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FOREWORD

This report was prepared in the College of Engineering, The University of
Michigan, on Air Force Contract AF 33(616)-8277 under Task 314507 of Project
3145, The work was administered under the direction of the Flight Accessories
Laboratory, Aeronautical Systems Division, Wright Patterson Air Force Base,
Ohio. Lt. Lloyd Hedgepeth and Mr. Kenneth Hopkins were project engineers for
ASD. The survey began in June 1961 as the initial phase of a program which is
to include an experimental investigation of liquid-metal-boiling phenomena and
associated two-phase-flow problems. Professor R. E. Balzhiser of the Department
of Chemical Engineering is the Project Director at The University of Michigan.
Professors J. A. Clark and Herman Merte, Jr., have specific interests in the
agravic portion of the program, and Professor E. E. Hucke has particular in-
terest in the relation of interfacial effects to boilling processes. Messrs,

C. Phillip Colver, Lowell R. Smith, and A. S. Teller are graduate students in
the Department of Chemical and Metallurgical Engineering at The University of
Michigan. Messrs. S. Kim and W. A. Niethammer have worked long and diligently
in organizing the extensive bibliography and physical property charts. This re-
port is the culmination of a joint effort of the above individuals.

Appreciation is expressed to the following individuals and groups for per-
mission to reproduce figures originating in their publications: The Oil and
Gas Journasl, published by the Petroleum Publishing Company; Dr. John Vohr of
Columbia University; American Institute of Chemical Engineers; Professor C. F.
Bonilla; Consultants Bureau Enterprises Inc.; and the Advanced Technology Lab=
oratories, a division of Awmerican Standard. The authors also wish to extend
appreciation to the many investigators who have contributed information for this
survey.

This report concludes the work on Phase I of Contract No. AF 33(616)-8277.

Work on Phase II involving the experimental investigations of liquid-metal-
boiling systems is currently in progress.
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ABSTRACT

Recent interest in high-temperature, high-flux, heat-transfer processes
has focused considerable attention on liquid metals as heat-transfer media.
This survey was originated for the purpose of collecting and evaluating infor-
mation pertaining to the current status of liquid-metal-boiling technology.
The sparsity of information specifically about liquid-metal-boiling programs
proumpted the inclusion of additional material pertaining to boiling and two-
phase-flow phenomena in general. ZExisting correlations for predictihg heat -
transfer coefficients in the nucleate- and film-boiling regimes have been sum-
marized and analyzed in the report. Likewise, correlations which predict the
critical heat flux (or burnout flux) have been presented and compared with the
experimental data available.

The use of liquid metals as fluids in space-oriented Rankin cycles neces-
sitates a thorough understanding of quality and gravity effects on boiling
phenomena. Each of these variables is treated in separate sections, with per-
tinent investigations and conclusions summarized. Interfacial considerations
of possible importance are cited and discussed. Particular attention is called
to the solid-liquid interfacial energy and its importance in limiting heat
transfer across the interface.

The iwmportance of two=-phase-flow considerations in understanding the heat-
transfer phenomena prompted the inclusion of additional sections regarding flow
regimes and the pressure drops in flowing two-phase media. Both of these sec-
tions describe correlations presently used for water=-steam or water-air two-
phase mixtures. Little work has been reported to date regarding two-phase-flow
phenomena in liquid metallic systems.

Appendix B is a summary of physical properties for various liquid metals
and water. Examination of these physical properties suggests in many instances
that existing correlations for agueous systems might be used with reasonable
confidence in predicting liquid-metal behavior. Appendix D is a comprehensive
bibliography of all aspects of boiling heat transfer, fluid flow, and corrosion
and circulation problems associated with liquid-metal fluids.
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INTRODUCTION

The literature on boiling heat transfer contains relatively little infor-
mation on liquid-metal systems. Early interest in connection with the mercury-
turbine and binary-power cycles produced some data for mercury systems. Sub-
sequent interest prompted by the need for high-temperature coolants for nuclear
reactors led to the development of several programs in the last decade. However,
few results have yet reached the unclassified literature. Summaries and analyses
of the available reports are included in this review. Special attention should
certainly be called to the recent translation from Russian by Consultants Bureau
Inc. of Liquid Metal Heat Transfer Media, 1T cqited by S. S. Kutateladze, which
is devoted entirely to problems associated with utilizing liquid metals (up to
1958) and the recent paper of Gambill and Hoffman5 9 which summarizes the field
of boiling-metal heat transfer up to mid-1961.

The sparsity of information available for boiling-liquid-metal systems makes
it extremely difficult to engineer such systems. The experimental difficulties
associated with a precise evaluation of the effects of many important variables
on the heat-transfer process in liquid-metal media reduce the probability of ob-
taining directly the needed information. Correlations and studies for nonmetal-
lic fluids are certain to fill the many voids in the liquid-metal picture. There-
fore, summaries of the present status of boiling heat transfer in general have
been included. The authors have attempted to summarize in reasonable detail the
results of these investigations.

The phenomenon of surface boiling exhibits the three separate regimes de-
scriptively shown in Fig. 1. These modes are nucleate boiling, transitional
boiling, and film boiling. Nucleate boiling (region AB) is characterized by the
generation of vapor bubbles at selective locations on the surface. These bubbles
either collapse back to the surface (as when the bulk liquid is sufficiently sub-
cooled) or detach themselves and are carried by inertial and buoyant forces into
the bulk liquid. During nucleate boiling, the heat-flux density is not directly
proportional to the driving force, as in normal convective heat transfer, but to
some power of the driving force. The heat-transfer mechanism in this regime is
not well understood and several mechanisms have been proposed. As the heat flux
density is further increased, the population of nucleating sites increases until
the growing bubbles tend to coalesce to form an unstable vapor blanket. This
point is shown by point B and is referred to as the critical heat flux density.*¥

*Numbers in superscript after names refer to reference numbers listed in Appen-
dix D.

**¥This condition is frequently referred to as the lower critical, the first cri-
sis, or the burnout point.
*x ¥ X

Manuscript released by authors on December 1, 1961, for publication as an ASD
Technical Report.
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The second regime (BC), partial-film boiling or transitional boiling, is
characterized by the existence of an unstable vapor blanket that releases great
patches of vapor at more or less regular frequencies. It is seen that the heat-
transfer rate diminishes as a result of the insulating action of the vapor. As
the temperature of the surface is increased, the heat flux is observed to pass
through a minimum. At this temperature (C), a stable vapor film covers the en-
tire surface and film boiling occurs. Heat transfer is accomplished principally
by conduction and convection through the vapor film with radiative contributions
becoming more significant as the surface temperature increases.

When ebullition is governed by the heat-flux density (electrical heating),
as opposed to control by the temperature-driving force (condensing media), it
is obvious that any increase of heat-flux density above the critical heat flux
causes the surface temperature to rise rapidly in an effort to compensate for
the decreasing coefficient. If this rise in temperature causes the surface to
exceed the melting point of the surface, the phenomenon of "burnout" occurs.
For this reason it is desirable to operate a boiling system as close to as pos-
sible, but without fear of exceeding, the critical heat-flux density.

MECHANISM OF NUCLEATE BOILING

A detailed knowledge of the heat-transfer mechanism for nucleate boiling
is very important since it presumably would permit the calculation of heat-
flux densities for various liquids at different pressures, forced convective
velocities, superheats, surface conditions, agravic conditions, etc. A con-
siderable amount of research has been performed in this area and several mech-
anisms have been suggested. In essence, however, each mechanism yet proposed
has in some way been an alteration or extension of one or more of three intrin-
sic modes of transferring heat in nucleate boiling. These modes are: (1) mi-
croconvection heat transfer; (2) latent heat transport; and (3) vapor-liquid
exchange.

(1) Microconvection heat transfer.—The rapid growth of the vapor bubble
at a nucleation site imposes a quantum of kinetic energy to the surrounding
liquid, thus accelerating the liquid to a velocity in excess of its natural
convection velocity. This pulsating action at each site creates currents in
the normally stagnant or laminar sublayer near the boiling surface.

(2) Latent heat transport.=—This mechanism is essentially the transfer
of latent heat from the boiling surface to the liquid to form and grow a vapor
bubble. Heat may be transferred through the vapor bubble by mass transfer;
i.e., some of the heat used to vaporize the liquid near the base of the vapor
bubble is carried as vapor to the bubble cap where it is transferred to the li-
gquid bulk by condensation of the vapor.

ASD TR 61-594 3



(3) Vapor-liquid exchange.=—This mechanism allows the growing, collaps-
ing, and departing vapor bubbles to act as heat pumps, first by pushing super-
heated liquid into the liquid bulk and then by allowing bulk liquid to replace
the void left by the collapsed or departed vapor bubble. As the vapor bubble
grows, it displaces the superheated liquid near the surface by pushing it into
the 1liquid bulk. When the bubble either collapses back to the surface or de-
parts from the surface, the liquid fills the void left by the vapor bubble thus
allowing large amounts of heat to be transferred at each nucleation site. The
cycle is repeated.

With the aid of photographic results, Jakob521 and later Rohsenow and
Clark??® and Gunther and Kreith 20 concluded that only microconvection could
account for the majority of the heat exchange during nucleate boiling. Ed-
wards made calculations for subcooled liquids and found that mass transfer
through a growing and collapsing vapor bubble could account for a major portion
of the heat transfer to the liquid. Forster and Greif5hu have made speculative
calculations and have concluded that "the amount of heat transferred by the 1i-
quid-vapor exchange taking place every time a bubble grows and then collapses
on, or detaches from, the heating surface is by itself sufficient to account
for the heat flux in nucleate boiling."

Treshchov,1084 Zuber,1180 and Channg2 have recently proposed mechanisms
including more than one intrinsic mode. Treshchov108u and Changl 2 have pro-
posed a nucleate boiling-heat-transfer mechanism including all three modes.
They state that at the initiation of nucleate boiling the greater part of the
heat is transmitted by microconvection, but with an increase of heat-flux den-
sity the share of heat transmitted by microconvection is decreased. In turn,
the heat transferred by the bubbles in both latent-heat and vapor-liquid ex-
change is increased to the point at which, when nucleate boiling is fully de-
veloped, all the heat is essentially transferred by the bubble. Zuber's analy-
sis is similar; however, he neglects vapor-liquid exchange.

A more recent mechanism advanced by Moore and Mesler 191 postulates micro-
layer vaporization. These‘experimenters believe that as the vapor bubble grows
on the surface it traps a very thin layer of liquid beneath it which rapidly
evaporates, transferring great quantities of heat. With the aid of a thermo-
couple which measures transient temperatures on the surface, they were able to
account for 70 to 90% of the heat transferred.

NUCLEATE-BOILING CORRELATIONS

Many investigators have suggested semi-empirical expressions relating the
heat-flux density to various properties of nucleate-boiling systems. For the
most part analysis has been made using dimensionless parameters and fitting the
various empirical constants with experimental data.
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Rohsenow95l+ proposed the following expression for pool boiling:*

0.33
EE&EEE - oo | e 80 Pr‘el'7 (1)
A ko '\ g(og-py)

where C is a constant for a particular heating surface-fluid combination. He
assumed that energy transfer occurs primarily from surface to liquid and ex-
tended the Nusselt analogy. He used bubble diameter as the characteristic sys-
tem dimension for the Nusselt and Reynolds numbers and succeeded in correlating
the data of Addoms,T Cichelli-Bonilla,'¥ and Cryder-Finalborgo.229 The above
equation expressed explicitly in q/A follows:

3 1/2
Cp, AT, 5.1 | 8leg-py)
q/A = C'ul?\.!: . PI‘I E—E—_ (2)

Application of this equation is somewhat restricted because of the need for ex-
perimental data to evaluate the constant.

Levy658 derived a general equation to represent nucleate boiling of sat-
urated liquids by postulating that as the generated bubbles attain their maxi-
mum diameter, they carry all heat transferred at the heat-transfer surface. His
expression,

" 2
1 KpCppey

S el i S (3)
B, oT5(pg-py)

Q/A = \"

is (except for secondary effects) independent of pressure and the heat surface-
liquid combination. The constant By is empirically determined and found to be

well represented by plotting it against Ap,. This relationship correlates rea-
sonably well the ethanol and normal heptane data of Cichelli—Bonillal99 and the
water data of Addoms. '

Forster and GriefBlm in their analysis decided which dimensionless parame-
ters were significant and then correlated them with experimental data. The re-
sults produced two expressions., The first utilizes a specific coefficient for
each liquid; the second expression ewploys the same constant for all liquid-
surface combinations. This permits extension to systems previously unexplored,
but some sacrifice in accuracy is inherent. This latter expression has been
shown to correlate well with the boiling data for wercury in the range 1-3 at=-
mospheres.126 For liquid-metal-boiling systems where few data are available,
the second form seems to possess greater utility. It is

*Symbols and their definitions are given in Appendix A.
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1/a 5/8
/A = k4.3 x107° 3:7117-3575 CpyTq Jﬁ] [ —} Pr, Ap° (4)
o (hoy

This equation also correlates Lyon's sodium results.696
Chang and SnyderlB5 applied dimensional analysis to the fundamental equa-
tions for motion and energy to produce parameters which characterize the nucle-
ate-boiling phenomena. The concept of a thermal-eddy diffusivity was incorpor-
ated in their analysis. The following equation, which is good for vigorous
boiling, resulted from this study:

1.4 0.4

/A = b S L 1 ep,Ta( ) AT (5)

q = x 10 (6-2)°C5 Ppls\Py-pPy W p)
%

The authors state that this expre551og is directly appliceble for liquid metals.
Comparison with the data of Bonllla supports this supposition.

61
From experiments with nonmetallic liquids, Kutateladze 7 has derived the
following:

(o)XY

7 0.5
o/a = 0.4k Prf M:l [_15_(%,_)] AT, (6)

o ( Dg-pv o}

or explicitly in q/A

4 2.33 K (p 0 ) l.87
1.17 = -
a/A = 0.76 Pr, P10 [—————l 2’ J AT 28 (7)
Moy (pg=py) o

Borishanskii and Menchenko,617 after experimenting with different liquids, con-
cluded that for ordinary liquids the power on the Prandtl number of Kutateladze's
first equation should be changed to 0.7 and the value of the coefficient changed
to 0.55. The predictions of this correlation are compared with data for magne-
sium, mercury amalgams, and sodium in a later section of this report.

Mumm805 proposed an interesting correlation that considered variations in
vapor fraction. Four dimensionless parameters were selected to characterize
the nucleate-boiling phenomena. The correlation was based on data obtained for
the water-steam system and is supposedly applicable for qualities up to MO%.

v 1.64 0.46 0.8
a/A = EJ +5x 107 <_V> XJ S.LA_J I?’Eg:] [ktﬂﬂ (8)
Vl GM\ He de

In a recent publication Changl85 employed theory developed from the Maxwell-
Boltzman distribution law to derive the following empirical expression:
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3/2 2 ! =M
POy AT, Ny (KTg) / lbn /0 o (PsfPeTy
q/A = ¢ How /2 exp |-n 3 AP KT A (9)

where m = 1 and 2 for organic and inorganic liquids respectively, and ¢ and n
represent dimensionless numbers whose values depend on the liquid and surface
conditions. The equation is valid for liquids, including liquid metals, under
the following conditions: saturated pool boiling from either rough or smooth
surfaces; saturated or subcooled forced-convection boiling from rough surfaces;
and early stages of forced-convection boiling (saturated or subcooled) from
smooth surfaces. A comparison with Lyon's data showed good agreement.

CRITICAL HEAT-FLUX CORRELATIONS

At the upper limit of the nucleate-boiling regime, sufficient nucleation
sites have become active to cover the surface. As the number of vapor columns
emanating from the surface increases, the cross-sectional area remaining for 1li-
quid flow to the surface decreases. This necessitates an increased velocity if
the liquid supply to the surface is to be replenished.

Early investigators of this type of phenomenon observed instabilities in
the system when a certain relative velocity was achieved between the two phases
in countercurrent flow. More recent theoretical attempts to relate this observed
instability in two-phase flow to the critical heat-flux limitations have aroused
much attention and have produced some encouraging results. Experimental verifi-
cation of their predictions is difficult, particularly for liquid-metal media.,
However, some burnout data for water and organics are available and have been
used to check (in part) some of the theoretical treatments. At the same time,
it has led to empirical and semi-empirical correlations for the critical flux.
Several of the more promising results are summarized along with a brief discus-
sion of the effects of pressure, velocity, and subcooling on the location of the
critical point. The effects of quality, interface conditions, and agravic con-
siderations are treated in greater detail later in the report.

Numerous analytical expressions have been derived to predict the critical
heat flux. Even though most expressions are limited to water, there are several
with presumably general application. For saturated pool boiling, Rohsenow and

Griffith?>7 have proposed the following:
6

O.
(a/Ale ~1u3g™* o\ [?%gﬁﬂ (10)

199

This correlation was compared with the data of Cichelli and Bonilla
duced approximate deviations of about *11%.

and pro-
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Considering the critical heat flux as a phenomenon governed by hydrodynamic
limitations, Kutateladze624 employed dimensional analysis to derive the rela-

tionship:
0,-0 1/4
[a/al, = Knp, [%20 <;£2 f)} (11)
Py

When compared with water and some organic liquids for saturated pool boiling,
the best value of K was found to be in the range 0.14 to 0.18. For subcooled
pool boiling, K is no longer constant but a function of the groups,

nd S
—_ 4 -
CrATgyp Py
These give rise to a new expression:
( Pyl CrgATsup
[q/A]C,Sub = [a/al, 11 + (1-n) [p—v'jl 0 (12)
When correlated with data for water, alcohol, and isococtane, Eq. (13) resulted.
p 0.8 C AT
Ly Pg8isup
[q/A]C’Sub = [q/A]C {} + 0.065 {;?] — (13)

Zuber and Tribus1175 considered the critical heat flux as a hydrodynamic
limitation arising from Taylor-Helmholtz instabilities at the vapor liquid in-
terface. Their expression,

5 ) 1/4 1/2
[q/al, = é‘%mv [_%(_pf_z‘if_)&] [ 0y } (1)

Py Pyt Py

is seen to differ slightly from Kutateladze's in the value of the constant and
includes an additional term which is near unity. For subcooled liquids, Zuber
and Tribusl? extend Eq. (14) to

. o) bl " 0 k
/Al o = 3 Tt gy PoRy(TeTy) 2+ @_E[TS-T/Z] (15)
where
) 1/2 o2 -71/4 0, 1/2
= 2x l (16)
g(p,-e,) og(p,-p,,) PP,
and
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N _ [ogleg-py) M [' Py J (17)
T o2 Py ¥Ry

This equation was compared to the critical heat flux data for water,uzo ammonia,1175
and carbon tetrachloride with fair agreement.

L
Griffith 09 has proposed an empirical equation applicable for different
levels of subcooling, force convective velocities, and pressure. It is

Pyg-p Ky \® Mo
[Q/A]c,sub = f [éi] (hv'hb) DV{< H£f>g <P£CP;> ] F (18)

where
F = 1+Re 107 + 0.014F + 5 x 107 [J Re 11/2 (19)

and
p4Cpy (T5-T},)
Py

Over 300 data points from various liquids (including water, benzene, n-heptane,
and ethane) have been correlated, with 94% of the points having less than a +33%
deviation.

At low pressures for saturated boiling, it has been experimentally shown that
as the pressure is raised the critical heat flux markedly increases.lOl’295’lO8l
Kazakova622 has experimentally determined the critical heat flux for water boiling
from flat disks. Her data indicate that the critical heat flux increases with
pressures up to 30 to 40% of the critical pressure, then slowly decreases to zero
as the pressure approaches the critical value. This behavior is in qualitative
agreement with all the equations and with most investigations reviewed.

For saturated forced convection, Aladyev et 2;.16 present data for water
with flow rate as a separate parameter showing similar behavior to that described
above. At higher flow rates the critical heat flux appeared less sensitive to
pressure changes.

Subcooling has been shown to have a greater effect at low pressures, as
demonstrated by the following relationship:

,[Q/A]c,sub > £Q/A]c,sub (21)
(a/Al, py,T (a/Al,

p2,T

where p; < po.
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Verification of this behavior is clearly shown by the data of Kutateladze and
Shneiderman,©91

For water and organic ligquids, velocity increases have been shown to in-
crease markedly the critical heat-flux density. The growing vapor bubbles on
the surface are swept away at a smaller diameter by the flowing stream, thus
permitting more nucleating sites to become active at the surface before coal-
escence results. Consequently, a greater AT is required to activate these
sites. ©Since the heat transfer coefficient would not be expected to decrease,
the critical heat flux wust increase.

Aladyev et gl,l6 found that for water at constant subcooling a change from
1 meter/sec to 2 meters/sec affected the critical heat flux insignificantly at
20 atm, but at 180 atm increased it approximately 50%. On the other hand,
Torikailo O found that for water at 1 atm and constant subcooling the critical
heat-flux density was increased as much as 50% for an increase in velocity from
1 meter/sec to 2 meters/sec. With an increase from 1.1 ft/sec to 5 ft/sec, at
constant subcooling and 16 psia, Ellion295 found that the critical heat-flux
density was increased 100%.

Many investigators have shown that subcooling increases the critical heat-
flux density abggi that in saturated boiling. In their experiments, Kutateladze
and Shneiderman have clearly shown that for pool boiling with ethanol, iscoc=-
tane, and water, at constant pressure, the critical heat-flux density increases
for a decrease in the bulk temperature.

Ellion295 found, for water flowing at 1 ft/sec, that changing from 50°F to
100°F subcooling increased the critical heat—{%ux density approximately 50%.
This behavior was confirmed by Aladyev et al.

In their derivation of Eq. (15) for subcocled boiling, Zuber et g&.ll77 ase
sumed, for subcooled pool boiling, that the same hydrodynamic behavior is ex-
hibited at the critical as for saturated bolling, but that an additional quen-
tity of energy is transferred to the subcooled liguid.

FIIM-BOILING CORRELATIONS

Unlike the forced-convection and nucleate-boiling regimes, the filw-boiling
region has been the subject of relatively few analytical studies and very few
experimental investigations. However, today's technology includes areas where
it 1s essential to transfer large quantities of heat across minimal surface
areas, thus increasing the probability of encountering this phenoménon° The
process 1s characterized physically by a layer of vapor that separates the 1i-
quid from the heat surface. The energy transfer through the vapor layer occurs
by conduction, convection, and radiation processes. At reasonable temperature
levels the attainable fluxes are substantially suppressed.

ASD TR 61-594 10



Several excellent literature surveys on film boiling have been compiled.
Drew and Mueller268 as part of a general review on boiling surveyed film-boiling
literature up to 1937. Westwater11“5 reviewed the literature on film boiling up
to 1955 and summarized the work in terms of description of photographic studies;
theoretical treatments; and experimental results where the effects of type of li-
quid, type of solid and its surface texture, geometric arrangement, pressure,
surface tension, agitation, and impurities were separately considered. McFadden
and Grosh(20,75l extended the coverage to 1959 in their review. This summary in-
cludes findings discussed in these reviews and attempts to bring the subject up
to date by including several of the more important recent contributions.

Although the first observation of the phenomenon of film boiling was wade
as early as 1746, an analytical development did not appear in the literature un-
til 1950 when Bromley‘,l5 prompted by the earlier work of Colburn, presented a
theory of stable laminar film boiling. Bromley based his derivation on Nusselt's
derivation for heat transfer during laminar-film condensation. It treated spe-
cifically free-convection film boiling on the outside of an isothermal horizontal
tube and incorporated the following assumptions: a vapor blanket exists between
the liquid and the tube wall, heat is transferred through the film by conduction
and radiation, the vapor rises due to buoyant forces, the liquid vapor interface
is smooth, viscous drag retards the rise of the vapor, the enthalpy of vaporiza-
tion is the major energy supplied to the film, the kinetic energy of the film is
negligible, the liquid is at rest and saturated, and properties may be evaluated
at an average temperature. The resulting theoretical equation is modified with
an experimentally determined constant to fit the physical situation. Bromley's
results can be expressed as

1/4

20, (0,-0, )8 'C /
n,, = 0.62 [k“’ L Pv78 p‘J (22)

d AT, Pr

where 0.62 is empirical, a compromise between O.724 and 0.512. The former value
corresponds to the situation in which the liquid is moving with the same velocity
as the vapor (hence zero sheer stress at the vapor-liquid interface), and the
second value arises where the liquid is considered to be at rest, thus producing
a large sheer stress at the interface. Bromley corrected his heat-transfer co-
efficient for radiation by assuming infinite parallel-plane-plate radiation. The
radiation coefficient was expressed as follows:

4 4
h, = g W (23)

The radiation coefficient was combined with the convection coefficient in the
following manner to obtain a total heat-transfer coefficient.

h
3 1 T 1
h = h,_ +h.|=+= (24)
co r[u L hog <2.62+hr/hco>:l
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For low wall temperatures the total coefficient was expressed as follows:

ho= hgo + 2By (25)

For vertical tubes Bromley used the same expression for the convection coeffi-
cient, but substituted the height, L, of the tube for D as the characteristic
dimension in his expression. For such small values of L that the vapor film was
laminar, this correlated the data satisfactorily. These correlations were sub-
stantiated with data teken on the following liquids: water, nitrogen, carbon
tetrachloride, absolute ethyl alcohol, benzene, diphenol oxide, and normal pen-
tane. Bromley's experimental program showed that the value of the coefficient
was independent of the physical characteristics of the liquid although his ex-
periments were limited to a rather narrow viscosity range. The physical or
chemical character of the tube or tube surface appeared to have little or no ef-
fect as long as it was fairly round and smooth. The effect of diameter was as
predicted in the equation. Total coefficients ranging from 18 to 80 Btu/hr (sq
Tt )(°F) were measured, and the following conclusions were obtained:

(1) The liquid vapor interface is substantially smooth along the bottom
two thirds of the tube except at high heat fluxes. At the top it is always un-
even due to bubble formation and departure.

(2) Heat-transfer coefficients are independent of the tube material except
for the radiation contribution.

(3) The efféct of variables such as pressure may be calculated from their
effect on the physical properties of the liquid and its vapor.

(4) A decrease in surface tension does not affect the calculated coeffi-
cients, but the minimum critical heat flux and the corresponding temperature- -
heat difference are both decreased.

(5) Film boiling persists for subcooled liquids with higher coefficients
resulting.

(6) Mercury was shown to exhibit film boiling at very low AT's. Bromley
observed that the potassium additions did not substantially affect this behavior.

(7) Heat-transfer coefficient is increased for forced convection.

S. S. Kﬂtateladze626 summarized Russian efforts in the area of filwm-boiling
heat transfer up through 1952. He considers the laminar flow of a vapor layer
along a vertical plate, assuming that all vapor moves along the heated surface.
He, too, considers the two extremes discussed by Bromley (above), and observes
that the value of the coefficient differs by a factor of 1.59 for the two ex-
tremes. For free convection he presents the following correlation for the aver-
age value of the heat-transfer coefficient:
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s “k3Cp g0 (pg-0y) M
h = B /4 ¢1/4 (26)

Pr AT L
where B = 0.436 - 0.690 and ¢ = 1 + (Cp/2\)AT. For forced flow of a liquid
such that
2ujpu
___l_!_ > 1 (27)
(0g-0y)

the differential coefficient of heat transfer during film boiling is directly
proportional to the liquid velocity. For situations in which radiative transfer
must also be considered, the following expression results for the average heat-
transfer coefficient:

1/4

no= (28)

o . [Eoaofsy 5]
3 Pry AT,L(1+y) |

where ¥ = h,./h and B' = 0.500 - 0.705. For high liquid velocities with a con-
stant ATy, the following expression correlates the average heat-transfer coef-

ficient.
Ao 1/2
TS (29)
AT, L(1+V)

As is evident, the heat-transfer coefficient for these conditions is proportional
to the square root of the liquid velocity.

Kutateladze's summary mentions the early experimental work of Styrikovich
and Semonovker,lo45 who studied the transfer of heat to boiling mercury. At
about the same time, Kutateladze and Zysina6l7 studied heat transfer to mercury
boiling under conditions of free convection. In 1947 Lukomskii 8 measured the
heat-transfer coefficient of carbon dioxide during film boiling in vertical
tubes. Experimental data for the film-boiling of water at atmospheric pressure
on a 3-mm vertical heater with a flux of 500,000 Kcal/meter?/hr produced a vapor-
film Reynold's number of 62, thus confirming the assumption of laminar flow within
the film. Pressures up to 12 atmospheres were also studied with the water sys-
tem. Equations (26) and (28) were shown to correlate the data very well. Equa-
tion (28) also does a satisfactory Jjob of correlating Bromley's data. Subcooling
is shown to increase the value of the average transfer coefficient. However,
the effect of subcooling decreases with an increase in the absolute pressure of
the system because of a decreasing density ratio.

In 1954 Ellion29? analyzed an isothermal vertical plate with laminar stable
film boiling. He made essentially the same assumptions as Bromley and arrived
at a result approximating Bromley's. This correlation was substantiated with
water data for a velocity range of 1.1-5 ft/sec, subcooling from 50 to 100°F and

ASD TR 61-594 13



pressures from 16 to 60 psia. He reports film boiling to be independent of water
pressure, velocity, and subcooling over these ranges.

Bromley156 later analyzed a case of stable laminar film boiling for an iso-
thermal horizontal cylinder for uniform, vertical, upward flow. For low water
velocities his results were the same as for free convection. For high water ve-
locities his results can be expressed as follows:

1/2
_ upAd
Nu = 2.7 ” AT]» or (30)
1/2
kup\
h o= 2.7 [d AT] (1)

This study included four different liquids with velocities up to 14 ft/sec.

In 1958 Changl86 presented his wave theory of heat transfer and film boil-
ing from both horizontal and vertical isothermal surfaces. He considered heat
transfer in both saturated and subcooled systems. He utilizes the concept of an
equivalent thermal diffusivity to produce a generalized model. He generates a
general formula for both convection and boiling. His results can be expressed
as follows:

Nu = C [PrlGr]l/a (32)

1/3

_ | elpg-oy, )18 /
B P (33)

T Hg87¢
where Yo 1s defined as follows:
AT

Vo = Sub (34)

¢ 2()\.pv+ ATprzpl)

For vertical plates the value of the exponent for the product (PrzGr) is l/br°
Chang concludes that the heat-transfer coefficient for film boiling from the
horizontal surface is in general higher than from a vertical plate. For boil-
ing from tubes the reverse is observed to be true. He suggests that the effect
of different variables be calculated from their effect on the physical proper-
ties of the liquid and vapor. Increases in pressure will increase the heat-
transfer coefficient, but not as significantly as might be anticipated because
the boiling point of the liquid will also increase with pressure. A higher wall
temperature is then required to maintain film boiling which increases the radia-
tive contribution.

McFadden and Grosh75o’75l performed an analytical study of stable, free con-
vection, laminar film boiling in which they consider transfer by conductive and

convective processes only. The boundary-layer equations were solved using trans-
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formation techniques for the following conditions: (1) compressible flow with
variable specific heat; (2) variable specific heat and density variations con-
sidered only in the evaluation of the buoyant force; and (3) the case of constant
properties. Numerical solutions were obtained for the following conditions: (1)
water at 2800 and 3100 psia with wall-to-liquid temperature differences of 250,
500, and 1000°F; (2) for fluids with Prandtl numbers of 2/3, 1 and 2; and (3) for
mercury and methanol film boiling at 1 atmosphere considering constant properties.
An approximate analysis for nonisothermal wall condition, including radiation ef-
fects, was also performed. Radiation was shown to be the controlling factor in
film boiling for high-emissivity walls at high temperatures.

The investigators concluded that for water at 2800 and 3100 psia, radiation
is of more significance than the consideration of variable properties. They sug-
gest, however, that as the critical pressure is approached, property variations
will play a more important part in film-boiling heat transfer.

A coumparison of Lyon's experimental data695’696 for the film boiling of mer=-
cury with their theoretical results yielded satisfactory agreement. McFadden and
Grosh pointed out that had Lyon chosen to measure his surface temperatures along
the bottom 2/3 of the tube, better agreement would have been achieved. Their
values for film boiling of methanol on the outside of a horizontal tube also
yielded values slightly above the experimental data of Westwater and Santan-
gelo.ll)1L Again they postulate that the surface temperatures measured were not
representative.

In 1960, Hsu and Westwater1147 proposed an approximate theory for film boil-
ing on vertical surfaces. The equation was developed for saturated liquids in
the absence of forced flow and postulated the following conditions: (1) that
vapor flow near the low end of the heating surface is viscous and Bromley's equa-
tion is applicable; (2) that turbulence develops with a local Reynolds number of
about 100; and (3) that in the turbulent region of the heating surface thermal
resistance is due entirely to the laminar sublayer. The results produced the
following equation for the Nusselt number averaged over the upper and lower por-
tions of the heating surface:

Nu = m , B3 ﬂé A (L) +(y—l*>2r/2-(i)3} (35)

3L AT, A 3 B+1/3. ¥

where Re* represents the vapor-film Reynolds number; y¥*, the critical vapor film
thickness; and A and B are functions of the system properties and Re¥*. Experimen-
tal data were obtained for five liquids, methanol, benzene, carbon tetrachloride,
nitrogen and argon. Tube lengths were varied from 2.0 to 6.% inches. Hsu and
Westwater's prediction appears to be much improved over Bromley's and Chang's,
with the results being particularly good for nitrogen and argon, both of which
have high ATs (560-780°F). For the organics with lower ATs (150-310°F) the cor-
relation is not as reliable over the AT range iﬁvestigated. The data that show

h decreasing as AT increases are characteristic of the transitional region. Data
at higher ATs, where film boiling is certain, might produce better agreement.
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As the tube lengths increase from zero, the predicted heat-transfer coefficient
passes through a minimum and then increases steadily. The winimum local heat-
transfer coefficient occurs at the point where turbulence first develops. This
value corresponds to 1.9 in. of water and about 1/2 in. for nitrogen for a AT
of TO0°F. The winimum heat-transfer coefficient averaged over the length occurs
at greater lengths, 4.8 in. for water and 2.4 in. for nitrogen for the same AT.
Bromley's equation predicts a decreasing value of h as L is increased. Increases
in AT cause increases in the average heat-transfer coefficient for water, but the
reverse is predicted for nitrogen. The Hsu-Westwater correlation produced an av-
erage deviation of about 32% for the predicted Nusselt number as compared to ex=
perimental values. This is shown to be an improvement over the predictions of
Bromley or Chang. Recently Berenson 9 developed an analytical expression for the
heat-transfer coefficient near the minimum in film pool boiling from a horizontal
surface. He utilizes Taylor=Helmholtz hydrodynamic instability to formulate a
model from which he derives the following expression for the heat-transfer coef-
ficient:

1/a

n = o.os | _Erevieg-pyle (36)

gn0
UATW —c
g(p£=pv)

A comparison of his expression with Bromley's shows that the diameter has been
replaced with

8.0
g(pg-py)

as the geometrical scale factor for horizontal surfaces.

The applicability of Berenson's expression at flu}tes substantially above
the minimum flux is questionable. Radiation effects, which the author suggests
become appreciable at temperature differences above 1000°F, and velocity effects
would both tend to produce higher values of the coefficient. Berenson's article
contains an expression for the winimum flux, which occurs at the onset of stable
filwm boiling, and also the expression for the AT at which film boiling can occur.
Experimental results obtained for normal pentane and carbon tetrachloride agree
within 10% of his theoretical predictions.

Cess and SparrowlSO investigated film boiling in forced-convection boundary-
layer flow. Their results can be expressed in the following manner:

Nu [ Yo M2 (Pn)gCp ATy /2
—_— — 1 + T —_— = 0.5 _— (57)
JRe %>[ JRe wj [QWVAPWJ

A simplified, but less accurate, expression can be obtained by ignoring the
square root bracket on the left side of the equation. It can be seen from this
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equation that the heat=-transfer coefficient is inversely proportional to the
square root of the temperature difference. Therefore; in the film-boiling re-
gime at low fluxes, g is proportional to AT to the 1/2 power, which is a smaller
AT dependence than exhibited by other convective-transfer phenomena. Cess and
Sparrow extended their analysis to include subcooled liquids. Subcooling was
shown to produce an appreciable increase in the heat-transfer coefficient. The
effect is expected to be most pronounced for low Prandtl liquids, such as metals.

Lin et §£a664 performed experimental studies with pure mercury at 1 atmos-
phere. The system was observed to enter the film-boiling regime for very low
temperature differences. As the flux increased, the coefficient was observed
to decrease. An expression h = 485Oq_0°26 correlated their data. The expe%-
imental values correlated by this equation fell about 50% above the theoretical
line corresponding to Bromley's prediction. These investigators observed that
increases in pressure changed the boiling type from film to nucleate with cor-
responding increases in both heat-flux and heat-transfer coefficient. The ex-
perimental work of Lyon with mercury systems also confirmed the tendency of mer-
cury under nonwetting conditions to exhibit film boiling at relatively low temper-
ature differences. The addition of magnesium and titanium in very small quanti-
ties was observed to promote wetting. Coefficients and fluxes characteristic of
the nucleate regime were then comparable for temperature differences. Preliminary
calculations for sodium at temperatures where conduction would be expected to pre-
dominate yielded a value for the coefficient of 43 Btu/hr ft2. This value is of
the same magnitude as that observed by Bromley with other fluids. It appears
that unless significant radiative contributions occur at higher ATs, the flux in
the film=boiling regime will remain below the critical flux for reasonable values
of AT.

Investigations to date have shed some light on the effect of certain vari-
ables. Liquids studied thus far have not indicated a radical difference for
heat-transfer coefficients in the stable film-boiling regime. The main differ-
‘ence between liquids seems to be due to differences in wettability on particular
surfaces. Film boiling will occur at smaller temperature differences for ncn-
wetting fluids. Lyon's results with mercury demonstrated this phenomenon. Sim-
ilarly, the surface from which heat is transferred has relatively little effect
on the transfer coefficient. However, it should be remembered that extreme
roughness might change the character of flow, producing changes in the coeffi-
cient. Likewise, at high temperatures the emissivity of the surface becomes
important in deﬁermining relative importance of radiative contributions. Dif-
ferences for horizontal and vertical surfaces have definitely been established.
Likewise, cylinders have been observed to yleld results differing from those ob-
tained on plane surfaces. Most investigators observe h to increase as pressure
increases. Likewise, liquid velocity increases produce increased coefficients,
according to most investigators.
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QUALITY EFFECTS IN BOILING HEAT TRANSFER

The influence of net vapor generation on the heat-transfer coefficient in
the nucleate-boiling regime parallels forced-convection effects. In the low-
quality regions the vapor phase will likely remain dispersed in the liquid ma-
trix, thus resulting in a reduction of the average fluid density. Under these
conditions slip can be considered negligible and an increase in the velocity will
occur. The film at the heating surface will remain essentially the same, except
that the boundary-layer thickness will decrease as the velocity is increased.
Eventually a velocity will be reached at which the bubbles are sheared from the
wall shortly after nucleating. At this point, the film thickness has been re-
duced to where it no longer offers the resistance to heat transfer that it would
at lower velocities. A given heat flux can be sustained at lower ATs, and hence
the surface temperature drops. This in turn deactivates sites and decreases the
vapor generation at the surface. The effect of thé growth and collapse of bub-
bles on the boundary layer becomes less significant.

Sterman and StyushinlOBO observed that the critical flux was increased by
quality increases. Their observations with isopropyl alcohol in stainless steel
tubes showed that the critical flux was always approached first in the low-
quality regions. They postulate that since bubbles are removed from the surface
at smaller diameters for increased flow rates, a greater number of sites can be
activated before the growing bubbles begin to merge and blanket the surface.
This requires a greater AT at the critical point, and hence a greater heat flux.
Mumm8o5 also observed that the heat-transfer coefficient increased with quality
for qualities ranging up to 50%. For higher values a rapid decrease in the co-
efficient was observed, with burnout resulting for qualities of about 70%. His
correlation for the Nusselt number includes quality as a parameter [see Eq. (8)].
McAdams et §£°734 and Rohsenow and Clark958 observed an increase in h with qual-
ity increases.

Most investigators agree that for qualities below 50%, improved coefficients
will be observed as ) increases. However, at higher qualities considerable dis-
agreement exists as to the exact behavior to be expected. An examination of the
flow pattern sheds some light on the heat-transfer phenomena. At low qualities
the flowing stream is essentially liquid, with vapor dispersed as a discontinu-
ous phase. At higher qualities the vapor coalesces, but liquid remains as the
continuous phase. For sufficiently high vapor velocities such annular flow even-
tually develops that vapor with dispersed liquid droplets moves along the tube
axis, while a liquid film flows along the tube wall. For liquids which wet the
surface, high heat-transfer coefficients persist in this flow regime.

Forced-convection effects have probably suppressed any surface boiling, but
the high velocity of the gas phase through the core removes all but a thin 1i-
quid film at the tube wall, thus reducing the resistance to heat transfer. Even-
tually the liquid film is reduced to a point where it is difficult to detect.
This stage is referred to as fog or mist flow. However, the surface is still
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supplied with sufficient liquid to remove the necessary heat load by vaporiza-
tion. As the quality continues to rise, a point is finally reached where in-
sufficient liquid reaches the surface to dissipate the high energy fluxes.

This "dry wall condition" results in rapid temperature increases at the surface,
and burnout occurs. Investigators refer to this type of critical condition as
two-phase burnout.

Several investigators have measured high quality heat-transfer coefficients.
McAdams et §£,754 observed for water-steam a drop in the heat-transfer coefficient
for qualities above 4LO% at 24 psi and 71 psi. Dengler255 observed three mecha-
nisms operative over the quality range he studied. At low qualities nucleate
boiling seemed to control; at higher qualities forced convection effects appeared
to dominate. For qualities from 47% (G = .171 x 108 1b/hr £t%) to 84% (G = .Okk4
x 106 lb/hr fta) sharp decreases in the heat-transfer coefficient were observed.
This phenomenon was attributed to "dry wall conditions."

Parker and Grosh853 studied the heat transfer characteristics in the mist-
flow regime for steam and water droplets moving vertically upward in a tube.
Heat flux was varied from 3,020 to 20,700 Btu/hr ft2 with inlet qualities from
89-100%. Their results showed that equilibrium was not necessarily attained be-
tween the droplets and vapor, and that considerable superheating of the vapor
was possible in the presence of droplets. They also observed the heat-transfer
coefficient to be a strong function of surface temperature. Above a certain
critical temperature, spheroidal behavior was observed with coefficients approx-
imately the same as for dry steam. Surface temperatures below this critical
produced coefficients 3 to 6 times greater than dry steam values. Flux and
quality effects on this temperature appeared interrelated. Higher qualities
and/or fluxes tend to promote the spheroidal state. Any method of directing
the dispersed liquid phase toward the walls is likely to increase the heat-
transfer coefficient in the very-high-quality regions.

Guerrieri and Talty418 have attempted to separate the mechanisms of boiling
and convection in high-quality heat transfer. They present the following expres-
sion for the two-phase heat-transfer coefficient:

0,45
Xtt,

where hy is the single-phase liquid coefficient given by the Dittus-Boelter
equation, and xtt is the Martinelli parameter. They relate boiling-film coef-
ficients when superimposed on convective effects by the following formula:

-5/9
h = 0.187 [Eaf] / (39)

where r*¥ is the radius of a minimum-sized thermodynamically stable bubble and
® 1s the laminar filwm thickness.
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These investigators, and others, concur in the conclusion that a convective
mechanism becomes controlling for high-quality systews.

AGRAVIC EFFECTS IN BOILING HEAT TRANSFER

Space applications of small nuclear reactors cooled by boiling liquid media
have necessitated a better understanding of gravity effects on the heat transfer
process. Zero gravity conditions create rather unusual conditions for processes
which function due to density differences. It becomes necessary to replace the
normal gravitational forces with others, perhaps centrifugal; which will permit
the mechanisms usually operative to function at or above their normeal efficiency.
Investigations using vortex tubes have already demonstrated tremendous increases
in the maximum heat flux that can be transferred from surfaces to fluids without
incurring burnout. A summary of the agravic work to date follows. Little has
been done experimentélly with liquid metal systems although several programs are
currently underway.

Merte and Clark766 made a study of the influence of system acceleration on
pool boiling heat transfer in saturated distilled water, at approximately atmos-
pheric pressure. The heating surface was a flat disc 3 in. in diameter, with
the acceleration vector (1-21 g's) away and normal to it. At low constant val-
ues of the heat flux, AT, .4 decreased as acceleration of the system increased.
This is attributed to the increasing contribution of natural convection with ac-
celeration. At high values of heat flux, ATg5t increased with increasing accel-
eration. Some data are presented showing the influence of subcooling with the
system under acceleration. Nonboiling data in the same range of a/g is presented.

Costello and Tuthill225 used a flat, electrically heated ribbon mounted
near the periphery of a cylinder filled with distilled water at essentially at-
mospheric pressure. The system was spun about its axis producing effective ace-
celeraticns normal to surface of a/g = 20 to a/g = 40. The heat flux varied
from g/A = 100,000 Btu/hr ft2 to 200,000 Btu/hr f+%. It was found for the giv-
en heat flux that AT g5+ increased with increasing acceleraticn, resulting in a
decrease in the "heat-transfer coefficient." This increase in ATg,+ amounted to
approximately 5=7°F for an increase in a/g from 1 to 4O.

Costello and Adams222 have measured the maximum heat flux for water from a
carbon cylinder at approximately one atmosphere for a/g from 1 to 44. The ac=-
celeration was normal to the axis of the cylinder which was electrically heated.
In other respects their test apparatus was similar to that previously reported
by Costello and Tuthill.®23 The relationship between (a¢/A)c and a/g follows the
1/4-power law for a/g in the range from 10 to 4k, Below a/g of 10 a power-law
representation between these quantities was also found, but with an exponent
somewhat less than 1/k4.
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Gambill and Greened (03972 attained a critical heat flux of 55 x 10° Btu/hr
ft2 with water flowing in a vortex in an electrically heated tube. This was at-
tributed to the effect of the centrifugal acceleration estimated to be 18,000
times normal gravity on the bubbles forming at the heating surface. However,
the contribution of forced, as well as free, convection could not be isolated.

Siegel and Usiskind97 performed a photographic study of boiling water at
one atm from several heater configurations in the absence of a gravitational
field. No attempts were made to measure heat flux or temperatures. The bub=-
bles appeared to grow and remain in the vicinity of the heating surface.

Measurements of the critical heat flux from a platinum wire 0.0453 in. in
diameter were madellO2 in saturated distilled water in various force fields of
0 = a/g £ 1. The burnout heat flux decreased with reduced force fields but
still had a finite value at a/g = 0. Measurements were also made of bubble
sizes at departure and of bubble rise velocities with reduced gravities.

Merte and Clark765 have studied the boiling of saturated liquid nitrogen
at atmospheric pressure from a l-in.-diameter sphere for standard gravity and
at near-zero gravity for 1.4 sec duration. The sphere is used as a dynamic cal-
orimeter for continuous measurements from film through nucleate boiling. In the
nucleate-boiling region, the characteristics are the same as at standard gravity,
indicating perhaps that buoyant forces play a minor role in promoting the turbu-
lence associated with boiling.

In Ref. 661 various liquid configurations, based on the principle of win-
imum energy, are presented for containers partially filled with a liquid and
subjected to zero gravity. Consideration of tank outlet vents under this con-
dition are examined. For liquids which wet the container wall, it is probable
that the final zero gravity configuration is a wetted wall with an internally
centered gas bubble. For nonwetting liquid, roughly the opposite effect is an-
ticipated.

A feasibility study was maded1l for boiling and condensing mercury with
zero gravity using parabolic flight of an aircraft. No quantitative heat trans-
fer measurements were made. The authors discuss problems regarding slug motion
of mercury in flow passages and undesired movement of condensed mercury back
into the boiler which they encountered in their study.

Reference 1095 discusses general problem areas of heat transfer, and those
anticipated in future space vehicles. Testsof the behavior of gases released
in fluids and in mercury condensing tests are described. Presentation is qual-
itative.,
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INTERFACE CONSIDERATIONS IN BOILING HEAT TRANSFER

There is a substantial agreement, in the published works on boiling, that
homogeneous nucleation, i.e., the nucleation of a bubble from within the bulk
liquid is, in general, seldom obtained,458 because the formation of a bubble
must create surface at the expense of volume-free energy. Adequate quantitative
treatments of this subject are available in the ]_J'd;erature«]-091L They show that
the superheat required to obtain a bubble by homogeneous nucleation is larger
than that obtained experimentally. The critical size of the bubble nucleus is
shown to be proportional to the liquid-vapor surface tension, and the free en-
ergy of activation to form the bubble is proportional to the surface tension
cubed. The surface tensions of liquid metals are from 4 to 200 times greater
than those of aqueous solutions and, therefore, the improbability of homogeneous
nucleation of liquid metals is even greater than that of the systems that have
received more attention.

To explain the relatively low superheats generally found in boiling sys-
tems, heterogeneous nucleation is indicated. In liquid-metal systems, the sav-
ings of energy through heterogeneous nucleation are even greater than those in
aqueous or organic systems. The essential condition for the operation of an
effective heterogeneous nucleation catalyst is that its surface be more suscept-
ible to wetting by the newborn phase than by the mother phase.lo94 In short, a
nonwetted surface would tend to promote nucleation in boiling. It is not neces-
sary that lack of wetting be general over the whole surface, but rather that
suitable specific locations, as discussed above, be provided. In the limiting
case where the surface is completely nonwettable by the liquid, the vapor film
would always exist and nucleation is unnecessary.

Unfortunately, the conditions for nucleation of the vapor bubbles and for
the prevention of filwm boiling are diametrically opposed. For easier bubble
detachment from the surface, the highest possible affinity of the liquid for
the solid and the lowest possible affinity of the vapor for the solid are de-
sired. These conditions would be met when the resultant force of the surface
stress tensor would have its component at a given location under the liquid,
pointing out of the surface, as opposed to a location under a vapor spot where
it should point into the surface (see Appendix C).

Increasing the relative preference of liquid for solid has been shown to
have the following effects on heat transfer. First, under conditions where con-
vection 1s the predominant mode of transfer, a wetted condition at the wall
gives higher heat transfer coefficients for a given A‘I‘w45 Larson bl has pos-
tulated that as the temperature differential is raised, a well-wetted surface,
as opposed to a surface not so well wetted, has a slower rate of increase of
heat flux. This would be due to the more difficult nucleation of bubbles. How=
ever, it has been shownl150 that alteration of the surface energies will prolong
the nucleate regime and give a higher critical heat flux. Russian workers6l7
have shown that additions of magnesium to mercury in controlled amounts continue
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to raise both the critical heat flux and the corresponding critical temperature
difference. Extension of the nucleate regime is to be expected from the more
favorable conditions for bubble detachment, as opposed to the spreading of the
vapor over the solid surface, which would result in the onset of film boiling.

To obtain maximum heat transfer from a surface, the following conditions
should be met by the solid-liquid combination. First, the surface should be
completely wetted by the liquid to an extent limited by loss of strength due to
stress corrosion or penetration of grain boundaries (see Appendix C). Secondly,
the surface should have a controlled amount and distribution of a very fine sec-
ond phase chosen so that the liquid does not wet it. This phase will then serve
as a nucleation catalyst. And finally, external stimuli such as the application
of elastic stress might be used to increase further the degree of heterogeneity
of the surface, allowing the more complete wetting of at least some of the grains.

SUMMARIES OF EXPERIMENTAL LIQUID-METAL-BOILING PROGRAMS

Considerable activity in liquid-metal-boiling heat transfer has taken place
during the past decade. Earlier efforts associated with the wercury boiler had
produced some results both in the United States and in Russia. However, the first
comprehensive boiling study in which other metals were considered was performed
by R. E. Lyon at The University of Michigan in 1955. Since that tiwe C. F. Bon-
illa at Columbia has performed boiling studies on mercury and sodium-potassium
systems. He has also contributed several other studies, including several
liquid-metal-condensing investigations. Several other programs during this
period have produced results which have appeared in the literature. Summaries
of these are included in the following text.

The renewed emphasis on high-flux, high-temperature heat transfer has re-
sulted in the establishment of experimental programs in laboratories throughout
the world. Table I summarizes most of these programs. ©Some are designed to
yield corrosion data and others to measure heat-transfer coefficients. Effects
of pressure, velocity, subcooling, quality, surface characteriéticsy and fluid
properties on heat-transfer characteristics are all receiving attention. Much
of this work is in its early stages, and results are still unavailable.

The summaries which follow include a description of the equipment and the
experimental procedure as well as an analysis of the results. Conflicting data
and conclusions are reported. Subsequent results will undoubtedly clarify many
of today's uncertainties.

KUTATELADZE, S. S.017

This book is a supplement to the Soviet Journal of Atomic Energy (1958) and
is devoted entirely to the problems of utilizing liquid metals as heat-transfer
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TABLE I

LIQUID-METAL EXPERIMENTAL PROGRAMS®

Organization Test Fluid Test Objective Status
Aerojet-General Nucleonics Rb, Cs Operating Loops ---
AiResearch Manufacturing Co. K Materials Fabrication
AiResearch Manufacturing Co. K O-g Boiling Exp. Fabrication
Argonne National Laboratory K Boiling Heat Transfer Design
Argonne National Laboratory Cd Boiling Heat Transfer Operation
Argonne National Laboratory Hg-No Two-Phase Studies -—-
Atomics International Na-K(78) Eeat Transfer and -

Hydraulics
Atomics International Hg Boiling Heat Transfer -—-
Atomics International Na Burnout Studies ---
Atomics International Na Condensing Studies -——
Brookhaven National Lab. K Boiling Heat Transfer -
Columbia University Na Condensing Studies -
Electro-Optical Systems, Inc. Hg Condensing O-g Studies -—-
General Electric K, Na Materials Fabrication
General Electric K, Na Heat Transfer Fabrication
General Electric K Turbine Design
Marquandt Corporation Ii --- -
The Martin Company Li Operating Loops -
MSA Na Materials Operating
NASA-Lewis Na Turbine Design
NASA-Lewis Na Turbine Fabrication
NASA-Lewis Na Pumps Fabrication
NASA=Lewis Na Boiling Heat Transfer  Fabrication
NASA-Lewis Na Condensing Studies Design
NASA -NDA K, Na Materials Design
Nuclear Develop. Corp. -- -— -
Oak Ridge National Laboratory K Boiling Heat Transfer  Operating
Pratt and Whitney Aircraft 1i, Na-K Materials Operating
Rocketdyne K Materials Operating
Sundstrand Aviation Rb Condensing Fabrication
Sundstrand Aviation Rb Boiling Fabrication
Sundstrand Aviation Rb Heat Storage Design

*From Aeronautical Systems Division, Wright-Patterson Air Force Base.
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media in nuclear power. It presumably contains all important liquid-metal heat-
transfer data collected during the previous ten years in Russia as well as some
from the United States and other countries. There are chapters covering selec=
tive liquid-metal properties, general areas of liquid-metal applicability, core-
rosion studies, and instrumentation in liquid-metal systems. The present summary
covers only that portion dealing with heat transfer of liquid metals during boil-
ing.

A discussion concerning wettability and the hydrodynamic characteristics in
vapor-liquid mixtures is given. The degree of wettability as characterized by
the premature origination of film boiling is qualitatively discussed. If the
liquid does not wet the wall of the tube, it 1s pointed out that the flow pattern
thus formed is one in which the vapor bubbles that form remain adjacent to the
wall, retard%ng the heat transfer to the liquid. ¥From an investigation by Lozh=-
kin and Krol 8 for mercury boiling in a glass tube, the fraction of the surface
covered by vapor varied from 34% to 78.5-87.5% for 10,000 Kcal/(w®)(hr) and
25,000 Keal/(w?)(hr), respectively.

Several plots are given showing the fundamental hydrodynamic characteristic
of two-phase flow as obtained by Gremilov.,uo5 The vapor fraction is shown as a
function of the ratio of the reduced vapor velocity to the convective velocity
with the Froude number (u2/d) as a parameter. A separate plot is given, correct-
ing for tube inclinations. For foreed-convective boiling Gremilov's results
clearly show that the effect on the integral hydraulic characteristics of two-
phase flow is small and that mercury-vapor systems behave much like steam-water
systems. Pressure drop may be expressed to an accuracy of +15% by the following:

fuge L Py Y
Ap = i Sl P (R g R4 (40)
2gd P/ Unm

As further proof that nonwetting metals apﬁroximate the film-boiling regime of
wetting metals, a number of investigations 05,545,591,626,685,68431044,1046 are
cited which agree with this hypothesis. It is shown from an investigation by
Lozhkin that turbulent promoters markedly improve the boiling heat-transfer
coefficient. Two tables are given comparing the heat-transfer coefficients at
three stages in the heat-transfer loop for baffled and nonbaffled flow. For ex-
ample, in boiling at 25,400 Kcal/(w2)(hr), the heat=-transfer coefficients are
470 and 5640 Kcal/(w®)(hr)(°C) for non-vortex and vortex flow, respectively.

The most significant increases were observed in the upper portion of the tubes
where boiling became more fully developed and net vapor generation resulted.

The effect of the tube diameter does not have any appreciable effect on
the nucleate-boiling regime. This has been verified for diameters up to 40 mm.

The dependence of the heat-transfer coefficient on the heat-flux density is

discussed. It is stated that when a liquid metal wets the heat-transfer surface
and the heat load is below the critical, the following equation is applicable:
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ho= ¢ (a/A)" (41)

Korneev's data5910n the boiling of a magnesium amalgam on a vertical steel tube
placed in a large volume of liquid could be correlated with this equation with n
equaling 0.59. His data also demonstrated that the above correlation was inde-
pendent of magnesium concentration over the range of .01-.0%%. However, an in-
creased magnesium concentration was observed to shift the critical flux upwards
(see Fig. 2).

Three semi-empirical equations derived from investigations with nonmetallic
liquids are compared with data on liquid wetal systems: (1) the equation of
Averin and Kruzhilin,)+5

0.7 0.333
— - — 0.5 0.5
n[ o Y2 o.a5| PyM a/A co  ATgpy(pg-oy)
el e = 0.082 Pr, AT x(psp.) > (42)
L PrPy sk\P =Py (Moy)
(2) the equation of Kutateladze,625
0.7

0.5
-4 7
. Ap107* ]
1?1[ o J - o B SS[ﬁLﬁ__| (43)

PPy - M (pg-p,)v ]

131

(3) Borishanskii's and Minchenko's alteration of Kutateladze's equation

(bh)

0.5 f‘ Ao 1072
h [ o | = 0.55 Pr§” a/hplo_

E Dg "pv_J

The eguations are compared with experimental data on magnesium-mercury, and so-
dium.623,695,696,697,698 Thne results are reproduced in Table II. It is seen
that Eq. (43) gives the best value for magnesium-mercury amalgams while Egs.
(43) and (44) show nearly equal deviations for sodium.

The data of Styrikovich, Semenovker, and Sovin1045 on heat transfer to mer-
cury during forced convection inside vertical steel tubes show an increase in h
as velocity increases and as tube diameter decreases. Their fluxes ranged from
25,000-70,000 Kcal/(m2)(hr) diameters from 21-40 mm and velocities up to 0.9
m/sec. Additional data for nonstratified flow in inclined tubes with fluxes ex-
tended to 98,000 produced coefficients up to 1100 Kcal/(m®)(hr)(°C) for nonwet-
ting mercury.

For nonstratified flow vertical and inclined tubes yield indistinguishable
values. For stratified flow a reduction is observed in the coefficient, par-
ticularly at the top of the tube. For nonwetting fluids the decrease was ob-
served to occur before boiling actually occurred, at about the point where the
wall temperature reached the saturation temperature.
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Fig. 2. Effect of magnesium concentration in mercury on the critical heat sup-
ply for boiling in a large volume (Kutateladze617).
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TABLE II

COMPARISON OF THE EXPERIMENTAL VALUES OF THE COEFFICIENT IN EQ. (41);
CALCULATED VALUES

‘ h
Pressure . g = —~
Metal (atm) Experimental q/Ao
g. (42) [Egq. (43) [Eq. (k)

Magnesium-mercury

amalgam ©1.03 3.30 2k .6 5.19 1.1
Magnesium-mercury
amalgam 10.3 [q/A < 2x107°] 4.75 27.5 6.42 1.5
Sodium 1.03  [q/A < 1x10°] 8 56.6 22.6 3,72
591,592

Korneev's data show the heat transfer coefficient of mercury as a
function of velocity with parameters of the heat-flux density at the top, middle,
and bottom of a horizontal boiling tube (see Fig. 3). As is evident from the
figure, the velocity has a pronounced effect on the coefficient at the top of
the tube. The velocity above which heat transfer in the upper portion of the
tube remains at an almost constant level is given by the following:

- o4 Nrd
u o= 22 x 1070 q/a%* a%7° n/sec (45)

where g/A is in Kcal/(w®)(hr) and d@ is in wm. The heat-transfer coefficient at
this velocity level is

h = 12 q/AO.67 U'0.13 d-O.45 (46)

for 5000 < g/A < 70,000 Kcal/(n®)(hr); 13 = d £ 40 mm, 1 <p £ 12 atm, L <u =
19 m/sec.

ryon, ®. §.092,696

Lyon was the first investigator in the United States to make an extensive
study of the heat-transfer characteristics of liquid metals in the boiling re-
gime. The metals investigated were wercury, mercury containing 0.10% sodium,
mercury containing 0.02% magnesium and 000001%'titanium, sodium, sodium-potassium
alloy (56-59 wt %K), and cadmium. Water was also boiled as a basis for compari-
son.

The experimental apparatus was constructed principally of 304 stainless
steel with a 3/k-in. (OD), 16-gauge, type-316, stainless-steel boiler tube
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five inches long. Chromel-alumel thermocouples imbedded in the wall of the heat-
ing tube measured temperatures that could be used to determine the boiling surface
temperature. An electrical resistance element inserted inside the boiler tube
supplied a heat source up to 130,000 Btu/(hr)(sq ft). All tests were performed

at atmospheric pressure under conditions of natural convection with the entire
system blanketed with nitrogen. Condensing of the bulk boiling metals was ac-
complished in an air-cooled condenser.

Before each liquid was boiled, the system was evacuated and re-pressurized
with nitrogen. A known quantity of the test metal was emitted to the boiler and
the heater element turned on and adjusted to the desired level. After steady-
state conditions had been established, the required readings were recorded.

In the analysis of the experimental error, Lyon found the probable error in
measuring the boiling surface temperature to be 3.2°F at 50,000 Btu/(hr)(sq ft),
the error from potentiometer calibrations and readings to be =0.4°F, yielding
a probable error in the temperature difference of +0.8°F; and the overall error
in computing the heat flux density to be *8% at 10,000 Btu/(hr)(sq ft) and 6%
at 100,000 Btu/(hr)(sq ft).

Figures 4, 5, and 6 show plots of the heat flux density (q/A) as a function
of the temperature difference between the bulk liquid and the heat-transfer sur-
face (AT) for all the test liquid metals. Figure 7 shows the heat=-transfer co-
efficient (h) as a function of AT. It is seen that the sodium, sodium-potassium
alloy, and mercury containing magnesium and titanium give extremely good heat-
transfer characteristics. Nucleate-boiling heat=-transfer coefficients of nearly
15,000 Btu/(hr)(sq ft)(°F) were found for both sodium boiling at 1620°F and
sodium-potassium alloy boiling at 1500°F, for a AT of less than 10°F. For wer-
cury with 0.02% magnesium and 0.0001% titanium, a heat flux of 100,000 Btu/(hr)
(sq ft) at a AT equal to 12°F was attained with no apparent indication of the
critical heat flux being reached.

Certain pertinent conclusions were drawn from the investigation. Cadmium
and pure mercury experienced only film boiling upon reaching the saturation tem-
perature. This effect was attributed to their nonwetting features. The effects
of additives in mercury are to increase the heat-transfer coefficient (in the
case of 0.10% sodium the heat-transfer coefficient reached ten times as high as
with pure mercury) because they promote wetting. Temperature fluctuations at low
heat fluxes were observed during the nucleate boiling of sodium-potassium alloy
and mercury containing magnesium and titanium, and were explained on the basis
of the high heat-transfer rates in the liquid metals.

With the exception of pure wmercury and cadmium, there was no indication that

the critical had been approached. The condensing capacity prohibited operation
with higher fluxes.
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Fig. 5. Heat flux vs. temperatur% diféf%rence for boiling
mercury with wetting agents (Lyon 95,696y
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Fig. 7. Comparison of experimental boilirég heat transfer coefficients
for water and liquid metals (Lyon, et al. 95’696) .
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BONILIA, C. F.120

Boiling of wmwercury was accomplished both with and without wetting agents.
The apparatus consisted of a horizontal heating surface of low-carbon steel fitted
with a 3-in.-0D stainless-steel tube. The upper portion of the tube served as
the condenser. The main heater consisted of a wound Nichrome strip over mica on
flat copper fins extending from the bottom of the heating surface plate. The
system was blanketed with nitrogen and was operated at pressures from 4 mm mer-
cury to 45 psia with heat-flux densities ranging from 4,000 to 200,000 Btu/(hr)
(sq ft). The boiling pool depth varied from 2 to 10 cm. At various times
0.002% magnesium and 0.0001% titanium were added to the mercury to increase its
wettability. A guard heater was used to minimize heat loss. The boiling-
surface temperature was attained by extrapclating temperatures measured by iron-
constantan thermocouples inserted in the boiling block at varied distances from
the heating surface. Bulk boiling temperatures were measured using three iron-
constantan thermocouples placed in the liquid.

The experimental procedure was quite simple. The apparatus was properly
assembled, pressurized to check for leaks, filled with wercury (and additives),
evacuated, refilled with nitrogen, and then the heater was turned on to the de-
sired level. After steady-state conditions had been reached (15 to 30 min),
the required temperature and power readings were recorded.

No mention was made of the experimental accuracy achieved in the apparatus.

Figures 8, 9, and 10 show the boiling curves for wercury boiled in 2- and
10=cm -deep pools; system pressure is the parameter. Data for each pressure run
seem to correlate reasonably well. It can be seen that the effect of pressure
diminished as the pool depth increased. It was stated that over a period of a
few weeks of constant use, film boiling was not obtained with pure mercury sys-
tems. The authors attributed this to mechanical removal of oxygen or oxide from
the surface. This may partially account for the fact that Lyon's pure wmercury
data deviate somewhat from the present data. Lyon experienced film boiling when
mercury was boiled, thus yielding a boiling curve with a negative slope and dis-
placed slightly to the right of the present data.695s69

Figure 11 shows the boiling curve for mercury with the addition of 0.02%
magnesium and 0.0001% titanium. The heat flux at constant AT is increased some
25% over that obtained by boiling pure wmercury. The agreement of Bonilla's data
with those of Lyon6959696 and Farmer88l snoula be noted.

Conclusions reached are as follows:

(1) Prolonged boiling on stainless steel promotes wetting and increases
the heat-flux density for the same temperature-driving force;

(2) Increasing the pressure of the system reduces the temperature-driving
force for the same heat-flux density;
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Fig. 8. Boiling of pure mercury 2 cm deep on a horizontal low-carbon-
steel plate; parameter: pressure over the liquid in mm Hg absolute or
in 1b/sq in. gauge (Bonillal26),

ASD TR 61-594 36



1000

—~ 3
x psig S &
o 0 é? NS
e NI AR
; 713
< 105
S i 72}./&
2 S
a{ 2/1[ A ,‘(
N %1/ %
o
<
oL LAY
Sh b Pg
\
4
IOlO 20 60 100
AT, °F
Fig. 9. Boiling of pure mercury 10 cm deep on a horizontal low-carbon-

steel plate; parameter: pressure over the liquid in mm Hg absolute or

in 1b/sq in. gauge (Bonillal26),

ASD TR 61-594

57



q/A, Btu/(hr)(sqft)
~ 4
N
N\

»*

’ |
I, /!
10 cm
----- 3.2cm -
= 2.0cm
103 | L
| 2 4 6 810 100 1000
AT, °F

Fig. 10. Effect of depth on the nucleate boiling or pure mercury on a
horizontal low-carbon-steel plate; parameter: pressure over the liquid
in mm Hg absolute (Bonillal26),
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(3) Additives in mercury promote wetting;
(4) The liquid-metal pool temperature does not change with increased depth;

(5) Different noise levels are observed for different heat-flux densities.

LIN, C., ggé;oé@*

Boiling of mercury containing magnesium was accomplished for heat loads
from 5,000 to 47,000 Kcal/(hr)(sq m) and pressures of 1 and 11 atmospheres. No
mention is made in the article of the experimental apparatus, procedure, or ex-
perimental error.

For pure mercury boiling under atmospheric conditions, the authors found
that the heat-transfer coefficient could be expressed by the following:

h = 4850 q/A"°"%° Kcal/(hr)(sq in.)(°C) (47)

For boiling pure mercury under superatmospheric pressures, the authors give the
following expression:

n = Apb q/A0-46 (48)
For the pressure interval 4-11 atm the equation gives:
h = 7p_0o29 q/AO.‘LG ()_‘_9)

This indicates that increasing the pressure lowers the heat-transfer coefficient
for pure mercury and gives a behavior different from ordinary liquids. Using
q/A = hAT and eliminating h from the above equation gives:

q/A = 37 p"OoSS? AT -85 (50)

Comparing this equation for pure mercury with the one in identical form de-
termined by Madsen and Bonilla706 for Na-K, one finds that the powers of AT and
the coefficient seem to be in accord, but the effect of pressure is inverted.
The only major difference in behavior of the two metal systems is wettability,
which, it is felt, could hardly account for this unusual behavior.

Mercury was then boiled with varied amounts of magnesium added (0.02 to

0005%). The data indicated that the heat-transfer coefficient could be repre-
sented by the formula

h = A q/a" (51)

where the constants A and n are given in Table III. It was stated that for the
same heat-flux density, 0.05% magnesium results in a heat-transfer coefficient
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15-50% higher than that for 0.02% wagnesium. Variations in wettability ac-
counted for this effect. Pressure had little or no effect on the heat-transfer
characteristics.

TABLE ITI

CONSTANTS IN EQ. (51)

Magnesium Content

(%) A B
10.02 13.7 0.43
0.05 2.43 0.63
k6

ROMIE, F. E., BRORARNEY, S. W., AND GIEDT, W. H.

Mercury with a small amount of magnesium and a trace of titanium was boiled
in a thermal-syphon-type heat-transfer loop fabricated from 7/16-in'-OD, 304
stainless steel. A lL-in. heating section made of 7/16-in.-0D, 1018 steel served
as the boiling surface. Electrical power was applied to the heating section
giving heat-flux densities as high as 600,000 Btu/(hr)(sq ft) with a 5 mole
percent vapor quality. Temperature of the heating surface was determined by
measuring the outside wall temperature with a thermocouple and equating to the
inner wall. It was found that by cleaning the surface and depositing a thin
copper layer on the inside wall that the test fluid readily wet the surface.

Experimentation was begun by completely filling the loop with wercury and
then draining out a specified amount of mercury. The pressure in the system
could be changed by simply controlling the water rate to the condenser.

The test results are reproduced in Table IV. Probable error in determin-
ing the heat flux was estimated at #20%. The exit quality of the mercury was
calculated by means of an energy balance. uring certain runs, hydrodynamic os-
cillations in the mercury flow were observed. In all cases these oscillations
could be removed either by increasing the heat-flux density and/or increasing
the pressure of the system.

Even though a heat-flux demnsity of 600,000 Btu/(hr)(sq ft) was the maximum
reached in these tests, it was ewphasized by the authors that the thermal and
hydrodynamic performance of the loop gave every indication that even higher heat-
flux densities could be achieved before reaching the critical heat-flux density.

ASD TR 61-59k4 L1



640°0 -- +9 e AN 649 S T 19 009 LT
0T"0 -- 6L 9.LL Got 9¢6 tl°0 6T 064 9T
T90°0 -- h3 9LL 89T #n2G 68°0 LT oLt a1
2¢0°0 -- 88 66L et 904 T°T HT 051 (4 HT
T00°0 -- 69 oTL ¢aT a8+h T 0T oge ¢T
-- ¢o°T -- 4,9 G¢1 ogH ¢ T -- ote AN
-- -- -- -- -- -- -- -- -- 1T
-- -- -- ¢éHh H1e Lhe -- -- L9 ot
¢T0°0 -- 00T THl 6+we c6¢ T°T 0T 094 6
-- 0T -- TOL ohe 98¢ ¢ T -- 00% 3
-- 99°1 -- 629 Tee 194 61 -- 092 L
-- 05 2 -- Lgs Tee oz 6°1 -- o¢e 9
-- QLT -- 296 Lee cée 1°1 -- 06T -
--= 02 -- H0S L1z 9¢e 0T -- 04T 1
-- Go°1 -- Q9+ 69T 2qe L9°0 -- 26 ¢
-- 912 -- 79 LT 99 62 -- e I
- - - -— - - - - - 1
(do) i, I, (09s/33) etsd 0T X
AQHOE\wHOEv ul 9esHd rdusy, ememw cMﬁprm (d,) UOTIO38 383 mmSmmmwm prmmﬂ\spmv
‘RyTTENd 0 7%5E UoTIRBRINIEBYG — ns9 USNOIYL cdwaJ, 043 99Tul 1071998 <\w uny
T .mmmq cgswﬁ opTsSul oaseaJoul - dwa, R 3e £31o0T 183, ‘xnTq 9eoH
TTeM @pTsul -3\ MOTJ

YHASNVEL LVAH NOHdAS-OWMHHI V NI SNOTLIQAY HITM AYNDIHN ONITIOE 40 SIINSHY

AT HIEVL

L2

ASD TR 61-594



AVERY, G. W ¥

The effect of the surface geometry on boiling mercury and mercury with 0.1%
sodium was studied. The experimental apparatus was similar to that used by Bon-
illa and co-workers12 and consisted principally of a horizontal low-carbon steel
boiling plate fitted with a 3-in.-diameter, 304 stainless-steel pipe 24 in. long.
The heat supply was furnished by nichrome strips wound over 15 wica insulated
copper fins brazed to the underside of the boiling plate. A guard heater and
insulation surrounded the heater arrangement. Condensing of the metallic va-
pors was accomplished in 304 stainless-steel tubing extending from the top of
the vapor chamber. For the most part, the system was operated at subatmospheric
pressures under a cover of nitrogen gas.

The experimental procedure consisted of assembling the apparatus, calibrat-
ing the vessel for heat loss, filling with 125 cc of wmercury, blanketing with
nitrogen, and then setting the heat input to the desired level. After reaching
equilibrium the required instrument readings were recorded. Upon completion of
one set of runs the vessel was disassembled and the boiling surface grooved.
This procedure was repeated.

During the course of the investigation two boiling plates were used. Data
for boiling mwercury from a smooth surface were obtained before burnout occurred.
A similar plate was used to boil mercury and wercury with sodium additions first
from a smooth surface and then from a surface milled with parallel, 0.003-in.-
wide by 0.004-in.-deep, grooves both 3/8 in. and 1/8 in. apart. A groove spac-
ing of 1/16 in. was also milled, but an equipment failure prevented obtaining
data.

Figure 12 shows the data taken. It is seen from this plot that for any
given surface, the surface geometry has a significant effect on boiling heat
transfer to mercury both with and without additives. Unfortunately, the two
different plates, despite efforts to reproduce initial surface conditions, gave
considerably different heat-transfer coefficients. The first surface gave heat-
transfer characteristics for pure mercury comparable.to those obtained from the
l/8-ino grooved surface when boiling 0.1% sodium in mercury from the second plot.
This fact leaves many questions unanswered. Tke author suggests that this wmay
be due to the differences in the wmicroscoric geometry of the surfaces.

The author concluded the following from this investigation:
(1) Heat=-transfer coefficients can be improved by grooving the surface;

(2) Nitrogen cover gas does not appreciably affect the heat-transfer char-
acteristics;

(3) "Bumping" is observed primarily during atmospheric nucleate boiling at
40,000 Btu/(hr)(sq ft) or greater;
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Fig. 12. Mercury boiling on smooth and grooved plates (Averylﬂ) .
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(4) The effect of surface grooves increases percentagewise with increasing
heat-flux density.

MADSEN, N., AND BONILLA, C. F.T00

A sodium-potassium alloy (b wt 9 potassium) was pool-boiled from a hori-
zontal low-carbon nickel plate at temperatures in the neighborhood of 1600°F and
pressures from 2 mm to 794 wm of wercury. The boiling chamber was fabricated
from a 3.068=in.-ID stainless-steel pipe with a water-cooled stainless-steel
plug at the top serving as the condensing surface and used to condense the metal
vapor.

The vessel was constructed in such a way as to allow for a minimum number
of welded joints, and hence reduce the possibility of sodium penetrating cracks
or seams in the vessel. Heat to the boiling liquid wmetal was furnished by
molybdenum resistance wire covered with alumina sleeves and wound around molyb-
denum fins brazed to the bottom of the heater plate. The entire system includ-
ing the heater enclosure was blanketed with helium gas. Tewmperatures in the
boiling plate were determined by six thermocouples inserted in holes radially
drilled and at various depths from the boiling surface; a thermocouple inserted
from the top of the boiling vessel measured liquid bulk temperatures.

After cleaning with concentrated hydrochloric acid and testing for leaks,
the vessel was calibrated for heat loss and charged with Na-K under a helium
blanket. Throughout the tests metal was maintained at a winimum of 900°F, thus
reducing heater damage. After the desired heat flux density had been attained
and steady state achieved, the necessary readings were taken.

Figure 13 shows all the experimental data taken. Even though the data are
more or less random, the authors used the method of least squares twice to ob-
tain the following empirical equation:

q/A - 15)_]_ p0.25 ATl.24 (52)

where AT is the tewperature difference between the heat-transfer surface and
the liquid free surface equilibrium tewperature. The probable error is esti-
mated at +38 or -28% of the calculated value.

For a constant heat-flux density the heat-transfer coefficient can be es-
timated by the following:

0.20

h = Cp (53)

where C is a constant.

It was found that a temperature gradient existed in the bulk liquid through-
out all runs. This presumably would account for the large temperature differ-
ences as compared to Lyon°695’696 The authors suggest that the geometry of
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Lyon's heater in a larger vessel may promote strong natural-convection currents,
thus reducing temperature gradients in the pool.

It was noticed during the investigation that the temperature on the boil-
ing plate near the surface fluctuated randomly, the amplitude of fluctuation
changing slightly with different heat-flux densities. Moreover, it was observed
that liquid-bulk temperatures and pressures fluctuated, but they were not as
significant as the surface-temperature fluctuation. Finally, at low heat-flux
densities distinct "bumps" were heard followed by a pronounced temperature drop.

TWO-PHASE FLOW REGIMES

Two-phase (gas-liquid) flow patterns have been studied by a number of in-
vestigators, most of whom have used visual means of observation. A recent lit-
erature survey on this subject is given by John H. Vohr,lll6 who presents a to-
tal reference list of 35 items.

Gas-liquid flows appear in a complex variety of forws, and visual observ-
ances have produced a wide variety of terminology. Vohr points out, however,
that observers seem to agree as to the basic types of flow patterns that occur,
although they differ in classifying subdivisions of the basic patterns. Flow
regimes are usually studied in horizontal or vertical flow. The principal dif-
ference between these two situations arises when gravity forces cannot be neg-
lected with respect to dynamic forces.

The basic horizontal flow patterns are:lll6

(1) Bubble flow, in which gas bubbles flow along with the liquid;

(2) Plug flow, in which the gas bubbles coalesce to form long gas plugs;

(3) Stratified flow, in which the gas flows in a continuous stream above
a smooth gas-liquid interface;

(4) Wavy flow, which is stratified flow with a wavy interface;

(5) Slug flow, in which periodic slugs of liquid rapidly travel the
length of the duct, leading to pulsating gas-liquid flow;

(6) Annular flow, in which liquid flows in an annulus adjacent to the
walls of the duct and the gas flows as a central core;

(7) Spray flow, in which the liquid flows as a spray carried by the gas
stream.

The following table summarizes and compares the parameters sowe investi-
gators used in correlating horizontal flow patterns. An obvious consistency in
the tabulation is that all authors reported no information concerning the depend-
ence of flow regime upon fluid physical properties.
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TABLE V

SUMMARY AND COMPARISON OF PARAMETERS USED IN
CORRELATING HORIZONTAL FLOW PATTERNS

Investigators Parameters Plotted

Alves25 Superficial gas velocity vs. superficial 1i-
quid velocity

Bergelin and Gazley95 Water rate vs. air rate, both in lb/hr

1154

White and Huntington Liquid mass velocity vs. gas mass velocity,

both in 1b/hr £t°

Johnson and Abou-SabeSZ’6 Water rate vs. air rate, both in lb/hr

Krasiakova599 Water velocity vs. air velocity
Richardsonggl Water wt. flow vs. air wt. flow, both in lb/hr
596

Kosterin studied air-water flow patterns in tubes of various diameters,
and he presented his findings in a separate plot for each tube. His plots give
some indication of the effect of pipe diameter on two-phase flow pattern. Kos-
terin stated that the transition from divided (stratified or wavy) flow to plug
flow should depend on the Froude number, ug/gD, and that the strong dispersion
of gas should depend on the Weber number, Lpuz/ogc, where L is a characteristic
length associated with bubble size.

Bakersa proposed a correlation in which the parameters attempted to account

for the effect of fluld physical properties on flow regime. His coordinates
were G/x and IAB s /G where G and L are gas and liquid mass velocities and \E

and y~ are given by
0 1/2
NI
0.075/ \62.3
/3
TR EE (——=—62°3> :l (55)
o} Py

Baker's plot is shown in Fig. 14. The plot was developed from data on air-water
systems, and the extension of the parameters A~ and WB for correlating two-phase
flow regimes in other systems needs verification.

It should be questioned whether all regime transitions depend in the same
manner on the same fluid properties. If different transitions depend on differ-
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ent sets of physical properties, each transition might have to be correlated
separately. Clearly, information on the relationship between fluid physical
properties and stability of particular flow patterns should be important in
gaining understanding of mechanics of two-phase flow regimes.

The flow-pattern plots given by various authors are dissimilar in appear-
ance, and thus are difficult to compare quantitatively. Vohr compared the cor-
relations of several observers by constructing a table, Fig. 15, in which the
flow regimes were taken for a constant liquid velocity of 0.5 ft/sec with gas
velocities ranging from 1 to 100 ft/sec.

Among those who studied vertical two-phase flow regimes were Govier, Rad-
ford, and Dunn,595 Kosterin,596 Dengler,255 and Kozlov598

Kosterin and Kozlov plotted vertical flow regimes using delivered volu-
metric gas content (Cvd) and mean mixture velocity (Vm)° Kozlov also pre-
sented mathematical expressions for regime transition boundaries based on Cyg
and the Froude number (Np or Fr).

The basic vertical flow regimes are:lll6

(1) Bubble flow, defined as for horizontal flow;

(2) Piston flow, in which gas flows up in periodic bullet-shaped slugs;

(3) A region between piston flow and fully developed annular flow in
which flow 1s agitated and complex. Some of the terms for this range
are dispersed-plug flow, emulsion flow, turbulent flow, semi-annular
Tlow;

(4) Annular flow, defined as for horizontal flow;

(5) Spray flow, defined as for horizontal flow.

Some studies have been made of flow patterns in natural-circulation boil-
ing, and the results are quite similar to those for nonboiling, vertical, two-
phase flow. Apparently no studies have been made on forced-circulation boiling
flow regimes, but these regimes are expected to differ widely from those in non-
boiling two=-phase flow due to induced agitation and rapid generation of vapor at
fluid boundaries. Vohr is commencing a visual and photograﬁhic study of flow
regimes in forced-circulation boiling. Wallis and Griffith 125 studied gas and
liquid distributions in a two-phase boiling analogy. Their results indicate
that flow patterns may be most strongly affected by bubble-formation rate, and
that nonboiling and natural-circulation boiling patterns do not apply.

No flow regime studies have been reported for two-phase flow in metallic
systems.

ASD TR 61-594 50



" (gTTTTUOA) ©95/3F G0 = A3TO0TaA Iojem

TeToTIIadns J0J sowrded uxeoqyed MOTJ I93BM-ITB® TBRUOZTJIOH “CT *STd
——— 923S/14 ‘ALID0T13A SV VI01443dNS
08 09 ov o2 ol 8 9 v 2
] | | | l [ | | |
1 1 I 1 I 1 1 ] ]
ANIWNIVHLNT ) l< (1S) VAONVISVYN
HLIM MO W4 | ONIHSVdS NMwwoos < s3198n89
€12 YR
| 9N1d | H10¥4d L
—t - —— 6€G) NI¥3 M|
MVINNNY | Hioy4d ! HLIM 907d 13100 ' 901d 13INdD ¢ ) 180
922 8'Gl I'e
| L (s8b)
— 3gvs-noayv 8
YVIONNY | HSI99N1S Q3141LvHlS | AAVM Q31411VdLS NOSNHOr
0'9¢ 22
e (b8) A3INZVO B NIN3oy38
4VIANNY | on1s
0Ll
-l - | 3314l (L¥) 8IMVE
YVINNNY | 9N1S I oN1d  -LVH1S
¢ 8l 80°'¢ 8t’|
L L. |
MVINNNY | AAVM I 9N1S 1 9n7d (€2) s3anv
G 2¢ 2'6 oe

51

ASD TR 61-594



TWO-PHASE PRESSURE DROP

The pressure drop occurring during flow of a boiling mixture includes, in
addition to the frictional loss, a loss resulting from the rate of increase of
momentum of the wixture as it flows through the tube and vaporizes. Such mo-
mentum pressure drops are often quite significant, and in order to predict them
one needs to know true gas velocity which in turn demands knowledge of vapor
volume fraction. Homogeneous flow should not be assumed.

The first significant two-phase pressure drop study in the United States
was made by Boelter and Kepnerll6 around 193%9. In 1944 Martinelli and co-
workers721 proposed a method for predicting horizontal, isothermal, two-phase
pressure drop. The Martinelli method assumes that the frictional pressure loss
is the same for each phase and is equivalent to the static pressure drop, i.e.,
momentum and head losses are neglected. The method proposes a two-phase flow
modulus y, a function of fluid properties, which is used to correlate parame-
ters @.

> _ (6P/sL)gpp 6
by = —-————(AP/AL)g (56)
2 (AP/AL)TPF

¢£ —YZ§7X£7;— (57)

where (AP/AL)TPF = two-phase frictional pressure drop and (AP/AL)g(Or g) = pres-
sure drop if gas (or liquid) phase were flowing alone in the tube.

Lockhart and Martinelli67o improved the correlation in 1949 when they
found that (AP/AL)I/(AP/AL)g = X gave considerable improvement in the @ corre-
lations. The Martinelli procedures utilize a notion of "flow type" based on
whether laminar (Re < 1000) or turbulent (Re > 2000) flow would exist if the
phase considered were flowing alone. Several attempts have been wade to im-
prove analytically the Martinelli method.92’657 Some investigators feel the
method could be improved by considering flow=-pattern effects.

Friction factor models have been proposed for both horizontal and vertical
two-phase flow. This concept was most recently used for horizontal flow by
Bertuzzi, Tek, and Poettmann.l02 The authors claim that the variables which
set the flow pattern also determine pressure drop, making possible a general-
ized solution independent of flow pattern. The development is based on a
steady-state, total-energy balance, and the two-phase "f" factor is correlated
against a two-phase Reynolds number function.

A recent approach to the problem of vertical two-phase pipe flow was given
by Ros,948 who utilized a dimensional analysis. He considered twelve independent
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variables which account for geometry, liquid and gas physical properties, flow
properties, and interactions between phases. Ros used pressure gradient and li-
quid holdup as dependent variables, and he arrived at the following dimension-
less groups:¥

Diameter influence number Ng = 4d JB;E;:;
Relative roughness ¢/D

Pipe inclination 1)

Gas-liquid density ratio Ny = pg/pl
Liquid viscosity=-influence number Ny = uy %ﬂ;&iﬁﬁ;
Gas viscosity-influence number Ng = Ug ﬁfé7;;;§
Liquid velocity=-influence number N = Vg %ﬁ;;za;
Gas-liquid velocity ratio R = ng/Vsz

Wall contact angle e
Dimensionless-pressure gradient (dependent) G = (1/pyg)(dP/dL)
Vsl and ng are superficial velocities.

By assumptions, Ros eliminated certain groups, and his experimental work
was comprised of 4000 data runs which yielded 20,000 experimental points. His
correlations for frictional-pressure gradient and liquid holdup involve a rather
large number of constants which are related to the dimensionless groups. The
prediction of pressure drop and liquid holdup by this method gives strong con-
sideration to three flow regimes: 1liquid phase continuous, gas phase continu-
ous, and alternating phases. The method gives impressive accuracy, the standard
deviation between measured and predicted values in the three regimes being 3, 10,
and 8%, respectively.

Ros's treatment is most significant in that he has used dimensionless parame-
ters involving fluid physical properties, and that predictions of pressure drop
depends on nature of the flow.

In 1948 Martinelli and Nelson 20 proposed a procedure for calculating
pressure drop during forced-circulation of boiling water. The correlation is
based on few data, but it represents one of the few attempts to estimate two-

*Dimensionless groups given here are not to be confused with nomenclature in
Appendix A.
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phase pressure drop in situations where quality varies with flow length. The

¢ and x values from the previous correlations, 70,721 derived from air-water
data, were assumed valid for boiling water. The @'s were corrected in order to
have proper empirical dependence on pressure, and working charts are given which
can be used (with caution) in determining frictional and momentum pressure drops
for flow of boiling water.

Soviet investigators have been interested in two-phase flow in boiling sys-
tems. Armand?® correlated the ratio of two-phase pressure gradient to the li=-
quid-pressure gradient as a function of volumetric steam content. He considered
the ratio of volumetric steam content to fraction of pipe cross=-section occupied
by steam as a parameter. Bankoff 9 Gemonstrated the relationship between this
parameter, the volume fraction, and the slip ratio. This relationship when com-
bined with the void fraction and density ratio yields the quality which then al-
lows prediction of pressure drop.

Two-phase pressure drop data for metallic systems are not available in the
literature. In an AEC report14 the authors derive a pressure drop equation in
which they account for hydrostatic, friction, and acceleration losses. For
friction losses they use the Lockhart-Martinelli-multiplier, modified for the
mercury system at saturation temperatures. No data are given.

Kutateladze et gl.6l7 report the results of Lozhkin, Krol, and Gremilov,
who studied two-phase mercury flow. They report that wetting has negligible
effect on two-phase mercury flow systems, and they propose the following equa-

tion for pressure drop.
fusz ov\ v
AP = 1+ -—) = 8
ot [ p-2 Vz] (58)

No supporting data are given.

REMARKS ON TWO-PHASE METALLIC FLOW

Because the literature gives no information on two-phase flow behavior of
metallic media, investigators and designers are compelled to extrapolate exist=-
ing correlations (derived almost exclusively from air-water and steam-water
data) for problems in metal flow. The reliability of such extrapolations has
yet to be established.

Parameters involving physical properties will probably characterize flow
regimes and also pressure-drop behavior. Ros's work in vertical two-phase flow
is a clear illustration of the importance of physical properties. Experimentally,
it would be desirable to approximate two-phase metallic flow by use of a more
easily handled agqueous system. The physical properties of the steam-water sys-
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tem have been compared with those for the sodium and potassium systems on a basis
of reduced temperature. For the density and viscosity of sodium vapor and wa-
ter vapor, the properties are of the same order of magnitude-—indeed, nearly
equal—over a T, range of 0.5 to 0.7. Liquid phase densities and viscosities
also show an encouraging agreement over the same reduced temperature range. The
meager amount of data for potassium also shows a favorable comparison with water-
steam properties, although the applicable Tr range is not yet adequately known.
Surface tensions for these three substances are of the same order of magnitude.

The above-mentioned correspondence in physical properties between water
and two alkali metals, although preliminary, indicates that extrapolation of
water-steam pressure drop methods to sodium and potassium systems may be valid.
The Martinelli-Nelson method for forced-circulation boiling pressure drop has
been used for sodium calculations on a reduced-pressure basis. The results can-
not be substantiated because of lack of data, but using the method on a reduced-
property basis is believed to give the best predictions currently possible.

There is disagreement in the literature as to whether a significant rela-
tionship exists between two-phase pressure drop and flow regimes. Recent in-
vestigations indicate that pressure drop depends on flow pattern, but this area
needs further work. Data definitely are needed for metallic systems.

Two-phase flow data are sparse for forced-circulation bolling, and none is
available presently for metallic systems. Work is being conducted in this area
at the Argonne National Laboratory. Lunde69l cites an instance where pressure-
drop data provided the best basis for a quantitative estimation of heat trans-
fer to liquids in an atomized state. Thus, the ability to accurately predict two-
phase flow behavior should be a decided help in designing boiling heat=-exchange
systems.
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NOMENCLATURE

Acceleration (Lt=2)¥

Area (12); parameter defined in Eq. (35)

Area of interface between phases -8 (LZ)
Parameter defined in Eq. (35)

Parameter defined by Eq. (3)

Constant

Heat capacity (I5t207™")

Volumetric gas content (dimensionless fraction)
Diameter (L)

Coefficient of resistance (dimensionless)

Helmholtz free energy per volume for phase & and B, re-
spectively (mt=2L"%)

Helwholtz specific free energy (IL8t72)

Froude number (dimensionless)

Total Helmholtz free energy (mL?t™2)

Acceleration of gravity (Lt™2)

Gravitational conversion constant (32.17 ft/sec?)
Surface-stress tensor (mt'gL;l)

Mass flowrate (mL'Et'l); dimensionless pressure gradient
Grashof number, L3gBAT/v® (dimensionless)

Heat-transfer coefficient (mt~26~")

*Dimensions are given in the following system:
m = mass, L = length, t = time, & = temperature.
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q, a/A

Re
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Local convection heat-transfer coefficient based on con-
duction (mt~2671)

Local convection heat-transfer coefficient based on radi-
ation (mt=2@-1)

Enthalpy (mL2t~2)
-27
Planck's constant (6.624 x 10 erg-sec)
Defined by Eq. (20)
- -3, -1
Thermal conductivity (mIt™~ @ ~)

6

Boltzmann's constant (1.38 x 10°%® erg deg™'); constant de-

fined by Eq. (11)

Length (L); liquid mass flow rate (wL™2t™%)

Critical height of viscous-flow section of heat source (L)
Constant defined in Eq. (9)

Constant defined in Eq. (9)

Avogardro's number (6.023 x 10°2 molecules/mole)

Nusselt number, hL/k (dimensionless

Total moles of component i

Moles of component i in & and B phases, respectively

-1, -2
Pressure (uL %)

-1 -2
Pressure drop (mL t )

Pressure gradient and local pressure gradient, respec-
tively (mL'et'e)

Prandtl number, Cpu/k (dimensionless)
Heat-flux density (mt~3)
Radius (L)

Reynolds number, de/p (dimensionless)
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AT

ATsub
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Vapor-film Reynolds number (dimensionless)
Temperature (O)
Temperature difference (©)

Temperature difference between saturated vepor and bulk
liquid temperature (8)

Velocity (Lt™%)

Volume of phase O and B, respectively (L3)
Mean mixture velocity (Lt-l)

Superficial gas velocity (tx~%)
Superficial liquid velocity (1t™t)

Vapor quality (fractional, dimensionless); (aP/aL),/
(aP/aL)g

Critical vapor film thickness (L)

Thermal diffusivity, k/Cp p (Lgt-l)

Constant; volumetric coefficient of expansion (=)
Defined in Eq. (C=-3)

Boundary-layer thickness (L)

Denotes unit matrix

Emissivity, strain (dimensionless)

Contact angle (dimensionless)

Latent heat (Lt™%)

Latent heat using arithmetic mean vapor conditions (Lt'g)
Defined by Eq. (17)

Defined by Eq. (54)

Viscosity (mL™*t™")
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Chemical potential of component i (I5t™%)

: . ) 2, -1
Kinematic viscosity (L5t ")
3.1416 (dimensionless)

-3

Density (mL™ )
Surface tension (mt~%)
Stefan-Boltzmann constant (5.672 x 10™° erg cm “deg *sec™ )
Defined by Eq. (16)

Constant defined by Eq. (26); pipe inclination angle (di-
mensionless); Martinelli two-phase flow correlation parame-
ter [see Egs. (56) and (57))

Martinelli's two-phase flow modulus
Defined by Eq. (55)

Defined by Eq. (34)

Denotes condition

Bulk

Critical; horizontal cylinder
Equivalent

Change from; liquid to gas
Gas

Liquid

Mean

Saturated; solid
subcooled

Vapor

Wall

1,2,3

1,2

Two-phase frictional
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SUPPLEMENTARY DISCUSSION OF INTERFACE CONSIDERATIONS

Interfaces, whether liquid-vapor, solid-liquid, or solid-vapor are inher-
ently very difficult to reproduce. Therefore, a major problem is encountered
in the interpretation of experimental data where surface considerations are im-
portant. These difficulties often cause seemingly contradictory statements to
be made concerning the effects of surface conditions on experimental results.
The cause of the difficulties can be appreciated if the details of an interface
are examined.

The simplest type of surface is that between a liquid and its vapor. Such
a surface is very nearly smooth except when examined on the scale of atomic di-
mensions. Its energy and state-of-stress can be characterized by a single par-
ameter dependent only on temperature, pressure, and composition of the liquid
phase. This paraweter, called the "surface tension" to be defined more specif-
ically, can be directly measured. Interfaces involving a solid phase in contact
with either a liquid or a vapor are by no means as simple. The geometrical sur-
face is, even after very careful preparation, quite rough. The finest surface
finishes on solids still give peak to valley roughness of from 2 to 5 micro-
inches. In addition the solid is in general not homogeneous; that is, it will
consist of grains each having different properties and property variations in
different directions. In metals the very high affinity between the solid and
ever present contaminants causes some degree of surface contamination. This
contamination ranges from very lightly held, physically absorbed molecules to
thin oxide layers. For most metals of engineering importance, the oxygen pres-
sure necessary to avoid some form of oxygen contamination is far lower than the
best obtainable vacuum. Thus, even with carefully cleaned surfaces the inter-
face is generally covered with an oxygen-rich layer, on top of which is found a
more weakly adsorbed stratum of other polar molecules.

The energies associated with metallic interfaces are in general wuch larger
than those found for other types of materials such as organics and aqueous base
solutions. The surface tensions of liquid metals range from several hundred to
several thousand dynes/cm as compared to water with about T0 dynes/em. The
higher wvalues of interfacial energy give rise to several problems since these
energies can most easily be lowered by absorbing small amounts of a variety of
elements present in the environment. This lowering of energy can take place
rapidly or over a long period. It is often possible to replace one contaminant
layer with another. The replacement may be accomplished by dissolution (atom-
by-atom removal) or, in some cases by a tunneling of a liquid phase under a su-
perficial oxide layer.

The above behavior has been summarized by Bikerman and is an excellent re-
view of the technical literature.
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Before discussing the specific effects of surface parameters on the bolling
process, a short review of surface thermodynamics is in order. Much of the lit-
erature on boiling makes use of thermodynamic concepts used in situations where
they need not apply. This is particularly the case for the so-called "contact
angle." Most standard treatments of surface thermodynamics are evolved in terms
of the "surface tension." Such treatments are quite adequate for liquid-vapor
or liquid-liquid interfaces, but entirely inappropriate for interfaces involv=
ing solids. A rather complete discussion of this point is given by Herring.u58
In the case of interfaces involving a solid there are three distinct gquantities
that should be differentiated. The first is the Helmholtz specific free energy.
It is defined in Eq. (C-1).

s FL oo v% L yPeP

° = (C-1)
Aa_B

where FT is the total Helmholtz free energy of the system comprised of phases

O and B, and Va, VB are the volumes of the respective phases; fa, P are the Helm-
holtz free energies per unit volume; and Aa-B is the area of the interface be-
tween the two phases.

The second quantity which is called, somewhat reluctantly, "surface tension"
is defined in Eq. .(C-2).

o = fg - ; T (c-2)
1

where pi is the chemical potential of component i and I' is the "surface excess"
defined by Eq. (C-3).

T :
MMM (c-3)

where N? is the total number of moles of component i, and N%, N? are respectively
the moles of i in the alpha and beta phases.

The third quantity is the surface-stress tensor g, where the individual
components are forces per unit length acting at the surface and arising due to
the presence of the surface. The surface stress for solids 1s not equal to the
surface tension, as has been shown by Herring458 and Shuttleworth.99> The two
quantities are related by Eq. (C~k).

gy = 00, + 550 (C-4)

where p =1, 2, 33 v=1, 2, and 8, 1s a unit watrix. In general, an inter-
face involving a solid will have a component of surface stress (tension or
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compression) acting in the plane of the surface, a shear component acting in the
plane of the surface, as well as a component acting normal to the surface. This
set of surface forces is illustrated in Fig. C-1. These forces vary in magni-
tude with direction in an individual grain, and from grain to grain across a me-
tallic surface. For the special case of a liquid-vapor or a liquid-liquid inter-
face, the surface stress tensor can be represented with a single tension com-
ponent. The second term of Eq. (C-4) is zero, since, upon stretching, the in-
terface extends itself not by altering the relative density of atoms in the sur-
face, but by causing new atoms to come into the surface from the bulk liquid.

In such a case the surface stress is indeed numerically equal to the surface
tension as defined in Eq. (C-2), and it is quite appropriate to interchange the
concepts of force per unit length and free energy per unit area. It is inter-
esting to note that, even in this case, o is not generally equal to fs, the spe-
cific surface free energy. The two differ by the right-hand term of Eg. (c-2),
which is zero only for one choice in the physical location of the dividing sur-
face.

Recent workuB5 has shown that the surface tension and the surface stress
are functions of the elastic strain in a solid metal adjoining either a vapor
or a liquid interface. When one analyzes the condition of adherence or spread-
ing of a liquid on a polycrystalline solid the conditions on any individual
grain are determined by the orientation of the crystallographic axis with re-
spect to the surface area, the orientation of the area with respect to an ex-
ternal coordinate system, and the direction of all of the individual applied
or induced strain components existing in the solid. Thus, the degree of macro-
scopic wetting of the surface is not truly indicative of the local conditions
of wetting, which are much wore appropriate in any discussion of nucleation.

Macroscopic contact angles are customarily defined in terms of the surface
tensions. Such considerations lead to the often quoted equations for contact
angle. These relations presume complete thermodynamic equilibrium. In partic-
ular, surfaces involved must be capable of migrating freely under the surface
forces. In most cases o is assumed to be independent of crystallographic or-
ientation. Drops or bubbles in contact with solids virtually never come to
complete equilibrium, as can be shown from the lack of balance of the vertical
components of the "vectors" shown in Fig. C-1.

On the other hand, the equilibrium of surface forces acting at the junction
of a mobile phase boundary (e.g., vapor-liquid on solid), is mechanical in na-
ture and does not depend on the establishment of complete thermodynamic equilib-
rium. Thus, conditions for the movement of the phase boundaries shown in Fig.
C-1 and the local contact angle are dependent on the existing state of balance
of the sum of the components of the surface-stress tensor on the solid on either
side of the liquid-vapor surface. At present there is no known experimental
method for measuring directly the components of the surface stress tensor. How-
ever, it is possible to measure the change of the value in these components as
the crystal is strained. Thus, it is found that a solid surface has a set of
elastic moduli closely analogous to the elasticity coefficients for the bulk
phase but differing markedly in value.
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Figure C-1 has been drawn to indicate schematically the various types of
behavior to be found when a vapor and a liquid is in contact with a solid crys-
talline substance such as a metal. The first feature is physical roughness.

The second feature shows the possible presence of film or absorbed surface con-
taminance. It should be noted that almost all metals contain second phases in-
troduced either from impurities or in many cases as a desirable feature of the
metallic structure. ©Such phases are often present as extremely fine particles.
They are often nonmetallic in character such as oxides or sulfides, and exhibit
widely different surface characteristics than the parent metallic phase. The
individual grains comprising the geometric surface will, in general, present a
variety of crystallographic orientations to the environment. The grain bound-
aries between these grains will also have varying energies due to the mismatch
differences exhibited from place to place across the surface. Surface damage in
the form of deep recesses such as shown in Fig. C-1 are also common occurrences.
They often contain minute particles of phases of nonmetallic character, i.e.,
dirt, oxide particles, etc.

For many considerations the features illustrated in Fig. C-1 are of no
practical significance. When considering processes such as the nucleation of
a new phase, however, the very nature of the process demands that attention be
given to the conditions that exist on a very local scale. For example, the
critical size required to nucleate bubbles is of the order of 1 micron, which
is in general small compared to the grain size of most metals. Thus, the de-
gree of wetting at individual locations on the surface is far more important
than the degree of wetting of the gross surface.

The picture of a metallic surface that has been involved above then shows
the surface conditions at any given time to be locally determined by the sur-
face properties of the individual grains and minor phases as well as the bulk
properties of the individual phases and the liquid or vapor. All these proper-
ties are, of course, functions of temperature, state-of-stress, and the usual
composition variables. The effect of temperature may be particularly marked
because heating of the metallic surface will in general cause changes in all
the strain components in the individual grains due to thermal expansion. One
must then think of the metallic surface as an aggregate of tiny areas displaying
varying affinity for the liquid or the vapor, depending on the local magnitude
of the components surface-stress tensor. That the various crystalline phases
have different affinities for the liquid and the vapor has been demonstrated
experimentallyeu58 Experiments at The University of Michigan o1 have shown
that elastic straining in the solid can also influence the macroscopic constant.
The above ideas are quite consistent with the bulk of experimental findings on
boiling heat transfer which indicate nucleation occurring at highly selective
points with more and more additional points being activated as the temperature
is raised. However, only in poorly wetting liquids will vapor trapped in sur-
face cavities account for the nucleation phenomenon. In systems completely
wetted by a liquid, such vapor would be excluded from the cavity walls by the
intrusion of liquid.
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There is another limitation in attempting to characterize the behavior of
liquid-solid systems in boiling by use of a macroscopic contact angle; namely,
that for many instances no such angle exists. The relationship between the
three surface tensions and the macroscopic contact is often given as in Eq.

(C-5):

cos @ = Us-v = 9Y-s (C-5)

Ig-v

However, a contact angle, 6, exists only for a special range of values of the
surface tensions. In the case where,

(c-6)

® is zero and complete spreading occurs over the macroscopic surface. No fur-
ther information can be obtained about the relative magnitudes of the three in-
terfacial tensions. However, it is quite possible to have two systems, the
first having the left side of Eq. (C-6) only slightly larger than oy.y; and
the second having the left-hand memwber much larger than oy_,. In the second
case, the relative preference of the liquid for the solid as opposed to the li-
quid for the vapor is much larger and could hardly be expected to behave in a
similar fashion with respect to nucleation and bubble growth. In fact, the
lowering of ojy.g, that is, increasing the preference of liquid for solid might
be expected to influence not only nucleation characteristics at the solid sur-
face, but the transfer of heat across the solid surface to the liquid.

The case of complete spreading of a liquid metal on a solid metal is much
more common than with organic or aqueous phases on solid metals. This spreading
can in general be achieved by additives or other methods that influence one or
all of the surface tensions. Quite commonly an additive to the liquid phase is
made which exhibits quite strong bonding tendencies for the solid. Such an addi-
tive can decrease o0y_g without substantially affecting the other two values. In
liquid metals such a procedure has distinct limitations. There is, indeed, an-
other condition of spreading, that is, the spreading of the liquid metal along
the grain boundaries of the solid metal which can result in complete deteriora-
tion or catastrophic fracture of the solid. The equilibrium condition for this
spreading is that oj.g be less than twice the grain-boundary energy opy. Thus,
the liquid-solid surface tension cannot be lowered without limit, without facing
the consequences of complete grain-boundary penetration. Of course, such pene-
tration is again a local affair, that is, the grain boundaries with the highest
energies are those which fulfill the necessary conditions for a given liquid-
solid energy. In this respect, certain heat-treatment steps can be taken in
order to insure that the grain boundaries present in the solid are at relatively
low energies. Metals that have undergone annealing tend to eliminate most of
the high-energy grain boundaries. There are numerous examples of grain-boundary
penetration by liquid metals. Among them are lithium on aluminum alloys, wmer-
cury on brasses, and bismuth on pure copper.
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Another distressing factor associated with fully wetted metallic surfaces
is the ability of the liquid to promote catastrophic fracture of the solid at
low stress levels. Such ewbrittlement by liquid metals has been widely studied
in recent years. As an example, copper at 650°F is in air a ductile material
having a fracture strength exceeding 48,000 psi. When copper at the same tem-
perature is immersed in liquid lead which only partially wets it, the fracture
strength drops to 45,000 psi. As bismuth is added to the lead, the fracture
strength and ductility drop rapidly. In pure bismuth the fracture strength is
approximately 7,000 psi and the ductility is substantially zero. ©Siwmilar losses
of strength are encountered in many other solid-liquid metal combinations. 1In
general the greater is the wetting tendency of the liquid for the solid, the
greater influence will be exerted on the fracture strength.
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The compilation resulted from a thorough review of the Nuclear Science Ab-
stract, Liquid Metal Abstracts, Technical Translations, numerous literature re-
views on boiling and two-phase flow, and all the prominent heat-transfer periodi-
cals. Articles pertaining to boiling heat transfer, two-phase flow, liquid-metal
heat transfer, liquid-metal circulating systems and related problems, and physical

properties of liquid-metal media have been included.
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PT 1a CEP 'SYMPOSIUM SERIES 1957 ( ALSO REACTOR HEAT TRANSFER
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: KAPL-M-5SD=46  FEB 194 1957

146 |

BRADFUTEs JeOe AN, EVALUATION OF MERCURY COOLED BREFDER REACTORS.
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CHANGs Yo o HEAT TRANSFER AND CRITICAL CONDITIONS IN NUCLEATE BOILING OF
SUBCOOLED AND FLOWING LIQUIDS TID- 604) 1960

183
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N TRANS AM INST CHEM ENGRS 41s 194

200
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CUNNINGHAMs JoEes RESISTANCE OF METALLIC MATERIALS TO CORROSION ATTACK BY
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JAN 15 TO FEB 15y 1952 » DC=52~2-24s ES-582-783
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AT PRESSURE FROM 500~3000 POUNDSe T ASME 653 1943

243

DAVISs Es HEAT TRANSFER TO PRESSURE DROP IN ANNULI o ASME 65, 1943

244 .

DAVISS EeJes ET Ales HEAT TRANSFER AND PRESSURE DROP FOR HIGH QUALITY
STEAM=WATER MIXTURES FLOWING IN.A HORIZONTALsRECTANGULAR DUCTsHEATED
ON ONE SIDEe U OF WASHINGTONs 1960
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DAVIS; Mes ET ALs COMPATIBILITY OF <-ACTOR MATERIALS TN FLOWING SODIUM
A/CONFe0e15/P/25

246 .

DAVISs SeHe NUMERICAL MATHEMATICAL ANALYSISe CHEM ENG 67s AUG 8y 1960

247

DAYs ReBes ET ALs TESTING AND EXAMINATION OF THERMAL CONVECTION LOOPS
OPERATED WITH LITHIUM AND LEADs Y-F31=4 AUG 20s 1951

248

DEANS ReBe THE FORMATION OF BUBBLESs J APPL PHYS 15, 1944

249

DEBORTOLIs ReAs DEPARTURE FROM NUCLEATE BOILING TESTS AT 2000 PSIA ON
RECTANGULAR CHANNELS WITH A FLUX PEAK IN THE CORNERS WAPD=AD=TH=529
JUNEs 1959

250

DERORTOLIs ReAes ET ALs ATMOSPHERIC PRESSURE FREE CONVECTION BURNOUT TESTS
OCTs 19564  WAPD=TH=229

251 '

DEBORTOLIs ReAss ET ALs FORCED CONVECTION HEAT TRANSFER BURNOUT STUDIES
FOR WATER IN RECTANGULAR CHANNELS AND ROUND TUBES AT PRESSURES ABOVE
500 PSIAs  NAPD-188  0OCTs 1958

252

DEBORTOLIs ReAss ET ALs INVESTIGATION OF BURNOUT HEAT FLUXe
WESTINGHOUSE ATOMIC POWER DIVe  ALSO TID=7529 (PTe 1)

253

DEISSLERs ReDe ANALYSIS OF FULLY DEVELOPED TURBULENT HEAT TRANSFER AT
LOW PECLET NUMBERS IN SMOOTH TURES WITH APPLICATION TO LIQUID METALS
NACA-RM=ES2F05  AUG 1ls 1952

254

DEISSLERs ReGe HEAT TRANSFER AND FRICTION FOR FLUIDS FLOWING OVER SURFACES

u AT HIGH TEMPERATURES AND HIGH VELOCITIESs J HEAT TRANS 8le FEBs 1959

255

DENGLERs CeEe HEAT TRANSFER AND PRESSURE DROP FOR EVAPORATION OF WATER IN
A VERTICAL TUBEs THESIS IN CHEM ENGe Me Is Te 1952 ALSO CHEM ENG
PROG SYM SER 52 1956

256 ‘

DENSITY TRANSIENTS IN BOILING LIQUID SYSTEMSs INTERIM REPORTs AECU=2169

~ JULYs 1952

257

DERGARABEDIANs Pe OBSERVATIONS ON BUBBLE GROWTHS IN VARIOUS SUPERHEATED
LIQUIDSs J FLUID MECH 95 1960

258

DEGARABEDIANs Pe THE RATE OF GROWTH OF VAPOR BUBBLES IN SUPERHEATED

, WATERes J APP MECH 20 1953

259

DERYUGINs VeMes ET ALy HEAT TRANSFER DURING TRANSITION FLOW OF LIQUID

o) METALS IN PIPES INZHENER-FIZ ZHUR AKAD NAUK BELORUS SSR 293=18(1959)

2

DEWEESs NeBse DESIGN OF LIQUID COOLANT PUMPSs DESIGN REPORT 22463-D2 PARTS
1 AND 24 NEPA-1855 APRIL 30s 1951

&GEE& DeAes ET ALs BURNOUT HEAT FLUX IN A RECTANGULAR CHANNEL.
JANe1956  BMI=1065
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267

DISKINDs Tew LT AL RASTC SEUDTES TN HEAT TRANSFER AND FLUID FLOW
TiD=6035 1960

263

DONALDs MeBes EI Ais THE MECHANISM OF THE TRANSITION FROM NUCLEATE TO
FILM BOILINGe CHEM ENG SCI 8 1958

264 .

DOODYs TeCes ET ALs HEAT TRANSFER COEFFICIENTS FOR LIQUID MERCURY AND

DILUTE SOLUTIONS OF 30DIUM IN MERCURY IN FORCED CONVECTIONS

. CHEM ENG PROG oYM SER 493 NO 54 1953

2685 ' .

DOUGLASS TeBes ET ALs HEAT CAPACITY OF LIQUID MERCURY BETWEEN O AND 450C
CALCULATION OF CERTAIN THERMODYNAMIC PROPERTIES OF THE SATURATED
LIQUID AND VAPORs Je¢ RESEARCH NATL BUR STANDARDS 46s APRs 1951

266 ‘ | | _

DOUGLASs TeBes ET ALs THE HEAT CAPACITY OF LITHIUM FROM 25 TO 900Cs THE

HEAT OF FUSION AND THE TRIPLE POINTs THERMODYNAMIC PROPERTIES OF THE

A SOLID AND LIQUIDe NBS=2879 OCT 164 1953

267 '

DOUGLASs TeBé SPECIFIC HEATS OF L1QUIDS OF LIQUID METALS AND LIQUID SALTS.
FIRST NUCLEAR ENGIN AND SCIENCE CONGRESS 1s 1957

268 ' :

DREWs Tes ET ALs BOILINGe TRANS AM INST CHEM ENG 235 1937

269

DROPKINS Des ET AlLs EFFECT OF SPIN ON NATURAL CONVECTION IN MERCURY HEATED
FROM BELOWe J APPL PHYS 304 NOie 1959

DUDEK@ ReFos ET ALs THE CORROSION TESTING OF VARIOUS MATERIALS IN SODIUMs
1957¢ BW=7020
271

DUKLER$AsEe sETeALes  CHARACTERISTICS OF FLOW IN FALLING LIQUID FILMS,
CHEMeENGePROGe 484 557 (1952!

279

DUKLERS$AeEe FLUID MECHANICS AND HEAT TRANSFER iN VERTICAL FALLING.FILM

~ SYSTEMS ASME ATCHE THIRD MATL HEAT TRANSFER CONFERENCE AUGE$1959

273

DUNNs PesSes ET AlLs STUDY OF HEAT TRANSFER FROM ‘A HORIZONTAL METAL SURFACE

; 10 BOILING LIQUIDe Ms THESIS MeleTe 1931

274

DUNN&N@@ EselLe THE THERMODYNAMIC AND TRANSPORY PROPERTIES OF SODIUM AND
SODIUM VAPORs ANL=6246  OCTs 1960

278 :

DUNSKUSs TeBés ET AL o9 TRACE ADDITIVES IN BOILING LIQUIDSe UNIVERSITY OF

. ILLINOIS 1950

276 ‘

DURANT S WoSesET Als ROUGHENING OF HEAT , TRANSFER SURFACES AS A METHOD OF
INCREASTNb THE HEAT FLUX AT BURNOUT CP=38¢ JULYs 1959

DURHAMQNOC»@ SYMPOSIUM PROCEEDING ON THE CHEMISTRY OF SOLID SURFACESS HELD
AT DUKE UNiVs BD-235207 MARCH 26 - 275 1958
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278

DURKANs FePe RADIOLYTIC: GAS BUBBLES IMPROVE CONVECTIVE HEAT TRANSFER IN
SUPOs NUCLEONICS 133 NO 5¢ 1955

279

DVORAKs Ae PROBLEMS OF CORRODING STRUCTURAL MATERIALS BY LIQUID METALSe

~ JULY 11y 1961 AD=259=250

280 ‘

DVORAKs Ae¢ THE LIQUID METAL CORROSION PROBLEMS JADERNA ENERGIE 6 (IN CZECH
19606 AKIMOV STATE UNIVs PRAGUE

281

DWYERs OsEss ET ALs HEAT TRANSFER RATES FOR CROSSFLOW OF WATER THROUGH A
TUBE BANK AT HIGH REYNOLDS NUMBERSe NOVs 1952, BNL=203

282

DWYERs OeEe HEAT EXCHANGE IN LMF POWER REACTOR SYSTEMSs NUCLEONICS 124
JULYs 1954

283 _ : . |

DZHANDAVAs Se Ges FORMATION OF STEAM BUBBLES IN HEATING SURFACES.

| DOKL AKAD NAUK SsSR 70s 1950

284 '

DZHANDAVA s S& Ges INVESTIGATION OF THE FORMATION OF BUBBLES AND OF THE

« SUPERHEATs DOK AK NAUK SSSR 73s NO 3¢ 1950

285 L L

ECKERTs EeReGes ET ALs HEAT TRANSFERe IND ENG CHEM 49s MARCHs 1957

286 A i

ECKERTs EeReGes ET ALy HEAT TRANSFERs 1IEC 519 MARs 1959

287 | |

ECKERTs FeReGes ETeALe HEAT TRANSFER 1EC 52s327-39(APRe 1960}

288

EDMONSONs ReBss ET ALy EXPERIMENTAL STUDIES ON HEAT TRANSFER AND FLUID
FLOW SYSTEMSe AEC~AE=30 OCT =~ DECs 1956

289

EDWARDSs De Kes HEAT TRANSFER IN LOW PRANDTL NUMBER FLOWS WITH VARIABLE
THERMAL PROPERTIES AM ROCKET SOC J 31 MAY 1961

290 _

EDWARDSs DeKe THE ROLE OF INTERPHASE MASS TRANSFER IN THE MECHANISM OF
NUCLEATE BOILINGs MS THESIS UNIV OF CAL (BERKELEY) 1956

291

EGENs ReEes ET ALs VAPOR FORMATION AND BEHAVIOR IN BOILING HEAT TRANSFER
BMt=-1163 FEB 49 1957

292

EGGLETONs Pe BOILING AND BUBBLINGs CHEM PRODUCTS 8. 1945

293

EICHELBERGERsReLe RECENT INFORMATION ON MODERATOR SHEATH CORROSION IN
LIQUID SODIUMs BNL~489 NOVs 1957

294

ELDREDs VeWe INTERACTION BETWEEN SOLID AND LIQUID METALS AND ALLOYS
AERE~INF/BIB=102 1953

295

ELLIONs MeEe A STUDY OF THE MECHANISM OF BOILING HEAT TRANSFERe
| JPL=MEMO=~20~88 MARCHjs 1954

296

ELLIONS MeEes ET ALs EXPERIMENTAL STUDIES ON HEAT TRANSFER AND FLUID FLOW
SYSTEMSé AGC=1310=3  JAN = MARs 1957

ASD TR 61-594 98



297

ELLISs AeTe OBSERVATIONS ON CAVITATION BUBBLE COLLAP3Es AD-7615 1952

298

ELLISs JeFe A DATA SHEET FOR LITHIUMe 19584 AD=212-943

299 :

ELRODs EeGes ET ALy ERCSION AND HEAT TRANSFER WITH MOLTEN LITHIUMs FINAL
REPORT FOR JAN 1y 1950 TO APR 30s 1951e NEPA=1837

300

ELRODs HeGe TURBULENT HEAT TRANSFER IN POLYGONAL FLOW SECTIONSs
~ NDA=10-74

301

ELSERsDes HEAT TRANSFER MEASUREMENTS WITH MERCURYs$AEC~-TR=2016 1948

302 ‘ .
EMMERSONs GeSe HEAT TRANSMISSION WITH BOILINGe NUCLEAR ENG 5 NOVs 1960
303

ENGLISHs Des ET ALs BOILING AND DENSIT? STUDIES AT ATMOSPHERIC PRESSURE
AERE~-ED/M=20 1955

304

ENGLISHs Des ET ALs HEAT TRANSFER PROPERTIES OF MERCURYs AERE=-E/R=547
JUNEs 1950

305 '

ENGLISHo ReEés ET ALs A 205000 KILOWATT NUCLEAR TURBOELECTRIC POWER SUPPLY
4 FOR MANNED SPACE VEHICLESs MAR$ 19594 NASA=MEMQ-2-20-59E
306

EPSTEINS LeFe AN OBJECTIVE STUDY OF BARRIER MATERALS FOR NA=H20 SYSTEMS

. KAPL=-M-LFE=-16 NOV 174 1955

307 ‘

EPSTEINs LeFes ET ALy HEAT TRANSFER AND BURNOUT AT HIGH SUBCRITICAL

‘ PRESSURESe BMI=1116  JULY 20s 1956

308

EPSTEINY LeFes ET ALs PROBLEMS IN THE USE OF MOLTEN SODIUM AS A HEAT TRANS
FER FLUIDs PARTS I AND Ile TID=2501(DELe¢)s KAPL=139% AND KAPL=~362
JULYs 1948 = JANs 1951

309 '

EPSTEINs LeFe STATIC AND DYNAMIC CORROSION AND MASS TRANSFER IN LIQUID

" METAL SYSTEMSe CHEM ENG PROGR 534 SYM SER NO 204 1957

316

EREMENKOs VeNes ET ALs WETTING THE SURFACE OF HIGH MELTING ALLOYS WITH
LIQUID METALSe KIEV VYD=-vVO AN VKRAYINS KOYI RSRe 1958

311

EROSION AND HEAT TRANSFER WITH LIQUID METALSs PROGRESS REPORT Vs APR 16
TO MAY 17s 19508 NEPA=1423

317

ERVINs Ge LITERATURE SURVEY ON PROPERTIES OF SODIUM VAPORe SEPTs 1959
NAA=SR=MEMO~4417

313

EUCKENs Aes ENERGY AND MATERIAL EXCHANGE ON BOUNDARY SURFACESS
NATURWISSESCHAFTEN 25 209~218s 1937

314 ,

EUROLAs AeTe  ON THE MEASUREMENT OF THE DYNAMIC PROPERTIES OF THE STEAM

| VOID FRACTION IN BOILING WATER CHANNELSe ANL=-6369  JUNEs 1961

315 |

EVANSs JeWe LIQUIDS METALSs NUCLEAR ENG 43 FEBs 1959

316

EVANSs WeHes ET ALs THERMODYNAMIC PROPERTIES OF THE ALKALI METALSe
U S NAT BUREAU OF STANDARDSs JOUR OF RESEARCH 554 NO 24 1955
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317

EVERSOLESY WeGes ET Als RAPID FORMATION OF GAS PUBBLFES IN LIQUIDSs IND ENG
CHEM 33y 1941

318

EWINGs CeTes ET ALs THE MEASUREMENT OF THE PHYSICAL AND CHEMICAL PROPERTY
OF THE SODIUM POTASSIUM ALLOYs SEPTs 1946s PB=129268

319" .

EWINGs CeTes ET ALs . THERMAL CONDUCTIVITY OF LIQUID SODIUM AND POTASSIUM
J AM CHEM 7&4s JAN 5y 1952

326 '

FALETTIs De Wes ET AlLes TWO~PHASE CRITICAL FLOW OF STEAM=WATER MIXTURESs
U OF WASHINGTONs 1959

321

FANEUFFs CeEe sET ALs SOME ASPECTS OF SURFACE BOILINGS
J APPL PHYS 29s JAN 1958

322

FARBERs EsAe FREE CONVECTION HEAT TRANSFER FROM ELECTRICALLY HEATED WIRESs
J APP PHY 22s 1951

323

FARBERS EsAe HEAT TRANSFER TO WATER BOILING UNDER PRESSURE

A TRANS AM $O0C MECH ENG 705 1948
32

FASTOVSKIYs VeGes ET ALey BOILING OF FREON-11s METHYLENE CHLORIDE AND
BENZENE IN A HORIZONTAL TUBEs TEPLOENERGETIKA 5 NO 2 » 1958

325

FEDYNSKIYo O0eSe THE INFLUENCE OF THE THERMO PHYSICAL PROPERTIES OF THE
HEAT CARRIERS ON HEAT TRANSFER UNDER NATURAL CONVECTIONs MAYs 1960
RTS=1434, TECH TRANS

326

FILATKINs V., HEAT EXCHANGE DURING THE ROILING OF AN AMMONIA~WATER
SOLUTIONe KHOL TEKH 34 NO 4 23=29 0OCT=DECes 1957

327

FIREYs JoCae “10 Al PRiasURe OROP ANMO COTTTOAL FVLOY 200 STEAMN WATER
MIXTURESe 1957 FL-4T7681]

328

FIRMAN’ EeCe ET Al EXPERIENCE OBTAINED ON A LIQUID sODIUM HEAT TRANSFER

| RIGs AERE=R/R=2190  AUGUSTs 1957

329 '

FIRSTENBERG» Hes Ke GOLDMANs ET ALs COMPILATION OF EXPERIMENTAL FORCED-CON

' VECTION QUALITY BURNOUT DATA WITH REYNOLDS NUMBER: NDA-2131-16

330 .

FIRTZs Wes ET ALs STUDY OF EVAPORATION PROCESSES BY MEANS OF CINE RECORDS
OF VAPOR BUBBLESe PHYS ZEIT 37. 1936

331

FISHERs EeSes ET ALs SILICONIZING OF METALS IN LIQUID NA=Ke 1957,
TID=7526

332

FISHERs ReWes ET ALs HIGH TEMPERATURE LOOP FOR CIRCULATING LIQUID METALS.
CHEM ENG PROG SYM SER 53s NO 20e 1957

333
FLAs De POWER REACTOR TECHNOLOGYs TECH PROG REVIEWS 24 1959
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334

FOGLIAY JeJes ET ALs BOILING WATER VOID DISTRIBUTION AND SLIP RATIO IN
HEATED CHANNELSe MAYs 1961 BMI~1517

335 '

FOHRMAN sMe Jo THE EFFECT OF THE L1QUID VISCOSITY IN TWO PHASEs TWO COMPONENT
FLOWe NOVs 1960s ANL=6256

336 ‘

FOLTZs Helaes ET ALy HEAT TRANSFER RATES TO BOILING FREON 114 IN VERTICAL

_ COPPER TUBESe CEP 54 NO 10s 0CT4 1958

337

FOLTZy HelLes ET ALs HEAT TRANSFER RATES TO BOILING FREON 114 IN VERTICAL

| COPPER TUBESs CEP 55s SYM SER NO29s 79=864 1959

338

FOLTZs Heles ET ALs TWO PHASE FLOW RATES AND PRESSURE DROPS IN PARALLEL

, TUBESe CHEM ENG PROG SYM SER 563 NO 30+ 1960

339

FORSTERs HaKes ET ALes HEAT CONDUCTION IN A MOVING MEDIUM AND ITS

APPLICATION TO LIQUID VAPOR SYSTEMs PRESENTED AT AICHE MEETINGS

j NEW ORLEANSs LOUISIANAs MAY 29 1956

344 '

FORSTERs HeKes ET ALs' DYNAMICS OF VAPOR BUBBLES AND BOILING HEAT TRANSFER
AeleCHeEe JOURNAL 19 DECs 1955

341 ‘

FORSTER9 HeKes ET AlLs GROWTH OF A VAPOR BUBBLE IN A SUPERHEATED L1QUID
J APPL PHYS 255 Apaa 1954

342

FORSTERY HeKe ON THE CONDUCTION OF HEAT INTO A GROWING VAPOR BUBBLE

: ' XPPL PHYS 25 AUGs 1954

343

FORSTERQ Ke CALCULATION OF HEAT FLUX. IN SUPERHEATED L1QUIDSs REPs NO 5963
DEP OF ENGs U OF CAL IN LOS ANGELESe 1959

344

FORSTERs Kes ET AlLes HEAT TRANSFER TO A BOILING LIQUID === MECHANISM

) AND CORRELATIONSs ASME J HEAT TRANSFER 81 P 37 1959 [ ALSO Ascu3843)
45 '

FORSTERs Ke HEAT CONDUCTION IN A LIQUID WITH EVAPORATION ON A BOUNDARYq
; REP NO 59-634 PART 2 OF PROGRESS REPORTe DEP OF ENGs U OF CALs Le Ae
46

FORTESLUEg Pe ELECTROMAGNETIC PUMPSs NUC ENG 43 JULY THRU SEPTS 1959

347 ‘

FORTIERs ReEe  HNPF SODIUM SYSTEMs STATIC AND DYNAMIC PERFORMANCE
AUG 3% 1961  NAA=SR=~M=5979

348 |

FORTIERs ReEd HNPE SODIUM SYSTEM 1HX FREQUENCY RESPONSE e MARCH 274 1961

AAméR&Mu5980

349 ‘

kQ855¢ AePes ET ALes HEAT TRANSFER MEANSe JULY 114 1961

35 ‘ ‘

FRASSS AePs . FLOW STABILITY IN HEAT TRANSFER MATRICES UNDER BOILING
CONDITIONSs CF=59=11-1 NOV 13 1959

351

FRANK » Ses Jo JICHAS AND Ms NORIA« LOCAL BOILING HEAT TRANSFER TESTS4
siQGLE T?BE HEAT TRANSFER AND PRESSURE DROP TESTSs MND=M-1857
MAYs 196

ASD TR 61-504 0L



352 , ’

FRASERs JePe "' CORRELATION OF FRICTION COEFFICIENT WITH SURFACE ROUGHNESS
GEOMETRYs KAPL=2000~10

353

FRASERs JePes ET ALs TURBULENT FREE CONVECTION HEAT TRANSFER RATES IN A

HORIZONTAL PIPEs KAPL-1494 FEB 289 1956

354 ‘

FRASERs JePe¢ LUMPED METAL HEAT CAPACITYye KAPL=-M=RES=29 JULY 169 1956

355

FRENKELs Jes KINETIC THEORY OF LIQUIDS ¢ OXFORD { ENG ) CLARENDON PRESS
1946

356

FRENKELs IAe Ies ET ALes BOILNG OF GAS-FILLED LIQUID, ZHUR TEKG FIZ 22
NO 9 1500~1505 SEPT 1952
357
FRIEDs Le PRESSURE DROP AND HEAT TRANSFER FOR TWO PHASEs TWO COMPONENT
FLOWs CHEM ENG PROG SYM SER 5Dy NO 9
358
FRIEDLANDs Ae Jes» ET ALes HEAT TRANSFER TO MERCURY IN PARALLEL FLOW
THROUGH BUNDLES OF CIRCULAR RODS
PREPRINT 1961 INTERNATIONAL HEAT TRANSFER CONFERENCE PART 3 ASME
359
FROSTs BeRsTes ET AL LIQUID METAL TECHNOLOGYs A/CONF415/P/270
360 , x ,
FROSTs BeReTe THE WETTING OF SOLIDS BY LIQUID METALSe ATOMICS 8% OCTs 1957
361 ,
FRUMKINs Ae PHENOMENA OF WETTING AND THE ADHESION OF BUBBLES.
ACTA PHYSICOHIM (URSS) 9+ 1938
362
FUKATs Yes ET ALs CALCULATIONS OF FLUX DISTRIBUTIONS IN A BOILING WATER
REACTORs NUCLEAR SCI AND ENG 63 OCTs 1959
363
GAERTNERs ReFesET ALs NOVEL METHOD FOR DETERMINING NUCLEATE BOILING SITES
CEP$55sN0 10+58=61s OCTs 1959
364
GALSONs AeEes STEAM SLIP AND BURNOUT IN BULK SYSTEM, GEAP=1076 JUNE 5 57
365
GAMBILLs WeRe A PRELIMINARY STUDY OF BOILING BURNOUT HEAT FLUXES FOR
WATER IN VORTEX FLOWe CF-58-4-56 APRIL 12y 1958
366
GAMBILLsWeRe ET ALss A STUDY OF BURNOUT HEAT FLUXES ASSOCe WITH FORCED
CONVECTIONs SUBCOOLEDs AND BULK NUCLEATE BOILING OF WATER IN
SOURCE=VORTEX FLOWs CF=57-10-118%
367
GAMBILLs WeRes ET ALs HFIR HEAT TRANSFER STUDIES OF TURBULENT WATER
“ FLOW IN THIN RECTANGULAR CHANNELSs  ORNL=3079
368
GAMBILLS We Rés ET ALes AN EVALUATION OF THE PRESENT STATUS OF SWIRL~FLOW
| HEAT TRANSFER CF=61-4-61 APR 24 1961
369
GAMBILL9s WeRes ET AL o9 BOILING LIQUID-METAL HEAT TRANSFER SPACE-NUCLEAR
574 CONFERENCE MAY 3-5 1961 AMERICAN ROCKET SOCIETY ORNL

GAMBILLS We Res ET Ales gothNG BURNOUT WITH H20(WATER) IN VORTEX FLOW
CHEM ENG PROG 54 10 64~76 1958
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371

GAMBILLS WeRes ET ALs BURNOUT HEAT FLUXES FOR LOW=PRESSURE WATER IN
NATURAL CIRCULATIONe DEC 204 1960  ORNL=3026

372

GAMBILLS WeRe HEAT TRANSFERs BURNOUTS AND PRESSURE DROP FOR WATER IN SWIRL

“ FLOW THROUGH TUBES WITH INTERNAL TWISTED TAPES¢ ORNL=2911é 1960

373 ‘ ‘

GARLIDs Kes NéRs AMUNDSON AND HeSeé ISBINe A THEORETICAL STUDY OF THE
TRAN$IEN1 OPERATION AND STABiLITY OF TWO=PHASE NATURAL CIRCULATION

. LOOPS« NL-6381 JUNES 196

374 ,

GARYs ET ALs INEXPENSIVE WAY TQ CONTR?L OXYGEN IN NA HEAT TRANSFER

. SYSTEMSe NUCLEONTCS 149 OCT$ 195

375 )

GASSERS E<Re OPERATIONAL PERFORMANCE OF MAGNETIC FLOW METERS ON A SODIUM
COOLED REACTOR AECU~3853 1957

376 '

GEGUZINs IAe Ees INVESTIGATION OF CERTALN PHYSICAL PROCESSES OCCURRING

ON METAL SURFACES AT HIGH TEMPe I« NATURAL ROUGHNESS OF POLYCRYSTAL

SURFACEs 1ZV AN SSSR OTD TEKH NAUK 108=118 JAN 1956

377 '

GELMAN #Leled HEAT TRANSFER DURING.DROP,CONDENSATION OF MERCURY VAPOR.
TEPLOENERGETIKA 5 NO 3 47=50 MAR 1958

378

GELPERIN #Neleés ET ALss DETERMINATION OF HEAT=- TRANSFER COEFFICIENTS BETWEEN
EONDENSING VAPORS AN? krauros. TRUDY MITKT 1M Me¢Ve LOMONOSOVA
05

18=26 1955 BST
379
GILLéiw. ¢9 ET ALes MASS TRANSFER IN L1QUID L1 AND OTHER MEDIAs SYRACUSE U
96
380 '

GILMORE4 Fas:THE DYNAMECS OF CONDENSATION AND VAPORIZATIONs THESIS
CALIF INST TECH 1951

381 | |

GILMOURs CeHs NUCLEAR BOILING A CORRELATION) CEP 544 NO 104 OCTs 1958

382

GfASSTONE Sé QUARTERLY STATUS REPORT ON LAMPRE PROGRAM FOR THE PERIOD

 ENDING MAY 205 1960 LAMS-2438

2813

GL SbTONE; Se QUARTERLY STATUS REPORT ON LAMPRE PROGRAM FOR PERIOD ENDING
AUG 205 604  LAMS=2462

384

GLEIMS Ve Ges ET AlLes PHENOMENA OCCURRING AT THE PHASE BOUNDARIES OF
BOTLING SOLUTIONS « ZHUR PRIKL KHIM 31 NO 1 32-37 JAN 1957

385

GLEIM $Ve Ge RATIONAL PROCESS OF BOILINA OF SOLUT1ONS AND FACTORS OF
1TS DETERMINATION ZHUR PRIKL KHIM 26 1157~1165 1953

386

GOLDMAN3Ke ET Ales BURNOUT IN TURBULENT FLOW = A DROPLET DIFFUSION MODELe
PRESENTED AT THE 1960 ASME=AICHE HEAT TRANSFER CONFe BUFFALOs NeYe

387

GOLDMANS Ke IMP OVED HEAT TRANSFER BY APPLICATION OF CENTRIFUGAL FORCES
. DA=2-=79 JUNE 254 1958

388 ‘

GOLDMANS Ke SPECTAL HEAT TRANSFER PHENOMENA FOR SUPERCRITICAL FLUIDS
NDA 2=-31 1956
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389
GOLDSTEINs MeBs AND MoeEe LAPIDESs HEAT TRANSFER SOURCE FILE DATA. APEX-425
GeEs COes ATOMIC PRODUCTS DIVs AITRCRAFT NUCLEAR PROD DEPT.

SEPTs 1957

390 '

GOODMANs Eeles ET AlLs THE DESTGN AND CONSTRUCTION OF /4 1051 L.ONP FOR THE
STUDY OF AN ELECTROMAGNETIC PUMP AND FLOWMETER ON LIFHIUM SYSTEMS.
SEPTs 1950e AECU=3622

391

GOSEs EsEes ET AlLes HEAT TRANSFER TO LI1QUID WITH GAS INJECTION THROUGH THE
BOUNDARY LAYERs U OF CALIF. PAPER PRESENTED AT AICHE MEXICO CITY
MEETINGs JUNE 1960 '

399

GOULARDs R» LIEBMANNS HEAT TRANSFER METHOD IN AEROTHERMOCHEMISTRY.

PURDUE RES FOUNDATIONe RES PROJ NO 1717« REP NO A=59-5¢ 1959

3913 ;

GOUSEsSeWeDESIGN OF A TEST SECTION FOR LOOP 1sBOILING HEAT TRANSFER
STUDIESe NOVe 1960 NAA~SR=M=5651

394

GOUSEs SeWe MEFTHODS OF MEASURING VOID FRACIIONS NAA=~SR~MEMO=5597
SEPT 2%, 1960

3965 : :

GOVIERs GeWesET ALes THE UPWARDS VERTICAL FLOW OF AIR~WATER MIXTURES)
EFFECT OF AIR AND WATER RATES ON FLOW RATTERNQ HOLD=UP AND
PRESSURE DROPe THE CANADIAN JOURNe OF CHEMe ENGe 58=70s AUGs 1957

394 \

GRACHEV$ NeSes AND PelLe KIRILOVs  EXPERIMENTAL DETERMINATION OF POTASSIUM

~ VAPOR PRESSURE IN THE 550-1280 C TEMPERATURE RANGEs  AD-260-009

397 3

GRASSs Ges ET ALs SYSTEMATIC EXAMINATION OF THE HEAT TRANSFER AND
RESISTANCE TO FLOW OF FINNED TUBESs 1959 BISITS-1382 TECH TRANS

398

GRASSMANS Pe MASS AND HEAT TRANSFER BETWEEN TWO FLUID PHASES. 1959
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kivs. WeMe AN INVESTIGATION OF THE EFFECT OF FIN SPACING ON THE
PERFORMANCE OF LOUVERED PLATE AND FIN HEAT EXCHANGE SURFACES.
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KA7AKOVAs Ees THE PHYSICS OF POILING « TFKH MOL 23 NO & 16 APR 1955

562 |
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AUGUST 1s 1954

564 '
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s - PREPRINT 1961 INTERNATIONAL HEAT TRANSFER CONFERENCE PART 2 ASME

68
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570

KHOLODOVSKIs Ges Ees NEW METHOD FOR CORRELATING EXPERIMENTAL DATA FOR THE
FLOW OF STEAM=WATER MIXTURES IN VERTICAL PIPEsTEPLOENERGETIKAs VOL4s
NOe7s 19573 Pe68=T72,

571 | , |
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576
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