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HEAT TRANSFER COTFFICINNTS FOR CONDENSATION OF LIQUID
METAL VAPORS INSIDE A VERTICAL TUBE

INTRODUCTION

Liquid metal technology 1s beconing an increasingly
1mpertgnt branch of engineering scilence and practice.
High thermal conductivities and desirable fluid properties
coupled with low vapor pressures, make liquid metals an
ideal heat transfer medium at high temperatures. One
of the first applications of 1liguid metals was the use of
godium as a static velve coolant in aircraft engines.
Today various liguld metals find use in many phases er
industry. Of particular importance is the use of liquid
metals as a nuclear reactor coolsnt, and, in some cases,
 as a combination coolant and fuel carriers

Natural and forced convection heat transfer with
liguid metals has been studied extensively (8)s Boiling
heat transfer has been studied by Lyon, Foust, and Katz
(10 and 5, p. 85-55). The systems most frequently
studied are mercury, sodium, potassium, sodium-potassium
mixtures, cadmium, and the lead-bismuth eutectic. Very
little experimental data exists for heat transfer by
condensation of metal vapors (12, ps. 7=-21). 4s materials
of construction become more reliable, higher temperatures
ﬁill be reached and the importance of condensing heat

transfer will grow.
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The Nusselt relationship, equation (1), has been
used sucessfully for predicting condensing eaarficianta,
for filmwise condensation of non-metalic vapors. The
condensing coefficients which have been obtained experi-
mentally on liquid metal vapors are much lower than those
predicted by the Nusselt equation. This investigation
was initiated to obtain more information on the conden-
sation of liquid metal vapors.

The work included a stﬁﬁy of mercury, merecury with
0+3% sodium, mercury with 1.0% sodium, and cadmium.
Water was used to'datermino if the apparatus operated
correctly. The condensing coefficients obtained for the
mercury were in accordance with the values obtained by
Misra and Bonilla (12, p. 17) on an air cooled condenser.
The heat transfer coefficients obtained for the sodium-
mereury amalgams were no different than the pure mercury
coefficients. This would indicate that the sodium at
the normal boiling point of mercury (675°F) is not vola-
tile enough to cause a difference in the condensing
conditions inside the tower or that low concentrations
of sodium have no effect on the condensing characteris-
ties. The déta obtained for the cddmium was found to
be not much different from the mercury data and again

in poor agreement with the Nusselt relationship.


http:Nus.se.lt

The apparatus consisted of a small boiler with a
reflux condenser. The boiler was surrounded with a guarﬁ
heater and the heat for vaporization was supplied by a
central silicon carbide heater. There was an access line
for filling the apparatus; this line was also used for
the evacuation of the apparatus. Temperature measure-
ments were taken at several points along the reflux
tower and there was a means by which the vapor tempera-
ture was measured both in the boiler and tower vapor
space. The latter was accomplished by thermocouple wells
that extended into the vapor spaces. Power was measured
by wattmeters. Type 304 stainless steel was used through-

out the whole apparatus.



REVIEW OF LITERAIURE

Theoretical Consideraiious

The theoretical Nusselt relation for heat conduction
through a condensate film for condemsation on & vertical

surface is given by the egquation (11, p. 331}):

n = ﬁh%‘é%{%}%* sonnsesnil)

There are a number of assumptions made in the derivation
of t&is reletion thet wake it diffiecult to apply in an
actual situetion. The eccndensate film is considered to
be of uniform thickness throughout the area of consider-
ation; the flow of the condensate is considered to be
laminar and without irregularities in the line of flow,
The flow is considered to be due to gravity effects only.
Probably the most importent assumption ls that the con-
ﬂaﬁ@afi@n takes place entirely by a filmwise process,
and that the film completely wets the surface. It is
further assumed that the film temperature is uniform
throughout the length of the surface and that the temper-
ature gradlent through the condensate film is linear.

Dropwise condensation takes place wihen the condensing
surface is not wetted by the condensate or is conteaminated
either by chance or by the use of a promoter which does

not allow the condensate to wet the surface. It has‘kaaa

*% nomenclature section Gerining tnese symbols &ppears on
page 48.


http:entire.ly

5
found that values of the condensing coefficient are some-
what higher for dropwise than for filmwisa‘ean&anaatiﬁna
The liquid forms a contact angle with the surface (mea-
sured tangent to the bottom edge of the drop through the

"liquid). If this angle is less than 50° the drops do not
spread evenly and the surface area becomes covered by a
film of the condensate (1, p. 451)« A study of dropwise
condensat ion wuld reveal a mechanism where the drops
form on the surface in s random fashion and are more or
less uniform size and shapes As the drops grow from
condensation on their surface and by coalescence with
other dropes nearby, they reach a critlcal size at which
they no longer adhere to the walls At this point, the
drop rolls down the wall sweeping other drops along with
it. Thus a path is cleared and the process starts over
again. Dropwise condensation of steam has been investi-
gated by Fatica and Katz (3, p. 161)s A study of mere
cury condensing on vertical plates has been accomplished
by Misra end Bonilla (12).

The kinetic theory of condensation imparts the mech-
anism to condensing vepors in that a vepor in contact
with its condensate, where the condensate is below the
dew point of the vapor, will condense aﬁ the surface of
the condensate. This appears to occur on a molecular

scale where the molecules of less than average kinetie

o
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energy have e greater probebility of entering the surface
of the liquid and staying there. In the case of meny
polar molecules it appears that the individual molecules
tend to form groups of the less energetiec individuals and
with decresesed average kinetie energy enter the liguid
surface and condense there. .

The mass rate of flow of the molecules toward the
condensing surface is given by the kmtie theory of gases
to be: G=PlM/ZTRT wesseese (2)s In an equiibrium
situation, the rate of eveporation is the same as that
of condensation. Thus equation (2) also expresses the
evaporation rate if the mqum interface temperature and
equlibrium pressure are used. The net r;to of condens
sation is the difference between the rates of condensa-
tion and evaporation. {%)mg = (a‘%ﬁ) : [t‘%’v" (%&]
seses (B8)s The result of multiplication by enthalpy of
the tulk of the vapor (Hy ) and the enthalpy of the
vapor at the interface {(Hy) with the terms respectively
in v and 1 in equation (3) gives the condensation rate
directly m‘hmt units.

The kinetic theory assumes thet when a molecule
strikes a surface it condenses and is never refiected.

. For a contaminated surfece this is not t¥ue. The conden-
sation coefficient, s, must therefore be used in order
to account for reflection from contaminated surfaces.
Thus equation (2) becomes: G APIM/EZTRT cevesncs (4).
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Values of & as low as 1/2,000 have besn reported for a
contaminated mercury droplet (7, ps 13). Investigations
show thato(= 1l for a clean surface of mercury. For
filmwise condensation on & eleén surface, the assumption
of = 1 is acceptable; although this assumption is some-
what in error for dropwise condensation due to the ex-
posed surface of the condenser.

Rohsenow, VWebber, and Ling have presented a theoreti-
cal study of the effects of vapor velocity on rilm‘e@naanv
sation (14). The workers present plots of the Reynolds
number vs«% (éﬁ%éfar Prandtl numbers ranging from 0.01
to 10.0. Reynolds numbers range from 10 to 190.900.

Lines of constant contact shear stress between the vapor

and the liquid film are presented on each plot, where the
- g0 Tv
parameter T e
E(p "/%) (L)a essssn e (5) varies from

zero to 50.

The consequence of thig analysis is to give higher
values to the guantity %’{QL )3 at higher shear stresses,
and thus the condensing heat transfer coefficient is
larger. This analysis helps explain the larger values
of the heat transfer coefficient often obtained in an
experimental study; as experimental values of the heat
transfer coefficient are often larger than the values

predicted by equation (1). A plot of this type for zero



shear 1s presented in Figure 9.

These workers considered fha usual variables em-
ployed in the derivation of the Nusselt relationship, but
they also considered the variables that would effect tho
shear characteristics between the liquid and vepor, namely:
the fluid and vapor velocities, the vapor density, and a
variable film thickness. These workers considered both
the laminar and turbulent regions of the condensate film.
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Experimentel Considerations

Misra and Bonilla (12, p. 17) have studied heat
transfer by condensing mercury vapor up to one atmosphere
pressures A limited study was also made of sodium vapor
condensation, but the data are for a tube inclined at an
angle of 4@9 onlye Other than a small amount of data
published by the General Electric Company on their mercury
power plants, the article of liiera and Bonilla is the only
publighed material in the field of heat transfer by con-
densing liquid metal vapors.

In the study conducted by these workers, values of
the condensing coefficient were found to be only 5 to 15%
of the prediected values from the Nusselt relation. The
investigators were unable to explain the low results.

The deviations from the Nusselt assuﬁptions that were ob-
served or implied would tend to give values higher than
the Nusselt relation rather than lower values. MNcAdaus
{11, p. 332-338) lists various factors which would make
the assumptions in the Nusselt relationship invalid.

Some of these factors are:

1., Effect of vapor velocity., A high upflow of vapor
would tend to cause a hold up in the condensate flow and
therefore a thick film would be encountered for heat
transfer and thus give a low value of the condensing

coefficient+ When there is a strong downflow of vapor,



the friction between the vapor and the condensate film
causes a thinning of the condensate {ilm resulting in
high values for the coef{ficient. 2Roth effeets are notice-
able only at high vapor velocities.

2+ The effect of noncondensible zes. This was found to
lower the value of the heat transfer coefficient linearly
with an increasing weight fraetion of noncondensibles.

The study of the effect of nonecondensibles on condensation
has been carried out mostly with a steam~air mixture.

3. The effeet of turbulence. This appears to be pro-

~nounced for a value of jlj greater than 2,000 (Figure 9).
As the condensate layer and vapor adjacent to this layer
become more turbulent, the value of the heat transfer
coefficient incresases logarithmically as the log of %&;
inereases.

4, Ripples in the surface. LicAdams suggests that the
ocourrence of ripples in the surface of the condensate
film gives a variation in the thickness of the condensate
and therefore a larger average value of k/Film thickness
which would lead to a value of the condensing coefficient
somewhat larger than the value predicted by the Nusselt
relation (11, p. 330),

5« Dropwise condensation. Ain important factor effecting
the predicted values of the heat transfer coefficient is

the occurrence of dropwise confensations If dropwise
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condensation takes place, the velue of the coefflcient is
almost always higher due to the additive effects of tur-
bulence and thinnesr average film thickness (1, pe 452)«

6« Variation of fluidity of the film. McAdams suggests
that the variation of condensate fluidity with tamparatu;b
would effect the predicted value of the condensing coeffi-
eient, but this would only be important in the case of a \
large temperature gradient through the condensate film
which is usually not the case. |

7« Contamination. Contamination of the condensate film
would be a contributing factor toc a lower value of the
condensing coefficient, particularly if the contaminant

is concentrated on the surface of the film.

A promoter is a substance that changes the character-
istics of a condensing vepor. Promoters are used in in-
dustry to produce higher heat transfer coefficients by
promoting dropwise séadansation. (eg. benzyl mercaptan,
octyl thioeymnate, and oleic acid). If the surface
contaminant reduces the interfacial tension surfiéieatly
to render the surface nonwettable, the condensate will

collect in drops that grow in size until downward forces

cause them to roll down the surface.


http:colleot.in

11

A promoter that causes the condensate tc wet the sur-
face would cause correcpondingly lower heat transfer
coefficientse ilercury with small amounts of sodium in
it tends to wet the surface of a metalic container. Lyon
(6, pe 85) found that mercury exhibited better wetting
characteristics when small amounts of socdium were present
in his boiling apparatuss If sodium was present in the
mercury vapor during condensation, a greater wetting could
take place and thus cause lower condensing coefficients.

Misra and Bonilla (12, ps 17) found that mercury
condénsation on stainless steel was predominately drope
wise. These workers measured heat transfer coefficients
for condensing mercury and scdium vepors with the follow-
ing results: For mercury heat flux varied from about
25,000 Btu/hr nz at 045 na/m‘g3 abs. with air cooling
to about 750,000 at 15 lb/inz abs. with water cooling.
The heat transfer coefficient ranged from about 3,000
to about 10,000 Btu/hr r@a °F for film-type condensation
and from sbout 4,000 to over 50,000 for dropwise conden=
sation. For sodium the heat flux varied from about 60,000
Btu/hr f%z to about 100,000 givéng a heat transfer coeffi-
elent ranging from 11,000 to 13,000 Btu/ar £t° °F. This
was carried out with the vapor condensing on the outside

of a tube inclined at a 45° angle.
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THE APPARATUS

An apparatus was &éaigaad to measure the condensing
coefficients of liquid metal vapor. It was necessary to
build an apparatus to withstand the high temperature and
conditions imposed by this vapors. A survey of the lit-
erature indicated that type 304 stainless steel was a

suitable material at moderate pressures up to 2,000 °F.

Conseguently, the apparatus was constructed entirely from
type 304 stainless steel, and it proved satisfactory

under the experimental conditions encountered.

Construction of the Boiler and the Condenser

The main aspparatus was the boliler and confenser with
which the liquid metal was vaporized and condensed. This
apparatus was equipped with a means of heating ﬁhe liquid
metal, sufficient thermocouples to determine all impartant)
temperatures, and necessary connections for in%ro@ucing '
the mercury and evacuating the systenm.

The boiler shell consisted of a 4" 0D, 3/16" wall
seamless tubing cut to a length of 5 5/8". This boiler
shell was closed with end plates 3/8" thicke A boiler
tube made of 3/4" 0D, 16 Bwg welded tubing was inaartéd
through the end plates a distance of 1 3/8" from the
bottom of the boiler shell. This boiler tube contained
an electric heater for boiling the liquid metal. The
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boiler tube was positioned so that it would not cause
local heating iﬁ the bottom of the shell nor cause vige
orous bolling at the liguid surface. The boiler tube
extended 1/4" on each side of the apparatus to protect
the hsating element. The overall length of the boiler
shell was 5 5/8".

One end of the boiler shell was shouldered 1/16"
deep and 1/4" into the wall of the shell in order to
allow a strong anchor for this end of the boiler shell
end plece. The other end of the boiler shell was not
shouldered and the 3 5/8" ID remained unchanged in order
to allow for expansion of the boiler shell and tube during
the heating and cooling they experienced when the welding
was done. The Jjoint between this boiler shell end and
the boiler shell was the last Joint to be welded.

Access to the boiler tube was provided by the steel
pipe shown in Figure l. This line contains a 1/2"
needle valve 8" above the boiler. The needle valve was
of type 316 stainless steel due to the unavailability of
type 304. Above this valve was a tee, one branch of
which led to a vacuum pump and the other to a nitrogen
cylinder.

A reflux condenser was constructed of a 1/2" QD,16 Bwg
stainless steel tube 12" in length with en inside heat

transfer area of 0.0826 square ft. considering a cooled



THE BOILER & G ONDENSER
FIGURE |
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length of 10.25". It was mounted on the boiler as shown
in Figure l. Three thermocouples were positioned at dis-
tances of 4", 8" agnd 11;" from the boiler shell to measure
the skin temperature of the condenser. The thermocouples
were inserted into 0.,012" grooves cut vertically into the
exterior of the condenser. %h@aurtkermaaoupkas were held
in place by'thin copper clamps, and insulated from any
metal contact except at %heﬂﬁi“ma%ali@ Junetion by 10 ﬁi}w
pure mica insulations Heat was removed from the condenser
by natural convections ?@read convection was attempted
using a 4 hpe. blower, but excessive loeal cooling wes
enaauatara& which gave erroneous resultss

Two thermocouples were installed in the apparatus.
One thermocouple well extended %" into the boiler shell
and permitted the measurement of the temperature of the
vapor sbove the boiling liquid metals The other thermo-
couple well extended into the reflux condenser to a
depth of énﬁ The thermocouple in this well was movable
to allow measurement of the temperature at various points
along the length of the reflux condenser. A third thermo-
couple was placed in the air space between the guard
heater and the boiler shell to measure the temperature in
this spaces. Chromel-slumel thermocouples (22 B & 8) were
used axalu&ivaly as they would best withstand the high

temperatures encountered. Temperature measurementis were
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made with lLeeds & Northrup portable potentiometer. in
ice bath at 32 OF' was used for the cold Junciions

The entire apperatus was welded turoughout using a

heli-are welding process with type 18«8 welding rods.

Heat Supply

The heat for vaporizing the metal in the boller was
provided by a 1/2" diameter silicen carbide "Globar" haat~
ing element 17" long with a heated length of 6"+ The
heating elements were manufactured by the Carborundum
Company of Niagra Falls, N*Y. The Globar ale&snté had
a nominal resistance of 1.20 ohms. The heating element
was inserted im the boiler tube so that the heated length
was completely covered by the boiler tubes The heating
element was protected from short-circuiting sgainst the
metal surface of the boiler tube by small ceramic feet
glued to the heating element with Sauereisen @omsnﬁ;

The element was connected to a 220 volt As Cs supply
through a 220 volt~7.5 KVA Powerstat. Suitable control
of the p@w§r to the element could be obtained by this
arrengement. The power measurement was aceomplished by
the use of a Jewel 20 KW direct reading wattmeter. The
heating element was supported at its terminals by an
asbestos brick through which the element was inserted.

The terminal straps and alampa'wam attached on the
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heating element at the point where the element protrudes

through the half inech hole in the bLrieck.
Insulation

In order to control the heat losses from the boiler
shell, it wes surrounded with a nichrome strip guard heater
wound arouné ceramic spacers. This entire assembly was
inserted into a 6" diameter, 8" long ceramic tube. The
ends of the tube were covered with magnesia insulation
to a depth of 1" leaving only the 3/4" ineh boiler tube
exposeds The guard heater was maintained at the same temp~
erature as the interior of the boiler shell, and therefore
allowed no heat losses through the boiler shell. The heat
losses from the nitrogen~vacuum line and valve are con=
trolied by an extention of the guard heater and a eovering

of magnesia insulation.

Mounting

The apparatus was mounted on a steel stand and was
held in place by the two asbestos bricks which support
the carbide heaters These bricks were supported by the
upright ends of the mounting stand. The ceramic tube
that holds the spparatus fits snugly betwcenvtha two
asbestos bricks so that the air space heated by the guard

heater is essentially stagnents These bricks tend to
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stop any chimney effects from the central heating element.
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THE EXPIRIMENTAL METHOD

General Operating Procedure

Before a run was started, the thermocouple clamps
on the condenser were checked for tightness. The conden-
ser vapor temperature thermocouple slong with the vapor
space and guard heater thermocouples were removed and
exanined visually for any break in the ceramic insulation
or a broken Jjunction., The thermocouples and the mica
insulation used on the condenser were usually changed
after each run during the cadmium study as the high temp~-
sratures tended to destroy the insulation and burn out
the thermocouple Junctionss

The apparatus was evacuated for at least an hour
before a run was started. In the case of the water, a
small amount of water vapor was Grawn off each time to
insure the removal of any noncondensibles. The mercury
systems were usually evacuated at an elevated teuperature
to remove any noncondensibles. This temperature was not
so high as to allow any evaporation of the mercury.
During the water study a nitrogen cover was used when the
apperatus was not in use. An argon cover was used with
the mercury~sodium systems when the apparatus was not in
uses \When the pure mercury or cadmium was studied, the

vacuum pump was operated continuously. The valve to the
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boiler was not opened in either case until the liquid
metal has cooled to a temperature where the vacuum would
cause no evaporation of the metal centéined in the boiler.

The water was charged by admitting distilled water
into the previously evacuated boiler through the vacuum
line. The mercury aﬁa mercury-sofium systems were charged
in a similar manner. The cadmium was charged by drilling
a hole in the boiler wall and charging the cadmium direct-
ly into the boiler cavity in stiek form as it was obtained
from the manufacturer. Chemically pure cadmium was used
in the cadmium study and filtered mercury and chemically
pure sodium were used in the merecury and mercury-sodium
studies.

After the themmocouples were checked and the vacuum
was considered complete, the valve leading into the boiler
was closeds The vacuum remained on to eliminate any air
that might accumulate in the upper line due to leakings
in the system. B

The guard heater was then turned on, but no power
was applied until the body of the apparatus was checked
for a possible ground in the guard heater. If none was
detected, the Clobar heater was turned on and the appar-
atus was égain checked for a possible ground in the
¢arbide heater due to a break in the insulation or faulty

centering of this heater.
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The guard heater was turned on to about 1.7 KW ini-
tially. This power was held constant until the desired
vapor tempersture was cbtained in the condenser., When an.
~attempt to approach equlibrium was mede, the powsr in the
guard heater was reduced to a level that was sufficient
to maintain the air space temperature at the same value
as the vapor temperature. This power load varied from
about 200 watts for the water study to about 450 watts
for the cadmium study. 4An aluminum foil covering was add-
ed to the outside of the eeramié ¢ylipder for the cadmium
study to reduce the load on the guard heater. |

After the Globar heater wes checked for pessible
shorteircuits, it was turned to an initisl power of about
1 KW; after boiling had commenced, the power was raised
to 140 EWe The latter was done in order to force the
heated vapor into the eelumh. This procedure helped to
condition the column to a uniform temperature and made
the approach to equlibrium quickere. Because this initial
heating was vigorous, the vapor that entered the column
first tended to be superheated. If the initial heating
had been conducted more slowly, the exceptionally fast
condensation rate due to the imitially cold tower would
sweep the remaining vapor out of the condenser., If slow
initial heating was used, several hours were required to

reach an equlibrium situastion. With vigorous initial
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heating, an equlibrium situation could be reesched in about
% hour after the central and guard heater power was re=-
duced,

When the desired vepor temperature was reached end
the temperatures in the vapor space in the boiler and the
tower vapor temperature were the same, the power was re-
duced in the guard heater and central heater. When the
various tower skin temperatures corresponded end the re~-
gulation of the guard heater had produced en s2ir space
temperature near to the temperature of the vapor, the
time was noted and, if no change in these temperatures
was noted durlng a five minute period, the various thermo-
couple readings were recorded and the power to the central
heater was also recorded. At this poiant, the power to
the central heater was changed and the guard heater re-
gulated to correspond to the new vapor space temperatures
ATter equlibrium was again reached and a proper waiting
time had passed, ancther set of data was recorded,

After several sets of data were taken, the power was
shut off and the apparatus was allowed %o cools This
cooling was often hastened with the aid of a blowers.

After the apparatus had cooled tb a point where 1ts
contents were no longer volatile, the vacuum line into
the boiler was opened and this wes either left on, or

the gas cover was applieds
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Heat Removal

Heat removal was accomplished by natural convection.
A blower was used in some runs, but irregular thermccouple

reafings ia&icatea uneven cooling.

Progessing of Data

Caleulations

A heat balance equation was employed to find the
temperature of the inside wall of the condenser. By
means of this equation the inside wall femperature may
be calculated from which At across the condensing film
could be determined using the vapor temperature as the
temperature of the inside film edge. TFor heat transfer

through a wall of a eircular pipe:

_ 377;1{“1&& K (tl*taz
JA

- X sesssw (6)
from which:
gA X
tlz b + tz sssenwm (Ga)
where:

t, = outsice Tilm temperature = inside wall
temperature

and t, - outside wall temperature.

wihere:
Ty = T3
r = ' essens (?)
inm in _
2

ry - inside radius
Ty = outside radius to thermocouple slot
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The mean heat transfer coefficients of the condensing
vapors were calculated from:
q= halt = h 4 (t,-%;) cssessss (8)

where ¥, = inside film temperature = vapor temperature

2
%
The theoretical heat transfer coefficients were

outside film temperature

1"

calculated from oqﬁation (1) for the systems studied and
these were compared with the experimental results.

The properties of the condensing fluid were evaluated
at the vapor temperature. Properties of the various li-
quid metals studied are tabulated in Appendix 3. Not too
good agreement is shown among the various references re-
porting physical properties. For this reason and because
the temperature differences were usually small the film
temperature tg -3/4 (A t) as defined in ieAdams (11, p. 336)
was not used in evaluating the fluid properties.

The method of Rohsenow, VWebber, and Ling was used in
a calculation t0~eorrulate the data in the manner of the
theoretical treatment in this paper (14, p. 1630). Values
of 4JE and %-(léfJé were calculated from the physical
deta given in the appendix. The line of zero contact
shear was used in the comparison; an attempt was not
made to evaluate the contact shear for the experimental
data. ~

A study was also made to determine if the vapor

velocity had an effect on the heat transfer coefficients.
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Values of —u (ﬁﬂ%) and ———=2X __ (11, p. 336) and

(2, pe 25) were caleculated for the mercury data and were
plotted versus each other. The physical data used for
this calculation is given in Appendix 3.



EXPEIRILENTAL DATA
TABLE I

Summary Tavle
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Table 1 gives a sumanary of the experimental data ob-
tained in this investigation, giving systems studied
and ranges of variables covared

water
mercury

mereury
0e3%
sodium

mereury
1.0%
sod ium

cadmium

Heat Flux Temperature
, . Rgnge
At °F Btu/°F hr £t°  Btu/hr £t° By
in Max Max Min ax iin Hin llax
1.0 29.6 [10.600 129 |16,%C0 830 243 326 -
0.55 68.2 |52,600 380 63,600 7,220 585 706
4.6 &8.8 6,990 744 4%,300 6,190 B42 725
0.5 40.0 [69,000 371 |43,300 6,190 533 719
.8 69.7 [12,600 =211  [§9,500 8,230 [1,178 1,426
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RESULTS

Correlation of Data

The variation of the heat transfer coefficients with
temperature difference was first studied for each system

a8 shown in Figures 4-8.
Water

The data for water are shown in Figure 4. The
shaded portion in Figure 4 covers the range of experimen-
tal data obtained on water end listed by licAdams (11, pe
323)e In the present work th@veonﬁansing coefficients
obtained for water ranged from 24,100 Btu/hr rt® o?f to

o 0 :
217, end the At range was from 0.7 Fs to 29.6 F. Water
date were taken between 250 and 325 °F. and the heat

2 %o 16,900,

fluxes varied from 830 Btu/hr ft
The heat transfer coefficients for the medium and
high heat fluxes were in good agreement with other experi-
mental values and in fair sgreement with the Nusselt
relationship. The condensing coefficients calculated
for the low heat fluxes were much lower than the values
predicted by the Nusselt relationship and the values
obtained by other experimenters. It is possible that

these low heat fluxes gave such low values of the conden~

sing coefficients due to the possibility that the Leat


http:coefficie:n.ts

31

G g R (el R LR L B I N B R BRPY77% 7 717 2 B B UM
E 4,01, 3
WAL
p— / —
\\\\\\\\\ Y 2
L < O u
3
T (=]
[ 4
a w
S
=
- - N— ij
- = m ==
L L : =1
- = “ O i
| y X |
In w
[ ____ ©) ) ]
1" -
. m .
= -
T —
s i
dogh Ju/nig ‘y
[E N A R B | TR 0 I O T B TR 3
= 1 ™ 2

lO‘

PLQOT of WATER CONDENSATION DATA

FIGURE 4



38
loss was due to natural convection rether than condensa-
tion or that the effective heat transfer area was smaller

than expected.

Vercury

The data for condensing pure mercury are shown in
Figure SQ They are in good agrecment with the condensing
data of lisra and Bonilla (12, p. 17) for air cooled con-
densers.

The data obtained for mercury, however, were found
to be in poor agreement with the Nusselt eguation. iisra
and Bonilla reported similar results. The equetion for
the condensing coefficients of mercury as a function of

temperature drop through the film is:

= 28,200 At-1°03% . ... (9)

Values of coefficients veried from 52,600 to 380
Btu/hr £t° °F, and At range from 0.55 to 68.2 °F. lere
cury data were teken at 585 to 700°F., Heat fluxes |
varied from 7,220 to 63,600 Btu/hr £t°.

Mercury and Sodium

The plots of the condensing coefficients for mercury
with 0.3% sodium and with 1.0% sodium vs A t are shown in
Figures 6 and 7. The results for these two solutions

were found to be almost identical with those for pure
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mereury. The equations {or the mercury and sodium systems
were only slightly different than tﬁa squations for pure
msroury:

Mereury plus 0.8% sodium: h = 32,300 Ag~el0

«s(10)
Mereury plus 1.0% sodium: h = 36,700 A¢~++12 | (14)
The condensing cosfficients for the soclution with
0.3% sodium varied frow 6,990 to 744 Btu/ar £t2 OF., with
a AQt range of 4.6 °F. to 38.8, while those for the 1.0%
sodium solution varied from 69,000 to 371 Btu/hr ftg 9?.,
with a At veriaticn of 0.50 to 40,0 °F., Mercury-sodium
data were taken in about the same teumperature range as
the pure mercury data. Heat fiuxes varied from 6,190
to 43,300 Btu/hr 42,
It may be concluded that sodium present in smell
amounts does not change the condensing characteristics
of mercury vapcer. This is probably due to the low vola~
tility of the sodium at the normsl boiling point of
merecury =o that none is present in the vapor, or due to
the possibility that sodium present in mercury vapor

does not change the nature of the condensing process.
Cadmium

Tne plot of the heat transfer cocefficients va Ot
for cadmium along with the comparison to the Nusselt
relationship is given in Figures 8. The data for the
cadmium study gave the following ralationship between
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the heat transfer goefficient and  &:

Bz 30,400 Ag™de00 ... (18)
These results arve very similar to dats obtained on mepeury
snd meroury-sodiume Variations of &% from 1.8 %7, to
69+7 %7, wore obtained; and the condensing coefficients
varied from ©i1 %o 12,600 Stu/or £2° %%, 4 certain
smount of 4ilfieulty was snoounieved in obtaslalng goold
axreasent for the three thermoecupls resdings on the
tower surieces This was dus to the deterioretion of the
thamocouples and the thamuosouple lnsulation during the
various runs. ileat fluxes varied Trom 3,580 to 49,800
BYu/ur ﬁ*’“. and the condensing tenperature range waes from
1,178 Or, %o 1,428 °r,

An with sereury, the cadaliun dats ylelded mioh lower

sondensing coefficients than were predicted from the
Hasselt relubionshipe |

In Figure 9, % {%ﬁ}% ig plotted versus %*L- fox
all the experizental deta obtained on all systess, Up
o 5*--’ G,000 the curve vepressnts the Nusselt eguatione
saww thls value of 3--—-‘3& individual curve is obtained
for esch Frandti am%mm This is the reglon whers the
eondeneing film 18 turbulents These curves apply for szero
vapor velocity snd huve besn obtalned anulytiecaliy by
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Sabaﬁ (15, pe. 300) and Rohsenow and coworkers (14, p.
1630)s The mercury and sodium date of lMisra and Bonilla
(12, pe 20) are included in this plot.

It may be seen that the water data of medium and
high heat fluxes gives reasonable agreement with the
zero shear laminar flow line whereas the low heat flux
values do not agree with the theoretical line,

It may also be seen that the data @btainba for mer~
cury and mercury-sodium in this investigation rail in a
range close to the data of Misra and Bonilla.

An attempt to evaluate the effect of vapor velocity

on the condensing mercury system was made by plotting
Dﬂm /% against h {NFr) Q.6~ The basis for this plot

=% 56

was the semi-emperical equation proposed by Carpenter and

Calburn (2, Pe 25} i.e4 h (N )0.57— G..Oﬁﬁ“i,{ s (13)
ep G, Pr Ay 8

in which they consider the effect of vapor veloecity.
Since the friction factor, f, is a function of the vapor

Reynolds number, 2Om , this effect should be detectable

e G Pr

by plotting B&m /% versus .0 (N )0'5. No definite
: v p m

trend was detected with the mercury data. With the present

apparatus vapor flow is counter to the liquid flow and any
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inerease in the wapor velocity should result in a redue-

tion of the condensing coefficient.
Disgcussion and Analysis

Experimental condensing coefficients for mercury and
mercury-sodium systems were 1% to 13% of the values pre-
dicted by the Nusselt equation. Similarly, for cadmium,
the values are 0.45% to 11% of the theoretical values for
filmwise condenseation. The conditions that may be differ~
ent from the conditions used in deriving the Nusselt egua-
tion are:

(1) Dropwise condensation

(2) Turbulent flow in the condensate film

{(3) Ripples on the surface of the film

(4) Finite vapor velocity
All of these effects would contribute towards making the
coefficient higher than predicted by the Nusselt equation
except number (4) when the vapor flow is counter to the
liguid flows This situation existed in the experimental
apparatus and could conceivably have brought about the
low coefficients measured. An argument ageinst this,
however, is the fact that Hisra and Bonilla (12, pe 11)

made some measursments for condensation outside an in-

clined tube. They got low coefficients and vapor veloecity

here would have no effecte.
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Factors which might contribute to low coefficients
a.. also:

(1) cCondensate hold-up and vapor hold-up in the
condenser } ; e

(2) Plugging of the condenser from excess conden=
sate

(8) Smaller effective heat transfer area than was
assumed

(4) Radiation

(5) Zrror in m&a&urgm@ﬁt of the wall temperature
41l of these factors are believed to have negligible
effect except possibly (3) and (5). Equlibrium was
attained quite easily so factor (1) and (2) are probably
not significant. lLoss of heat from the boiler by radi-
ation is probably small because of the small area of the
condenser compared to the boiler. The effective area of
heat transfer could not be determined, but was probably
well within 20% of that actually used in the caleulation.
There was considerable possibility for large error in
measurement of the wall temperature due to uncertainty
concerning the actual thermocouple pesiti@ﬁ in the tube
wall end conduction of heat along the thermocouple wires.
It is improbable however that this error would be 10 to
100 folds

Hence, it is probable that the low coefficients are
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due to factors associated with the condensation of liquid
metals and connected with the type of apparatus used.
Since the condensation could not be observed visually,

an evaluation of these factors is not possible.



SUMMARY AND CONCLUSIONS

The condensing coefficients of mercury and mercury-
sodium amalgams up to 1% sodium have been determined.

It was found that the amalgams ylelded no different results
than the pure mercury. Values of the condensing coeffi-
cients ranged from 13% to 1% of the values predicted from
the Nusselt relationship.

The condensing coefficients of cadmium were studied
and the values obtained were from 11% to 0.45% of the values
predicted from the Nusselt equation. lMisra and Bonilla
obtained condensing coefficients for sodium that were
15% to 5% of the predicted velues; for mercury the values
renged from 20% to 6% of the theoretical values for air
cooled condensers (12, p. 17)s

b (U3
against = (-g—) showed considerable

A plot of K

M K

scattering of the data, but the data was in general agree-
ment with the results of lisra and Bonilla. |
Several factors have been considered to explain the
general low results obtained in comparison to theoretical
values. Although there was possibility for considerable
experimental error in the measuring procedure this does
not aecount for the magnitude of the disagreement. It
would appear from present data that the condensing coeffi-

cients expected for a liquid metal vapor are lower
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than would be expected from the various theoretical re-

lationships. Considerable work needs to be done particu-
larly on the fluid mechanics of the system to gain

fundamental information on the condensing process.



Symbol

1.
Ze
3o
4,
5
6.

7e
8.
" 9.

10.
11,
12.
13.
14,
15.
16.
17,
i8.
1¢.
20.
21
22,

bS

=]
o

R @ »

a5

P AU o+ mow

NOKMFNCLATURE

ATE8

Heat capacity

Friction factor

liass Tiow rate
Ascceleration of gravity

Conversion factor

Enthelpy
Mean heat transfer coefificient

Thermal conductivity

Length

lMolecular weight
Millivolts

Prandtl number

Pressure

Rate of heat flow

Gas constant

Radius

Absolute temperature
Temperature

Length of heat conduction path
Condensation coefficient

Mass flow rate based on
periphery

Dimensions

£t,2

Btu/1lb.
dimensionless
1bs/Brefts?

4,17 x 108 £t/nr®

4,17 X 168 1b.(§385)
ft./1b(foree) hr-

Btu/1b.
Btu/hr.ft.2 °F.

Btu/hr. ft.>
OF/fte

£t

1b. /moles

10-3 volts
dimensionless 6P}Afk
1b./ft.2

Btu/hr..

ft.
dimensionless

1bs/hr. 4.2



Symbol
23, At
24, A

- 26¢ M
26, U
27. 11
28, 7°
29. T
30. T

Subseripts
1.
Ze
s
4.
4o

< B v o= on

Temperature difference
Latent heat of vaporvization
Viscosity

Kinematic viscosity
Dimensionless group

Density

Shear stress

Defined in equation (5)

Condensate film
Interface
Liguid

ean

Vapor

49

ﬁ@m&na&ans

O

Btu/lb,

1b. /hr. £t.
ft.%/hr.

1b. /8.2
1be/Tt2

Dimensionless
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1.

2e

e

4o

S

6o

7e

Be

9.

10,

1l.

12,

50
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Experimental Data
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Table II: ZIExperimental data

Thermocouple
I,

IXs

11X
IV,
Vs

VI

Explanation

Millivolt and temperature reading at
thermocouple slot 4" from the condenser
base.

killivolt and temperature reading at
thermocouple slot 8" from condenser base.

¥illivolt aend temperature reading at
thermocouple slot 113" from condenser
base,

jillivolt end temperature reading of
tower vapor thermocouple.

illivolt and temperature reading of
boiler vapor thermocouple.

¥illivolt reading of thermocouple in air
s?aig,b@twamn guard heater and boiler
shells
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12.26 574.6

13.09 610.4.

13.48 627.1
14410 654.0

13.30 619.6
11.76 552.6

II

mv OF

o %
5.33 26643
5456 276,3
5.91 291,7
5.91 291.8
6.27 308.1
5.00 251.3
5+53 275.0
6.06 298.5
Le73 239.8
6447 317.2
4493 248.5

12.27 575.0
13.09 610.4
13.46 626.3
14,13 655.4
13.31 620.0
11.82 555.4

EXPERIMENTAL DATA

TABLE II

Data For Water

Thermocoup

III
mv op
5.94 293.0
5.40 269.4
5.37 268.0

597 294.2
5+99 295.4

6.32 31044
. 5200 251,3

557 276.8
6.11 300.9
La75 240.9
6+55 320.9
5.96 249.8

a8

IV
mv op
6.03 297.2
5.40 268.5
5.64 280.0
6,05 298.1
6.11 300,.9
6okl 315.9
5.07 254.4
5,61 278.5
6.16 303.0
L.78 241.8
6.66 325.9
5.01 251.8

Data For Mercury

12.31 576.7
13.11 611.3
13.52 629.4
14.17 657.1
13.42 624.6
11.91 559.4

12,67 592.1
13.45 658.9
13.91 645.9

14.53 672. 1
14.48 670.0
13.20 615.4

mv op
6,07 299.4
5.97 294.4
547 272.2
5,70 282,.7
6.08 299,2
6.14 302.2
6.44 315.9
5,06 254,0
5¢67 281;3
6.28 308.6
L.82 243.5
6066 - 325‘9
5.07 254.4

1oee 29pn
13:32 1.7
Thok? 239

1444 663.5
13.29 619.4

12.73
13.41
13.79
14.39
1443

120
410
110
320
97.5

250
400
450
500
800 ¢

13.33 1,15();;;’



Data For Mercury Oehtinneé

Power
I II S0 ¥ 7 4 Iv v VI Watts
ny Op nv Sp my Op . myv %  mv Op mv
13.7 614.0 13.20 615.4 13.22 615.3 13.70 536.3 13.67 635.0 13.64 700
13.64 634.0 13.70 636.3 13.74 638.1 1k.11 654.5 14,10 65L4.0 14,07 200
13.97 64L8.6 14.05 651.7 14.06 652.2 14.53 672.2 14.51 671.3 14.53 650
13.21 616.7 13.21 616.7 13.27 618.5 13.86 643. 5 13.91 645.9 13.99 700
12.65 591.3 12.70 596.3 12,78 597.1 13.15 613.0 13.16 613.5 13.13 500
1hel5 65643 14.21 658.9 14.23 659.6 1h4.66 677.6 14.64 676.7 14.59 500
13.97 648.4 14.06 652.1 14,10 654.3  1h.34 664.3 14.36 665.,0 14.38 650
12.74 595.4 12.80 598.0 12,81 598.5 13.39 623.5 13.47 62647 13.41 900
11.81 555.0 11.97 561.7 11.9% 559.4 12.92 603.0 12.89 601.7 12.91 1,500
1he20 658.5 14.24 660.0 14.23 659.6 lh.hk 668.5 14.47 669.6 14.49 600
13,11 611.3 13.15 613.0 13.21 615.9 13.51 628.5 13.48 627.1 13.47 500
14.03 650.9 14.04 651.3 14,07 652.6  1h.33 663.9 14.39 66643 14.38 850
13.38 623.0 13.40 62L.4 13.46 626.3 13.65 6344 13,66 63#.9 13.69 700
14e2h 660.0  14.25 66044 1429 662.6 14.63 676.3 14,61 675.4  14.65 800
12.10 563.90 12.14 565.0 12.16 565.9 12.52 585.9 12.51 585.4 12.55 1,000
13.01 607.1  13.06 609.1 13.10 610.9 13.26 618.0 13.27 618.4 13.29 350
13,29 619.4 13.33 620.9 13.41 624.4 13.63 633.5 13.74 638.0 13.71 500
13.85 643.0 13.93 646.7 13.99 649.4 lh.45 668.9 1447 669.6 14.41 550
13.67 635.0 13.71 636.7 13,79 640.4  14.00 649.4 14.05 651.3 14.07 300
13.22 616.3 13.26 618.0 13.34 621.3 13.63 633.5 13.70 636.3 13.75 650
14.01 650.0 14.07 652.6 14.05 651.7 1hok5 669.4 1h.47 669.7 14.50 400
12,93 603.4 12.98 605.9 13.03 608.0 13.28 619.4 13.31 620.0  13.36 850
12.39 580.0 12.46 583.0 12,53 586.3 1h4.20 658.5 14427 661.3 14.23 70@
12.50 585.0 12.59 588.9 12.76 596.3  1h.34 664.4 14.38 665.9 14440 1,000
12.57 588.0 12.63 589.6 12.70 593.5 lh4.46 669.4 1447 669.6 14,40 800
12.71 593.9 12.79 598.6 12,86 600.4 14.51 671.3 14.54 672.6 14,59 850
12.84 599.6 12.91 602.6 12,97 605.4 14.56 673.5 14.58 673.9 14.63 950
12,67 592.1 12.73 595.0 12.80 598.0 1L.47 669.4 14.51 671.3 14.55 1,100

LAY
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my  OF
12.52 585.9
14421 65944
14.77 682.6
13.54 629.6
13.55 630.0
13.60 632.1
13.87 643.9
12:.29 575.9
13.63 é33.§
14.08 653.0
l‘l»i}-? 6,53 aQ
1heh1 067.1
1443 668.0

12.95 604.6
14.50 670.9
14,.89 686.3
12.59 588.5
12.88 601.3
14.39 66643
14.57 673.9
14.27 6613
11.72 55049
12.13 578.9

i1

mv op
12,58 583.5
l@¢29‘6é2¢1
14486 68643
13,61 632.6
13455 63040
13.94 657.1
12430 57643
13.68 éjﬁck

- 1hell 65ke4

14421 658.9
1448 670.0
14443 668.0

12,95 60L.6
14.87 686.7
12.62 590.0
12,90 602.4
14446 669.4
14459 67is.6
14.30 662.6
lli?& 55241
1213 578.9

Data For Mercury Continued

Thermocouples

III
Wy oy
12.69 593.0
14424 660.0
14.86 686.3
13.58 631.3
13.66 634.5
l}ﬁgé’é&gﬁﬁ
12.32 577.1
13.65 634L.4
1h.11 6544
14.21 658.0
lhok7 669.6

 1heh5 66849

Data For Mercur

12,97 60544
14456 67345
14,99 692.1
12,61 589.6
12,92 603,0
Lhokb 66944
1habl 67544
14.30 662.6
11,72 55246
12.14 579.4

r+0.3% Sodium

Iv

nv oy
1ho 46 66944
14.67 678.0
15.30 70544
13.97 648.5
lhlh 655.9
14.17 657.1
1he34 66L.4
12.59 588.9
13.98 648.9
14,63 676.3
1h73 630.9
14.95 690.4
15.09 694.

13.4k 625.4

- 15.01 693.0

15.74 T2hobs
13.08 610.0
13.35 631.7
15.01 693.0
15.03 693.9
14.90 688.0

12.20 571.7

12,76 596.3

v

mv °F
14.43 668.0
15.32 706.3
13.96 648.0
l4el7 657.1
14,17 éﬁ?.l
1ho 3L OOkl
12.66 591.7
14,02 6504
14,62 675.9
14.78 633u6
14.93 689.6
15.14 698.9

.L3 ﬁM 623 &‘
15.04 69&‘k
15.76 725.0
13.09 6lﬁ*k
13.39 623.5

15,07 69544

15’65 695*6
14.95 690.4

12425 57349

12.75 59549

Vi

mwy
14.50
14463
15.27
13.93
14421
14421
1437
12.70
13.99
14.59
14.80
14.85
15.19

13*39
15.04
15.72
13.10
13.39
15.08
15.01
14.9C
12.26
12.79

FPowar

Watts

900
800

1,300
175
350

875
750
425
350

250

050
*700
550
850
900

150
650

300

7S
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I

nv Op

12,44 582.1
13.13 612.1
13.65 634.h
11.70 550.0
11,22 528.9
12,10 567.6
11,80 554.6

12.40 580.4

12,89 601.7
13045 é25#ﬁ
13.21 615.9
13.37 622.6
14.01 650.0
14.69 678.9
11.03 520.4
11.51 541.7
12.87 600,9
13.72 637.1
15.01 693.0

13.79 640.4
14452 671.7
13.73 637.6

Data For

L
mv  OF
lz§&2‘§3153
13.16 613.5
13.71 636.7
11.71 550.4
11,27 530.9
12,13 568.9
11,85 556.7
12,42 581.3
12.93 603.5

13.45 625.9

13.21 615.9
13.42 624.6
14,03 650.9
14.77 682.6
11.03 520.4
11.58 545.0
12.89 601.7
13.75 638.5
15.05 694.6

~ Data For Merc:

13.87 643.9
14455 673.0
13.73 637.6

III

mv  °F mv - °F

13.16 613.5
13.71 636.7
11.74 551.7
11.26 530.4
11.85 55647
12,42 581.3
12.94 603.9
13.46 626.3
13.22 616.2
1342 62&;6

- 14.02 65044

lliﬁé 521.3
11.58 545.0
12,93 603.5
13.76 638.9
15,06 695.0

13.85 643.0
1h.55 673.0
13.72 637.1

12.31 576.7
12.96 605.0
13.42 62h.6
l3%§9 6&91“
135?3 éB?gé
14,05 651.7
14,71 680.0
lﬁ?&h ?11&3

11.50 541.3

12.65 591.3
13.97 648.0
1hob4ly 668.5

15.66 720.9

14,81 6844
1545 711.7
1ho54 672.6

Mercury+0.3% Sodium Continued

Thermocouples

v
mv op
13,06 609.4
13.72 637.1
14.38 665.9
12,25 573.9

12,66 591.7
12,34 578.0
12,97 605.4
13.44 625.4
13.98 648.9
13,77 6394
14,05 651.7
1hoTh 681.3
15.49 71345
11l.54 543.0
12.69 593.0
13.97 648.0
14.48 670.0
15.66 720.9

l&wg# 685‘&
iﬁ#&? 712¢6
14.59 6746

gg
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12,78 597.1
13.37 623.5

11.98 562.1
13.48 627.1
1he3h 66444
13. l 62&""
11.85 55647
13.17 613.9

Data For Mercury+l.0% Sodium Continued
Thermocouples |

I1
mv Op

14,05 651.7
13.92 646.3
15.04 694.4
10.91 515.4
11.77 553.0
14.01 650.0
1heh9 670.4
11.35 5344
14.62 67549
1&.,38 68701
1341 62444

- 14461 6754

12,37 579.4
12,97 60544
13.25 617.6
13.97 648.0
14,38 665.9
11,98 562.1
12.80 598.0
13.40 623.9
11,22 528.9
12,01 563.5
13.53 629.4
14.35 664.6
13.41 624.4
11,89 558.5
13.20 615.4

111
mv op

14.07 652.6
13.93 646.7
154,07 6954
10,94 516.7
11.77 553.0
14.03 650.9
14455 673.0
11.38 535.9
14.66 677.6
14,92 689.4
13.45 625.9
14,62 675.9
12.39 580.0
12.99 60643

©13.28_618.9

13.99 649.4
14.39 666.3
11,98 562.1
12,81 598.5
13,42 624.6
11.23 529.4
12.01 563.5
13.52 628.9
14.37 665.4
13.43 625.0

13.23 616.7

Iv
nv op

14.90 688.5

- 14.77 683.0

15¢60 718¢5

11.30 532.4
12,02 564.4

14.48 670.0
15,11 697.1

11.84 556.3

15.20 700.9
15431 705.9
131-0 19 653‘0 0
15.19 700.4
12.74 5954
13.39 623.5
13.82 641.7
14,37 665.

14.89 687.

12,27 575.0
13.32 620.4
13.87 643.9
11.56 S5hlyely
12.36 578.9
13.84 642.6
14.78 683.0
13.67 635.0
12.31 576.7

13.62 633.0

v
mv op

14.94 690.0
14.80 683.9
15.65 620.4
11.34 533.9
12,04 565.0
14454 672.6
15,18 700.0
11.89 558.5
15.23 702.1
15.34 707.1
14,20 658.5
15,23 702.1
13.42 624.6
13.84 642.6
lh.4l 667.1
14.87 686.7
12.31 576.7
13,35 621.7
13.89 645.0
11.58 545.0
12,38 579.6

'13.87 643.9

14.81 68L.4
13.71 636.7
13.65 634.h

Vi
nv

14.90
14.83
15.66
11.37
12.07
14.52
15.14
11.92
15.27
15.29
14 .22
15.23
12.71
13.45
13.82
14kl
14.91
12.34
13.35
13.86
11.53
12.33
13.89
14.84
i
-3
13.60
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Data For Mercury+l.0% Sodium Continued

_ Thermocouples rower
avcs
I 1I 11X v v : VI

mv . O mv ,°F nmv Op mnv Op mv Op mv
14449 « O70.4 14453 672.1 1456 673.5 15.00 692.6 15.05 694.6 15.07 300
14,92 089.9 14.97 691.3 14.99 692.1 15.34 707.1 15.33 706.7 15.30 300

Data For Cadmium

30.81 1,363.9 31.72 1,403.1 31.81 1,406.7 31.77 750

29.55

30,71 1,359.3 30.75 1,361.3
31.39 1,388.5 31,46 1,391.7 31.53 1,394.6 32.63 1,442.6 32.70 l,445.4 32.74 550
31,10 1,375.9 31.11 1,376.3 31.16 1,378.5 32.29 1,427.6 32.34 1,430.0 32.39 250 -
31.09 1,375.4 31.13 1,377.2 31.17 1,378.9 32.20 1,423.9 32.24 1,425.4 32.27 500
28,00 1,243.4 28,04 1,245.0 28.07 1,246.3 28.46 1,263.0 28,50 1,264.7 28.57 250
128.33 1,257.5 28.38 1,259.7 28.41 1,260.9 28.90 1,281.7 28.94 1,283.5 28.92 200
30.88 1,366.7 30.92 1,368.5 30.98 1,370.9 31.32 1,385.4 31.36 1,387.2 31.31 850
31.37 1,387.6 31l.41 1,389.3 31.46 1,391.7 31.89 1,410.4 31.93 1,412.2 31.96 500
25.49 1,136.7 25.53 1,138.4 25.57 1,140.0 26,32 1,172.2 26,35 1,173.4 26.38 400
28,36 1,258.8 28.40 1,260,4 28.45 1,262,6 28.91 1,282.2 28.94 1,283.4 29.01 800
29.35 1,300.9 29,37 1,301.7 29441 1,303.5 29.89 1,324.3 29.93 1,325.9 29.91 600
29.70 1,32%.9 29.74 1,317.6 29,77 1,318.9 31.20 1,380.4 31.23 1,381.7 31.16 1,1
31.05 1,373.9 31.10 1,375.9 31.14 1,377.6 31.56 1,395.9 31.61 1,398.0 31.63 600
30,03 1,330.4 30.07 1,332.2 30.11 1,333.9 31.62 1,398.5 31.66 1,400.4 31.59 500
30.16 1,378.5 20.18 1,379.3 30.22 1,381.3 31.68 1,401.3 31.74 1,403.9 31.66 700
26,91 1,197.1 26.94 1,198.4 26.97 1,199.6 27.73 1,232.1 27.77 1,233.8 27.82 500
28.07 1,246.3 -28.11 1,248.0 28.15 1,250.0 29.40 1,303.0 29.46 1,305.4 29.37 1,200
28,36 1,258.8 28.37 1,259.3 28.42 1,261.3 29.95 1,326.7 29.99 1,328.5 30.04 400
28.75 1,275.4 28.77 1,276.3 28.81 1,278.0 30.2% 1,339.3 30.28 1,340.0 30.26 850
28.76 1,275.9 28.81 1,278.0 28.84 1,281.3 30.39 1,345.4 30.41 1,346.3 30.42 600\,
1,309.3 29.58 1,311.2 29.61 1,312.2 31.01 1,372.2 31.06 1,374.3 31.10 900~



1 e}

mv ~F
29.95 1,326.7
30,03 1,355.9
30.14 1,335.0
29.89 1,324.3
30.22 1,338.5
31.26 1,383.0
30.66 1,357.2
30.88 1,366.7
30.63 1,355.9
30.84 1,365.0

27.64 1,228.0
23‘&‘1 1,2&@{9 ey

28.65 1227143
29.19 1,294.3
30.02 1,330.0
- 3C.65 1135éc7

30,77 1,362.2

31.58 1,396.7

11 a

mv F
29.99 1,328.5
30,18 1,336.7
30.24 1,335.3
31.30 1,384.6
30.68 1,358.0
30.94 X,Bé@.z
30467 1,357
30.85 1,365.4

28444 1,262.1
28.67 1,272.1
29.23 1,295.9

30403 1,330.4

3033 1,343.0
30,68 1,358.0
30,81 1,363.9
31.63 1,398.9

IIr

mv ¥
30.04 1,330.9
30.69 1,356.5
30.22 1,338.5
29.96 1,328.0
30.27 1,340.4
31.33 1,385.9
30.7h 1,360.9
310{}2 1.3 ‘»‘06
30472 1,360.C
30.87 1,3066.3
27.71 1,231.3
23. 9 1'2&?‘3
26.69 1,273.0
29.26 1,297.1
30.06 1,331.7
33*36 1;3&#{3
30.73 1,359.6
30.8k 1,365.0
7,l'&5 laﬁﬁﬁag

IV
mnv Qi

31452 1,394¢3

31.26 1,383.0
31.47 1,392.2
31.31 1,385.0
31.50 1,393.5
32.59 1,440.9
31.94 1,412.6
32424 11,4254
52,04 1,416.7
32,18 1,423.1
27.86 1,237.5
28.63 ;;2?2'5
2&‘&7 1,2&6.#
29.73 1,317.2
30.44 117“706
30.91 1,368.0
31.12 1,376.7
31.45 1,351.3
32419 1,42345

v
mv Op
31.54 1,39540
31.33 1,385.9
31e51 1,393.9
31.32 1,385.4
31956 1,395.9
32.& 1*&%06
32.01 1,4154
32.27 1,4206,7
32,07 1,418.1
32.22 1,32h.6
27.9h 1,240,9
28470 1,273+4
28,91 1,282.1
29,76 1,318.5
3050 1,350.4
30.95 1,305.0
31,17 1,378.9
31,48 1,392.6
32,21 l,4<kob

8%
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Calculsted Data
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Table I1I: Calculated Data

Explanation

Power: Btu/hr

Tym? ilean vapor temperature, average of
IV and V temperature readings

Tsom: liean condenser cutside surface tempera-
ture, average I, II, and 1II temperature
readings.

Tgim: lMean temperature of inside surface of

condenser, using equation 6a and Tgope

At: Difference of Tyy and Tgime

Heat Flux: Btu/hr £t°, power/condenser heat transfer
aress

h: Btu/hr £t2 oF/ heat flux/A t.
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259
546

6842
541
682
239
682
682
409
1,400
578
1,090
552

855
1,870
1,540
1,710
1,750
3,920
2,390

‘683
2,220
2,490
1,710
1,710
2,220
3,070
5,120
2,050
1,710
2,900
2,390
21730
3,410
1,190

592.1
658.0
645.8
£70.8

66948

617.4
836 .9
654.2
671.8
644.,7
613.2
677.1
66446
688.)
608.4
£69.0
627.8
668.1
634,65
675.9
5806
618.2

59 —a

PABLE II1
Data Foxr Heter

Tsom Tsim At Heat B

OF. Op Oz, FuxX

EBoe7 L85.0 1848 £,8%90 217

264.5 R67.1 29.6 @, ﬁﬂﬁ £87

B864.9 PEEL2 f48 334 129

274,98 2764 4.9 4,110 84l
290, - £94.1 446 8,240 1,790
291.4  292.7 8.9 2,890 228
307.8  311.0 149 8,240 4,340

250,0  263,2 1.0 8,240 8,280
2T4+4 E7Ge3 Geb 4, 959 1,380
29746 304.2 1.6 l@,?ﬁﬂ 10, é&ﬁ
23849 240.7 2.0 4,640 &, 3?6
31&05 ﬁgﬁtg . xz 33& ».33@

247.9  249.1 4.0 4,010 1,000

576.4  B78.8 133 10,080 779
610,8  616.3  41.7 16,600 398
§57.6  633.8 10,0 18,600 1,860
65645 66243 B4B 20,500 2,420
621.1  6B32.1  B37.1 21,000 894
BE5.8  B71.5 45,9 47,500 1,032
618.2  624.8  12.1. 28,900 2,390
656,41  638,8  15.4 . 8,260 537
851.1  €60.0  1le8 26,800 2,270
617.3  626.9 17.8 28,900 1,620
594.9 - 601.7  1l.6 20,500 1,800
668.3  66B.1 12,0 20,500 1,720
6BL.6 680,56 = 4.1 26,800 6,540
597.3  509.6 15,5 27,200 2,400
558.6 = 679.1  23.8 61,900 2,660

859,4  667.6 1.4 25,100 17,500
613e4 62042 7.6 20,600 2,730
65146 6632 1.9 35,100 18,400
624,56 654l 0.66 28,900 52,600
661,0  672.0 3.9 33,000 8,490
56446 57843 7.4 41,300 5,610
609.0 . 613.8 6.4 14,400 2,260
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Data For Mercury Continued

Run Power Ty Tscm Teim Heat f
R

23 1,710 635.8 62146 62844 7

24 1,880 €69.4 646.4 653.9 15

25 1,020 650.4 637.4 641l.5 8

26 2,220 634.9 618.5 627.4 7e8

27 1,360 669.6  651.4  656.9  12.7 16,500 1,300

28 2,900 619.7 60548 617.4 2.3 35,100 15,300
29 2,390 659,9 58%.1 592,7 67.2 28,900 430%
30 8,410 B65.2 590.1 60348 61.4 41,300 672%
31 2,730 669.5 590.4 601.3 68+2 33,000 484%*
32 2,900 672.0 597.6 609.2 62.8 35,100 558*
53 3,300 673.7 602.5 615.7 58,0 40,000 688*
34 3,750 670.4 595.0 610.0 60.4 45, * 400 751*
35 3,070 668,.7 529.8 602,11 6646 37, '200 558*
36 2,730 677.2 66045 6715 5.7 33, ' 000 5,800*

37 2,080 706.0 68547 688.1 17.9 24, »800 1s 380'
38 4,430 648.,3 631.7 636.9 11.4 53.600 4 700*

B39 597 65645  630.5  687.5  19.0 7.220 80
40 1,190 €57.1  633.7  655.1 22,0 14,400 657
41 2,390 664.4 646,53  649.1  15.3 28,900 1,890
42 2,980 590.3  576.4 58842 2.1 36,100 17,200
43 2,560 649.4  634.4  644.7 4.7 31,000 6,590
44 1,450 676.2  653.9  659.7  16.5 18,000 1,060
45 1,190 682.0  658.6  663.4 1846 14,400 777
46 2,290 690.0  666.4  676.0 14,0 28,900 2,060
47 853 696.3 66843  671.7  24.6 10,300 430

Date For Mercury 0.3% Sodium

3,580 635.4  604.8  61%.2 6.2 43,300 6,990

2,220 689.2 66242 671.1 18.1 26,800 1,480
2,080 B72.8 861.9 560.1 12.7 24,800 -1,950

1

2 2,3%0 693.6 67243 681.9 11.7 28,900 2,470

3 1,880 724.7 68844 695.9 28,8 22,700 788

4 2,900 610.2 594.0 605.6 446 35,100 4,630

B 3,070 622.6 602.2 614.5 841 37,100 4,580

6 3,070 694.2 668.4 680.7 135 37,100 2,750

g 5,120 694.2 6747 676.7 178 6,190 "354*
g

* Poor results due to the use of a blower for heat removal.
These data were not plotted or used in the various analyses.



10
1l
12
13
14
15
16
17
18
19
20

22
23

29
26
27
28
29

OO RN

rower

1,020
1,360

1,360
2,390
1,360
1,880
3,070
2,730

512
1,700
3,410
2,220
2,390
5.?56

3,070

1,700
2,390
1,360
1,880
1,020
1,700
2,900
2,730
1,360
3,070
2,590

852
1,700
2,390
2,390
1,700

Data For Mercury 0.3% Sodium Continued

Tvm

op
596.1
60840
63645
665.9
574.5
548.0
590,.8
577.4
605.2
625.0

649.2

638.5
651.7
580.7
712+4
842.,2
592.2
©548.0
667.8
720.9

Tsom
o

579.1
582.1
613.0
€35.9
550.7
530.,0
56845
55640
581.0
603540
626.0
616.0
62349
680.4
68L.7
8207
543.9
602.,0
638.1
694.2

Tsim
OF

583.2
587.6
62543
646 98
557.5
53842
574.,0
565.6
58645
61045
63843
626.9
62549
657.2
695, 4
52946
553 4
617.0
639.5
706 45

At
oF
1249
20 .4
1l.
19.1
17.0
9.8
16.8

o

11.6

Data For Mercury 1.0% Sedium

68541
71242
67346
689.2
683.4
719.4
535.2
564.7
6713
69845

557.4

70L.5
70645
688e2
701.2
595.8
624.0

642.4
6726
6574
6561.1
645.9
694.3
5156.8
552.6
649.8
670.9
534.7
676435
687.5
€24.4
675.1
579.0
6C5.6

649.2
682.8
642.9
65846
680.0
703.9
522.6
564,2
660.7
67644
647.0
685.9
690.9
681l.8
684.7
£88.6
612.4

3549
40.0
50,7
3046
3544
1549
10.8

Ce8
10.6
22.1
10.4
15.6
15.6
27.0
1645

7.2

1.6

Heat
Flux
12,500
16, ’ 500
ar, 100
33,000
20,600
24,800
16,800
28,900
16,500
22,700
37,100
33,000
6,190
20,600
41,300
26,800
28,900
45,400
44,130
37,100

20,600
28,900
16,500
22,800
12,400
28,900
20,600
34,400
33,000
16,500
37,100
28,900
10,300
20,600
26,900
28,900
20,600

61

{=g

968
794
3,320
1,730
1,210
2,530
"982
2,450
883
1,560
3,410
2,850
"240%
878
2,430
2,130
744
1,460
146*
2,680

575
722
538
742
371
1,860
1,950
69,000
3,110
"74r
3,570
1,850
661
764
1,750
4,010
1,780

¥ low heat fluxes.
in the various analyses.

Thesge data were not plotted or included



RBun Power

Date For Merury 1.0% Sodium

Tym

18
19
20
21
22
23
24
25
26
27
28
29
30
o1
32

WO G

10

12
13
14
15
16

3
-

18

20
21
22
23
24

1,530
2,730
2,590
3,070
1,360
2,050
2,730
1,360
2,390
1,360
2,390
1,020
2,220
1,020
3,070

2,560
1,880

850
1,700

850

682
2,860
1,700
1,560
2,730
2,050
3, 750
2,050
1,706
2,390
1,700
4,090
1,560
2,860
2,080
%,070
2,390
1,700
2,220

Op
642.1
66.2

687.2

875.8
621.0
644,.4
5447
57%9.2
64242
685.7
65548
6577.4
83347
693.6
704.6

Tsom
oF

61746
648.1
665.5
561.7
597.9
624,0
528,6
563.0
62845
664.8
62446
558.4
€1D+4
67240
€91.1

Data For Cadmium

Cr LR s g =3 DO
0 O s <3 O b

& v .2 e
~F D oW OB

.

o Gl R L1 4R

.

Tgim
Oy

623.14
659.0
675.1
594,0
603.4
6322
B39.58
H68.b
638.1
670.3
634.2
5628
62443
67641
603+.4

1,3870.7
1,398.5
1,580.0
1,383.5
1,248,0
1,267.1
1'379§4
1,395.8
1,143.4
1,269.3
1,309.5
1,321.8
1,38843
1,338,58
1,388,565
1,204.7
1,263.2
13254Q5
1,287.3
1,285.8
1,322.2
1’357!5
1,344.9

D
‘!-

1

0
b

®

*
G INNaGOFE DO

L

ot

*

»

b
DM
L

&

B4.8

45.0

48.8

41.1
19.8
16.5
6.9
1549
29. 4
13,
15. 6
69.7
18.7
60,9
14.1
2843
41.0
78.1
52.8
6040
51.0
57.1
20.9
48.1

Heat

16,500

33,000

28,900
57,100
16,500
24,800
53,000
16,500

28,900

16,500
28,900
12,400
26,800
12,400
57,100

51,000
28,700
10,300
20,600
10,300
8,230
34,600
20,600
16,500

33,000

24,800
45,400
24,800
20,600
28,900
20,600
49,500
16,500
34,600
24,800
37,100
28,900
20,600
26,900

62

=2

869
4,580
2,390

20,600

*938
2,030
6,350
1,540
7,040
1,230

18,000

"831
2,850

"r07

51,000

906
500

501
652
531
5,010
1,330

561
2,440
1,590
651
2,810
339
2,050
728
1,210
"226
655
413
728
506
986
559
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Data For Cadmium Continued

Tym Tsom Tgim At FI‘"’H’&% b

SF op 53‘ y _
1,385.2 1,326.3 1,331.3 53.9 16,500 306
1,394.7 1,339.4 1,350.7 44,0 37,100 843
1,442,0 1.384.5 1.399.6 42,4 49,800 1,170
1,414.0 1,358.7 1,368.7 45,3 34,000 728
1,426.,0 1,369.5 1,378.9 47:) 31,000 658
1,417,4 1.357.8 1.364.7 52.7 22,700 431
1,423.8 1,365.6 1,370.6 53«2 16,500 310
1,239.2 1,229.2 1,237.4 1.8 22,600 12,600
1.273.0 1.262.4 1.267.4 5.6 16,500 2,850
1.281.2 1.272.1 1.275.9 5.3 12,400 2,340
1,317.8 1,2895.8 1,306.b 1l.3 34,600 3,070
1,349.0 1,330.7 1,343.3 BT 41,300 7,260
1.368.8 1.342.7 1.350.2 18.6 24,800 1,330
1.377.8 1.358.1 1.370.0 7.8 39,200 5,030
1,392.0 1.368.7 1.371.2 20.8 24,800 1,190
1,424.0 11,3985 1,407.3 16.7 28,900 1,730



APPENDIX III
Physical Data for letals
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PHYSICAL DATA FOR METALS

PHYSICAL DATA FOR STAINLESS STHEL (304)
Thermal Conductivity (13, p. 456)

g&u-§f oy

hr £t~ °F

9.4 212
12.4 932
12.1 1,400 (16, p. 514)
15,0 1,400 (B, pe 184)

PHYSICAL DATA FOR CADWMIUM

Viscosity (9, p. 41} Thermii Conductivity (9, p. 41)
Cal

Centipoises 2% sec-em="C °c

2.37 350 0,106 8556

2.16 400 0,108 o568

1.84 500 0.105 380

1.54 600 0,119 435
Density (9, p. 40) Latent Heat of Vngmriaatian

3 ) v Pe
g/em c
8.01 330 Cal/mole
7.99 350 23,870
7.93 400
7.82 8500
7.72 6600
To51 1382°F (16, p. 1134)
Vapor Pressure (9, p. 40) Heat Capacity (9, p. 41)
mm Hg s cal/g-%c %

i 394 321

10 484 0.0632 to
100 611 : 700
200 658 0.077 321 (4, p. 2085)
400 731

760 1,409°F
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PHYSICAL DATA FOR MERCURY

Viscosity (9, p. 43) Thermsl Conductivity (9, p. 43)
: cadl
Cent i?@iﬁ@ﬂ QC o0 -Cli= EG ﬁe
1.85 -20 0.,0196 0
1.68 0 0.0231 60
1.55 20 0.0261 120
1«21 106 0.0279 160
1.01 200 0.0303 820
0921 240 (4, p.
1997)
Density (9, p. 42) Latent Heat gg‘?a§crizat$an
3 o (I3, pv 2
g/em ¢
13.645 -20 cal/mole
134546 20 13,980
13.38562 100 :
13.118 200
12.881 300

Vepor Pressure (9, p. 42) Heat Capacity (9, p. 43)

mm Hg %¢ cal/g-"¢ °
i 126.2 0.,03334 0

10 184.0 0.03279 100
100 261.7 0.03245 200
200 290.7 0.05234 300
400 523 .0 0.03266 450

760 675 °Or



APPENDIX IV
Sample Caleulations



SANPLE CALCULATICNS

l. Calculation of tgyy using equation (6a)

t) =tgin TP SRN——— P
2T rlnm Lk

¥2=Ygoms
. __10.256-0,012) = (0426-0.065) 3,
lm 5.25-0.013{%

12 (6,25-0.065)
Tiay = —2088 18, . g,017¢ rt.

0.251 12 in.
4.

Consider cadmiuvm ran no. 1

Best available data at 1400 °F. for cadmium

Viscosity - 3.72 ____}‘._b_,____ = 1.54 centipoise
® hrt

Thermal Conductivity = 28,8 ﬁt’g

hre ft. F

; - cal _ Btu
Heat of Vaporization = 212 —mgr - = 481 ive
Density = 469 .__},}_%
ft.

Heat Capacity = 0.0632 jﬁg_..‘

16 "F.

Thermal Conductivity of stainless steel (304)

Z 12,6 DY
Eref¥. eFa

66
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760 watts (0,053) in. (B.41; __Btu 12 in.
Hr. wast 3 7
Bbtu
hraftca;?a

t gim-

297 (0.0176 ft.) 12 %%-(10.25) in. 12.6

+1361.3 p,

294 OF, +1361.3 OF, = 1370.7 °7.

2. Caleoulatiocn of h using equation (8)
49
At a

cadmium r™un no. 1

k=

hgondenser = 040826 £t.7
750 watte (3.41) Btu

h - hre watt - 906

34,2 OF. {0.0826) Tt.>

hr. ﬁtg ﬁFnk

7650 watts (B.41) ___ Btu
hr. watt = vl,@ﬁt’) Btu
hr. 5.

heat flux = 3

C.0826 ft. 5

2
‘ S0 s B U,T e
3¢ Caleculation of o7 and g {-g-.) at 1400 "F.

cadmium run no. 1

4 . Power ,
M X (Perimeter) M

} Btu in
_{4)750 watts (3.41) Rr.watt 12 T%

gal Btu (2,42 ) 1b ' y
2125~ 14875 oat 154 centipoise-fi—toorre(2) (M) 0,185
Z 7446
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2 906 Btu o
h (). _hr £t~ °F. (0,00794)% r¢* g
k g o, (== S Tt )|= 0,00168
; £848 ———empes | Wy  4.17 X 107 =y
"% ar et OF nr”

4, Caleulation of h from the Nusselt equation, equation (1)
cadmium at 1400 °w,

52y i
z 0.943 {k & gx)
LM At
A |
) n
(28.8)7 Btu® | (469)°10%, 171108 £t zg; B[
h= 0,943 nrd OFo £go 40 o 45
1b
3,78 —2% 0.855 Tt At
L]

take a At of 100 Fe

4 . |
0. %4 1 (L% 38,000

h:0.943 (2,63 X 10° S ~ °
ar- £% CF° 100 °F ar £t F

' o
5« ‘Caleculation of the Prandtl number at 1400 F.

3.78 LD (0 Qazz)““""ﬂ”"mu
] _ Oe £t hpiV.V0deily ¥
g - M p- = 0.00819

Pr k 28,8 ——22l
hr £t F






