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HEAT TRANSFER COEFFICIENTS FOR OONDEN'S~'l.TI OH OF LIQUID 
UJETAL VAPORS INSIDE A V •~RTIC.AL TUBE 

INTRODUCTION. 

Liquid metal technology is becoming an increa singly 

important branch of engineering science and prac·tice. 

High thermal conductivities and. desirable fluid properties 

coupled with low vapor p ressures , make l iquid metals an 

ideal he at transfer medium at high temperatures. One 

of the first applications of l i quid metals was the use of 

sodium a s a static va lve coolant in a iroraft engines. 

Today various li quid metals find use in Iuany phases of 

industry. Of partiau..\ar importance is the use ot l i quid 

metals as a nuclear rea cto r coolant , and, in some cases, 

as a comb i nation coolant and fUel carrier. 

Natural and forced convection heat transfer with 

liquid metals has been studied extensive l y (8) • Boiling 

heat transfet> has been studied by Lyon . Foust , end 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 e:xi sts for heat transfer by 

condensation of metal vapo r s (12, P• 7-21}. As materials 

of construction become more reliable, h i ghe r temperatures 

will be reached and the importance of condensing heat 

transfer will grow. 

http:V�~RTIC.AL


The Nusselt relationship, equation (l), has been 

used sucessfully for predicting condensing eoeffieients . 

for filmwise condensation of non•metalie vapors. The 

condensing coefficients which b.ave been obtained experi• 

mentally on liquid metal vapors are much lower than those 

predicted by the Nus.se.lt equation. This investigation 

was initiated to obtain more infol"lUation on the conden• 

sation of liquid metal vapors. 

The work included a study of mere ury, mercury with 

o.a9£ sodium, mercury W1 th 1.0% sodium, and cadmium. 

Water was used to determine if the apparatus operated 

correctly. The condensing coefficients obtained :for the 

mercury were in accordance with the values obtained by 

Misra and Bonill.a (12, P • 17} on an air cooled condenser. 

The beat transfer coefficients obtained for the sodium­

mercury amalgams \vere no different than the pure mercury 

coefficients. This would indicate that the sodiua at 

the normal boiling point ot mercury (675°F) is not vola­

tile enough to cause a difference in the condensing 

condition$ inside the tower· or that low concentrations 

of sodium. have no effect on the condensing oharaeteris• 

tics. The data obtained for the cAdmium was found to 

be not much different from the mercury data _and again 

in poor agreement with the Nusselt relationship. 

http:Nus.se.lt
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The apparatus consisted of a small boiler wi tll a 

reflux condenser. The boiler was surrounded. With a guard 

heater and the heat for vaporization was suppl1d by a 

aentral silicon carbide heater. There was an aooess line 

tor filling the apparatus; this line was also used for 

the. evacuation of the apparatU$. Temperature measure-. 

ments were taken at several points along the reflux 

to-wer and. there was a means by which the vapor tempera­

ture was measured both in the boi~er and tower vapor 

space, The latter was accomplished by thermocouple wells 

that extended into t .he vapor spaces. Power was measured. 

by wattmeters. Type 304 stainless steel was used through... 

out the whole appa.re.tus. 
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Th~oretia~l Considerations 

The tiHH>:retical Nusselt relation tor heat conduction 

th!'Qugh a condensate film for eonth~11.sation on a vertieal 

surface is given by the equation (ll, P• ~31): 

la-:; 0.9~( k 3JO '&~ )t* ......... ().} 
L M~ t 

Tllere are a number of ~ssu:m.ptions made in the dertvation 

ot this relation that make it difficult to apply in an 

actual situation. ~rhe condensate film is considered to 

be ot unii"or.m thickness throughout the area ot consider... 

ation; the tlow of' the condensate is considered to be 

laminar and without irregularities in the line ot tlow. 

The flov1 is considered to be due to gravity effects only. 

Probably the most important a.ssmnption is that the eon... 

densation takes place entire.ly by a. f1lmwise p:roeess . 

e.:nt that the film. completely wets the surface. It is 

turtller assumed that the film temperature is uni:f'f)rm. 

throughout the length of the surface and that the temper• 

ature gradient throush the condensate film is linear. 

~pwise condensation takes place when the condensing 

surface is not wetted by the condensate er is contaminated 

either by ohenee or by th.e use of a promoter which does 

not allow the cond.ensate to wet the surface. It bas beea 

* A nomenolaiure section Cierining tiie'se symbois appears on 
Paet• 4S• 
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found that values of the condensing coeffic.ient are some­

what higher for d:ropwise than tor fil.mvrise oon.denaation. 

The liquid f .orms a contact angle with the surface (mea­

sured tangent to the bottom. edge ot the drop through the 

liqui~). It this angle is les~ than 50° the drops do not 

spreat evenly and the surface area becomes covered bJ a 

film ot the eondensate (1. P• 451) .. A study or dropwise 

cond.ensat ion v.ould reveal a mechanism \vhere the dropa 

.torm on the surface in a random fashion and are more or 

less uniform size and shape. As the U.rops grow from 

condensation on their surface and by coalescence w1 th 

other drop$ nearby. they reach a critical size at W'hl.eh 

they no longer adhere to the wall. At this point, the 

drop rolls down the wall sweeping other drops along with 

it. 'fhus a path 1s cleared and the proce;ss .starts over 

again. Dropwise condensation of steam has been invest!• 

gated by Fatica ant Katz (3, P•· 161). A fitudy or mer­

cury condensing on vertical plates has been aeeomplished 

by Misra and Bonilla (11.). 

The kinetio theory of condensation imparts the mech­

anism to aondeneing vapors in that a vapor in contact 

with its condensate, whe;re the cendensat• is below the 

dew point of the vapor, will condense on the surfaoe crf . 

the condensate. This appears to ·coeur on a molecular 

soale where the molecules o t less than average k1net1 c 



energy have gr ater probability of en:t ring 'th wrt ••• 

ot the liquid ana ataytns there. In tl:to east ff>f ~1 

polar molecules tt · ppeal"S that the 1ndi•i4ual mol•oul.oa 

tend tc f'orm group · of tk6 less ene·rt£e't1e 1nd1vidual.· and 

wlth deer lUted average ldnetio se!'gy enter tbe llqu14 

eurf ae and oonthtn the 11.t• 

The maas rate ot tl.o·w of the moleeul.e» ~owas-4 tbet 

ootuloa1Jll eunaoe 1 g1ven by the id.netio th · ~ ot •ae 

'o 'tuu G ::: P ~ M/ z. 'ir BT .... , •. • • • (2). In an e-quJ.tbrlum. 

1tua:t1on. the l!'ate ot evapox-e.t ion 1a tn.e $l.l.ttle as that 

ot cendens t1on. Th\Ul equ tion (2} al&o oxprestJe the 

ev4\pont1o.n. n'e if th• lf.qui4 btertaee te pent;u.re and 
,, 

equ1b~1wa pressu21 ~e used. Tn• n._t rate ot eoadea• 

atJ.Gn 1a tn• Utterenoe bet eea th . rate ot eotl4eno.a­

t1on find evaporat!oa.. (f)uet :: h~~l i [til,.- c'") )J.J 
••••• ta}. fh• re ult ot mnlt1p~ie t1on by enthalpf ot 

'he· bulk of the vapor Ulv ) ant\ tn. enthalpy <>t t.he 

vapor at the intertace (Bt} wi t!t the terms reapeeti'ftd.y 

1n v ttn4 1 in eq ation (&) gives th , con4enst:~tS.on. rate 

41:reotl1 in heat tud.ts. 

The kinetic theory esume$ tbat when a moleeul.• 

str11un~ a. surta:oe 1t condenses and is never l"$flectet.. 

For a eontamtnat ed surtace this is not tbe• 'fh• con.&ta• 

at ion coetfieient, o} , must t neref(lr• be lded i:a. o:tder 

to $tlCOl.U~:t to:e refleo'fiion trom contaminated aurfae••• 

Thus equatlon {2) become : G!:<JCPJM/! 'Tf fl't ••••u•• (4). 

http:con4enst:~tS.on
http:pent;u.re
http:mol�oul.oa
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Values of fl( as low as 1/2. .,000 have been .reported for a 

contaminated mercury droplet (7, P• 13)'. Investigations 

show that ~= l for a clean surface of merCUJ"1• For 

tilmwise condensation on a clean surface, the assumption 

of c,( ~ 1 is ae~eptable; although this assumption is some• 

what in error for dropwise condensation due to the ex­

posed.. surface of the condenser. 

Rohsenow, Webber, and Ling have presented a theoreti­

cal study of the effects ot vapor velocity on film conden­

sation (14). The workers present plots of the Reynolds
2: ,. 

number vs 4 ( ~· f7 tor Prandtl numbers ranging tron1 0.01 

to 10.0. Beynolds numbers range rrom. 10 to 10o.ooo•. 
Lines of constant contact shear stress between the vapor 

and the liquid film are presented on each plot* where the 

* .I e ,.v 2 .param•ter -rv = 
g( JO -/\} rli

g 
O:)J • • •• ... • {5) varies from 

zero to 50. 

The consequence o t this analysis is to give higher 
. h 2 L . 

va~ues .to the quantity k (f )3 at higher sltear liltt'esses . 

and thus the condensing heat transfer coefficient ia 

larger . This analysis helps explain th• larger values 

ot the heat transfer coefficient often obtained. in an 

experimental study; as experimental values or the heat 

transfer eoe fficient are often larger than the values 

predicted by equation (l) . A plot of this type for ze.:ro 
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shea..r f ,s presented. in Figu.re g • 

These workers oonsideret the usual : variables em• 

ployed in the detoivation ot the Nusselt relatlonship, but 

they also considered the variables that would effect the 

shear ohe.raoterist1os· bet v.reen the liquid and vapor. natnely: 

t-he fluid and V"apcr velocities. the vapor densl1ty• aud a 

variable film thickness., These workers oous1dered both 

the laminar and. turbulent regions ot the oonden:;Jate film. · 



Sa. 

ExraeI"ime ntal. Considerations 

Misra and Bonilla (12, p . 17) have studied heat 

transfer by condensing mercury vapor up to one a.tmosphtn.•• 

pressure. A limited study was. also made of .sodium vapor 

condensation, but th.e data are for a tube inclined at an 

angle of 450 only. Other t ran a small amount of data 

published by the General Electric company on their mercury 

power plants . the article of Misra. and Eon1lla is the only 

publishe(l material in the field of beat trans:rer by eon• 

densing liquid metal vapors. 

In the study conducted. by these workers, values of 

the condensing ooeffioient were found to be only 6 to 15% 

of tlle predicted values from the Nu.sselt ·relation. The 

investie;ators were unable to explain the low results. 

The deviations from the Nusselt assumptions that were Ob• 

served or implied would tend to give values higher than 

the Nusselt rela.t ion rather than lower values. l-teA.dams 

(11, .P• 332-338) lists various taetors which would make 

the assumptions in the Nusselt relationship invalid. 

Some of these factors ·are: 

1. Effect of vapor velocit.y. A high up:flow of vapor 

would tend to cause a hold up in the condensate flow and 

therefore a thick film would be encountered for hea:~ 

transfer and thus give a. low value of the condensing 

coefficient.~ When there 1 s a strong downflow of vapor. 
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the fr1ot1on between the Yup or and the condensate film 

causes a thinning or the condensate film resulting in 

high values for the coefficient. Both effects are notice• 

able only at high vapor velocities. 

2. The effect of nonooudensible gas . Thi s was found to 

lower the value of the heat transfer coefficient linearly 

with an increasing weit;ht frac tion of noncond.ensibles. 

The study or the effect of no ncondensibles on condensation 

has been carried out mostly with a steam-air mixture. 

3. Tlle effect of turbulence. This appears to be p ro­

nounci!d for a value of 4 r greater than 2 , 000 (Figure .9. ) • 
)1.. 

A.s tb.t~~ condensate layer and vapor adjacent to this layer 

become more turbulent, the value of the heat transfer 

eoeffioient increases logaritbmically as ths log of jf­
increases. 

4. l:Upp1es in the surf'a.Qs. ~ct:.dams suggests that t he 

occurrence of ripples in the surface of the condensate 

film gives a var iation in the tbiekness of the CQn.d.ensate 

and therefore a larger av<Srags value of k/Film thickness ' 

whieh would lead to a value ot the condensing coefficient 

somewhat larger tbau the value predicted by the NU$selt 

relation (ll , p . 330) . 

5. Dropwise cond~nsation. An important facto r etteoting 

the :predicted values of the heat transfer coe:ff1cient is 

the ooourrence ot dropwise eonC.ensation. If dropwise 

http:surf'a.Qs
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condensation takes place, the value of the coefficient is 

al.mo st alwaya higher due to the additive ef':t'eets of tur­

bulence and thinner average film thickness (1 , p. 452h 

6, Variation of fluidity of the film. McAdams suggests 

that the variation of condensate fluidity with tamp~ratur• 

would effect the predicted value of the condensing ecetti­

cdent. but this would only be important in the ease ot a 

large temperature gradient through the condensate film 

which 1 s usually not tbe ease. 

1. Contamination. contamination or the condensate film 

would be a. eontri buting factor to a lower value of the 

condensing coefficient, particularly 1:f the contaminant 

is concentrated on the surface of the film. 

A promoter is a substance that changes the character• 

1st1a$ ot a condensing vapor. Promoters are used in 1n• 

duetry to produce higher heat transfer eoetf1e1ents by 

p;rGmoting dropwise condensation. (sg. benzyl mercaptan, 

oetyl th10cyanate , and oleic acid.). Ir the surface 

contaminant reduces the interfacial tension sufficiently 

to render the surface nonwetta.ble, the condensate will 

colleot.in drops that grow in size until downward forces 

cause them to roll down the surface. 

http:colleot.in


u 
A promoter that causes the condensate to wet ths sur­

face would cause cor.respond.il"lgly low~r hee.t trenster 

coe:ftio1ents. Mercury with small amounts of sodiu.m in 

it tends to wet the surface of a metalie container. Lyon 

(B. P• 85) round that mercury exhibited better wetting 

characteristics when small amounts of sodium were present 

in. hia boiling apparatus. It sotium was present in the 

mercury vapor during condensation, a greater wetting coUld 

take plaee and thus cause lower condensing coett'!oients. 

Misra and Bonilla (12, P•· 17) round that mercury 

cond.6n$at1on on stainless steel was predominately drop""' 

wise. These workers measured heat transfer coefficients 

for ~ondensing mercury and sodium vapors with the follow­

ing results: For mercury heat flux varied: from about 
2 2 . 

25 1000 Btu/hr ft at o • .o J.b/in abs. with air cooling 
2 

to about 750,000 at 15 lb/in abs• with we.ter cooling. 

'l'be heat transfer eoefficient. ~anged from about Z tooo 
2 Q

to about 10.000 Btu/hr tt F for film•type cond.en&ation 

and from about 4,000 to over 50,000 tor dropwise conden• 

sation. For sodium the heat flux varied from about 60,000 
2 .

BtuIhr ft to about 100,000 giv-,ng a. heat transfer coeff1... 

oient ranging from 11.000 to 13,000 Btu/b.r rt2 
°F. This 

was earried out with the vaJor oondtmsing on the outside 
' 0

of a tube inclined at a 45 angle. 
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An apparatus was desiened to measure the oondensing 

coefficients of liquid metal vapor. It was necessary to 

build an apparatus to withstand the high temperature and 

conditions imposed by this vapor. A survey of the 11t~ 

erature indicated that type 304 stainless steel was a 

suitable material at moderate pressuMs up to 2.000 °F• 

Consequently • the apparatus was -constructed entirely from 

type 304 stainless steel. and it proved satisfactory 

under the experimental conditions encountered. 

The main apparatus was the boiler and condenser with 

wbieh the liquid metal was vaporized and condensed. This 

apparatus was equipped ·w1 th a means of heating the liqui4 

metal. sufficient thermocouples to determine aU important 

temperatures•. and necessary connections for in.roduatng 

the mercury and eva.cuat ing the system. 

•rae boiler shell. consisted Gf a 4"' o~., 3/l6u wall 

seamless tubing cut to a length of 5 6/8" . This boiler 

shell was closed with end plates 3/S" thick. A boiler 

tube made of 3/4" OD, 16 Bwg weld$d tubing was inserteQ. 

through the end plates a distanee of l 3/an from the 

bottom of the boiler shell.. This boiler tube contained 

an electric heater for boiling the liquid metal.. The 



13 

boiler tube was positioned so that 1 t would not cause 

looal heating in the bottom of the shell nor oa.use vig• 

orous boiling at the liquid surface. The boiler tube 

extended l/4/' on each sid ot the apparatus to protect 

tile h~ating element . The overall length of the boiler 

sbell was 5 5/an. 

One end o:f the boiler shell was shouldered l./16 11 

deep and l/4tt into the wall of th~ shell in order to 

allow a strong anchor for this end of the boiler shell 

ez).d pieoe . The other end of the boiler shell w-as not 

should:ered and. the 3 5/8'' ID remained unchanged in order 

to allow for e:l_panei:on of the boiler shell and tube during 

the heating and cooling they experienced when the wel<ting 

was done. The .Joint 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 stee.l 

pipe sllown in Figure 1. Th.is line contains a l/2" 

needle valve S" above the boiler. The needle valve was 

of type 316 stainless steel due to the unavailability of 

tYPe 30~. Above this valve was a tee• otte branch ot 

which led to a vaou.um pump and the other to a nitrogen 

cylinder, 

A reflux condenser was constructed ot a l/2" QD.• l6 Bwg 

stainless steel tube 12" in length with an inside heat 

transfer area of o.OS26 square ft. considering a ooole4 



14. 

THE BOILER a CONDENSER 

FIGURE I 
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length of 10.25". It was mounted on the boiler as shown 

in Figure l. Three them.ocouples wsre positioned at dis• 

tanoes or 4", an and llitf f'rom the 00 iler shell to measu.re 

the skia t'Onlperature ot the eondens~r. The thermocouples 

wei"O inserted into 0,.012" groGves cut vertioal..l.y into the 

exterior of the condenser.. '!these thermocouples we" held. 

in place: by thin copper <'lamps, and 1nsulate4 from any 

metal contact except at th<; bi~metalio Junction by 10 11111. 

pure mica insulation. Heat was removed from the condenser 

by natural convection. f()l"ced convection was/ attempted 

Uf3ing a i hp. blower. but excessive local cooling .ws.s 

encountered which gave erroneous results. 

Two thermocouples were insta.lled in the apparatus~. 

One tllerm.oeou.ple well extended in into the boilell' shel.l 

and permitted the measurement of the temperature of the 

vapor .above the boiling liquld metal . 1"ke ertner thel'lil.$• 

eoup.le \Yell e:.ICtended into the reflux condenser t0 a 

deptb of S"• The thermocouple in this well was movable 

to allow measurement or the temperature at various points 

al&:ng the length of the retlux eondenser. A tllircl thermo.. 

eGuple was placed in the air space between the ~ard 

heater and the boiler shell to measure the t$1Upertlture in 

this space. Chx-omel•alumel thermocouples (22 B & S) weJ>e 

used exclusively as they would best withstand the hit$ 

temperatures encountered. Temperature measurements were 

http:measu.re
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made with Leeds &: Nox·thrup portable potentiometer.. 11ll. 

ioe bath at ~2 °F.. was used fo r the cold. junction.• 

Th6 enti1•e apparatus wa s welded t Lroughou.t ·u.s.ing a. 

heli.•aro welding process with type 18•8 we.ld1ng rods. 

The heat f'o:r vaporizing the metal in the boiler was 

provided by a l/2n diameter s·ilican earbide "Glo'bar" heat• 

ing elememt 11n long with a heated length of 6",. The 

heating el.exnent s were manufactured by the Carborundum 

Company ot :Niagra Falls. N·Y- The Glober elements h ad 

a. n ominal resA•tance of 1~ '25 ohms. The heating elem~nt 

\Vas inserted in t he boiler tube so that the h•ated length 

was completely oov.ered by the boiler tube. 'l'he heating 

element was p rotected from short-circuiting a.gain.st the 

metal surface of the boiler tube by small ceramic teet 

glued to the heating element with Sauereisen cement . 

The elemesat was connected to a 220 volt A-. c. supply 

throug:tt_ a 220 volt-7 .5 KVA :Powerstat. Suitable control 

of the power to the element eould be obtained. by this ·' 

arrangement. The power measurement was a.ceomplished 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 clamps were attached on the 

I 

http:a.gain.st
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heating element at the point where the element protrud~u• 

through the half inch hole in the brick• 

Insulation 

In order to cont:rel the hea.t losses from tht!t boiler 

shell , it was surrounded with a nichrome strip guard heater 

wound around ceramic spacers. This en.tire aasembl1 was 

inserted into a Grt diameter, 8° long oeram.io tube, The 

~nds of the tu'be were aQvered with magnesia insulation 

to a depth of 1n leaving only the 3/4" inch boiler tube 

expose<!. 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 f .rom the nit :roge:n...vaeuum. line and valve are con• 

trolled by an extention of the guard. heater anti a covering 

of magnesia insulation~ 

The apparatus was mounted Ol'l a steel stand and was 

held in place by the two asbestos bricks which support 

the carbide heater. These bricks were supported by the 

upright ends of the mounting stand. The cera.mie tube 

that holds the apparatus fits snugly between the two 

asbestos bricks so that the air space heated by tbe guard 

heater is essentially stagnant. These bricks tend to 

http:oeram.io
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stop any ehfm.ney effects from the central heating element . 
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THE EXP tRIME£1 TAL .t ETHOD 

Before a run vms started. the thermocouple clamps 

on the condenser were chec.H:ed. :for tightness. The ccmden• 

ser vapor temperature thermocouple along with the vapor 

space and guard heater thermocouples were removed and 

examined. visually for any break in the ceramic insulation 

or a broken junction. The th()rmoeouple s and the mica 

insulation used on the condenser were usually changed 

after each run during th$ cadmium study as the high temp­

eratures tended to destroy the insulation and burn out 

the thermocouple junctions. 

T.he 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 drawn off each time to 

insure the removal or any noncondensibles. The mercury 

systems were usually evacuated at an elevated temperature 

to remove any noncondensibles. This temperature was not 

so high as to allow any evaporation ot the moroury. 

During the wat~r study a nitrogen cover was used wll•n the 

apparatus was not in use. An argon cover was used \vi th 

the. meroury.... sodium systems when the apparatus was not 1n 

use. When the pure mercury or cadmium was studied, the 

vacuum pump was operated continuously. The valve to the 



boiler was not opened in ei the:r case until the liquid 

metal has cooled. to a temperature where the vaeuum. would 

eause no evaporation of the metal contained in the boiler. 

The water was charged by a(Unitt1ng dis·tilled water 

into the previously evacuated boiler through the v·acuwn 

line. The me rcury and mercury-sodium. systeru.s were charged. 

!n a similar manner~ The cadmium was charged by drilling 

a hole in the boiler wall and. charging tlle cadmium. direct­

ly into the boiler cavity in st1¢k 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 mercury and mercrury•sodiwn 

studies. 

A:f'ter tbe thennooouples were checked and. the vacuum 

was considered complete• the valve leading into the boiler 

was closed. The vacuum remai ned on to eliminate any a.ir 

that might accumulate in the upper line due to leakings 

in the system. 

The guard heater was then turned on, but no power 

was applied until the body of the apparatus was eheoked 

for a possible ground in the guara heater. It none was 

detected, the Globar heater was turned on and t he appar­

atus was again eheeke d f'or a :possible ground in the 

carbide heater due to a break in the insulation or faul'ty 

centering of this heater . 



23 

l 

The guard heater was turned on to about 1.7 KW ini­

tially. This power was held constant until the desired 

vapor temperature was obtained in the condenser. When an · 

attempt to approach equlibri~ w~a made , the power in the 

guard heater was reduced to a level that v~s sufficient 

to maintain the air space tempe rature at the same value 

as the vapor temperature.. This power load varied from 

about 200 watts for the wat er study to about 450 ·w·atts 

for the cadmium study, An aluminum foil co~ering was add• 

ed to the outside of the oeramic cylinder for the cadmium 

study to reduce the load on the guard heater. 

After the Globar heater vres che cked for possible 

shortcircuits, it was turned to an initial power of about 

K\V; after boiling had commenced. the :power was raised 

to 1.6 KW. 'l'he latter was done in order to force the 

heated vapor into the column. This procedure helped to 

condition the column to a uniform temperature and ma.d• 

the approach to equlibrium quicker. 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 e xceptionally fast 

condensation rate due to the initially cold tower would 

sweep the remaining vapor out of the con den eer. If slow 

initial heating was used. several hours were required to 

reach an equlibrium situation. With vigorous initial 
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heating, an equlibriwn situation could be reached in about 

t .hour after ths central and. guard .heater power was re.. 

duced.. 

When t.b.t desired vapor temperature was r~ached and 

the te~eratures in the vapor space in the boiler and the 

tower vapor temperature wer& tbe same, the power was re­

duceQ. in the guard heater and central heater. When the 

various tow~r skin te:n;peratures oorresponded and the re• 

gula.tion of the GUard heater had produced sn air spao~ 

temperature near to the temperature of the vapor, the 

time \vas noted and, i .f no cha:nge in these temperatares 

was noted during a five minute period, the va rious therme• 

couple readings were recorded and the power to the aentra.l 

heater was also reeorded. A.t t his poi11t, th• power to 

the central heater waa changed and. the guard heater re• 

gu.lated to correspond to th• new vapor s pace temperature,. 

After equl.1br1um was again reachsd and a proper waiting 

time had passed , another set of data was recorded..­

A.fter several sets ot data were tak~n. the power was 

shut off and the apparatus was allowed to .cool.. 'Phi s 

cooling was often hastened Witb the a.i d of a blower. 

After the apparatus llad cooled to a point where its 

contents were no longer volatile, the vacuum line into 

the 'bo1ler was opened and this was either left on, or 

the gas cover was applied. , 
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H. at .;;.;R-.,em--.,ov.al_,.... 

He~t removal was accomplished by natural convection. 

A blower was used in some runs, but irregular thermocouple 

readings indicated uneven cooling. 

CaJ.culat ions 

A heat balance equation was employed to find th• 

temperature of the inside wall of the condenser~ BY' 

means of this equat ion the inside wall temperature may 

be calculated. from which 6 t across the condensing film 

could be determined using the vapor temperature a.s ~he 

te1nperature of the inside film edge. :ror heat transfer 

through a wall of a circular pipe: 
- ••2 7T,l:"lJlJD 1t k (tl•t£) 

q - ll 
2 

X •••••• (6) 

t' rom which: 
gA X 

• • • • • • {oa} 

where: 

~ out~.i.O.e film ·~emperature -::: inside waUt 1 temperature 

and -=- outside wall temperaturEht 2 
w·here: 

rl - r2 
r . -= · · I'l. •••• • • {7)

lnm ln •·.
12 

rl - inside radius 
- outside radius to therrnoeoup~e sl:o:tr 2 
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The mean beat transfer ooe:tfieients ot the condensing 

vapors were calculated from: 

•••••••• (8) 

where -= inside film temperature -:. vapor temperaturet 2 
-= outside film temperaturet 1 

The theoretical heat transfer coefficients were 

calculated from equation (l) for the systems studied aad 

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 1n Appendix 3. Not too 

good agreement is shown among the va rious references re• 

por-ting physical properties . For this rea$0n an.d because 

the temperature differences were usually small the film 

tempe-rature ts -3/4 (A t) as defined in McAdams (ll, P • 336} 

was not used in evaluating the tlu1d properties• 

The method of Rohsenow , Webber, and Ling was used in 

a calculation to correlate the da ta in th:e manner of the 

theoretical treatment in this paper (14, p, 1630}. Values 
r h v 2 .!..of 4 - and 'R' ("'1r'} 3 were caleulat ed from the physical

..)A . 

data given in the appendix. 'l'he line of zerQ contact 

shear was used in the comparison; an attempt was not 

made to evaluate the cGntaot shear tor the experimental 

data. 

A study was also made to determine if the vapor 

velooi.ty had an effect on the heat transfer coefficients. 

http:velooi.ty
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(11 1 P• 336) an4 

(2, P• 2ll) were oaloula.ted tor the mercury data and were 

plotted versus eaoh other. The physical data used. for 

this calculation is given in Appendix 3" 



EXPERIMENTAL DATA 

T.ABLE I 

Summary Table 

'rable l gives a Sl.l.mi.11ary of the experimental data ob... 
tained in this investigation , giving syat.e:m.s studied 

a...11d ranges ot variables e OV('!l!'ed 

h Heat !'lux 'I'emperatul"e 
Range

A t OF Btu/'F hr rt 2 Btu/hr tt2 F 
ax 

326 . 

'106 

725 

719 

water 

mercury 

mereury 
0 .3% 

sodium 

m.ero-u.ry
l.O% 

sodium 

cadmium 

[Min Max .Max Min Max Min W.n M

1 . 0 29 . 6 10 . 600 129 16 , 900 830 2~3 

o •.ao 6(3.2 52 . 600 380 63 . 600 7;220 5815 

4.6 as .a 6,990 '744 43,300 6,190 542 

0.5 40.0 69 , 000 371 43,300 6.1~0 533 

~. a 69 .7 12.600 211 ~9,500 8 , 230 l ,l78 1,426 

http:m.ero-u.ry
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RESULTS 

Correla tion of Data- . __.... _.........., 

The variation ot tho heat transfer coeftici~nts with 

temperature difference was first studied for each system 

as shown in Figur-es 4-8 ·• 

Water 

'i'he data tor water are shown in Figure ~. The 

shaded portion h Figure 4 e.overs the range ot experimen• 

tal data obtained on water and listed by McAdams (ll, p~ 

333) • In the present work tile condensing coefficie:n.ts 
2obtained for water ranged from 24.100 Btu/br tt °F• to 

0 o~w t217, ant the ll t range was from o.·7 F. · to 29.6 Vla erJ:· .. 

data were taken between 250 and 325 °F. and the heat 

2fluxes varied from S30 Btu/hr rt to 16.tOO., 

The heat transfer coefficients for tho medium and 

high heat fluxes were in good agreement with ot.he2r experi­

mental values .and in fair agreement with the Nusselt 

relationship. The condensing coefficients oaleulate4 

for the low heat fluxes were much lower tha.n 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 !llonden• 

sing coefficients due to the poss1 bili ty that the heat 

http:coefficie:n.ts


31 

(Ill 
WATER 

0 EXPERIMENTAL. WATER DATA 

2. 
10~----~--~-L~~~~~----~--~~-L~~~=-----._--~~~~..~ 

0.1 1.0 

PLOT of WATER CONDENSATION 

FIGURE 4 



32 

loss was due to natural convection rather than eondensa• 

tion or that the effective heat tra.1sfer area was smaller 

than expected. 

Mercur;y 

The data for condensing pure mercury are shown in 

Figure 5. ':{they are in good agreement with the condensing 

data of Hisra and Bonilla (12, P• 17} for air cooled con­

densers. 

The data obta,ined for mercury, howeve r, were fotll'.t.d 

to be in poor agreement with the Nus.selt equation.. Misra 

and Bonilla reported similar results. The equation for 

the condensing coefficients at mercury as a fun<rtion ot 

temperature drop through the film is: 

•••• , ... (9) 

Values of coefficients varied from 62,600 to 380 

Btu/.hr rt 2 °F. and 1J. t range fl'om O.d55 to 68.2 °F. Mar• 

eury data were taken at 585 to 700°F. Heat fluxes 

"' varied from 7. 220 to 63 i 600 Btu/hr ft~. 

Mercutr and Sod1um 

The plots of the co.ndensing coefficients for mercury 

with 0.3% sodium and with 1.0% sodium vs 4 t are shown in 

Figures 6 and '1. The results for these two solutions 

were found to be almost identical with t hose for pure 
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mercury. The e quation s fo-..: the me rcury and sodium systems 

were only slightly different than. t he equations for pure 

m~Sroury: 

Mercu ry plus 0.3.% sodium: h -:: 32 ,300 ~ t-l .. lO •• (10) 

Mercury plus l.O% sodium: h -=. 36,700 At-1 •12 •• (ll) 

Tl1e conden sing coefficient s for t ha sol~tion with 

0.3% sodium varied 1'rum 6 , ~l90 to 744 Btu/hr tt2 °F., with 

a ~t range of 4.6 OF·. to 38.8, while tho se tor the l..O% 

sodium solution varied from 69 , 000 to 371 Btu/tar rt2 0 ·1>., 
with a ~ t ve.:riat ion or 0 . 50 to 40.0 °:e. l\tte rcury... sodium 

data wer e ta.{en in about the same temperature range as 

the }Hlr~ l'lte;rcut7" data. Heat fluxlt)s varied from 6,190 

to 43 . 300 Btu/h.r rt~. 

It may be concluded that sodium pre sent in small 

amounts does not change the condensing ohara.ot eristios 

of mercury vapor. 'J.lhis is :p robably due to the low vola• 

tility of the sodium at the normal boiling point Gt 

mercury eo t hat none is :present in tt1e vapors or due to 

t he possibility t hat sodium pr$sent in mercury vapo:r 

d.oes n<:Dt change the nature of the condensing process . 

Cadmium 

The plot of the heat transfer coefficients vs 0 t 

for cadmium along with t he comparison to the Nusselt 

relationship is given in Figure s. The data tor thtJ 

cadmium study gave the following relationship betwee n 





•~• ho' truar :r eo tftc!eat an t: 

h =001 400 At•l.OO •••• ••., {lll) 

Tua re ~.Uta 1\M Wt:'l at~tlt\T to dtt.t& obtatn. 4 au, ~oro 17 

ant ~-ite~~-~~u.m.. ·var!Atlotut ot D. "' ~~ 1. 0 •.r. u 
69.f 0 Y. "" :ro out$1n•dl attdt the con4~~t~S~ ooort1oiol}.\a 

'ftlt"J. d from Zl.2 to lP- 1 606 atu/n~ tt2 °1. A 0 ':'t~n 

6m$ua1i ot 'ittl~~lty waeJ •n"otm"t~l"tuil in otJlf)ltnllns t-!Ootl 

towe~ au~t~•e• ~nte w~a t\UAJ tc tm 4oto:-t,o"'t1on or :t:t• 

th · "' ooou.:pl e an4 th .· tbeaoocoupl<t 1nu~ tio~ ttunne tbs 

V!U'it~u ~u.rut• U at flu:t•$ v~ri•d fl'Om 31 210 o 69. 100 

bu/hr ttl • ana tne con«•nslA!! t~elfature ~· w e tJ~Gm 
1•1'8 °?. o 1 , 42 °.r. 

kG utt.~ •reu.r1, '\bo 4'-<1m1~ flats rtfllted .woh lfjlfl'cr' 

oond 1ae eo~ttloient t~ wa10 v.r~41ote4 tro~ tn• 
Uu...tt !el.cs,ion (1:1)• 

a , 
I~ li':t~re gt , l ( 11 )3 1a ,plott.,d v:e~fiaa 1[·.·tor 

all ttl• eottr!:t ntttl do.ta o·b . a1u~4 Ql\ l tt:.1 t t~e, u, 
to ~r: ·, a.ooo iihe- oune hpN$~nts til . ~•••lt eqllttt1ou • .- r . 

I!Jl.bGM tilt \'Ul.u ot )1 u 1ndtv.idu4l etJ.na tu obtQifi"O¢ 

t'or ~ob f'randtl nu;ab•~· Tb.1s 1tr the re!lOft ·b.n t "ile 

o~nd,erudtt~ rtlri 10 'tu.rbu1o:n'• fhct 'l!t fll..i~V!!t,e · .VIl1 fct~:r ~N 
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Seban (15, P • 300) and Rohsenow and coworkers (14, P • 

1630}. The mercury and sodium data of Y.d. sra and Bonilla 

(12. p. 20) are included in this plot . 

It may be seen that the water data of medium and 

.high heat fluxes gives reasonable 58reeme.nt with the 

zero sh.ear laminar now line v;hereas the low heat flUX 

values do not agree with the theoretical line. 

It may also be seen that the data obtained for m.er­

oury and mercury•sodiwn in this investigation fall in a 

range close to the data of Misra and Bonilla.~ 

Al:). attempt to evalua:be the effect or vapor velocity 

on the condensing mercury system was made by plotting 

DG:m !l, against h {NY:Ir) ~· 5 • The basis for this plot
jT" P; ep Gm .&' · 

was the· sem1-.emper1oa1 equation p roposed by Carpenter and. 

'colburn (2. P• 25) i.e. h (N )
0

•
5

::: 0.065/Zt ! .... (13) 
op G:m Pr f>v 2 

in. which they co~eid.e:r the effect of vapor velocity. 

Since the friction faot0r. f, is a fUnction of the vapor 

Rey:nold.s number, 00m • this effect should be detectable 
P- · 

bv plottin~ DGm. /£ veraus h {N )0 •fi. No definite 
.., ...,. )...<. Tv · o.P Gm Pr 

trend was detected with the mercury data. . Viith the ·prtt"sent 

apparatus vapor flow is counter to the liquid flow and any 

http:58reeme.nt
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increase in the vapor velocity soould result in a red.uc­

tion of the condensing eoeffie.ient. 

Experimental condensing coefficients for mercury and 

meroury•sodium systems were l% to l0% of the values pre• 

dieted by the Nusselt equatio11. Similarly• for cadmium, 

the values are 0.457' to ll% ot the theoretical v.alues for 

filmwise condensation. The conditions tha.t may be dtttter­

ent from the cond! tio:ns used in deriving the Nusselt equa• 

tion are: 

(l) Dropwise condensation 

(2) Turbulent flow in the oondensa:t:e film 

(3) Ripples on the surface of th" film 

{4) Finite vapor velocity 

All ot these effeets would contribute towards making the 

eoe ff!o ient higher than preclioted by the Nuaselt equation 

except number ( 4) when the vapor f'low is counter, to the 

liquid flow. Tht s s1tuat ion. existed in the experimental 

apparatus and· could conceivably have brought about the 

low coefficients measured. An aJ;"gument against this , 

however., is the fact that Misra and Bonilla {12• P• l.l) 

made some :measurements tor condensation outside an in­

clined tube. They go~t low coefficients and vapor velocity 

here would have no effeet . 
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Factors which might contribute to low eoeffie1ent.a 

a;.._ Also: 

sate 

(4) Radiation 

(5) Error in m.ea.s.ur~ment of the wall.. tem.)eratu.re 

All ot these factors are believed to have negligible 

effect except possiblf {3} and (5) . .EqUlibriwn was 

attained quite easily eo factor (l) and (2) are prebably 

not significant. L.oss of heat rrom the boiler by radi• 

ation is probably small because of the small areaa of the 

condenser compared to the boiler. The etreottve area •t 

heat transfer eoult not be determined, but wa..s :probablf 

well wi tllil!l 20% of that actuallY' u$ed 1n the ealo\l.lat1on. 

Then•., was oonsiderabl.e pos.s1bili ty tor luge er:ro~ 1•, 

measurement of the wall temperature due ta uneerta.lllty 

concerning tlle actual thermocouple position in. the tube 

wall and eoaduct1on o.t heat along the thermocouple wires . 

It is improbable however that this err0r would be 10 to 

100 told. 

Hence. it is probable tha'C the low eoeffieients al'e 

http:tem.)eratu.re
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due to faetors associated with the condensation of liquid 

metals and eonneeted with th.e typ• of apparatus used. 

Since the oonde~sation oould not be observed visually , 

an evaluation of these tacto rs is not possible• 
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SUMMABY AND CONOLUSIONS 

The condensing coefficients of mercury and mercury... 

sodium amalgams up to 1% sodium have been dete.rm1ned. 

It was found that th · amalgams yielded no difterent results 

than the pure mercury. Values of the condensing coeffi­

cients ranged from 13% to 1% ot the va lues predie ted 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·. Misra and Bonilla 

obtaineli condensing coefficients for sodium that wer• 

151' to 5% of the predicted values; for mercury the values 

ranged from 20%to 6%or the t h eoretical values for air 

cooled condensers (12, P• 17). 
4 r 11

A plot of ~ · against k showed considerable 

scattering of the data ,, but the data was in s•neral agree­

ment with the results or Misra and Bonilla . 

Several factors llave been eo:nsi dered te explain th• 

general low results obtained in comparison to theoretical 

value a. Although there was possibility for considerable. 

experimental error in the measuring procedure this does 

not account tor the magnitude of the disagreement i It 

would appear from present data tll6\t the condensing ·eGeffi• 

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

la.t ionships. Considerable work needs to b• done particu... 

la:rly on the fluid mechanics or the system to gain 

fundamental information o:n the condensing process• 
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I~OMmCL.ATURE 

smbol Dimensions 

1. A. Are(i ft~2 

2. Op Heat capacity Btu/lb. 

a. f Friction factor dimensionless 

4. G Mass flow rate l'b./hr.rt, 2 

th g Acceleration of gravity 4,17 x 108 tt/hr2 

6. Conversion factor 4,17 X 108 lb.(mass)Se 
ft. /lb (fore~) nr2 

7. H Enthalpy l3tu/lb. 

a. b. Mean heat transfer coefficient .Btu/hr. ft.,a °F. 
29. k Thermal conductivity Btu/hl- · ft. 

°F/ft, 

10. L Length 

11. M. Molecular weight lb. /mole. 

12. mv Millivolts 10-3 volts 

lZ. Npr Pr andtl number diznensionless op )A/k 

14. l? Pressure lb. I ft. 2 

15. q Rate of heat flow Btu/hr. ,, 

16. R Gas constant 

17. r Radius 

18. T Absolute temperature 

19. t 'l1emperature 

eo. X Length of heat conduction path :ft. 

21. d Condensation coefficient dimensionless 

22. r Mass flow rate based on lb./hr. ft. 2 
pe ri:phery 



sabol 

23. ~ t 

24. ~ 

25. }J. 

2:Uh v 
27. 1T 

;-a28 . 

29. T 

30. ,... * v 

l. t 

2. i 

z. L 

4. m 

4. v 

Tem.per~ture di ft'erence 

I.a·trent heat of vapt:>ri~.ation 

V1$eosity 

K:lnematte v1 scosity 

Dimensionless group 

Density 

Shear stress 

Det!ned i:n equat1cu1 (5) 

Oondense.te film 

Intel>fa~e 

Liquid 

Vapor 

49 

Btu./lb . 

lb. /hr. ft. 

n. 2 /n:r. 

lb./ft.2' 

lb./tt.2 

http:Oondense.te
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1\.Pi'IDiDIX I 

lxper~ental Data 



fable 

fherm,oeouRl• 

I. 

II.• 

III• 

IV~• 

v. 

VI. 

II: Experimental data. 

Explanation 

Millivolt and temperature readin.g at 
thermocouple slot 4" fl"$m tlua condenser 
base., 

Millivolt and temperature r~uul:ing at 
thermocouple slot au from. condenser base. 

Millivolt and temperature reading at · 
tllermooouple sat ll.t" from condeneer 
base. 

Millivolt and. temperature reading of 
tower vapor th.erm.ooouple • 

NJ.llivolt and te.mperatu:re. reading of 
boiler vapor tlun••tn.oooupl~h 

Mill!volt reading of th.ermcu.louple in air 
s~_ between guard heater and boiler 
shell,. 



Run-
1 
2 
3 
4. 
5 
6 
7 
8 
9 

10 
11 
12 
13 

EXPERDriENTAt DATA 

TABLE n 
Data For Water 

Tbe~mocouplea 

12.31 576-7 
1).11 61l.l 
1.);52 629~4 
14~17 65?.;1 
13~42 624.6 
11.91 559.4 

VI 
mv 

6.10 
5.95 
5~J9 

. ; .66 
6.00 
6.10 
6.;9 
5~00 

"'5~69 
6 •. 13 
!t...77 
6'*59
5.04 

Power 
Watt& 

70 
160 

20 
100 
200 
10 

200 
200 
120 
410 
110 
)20
97.5 

12.73 250 
l).U. 400 
1);79 450 
14.39 ;oo
14;4; ·aoo a~ 
1).)) 1,150 f 

12.27 575.0 
1).09 610.4 
1).46 626~)
14;.1) 655~4 
l) ,;)l 620~0 
11.82 555.4 

9' 



Data For Mercr!!Q' C9ntinue<l 

-Run Power 
I II ·· III IV v VI iatts 

mv °F mv °F mv o.
& . mv 0F mv: °F mv 

7 13~7 '614,0 1).20 615.4 1).22 6lo.j 13.70 6)6.J 13.67 6.35.0 1.3.64 700 
g 1).64 6J4.• 0 1).70 6)6.) 1)..74 6Jt.l 14.11 654-5 14.10 654.0 14.07 200 
9 1).97 648.6 14.05 651.7 14.06 652.2. 14.5l· 672.2 14.51 671.) 14.53 650 

10 1).21 616.7 1).21 616.7 13.27 61~., 1).86 64J.,5 1J.• 9l 645·9 13.99 700 
11 12 .•6; 591.) 12.70 596 •. 3 12.78 597·1 l.J.l.S 613.0 1;.1o 613.5 13.11 .500 
12 14•. 15 6;6.) 14.21 6;8.9 14.23 659.6 14~66 677.6 14.64 676.7 14.59 500 
13 1).97 64tt~4 14,-.06 6.52 .1 14.10 654-J 14.34 664-3 l4.J6 665 •. o 14.38 650 
14 12.74. 59).• ,4 12.80 598.0 12.Sl. 59$ •. 5 13 •. 39• €)ZJ~5 1).47 626.7 1).-41 900 
15 11 •. 81 555.,0 11.97 561.7 1l.r9l. 559.4 12 . .:.92 60.3.·0 U.$9 601.7 12.91 1,.500 
16 14.•20 6.58.; 14...24- 660 . .:0 14..2.3 6!)9..-6 14.44 .668.; 14.47 669•6 14.49 600 
17 l.l.ll 6ll•. J 13.15 61).0 1).:21 615,9 l).~l 628.5 1).~8 647.,1 13 •. 47 .500 
18 14 .,0) 6,50 •. 9 14..04 6.51.3 14.07 652.'6. ' ;14~3.). 663;9 14.39 666•J 14.JS 850 
19 13•..38 62) ..0 1).40 624.4 13.46 626.) 13.65 634.:4 1)•. 66 6)4..9 1)~,69 700 
20 14•. 24 660.0 14.25 660.4 14.·29 662.6 14.• '6.1 676.3 l4.ol 67s.Jt 14.65 ·800 
21 12 •.l0 ;6.).0 12.14 565.0 12.16 .S6S.9 12;;.2 5-85-.9 12.51 S85.1t 12.•5.5 1,000 
22 1).01 607.1 1).06 609.1 1.3~10 610.9 13~26 618.0 1).27 618.4 1).29 350 
2) 1).29 619.4 l).J.) 620.9 13.41 624 .• 4 lJ.6J 6JJ.S 13~74 6)8.0 1).71 500 
24 1).$5 64).0 1).9) 646.7 lJ.99 649-4 14~45 668.9 14.47 669.-6 14.41 .550 
2; 1).67 6.35~.0 13.71 6)6.7 13•. 79 640.4 1~.oo 64.9.4 lJ.-.0) 6;1.3 14.07 300 
26 1).•22 616.J 1).26 61$.0 13.34. 621.) 1).6) 6.33·-5 1).70 6.)6.) 1).?;. 650 
27 14.01 650.0 14 .• 07 6)2.6 14.05 6;1.,? 14.-45 669.J. . 14.47 669.7 14-.50 Z.,OO 
28 12.93 60) .. 4 1~.98 605 ·~9 13.03 60~·.o 13.28 619~4- 1).31 620,.0 1).. )6 g;c 
29 12.)9 580.0 12.46 53J.Q 12.5) 586 • .3 14.,20 6)8.•s 14.27 661.) 14.2.3 700 
)Q 12.~0 58j.O 12~59 588.9 12.76 596~,) 11.,.)4 66lt~4 14.;.8 665.9 14~40 1,000 
Jl 12 •. j? ,;sg.o 12.6} 589.6 12 . .''10 59).) 14.. 46 '669.4 14.47 669.6 14~40 80.0 
)2 12.71 593 •. 9 12. 79 598 •. 6 12 .•$6 600.4 14~51 671.j 14.. $4 672.6 14.59 850 0! 

33 12.$4 599.6 12.91 602.6 12.91 605.4 14.~56 67).) 14.,56 673.9 14.63 950 ~ 
34 12.67 592.1 12.73 595.0 12.go 598.o 14.47 669.4 14.51 671 ..:3 14.55 1,100 

http:619~4-1).31


Data Foz- Mercnu::z Continued 

Run 'l'hermocouRles Po·w·er,.......,_ 
Wa'tt$ · 

I II III lY . v VI 
mv °F mv •r rav C>p mv °F mv °F m• 

35 12.52 .585.-9 12..-sa ; se.; 12.69 593.0 14.46 669.4 l~.• 4.3 668. 0 14.50 900 
)6 14.o2l 659.4 14•29 662 •. 1 14.24 660.0 14.67 678.0 14.63 676.) 14.63 $00 
)7 14.77 682 ..6 14.-86 6g6.} 14- f36 686.) 1.5 .30 '705,.1.;. 15.)2 706.) 15.21 600 
)3 13.54 $29.6 1)•. 61 6)2.6 1).62 6)).0 1).97 646 .. ; 13.96 64.8.0 13.93 1,300 
39 1).5> 6)0.0 13.55 6)0.0 lJ •58 6)1.. J 14.14 655.9 14.17 657.1 14.21 175 
40 1).60 6)2Jl 1).65 634.4 1).66 634.6 14 ..17 6)'{.1 14.17 657.1 14.21 .350 
41 lJ •. S? 643• 9 13.-9lt- 657o~l 13.96 64e .o 14.34 664.4- 14.34 664.4 14.37 700 
42 12.29 575•9 12.i)O 576•3 12.32 577~1 12.59 5$8.9 12.. 66 591;7 12.70 875 
4) 1).6) 6)).5 1).6S 635.4 13.65 6)4.4 1J.9g 648.9 14.02 650.4 13 ..99 750 
44 14.08 6;).0 14.11 654.4 14.11 654-4 14.63 676.} 14.62 675.9 14.59 425 
1..5 14~19 6;g.o 14.21 658 ~9 14.21 6$8.0 14.73 680 .. 9 14.?ll 6$).0 14.$0 350 
46 14.41 667~1 14.48 670.0 14.47 669.6 14..95 69() .. 4 14.93 689.6 14.85 700 
·47 14.. 43 668.0 14.4.3 668.0 14.45 66$.9 15.09 694.6 15.14 698.9 1~.19 250 

£ata For »9:erc,un;+O.)%Sodil.UB 

l 12.95 604.6 12.95 604.6 12.97 605,4 lj.J,..4 625.4 1).1044 62$'f4 1).39 1.050 
2 14 • .50 670.9 14.54 672.6 14.56 673 .. 5 15.01 693.0 1,?.04 69~ ..4 15.04 700 
) 14.S9 686.) 14.87 6g6.7 14.99 692-l 15-74 724-,4 1).76 725.0 l .$.72 550 
4 12.59 588• .5 12.• 62 590.0 12-;,.61 589.6 1).08 6.10.0 1).• 09 610.4 1).10 $50 
5 12.$8 601.) 12..90 602.4 12.92 60) .• 0 1,3.35 6)J..( 1).)9 623.5 1).• 39 900 
' 14.;39 666tl 14.• 46 669;,.4 14.46 669cf4 15-.0l 69.).0 1)~07 69~·4 1;.•oa 9"00 
7 14..57 67).9 1.4.59 6?4-.6 14.61 675~i4 15.0} 693-9 1).•0) 694.6 1;.01. 150 
$ 14.27 661•1 14-.JQ 662.6 14.30 662 •. 6 ll+;90 6€!$.0 1~.. 95 699.4 1~.90 650 ~ 
9 11.72 5.50·9 11.75 552.1 11.72 552.• 6 1?.•20 57~.7 1?-.25 5TJ.9 · 12.26 600 

10 U,.1J .578.• 9 12.,1) 578-9 12.14- 579-4 12.76 596.) 12.75 .S95.9 1Z.79 .)00 . 

http:12-;,.61
http:Sodil.UB
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J)att .f'ol:' H~rc!U+O.l~ §oUWU; Oontiny,e!& 

au . f£!ermocoq;ele,s Power- I Vattza 

l Il: lii IV VI 
mv ·o, mv · °F mv · <7 mv . •F mv °F mv ' 11 12.44 ;s:a.1 12.42· 581.) 12.46 .)8).0 1).00 606.7 1).06 609.4 1).09 400 

12 1).1} 612.1 13.16 61) .) 1).16 613•5 13~69 635.9 l:h72 6,37.1 1).69 900 
1.) 1).6) 634-4' 1).71 6)6.7 13.71 6)6.7 14.)8 665.9 14.. 38 665.9 14 •. )6 SOD 
14 11~70 ;sa~o 11.71 ,,..4 11.74 ssr.1 12;27 S"/5.0 12.25 5?).9 1e~24 soo 
15 11 .• 22 528.9 11;27 530.9 11.26 5}0~4 11~,9 54-7.6 ~1.12· ;;o"' . :r.t;7) 600 
16 12ZlC 567;6 12;.13 ;6tl..9 12•13 568.9 12.62 · 590~-0 12."66 591.7 12,6.8 400 
11 11;ao 5$4,6 lltl5 5.5,;1 11~85 ,,,., 12.)1 57'6.7' 12.)/t $78.0 12!)8 700 
18 lZ~40 5$0~4 12;~tca 56l•l 12.42 .)81.) 12.96 605.0 12.97 005.'4 12;97 ... 
19 12••9 60I.7 12~93 60,l.S 1).•. 42 624.6 1).44 925.4 1)~42 550

12.•.·. .· .. 0 ·;94 ' .·· J.• ' . . 2£) 1].4..5 625.9 . lj.;4; 625.9 13~46 626;.) 1)~99 649-4 1).98 648.9 11:98 900 
21 13'.21 615.9 1)~21 615:.9 1)~22 616-.2 13.7) 6)7.6 1).?7 6)9~4 ' 1,3~;?; 800 
22 13.)7 622,6 1).42 624•' 13'•42 624•6 L4~05 651.·1 14.05 6;1.7 14~<>3 lSO 
2) 14.01 6501'0 14.0) 650.9 14•. 02 650.4- 14.71 6$0~0 14.74 681.) 14.75 )QO
2ft 14.69 67$.9 14:.77 682;6 l4•?9 .66J•S 15.44 711.; 15.49 71).5 15.44 1.ooo 
2S 11 .. 03 520~4 11.0) 520~4 U ·;.Oo 521.) 11~50 541.3. 11.54 54.3.• 0 11•.56 6.SO 
26 ll.Sl 541.~7 . 11.58 545.0 11•58 545·•0 12.65 591 •. ) 12... 69 59).0 12'.7,0 700 
27 12.87 600~9' 12~89 6ol.7 12.9} 60)·.) 1).97 64$.0 13.~89 1,1001· .~9 ··· ··· .) ·7 64,ll.•O28 l).'/2 6)7.1 13.75 ·6)a.s 1).76 6)8.9 14..44 Q()i.; l4e:48 &70.0 '14.42 190 
29 15.01 693.0 lS.o; ·U4.6 15 •:06 69).o 15.66 720,;9 ' 15 .• 66 120., 15,64 900 

nata tor M~x-eu.rz•t.o~ IOd~:wa 
< 

l 13~19 640;4 l)•. $7 64-1•9 1)'.$5 64.).0 14:.81 6l.Ut-•4 14~84. 6S5•. It U,.'$4 500 01 

a. 14.")2 6?1.'."7 14:~55 .6?).0 u;.s;: 67l>•f 15.4; 711-~'7 15... 47 712.6 l5.:1t9 700 U1 

l lj-71 6J1.6 1~.73 ~)1.6 1J:~72 6,31.1 14i54 672··' 14•. 59 674.6 l41J57 400 

http:650.4-14.71


Data_For MercUl"y+l._O, SQciiwn Continuecl 

Run Theri!locop.ples Po:wer- I II III Wattso, IV ott v VI 
mv m• Oy mv ·o,. mv mv or mv 

4 14.00 649.6 14.o; 651.7 14.07 6,52 ..6 14..90 688.,5 14.94 690.0 14.90 550 
5 13.88 644.6 13,92 64{>.3 13.93 646..7 . 14.77 68,3.0 14.80 68.3.9 14.83 JOO 
6 15.01 69).0 15.04 694.4 15.07 69,5 .• 4 15.60 718.,5 1,5.•6; 620.4 15.66 700 
7 10.91 515.4 10-.91 515.4 . 10.94 516.7 11 • .30 .532.4 11•.34 533.9 11.)7 .500 
8 11.74 551.7 11.77 55).0 11.77 553.0 12.02 564.4 . 12.04 56).0 12.0? 850 
9 1.3~97 648.; 14.016)6.0 14.03 650.9 14.48 670~0 14.54 672.6 14.,52 800 

10 14.46 669 .. 4. 14.49 6.70.4 14.55 ·67J.O 15.11 697.1 15.18 700.0 15.• 14 400 
11 11•.34- 533.9 11.35 5Jlu4 11 • .)8 5}5.9 ll.~U., 5.56.3 11.89 558.5 ll.r92 900 
12 14.58 674.4 14.64 675.9 14.66 677.• 6 15.20 700.9 1,5.2) 102.1 1.5 .:Z? 700 
13 14.85 68.5.9 14.88 687,1 i4.92 689.4 1.5.31 705.9 15.34 707.1 15:.29 25·0 
14 1},)$ 62).0 1.3'.41 624.4 1).45 625.9 14.19 658<•. 0 u; .•2o 6;a.; 14.22 500 
1) 14 •. 57 6TJ.9 14.6T 67) •. 4 14.62 675.9 15.19 700'.4 15.23 702,.,1 l.S .2) 700 
16 12.)) 577.6 1~.37 579~4 12.39 .sso.o 12.74 595.4 12.76 596.• ) 12.71 . 700 
17 12.96 6o;•. o 12.97 605.4 12,99 ,6Q6~) 1).39 623 ·' . 1).42 6~4~6 13.45 500 
18 13.:22 616.) 13 .2; 617':.6 ~-lJ ~28 ..,618.-9 13,.82 641 .. 7 1}.81,. 642.6 13-.82 450 
19 1:h91 645.9 13.97 64tt.o 13.99 649.4 14 .•)7 66,5.4 14~4.1 667.1 14.41 800 
20 14.34 664.4 14.38 665.9 14.39 666.3 14~89 687•• 14.87 686.7 14.,.91 700 
21 11.95 560•9 11.98 562.1 11.98 562.1 12.27 5'15 ~0 12.)1 576.7 l2.J4- 900 
22 12~7' ·597.1 12.•8Q .s9a,o 12~81 598.5 13.)2 620.4 1.3~35 621.7 1).)5 400 
23 13.37 623.5 l.J.40 ~2)Jtr9 1),42 624~6. 13.8'/' 643.9 11~89 645 .~0 1};86 600 
24 11.19 '27.6 . 11~22 528.9 ll,.2J 529 .• 4 11.56 544•4 11;;8 545.0 11.;5) 800 
25 11.98 562.1 12~01 563.5 12.01 56).5 12.J6 578.9 12•.)8 579.6 12.)3 400 
26 1) •. 48 627.1 13~53 629.4 13.!)2 62ll.9 13.84 642.6 13.67 64.3.9 1J.&9 700 
27 14.34 664.4 14.)5 664-~0 14.37 665.• 4 14.78' 68).0 14-..81 684.4 14.84 400 
28 13.41 624.4 13..41 624.4 13.43 625.0 13.67 635.0 13.71 6)6.7 13>·70 700 
29 11.$5 $5647 11.89 sss.; 11.9) 560.0 l2.Jl 576~7 12.,)4- 578.0 12.)5 .300 
.)0 1).17 613.9 1);20 615.4 1)~23 616•. 7 .1).62 6)3.0 13 <16.) 6Jlt.4 1,3.60 650 

'· VI 

"' 



Data For Mereux:z+l.gfo Sodium G~ntinued 

Run Tlnf:!rmoeoui,les Power 
\latta 

I II III IV v VI
0 0mv OF mv Op n1v 0, mv F mv F mv 

3-l 14.49 670.4 14.53 6?2._1 14.56 673.5 15.00 692.6 15.05 694,.6 1,5.07 300 
32 14.92 6$9.9 14. 97 691.) 14.99 692..1 15.34 707.1 15.)3 706.7 15.30 900 

Data f2£ Cadmi-um 

l 30.71 1• .359...3 30-75 1,361•.3 J0.;$1 1.,363.9 ) 1.?2 1,40).1 31 .81 1,406.7 31.77 750 
2 31 .39 1,388.5 31,. 46 1,39l .7 31.5.3 1_.394.-6 32.63 1,442.6 )2.70 1,445.4 )2.74 550 
3 )1 .10 1,375-.9 31.11 1 ,376.) 31.16 1,378.•5 32.29 1,427;.6 J2.J4 1•430.0 32.)9 250 
4 31 .09 1, 375.4 31.13 1,377.•2 31.17 1.,378.9 32.20 1,423.9 32~24 1.425.4 JZ.27 500 
5 2$ .00 l,U.:l-4 28. 04 1,245.0 2$.07 1,246.3 28.46 1,263.0 28.50 1.264.7 2$.57 250 
6 · 2a .33 1,_257.5 2S.3s 1,259.7 2s ;41 1,.260.9 2a.9o 1.2s1.7 za.94 1,2s3~5 2s.92 200 
7 30 .88 1,366.7 30.92 1~36S .; 30~~98 1,.370.9 31~32 1,385.4 )1.36 1,387.2 )l:.Jl 85.0 
8 31.37 1,387.6 )1.41 l.J89~J Jl.'46 1,..391.7 31.89 1,1+10.. 4 )1.9) 1.412 .. 2 )1.96 500 
9 25•49 1.al36.? 25.5) 1,138•.4 25~·57 1;-llfO..O 26 .32 1 .,172.2 z·o.,J.S 1,17).-4 26.38 400 

10 2a .•:36 1, 2;cl~8 z8.'40 1 ,260.4 28~45 1,~e>2.6 za .91 1_,2e2.2 28.94 11za;.4. 29.01 soo 
11 29 .35 1;300.9 29.37 1 ;301~7 29.'41 1,30).,) 29-..89 1,124.,J 29.•93 1 .,)25~9 29.91 ·600 
12 29.70 l,lt:f.9 ~9 •7..Q J. .,Jx?.6 29.-77 1 1 :n::s.9 31:.;2o l,Js0.4 31.23 l;J81.7 .31.10. 1,1oo 
1) 31.05 l,JT3·9 31.10 lt3?5.9 31.14 lt317.6 )1.56 1,395~9 31.61 lt.39tl.O Jl:..,6) 600 
14. ) 0 .03 1,))·0.4 )0.-07 l,JJ2.2 .30~11 1.333.9 )1.62 1,198.5 31...66 1;400.4 Jl~:S9 500 
15 30.16 1;3?8.5 )0.18 1 ,3?9.) 30.22 1.381~) )1.68 1,4:01.) )1.74 1 .~0).9 )1.66 700 
1.6 26"*91 1.,197.1 26;94 1 ;,19$~ 26.97 1,199 .6 27~73 1,232.1 '2:7.77 1i2JJ.8 27..S2 500 
17 28.07 1.,246.) · 28._11 1.2/.r$..0 2$.15 1,250.0 29.4-0 1,303..0 , 2,9•.46 1,3'05.4 29.-37 1,200 
18 2~.. ,36 1,2.;g.g 28 •.,37 1,25'9.,) 28.42 1,261.) 29.. 95 1,326.7 29.99 1,)28.) )0.04 400 
19 21l.75 1,275:.4 28~·77 1•276•) 28.$1 1,278.0 ,30.24 1,339·) ,30.28 1 .,3'40~0 )0.26 850 
20 28.,76 1#275.9 2$,.81 1:;27$~0 28.84 1;281~) )0.39 1,)45.,4 }0.41 1;)46~3 )0.42 600 VI 

21 29• .55 1,309.) . 29.58 1,)11•.2 29.,61 1,312.2 31.01 1,372.2 )1.06 1,374.3 31 ..10 900~ 



Rata r~r pat\rxtiE coa~tnB 

1;.herl.t\{)oot;tQ!qts, Powerl!B 
r~a~t& 

I II III IV v VI 
mv °F mv °F mv 0 F mv °F . mv °F mv 

22 29. 9s 1~)26.7 29.99 1.32g.s )0.04 l,J)0.9 )1.52 1,394.) )l.S4 l.il95.0 31..57 700 
23 J0.6) 1, )55.9 30~66 1.3s7.2 )0.69 1.)58., )1.26 1.)8.).0 )l. J.l l.;s;,. )l.Jl SQQ
24 )o.u~ l.>J~.o 30,.1t! 1,))~.1 :30.22 l,_J)S., .)1.4,7 1.192.2 Jl.)l. 1,)9).9 ll.S4. 650 
25 29.8"9 1,)24.) 29'. 91., 1,)26.J 29.94 1,).2$.0 )1.•)1 ~)8!}.·0 )1.)2 .l,J$5.4 Jl ,.){> 400 
a6 )0.Z2 1,))4.; )0.24 1 1 ))9.3 )0.27 l .JJ..O•.f+ l.SO 1•J9).•S )1.~6 l 1 l 9S. 9 3c1.s;. 900 
21 )1.26 1•.)8) ..0 31.)0 1,3&4.6 )l.• J) l .lS'S.9 J2.$'9 1.~0..9 )2.68 1.444.6 )2.74 1.200 
2tl )0.66 1,)51.2 30.68 1,358.0 ;JO.74 1_, )60.•.g 31.94 1.,412. )2.•01 1,41).4 )1.96 800 
29 .)0..88 1.,.)66~? )0.94 1,)69.) )l.oa 1,372.6 )2.24 1~425.4 )2.21 1,42~.7 .12.23 7W 
30 ) 0 .. 6) l al!)S.9 )0.67 111 )57.6 )0.12 1.360.0 )2.04 1.41~•.7 )2.07 l .4lihl ,;z-.06 >so 
)1 )0...84 1,36,.0 )0.85 1,)6.$.4 )0.87 1,)66.) .)2.,18 l •.~taJ.l )2.22 1,)24.6 J2~24 400 
)2 2?.64 1~2~3·;_~:;-:~27.671.229.-2 27.•71 1.,2)1.) 27.t6 1.2)7., 27.94 l . :u.,o-9 27.96 6}0 

Prl> " ~ J. lc/!\1'\33 28.41 1,2uo.9· 2S.44 1,262.1 28"49 1. 264.3 2a.ue 1,272.5 ·2s.70 1.273.4 .o.."""' ~-
)It 2i.'65 1,271.) 23.67 1,472.1 z.g.69 1 ,, 27).0 28.67 1,280.4 28.91 l,2S2..1 28.,&6 100 
).~ 29.19 t,·z94-.~3 a9.·23 1,295..9 29.26 1.;,297.1 29.73 1,)17.2 _29,.76 l .JlS.S 29.,71 $SO 
36 )0.02 ltllC.O . JO·;;OJ l.;J30.4 )0.06 1.))1.7 30.44 1,347.6 JO•.so 1,350.4 )0.$6 1.,000 
)? )0.28 1.340.9 30•.3) 1.34).0 )0.36 l,l44.3 )0.91 l~l6S,O )0.,9S 1,)69.6 )l~Ol 600 
)8 · 3G.65 1.35?·1 ,o.oa 1.:;;s.•o )0.•73 1,).59-.6 ;1.12 1~)16. ll.l7 1.)78.-9 )1~24- 950 
)9 J.O.T'I lt362~..2 . )0.61 1.363.9 )0-.84 l,-l6S.O )1.45 l, )9l"'.l 31.48 1.392.6 ]l.52 60rJ 
40 )1.,6 l.l96.J )1.6) 1,398.9 ·al.6S 1 ,q.oo

I 
.o )2.19 1,,423.-5 32.2l 1.424.4 )2:~26 ?00 

¢11 
('l) 



APfENDIX II 

CQ.lcula.ted Data 



Table III: Calculated Data 

Explanation 

Power: Btu/hr 

Mean vapor t ,mpere.ture, average of' 
IV and V temperature readings 

Tsom= l\!ean condenser outside surface temp·era• 
ture. average I. II. and III temperature 
readings. 

Tsim: Mean temperature of inside surfaee o·f 
conden ser, using equation 6a and Tsom• 

A t; Difference of · 'l'vm and Tsim• 

2Iieat Flux: Btu/hr :rt t power/condenser heat transfer 
area. 

Btu/hr tt2 OF/ heat flux/ (J t. 
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~t! lQ! Merourx continued 

Tvm 
or 

Tsom 
~ 

0]' 
Tsim 

0 ]!' 
L\. t 
trr 

Heat 
Flux 

h 

23 
24 

1,710 
1,880 

635.~ 
669.4 

621.6 
646,4 

628.4 
663.9 

7.2 
15.5 

20,500 
22,800 

2 .870 
1,460 

25 
26 

1,020 
2,220 

650.4 
634.9 

637.4 
618 .5 

641.5 
627 .4 

8.9 
7.5 

1 2,000 
26,800 

1,390 
3,580 

27 1.360 669.6 651.4 656.9 1.2. 11 16 .,500 1,300 
28 2 ,900 619 .7 605,'"8 617.4 2.3 35,100 15,300 
29 2,390 659.9 583.1 592.7 67.2 28 ,900 430* 
30 3,410 665 . 2 590.1 603.8 ()1.4 41,500 672* 
31 2,730 669.5 590.4 601 ~3 68.2 33,000 484* 
32 2,900 672.0 59'7 .6 609.2 62e'B 35,.100 558* 
33 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* 
36 3 , 070 668.7 589.8 602.1 66.6 37,200 558* 
36 2,730 677.2 660.5 6'i'l.5 5.7 33 ,,000 5.800* 
37 2,060 706.0 68lh7 688.1 17.9 24 ,600 1,380* 
39 4,430 648.3 631.7 636.9 11.4 63;600 4 700* t 

39 597 656~5 630.5 667 .5 19.• 0 7.220 380 
40 1.190 657.1 633 .7 635.1 22.0 l4j400 657 
41 
42 

2,390 
2.980 

664.4 
590.3 

646.3 
576.4 

649.1 
588.2 

15-3 
2.1 

28,900 
36,100 

1,890 
17 .~wo 

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 18.6 14,400 777 
46 2 , 390 690,.0 66fS.4 676.0 14.0 28.·900 2.,060 
47 853 696.3 668 .3 671.7 24.6 10,300 430 

Data £.2!: MercurY; o.~% Sodium 

l 
2 

3;580 
2 ,390 

625.4 
695 .6 

604.8 
672.3 

619 .2 
681.9 

G.2­
11.7 

43,300 
28,900 

6 •990 
2.470 

3 1,880 724.7 688.4 695.9 28.8 22 ,700 788 
4 
I 

2 .900 
3 ,070 

610 .. 2 
622.6 

594.0 
602 .2 

605.6 
514.6 

4.6
a.1 

36,100 
37 ,100 

4,630 
4~580 

6 
7 

3,0'70 
o.,1~o 

694,2 
694.2 

668.4 
674.7 

660.7 
676.7 

13~5 
17.5 

37,100 
6,190 

2,750 
354* 

8 2 ,220 689.2 662.2 671.1 lS.l 26,800 1,480 
9 2.050 572.8 551.9 560.1 1 2.7 24,800 1,950 

* :Poor results due to tho use of a blower for heat removal. 
These data were not plotted or used in the various analyses,. 
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Data ~ ~ercurl 0 . 3% Sodium Continued 

Run- l'ower Tvm-OF 
Tso:m.-OF 

ll t 
trF 

Heat 
J1'rlix 

h-
10 
ll 

1,020 
1.360 

596 •. 1 
608.0 

579.1 
582.1 

583.2 
587.r6 

12.9 
20 .4 

12,500 
16,500 

968 
'794 

12 3,070 636 .5 613.0 625~3 11.~ 37.100 3 , 320 
13 2, 730 665 . 9 635 •. 9 646.a 19.1 33.000 14730 
14 1,700 574.5 550 .7 557.5 1'7.0 20~600 1,210 
16 2, 050 548.0 530 . 0 538.2 9 . 8 24., 800 2 , 530 
lG 1,360 590 ,.8 568 . 5 574. 0 16.8 16,500 982 
17 2 , 390 577.4 556 ,.0 665 .6 11.8 28 , 900 2,450 
18 
19 

1,360
1,aeo 

605.2 
625.0 

581 . 0 
60$ , .0 

586 . 5 
610.5 

),.8.1 
14. 5 

16,500 
22 ,700 

883 
1,560 

20 3,070 649,2 686.0 638.3 10.9 37,100 3 ,410 
21 2 ,730 638 .5 616 .0 626.9 11.6 33 ,000 2 ,850 
22 512 651 . 7 623 . 9 625 .9 25.8 6,190 240* 
23 1, 700 680 .7 650.4 657.2 23 .5 20,600 87$ 
24 3,410 712.-4 681 .7 695 .4 17.0 41,300 2 .; 430 
25 2,220 542. 2 520 .7 529 .6 12 . 6 26,800 2.130 
26 2 , ~90 592~2 543.9 1553.4 38 .8 28 ,900 744 
27 :3, 7f}0 648.0 602 . 0 617.0 31 .0 46 ,400 1;460 
28 341 6 6'7.8 638.1 639.5 za.a 44.130 146* 
29 3,070 '720.9 694 . 2 706.5 14.4 3'/JlOO 2 .580 

1 1,700 60ti.l 641h4 649 . 2 35.9 20 ,.600 575 
2 2 , Z90 712 . 2 672 . ~ 682 . 2 40.0 28 , 900 722 
3 1,360 673 .6 637.4 642.9 30,7 16 ,500 538 
4 1,880 689,2 651.1 658 .6 30.6 22 ,800 742 
5 1,020 683 .4 645.9 6f.SO ,.O 33 .4 12 ,400 371 
6 2,390 719 . 4 694. 3 703 .• 9 15 .5 28 ; 900 1 ,860 
7 1,700 533.2 515.8 522 . 6 10.6 20,600 1 ,950 
8 2, 900 564.7 552 . 6· 564.2 0 .5 34,400 69 ,000 
9 2,730 671 .3 649 . 8 660.7 10.6 33._000 3 ,110 

10 1,360 698.5 670 <. 9 676 .4 22.1 16~500 747 
ll 3 ,070 557.4 634.7 647.0 10.4 37,100 3 , 5-70 
12 2 , 390 701 . !5 676.3 685 . 9 15.6 28 , 900 1,850 
13 852 706 .6 687.5 690.9 15,6 10,300 661 
14 l. 700 658 .2 624.4 631 . 2 27 . 0 20t600 764 
15 2 , 390 701.2 675.1 684 .. 7 16.5 28,900 1.750 
16 2 , 390 595 . 8 579.0 58 . 6 7. 2 28 . 900 4 ;·010 
17 1, 700 6 24.0 6Ct'>.6 612 .4 11.6 201600 1,780 

* Low heat fluxes. The se data were not plotted or included 
in the va rious analyses •. 
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ata For l.'ury 1~0% Sodium- - ~ · ... -- ......... 

Run PQwer Tvm. .L SOil! :t's!m ~t Heat h 
CIF 

m 

OF -OF -Qlt, Flux ­
l S 1,530 642.1 617. 6 62Z .il. 19.0 .16 . 500 869 
1 9 2,730 6€1.2 648 .1 659 . 0 7 2 33 ; 000 4,580, • 
20 2 , 390 687.2 665 . 5 ans.1 12. 1 28,900 2 ,390 
El 3 , 070 575 . 8 561.7 574.0 1 . 8 57,100 20 . 600 
22 1.360 621.0 o97•9 603.4 lr,' .6 16,500 938 
23 2,050 644. 4 624.0 632.2 1~.2 24,J300 2 ,030 
24 2 , 730 o44.7 528 . 6 539.5 !5 . 2 33 , 000 6.350 
25 1,5150 579.2 563.0 5GS . b 10.7 16 , 600 1,540 
26 2 , 390 642 . 2 628 . 5 63€.1.1 4 .1 28 , 900 7 ,040 
27 1,~60 683 .7 664.8 670 . 3 l:.'h4 16,500 1 . 230 
28 2 , 390 635.8 624. 6 634.2 1.6 28 , 900 .1s.ooo 
29 1,020 577 . 4 55ih4 562. 5 14.9 12,400 8Zl 
30 2;220 6Z3.7 615 •. 4 624. 3 \3.4 26,800 2 ,850 
31 1 ; 020 693.6 672 . 0 676 . 1 17.5 12,400 70'1 
32 3,070 704.6 691 .). 603 . 4 1.2 '37 ,100 31.000 

Data For caamium.........,.._.. ____,.._ 

1 2,560 1,404. 9 l,Z61 . 3 1 , 370 . 7 34 . 2 31 ,000 906 
2 1.880 1,444. 0 1,391 ~6 1 , 398.5 45 . 5 22 ,700 50:0 
3 850 1,428.8 1 ,376 . 9 1 , 380 . 0 48 . 8 10.300 Zll 
4 1,700 1,424. 6 1 , 377.2 1 ,383 . 5 41.1 20~600 501. 
6 850 l ,.2GZ . B l ' 244•. 9 1 ., 248 . 0 15.8 1o.aoo 652 
6 682 1,282 . 6 1 , 259 . 6 1 , 26'1.1 15.5 e,2:oo 531 
7 2 . 860 1,386 . 3 1,368.7 1,379.4 6 . 9 54,600' 5,010 
8 1,700 1,411.3 1,38SJ.6 1,3~5.8 15.5 20 ,"600 1,330 
9 l , Z360 1,172.8 l , l3E3. 4 1 ,143. 4 29 .4 16,500 561 

10 2 ,730 1,282 .8 1 , 259.• 3 1 , 269 . 3 13 . 5 33 , 000 2,440 
ll :a .ooo 1~325 .). 1,302. 0 1,309 . 5 15 .6 . 24 ,800 1,590 
12 3,750 1,3f.3l.O 1,317.5 1,321.3 69'.7 45 .• 400 651 
13 2 , 050 l,Z97 . 0 1,375"8 1 , 383.• 3 13. 7 24,800 a.s10 
14 1,700 1 , 399.4 1 , 332 . 2 l,Z38.5 60 . 9 20 ,60!) 339 
15 2 , 390 1,402.6 1 ., 379.7 1,388;5 14~1 28 .900 2t050 
16 1,700 1,233 . 0 1,198.4 1, 204"7 2£3.3 20 , 600 728 
17 4 .. 090 1,304.2 1 , 248 ..1 1,263.2 41.0 49 ,500 1,210 
18 1,360 1,327.6 1 , 24~.5 1.254.5 75.1 16,500 226 
19 2,860 1,340.1 1 , 276.6 1.287.3 52 . S 34.600 655 
20 2 , 050 1,345 .. 8 1 , 278 .:-s 1,286.8 60,.0 24,800 413 
21 5,070 1,373.2 1 , 310.9 1,322.2 51 . 0 57,100 728 
22 2,390 1.394.6 l ,328 .. 7 1 . 337.5 57 . 1 28 , 900 506 
23 1,700 1,364.5 1 ;357 .. 3 1, 36~.6 20 . 9 20 , 600 986 
24 2 . 220 l, 39Z. O l,~Z6.7 1,344.9 48.1 26,900 559 
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Data For Cadmiwn Conti,_nued............... ~ 

~ Power Tvm Tsom Tsim 6 t Heat h 
_. 

OF - -o- "F F~ux ­OF F 
26 1,360 1,385.2 1,326.3 1,331.3 53.9 16,500 306 
26 3,070 1,394.7 1,339.4 1,350.7 44.0 57,100 84a 
27 4,090 1,442.0 1,384.• 5 1,399.6 42t4 49,100 1,170 
28 2,700 1,4.14.0 1 ,358.7 1,368.7 45,3 53 ,000 728 
29 21560 1,426.0 1,369.5 1,378,9 47.1 31,000 658 
30 1.880 1,417.4 1,357.8 1,364.7 52.7 22,700 431 
31 1,360 1 .,423.8 1,365,& 1,370.6 53.2 16,500 310 
32 2,200 1, 239.2 1,229 ,2 1,237.4 1.8 22,600 12,600 
33 1,360 1,273.0 1;262.4 1,267,4 5.6 16,500 2,&50 
34 1.020 1,281.2 1,272-.l 1,275.9 5.3 12.400 2,340 
35 2,860 1,317~8 1,295.8 1,306.5 11,3 14,600 3,070 
36 3,410 1,349.0 1,330.7 1,343,3 5.7 41,300 7,250 
37 2,050 l.,368.8 1,342.7 1,350.2 18.6 24,J~OO 1,330 
38 3,240 1,377.8 1,356.1 1,370.0 7.8 39,200 5,030 
39 2~050 1,392.0 1,363.7 1,371.2 20.8 24.800 1,190 
40 2,390 1,424..0 1,598.5 1,407.3 16.7 28,900 1 ,,.730 



APPENDIX III 

Physical Data for Metals 
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PHYSICAL DA:PA FOR S'fAI~"'LESS S1J:1EF4. (304) 

Thermal Condu~t ivi ty
. 

(13, P• 456}. 
Btu - ~t 

hr tt 2 °F 

9.4 
1 2 . 4 
12.1 
15 .0 

C)
F 

212 
932 

1,400 {16 , P• 314} 
1,400 (5, P• 184) 

PHYSICAL DATA FOR CADMIUM 

VisoosJty (1, P• 41) 

»emslty (9 , P• 4t)) 

g/cm3 

8.01 
oc 

330 
7.99 350 
7.93 400 
'lt82 500 
7.72 600 
7.51 1~8f°F 

V~~or l'reas;ut:• {9, P• 

ocmm.B& 
l 394 

10 484 
100 611 
200 658 
400 711 
760 1,409:e>p 

Thermal Conductiv-itl (9, :tJ • 41)car 
-o. 

seo-cm- 0 
0 .106 
0.105 
0 .105 
0.119 

Latent Heat 
(l:3 • 

o
0 

365 
358 
380 
435 

~ Va8erizat1~n 
P• 21 ) . ­

Cal/mol•
23.870 

(16, :P• 1134) 

40) Heat Capacity 

Cal/g-0 0 

0.0632 

0.077 

(9, :p .• 4l) 

00 
321 
to 

700 
321 (4, P• 2085) 



Viscosity (9, 

Cent 1poises 
1.85 
1.68 
1.55 
1.21 
1.01 
0.921 

Den sit:;:: (9, P• 

g/cm3 

13.645 
13.546 
13.352 
13.115 
12.881 
12.74 

Vgpor P reSSUl'e 

mmijg 
1 

10 
100 
200 
400 
760 
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PHYSICAL DATA FOR MERCURY 

P• 43) 'l'b.ermal cond.uet~vitz (9. P• 43)
cfil · 

' . . . C) 00 c sea•om.• · c C 
- 20 0.0196 0 

0 0.0251 60 
20 o.026l 120 

100 0.0279 160 
200 0.0303 220 
340 {4, P• 

1997) 

42) Latent Heat o:t Valorization 
(yz-;-p. 210 

eo 
-20 Cal/mo1e

20 13,980 
100 
200 
300 
360 (4, P• 1955) 

(9 1 P • 42) Hee,t Capaoitz (9, P• 43) 

oc ce.l/g-°C eo 
126.2 0 .03334 0 
184.0 0.03279 100 
261.7 0.03245 200 
290.7 o.o3234 300 
:323 .0 0 .03256 450 
675 °F 



APJ?3NDIX IV 

Sample Calculations 
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S 1' l1">LE CALCULA.'1IONS 

1. Calculation of ts1m using equation {6a) 

tl =tsim g, A X ~ t2 
2 1T r 1nm L k 

t2 :: tsomi 

~ {0.25-0 .012) - (o,ap-o.o&5) in
rlnm -­ 0 . 25- 0 . 012 

ln (0.25-0,.065) 

o.ot>a in. = 0.0176 ft. 
0.251 12 .in. 

rt. 

Loondenser =- 10.25 in. 

Consider aadmium run no. 1 

Best available data at 1400 °F. fca· cadmium 

lb. 4 iV1soosity ::: 3 .72 = 1.5 centipo se 
ft. hri. 

'"11... _..."1. c .;! ti · it ·· - · 28 • 8 ·Btu .a. "".._..,._ onu.uc v y - · 0
hr. ft . F 

cal Btu
Heat of Vaporization = 212 ~ =381 l ···b~gram ~ 

Density 

BtuHeat Capacity =0.0652 
16 GF~ 

Thermal C(mductivity of stainless steel (304) 

Btu=12.6 
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'760 watt;s {0 . 05:3} in. {~ . 41} Btu .12 in. 
I i't • . 

t~tm=---------------------------------------------
'1'- 2 11' {0.0176 ft.) 12 }to (10.25) :1:n. 12.6 B'bu 

hr.ft.°F. 

2. Calculation of h using equation {8} 
11 ~ q·__....­

~ tA 

cad.na.ium run no. l 

.6 t = tvm ... tsim -=. 34.2 °F. 

2Aaondenser = o.OS26 tt.

750 'mtts (3.41) Btu 
b = .Q.r . watt - 906 

54.2 °r. {o.osael tt. 2 

750 watts (3.41) Btu 
Btuheat flu = ------~.........h....r ...-w.-a.t"t__ =Zl. OOO · . . · 

2o.oa26 rt. 2 hr. ft. 

lttiO 

cadmium run. no. l 

4 r ~ Power . 
)J. .. A(Perimeter) )-A 

:Btu in 
- (4) 750 watts (5. 41i hr.wat! . .. 12 fi . , 
- . cal Btu B ... . . . . ... (2,42) lb .. '.2) ( )O 186212 g l.Slb oal 1.54 centipoise ft hr cen:t;ipoise \ .1'1' • in 

: 74.6 
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906 Btu 12 2 rt 4 
b. V hr rt2 

°F. l (0 00794) iyk <-g) ::_____ ( . . . . ..... ·.. ) ::- 0.00168 
__B..., __ h 2 ., .I 3 ft.t.-.u .

2a.s - _- e r 4 ·~ 7 10 ~ 
hr ft I!' hr 

4. Calculation of ll from the Nusselt squation, equation (l} 

cadmium at 1400 °F. 

(28.8 }3 
h :: 0.943l 3 

0
take a L.\ t o t 100 F. 

4Btu t i Btu 
11 :; o.943 (2.63 .x 1020 _ 3 ) ( - 1 L =5a.ooo 2 04 80hr ft F 100 °F hr ft F 

()
5. ·Calculation of the Prandtl number at 1400 F. 

. Btu3 . 
hr3 °F3 rt2 

lb 
• 72 rt hr 

28.8 Bt'U b 
0 . 00819 

1 

hr ft F 




