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11lis thesis is concerned with the following 

subjects in the f:teld of eva}'.1oration: 

't'he effect of t,he rmgle of inclination on the 

boiling film coefficient ~d. the rate o.f naturru 

circulation flt• vari.O'l.lfi steam pressures •. 
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Intr oduction and ld.terature Survey 

In the jor:i ty of t.ho heat transfer prob le ll encountered, h ~at is be ng 

transferred from one fluid through a solicJ retaining wall to another fluid. 

For such conditions it. has been found that the rate of heat transfer q is 

directly· proportional to the overall difference between the temper ture of tho 

warmer and colder fluids t.,,. - t 0 orA T, and to tbe heat transfer surf'ace A. 

q = UA~ T (1) 

where U is proportional:f .. ty factor, more co nly known as the ovora.11 co

efficient of heat transfer. 

Before the overall coefficient is esta' lis eri, a definite surf ce area A 

nust be chosen. Te selection of this area is ar itrary, and ma.y be a:rr:,- one 

of three areas, i . e . , the area on the cold sid~, or the area on the hot e,ide 

or an average of the t • Once the surf e area is chosen the eoeff"cient is 

automatically bnsed on it-

The heat flL~ from one fluid medium to another through a retaining all 

is retarded by the p esence of thermal resist;mces; namely, the films present 

on the sur.face a.re.as and the solid edium through hich the heat st pass. 

Cal culations of heat nux through thee re8istances is qutte complicated unle 

an indirect method is employed, and th s involves the eoi,lpltation of film 

coe ficients . The individual resistances ~fter being computed are correlated 

with the over all heat trA.nsfer coefficient u. 

..k.. 
h2A2 

T,bere U1 = Overall he t tran:sf.:ar coe:f'fi.clent aued on A1 
L = Thickness in feet of reta·ning wall 
h = Fil?ll coeffici..ents 

A1, Aav, A2 = Surf' ce area in quare feet 
k .. Thermal conductivity or ret ining wall 
Ai = Indicates one of th f'ollowin ar ao; A1, A2, or Aa-v 

Substitution into equ tion l gives 

(2) 
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q = A T 
(3) 1 + t + I 

¥1 kl\u h2A2 
By ssuming that U is to be baaed on A1, equation 3 becomes 

g = A1~T 
l-1 f gr + AI 
nl V h2 2 

(4) 

q - I ~T 

h1 .f. kD:v + ~ (5) 

By use of equation 5, a. study of film coefficients may be made. 

The tter of treatment of these equations ma,v be found in several texts 

on he,tt transfer stuey (1, 2). 

There e heat tr afer data avail ble for both horizontal rind vertical 

tube eva.por tion, particularl,- t:,y- Badger and his associates .. The literature 

on the performance of the inclined tube ev porator is very eager. 

Van le (.3) has published data on the inclined tube evaporator showing 

th :t the overall coefficient for dist· led w ter boiling in a range of 138° 

to 1430 F .. increased fro 835 B. t .u . per aq. ft . per hr. per °F. at a. 50° 

temperature difference to 1140 'A.t .u . per sq . f't . pr hr . per °F. at an81° 

temper ture fterence . Van a.rle presented d ta on overall coefficients only 

and covered a limited r.mge o! temperaturs of evaporation. The eva.porat.or 

operating at a 45° angle of inclination and under vacuum h d for its heating 

sur.fac.e seven )-inch o .d . , 14- g ge copper tubes, 4 feet 10.S inches long. 

Linden and Yontillon (L.) worked th small inclined tube cvap r tor 

which had one heating tube of 1- inch copper pipe (o about four feet length) . 

Their evaporator was const ruct ed so that artY veloeity of nuid circul tion in 

a down- take ipe could be measr-.ir d . They .ma e runs with dist.illed ater 

boiling at three different temperatures 180°, 195°., an·i 210° ft' ., and over a 

range o temperature difrerences varying from flO to 28° F. for each evapor -

tion temperature. 

Th fa that the coefficients on the liquid side increl'\Sed with the 
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temperature di.ffe:renee at any given temperature of evaporation as indicat d 

in Fi re 1 . The same e!fect so erved in the ease of the over ll coeff'iei "' 

as shown in Figu.re 2 ., 

Linden and ontillon also plotted the logarit ic mean velocity of cir

culation of liquid plus vapor an,~ found that as t he rate of circulat ion in

creased so did the fil coeffici ents on the l iquid side. This showed that 

the liquid coefficients bear a definite relation to the velocit es of' cir-cu.11:1.

tion. See igure J . 

The use of the log mean for the calculation ru1d plotting of the velocity 

was chosen arbitr rily and was ~d ttt d to h ve no p ticular sir,nificance. 

By plotting the iquid film eoef"fic · ent versu.s the li uid fi temper ture 

drop (Figure 1),. a relationship w found to ·.at s shown by' the following 

approx· ate ations: 

~ t 1800 F., h1 = o .632t1 12·5 (6} 

At 195° F . ,. h1 - l 010..A T12 .S (7) -
At 2 o° F. , h1 - l . 56LA '1"12•!> (8) -

A rel ationship was also shown between the liquid f ilm coefficients a."ld 

the log mean ~e o ities (Figure 3) . 

At 180° F ., h1 = 91 Vr:i0 . 89 (9) 

At, 195° F., hi = 120 V 0.89 (10) 
0 

h1 1$0 V 0.89 (11) At 210 F. , = m 

By ele, inating hJ. from thes two sets of equations, a re ationsM.p \'ffiS 

for lated between th temper ture drop across the l i o,u· and the lo. 

. n velocity (Vm) of the liquid insi the heating tube. 

At 18o° F . , ~ T1 = 7.1,9 V O. JS6 (12) 

At 195° F., .6.T1 :: 6. 76 V 0. )56 (13) 

At 210° F. , A 1 - 6•20 V 0 .. 356 (lt) - m 

These equations ere desigwited a em ir cal equ tions, correl t ing onl 

the dat g ven overt range of temperatures investigated . Ho er, they 
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Fig. 1 
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-- r < .. c..tJ r l."d~e) 
1 (k) 2 (~) (15) 

whe.l'e c = Specific heat 
.,#'-:: Viscosity in centipoises 
k ::: Thermal c·onducti"lfi t.i:f 
d = Inside d:i,ameter of r,,ipe in 'tnch,'i.::s 
u. = Velocity of' liquid in .feet per seeond 
(' = I1ensity or liquid tn pounds per cubic f:oot 

By cale11l~t-infl hd/1:: ~mi rI'vm~ and plotting these vialues on log log 

paper", strgight lincSs result,ed.,, See Figure h.. Using the :reciprocsl the 

I, ·1r (k ) (dVmf?)o.8 
• ., ;J (c_;) ( ,.M-- ) (16} 

I'I:. 1-r,1s found that. t.his equation repreaente.1 the condittons o:f <.lpt"Ilr&tion 

lr;Ationship. rt ·,zas significant, hOWt$Ver, tha.t their results agreed with it 

quit,e T1ell incd.cating possibili"tios fr.rr i tz usefulness .. · 

1., ~ro 1::...e.,1.Snre tho rate of natA.ll"al circulation in an inclined t..ube eva,p
ora'to:r. 

3,. ''i'o dete:rmine tJte effect. of: te1rq:,erature drop on he~t trans.fer for 
n.<ttural cireulai:,ion. 

h.. To find the effect of changing tl1e properties of the 1iqu:ld. malnl~t 
tl1e visco·sity_; ftir -exal!lple· bjr tl1e u.sa .~f m1g~~ sol11t:i<>'ns ~~s c-.orn:9.:t:t'·ed 
to water .. 

The appar'!:ttus used wa~ that of t,tehaelsen ( 6} wi t,h vartous oodifieations . ., 
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a four foot eo-pper tube., one inch insid,e d:iamcter 

As st ... ::tted b,y' Aubrecht,, the ~ori.3i:rmJ. method: of correlating eve,porBtion 

data was to plcrh the h,~ai; tr;msfer eoefftci.ent h ag:dnst the liquid f'ilm 

tem!l)r;ature drop.,.AT.film• T.hls method bae its dinruivant.fl.gcm beeauss there i.s 

dif:ticult:v in obtaining a satisfactors- ~erago value o.r.D.T~,p,.,.... It has been 
,v ' ·-"" ..... -.:.....J,;,iil::t. 

shown ~r ;Jacob and Fritz {7) that in the ease of rmclear boil:i:nc1, the active 

condition ic p:rob-3:bl,_y nlco tri.1e in a tuhe,. Oonseq;ucntly, the boiling zone 

value of Q/& is divided by .A T mi plotted against AT. .$0· if th~ value o:t /::,,. T 

is loiiw., t,he value of h will be M.e.Jl ?.nd if" h is i,lotted ag,dnst.A'l'., ·t.he error 

There have been Ge:rr1an :tnvest:i.gators acc:{)rd:lng t-0 Aubrecht -who correlateri 

data by plotting h against Q/fl so th11:t the AT is e1il"dm1tM... ?hi15 ~!Th.')Unts to 

plot t:tng C'J/ e x 1/ AT aca.L'1st Q/& and r:l<'lsks oome ot' the~ erTor of ~astu.·l~11w.mt. 

The method of correln,M.ns data fi'r1al1y selected or hthr.echt Tm$ to plot 

the primary- data of 0/e ::incl.AT ,mich ,muld show the true error hf the: me,.1:surc-

th?.t ~ break occ,1:r:rf:"'Jcd at about. t.hc }lr;Jat lottd eo:Tespon1tng to a m1:'.'Xlmum 1.n the 

plot, of liquid f;ireulaticm versus he.ut load {Figure 6). F:r-om. thi:s: :it ea:n be 

'The quantitative efi'eet. of liqutd oireu1~ttinn m'\S found 1:w ob~'lning the value 

;for the exponent n for G necessary to straighten out the et.rMre of log (!/& • 

1/Gn versu.s log AT .. 
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Fig. 5 
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Sugar solutions were used to obtain nuids of various viscosities, but 

nt the same time the other properties of the liquid were also arrected, namely, 

the thermal eonduetivity and the specific beat.. Sirce ea.ch of these variables 

cannot be changed independently, a method of determining the relative affect 

of each was found through the use of the Dittus-Boelter equation which eon

tained these factors. Aecordingly, the effect o! sngar solutton was corre

lated to 
k0.6 c0.4 
~.h 

k = Thermal condttctivi ty 
c = Speeif'ie heat 

~ : Viscosi~ 

The plotting of 0/e x 1/(il versus..b T gave parallel lines,, the parameter 

being the concentration of sucrose. The values of 0/& x 1/cfl at a given 

value of.b T were designated as K; it was found that a. correlation of K and 

k·6c.h k•6e.4 log · !i was impossible, and that a plot of K versus 4 did not resu.l t 
/':-. ~ 

in a straight. line. However, the plot of l/K versus ~:ir did give a straight 

1ine and from this plot. the following correlation for natural ci.rculation 

resulted: 

1/K ~ P(1 - a k·6e54) 
? · · ) 

P = Proportionalty constant 

(17) 

From data obtained by varying conditions in the evaporator a value of 

0.79 was selected for a giving -
1/K = P(1 - o.79!:~&4l (18) 

As shown in Figure B, A.ubreeht 1's nat.ural eireulation data were finally 

correlated by the following equation:. 

q/& X 1/G0. 3 (1 - 0.79 ~iihl : l.124A T2•55 

with points being within -I- 20% o.f the line. 

From Figure 6• it can be seen t.hat the rate of natural circulation shows 

a. maximu1n at. a. heat load of 30,.000 B .. t .u./hr. According to Aubrecht, the 
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increase of velocity of circulation with increase of ./& is c used th 

increased vapor lift effect, but as the heat load i ncreases, the amount of 

vapor passing out the tube increases and causes an iner .a.so : n he pressure 

drop through the tube . This increased pressure drop, consequently, c uses 

the liquid cireul tion to decrease and the curve then shows maximum. 

Tho plot of log o/& versus log.Li'l' or natural circulation hows a break 

t about the s e heat load of 30,000 • t.u ./hr. , where the liquid ci.rcula.-

tion shows a maximum. 

] 

Aubrecht, while orkine With natural c rculati.on, a.1so comp led ta on 

forced circulation. A comparison of the two sets of data sowed that the 

effect of b,. T film is much greater in n1tural circulation than in for-ced cir

culation, the heat load Q/e being proportional to b T to the 2.S5 power for 

natural circulation and to the 1.55 pot er for forced circulation. 

The eff ct. of a solute as _sugar on the he t transfer as ,·ound to be ex

pressed by the followin~ function: 

1 
1 - .79 k•6c.h 

,,µ-·h 
The effect of lower concentrations of sugar was found to be mch e ter 

than that for higher concentrations; that is, an increase of concentration at 

low concentration., would cause a mch greater decrease in Q/f:} or h than a. pro

portionate increase of concentration at a high concentration. It m s found 

that the effect of the solute was due mainly to the change of Viscosity beeaus 

it as changed by a factor of three .bile t e thermal conductivit and specific 

heat changed only by 2S% .. 

Obert( 8), working on an evaporator similar to that of Aubrecht, studied 

the effect of scale formation on the heat tra..~sfer coefficient. His data were 

obtained for only one angle of inclination (h50) and one temperature differenc .. 

They indicate the equation of Robinson and tcCabe(2) to be applicable to the 

r~nge of scaling in hi"' arti.cular ev porator. 



Michaelson(6), working on the same ev porator as did Linden, studied 

natural circulation but did not neasure the velocity. He calculated the 

liquid film coefficients for water under different pressures a.nd temperature 

drops, but gave no correl t'on of the data. 

16 

Cl ve(lO) orko 1'11.th a very small inclined single-tube electrically 

heated evaporator and easured the liquid .film coefficients and rate of 

circulation for inclinations of 45°, 20° and 10° to the horizontal. For each 

angle of inclination he round that with iner""ases in the rate of heat input 

the velocity of natural circulation i.IJ:rcased to a maxtmwn and then decreased. 

A plot of these results is sho1'fll in Figure 9. Cleve did not explain the reason 

for the overlapp'nR or the curves. 
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De-SC'l"iption of Apparatus 

The apparatus which was used for this investigation was that o.f Aubrecht {S) 

with certain modifications in the entrainment separator and means for the 

measurement of the liquid velocity. The evaporator contained a single tube, 

steam heated and was so constructed that the evaporating unit coold be inclined 

at SlJ1' angle 1:>Kween a vertical and horizontal position (see Figure 10) .. 

The selection of a suitable meter .for :measuring the liquid velocity 

presented quite a problem. The use of the oritice and the pi tot tube were 

inadequa:te as shown by Aubrecht. 'nle reason for the rejection of the oritiee 

wan that it l'IOUld cause a considerable pressure drop and thua materially reduce 

the now 0£ natural circulation. The pitot tube was not used because of the 

!act that slight, changes in piping gave different calibrations and there was 

dr:l.1'ting in the manometer readings due to ir and water vapor in the circulat

ing liquid, The spring flowmeter w:as not used ~ause or the GUrging that 

took place during operation.. Two Fischer-Porter nowm.eters lfere selected for 

measuring the liquid natural circulation velocity (see Figure lOa). One of 

the meters was used for measuring nuid new over the range of O.l to 2.4 G.P •• ,. 

It 11as the non-guided plumb-bob fioat type of meter No. J7-2177. The secom. 

metel" was used for meaE;Uring larger rates of now and was gracb:ra.ted in milli

meters. It 'ffl.ffl the center guided sta.hlvis tloat type No. BJ5625. .B.r cali~a

tion of t¥s scale and the plotting of the calibratio~ curve (Fig. 19) readin 

tor liquid veloc1 ty were readily obtained in terms of 0-.P .v. The meters were 

connected in parallel by a standard one-inch pipe to the entrainment separator 

and to the feed pot. One-inch gate valves were conveniently located in the 

return line in order to shut off the flow to the meter that was no't needed 

· during a run. Located at the outlet of the entrainment separator and at t he 
' ·~ 

inlet of the feed pot were manometer connections,. for a mercury manometer, 

connections being mde witb rubber tubing. The manoMter as installed in 

order t.o measure the f.rict.1on lo a throu.eh the liquid return line and the 
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now eters. 

The h ting element of the ev . rat r consisted or a standard one-ineh, 

Type 316 stainless steel pipe 74 inches long. The effective heating len~h 

was 69 .6 inches.. The steam chest enclos1. the element . a standard our-.. 
inch iron pi e t fianged end~. Ste s adm:1.t ted near the top of the chest 

and w s re cved t the bottom by an Anders.on #21 steam tr p. Also at the bot-
.. 

t0111 of the steam ehes~ -was one-f onrth inch outl t . or the continuous venting 

ot non-co ensable gas • 

Th he ting unit as .taste to th . ends o the steam chest 

staffing glands .as described by' Oberl ( 8) • 

Six one-inch couplings were welded into the steam chest. These served 

as outlets for tnermo~ouple leads which were ttached to th outside surface 

of the heating tuba. he first thermocouple outle~ wa six inches fro the 

end of the steam chost d tho others ere s e-ed one toot apart as sho in 

Figure 10. The eoupl outlets were fitted with- one-inch flange composed o.f 

soft rubb r gaskets 

were inserted between these flanges the .thermocoupl~ leads were brou t 

out bet en the two gaskets as sh 1n Figure 11. 

Attached to the botto of the steam chest by n . ges was a fourteen- nch 

section of four-inch pipe which served as a feed pot tor the evaporating unit. 

'1'h r pot was conn eted by- a ne-half' · nch line tote feed reservoir and 

by a one-inch :reeire ation line :, the entr a nt se· ator . 

The disengaging section was a tlreni;y-four inch sect ·.on of four-inch pipe 

attached to the upper end of the ste .. chest . Its fllrpose :as to se rate tha 

heatµi tube f'ro the entrainment separ tor . · · 

Located in the liquid return line (recirculation) were the nuid meters 

used for e uring th- ?'ate of n tural circulation ·n the evaporator. 

Tho feed eservoir wa a fift -gallon el riru ·· · th eentr. outlet 

loca · in the botto • It equipped ~th si ,ht glass which indicated the 
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liquld level of the feed at all times.. The feed to the system was dmitted by 

a one-half inch gate valve installed in a one halt-inch line which connected 

the feerl. reservoir to the teed pot. 

The entrainment separator was of the cyclone type. The body consisted 

of a twentv-f'our inch sect.ion or standard eighteen-inch iron pipe .. The bot

tom-was ;,i, three-e1gb.te inch steel plate and contained a one-inch outlet 

coupling centrally located for the return of liquid to the teed pot. The 

t.op or the separ~tor was e. fll!t-fianged cover. A standaro tYO-inch coupling 

was centr lly located in the tlanged plate. This served as an outlet fol' the 

vapors. Th1' vapor inlet was a. S'ta:ndard fou'l'-inch nipple welded into the side 
• A ' of the evaporator flve inches below the top. .l six-tneh square baf.tle was 

located irusida ,the separator in front of the vapor inlet to denect the in

coming vapor and cause it to follow a circular pat~ .. See Figure 12. There 

were 12 one-half inch holes in a four-inch vert-ical pipe welded centrally into 

the bottom of the cover plate. The vapor from the entrai.nment separator left 

through these holes. The separator was cormeet.ed to a ninety degree, four

inch flanged elbow by a threaded four-inch nipple welded to the side or the 

sep.g.rator to the disengaging section of the evaporator. This threaded connec

tion permitted t,he angle of inclination of the evaporator t.ube to be varied at 

l'lill. 

The condenser wa-s made o.f ten turns of one-ineh copper tubing in a vertical 

coil twelve inches in diameter. It was encased in a fifty gallon steel drum. 

Cooling water was introdueed at the botto• of tho steel drum and nowed out or 
a two-inch overnow line located near the top of' the drum. 

The condensate receiver was a twelve inch by thirty-nine inch cylindrical 

tank. The top was provided with a standard one-inch connection and a standard: · 

one-fourth inch pipe connection. The one-inch connection was used for receiv

ing the condensate trom the condenser. Tho other connection served as a. vent. 

On the side of the receiver was a gauge glass £or liquid level ind~eation. On 
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thn 'bottom \'SS a one~&.lf inch p1l)':: fo:r the renoval of eo:ndeD.S;!J;te. 

All 'temperatures except those o/r the feed 'i'i'e!'e :measured ey me.iu11r:1 of tha1-

mocouplcs.. Tho feed temperature w~ :mea.surecl Vii. th a thermometer. "l'he 

tht~rmoeouples Y1ere m,acle of f,62li gauge. iron and eonstanta.n vd't'e havlng a woven 

.glass-varn:i.sh inSt1la.ticr1. The Jr:.H .. F'. of the thermocouple was mea.st~rt,•d by a 

-tng hundred:ths of a. m:Uli-volt directl,v. Toe third pla.ee can be elosel,y 

"' 'lO v ... .:i' t·- .i.• .·· ,._. t'I..- · .·. t O 0)0' 11' V•J I;'• /'>.fl!JJ. dfi €!1J 1Jli£i,vl,Otl v:0 , ·O:e M8.rf:$ l.,.... . ,,. 

moeou.ples six inches tram the packing glands. 

The thermocouples were insta.111:>.d. aecol:'di.ng to the me·t:.hod rlcseribed b.v 

Colburn and Hougen (lO) and Me1\dart18 fl).., See 'Hgure 13. Slots approxlmat,ely 

three t,hirty-seconds ot an inch were eut Hround the rn.1taide perimeter of the 

. he.r1ting tube.. ThH t~..rmoeouple junet:tons were placed in these slots with the 

fust1d junctions just level itith t~ tut'IC surface. TJ:10 tem:peratnr"€'. read was 

estin1atcd to be that at a point l/32f.l below the outside surf ace oJ: the heati.,:ng: 

tube.. After tJle junctions were soldered in place,, i:,ha insulated leads Yrere 

brought 1:1wa>,r from the ,junction t,hrough the slot to t.he opposite side of: the 

pipe. 'The slot ¥1:IJJ then .fi-lled w:t. th solder and the excess poltshed off flush 

with the .sur.faee .of the tu.be. After placing the heating tube in the steam 

chest, the thermocouple leads ,were brought out of the chest through the six 

one-lne:h flang-es ns shpffll in Figure 11. Two more thermocouple ju.net:lons were 

install<d! to. obtain the inlet {and outlet temp~atures of the liquid in the 

heating tube. These junctions were inserted in gl;:J.s:s ti.ibes filled wit,h oil 

and plaewJ. a.s close as possible to thE1 inlot. and outlet of the heating t.n'be. 

All. thermocouple leads were brought to an imrtru:ment tablr::t 1where as eorrm1on ealct 

,junc-t.ip,n (32° F .} was provided... A die.gram of the potentiometer circuit, is 



~ 
~ ..... 

. 

A 

I 
A 

-
... 

-

~ 
~ 
~ .., 
" I) 
\) 

To Cold 

Junc.Tt'oN 

,, SECTJON A-A 

TH£Rl10COUfLE INSTALLATION 

E.w.s. 4-l-f8 

WOAKING CELLS 

. 
POTENTIOME"TE:~ 

. 

GALI/ ANOME,GR 

STD.CELL 

ePOTENTIOMETER CIRCUIT 

£.W.S. 4-/-48 



2 

shown in Figure l.h. 

The eva rator s not co letely i sul ted. Only the parts fro which 

heat oss could no be tolerated ere insulated, viz., th feed pot, the 

diseng ging sect.ion, the ninety ogree elbow, the entrainmmit seara.tor» a 

the line connecting the entrainment separator to the condenser. Tho entrain

ment eparator was 'nsulated by wooden box pack with ~aele-Pitcher "Super 

66n asbesto -felt ·n · ation. he remaining ts ere insulated with Johns-

ville 8,t esia pipe insul tion. 

Disti e water was uaed or all runs. lt was fe'i by gr Ti.ty fro the 

t ed reservo · • t hoo originally been planned to · int.ain a liquid level in 

the evaporator bout two nches abo e the outlet of the evapor ting tu and 

have the liqu d retl1ffl line co. out of the botto of the diseng ging section. 

Surging the ova rator o extreme th_t it decid to place the ret · 

line in the botto of the ent,rainment. se , to to keep the evapo , tor 

filled int, ining liquid 1 vel int.he ntr"ai nt sepa.r tor bout two inche 

aoove the bottom o tho vapor nl t . In thi 'W<\Y, surgtng in the return line 

was greatly reduced. 
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The small .rlo1'fflleter read directly in o._p.111. and reqa:t!'.ed no calibration 

except for a 5:pecti'ic gravity ·correction.. The correction f'aetor cu:rve is pre

sented in the appendix .. 

The larger .flomneter w,;ii,S ealibra:ted b.r weighing the amount of water ~s

sing through it per unit time .at various float leVills.. !h~ temperatures during 

calibrat.ion v.tried between 61° a.11d 66° F.. The ea.librat'i.on ~a ~e eol'l"eeted, 

to 212° F.. by means of th~ eorreetion eul"IJ'e previeiis1y m0nti.oned. The aorrec~ 

calibration e..u~-, is in the appendix (Figure 19). 

All thermocouples were checked b,y· eo-mparing them a~i.oot a 3u.re,m or Stanrht~is 

eerti.fl1;-}d, thormometer and ~ found to be <1ccurat,e t;o .3bout o.t'" yr. The 

thermometer used for 0}1t-:1inil1z: the liquid t,empen..turo ou:t of the reed reoorvou--

wan found to be i"-leeura.te to about 1.0° F. Bettm- accureey w-:W: not neeessP,J;ty 

Detore any test.s we~ 1r.a.de 11 the appe.n.tu.s %'M. thorGu&bly e1eanad by bo1.l

ing out 1r-rtth a -wea.lr ~C03 solution, f'ollGWod ~ a ,;:Ater vm.sh,, .:;uld then with a 

$ .. 0% HGl solution.. Rust part.ieles from the eom1ect:tng piping trere rmnoved pr tor 

to a run ~ tf!G~.ns. <1!' a straimr in th11 return line. The otrn..iner y.,as removed 

A samplo \Vf&S checked for elari ty and fol' the appearance of color wht~n trcn.ted 

with potassium thto.cyan~:te. potassium ferr:teya~.de a.nd potassium . .terroeys.nide., 

All teats were negative .• 

· The ;JC\ua.1 proo.edure in making a. nm ·1~ AA tollO"trs: 

· Potentiometer batterl~,s. ~r-ere eonn~cted i:nt.o the eireui:t iJnd. allowed to 

come to a fairly ~q' Vol.1~ge. The cold. ju.neM.on 'l'?'Cl.S then prep?l'$ft (era.shad 
.. 

'I'ha :a:cn:,arat.us was filled rlt.h water to a. hci·~t ot • - eu 
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General Momcmclature 

& = t'lne in hours 

il := latent heat of steam in :s. t .. 11 •. per pound 

1 :: heat of Uquid-( temperature of boiling - t,emperature of inlet water) 

x 1 x pounds wa:ter evapoTa:ted per hour 

i\ 1 - }l x :pounds wa.ter evaport1.ted pel'." hour 

Q/ & = total heat transmitted per hour-- il1 + l 
.6 T1 :: temperature drop t,hrough pipe and liquid fil.lll,. 01i',. 

D. T1_ :: liquid .t'Um temperature drop, 6 F .. _,, 

,DTP ::: tube temperature drop, °F .. 

u natural. circulation veloc.ity-G .. F'.M .• 

'f = angle of inclination with horizontal 

Tube dimensions: 

1ilff'r.?ctive ~ngth = 69,.5n 

,!1 : inside area of tube 

ti 2 :: outside area o.t' tube .i:tt :point '\~here temperature i.s read, 

t..riermocou.ple buried in pipe to a riepth of 1/32 a 

A 3 : cross-sectional .area o.f tube 

hr, .:: liquid film coefficient 

---~ 



v = natural circulation velocity in ft . /sec. 

cu • .ft./gal. = 0.1337 

L>Pm = pressure drop through liquid return line and flolVll!eter, Hg 



Sample Oalcttlations 

Observed dat.a (Run lifo., 6) 

A2 

'A3 

: l,.Oh9 7r ..,. 69,.5 f'.'. 
12 . .,.. 1.2 =. l.79 sq. rt. 

--
--

c1 .. 31, - 1L~6> 'i1. 69.$ _ 1 90 . _ . 12 X -nr - • sq.,. J.. .u.,. 

(1.0li9)2 11' - o.006 sq .. ft.. 
fi X lhJi • ' -

:::1::9~ - 1.59 : 1.13 sq. ft .• 
2.3 og 1.-90 . 
~ 

Cl 'l'p = q4~zrx0f°j~'> = 0.000664 Q/e 

· Thickness of path : .1J3 121/32 = o ,.008:{ ft .. 

V :: U X .1J37 
6o x A3 

: o .. J?l u :rt .. /sec .. 

Tube -temperatu.re = 263.S°F .. 

Boiling temperature = 212.5°F .. 

Inlet water temperature • 210 ..... ()0F. 

11ater evaporated per hour = ),2.6 pounds 

·Meter reading = 5.98 G.P.M. 

l : (212,.5 - 210 .. 0) X l X 42.,6 ;; 106,.,5 B.,t,..u,./hr. 

~ : 970 .. 0 x L2 .. 6 a lili,322 B .. t..u./hr .. 

Q/e = 41,322 .f. 106.S = hl,h29 B .. t.u .. /hr. 

ATl - 263 .. 5 - 212.5 = 51,.0°F • 

hr, • 2 41,429 9 = 1109 B.t.u .. /(hr.)(sq.ft.,.){0 ti'.) 
. ).5 X 1.5 

v = 0.371 x 5 .. 98 :: 2 .. 22 ft./soo .. 



The data for the heat transmitted thr-0ug;h the tube ~.:u and liquid film 

are plotted aga:tnst 1:i.quid film temperature drop in 1<":i.gure 15., In general. 

for i:1~.eh angle of ineli11at.:ton of th-e heat:i.ng tu.be the rat.e of l1e2.t t,raner:f"er 

increaaf'..R trl. th the temperaf:.11re drop.. li.s the angle of inolinn:ti.on :ts de-ereasedi 

£l'(')m 9{)0 to &:l> the rnte of heat tr9XlJlm5.ss:ion i~ :inereas~ nt const~.ntA TL .. 

At an angle of Mf t.he r,otte of hoi1t transmission is found to rlrop to values 

inter.mediate betfiiE,en those for 7S0 a.nd 90°. There is a roveJ?Sal at Jn°.,. at 

Which angle the- highest heat transmission rates are abtain,;:id.. T~ v~luoa of' 

iJ/e, f:01"' HD: angle of 15!J a.re the high.est of on,y grQUJ:J except- tt1osG f'or the 30° 

Tho re~on tor the cnrerlapping ;&nd different. slopes of t.he curves i:n: this 

plot is not quite clear. It is suspect.ea., ho:wt'Jver,. that the eharaci.,eristic 

ba.l:tuvio:r ef these eu.nes is due to three factors: first., change in properties 

of the liclU'td f'ilt'f; second, change in ~tur.'i'J. convection in 't,hc boiling tube; 

and third, ehange in b>ila..ug characteristics.- All of t be.se f:i.etors w1.11 var,r 

a.s the angl)'.'! of the heating surface ts changed .. 

Taking the d,:lta for a .AT1 o:f lt<t\ values of h for the boiling film were 

oalcula:ted by 'bhe D:tttus-&elter equation (l). It '1.lfas found that. as the 

position ot the eval){>r.ator is ch,a.nged from the vertical toward the hori~ntal" 

B in this ®n'&la.tion were ta.ken as th~ vertiei!.l1 pro jeetlon of the di,an:.~ter 

of t,he tube in its i? .. ctu~l position... tit 90° this was taken as 'the length or 

the tul.:m.. '.i'ht1 c; . .a,lQUlations chowed th<?.t the 11qu:ld film eoeft-lcientr i.ncr"eases 

as the anglf.; of inclination a:ppronche8 sere. 

·The values ealcu1at,ed as deser:tbed above are as .follows: 
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Angle 

15 
30 
4.5 
60 
15 
90 

1u s of ht by the 
Dittus-Boelter Equation 

427 
577 
635 
70h 
713 
713 

Values of h1 by the 
Grashof-Prandt1 Correlation 

510 
690 
768 
850 
8h5 
787 

hese valUJ s e lzy'pothetioal. They, ho er, indicate the "8'3' in which 

the fi eharacteriatics var;r dth ch, ges in th angle o inelin~tion. 

The third factor entioned ove waa change in boiling c cteristics 

o the fluid itself., i .e ., points of incipient boilin~ cau 1ng di turbances 

in the liquid film) the fo tin and growt.h 01' ste. bubbles in the tube and 

turbu.lence of the por ubbles as th p ss up through the tube .. 

Figure 16 is a plot of ths Jiqu ·d ·ilm coefficient ag st.A 1 • In 

general, it sho s that. L\T1 for each le of clina.tion incr ases, oo doe 

the liquid .film coefficient.. Ag, in there ia present the sru over lapping and 

change of alope of the curves r:is discuss or •igure 15. 
The data for the voloeity or natural eireulat on as funetion of the 

liquid fi: coefficient e plotted in Figure 17. For each angle of inclina

tion it is found that as h1, increases as a r sult or increased AT1, the velocit 

of natural cir lat· on also ncrease • The reason f or this is that as the~ 1 

incre se&, the d sity of th liquid decreases proportionally causing an ·n-

-crea in circulation velocit1o . th gl o inclination a;proa.ches the 

horlzont , the natural circulat on veloc ty decreases. Th' o is eau.s-ed by 

tle deer e in the eff~tive head available for n tural circulation. 

Fi~ure 18 shows the pre su drop through the 1iqu.id return lin and the 

velocity of natural cir-culatio • Fro this it 

is sen th t rega.rdl a oft: le of inclination th~ pressure drop remains 

the sa for 
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l. For e3Ch angle 0£ !nelina:tion ot the h0at,ing tube ·U-it€1 rate o~ heat 

·transf"e.-r and. th(!) liquid film coaf'ficient :!ncreases wt.th the temr~tuN drop: •. 

2-. lla the angle of inclination ia Choo£~ from the vertio.a'l. position t.1'> 

the bo:rizontal~ the ra-te of heat. transfer and. liqui.d film ooetfieients in

ere3.s-e at oonsta.nt ~rature drops.,. Values of these two calculations ror 

the }.6° &lg'le ar.e .found to be intermedi.at.e between. those for 7$° and 90°, and 

tor the 1tf> Mgl.e th'!l v3J.u,es are intermediate~ we 'JIJ0 .and 00° angles. 

}. !he liquid f'ilm coeffic-ient ine..~ses rith inc.Nia.mm 1n na~l oiZ-: 

culat.ion. velceiti.es for r-.i!JY angle nf' 1M-1in~i..io!I.. 

~. The natural. cireulation velocity dee~a as th~ a.ngle .of' in-cli.M-· 

tion approaches ;me,ro,. 

s:.. The optd_,mm ang1e for an inclined tube ew.porawr as: :.t re.milt or 
t..his imr~st.igation is JO°,., 



Appendix 



£..,c:;,;1rn:-imental Da.t&. 

fbln Angle t1pprox. 'I'ul:te Boiltng Feed Water Ave .. na,turat 
!io .. of' Steam Toizo .. Tenip. '1a;ter Eva-p. ~Te,~a1;tre C:i.rculation 

Inelim.rtton Freaati:re 011: o:r,· .. .. ,. Per Drop o,.r,!.it .•. 
Y' pat Hr .. thro 

fJ~t.ers 
!!'JU n; 

1 90 5 2:?3 .. .0 ~11.7 195.7 J..7 2h.O (} ... 63 
2 90 10 234.h 212 .. , 209., 10.,S 30.0 ).17 
3 90 15 21t2.5 212.s 210.0 18 .. 1 3.5 .. o }i .. 32 
ii 90 20 2so.~ 212.6 210.0 26.J !tO .. O 5 ... 08 
5 90 25 255 .. 7 212.$ 210 .. 0 ,3 .. 7 M-:.o 5.$1 
6 90 30 263 .. 7 212.$ 210.;() 2.6 ,o .. o ,.98 
7 75 s 221:J,.3 211.3 198.J 2 c .. ;; 2$.0 o.J,6 
8 15 10 23$ .. 0 212.1 208.5 11.s 30.0 3.23 
9 1S )$ 2li2 .. 4 212.5 209.2 2L,l 35.0 h.hs 

:LO 75 20 2',') 8 212 .. !, 209.2 31.8 42 .. 0 5,.33 .. .{;,._,;ij_ 

11 7~ 25 260.0 212.1 209 ... 2 40,.J h, .. o 5.56 ,.,, 
12 7!, :;o 263.3 212.7 209.2 Ii7.l hB .. o 5.80 
l) 60 5 .226 •. 0 211 .. 3 195.o 2.5 25 .• ,0 o .. hh 
1h 60 10 231i.!i 212.0 ro1, .. 1 12.8 30.0 ).,.Jh 
1;; 60 1~ 243 .. 0 212 .. 0 209.0 22.h 35,.0 !i .. :n 
16 6o 20 251.0 212.6 209,.3 32 .. 9 39 ... 0 !,.,.08 
17 60 25 - (6 212.0 209.3 ho.o hJ.O 5.311 2,., , •. 9 
18 60 30 263...,3 212 .. 0 209,'3 1e .. o h5.0 $ .. $0 
19 JJS 5 22k.7 212.6 192.3 J,.O 23.,0 0 .. 36 
20 li:5 10' 2~.,7 212 .. , 209..,3 11.9 29.0 2 .. 07 
21 1,.5 15 2(J.7 212 .... 6 210-.,0 22.0 :;2.0 J.78 
22 h5 20 252,.,:;; 21J.J 210.,J 11 ... a ]1 .. 0 ii • .ltB 
23 li5 25 259"'1 21·3:.J 210 .. 3 )9.0 19""'0 tt.80 
2h h5 JO 210.0 2JJ.~3 210 .. 6 ,1 ... lt JJl.,O ,.01 
t)C: 30 5 220.0 211.3 192 .. 7 3 .. 8 21i .. o o 34 !/C.,; ... 
26 30 ,l(j 233..7 212.J 208 .. 7 15.J 30 .• 0 3.1.3 
27 30 15 21;1 .. 7 212 ... 6 208.7 2b.9 J:?.o J.70 
28 30 20 21.i.B .. 1 212 .. 6 209,.J 3lt .. 3 )lt .. {) 4it00 
29 30 2~ 255-1 212 .• 6 209.6 lt2.6 Jh,.O h.07 
30 )0 30 263 .. 0 213.0 210.0 ~-0.5 3li..O !i.03 
31 15 5 223.0 211.0 202.0 6,.~ 2L. .. o o.56 
.'.,2 1s 10 231.0 m.J 201.1 16 .. 4 2:s.o 2_.03 
:n 15 1s 2Mi..6 212.J 208.0 26.1 28 .. 0 2.$1 
)li 15 20 2,0.0 211 .. 7 208.) 35 .. 3 29, .. 0 2.64 
31; 15 25 2,7.5 212.0 208.0 h3 .. 0 28 •. 0 2.60 ~; 

36 15 30 26~0 212.J 200.:1 52.l 28 .. 0 2.$5 



' ~ 1J 

culated V nes 

gle Q/e A T1 AT A TL L V v1 ·8 
o. o£ 

p 

Inclin tion 
jl; - -

l 90 l-.677 11. 3 .l 10.2 10'3 0 . 23 0. 072 
2 9 10,217 21.9 6. s.1 426 1.18 .JS 
) 90 17.,602 .o 11~7 18.j 60S 1.60 2.33 

2S~S79 37.9 11.0 ·20.9 no 1 .. 8/l 3.12 
s 32.773 h).2 21. 21 .. h 96) 2. 01 J.70 
6 90 J 1.,129 51.0 27,.5 23. ll09 2.22 h.20 
7 75 2.1 f:IJ 13. 0 1.6 11 136 0 .. 11 o.oh 
8 15 ll h9h 22.3 7.6 lh.7 92 1.20 1. 39 
9 75 20,537 29 . 9 13.6 16.) 792 1.65 2.h6 

lO 15 ,951 '40. 3 2 .6 9.1 988 1. 98 3.h2 
11 15 .39, 22L It7 • .3 26.0 21 . J 1156 2.06 ). 68 
12 7$ h5,84J 50.8 .h ro. 111 3 2.1s J.97 
1) (IJ 2 h68 1t .. 7 1.6 13.1 119 o.16 0 .04 
lu 60 12~1!75 22. L 8. ) 11.l $6 1.2ft. 1.11 
lS 21., 002 Jl.O 14., 16. S 831 1 .. 60 2. J) 
l6 00 32.022 38.lt 21.) 11 .. 1 1178 1. 86 3.12 
17 6:) iB,920 1 L.9 2s.a 19.1 1281 1. 98 3. h2 
18, 60 7,677 5i.3 31,.,7 19.6 1$29 2.0b J.62 
19 45 2,971 12. 1 2.00 10.1 18S O.lJ 0 .03 
20 45 ll,581 24. 2 1.1 16.6 L.39 1.06 1 . 11 
2 115 21,397 31.1 lh.2 16.9 796 1.ho 1 . 83 
22 5 . Jl926 39. 2 20.5 18.7 1 lJJ 1 .. 66 2. !19 
2J hS 7.-923 46. 1.t 25. 2 21 . 2 ll25 1.78 2. 2 
2L h5 U).971 56,,,7 3.2 2) .. 5 1337 1.86 3.o6 
25 3,700 a.1 2.s 6.2 l 0.13 0 .03 
26 30 1.h,898 21.4 9.9 11.5 81, 1.16 1.31 
27 30 ?.4,248 29.1 16.1 13.0 1173 1 . )7 l . 76 
28 3l, 38h )6.1 22.0 13.9 15 1 .. h8 2 .03 
29 }~ hl~h50 h.3 .1 21 . , lS.6 1671 1 .. $1 2.10 

30 49,-121 ,o.o 2.6 17.h 1776 l.Ji9 2.05 
31 15 6,370 12.0 h .. 2 1.a 5:Lh 0 .. 21 o. 
32 is 15,98o ?1 .. 7 10.6 11. 1 905 O.T5 o.60 
33 1!, 25~4)1 32.3 16. 9 15.h 1039 0 .. 93 o. 
J4 lS 34,382 . 3 22. 8 1s.5 139$ 0 .. 98 0. 96 
35 15 W.,89$ l:S .:; "l 11. 1 1189 .. 9b 0.93 '. 36 15 9,725 S .1 33.7 15 .. o · 112 O 9$ 0.91 
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