 14.5 2117
3.481 14.8 16.2 16.0 2149
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TABLE A-IV

FILM BOILING CHy DATA ON CLEAN GOLD SURFACE

Run 31 -- Date 6/17/64
Saturation Temperature 212°R

Saturation Pressure 24 P.S.I.A.
oA (10)7 AT AT, AT3 h
B.t.u./hr. ft.2 °p °F °¢*°  B.t.u./hr. £t.2 °F
1.679 584 585 _— 28.5
1.773 764 768 -— 23.4
Run 32 -- Date 6/17/64

Saturation Temperature 260°R

Saturation Pressure 114 P.S.I.A.

QA (10)'4 AT, AT, AT h
B.t.u./hr. ft. °F °p °p B.t.u./hr.. £t.2 °F
1.619 361 362 _— by 7
2.178 620 621 -—- 35.1
2.79 795 802 -—— 35.0
1.864 565 574 — 32.7
Run 33 -- Date 6/17/64
Saturation Temperature 286°R

Saturation Pressure 214 P.S.I.A.
QA (10)‘4 AT, ATo or3 h
2 ) o o 2 o
B.t.u./hr. ft. F F F B.t.u./hr. ft.© °F
4.875 875 885 —- | 55.4
3.981 784 794 _— 50.5
2.834 607 613 -— 46.5
2.320 510 514 _— 45,1
1.699 394 397 -——- 4o.9



TABLE A-IV continued

87

Run 34 -- Date 6/17/64
Saturation Temperature 303°R

Saturation Pressure 314»P.S.I.A.

oA (10)74
B.t.u./hr. £t.2

5.398
3.987
3.234
1.651

AT,
°F

801
662

591

293

AT2
°F
805

667
5971

295

AT3
°p

Run 35 -- Date 6/17/64
Saturation Temperature 303°R

h

B.t.u./hr. £t.2 °F

67.2
60.0
54 .4
56.2

- Saturation Pressure 314 P.S.I.A.

A (107
B.t.u./hr. £t.°

-345
.091
.568
.651

=~ N U

AT,
°F

701

579
152
273

:,
F
704
582

454
274

~ Run 36 -- Date 6/17/64
Saturation Temperature 317°R

h
B.t.u./hr. ft.

76.1

70.7
56.7
60.4

Saturation Pressure 414 P.S.I.A.

=4
QA (10)
B.t.u./hr. £t.2

5.331
3.985
2.691
1.585

AT,
°F

704
572

435
274

AT,
°F

707

S5TT
438
275

h

B.t.u./hr. ft.

75.6
69.4
61.4
57.7

2

2

o

F

F



TABLE A-IV continued

Run 37 -- Date 6/17/64

88

Saturation Temperature 328°R
Saturation Pressure 514 P.S.I.A.

Q/A (1o)'u AT, AT, ATy h
B.t.u./hr. rt.2 °F °F °F B.t.u./hr. ft.
6.054 732 739 —— . 82.3
4,993 662 667 -— 75.2
3.416 516 518 _— 66.1
2.184 368 369 - 59.3
1.676 299 300 -——— 55.9
Run 38 -- Date 6/17/64
Saturation Temperature 339°R
Saturation Pressure 614 P.S.I.A.
VA (10)‘4 AT, 4T, AT : h
B.t.u./hr. £t.° °r -~ °F °F B.t.u./hr. ft.
5.938 84l 850  --- 69.7
4.049 634 635 -  63.8
2.813 472 472 — 59.6
2.332 400 402 _— 58,2
1.788 320 321 _— 55.8
1.645 304 305 @ --- 53.9

2

2

o

F

F
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TABLE A-V

CONVECTIVE HEAT TRANSFER DATA No NEAR THE CRITICAL POINT

*Run 39 -- Date 7/5/94
Bulk Temperature 227 R
Pressure 492 P.S.I.A.

/A (10)'4 AT, AT AT3 h
B.t.u./hr. ft.2 °F °p °F B.t.u./hr. £t.2 °F
1.708 170 160 164 104.1
2.187 229 225 229 . 95.9
2.745 294 336 331 85.8

Run 40 -- Date 7/5/64
Bulk Temperature 227 R
Pressure 514 P.S.I.A.
- Q/A (10)'4 AT, AT, AT h
° o ° 2 o
B.t.u./hr. ft. F F F B.t.u./hr. £t.© °F
2.757 290 286 287 . 95.7
2,222 216 212 215 103.8
1.896 163 162 162 117.0
1.704 141 138 138 122.6
Run 41 -- Date 7/5/64
Bulk Temperature 227°R
Pressure 614 P.S.I.A.
A (10)7* ATy AT, AT - n
B.t.u./hr. £t.2 °F - °F op B.t.u./hr. f£t.2 °F.
1.700 136 133 135 125.9
2.391 226 221 225 106.7
2.969 310 303 308 96.7
3.374 377 370 372 , 90.5
¥Note: Temperature wasAfluctuating badly and these aré

average readings.
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TABLE A-V continued

Run 42 -- Date 7/5/64
Bulk temperature 227 R
Pressure 719 P.S.I.A.

A (10)7 " aT, AT AT4 ~h
B.t.u./hr. ft. °p °p °p B.t.u./hr. £t.2 °F
1.699 134 132 134 127.7
2.801 268 265 268 104.9
3.340 347 344 348 96.5
2.362 211 210 210 112.5

Ruﬁ 43 -- Date T/5/64

Bulk temperature 227°R

Pressure 814 P.S.I.A.

-l .
/A (10) AT, AT, ATg h
2 ° o ° : 2 o
B.t.u./hr. ft. F F F B.t.u./hr. £t.© °F

1.668 142 138 142 118.3
2.424 233 229 233 104.5
2.856 295 289 292 97.8
2.374 374 372 372 90.5
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TABLE A-VI

CONVECTIVE HEAT TRANSFER- DATA FOR CHy NEAR THE CRITICAL POINT

VA (10)'4
B.t.u./hr. ft.

2.688
2.079
1.731
2.331

A (10)7
B.t.u./hr. ft.

2.467
2.146

1.833

/A (10)'4
B.t.u./hr. £t.2

2.615
2.271
2.048
1.742

Run 44 -- Date 7/7/64
Bulk Temperature 344°R
Pressure T14 P.S.I.A.

o
F

238.5

162

107
189

Run 45 -- Date 7/7/64
Bulk Temperature 344°R |

AT2

°F

234
160
106
186

s
F
236
162

107
188

Pressure 764 P.S.I.A.

AT
°F
185

151
121

Run 46 -- Date 7/7/64
Bulk Temperature 344°R
Pressure 814 P.S.I.A.

AT
°F

193.3
163.1

139.2
110

AT
°F
182

146
118

AT,
°F

188
158

136
108

AT3
°F
183

149
120

AT3
°F
191

162

137
110

h

B.t.u./hr. ft.

2

113.9

129.1
161.8
124.5

h

B.t.u./hr. ft.

134.8
144 .0

154.0

B.t.u./hr. ft.

136.9 -

141.0
149.5
159.8

(4]

F

°F

°F
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TABLE A-VI continued

Run 47 -- Date T7/7/64
Bulk Temperature 344° R
Pressure 864 P.S.I. K.

_ /A (10)'4 AT, ATo AT
B.t.u./hr. £t.2 °F °p °F
2.435 178 173 175

2.240. 157 153 156

2.110 148 144 147

1.742 110 - 106 108

B.t.u./hr. ft.

139.1

144.5
161.3

o

F
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TABLE A-VII

NUCLEATE BOILING No DATA ON A COPPER SURFACE

Run 48 -- Date 5/10/64

Saturation Temperature 139°R
Saturation Pressure 14.2 P.S.I.A.

QA (10)'“ ATq AT, AT h

B.t.u./hr. ft.° °F °F °F B.t.u./hr.
0.209 _— 9.0 —
0.390 _— 13.5 -—-
0.783 — 18.9 ——
1.851 -—- 27.0 -
3.4%40 ---  37.8 -
3.960 -— 37.8 -
4,184 -—— 38.7 . -—
4,370 _— 39.6 -—-

4,596 Burnout Point
Run 49 -- Date 5/10/64 o
Saturation Temperature 139 R
Saturation Pressuré 14.2 P.S.I.A.

Q/A (10) 4 AT ATo AT, h
2 3 1 [ o 3

B.t.u./hr. ft. F F F B.t.u./hr.
0.259 o 7.0 —
0.643 -— 8.0 -——-
1.385 ——— 18.0 ———
1.690 -— 26.9 -
2.209 - 28.0 -
2.440 _— 28.4 ———
4.060 - 28.5 _—
ﬁ.uos -— 28.6 ——

.500

Burnout Polnt

rt.2 °F

£t.2 °F
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TABLE A-VII continued

Run 50 -- Date 5/10/64
Saturation Temperature 139°R
Saturation Pressure 14.2 P.S.I.A.

A -4
Q/A (10) AT, AT, AT3 h
B.t.u./hr. ft.2 °p °p °p B.t.u./hr. £t.2 °F
0.225 —— 3.9 —
0.551 ——— 8.6 -
1,838 -—- 17.3 _—
5.3 — 333 -

5.73 Burnout Point
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TABLE A-VIII

FILM BOILING No DATA ON A COPPER SURFACE

Run 51 -- Date 5/10/64

Saturation Temperature 139°R
Saturation Pressure 14.2 P.S.I.A.

AT3

AT3
°p

AT3

h

B.t.u./hrl ft.

h

B.t.uo/hr. ft.

h

B.t.u./hr, ft,

QA (10)’4 2 AT, AT
B.t.u./hr. ft. °F °F
0.659 -——- 152
1.594 -——- 283
2.231 —~—- 464
3,000 -— 704
3.550 - 1009
4.470 -— 76
Run 52 -- Date 5/10/64
‘Saturation Temperature 139 R
Saturation Pressure 14.2 P.S.I.A.
o/ (10)~ AT, AT,
B.t.u./hr. £t.° °F °F
0.631 - 124
1.090 - 250
1.566 ——- 376
1.854 --- Doz
Run 53 -- Date 5/10/64
Saturation Temperature 139°R
Saturation Pressure 14.2 P.S.I.A.
-4
/A (10) AT, AT
B.t.u./hr. ft.° °p o
2.190 _— 458
2.238 ——— 564
2.460 ——- 619

2

2

2

°F

°F

°F
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TABLE A-IX
NUCLEATE BOILING N, DATA ON FOULED GOLD SURFACE

Run 54 -- Date 7/5/64 .
Saturation Temperature 219 R
Saturation Pressure 389 P.S.I.A.

/A (10)‘2* ATy ATo AT h
B.t.u./hr. ft.2 °p °p °F B.t.u./hr. £t.2 °F
1.476 y.7 4.7 4.7 3140
1.727 6.1 6.4 6.4 2698
2.741 6.4 6.7 6.7 4091
3.069 6.9 7.5 7.5 4092
3,242 7.1 7.8 7.8 4156
3.457 7.4 7.8 7.8 4576
3.676 7.8 8.1 8.1 4538

3.808 Burnout Point
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TABLE A-X
NUCLEATE BOILING CHy DATA ON FOULED GOLD SURFACE

Run 55 -- Date T7/1/64 o
Saturation Temperature 212 R
Saturation Pressure 24 P.S.I.A.

A (10)7 AT, AT AT h
B.t.u./hr. £t.2 °F °p °F B.t.u./hr. ft.2 °F
0.247 5.2 5.2 5.0 475
0.569 8.4 8.8 8.8 6465
2.1412 13.1 13.2 13.2 1827
4,063 15.0 15.2 15.2 2673
4,216 15.2 15.5 15.5 2720
4 412 15.5 15.8  15.8 2792
4,706 15.5 15.8  15.8 2978
Run 56 -- Date 7/1/64
Saturation Temperature 212°R
Saturation Pressure 24 P.S.I.A.

A (10)7 ATy 6T, T3 h
B.t.u./hr. £t.2 °F °F °F B.t.u./hr. £t.2 °F
3.542 15.0 15.5 15.5 2285
4.639 16.9 17.5 17.5 2651
5.632 17.9  18.5 18.5 3077

. 6.140 18.4 18.8 18.8 3266



A (10)7
B.t.u./hr. £t.2

a7
.851
.692
676
.67

.865
.059
443
.636

.211
595
.088
.282
10.476

=
O\W\O 000 O~ &W

[
(@)

v (1007
B.t.u./hr. ft.°

1.766

4 217

5.313
g
10.476

.827 -

AT

98

ATo
°F

11.8
17.3
19.5
20.3
22.7
23.5
24.7
26.0
27.0
27.5
27.7
28.5
29.0
2G.3

TABLE A-X continued

AT3

°F

11.
17.
19.
20.
22,
23.
24,
26.
27.
27.
27.
28.

29.

n
O

Burnout Point

AT,
°F
17.4

31.1

39.0
4s.0

52.5

55.7

ATo

.~ °p

VO B
AW OO W @
wowwnwun o

Run 57 -- Date T7/3/64 o
Saturation Temperature 334°R
Saturation Pressure 564 P.S.I.A.

ViU o o~Nui~Nwuniw

o

Run 58 -- Date T7/3/64
Saturation Temperature 310°R
Saturation Pressure 364 P.S.I.A.

AT3

°p

18.
33.
Lo

46.
53.
56.

wWowwumwun o

h
B.t.u./hr. £t.2 °F

1269
2226
2406
2866
3381
3347
3263
3247
3198
3210
3325
3367
3478
3509

h
B.t.u./hr. £t.2 °F

- 981
1259
1312
1640
1790
1860



QA (10)'“
B.t.u./hr. ft.

.797
.309
.863
A1y
.938
.458
.915
404
T97

H N RPDWWWND N

VA (10)'4
B.t.u./hr. ft.

.502
.4o4

.938
.416

.938
416

. 915
404

1.797

DR WWWW M P
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TABLE A-X continued

Run 59 -- Date 7/3/64 .
Saturation Temperature 272 R
Saturation Pressure 164 P.S.I.A.

AT,
2 °F

17.9
19.4
21.7
23.1
2u4.5

22.4

20.1
- 18.3
15.3

AT2
°F
18 L] 8

20,
21.

n
N
i o oo

. 20.

AT
°F3

18.
20.
21.

23.
24,
22,

18.
15.

T oo 0o o

Run 60 -- Date T/3/64
Saturation Temperature 272°R
Saturation Pressure 164 P.S.I.A.

AT,
°F

21.5
23.1
22.9
24.8
26.8
23.4
21.7
19.0
15.5

AT,

°
=

HEHEMRDDNDNDNDMDND
IO HWnww
VONHKFHNENN

AT
°F3

22.2
23.2
23.4
25.2
27.1
23.1
21.7
19.0
15.5

h
B.t.u./hr. ft.

965
1130
1310
1470
1590
1540
1420
1300
1150

h
B.t.u./hr. ft.

680
1020
1680
1360
1430
1470
1330
1270
1180

2 o

2 o

F

F
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TABLE A-X cohtinued

‘Run 61 -- Date 7/7/64

Saturation Temperature 303 R
Saturation Pressure 314 P.S.I.A.

vA (10)7 aT, AT, aTg

B.t.u./hr. £t.2 °p °p °p
1.610 18.5 18.5  18.5
2.604 21.5 22.0 22.0
5.567 31.0 31.3  31.3

Run 62 -- Date 7/6/64

h

B.t.u./hr. ft.2 °F

870
1185
1779

Saturation Temperature. 339°R
Saturation Pressure 614 P.S.I.A.

QA (10)“4 AT, AT, AT3
B.t.u./hr, £t.2 °F °F °F
1.512 16.5 18.5 _ 18.5
2.391 22,7 23.3  25.0
2,405 . 22.7 23.3 25.0
2.809 25.0 26.5 27.5

Run 63 -- Date T7/7/64

h

B.t.u./hr, ft.

817
1026
1032
1060

Saturation Temperature 310°R
Saturation Pressure 364 P.S.I.A.

VA (10)'“ AT AT, AT

v 2 o o ° 3

B.t.u./hr. ft, F F F
1.576 21.0 21.7 21.7
1.956 23.0 22.5 22.5
- 2.h452 26.0 24.7 - 24.7
3.247 30.0  30.8 30.8
3.938 33.7 34.3 34.3
L,660 4o.o 40.5  40.5

h

B.t.u./hr. ft.2

T26
869
993 .
1054
1148

1151

2

°F

°F
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TABLE A-X continued

Run 64 -- Date 7/17/64
Saturation Temperature 342.5°R
Saturation Pressure 664 P.S.I.A.

VA (10)'“ AT, AT, AT3 | h
B.t.u./hr. ft.2 °p °p °p B.t.u./hr. £t.2 °F
1.594 33.2 36.0 36.0 443
2.151 31.0 33.3  33.3 646
2.151 . 28.0 31.7 31.7 678

2.151 Burnout point after about 30 minutes



e
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TABLE A-XI

FILM BOILING CHy DATA ON FOULED GOLD SURFACE

Run 65 -- Date 7/13/64

Saturation Temperature 334°R
Saturation Pressure 564 P.S.I.A.

-4
QA (10) AT,
B.t.u./hr. ft. °F
6.883 682
6.073 611
5.398 505
*Y 732 341

AT,
°F

681
611
504

344

e
F
689

611
507

344

h
B.t.u./hr. ft.
100.6
99.4
106.8

137

2

°F

*Unstable Film Point



APPENDIX B

SAMPLE CALCULATIONS
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Sample Calculations for the First Data Point of Run 1

Data:

E=2.5 volts

I = 10.0 amperes

AT = 3.9°F

A = 4.0472(10)7% ft

2

1., Calculation of the heat flux

@A = (3.413EI)/A = 0.211(10)" B.t.u./hr. ft.

2

2. Calculation of the heat transfer coefficient

h = Q(A AT) = 541 B.t.u./hr. £t.°

Sample Calculations for the Critical Temperature Differ-

ence of Run 1

Data:

AT,
o

b

AT

AT

VW

bo

= 11.6°F from extrapolation of curve shown in
Figure 6

= 54.5°F from reference 19

= 9.6°F from Figure 12
at Pr=0.1

1. Calculation of ¢

€ = AT

Data:

/AT, . = 0.21

max VW
Sample Calculations for the First Data Point of Run 17

h=41.3 B.t.u./hr. £t.2 °F

TB
- AT

139°R

364°R

321°R

50.5 1b./ft.> from reference 46

0.12 1b./ft.3 from reference 46

69.9(10)™5 #/£t. from Appendix F

9.2(10)"3 B.t.u./hr. °F ft. from Appendix F
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My = 2.84(10)-2 1b./ft. sec. from Appendix‘F
L = 8.5 B.t.u./l1b. from references._38 and 46
va = 0.25 B.t.u./1b. °F from reference 38
Calculation of A,

/2 _ 2.33(10)72 rt.

Ae = 2l (g¢ 0)/&(pL, - Py)]
Calculation of F
- 2.1/4
F = (KD oy (o, - p,)8L(1 + (0.34c,, aTd/)°1Y
= 12.6
Calculation of (h X,)/F

(h A.)/F = 1.28



APPENDIX C

DISCUSSION OF THE EFFECT OF END LOSSES FROM
THE HEAT TRANSFER ELEMENT
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The magnitude of the axial temperature gradient for
a heat transfer element similar to the one used in this in-
vestigation was measured in the preliminary work. The values
of the temperature difference at given heat fluxes are given
in Table C-1.

If the equation q = - KA %2-18 assumed to hold in the
x

form q = - KA AT , the heat losses from the element can be

quickly calculated. 'The‘magnitude of the heat losses and the
percentage of input heat which is lost is given in Table C-II.
A thermal conductivity of 225 B.t.u./hr. ft.2 was assumed.
The magnitude of the end loéses which occurred from
the heat transfer element were of primary concern in the de-
sign of the heat transfer element. Since Banchero, Baker,
and Boll (1) report that axial temperature gradients were
"virtually eliminated" in their heat transfer element by ‘
using a copper cylinder 2 inches in length and 0.75 inches in
diameter, the dimensions of the element used in this inves-
tigation were kept as close to those of Banchero as possible
without introducing extr?me fabrication probleﬁs. The final
dimensions chosen for the heat transfer element are 2,3125
inches in length and 0.8022 inches in diameter. The diameter
to length ratio of the element is 0.347 compafed to a value
of 0.375 for Banchero's element. Therefore temperature grad-

ients at least as small as Banchero's can be expected.



/A (10)‘“

B.t.u./hr. ft.°

0.278
0.442
3.96
0.44
1.30
2.85

-4
/A (10)
B.t.u./nr. ft.

0.278
0.442
3.96
0.44
1.30
2.85

2 .
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Table C-I -
Temp. _ Temp. 1/4
center inch from end region
o F '
0.0 nucleate
0.3 nucleate
1.0 burnout
0.6 f1ilm
2.0 | £11m
2.0 film
Table C-II
Heat Input Hegt Loss iggsgggzngggt;o
~B.t.u./hr. - B.t.u./hr. High Per cent
112;5 .0 0
179.6 3.8 2
1602.6 . 12.6 1
178.1 7.5 5
526.0 25.3 5
1153.4 25.3 2



APPENDIX D

CALIBRATION OF THERMOCOUPLES
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The thermocouples used in this investigation were
calibrated with a platinum resistance thermometer. The re-
sistance of the thermometer was determined by using the
potentiometer method described by Scott (51). Temperature
differences were measured by placing the reference Junction
in liquid nitrogen and the heat transfer element ‘in room air,
a dry ice acetone bath, and liquid nitrogen. The values ob-
tained with the resistance thermometer allowed the thermo-

' couples deviation from standard tables (N.B.S. Circular 561)
to be ca;culated. The millivolt deviation obtained for the

thermocouples is given in Table D-1.

TABLE D-I

Deviation of Thermocouples from Standard Tables

Temperature °C Deviation Millivolts
-196.18 _ . 0.000
- 79.40 0.022

- 25.17 0.034



APPENDIX E

CALIBRATION CURVE FOR PRESSURE GAUGE
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TABLE E-I
CALIBRATION OF HEISE H15379 PRESSURE GAUGE

Gauge graduated in one pound per square inch increments of
from O to 1000 pounds per square inch gauge. QGauge calibrated
with an Ashcroft Gauge tester, type 1300.

Test Pressure P.S.I.Q. Gauge Reading P.S.I.G.
10 10
20 20
40 4o0.
60 60
85 85

105 105
124 .5 125
144 .5 145
164.5 165
184.5 185
204 .5 205
225 225
250 250
274.5 275
WY .5 305
324.5 325
349.5 350
374.5 375
405 405
424 .5 425
4h9.5 450
44 .5 irs



APPENDIX F
CALCULATED PHYSICAL PROPERTIES

TABLE I-F N, SURFACE TENSION
TABLE II-F CHy SURFACE TENSiON.
TABLE III-F N, THERMAL CONDUCTIVITY
TABLE IV-F CHy THERMAL éONDUCTIVITY
TABLE V-F N, VISCOSITY
TABLE VI-F CHy VISCOSITY
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The methods which were used to calculate surface ten-
sion, vapor viscosity, and vapor thermal conductivity for
methane and nitrogen are discussed below. The calculated
values for the physical properties are given in Tables I-F
through V-F.

Surface tension data for methane and nitrogen were
calculated by extrapolation of lcw pressure data (29). The
McLeod equation was used for the extrapolation as suggested
by Prutton and Maron (47). ‘

The thérmal conductivity values for methane and
nitrogen were calculated using the method suggested by Owens
and Thodos (44,45).

‘ The viscosity data for methane and nitrogen were cal-
culated by extrapolation of the low pressure data of Johnston
and McCloskey (30) for nitrogen and calculated low pressure
data (52) for methane using the method suggested by Jossi,
Stiel, and Thodos (32). |
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TABLE F-I
SURFACE TENSION FOR SATURATED LIQUID NITROGEN

Temperature °R Surface Tension (10)"5 1b./ft.

171 1 33.8
180 7.4
189 20.1
198 14.5
207 8.5
216 3.7
225 - 0.3

227 0
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TABLE F-II
SURFACE TENSION FOR SATURATED LIQUID METHANE

Temperature °R Surface Tension (10)'5 1b./f¢t.

220  81.8
240 , 66.0
260 52.0
280 | 35.0
300 20.2
320 12.0
340 ' 5

w
=
=
o O



. Temper-

ature

136
159
182
204
227
272
340
386
R54
. 568
681
908

14.5

64

TABLE F-III

THERMAL CONDUCTIVITY OF NITROGEN VAPOR

114

148

K inlB.é.u./hr. ft.

 Pressure P.S.

214

299

389

514

614

719

814

.oo42
. 0050
. 0055
. 0062
. 0067
.0071
.0099
.0109
.0126
.0151
.0176
.0218

.0061
. 0067
. 0074

.0084 -

.0103
.109 .
.0126
0151
L0176
.0218

. 0065
.0071
. 0076
.0088
.0105
,0166
.0132
.C155
.0176
.0218

.0071
.0076
.0080
.0090
.0105
.0116
.0132
.0155
.0176
.0218

.0080
. 0084
. 0094
.0113
.0120
L0134
. 0155
.0176
.0218

.0100
.0092
.0099
.0113
.0120
.0134
.0155
.0176
.0218

.0113
.0105
.0116
.0126
.0139
.0160
.0176
.0218

.0130 .0147
.0113 ,0116
.0120 ,0122
.0126 .0130
.0139 .0141
.0160 ,0164
.0176 .0181
.0218 .0255

. 0147
.0116
. 0122
.0130
.0141
. 0164
.0181
. 0225

.0315
.0130
.0128
.0134
.0151
.0168
.0185
.0231

.0346
.0143
.0134
.0139
.0151
.0168
.0185
.0231

.0357
.0155
.0139
.0143
.0151
.0168
.0185
.0231

AR



Temper-

ature °R

791
688
619
550
e
413
378
344
327
310
292
273
258
241
206

TABLE F-IV

THERMAL CONDUCTIVITY OF METHANE VAPOR

.0073

K in B.t.u./hr, ft. °F
\ Pressure P.S.1.A.

24 114 214 314 414 514 564 664 714 764 814 864
.0322 ,0322 ,0322 ,0322 .0322 .0322 .0337 .0337 .0337 .0337 .0352 .0352
.0264 0264 0264 .0264 .0264 .0264 0264 0264 .0278 0278 .0278 .0278
.0223 .0223 ,0223 .0223 .0234 ,0234 .0234 .0234 0243 ,0243 0246 .0246
.0202 ,0202 .0202 .0202 .022 ,022 .,022 .022 .022 .022 .0223 .0233
.0176 .0176 .0182 .0182 .0185 .0188 .0188 .0193 .0193 .202 .0202 .0202
.0158 .0158 .0167 .0167 .0176 .0182 .0182 .190 .,190 .190 .199 .199
.0146 ,0146 .0158 .0158 .0167 .0176 .0176 .0182 .0182 .0188 .0202 .0202
.0135 .0138 .0144 .0149 ,0155 .0167 .0167 .0182 .0182 .0188 ,0214 .0214
.0120 ,0123 .0132 .0141 .0149 .0164 .0164 .0205 .0205 .0264 ,0439 .0439
.0114 .0117 .0126 .0135 .0149 ,0170 .0170
.0108 .0111 .0123 . 0129
.0102 .MmnNR 0117
097 .0102
.091 .100
.085

Q1T



Pressure
P.S.I.A.

14,5

114
148
- 214
299

178
7

514
614
719
814

198

TABLE F-V

VIESCUSITY OF NITROGEN VAPOR .

i in Centipoises (10)7°

Temperature °R

180 216 252 270 306 360 450 540
697.5 763.1 826.4 o48.4 1008.3 1125.3 1295.4 1554 .7 1785.7
6S7.5 T763.1 826.4 948.4 1008.3 1125.3 1295.4 1554.7 1785.7
T41.7 80l1.2 860.8 976.7 1034.1  1147.7 1312.4 1569.7 1798.5

815.9 873.1 956.5  1042.7 1154.8 ° 1320.0 1574.4 1801.9
907.5 1009.8 1061.1 1169.5 1331.3 1581.7 1809.0
' 1051.6 1094.3 1197.8 1349.4 1594.0 1B17.6
1113.0 1131.1 1228.5 1371.6 1607.5 1827.0
1154.8 1160.6 1245.7 1383.9 1618.6 1821.3
1184.3 1182.7 1258.0 1393.7 1623.5 1838.2
1226.0 1207.3 1272.7 1403.5 1630.9 1843,
1329.2 1231.9 1314.5 1433.0 . 1649.3 1871.7
1408.8 1375.9 1469.8 1672.6 1876.6
1432.4 1506.7 1694.7 1915.9

1585.7

611



Temper-

ature °R

960
860
760
660
560
460
360
344 .2
300 .

TABLE F-VI

VISCOSITY OF METHANE VAPOR =

M in Centipoises (10)'5

Pressure P.S.I.A.
24 114 214 314 414 514 564 664 714 764 814 864
17.67 1774 1180 1781 1790 1797 1799 1806 1809 1813 1815 1821
16.05 1613 1619 1625 1631 1638 1642 1652 ° 1655 1660 1663 1670
1444 1452 1460 1467 1474 1482 1488 1501 1505 1509 1513 1518
11263 1303 1310 1319 1328 1345 1349 1361 . 1364 1369 1379 1383
1142.0 1154 1164 1174 1188 1202 1213. 1232 1215 1245 1254 1260
971.0 985 997 1014 1036 1051 1059 1083 1100 1113 1139 1156
777.8 796 812.3 842 883 898.5 918 954,.5 972 993
T44.0 764 783 815 862 921 970 1412
634.0 677

o2t



