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I. INTHQQUCTION

Heat transfer to a boiling liquid is of primary industrial

conce¤n• There are few chemieal plante which do not utilise such

heat transfer somewhere in their process. The transfer of heat
T

from a metal surface to a boiling liquid employe both the prin-

ciple of conduction and convection an in some extreme cases may

incorporate radiation• auch exchange of heat is believed to be

affectd by a considerable number of variables amng which are

surface teneion, viscosity, equilbrium wetting angle, surface

condition of the metal, temperature gradient between metal and

liquid, concentration and others•

The major variables currently used as critcria for eval-

uating the boiling eharacteristics of liquide are the tempera-

ture gradient existing between the metal and the liquid, termed

thermal driving force or “dt“, and the rate of heat transfer,

termed heat flux• Heat flux and temperature are interdependent,

e i•e„, for lcw·values of heat flux and driving force an increase in

thermal driving force results in an increase in heat flux; while Ä

for high values of heat flux and driving force an increase in

driving force eventually results in a maximu value of heat fluxa

Once the maximu heat flux is attained any further increase in

driving force results in a decrease in heat flux because of the
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formation of a partial or total Vapor blanket at the liquid-

metal interface which increases the resistance to heat transfer•

The temperature gradient existing between the heating surface

and the main body of liquid at maximum heat flux is termed the

critical driving force or dtc, because with this gradient the

Vapor blanket begins t¤ form.

Data concerning the critical driving force and maximum heat

flux enables designers and operators to obtain maximum perfor-

mance from their equipment. The literature contains limited

data concerning the critical driving force and maximum heat

flux for pure liquids, solutions of salts in liquids, and

binary mixtures of miscible liquids but the infonmation is by

no means sufficient„ The available correlations are inadequate

for other than the specific cases for which they were derived•

Most noticeably lacking frm the available literature are rela-

tionships involving binary mixtures of miscible liquids which

would enable interpelation for values of critical driving force

and maximu heat flux for intermediate concentrations•

The purpose of this investigation was tc relate maximum

heat flux and critical driving force with the concentration of

ethanol in benzen••
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II. LITERATUEQ REVIEQ

The literature reviewed in this investigation inclued the

available technical periodicale and books pertaining to the fields

of chemlstry, chemical engineerig, mechanical engineering, and

physics. The following review ie the result of a comprehensive
(

study of the infonmation extracted from the literature survsyed.

Boiling of liquids has been classified into four major

types or categories. Hcadams, et al(25) have defined these

four types both in tenms of the physical action which takes

place at the 1iquid·metal interface and in terms of the rele-

tionship between the heat transfer rate and the thermal driving

force (Figure 1).

Convecgigg Qgglggg. Sector A-B (Figure 1) represente s

state of convective boiling, 1.e., the liquid, in lntimate con-

tact with the hosting surface, is heated to a slightly higher

temperature than the main body of liquid. Convection currents

are set up in the liquid and vaporisation occurs at the liquid-

vapor interface.
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Nucleate ggglggg. Curve segment B-C (Figure 1) represente 1

a state of noleate boiling, 1.e., the liquid, in intimate con-

tact with the heeting surface, ie superheated sufficiently te

cause vaporisation. The bubbles of vapor thus formed remain in

contact with the heating surface and increase in size until they

are large enough to overcome the physical binding forces. They _

then break free an rise through the liquid space and finally

merge wath the vapor phase. As the name implies the vaporisae

tion occurs at small nuclei er dlecontinuitiee on the hosting

surface.
Point C (Figure 1) repreeents a

state of incipient film boiling. In other words, at point C

nucleate boiling is so intenee that any further increase in

the thermsl driving force will result in the formation of a

partial vapor blanket on the heat transfer surface. Since

vapor has a„much lower thermal conductivity than liquid the

heat transfer rate is reduced when the vaper film begins te

form. Curve segment C•D (Figure l) repreeente a so·called

e state ef transitional boillng which is in effect a matter

efthe·degreeto which the heat transfer surface is blanketed

with vapor• f
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§jgL§gil;g. Point D (Figure I), the point of minimum

heat transfer, represents a state of total film boiling in

which the entire heat transfer surface is covered with a Vapor

blanket. The sector of the curve between D and E repreeents

heat transfer frm the metal surface through the Vapor film

and finally to the liquid. In this region the radiation is

not boli¢v¤d(25) to be appreeiable. In the range of filn

boiling designated by point F it ie believed that radiation
U

plays an important part in the rate of heat transmiseion.

ßistogg

The Leidenfrost Phggomenon. The earliest known report of

cbserved film boiling was by Leidenfroot(2k) in 1756. His work

consisted of a study of the behavior of small drops of liquid

deposited on surfaces having sufficient temperatures to induce
V

the state of spheroidal boiling. In auch a state the drop or

hall of liquid ie said to be existing in a non•equilibrium con-

dition and will move or “dance“ around on the heating surface

for a coneiderable length of time. however, once the surface

coole, the drop of liquid vaporized very quickly. In as much as

Leidenfrost was the first to study this phenomenon the state of
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so•called spheroidal boiling was called the “Leidenfrost

Phenomenon“ for a considerable length of time•

Perkins(28) in 1827 attributed the explosion of a boiler

to the collapse of the spheroidal state which he stated occurred

as the boiler cooled• Boutigny(6) confinaed Perkins' statement
0

in l8bh• ·
8

Lang(2l) of Scotland in 1880 reported a curve which re-

lated over•all coefficiet of heat transfer with thermal driving

force for an evaporator used for distilling sea water• although

his data was presented in one curve irrespective of boiler pres-

sure, a trend could be seen which indicated that a state of max-

imum heat flux had been attained. No mention was made as to the

possible relationship between the peak on the curve and the crit-

ical point for transition from nucleate to partial film.boiling• _

Effects Causing the Sghgggidgl Stagg. Boutigny(6) and

Berger(3) were the first known investigators to attempt to de-

termine the effects causing the formation ef the sphereidal

· state of boiling. Their approach to the problem was to de-

termine the minimum surface temperature necessary to yield

spheroidal boiling for various pairs of liquids and metals•

While little is known as to the actual technique employed in

their investigations, it is known that they used a dieh of the

metal being tested and placed small drops of the test liquid in
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this dish. Uespite the fact that the results of their experi-

ments have been subject to eonsiderahle question the effect of

the various liquid-metal cenbinatione may be worthwhile• The

results of the investigations conducted by Boutigy(6) an
B¢FE¤¥(3)

are presented in Table I.

p L¤¤ßm¤iP(23) did considerable fundamental work on the sub-

ject ef evaporation and eondensat1on•

Nggleagg Boiligg
A

In as much as the range of nucleate boiling is the most

desirable from the industrial etandpoint it has been investi-

gated much more extensively than the other ranges of heat

transfer to boiling liquhis. hhether early investigators

failed to realise that a state of film.boiling could exist or

not is unknown, at any rate, until recently the nucleate range

of boiling has certainly received the greatest quantity of ·

attention•

Bubble Fogggiogp Foremost among early investigators were

Jakob and his aseociates(5°l5'l6°17)• Jakob and Fritz(l7) ap•

proached the problem frem the fundamental viewpoint of bubble

formation. They believed that the rate of heat transfer was

largely dependent upon the rate and type of bubble formation·



TABLE I

(All data at Normal Atmoephore)

Iuveetigator ° _ Beutigny Berger

Test Liquid Water Ether

— B P of Liquid, °C 100 C 35

Nature of Surface ···—··· Smooth Rough

Heating Surface Surface Surface Surface
Tmxperature Temperature Temperature 1

GC Oc GC

Copper -····· 86 ··--·
Iron •····· 127-8 ließ

T Lead 260 130 131,
Mercury -···• 170 -·•·•
Plßtinun 171 96 ··-·
Silver 11+2 78 ··--·

Zißc •··-· 108 116
Porcelain ••·· 210 •••

Glass ••-··· 150 -·-·

Berger, ··
•, Anm Physik (2), L11, 591+-637 (1863% Traum

P• Hu Mm- ¤hl!¤· Phiß (3) 2; 350*370 (l8l•3)•

Trans. em, Inste Ch¤• Engr• 21, 1+1+9%+73 (l937)•
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at the heating surface. Their first consideration was the law

set forth by Lord Kelvin which dealt-with the vapor pressure

within the bubble of vapor. Jakob(l6) credits Boen3akovic(S)

with the origination of the theory that slight superheating of

the liquid in intimate contact with the plate and the bubble of

vapor provides the impulse for heat transfer in the case of

nucleate boiling. Jakob and Frits(l7) carefulky determined the

degree of superheating which occurred in liquid bdies. Their

investigation incorporated the use of a horizontal heating sur-

face and a thermocouple which could be moved in a vertical axis
l

in the liquid space above the heating surface. With auch an

apparatus they were able to obtain plots of temperature along

with the vertical axis in the liquid. These plots indicated

that the majority of liquid superheat was present within five

millimeters of the horizontal heating surface.

Jakob and Frits(l7) also investigated nucleate boiling from

the etandpoint of a pictorial study of the size and shape of the

bubbles fonmed on various types of surfaces. A camera in con-

junction with etroboscopic light affordd the pictures used in

the study. Te results of the investigation were essentially

twofold, namely, (1) a measurement of the volume occupied by

the bubbles as formsd on the heating surface and later as they

rose through the liquid revealed that vaporization of liquid
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was occurring es the bubble rose through the superheated liquid.

lncreases of bubble volume were obtained which renged from lab

to h,SO per cent; (2) a qualitative study of the effect of

heating surface conditions revealed that the physical shape of

y the bubble ae formed was controlled to a large extent by the

wetability of the heating surface. Figure 2 shows diagra·

matically the results of the investigation.

Jakob(l5) also conducted an investigation

which revealed, to some extent, the arrangeent of nuclei on a

heating surface. he obssrved the surface of a copper plate

used as a heating surface and noted fouled spots which he

claimed had served as nuclei for boiling. The spots were

random in size and placement on the plate and were reported

to compositely cover only about one per cent of the entire

heat transfer area. No metion was made of the rate of heat

transfer when auch spots were notieed and msasured.

· Bubble Diamgter.
J•kob(l9) gives the following relation-

ship for the diameter of bubbles that will release from a

heated horizontal surface into boiling liquid:

a = l.O3l;\} Ä,./2
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JAKOB,M. AND w. Fmrz, Foncaa. 6aEBETE INGENIEURW._Z_,454·
447 (I93l); MCADAMS,W.H.°°HEAT TRANSMISSIONÜ R 5OI.
MCGRAW-HILL BOOK CO.,INC., NEW YoR•<.as42. ZND Eomora.
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wheresg
d = bubble diameter, ft

X = surface teneion of liquid, lbs per ft

fi = liquid deneity, lbs per cu ft

Over-all Coegficient of Heat Transfg;. Design of indus-

trial equipment involving heat transfer to boiling liquids usu-

ally includes a factor known as the over•all coefficient of

heat transfer. Badger and hcCab•(2) state that the rate of

heat transfer is correlated with the thermal driving force in

the following expression:

. _Q_ = U lst
A„

where:

U = over-all coefficient of heat transfer,

Btu per hr—sq ft-WF

Q = heat transfer rate, Btu per hr

A = heat transfer area, sq ft

ist = over-all temperature gradiet, YP

Film Coefficint. The same general principle as the one

abve is known to apply when the heat transfer being considered

is frem a heat transfer surface (usually metal) through a so-
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called liquid film to the main body of liquid. In auch a case the
X

A‘t is the temperature gradient existing between the heatlng eur-

face and the main body of liquid. Mathmatieally the expression

lncorporating the film eoefficient is as followss

_Q_ Z h Alt
A

where:

h Z film eoefficlent, Btu per hr•eq ft·*F

Q Z heat transfer rate, Btu per hr

A Z heat transfer area, eq ft

At Z temperature gradient, °F

Correlations lnvolving the Film Ceefficiggt. The film co-

efficient (h) ie merely a proportionality conetant and in the

case of heat transfer te bolllng liquids is subject to con•

aiderable Variation ever the range of heat fluxes comenly en·

eountered. A coneiderable mmber of attempts have been made te

obtain correlations which could be used to predict the value ef

the film coefficient for any given liquid·¤etal pair under spec-

ified conditions. The following relationship was preposed(9) an

will to some degree afford a prediction:
Z
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h s a(At)°
where:

h = film coefficient of heat transfer,

Btu per hr-eq ft-°F

a and n = constante

gb t = temperature gradient, °P

while “a“ in the above equation applies to a specific liquid

under specific conditions there seems to be general agreement as

to the value of the exponent “nP„ Several inveetigators(9’1l’20’27)

reported the value of ”n“ to range from 2•k to 2•h• A more recent

report by Jakob and Linke(l8) who have conducted extensive investi-

gations in the range of nucleate boiling elaim ß•0 as the proper

value for the exponent•

Cryder and Finalborg0(8) proposed the following equatien as a

possible means ef predicting the film coefficients:

n • c(A:.)” (s)tL _
OR:

logh ,·; a+n(legAt)-»b(tL)
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where: o
J h ‘ film coefficient, Btu per hr—eq ft•*F

tL * bolling point of liquid, °F

t = temperature gradlent across fihn, WF

C, B, a, n, and b = constante

They point out that the value of the constant "aß is a fune·

tion of the type of equipment used and the ccnstant "U' is a

function of the liquid in question,

Jakob and Linke(l8) correlated data on water, solutions of

setting agents, and carbon tetrachloride very well with the fol-

lowing equation:

T F ‘m’
where:

h = film eoefficient, Btu per hr•sq ft-YP

k ¤ thermal conduetivity, Btu per hr·ft~WF
X, • surface tension, lbs per ft
fg = density of liquid, lbs per cu ft '

Q = ·rat• of heat transfer, Btu per hr

V8 = specific volume of eaturated Vapor, cu ft

per lb

A = heat transfer area, eq ft
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7\ = latent heat of vaporisation, Btu per lb

W = constant (919), ft per hr

The investigation of the phenomenon of film boiling has

included a study of many variables. Most prominet among these

variables are:

l. Effect of various metals on the film boiling charac-

teristics of a given liquid

2. Effect of various liquids on the film boiling charac-

teristics of a given metal

3. Effect of the geometrical shape and relative size ef

the heating surface

L. Effect of the wetability of the heating surface

5. Effect of eontamination of the heating surface

c 6. Effect of pressure E

7. Heat transfer characteristics of ethanol and benzene

Effect of Various Metals of the Film.Bcil;gg Characteristigg

og a Given Ligggg. Sauer, et
al(3o)

report the results of a

study of heat transmission in the range of film boiling using a

horizontal steam heated tube. Their results indicated that cf the

four metals tested, (iron, chrome plated copper, cepper, and
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aluminu) using water as a test liquid, iron gave the highest heat

flux with chrme plated copper, copper, and aluminum following in

the order listed, They further state that the iron is believe to

have given higher heat transfer rate despite its lewer thermal con-

ductivity due to the fact that the surface of iron has more discou-

tinuities and thue favored bubble formation more than did the other

metals,

Moscicki and Broder(26) report that the critical temperature

gradient for water boiling on various metal surfaces follows the

hydrogen overvoltage series, namely, platinum black, platinum,

iron, silver, nickel, copper, and lead, They advanced no theory

to substantiate the experimentally determined results,

Effegt of Vagious Liguids on the FQQQ Bggligg QQQ;QggQ;iQt;gQ

of Q Given Metal, Sauer, et al(30) did considerable work on the

heat tranamisaion characteristice of various liquids boiling en

the same metallic heating surface, Their data afforded no appar-

ent mathematicsl correlation but merely supplied the literature

with information regarding these liquids, They did obtain one

conclusion which applied to liquids, namly, that the highest

maximum heat flux was obtained for water, intermediate values

for ethanol ad methanol, and lowest values for non·polar liquids

auch as ethyl acetate, benzene and carbon tetrachloride,
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No infouaation could be found which correlated the heat

transfer characteristics of liquids in hmologous series, likely

enough these characteristies are inherent properties of the liquid.

ggfggg og Ggggtrgcal Shgge ggg gelggige Sgzg of Hgggggg

ggggggg. Jakob and Link•(l8) report that the results obtained

using a horizontal heating surface were near1y·as good as these

obtained with a vertical heating surface. No further explanation

of this statement could be found.

Drew and Mueller(lO) report that unsatisfactory results were

obtained by using an inclined plate as a heating surface. They

concluded that in the range of film boiling the Vapor tended to

escape fro the boiling surface by rising along the plate. This

explanation appears to contradict the results obtained by Jakob

and Li¤k¤(l8) and to defy the theory of film boiling.

Abbott and Comely(1) report that the audbmmn heat flux and

critical temperature gradient obtained with a single tube evap•

orator were essentially the same as those obtained with a sixty

tube evaporator.

Hsadams, et al(25) report that for an investigation using

platinum wire as a heater the characteristics of heat transmission

did not change appreciably with various sizes of wire.
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' Effect of wetahiligg of the heatggg äggfggg gn Heat Transfer

Characteristigg. Rhodes and Bridgee(29) state that the presence

of certain subetancee in relatively small amounts may have a great

effect in altering the manner of boiling and the unit rate of heat

transfer. In their investigation they showed that quantitiee of

oleic acid and waxes could cause coneiderable reduction in the m¤t···

imum rate of heat transfer and the critical temperature gradient.

They also caused water in a state of film boiling to revert to e

state of nucleate boiling by the addition cf sodium carbcnate. The

accompanying theory was that the heating surface had been rendered

wetable by the salt addition.

·F¤<=¤br am Bl¤h¤=•¤¤(m ¤¤¤d¤¤te¤ a phetegrapmc study er ma
boiling on tubes wich were smooth, ceated with calcium carbonate,

an covered with a thin film of oil. Their conclueions etated that

carbonate affored more nucleii for boiling tan did the smooth,

clean tube. They also concluded that the preeence of oleic acid

in the test water to the extent of five parts per million could

cause censiderahle lowering of the critical temperature gradient•

¤=‘>'d¤¤* M
Gill1land(9) state that it was necessary to clean their heating

surface after each test te obtain reproducible results because

tarnishing was obtained when using methenl, n-butanol, carbon
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tetrachloride, and solutions of some salts. No reference was made

as to the effect ef fouling on the characteristics of heat transf•r•

Results obtained by Hcadams, et al(25) indicate that fouling

decreases the rate of heat transfer for any given temperature grav

dient and wall increase the critical temperature gradient.

Jakob and Linke(l8) showsd that adsorbed gases on the heat

° transfer surface increaeed the rate of heat transfer for any given .

temperature gradient• By continued boiling the adsorbed gas was

removed and the higher rate of heat transfer dropped to constant

values.
.·

Insinger and Bliss(13) reported that for boiling water from a

vertical surface for 700 hours the rate of heat transfer for the

first A6 hours was higher than for the last 65k hours for any givu

temperatureggradient.

Bonllla and Perry(&) found that by using a chremium plated sur-

face and cleaning each three hours with a nmn·scratching seap‘p¤wder

would give reproducible results.
0

hffegt og P;gsgg;g• McAdams, et a1(2S) give data relating

pressure with maxtmm heat flux which increases almost linearly v

from L00,000 Btu per hr·sq ft at atmospheric pressure to 2,200,000

Btu per hr·sq ft at approximately 1,250 lbs per sq in. abs.

Cichelli and Bonil1a(7) advanced a csrrelation which differa

somewhat from that obtained by Mcadams, et al(25) in that the



pressure had lese effect on maximum heat flux and was not a linear

relationship.

Cichelli and Bonilla<7) also determined the effect of pres-

eure and the critical temperature gradient and found that fer

ethanel the critical temperature gradient decreaeed frum 6z° F

at lt.7 lbs per eq in. abs to l0° F at a pressure ef 765 lbs per

eq in. abs.

_ Heat Tranegcg Chggggtggggtics og Ethggpl ggg Qegggg. Bonilla

and
Perry(L) used an evaporator having a horizontal chremin plated

surface for the determinatien of the heat transfer characteristice

ef various liquide and mixtures of liquids. They report the maximum

heat flux for ethanol boiling at atmospheric pressure to be 170,000,

170,000, and 160,000 Btu per hr•sq ft for three ef the tests con~

ducted. The ccrrespending critical temperature gradients were 73.

63, and 63° F, respectively.

· Cichelli and Beni1la(7) using a similar type evaporator re-

ported the maximum heat flux for ethanol to be 180,000 Btu per hr-

sq ft and a critical temperature gradient for the same test ef

65° F. They also reported the maximum heat flux for benzene to

be 125,000 Btu per hr-eq ft with a critical temperature gradient

of 8l° F.
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Heat Transfer to Binggg Mixturgg

Bvnilla and Per¤y(“) and Cichelli and Bonilla(7) have cen-

duted the greater part of the investigations concerning heat

transmission to binary mixtures of miscible liquids. In as much

, as this investigation is devoted te this topic their work has

been reviewed in auch more detail than the work of other inves-

tigators.

Agggrgtus. The apparatus employed by Bonilla and Perry(h)

in their investigation of binary mixtures of liquids consisted

essentially of a horizontal heating surface and a vertical tube

above the heating surface which acted both as a liquid space and

as a condenser.

Two heaters were constructed with effective diameters of
T

3.58 and 2.62 inchee each to stdy the effect of size. The

heaters were similar in principle and construction. Each heater

consisted of a copper plate 3/L inch thick with copper fins

welded on the bottom. Between these copper fins were placed

electrical heating units composed of nichrome ribbon wrapped en

mica centers and insulated with asbestos.

The heating surface was plated with chromim to the extent

of 0.02 inches which was said to prevent pinholes and to give

reproducible results.' The main condenser was the same diameter
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as the liquid space to eliminate any possibility of different pres-

sures for different boiling rates•

The plate thermocouples were of the one lead variety, that is,

the copper was used ae one lead for the thermocouple junction• The

thenmoceuplee were made by inserting constantan wire, insulated with

pyrex capillary tubing, into holes drilled radislly in the copper

disc, These wires were then soldered at the point of contact te

the copper by pouring molten tin into the holee foruing what was

effectively a constantan-copper thermocouple• A copper lead from

any point on the copper plate made the eircuit co¤plete• The tm-

perature drop from the thermocouple tip or joint to the surface of

the heater was calculated by the conduction equation and subtracted

from the overall temperature gradient•

Qgg;gg;gggl;[gggg;gggg„ Electrical burnouts were elminiated

by opening the heater input cirouit once film boiling was attained

which was indicated by a sudden rise in heater plate temperature•

The high heat capacity of the cepper plate also tended te eliminate

any local overheating• Cleaning of the chrmium plate each three

hours with a non-scratching soap powder kept the surface in a con-

dition which gave reproducible results•

The apparatus usd by Cichelli and Bonilla(7) closely re-

eembled the apparatus employed hy Bonilla and Perry(“).
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Qgat Tgansggg Charggtggistggs og Bigagg Qggtgggs, Bonilla and
P•rry(h) did net include in their conclusions the quantitative et-

fect of concentration on the maximum heat flux and critical tem-

perature gradient but stated that the charscteristics of binary

mixtures tell between the values obtained for the pure compounds,

An examination of the graphically presented results indicated that

such a statement held true from the critical tenpvrature gredient

but not for maximum heat flux, The values (obtained with a bester

diameter ot 2,62 inches) read from the presented graphs ehowed maxe

imu heat flux for water to be 380,000 Btu per hr-eq ft while a 3,0

mole per cent solution ef ethanel in water gave a maximum heat tlux

ot Ll0,000 Btu per hr-eq ft, The values obtained using the heater

with a diameter of 3,58 inehes were in close agreement with those

obtained fer the emaller uit, In both cases the maximum heat tlux

for ethanel was areund 200,000 Btu per hr-eq ft,

Qoggelation Uggg th; ggggggg Pggsgggg, Cichelli and Bonilla(7)

ebtained good correlation ot the critical tmperature gradient with

the reduced pressure (Pr) sf liquids and mixtures of liquids tested,

Liquids investigated were ethanel, benzee, prepane, nepentane,

n-heptane, and mixtures of n-pentane and propane, Ho specific meth-

ed was outlined for the caleulation of reduced pressure for mixtures

ef liquids, The results of the eorrelation are presented in Figure 3,
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Cichelli and Bonillaw) also advanced a correlation relating

maximum heat flux ((0,/A)ma.x) with reduced pressure (Pr). In tests

in which fouling, of the heat transfer surface was known to exist

the data was rectified hy dividing the unit rate of heat transfer

hy an smpirically determined factor of l•l5• The results of this

correlation are presented in Figures la und S.
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III. §;§ERIhENTAL

f
Eanasee

The prpose cf this investigation was to relate maximu heat

flux.and critical driving force with the concentration of ethanol

in bensene. _

Eile.:

This investigation was conducted under the following general

plan:

Test samples of ethanol·bensene mixture were prepared for

each 10 volume per cent increment of ethanol freu 0 te 100 per

cent. The silver heat transfer surface was then cleaned by

prescribed methode and a 250·mil1iliter sample of a specific

concentration charged to the evaporator body. The heat input te

the heater was set by means of the electrical control eircuit and

the liquid allowed to boil until steady state conditions were at-

— tained. Once steady state conditions were attained the emf from

the evaporator plate and 1iquid•vaper space thermeeeuples were

read for the ultimate determination of the temperature gradient.

The wattage input to the heater was noted and recorded for the

ultimate determination of the heat flux.
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Conditions were than changed to a higher rate of heat flux,

steady state conditions attained, and the data noted and recorded,

These steps were repeated until a state of film boiling was reached,

This ever•all procedure was followed for all test liquids,

The investigation was conducted in the following series of

steps:

Ligeratngg Qgvggg, The purpose of the literature search was

essentially threefold, namely, (1) to ascertain the extet of pre-

vious work regarding the immediate problem, (2) to obtain infonne-

tion regarding the concepts involved and problem eneountered in the

general field of heat transfer to boiling liqnids, and (3) to obtain

data and information which would assist in the design and construc-

tion of the apparatus used in the study,

Design nnd Constgntion of Evapggggog, A circular, silver-

plated copper plate was used as a heat transfer surface, Elec-

trically heated copper fine, welded on the bottom of the plate,

served to supply the heat for boiling, The evaporator body was a

flanged pyrex pipe, in a vertical position, sealed to the heat trans-

fer surface by means of a compression flange in conjunction with a

suitable gasket,

Design and Construcgion og Condensgg, Since the evaporator

was to operate at steady state conditions, a system of total reflux

of condensed liquid was mployed, An extension of the pyrex pipe
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which served as the evaporator body served also as the inner pipe

of the water condenser. Copper tubing was used as the outer shell ‘
A of the condenser. The condenser utilized the principle of down-

I ward flow end was equipped with an air vent. An orifice with

mercury manometer was installed in the outlet cooling water line

to aseist in regulating the cooling water rate. The test liquid
was charged through the top of the inner tube of the condenser.

J Qssig and Cogggggction of the Electgicg Heatigg Qircuit.
Three parallel hosting circuits were used; one was a variable

wattage circuit, the other two had fixed oapacities. With such

an arrangement any deeired wattage from 0 to 2,700 wette could bo

applied to the heating fine. The wattage input wasdeterminedan

ammeter•vol‘t¤eter combination.
.•¤ ;·.e. md ct o and C ibra on add a ¤— ...:..1,.

Three thermocouples in the liquidwaper
° space and three thermocouples imbedded in the copper evaporator

plate were used in conjunction with a potentiometer to determine

tho temperature: for each steady state condition. An icvfilled

cold junction bottle referred the cirouit to 32,° F for all tests.

A thermocouple actuated a Wheelco "Capacitro1“ which measured and

controlled the ambient heater temperature. The thermocouples were
calibreted before use.
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Preggration of Test Liguidg. The ethanol used in the in-

V¤¤¤i£8ßi¤¤ Vßß dried before use by refluxing with calciun oxide

and purified by aubaequent distillation. The water used was

distilled. The technical grade benaene was not pretreated but

used as received. n
Q;gg;g;gg;y_§ggtg_gj;ggga;gtge. The liquids, ethanel and

benzene, were used for preliminary qualitative and quantitative

evaluation: of the apparetus.

The heat losees of the apparatus were evaluated for the

various pure test liquide. The selection of a suitable gasket

material for the evaporatcr body gasket was included among the

‘ preliminary teste.
q

Qeteggigagion of th; Charggtegggtggs of hegt Transfg; fo;

Various Coggggtratioga of Ethanol in Bggggge. The conetrueted

apparatue was empleyed for this phase of the investigation. The

cold liquid level was maintained constant for all teste.

Evaluatigg cg Bgsglgg. The experimentally determined data

were evaluated and analysed. Any pecularitiee in the calculated

results were reported and diecussed•
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Mategials

The following materials were used in this investigation:

Benzgge. Technical grade, 99 to 100 per cent pure, lot No:

Bzhü, code No: laut: Manufactured by General Chemical Division,

Allied Chemical and Eye Corporation, New York, N: Y: Used as e

test liquid:

Ethanol: 95 volme per cent: Obtained from Phipps and Bird,

Inc., Richmond, Ya. Used as a test liquid.

gggggatug

The following spparatus was used in this investigation:

Potentiogtgg: Type 8, range: 0 to 0:017 and 0 to 1:70 v:

hanufactured by Fisher Scientific Co., Pittsburgh, Pa. Used to

measure electromotive force fra thermocouples.

g Galvanometer: Center zero type, catalog No: 570•201:

hanufactured by G. R: Laboratories, Inc., Chicago, lll. Used

in conjunction with potentiometer.

Cell, Standggg: 1.019 v, No: 392006, internal resistance

not over 500 ohms. hanufactured by Epperly Laboratory Inc.,

Newport, R. 1: Used in conjunetion hith potentioeter.

Batteg, {Jg Cgll: 3 v, No: VS·-100, type A. Menufactured

by Radio Corporation of America, New York, N. Y. Used in con-

junction with potentiometer.
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Glasagaga. Miscellaneous sizes of beakers, graduate cyl·

inders, pipets, flasks and burete. Obtained frem Cheistry De-

partment Stockrom, Virginia Polytechnlc institute, Blacksburg,

Virginia. Used for preparation of ethanol-benzene mixtures and

storage of test liquid:.

Horisongag Plage Evaggaator and acaassoax agaggng. All

materials required for the construction of the evaporater and

accessory equipment are included in Table ll.
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TABLE II 

ill of Materials tor Horizontal Plate Eva orator and Accesso 

N1.111ber 
Required 

REA TEll 

l 

4 

200 

3 

l 

Unit 

ea. 

ft 

rt 

lbs 

ea 

Name 

Copper Plate 

Copper Strip 

Resistance 
Wire 

Refr actory 

Silver Surface 

THERMOQQUPLES 

8 ft 

8 f t 

50 ft 

ft 

ea 

Thennocouple 

Thermccouple 
~iire 

Themocouple 
Wire 

Thermocouple · 
Wire 

Switches 

PIPE AND TUBING 

5 rt Pyrex Pipe 

ft Copper Tubing 

tt Copper 'fubing 

12 ft Copper Tubing 

2 ea Street Ella 

2 ea Needl e Valves 

10 tt Glass Tubing 

2.0 ft. G~a:J~ Tubing 

.EHUIPMENI' SUPPORTS 

20 ft 

2 ft 

2 ft 

2 ea 

12 ft 

8 ft 

2 ft 

ELECTRICAL 

1 ea 

1 ea 

l. ea. 

l2 rt 

100 ·.ft 

7 ea 

1 ea 

1 ea 

ea 

1 ea 

Angle I ron 

Angle Iron 

Strip Stock 

Strip Stock 

Lwnber 

Lumber 

Plastic 

Volt age 
Regulator 

Ammet er 

VoUmeter 

Copper Wire 

Copper Wire 

Switches 

Switch 

Switch Box 

Fuses 
. -" .-

Temperature 

MISCELLANEDUS 

15 lb I nsulation 

3 ea Stoppers 

2 ea Stoppers 

2 ea Clamps 

1 ea Manometer 

4 ea Bolts 

l ea Pulley 

l pt Shellac 

l tube Rubber Cement 

Descri ption 

Comrr.ercial gr ade, 6 x 6 
x 3/4 inch. 

Commercial grade, 3 x 
3/16 inch. 

Chromel A, B & S gage 
22, asbestos covered. 

Alumina, T-16, minus 
325 mesh. 

Electropl ated 0 .003 
inch on heat transfer 
surface . 

Constantan, B & S gage 
20, uninsulat ed, date: 
4-23-47, spool No. 885-
66-55. 

Iron, B & s 3age ~0, un-
insulated, date: 4- 23- 47, 
spool No. 899-37-14. 

Constantan, B & S gage 
24, insulation EN, order 
No. l2a:l0l. 

Copper, B & S gage 24, 
insulation EN, order 
No. 178001. 

Radio type, 4 positions 

Nominal diameter 2 in., 
flanged. 

Outside diameter 3-1/8 in., 
wall thickness 1/8 in. 

Outside diameter 1/2 in., 
wall thickness l/16 in. 

NCDinal diameter 3/ 8 in., 
galvanized. 

Nominal di runeter 3/ 8 in., 
galvanized. 

Hoaina.l diameter 3/ 8 in., 
bronze. 

Naninal diameter l/ 4 in., 
soft glass . 

NG~nin~ di.ame t.er l./8 in., 
pyrex gl ass • 

1-1/2 X l-1/2 in. 

l X 1 in. 

2 x l/4 in. , iron. 

2-J../2 ~ 2-l/2 X l/8 in., 
i ron. 

8 x 3/4 in. , pine. 

6 x 1/2 in., pine. 

2 x 1/8 in. , Lucite 

11Transtat11 , No • .32.322, 
rating 9 amp. 

Alternating cur rent , 
U.S.N. type CAY 22026 A, 
r ange 0 to 5 amp. 

A~terne.ting current, 
r ange 0 to 300 v. 

Double s t r and , motor 
t ype, doubl e rubber in-
sulated, rating 5 amp. 

Single strand, B & S gage 
14, rubber and cambric 
insulated. 

Toggle t ype, single pol e, 
rating lQ amp at 120 v, 
5 amp at 250 v. 

Toggle t ype, double pole, 
r ating 250 v. 

Rating 30 amp at 230 v, 
catalog No. 88351, series 
No. l . 

Type NON, r ating 15 amp. 

11Capacitrol11 , model 224, 
r &lge 0 to l , oooo C, rating 
110 to 220 v, 35 amp. 

85 per cent magnesia.. 

Natural rubber , size 1. 

Natural rubber , s ize 14. 

Laboratory r ing s t and 
t ype. 

J.iercury filled, range 

Diameter l/4 in. , l engt h 
2-l/2 in. 

Diameter 3 in . , al wninurn. 

Pure white, undiluted. 

Automot ive weather 
stri pping type. 

Supplier 

Seaboard Br ass and 
Copper Co., 
Baltimore, l-id . 

Seaboard Brass and 
Copper Co., 
Baltimore, Md. 

Fisher Scientific Co., 
Pittsburgh, Pa. 

Alumina Or e Co., 
~. St. Louis, Ill. 

Magic City Plating, 
Roanoke, Va. 

Leeds and Northrup Co., 
Philadel phia, Pa. 

Leeds and Uortllrup Co., 
fhilad.elphi~, f a . 

Leeds and Nor thrup Co., 
Philadelphia, Pa. 

Leeds and Northrup Co., 
Philadelphia., Pa. 

Chemical Engineering Department 
Stock Room, Vir ginia. Pol ytechnic 
Institute, Blacksburg, Va. 

Corning Gl ass works, 
Corning, N. Y. 

Noland Co., Inc., 
Roanoke, V a . 

Noland Co., I nc., 
Roanoke, Va. 

Noland Co., Inc., 
Roanoke, Va . 

Noland Co., Inc., 
Roanoke, Va. 

Noland Co., Inc., 
Roanoke, Va. 

Eimer and Amend, 
New York, N. Y. 

Eilner and .nmend, 
New York, N • Y. 

Noland Co., Inc., 
Roanoke, Va. 

Noland Co., Inc., 
Roanoke, Va. 

Noland Co., Inc., 
Roanoke, va. 
Noland Co., Ine., 
Roanoke, Va. 

Chemical Engineer ing Department 
Stock. Room_, Vi:rginia Polytechnic 
Institute , Blacksbur g, Va. 

Chemical Engi neering Department 
Stock Room, Virginia Polytechnic 
Institute , Blacksburg, Va. 

E. I . duPont de Nemours Co., 
Arlington, N. J. 

American Transfor~er Co. , 
Newark, N. J. 

\·jest inghouse Electric and 
.Hanui'acturing Co ., 
East Pittsburgh, Pa. 

Chemical Engineering Department 
.Stock Room, Virginia Polytechnic 
Inst i tut e, Blacksburg, Va. 

Chemical Engineering Depar tment 
Stock Room, Virginia Polytechnic 
Inst itute , Blacksburg, Va . 

Chemical Engineering Depar tment 
St ock Room, Vir ginia Polytechnic 
Institute, Blacksburg, Va. 

Brown Stores Co., 
Blacksburg, Va.. 

Brown Stores Co. , 
Bl acksburg, V a . 

.. 
Square non Electrical Co. , 
Detroit, 1iich. 

. ' 
Bussmann .Manufacturing Co. , 
St. Louis, Mo • 

Wheelso Instrument Co., 
Chicago 7, Ill. 

Chemical Engineer ing Depar tment 
Stock Room, Vir ginia Polytechnic 
Institute, Blacksburg, Va. 

Chemical Engineer ing Depar tment 
Stock Room, Virginia Polytechnic 
Ins titute, Bl acksburg, Va. 

Chemistry Department St ock Room, 
Virginia Polytechnic Institute, 
Bl acksburg, Va . 

Chemistry Department Stock Room, 
Virgini a Polytechnic Institute, 
Bl acksburg, Va . 

Chemical Engineering Department 
Stock Room, Virginia Polytechnic 
lnstit~te~ _ Blacksburg, Va.. 

Chemical Engineering Department 
Stock Rooili, Virginia : olytechnic 
lnst itute, Blacksburg, Va. 

Chemical Engineering Department 
Stock Room, Virginia Polytechnic 
Institute, Bl acksburg, Va. 

Springdale Shellac Co., Inc., 
Springdale, Conn. 

E. 1. duPont de New.ours Co., 
Wilmington, Del. 



-37-

Hethods of Procedure

The methods of procedure used in this investigation were es

follewsz

Qesigg and Construction og Evsporator ggg Cgggenggr Sugggggg.

The horizontal evaporator and vertical water cooled condenser were

independently supported by two horizontal eholves, reinforced with

angle iron, and two vertical angle iron column:.

The main supports for the assembly were of l-1/2 x l·l/2·inch

angle iron plasod in a vertical position 5-l/2 inches apart (A Figure

6). These angle iron columns were fastened to the table top, which

served es the base for the entire equipment, by means of two colum

supports and two 2·inch wood screws. The colu supports were 2-1/2

x 2-l/2 x 1/8—inch pieces of iron strip stock welded to the bottom ·

of the angle iron columns.

The tops of the l•l/2 x»l·l/2-inch sngle iron colus were held

in place by means of two 2—inch wood screwe which secured the anglel

iron to an overhead 2·inoh pine shelf. · ’

In as much es the water condsnsor (B Figürß 7) centributed the

greater percentage of the total weight ot the apperatus, it was de—

cided to support the pyrex pipe and copper condenser eeparately. Such

a means of support was designed to eliminate stress both in the pyrex

plps and in the seal between the copper condehser shell and the pyrex
‘

pipe.
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The condenser was supported by a shelf oonstructed of

1 x 1-inch angle iron and l·l/2-inch pine board (B and C

Figure 6). Two lengths o{ l x 1-inch angle iron were notched,

bent, and welded to {erm supports {or the shelf. These supports

were bolted to the main supports with two /L—ineh carriage bolts.

The pine board was {urnished with e hole 2-3/A inohes in dismeter

and plaoed so that it rested on the 1 x l·ineh angls iro supports.

' The pine shelt was attached to the angle iro by {our l·ineh wood

screwe.„ Sueh a shelt permitted the pyrex pipe to extend through

the board unrestrioted but supported the full weight of the copper

condenser shell. The shslf also tended to compress the rubber

stopper, which sealed the copper eondenser to the pyrex pipe, end

thus {ormed a more durable seal.

The pyrex.pipe was supported by a shelf, identiesl to the

one used for the condeneer shell support (C Figure 6), but in

conjunction wdth a compression type {lange (F Figure 7). The

{lange was inverted with the sleeve resting en the sdges of the

2·3/&•inch hole in the pine board and held in position with l•inoh

wood screws. The pyrex pie wos raised through the {lange, a rubber

gasket inserted between the pipe and the {lange, end the pipe allowed

to rest in position.
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The distance between the shelves (D Figure 6) was caleulated

tc be such that the pyrex pipe end copper codenser shell rested

indepedantly o their respective foundations and thus minimised

any stress on the rubber condenser seal„ „

•eei;; ar; one + o ey Ev ·· a « :·«· « » - ·„;„; ,

The evaporator body was designed to have an internal diameter of

approximately two inches. A flanged pyrex pipe having an inter-

nal diameter ef l•3/32 insbes was selected to serve the purpose

(A Figure 7). In erder to eliminate the poesibility ef varying
pressure due to different vapor velocities at various bolling .

rates the inner condenser tube was designed to have the same in-

ternal diametsr as the evaporator body. To attain this a five-

foot pyrex pipe was selected which permitted the single tube to

act as both evaporetor body and condenser inner tube. ‘

Approximstely one foot of the pipe was allotted to serve
7

as the evaporator bedy. The effective length of the eondenser

section was calculated to be 3 feet, 6 inches with s aaxlmun

cooling water rate ef A pounds per minute. The evaporator and·

oondenser were constructed with due oonsideration to these pre-

liminary design figuren.

A piece of copper tubing, having an outside diametor of

3-l/8 inches end a wall thicknese of L/8 inch, was selected to

serve as the outer shell of the condenser (B Figüfß 7). The
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condenser therefore had an effective internal diamoter of 3

inchee„ The tubing was cut to a length of 3 feet, 7 inches

andtheburrs, formed in cutting, were removed with a manual reamer•

The cohdeneer shell was then equipped with provisions for

cooling water flow. The copper tube was fitted with 6 nominal

3/8·inch short nipple l·l/2 inches from each ed of the shell

(D Figure 7), These nipples provided the inlet and outlet cool·

ing water ports, Since a downward flow of cooling water was de-

sired for closer regulation of the reflux liquid terature in

the evaporator it was necessary to equip the condenser with an

air vent (E Figure 7), This vent was to provide a means of re-

moving entrained air from the conenser and thua eliminate the

possibility of an air block. Such an air block would reduce the

effective condenser area•

The vent was a nominal l/t~inch short nipple placed 1 inch

from the top of the condenser tube (E Figure 7), This meant that

the air vent was 1/2 inch above the inlet eocling water port ad

allowd a maxiuum cooling water height of 3 feet, 6 i¤ohes•

Tw number lb natural rubber stoppers were the prepared

for use as gaskete between the codenser shell end the pyrex

pipe serving as the inner condenser tube. Two holes, approx1·

mately 2-3/8 inchee in dieuater, were drilled in the center of

the etoppere by means of an exteneion•type wood bit, The diameter
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of the holes in the rubber stoppere closely approxtmated the out-

side diameter of the pyrex pipe. The copper tube was slipped over

the pyrex pipe and adjusted to its prdetermined position. Several

costs of rubber cement were then applied to the areas o the pyrex

pipe and the copper tube where the rubber gaskets would contact

(C Fig¤P¢ 7)• The rubber gaskets were then etretched over the

flanged ends of the tubing and forced into position between the

copper tubing nd the pyrex pipe. Several attempts ere mode be•

fore a satistaotory seal was obtsined o both ens of the conden·

ser. when the seal was found to bs satisfactory the colunn was

placed in its proper position on the equipment supports.

The condenser was then equipped with inlet, drain, and air

vent lines. The inlet sd outlet cooling water pipes included a

needle valve for regulation of the flow. It was necessary to in-

clude a needle valve in the outlet line in order to maintain the q
prescribed liquid height of 3 feet, 6 inches in the condenser.

The outlet cooling water line was also equipped with an orifice—

mencmeter·combination to facilitate oase of regulating flow rates.

This orifice-manoneter combination was calibrated over a range of

flow rates frm O tc 3-3/L pounde per mdnute.

The purpose of the particular design of equipnet support

employed was to eliminate to as great a degree es possible all

stresses in the pyrex pipe which served as an evaporetor body and
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condenser shell. The two principal alma were (l) to afford a

support as free es possible of vibration and movement, and(2)to

eliminate any factors which would cause tensile stress in the

nyrex
S 1-. Q1 ·. ”” #•· = ·PThe

design of the evaporator plate and heating fine was affeoted

not only by the prescribed conditions for heat transfer but ale•

by the geometrieal arrangement of the heater electrical windings

and the number and placment of the plate thermocouples.

A ceercigl grade copper block 6 x 6 x 3/b inch was obtained

to form the evapcrator plate. This block was reduced in size to

L·l/2 xab-l/A x.3/L inch. The block was then placed in a lathe

and machined to form a circular plate b·3/8 inches in diameter and

3/L inch thick (A Figure 8). The purpose in using a block of this

thickness was twofold, namely, (l) the large blok would tend to

eliminate temporary fluctuations in plate temperature,and (Z) the

plate would tend to absorb the surplus heat once a state of fiha

boiling was attained during the operation of the evaporetor.

Since a compreseion type flange (F Figure 7) was to be used

to hold the evaporetor body to the heating surface, the plate was

equipped with four l/2·inch diemeter holes corresponding in posi-

tion with the holes in the flange.
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Copper heating fine were designed te transfer the heat from

the electrical heating ceils to the evaperator plate (B Figure 8).

These fine were machined to the proper dimensions and press fitted

into 1/A-inch deep milled slots in the copper disc, The contact

area of the fine and the disc could be inscribed in a 3-inch circle,

This meent that the area in which the heat was traneferred to the

plate was over twice ae large as the area frem which the heat was

transferred to the boiling liquid, This feature was an undesirable

point in the design of this equipnent but was neceesitated by the

geemetrical pattern required for the heater electrical windinga.

Three l/8-1neh dianeter holes were then drilled into the plate for
f

the placemnt ef the plate the¤nocouples'(C Figure 8), This feature

will be discuseed in detail under the description of the oonatrus~

tion of the thennocouplea.

The evaporator surface of the copper plate was then plated

with a coat of metallic silver 0.001 inch thick. Silver was the

actual heat transfer surface in the operation of the equipment.

Silver was selectd fer the heat transfer surface because (1) lt

resists oxidation and corrosion better than the un-noble metals,

and (2) its relative softness would allow the heat transfer sur-

face to be buffered free of pinholes,
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The press fitted heating fine were silver soldered in posi-

tion to the evaporator plate. In order to silver solder the fins

it was necessary to heat the entire assembly to a dull red heat.

Such heating partially destroyed the silver surface. The marred

silver surface was cleened and a new seat of silver applied making

the total average thickness of the silver surface 0.003 inch. The

thickness of the silver surface was determinsd in both cases by

measuring the thickness of the plate st ten rendomly chosen points

before and after plating and avereging the values.
4

• -„;e eg; Cons , tion _, ‘1~a;: ·...•„=; Seven thermocouples

were mployed, three in the evaporator plate, three in the liquid-

vaor space, and one in the electrical hester (Figure 9). All seven

of the thermccouples were required to meet the specifications of (l)

mechanical strength, (2) large change in voltage produced per unit

change in temerature, and (3) age resistent. For esse of discussion

the design and construction of the thermocouples has been sub-divided

into the following headings:

Mg „;¤ 1..12.. .1„„. ..-•1 a- « _•·.; ·„ P = >.¤;„ 10.

The evaporator plate was designed to include three thermo-

couples rather than one in order to determine the possibility

of a temperature gradient existing laterally across the plate

during operation of the equipment. The thermocouples to meas-

ure the plate temperature were designed to be placed within
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1/8 inch ef the copper heating surface or 0.128 inch of the

silver hsating surface (Figure 10). The actual tmperature

of the metal surface at the liquid-metal interface was to be

calculated by means of the following conductivity equation:

A = 1=..&..<!$·.
L

where:

Q = rate of heat transfer, Btu per hr

k = thermal conductivity of metal, Btu
per hr-ft-°F

A = «area through which heat is transferred,
eq ft _

L = distance through which heat is trans-
ferred, ft

dt = temperature gradient across the distance
L, °P.

The actual design of the plate thsrmocouples is a modifi-

cation of the type used by Bonilla and Per:y(h ). Holes L/8 "

inch in diameter were drilled from the underside of the copper

evaporator plate to within 1/8 inch of the copper surface. A

single lead type ef thermocouple was used, i.e., the copper

block served as one terminal for the thermecouples. Since

copper-constantan fulfilled the requirements set forth for

therocouples, constantan was choeen to serve as the other

terminal.
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The problem cf installing the constantan lead such that

the only contact with the copper plate was at the bottom of

the blind hole was the principal problem• This problem was

solved mainly by trial and error. Attempted methods in-

cluded arc welding with the constantan wire as a welding

rod, molten lead, and peening er coupreesicn. The letter

method proved to be the only e which was satisfaetory.

The plate thermocouples were conetruoted by insulating

a length of Number Z4 ccnstantan wire with pyrex.eapi1lary

tubing (Figure 10). The wire and tubing were then elipped

into a piece of eopper tubing having 1/8-1nch outside di-

ameter and the ccnetantan wire bent over the end cf the

copper tubing. The assembly was then preseed into the

blind hole as shown in Figure 10 and peened securely into

position with a special peening tool. The constantan wire

was contacted with the ccpper plate l/8 inch frm the copper

heating surface or 0.128 inch from the silver heating surface.

The constantsn wires, insulated with pyrex tubing, were brought

along the underside of the block between the heating fine and

free space of the evaporator plate (Figure 10). The etiro

underside of the evaporator plate was then covered to a depth

cf 1/L inch with alundum cement and dried thoroughly. This
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cement held the thermocouple leads in a fixed position and thus

eliminated the poseibility of changes or breakages in the ther-

1 mocouples themselves.

The thermecouple circuit was completed to the potenti-
I

ometer by extening the constantan leads {rem the block with

Number ZA constantan wire end hy peening a Number 2h copper

wire into the evaporator plate.

~- ;¤ uid 1*; 1'u0ti0 ·- ...16 •...: -.1.4 V8? ul:

Qhermggoggleg. In as much as copper·constantan thenmocouplee

were used in the evaporator plate it was decided to use the

same type cf thermoccuples for the liquid, vapor, and retlux

liquid thermocouples. Since temperature gradients are known

to exist in static columns of liquid receiving heat, the

thermocouple ued to measure the liquid phase temperature

was designed such that it could be reis or lewered.

The thermocouples were constructed hy twisting the

ends of s.Numer ZA constantan wire an Number 2Ä copper

wire together; the twisted ends of the wiree were tused

into a bead of metal by means of an electric arc; the ther-

moccuples with leads were then threaded threugh glass tubing

approximately six feet in length depndlng cn the specific

thermocouple being ccnstructed.
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The liquid and Vapor space thermcouples were suepended

in the pyrex column bg means of laboratory clamps. These

clamps were attached to irn supports, mounted on the wooden

ehelf (C Figure 6). The head on the thenmocouple, used to

measure the temperature of the raflux liquid, was bent per-

_ pendicular to the ineulsting glass tubing such that it rested

cn the inner wall ef the evaporator and would be in the stream

of refluxing liquid. The vapor space thermocouple was aus-

pended about 1/2 inch from the inner wall ef the evaporator

body. Both reflux liquid and Vapor space thermocouples coul

be adjusted for height by adjusting the laboratory clamps

· supporting them. This provision was included to allow for

changing conditions ef the liquid in the evaporator body.

The liquid space thermocouple was attached to a cali-

brated pulley auch that it could be raieed ad lowered in the

liquid space along a vertical axis in the center of the evap·

orator body.

The tips of the glass tubes containing the thermocouplee

were sealed with litharge and glycerine cement.

E--311 —;1„:_G¤¤8 ‘b ·1 ~a. 1- ·w „_ ”•„=·•,·„·•r The

Wheelco the¤¤o—r•gulator was equipped with an iron•conetantan

thermocouple ae specified by the manufacturer. The thermo-
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couple was protected with a section of l/8·inch pyrex tubing

and was placed in the heater euch that the temperature adja•

cent to the heating coils was measured and controlled. The

purpose of this couple was to elhminate excessive heater

tsmperatures and consequently electricel failures once a

state of film boiling was attained during the operation of

the evaporator.

The copper—constantan

thermocouples were calibrated at two points, the steam point and

the lOO° F point. The calibration at the steam point was p•r·

formed by suspending both plate and liquidevapor space therme-

couples in a large metal drum which was vented to the atmesphere.

Steam was throttled in from the stesh line until the thermoeouples

gave a conetant reading. Barometric pressure was noted and the

temperature calculated from handbook values.

The three liquid~vapor space thermceouples were calibrated

at the 100° F point by suspending each thermocouple individually

in a constant temperature water bath which was maintained at 100
Üq

*TO.O2S° F. Since the evsporator plate had been coated on the under·

side with alundum cement, it could not be immersed in the water bath

for calibration at the lOO° F point. The evaporator plate was cal-

ibrated by comparison with a thermocouple made in a copper block

having the same thickness as the evaporator plate. The thermocouple
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in the test block was made by the same method as the three ther-

mocouples in the evaporator plate. The test block and the evap•

orator plate thermocouples were both calibrated at the steam point

and the deviation between the evaporator plate thermocouples and

the test block thermocouples called a fixed deviation over a range
d

of temperatures• The test block thermocouple was then calibrated

at the lOO° F point by immersing it in the constant temperature

bath used for the liquid·vapor space thermecouples„ The results

of this calibration were applied to the evaporator thermocouples

by means of the fixed deviation•

The calibration data was applied to Hdhman's equation(32)

which is known to apply to copper·constantan thenmoeouples. Fran

this equation the temperature corresponding to any thermoceuple

voltage could be calculated•

The iron-constantan was calibrated at the steam point only

since the voltage-temperature curve for this metal pair is known

to follow a straight line• Since the iron—constantan thermocouple

was only used to actuate the thermo•regulator the item of accuracy

was not of primary importance.

The cold junction bottle used in this investigation is shown

in Figure l1• Cracked ice was used as a reference junction in

both the calibration and operation of the copper-constantan ther-

mocouples•
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Qegigg and Cogstgggtlgg og Elegtrical Heate; wlndings• The

electrical heater windings were designed to supply a regulated

and metered quantlty of heat to the heater flne• The geemetrlcal

arrangement of the heater wlndinge was calculated and considered

both in the design of the heater fine and the design of the heater

circuit-

The heatlng wlre was Number 22 aebestoe covered Chromel “A“

which was used in three parallel clreults• The purpose of the

three parallel clrcults was essentlally that of envenlence of

regulatlng• Two of the clrculte were flxed at 900 wette, while

the other was variable from 0 to 900 wette, .

The wlndlngs were oonetruoted by wrapplng the nichrome wire

into a helical coll using a 1/8•lnch weldlng rod es a mandrel•

The three hellcal wlndings were approxlmately five feet ln

length. It was necessary to heat the coila to a dull red heat

before lnstalllng ln the heater to remove the wax empleyed ln

the asbestos wrapplng process• After the solls were burned free

of wax, they were wrapped in parallel around the heating flns•

The coils were lneulated from each other and from the copper

heating fine wlth a paste made from alumlne and water. The celle

were woun uniformly around each fin ln the heater and then the

entire heater seetlon was packed with alulna mud• Extreme cau-
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tion was taken in the wrapping of the coile to avoid any possi·

bility of electrical short circuite.

The heater packed with aluina was then covered with a layer

of magnesia approximately one inch thick. The completed heater

was then placed in an infra-red drier and dried until a test with

an ohmmeter revealed that the heating coils were insulated from

each other and from the copper fine. The overall dlameter of the

finished heater was approximately six inches.

Design and Construction of Elecgrical Sunng; nnn Qontrol

Circnnt. The electrical supply and control syete was based on
W

the principle of the three parallel circuite designed for the

heater. The principal factor considered in the design and con-

struction of the electrical eystm was that of safety.

A panelboard was constructed for the mounting of the elec-

trical control circuit shown in Figure 12. All connections were

made behind the panel board with only ewitches and the variable

transformer available to the operator. Number la copper wire,

insulated with both rubber and cambric, was empleyed for all

conections. vßopper blocks approximately one inch square and

one·fourth of an inch thick were employed so bus bar tenminals

' at junction points of more than two wlres. The entire panel

board and all wiring were given two coats of undiluted clear

shellac as an added safety precaution.
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In as much as the heater circuit was predominately resistive

in nature it was assumed that the power factor in the heeting "

circuit was for all practical purposes unity•

hith this assumption in mind, the voltmeter-amseter combi-

nation which was used to obtain the wattage were arranged so

that they could be switched into the sggondagg of the variable

transformer circuit •

gssemglg og §gu;ggeng„ The principal work in this phase of

the investigation included completion of the electrical end ther-

mocouple circuits to include the evaporator plate and heating•

The thermocouple leads from the lucite panel (Figure 6) were

covered with short lengths of l/8-inch glass tubing which in-

sulated the wires and still allowed flexibility• The assembled

apparatus ie shown in Figure 13 end represented by a diagram in

Figure lh•

Pregaration of Test Liguids• The two test liquids employed

in this investigation were ethanol and ben¤ene•

The ethanol was dried hy refluxing for ¤ne•half hour in the

presence of excess calcim oxide and purification by eubeequent

distillation. The benaene was not pretreetd•

The test mixtures of ethanol an bensene were prepared by

combining the proper volumee of ethanol and bensene to yield a
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— total volume of 250 millilitcrs, These saaples were prepared by

using either a pipet or buret or both to meesure the correct vol-

umes of ethanol ad benzene•

gggerimental Qpg;ggigg• The apparatus was operated in the

following maner:

The silver surface (K Figure lb) was cleaned first with silver

polish and finally with Ivory eoap and water, The surface was thn

dried with a freshly lsudored towel• A suitable gasket was placd

in its proper position on the heater plate (B Figure ln) and the

entire heater unit raised into position, The heater was then bolted

to the evaporator by means of a compression type flange (F Figure 7}•

Considerable care was taken to tighten the flange bolts uiformdy in

order te aroid breaking the pyrex pipe. Once the evsporator was in

place the osition of the gaekct was checked by observations through

the pyrex pipe•

hhen the evaporator was correctly assembled, the test liquid

was charged to the cvaporator body tree the top of the pyrex pipe,

It was custcmary to initially charge only 50 milliliters of liquid

and then check to see if the gasket was looking before charging

the rmainder of the liquid, In the event that the gssket seal

was imperfect, it was then necessary to siphon the liquid from the

svepsrsees and adjust the gasket•
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The collng water rate in the condenser was then set by first

opening value V1 (Figure lk) as wide as possible and slowly opening

VZ until the manometer F indicated the deslred flow rate, This ini•
tial flow rate was usually three and one·half pounds per minute•

Valve V1 was then closed slowly until the water rose into the sight

glass E, Valve V1 was manipulated to maintain a fixed head of water

in the sight glass, This indicated that the codenser was free of

air blocks•

The next step was to place cracked ice in the cold junctien

bottle and to install the cold juction thermocouple in its proper

position in the ice, Caution was taken to keep the thermocouple
”

out of the water in the bottom of the bottle in order to awoid an

erroneous reference tmperature, The potentionmeter was then

standardised by balsncing the bridge against a standard cell,

Once the potentiometer was balanced against the standard cell it

switched to position preparatory for use with the thenmoooupl••

An electric light was used when operating the potentiemeter to

supply light fer noting the galvanometer defleetions,

The teperature regulator (H Figure lb) was set by adjusting

the knob en top of the instrument, The initial setting was erbi-

trarily 200° C bt was always lncreascd as the heater temperature

rose during the normal course of operation, It was customary to
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keep the controller set within SO° C of the actual operating tem-

perature to protect the heating coils in the event film boiling

was attained.

The next stop was to cut on the main switch and set the

wattage input to the heater. In adjusting the wattage input

the universal practice was to use the variable wattage circuit

first (Figure 12). This practice was important for two reasons,

namely, (1) in the event of a short circuit in the heater winning

the coils would not be exposd to full line voltage, and (2) the

heater temperature could be reisen slowly to avoid localized over-

heating in the coils. The ammeter and voltmeter (Figure 12) were

switched to the variable wattage circuit ad the variable trans-

former set in the zero output position. The input and ammeter

output switches were cut on and the transformer adjusted to give

the desired current and voltage. This setting was held until

steady state conditions were attained in the evaporator and all

data noted ana recorded.

The test for steady state conditions was the voltage reading

obtained from the plate thermocouples. The voltages from these

thermocouples were read every five minutes after a new setting of

wattage input was made• If the values of voltage were constant for
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three consecutivc readings the systuu·was assumed operating under

steady state conditions and all data taken,

The use of the sslector switches (Figure 9) nabled the de-

termination of the various thermocouple voltages, For each steady

state condition a temperature traversc was obtained for the liquid

in the evaporator body, This was done by reading the Voltage for

the thermocouple for a series of positions along a vertical axis

in the liquid, The height of the thermocouple bead was read by

means of a calibrated pulley which controlled the position of the

thermocouple, It was custoary·to maintain the vapor and reflux

liquid thermocouples about two inches above the surface of the liq-

uid during operation,

The ammeter and voltmeter readings were noted and recorded,

Boom temperature, heater temperature, and cooling water manomoter

I
readings were observed and recorded. The letter data was not be-

lieved to have been pertinent to the investigation but nevertheless

was taken,

Once all data for any given steady state condition was recorded

the conditions were changed by adjusting the wattage input to the

heater and the foregoing procedure repcatsd, It was oustomary to

re-standardize the potentiometer and check the cold Junction bc-

tween steady state conditions,
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when a state of film boiling washattained the transition from

nucleate bciling was detected quickly by the physical action taking

place in the evaporator• The liquid would settle from a state of

violent ehullition to a state of slow boiling• Thetransitioncould

also be detected by a rapid rise in plate and heater tem-

peratures• ls soon as the state of film boiling was detectd the

main switch was thrown to the off position to avoid overheating cf

the electric windings• All data was noted and recorded for steady

state conditions st film boiling•

n the completion of a series of tests the evaporator was •l·

lowed to cool to room temperature and the cooling water cut off hy

clceing valve V2 (Figure Ih). The test liquid was then siphned frm

the evaporator ad the heater unit removed from the evaporator body•
‘

The silver plate was inepected and its condition noted und rocord•d•

The silver surface was then cleaned, first with silver polish and

then with Ivory soap and water• A11 switches were turned to the

off position an the potentiometer disconnected from the cirouit•

§3gQQgggg;yg§gg;g_gg_gpgggg;ug• The first problem included in

the preliminary tests was the selection of a gasket to seal te pyrex

evaporatory body to the heater plate• The prima requirments of the

gssket were (1) must provide a leakproof seal, (2) met be readily

removable when equipment ie disassmbled, (3) must not contaminate

the test liquid or silver surface, and (A) must retain its prop·

erties over a range of temperatures from 60 to A0O° F•
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Gaskets tested included metallic lead in single and multiple

sheets, permatex gasket cement, tygon paint, butyl rubber, and teflon

(polytetrafleroethylene). The lead proved eatisfsctory when used in

multiple sheets but required frequent replacent. Teflon proved

ccmpletely satiefaotory and was used throughout the investigation.

The second ite included in preliminary tests was the evalua-
tion of the heat losses of th spparatus. It was planned te eval-

uate the heat transferred fro the silver surface to the boiling

liquid by subtracting the heat losses frum the total input. Th

heat losses were evaluated by determining the wattage input re-

quired te bring a liquid within &° F of its boiling point and ¤ain•
tain it there. It was assumed that losses did not change appr•¤•

iably with heater temperature. The techniques empleyed were de-

scribed under ägpgrimental Opgrgticg. h
Deteggggtion of the Qharggtgggetgcs og Heg; Tgggggg; og

aeious Co L5 t =tio s og Et•·eol hn;~~„„. The operationsl g
techniques employed in this phase ef the investigation were iden-

tical to those outlined The test
liquid in this case was a specific concentration of ethanol in
bensene. The enly·mndification of these tests was that the top
cf the pyrex column was fitted with a cerk stopper after the liq• 4

uid wes charged. This was done in an attempt to prevent the elcohel
i

freu abscrbing atnospheric moisture.
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' The following paragraphe deecrlbe the tabulatione and graphe

of data and results obtained while boiling various aixturee ef

ethanol and beneene in a horizontal plate evaporator, The general

conditions under which the test were made were: heat transfer eur•

face, silrer; cold liquid height, 1,,5 inches; eveporator disueter,

l-·3l/32 inchee, The test liquide were miscible mixturee of ethanol

and benzene varying in composition from 0 to 100 per cent ethanol,

Steady state conditions were established before the data were taken,

The tests were made at normal atmoepheric pressure which varied from

710,0 to 71.8,0 millimeter of mercury, The condenser cooling water
[ rate was varied from 0,0 to 3,75 pounde per minute depending on the

temperature of the reflux liquid, The Gtemperaturee in the liquid

space were measured at points from 0,0 to l+,O inchee from the sil-

ver heat transfer surface,

. ¤ 1e .. 1 BR 0 ·· ..-;.1 W re

eTablelll contains the data taken during the calibration of the
i_ 1 manometer across the orifice in the cooling water line, The ·

‘ manomcter readinge are reported es read, that is, both of the

mercury meniscuses were read and are included in the data, The

manomcter readings were quoted in graduationa where each gradua·
i

tion is equal to one•half inch of mercury,
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TABLE III

Calibration Data for Oz·ifQe Q Qongense;
E Qoo;Qg Rate; 1_=Qg

Tut Mancmeter Reading Gross weight Tara weight. Time
Nm ct Beaker ot Baaker

graduations a grams grams min

2 18•O-12•A lA38 ASG 1

3 19•1·l1•3 16SA ASG 1
14 20•3-1.041 1881 l456 1

5 2l•8·· 845 2162 ASG 1

6 ‘ 21.•3·· 940 2.031 ASG 1

7 20•3•l0•1 1888 LS6 1

8 18• 3-1242 11490 ASG A 1

9 l6•6·lB•9 9A8 ASG 1

1.0 l6•1•1A•14 ASG ASG ·

a One graduation on manomater scale equals 0•5 inch of mex•cury•
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Table IV presents the evaluated results of the condenser cool-

ing water callbration data which appears in Table 1II• The manometer

readings, in greduations, were converted from absolute to differn•

tial values• The flow ln grams and time in minutes were convertsd

to rate of flow in pounds per minut••

Figure 15 presents the calibration curve for the manoaeter

across the orifice in the cooling water line• The chart was used

by first locating the proper value of differential manometer read-

ing on the horizontal axie, then projecting vertically to the cal-

ibration curvo und across to the rate of flow asia, This chart wasl

used during the operation of the equipment to assist in the regular

tion of the condenser cooling water rate. The water rate was ad-

justed to maintain the reflux liquid at its boiling po1nt•

Qgggggaggon gg ägggeg Pgage and ggggig-Vagg; Sggge ggeggg-

ggggles• Table V presents the calibration data obtained for the

heater plate and l1quid·vapor space thermecouples. The true tem- '

peratures are presented either as the observed temperature or in

terms of the conditions which controlled the temperature, 1•e•,

condensing stea¤• The thermocoupls readlngs are in ¤illivolts•

Table VI presents an evaluation cf the thermocouple cal-

ibration data contained in Table V. All thermecouples were eval-

uated alike since the variations in readings were beyond the

sensittvity of the msasuring circuit• The two calibrated points
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TABLE IV

wgte; Ling

Test Manometer Reading Rate of Ccoling

graduaticns · lbs per min

1 1..2 1.69
2 2 5.6 2.1.6
3 7.8 2.6t.
Ä; lÜ•2 3•1-Ä

S 13.3 3.75
6 12.3 3.l.6

7 lÜ.2 3•l5

8 6.1 2.28
‘

9 2.7 1.09

IGa

One gradustion on manometer scale equals

0.5 inch of mcrcury.
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T»¤BLE V

sggggv. . g•. a gs -. <~~2 gp¥‘.„.„„g.,•e.„„„g;_·;
._z• •g „ Ü g;z¢g„„,s.-,..«n.

Steam Feist a 100° F

sm, zzmw 1 2 3 1 2 3
Thsnzaoouupla Reading

zw

'fhsmoccupio Eosition

CGITLGP ÜMZO [M20 '“‘ ‘“'
°°"‘

'••

gdddb [*,19 [,,19 •• •• •• ••

outside M20 1+•2iO •··
···-·•

·•·•
···•

äiäßg

reflux liquid M20 M2]. M20 1450 1.•°5Ü 1.•50

Yäflßfliquid

M20 M20 M20 1•50 L50 l•50

a Baramstric pressure msrcurgn
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TABLE VI

Results of Calibration 0f Heater Plate gd Liguid·Vagg1· Sggce

Thermocougles as Calculated bg Holmaxvs ßuatioxx

Tempersture Thsrmecouple EMF

°F
‘ mv

50 0.36
75 0.92

100 “ 1.50 E

125 2.10
150 2.71

175 3.33
200 1.06
209.23 ° 1..20
225 1.19
250 5.13
275 5-91
300 6.55
350 7.87
100 9.21
125 9.89

a. Experimentally determirxed values.
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were applied to Ho1man's Equation(32) an the therccouples eval- g

uated over a temperature range frm 75 to a25° F.

Figure 16 presents the evaluated results contained in Table

VI• This chart was used hy first locating the proper value of

thermocouple electremotive force on the crdinate, then projecting
6

horizontally to the calihration curve and down to the temperature

axis• This chart was usd for the evaluation cf heater plate and

liquid-vapor space temperatures from thermocouple readings.

Qalibraticn of gggggg Theggggouglg gggghg 1gg;ggggg• Table

VII contains the data ohtained in the calibration of the liquid

thermocouple height indicator• The reading of the indicator is

given in terms of graduations which were arhitrarily chosen• The

height of the thermccouple head above the silver heating surface

is included in inches•

Figure 17 is a graphical presentation of the liquid thermo-

couple height indicator calibration data contained in Table VlI•

This chart was used hy first, locating the proper value of the

height indicatcr reading on the horizontal axis, then projecting

vcrtically to the calibration curve and across hrizontally to

the height sca1e• This chart was used to determine the position

gf ßhg liqgßd 'bhBl‘IhQCOllplB•





TABLE VII

Qalibgaggog Qatg for Liquid ggäe 'fggmmggggg
Hggght lngigatgg

Reading of Haight Height of 'fhermoceuple Bead
Irxdicater Abeve Silver Surface

graduations inches

12 00
15 9/16
1.8 1·l/8
21 1-3/l•
Zk 2-1/1.
27 2-13/16
30 3-3/6
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Summggg of Qgegatlng Qondgggogs ger Hoggsogtgg Platg Evgggratog

Qeine hixtures og Ethanol and Benaene gs Test Ligu1ds• Table VIII

_ presents the data obtained from the operation of the horizontal

plate evaporator using mixtures of ethanol and benzene as test

liquids• The table shows the energy input to the evaporator in

wette. The composition of the liquid es charged to the evaporator _

is reported in volume per cent• The cooling water manometer read-

ings are in graduations where each graduation is equivalent to one-

half inch of mercury• Room and heater temperaturea are reported as

read, in °F and °C, respectively• The heater plate and liquid-

vapcr space thermocouple readinge are reported in millivolts• In

the case of the liquid space thermocouple, a traverae was ade in

the liquid and height indicator reading with the accompanying ther-

mocouple reading reported•

Notations in the “Remarks“ column indicate that these tests

represent a state of film boiling. The plate thermocouple readings

were included for conditions of £ilm.boil1ng• Tge vggues og waggggg

ger ghg tegts which gavg gilm boggggg gra nog tgg gggggge inguts ggg-

gg gilm boiling but reggeseng ghe wattggg inggtg ggich brogght tgg

ggggem go a sggge og £igg'boigggg•

Resulgs Obgggggg from the Ogeration og ghe Hogizonggg Plagg

ßgapoggtor Usggg Ethanog·§enaene hixtureg gg Test Lgguigg• Table II

contains the results obtained from the operation of the horizontal



• 

1 

l1 

m 

v 

0 

10 

60 

100 

100 
0 

' 
ot' 11 1u14 

00 

0 

0 
100 

flO 

fll.D 

.o 

fl .o 

' .o 

na.o 

nv.o 

no.o 

.0 

• -~ 1D oea'oz. or h.. pla-te 

~of 

l 
2 
3 
4 
l 
2 
s 
4 
D 
l 
2 
a • 
6 ., 
9 
1 
2 
3 .. 
0 
I ., 
l 
2 

' 1 
2 
3 

" D 

' 
1 
a 
I • e 
6 ,. 
a 
1 
a 
5 

' 
6 

' 1 
a 

" • I • ' 1 
2 
:s 
" & 

1 
a 
3 • 
' ' 1 
l 

It- pl.e bft.,..n oet$R a O'lltauo ot area 
8 OUJ)lO .t e r4 MtlUQ _.. • 
cl tlux quid th&l'll»>eCJQ)le 
• ~ theai:JGCIU;»}.• 
t 1. U1 • 88JM1'1 o1NII1t 
& ,1aed oatJHU)' oiNI.lt 
h 1 ~\J c~it 

iUona tor 

h 
1 

----.. 
... --

.... 

-.. -
-

.. 

-
---
-• 

--... -

-... ----.. 
.. 
--
• 

---
·--
---... -
--
... -------... .. -• 
... -------
-
... -

• 

•• oo 
... 10 

• ... 
•• 

• 

3. 00 
• •• -

-

-• 

3 .00 

... 

---
-
... 

ao 
l 

---
--
... 

----

... 
~~ 
all 
IDl 

1 

--

---1 
1 
198 

-·-.. 
·---.. 

-81-

--
--
--.. 
--
---------
.. ----------.. -
-
... -------------.. 
... -
-

I Vl 

142 
l.a7 
16\J 

2 
1" 
164 

-

14S 
1' 
.185 -70 

144 
1 

-

-
Ut 
113 

5 
147 
l -

149 
142 

1.3) 

al 

11.0 
l V 
lVV 

112 
140 
l! 

ll.O 
140 
1 

100 
lf.O 
1'12 
1 
340 

~5 

110 
1 
1?0 

l 
140 
.11Jf 

348 

-C)() 
tOO 
110 
140 
lSI() 
540 
38) 
360 
1 
161 
19!l 

10 
90 

Bl 
91 
89 

00 

., 
04 

l 
&l 
81 
88 

so 
81 

l 

ao 

•·n .. , 
'19 

97 
t.. O? 
4 . 1? 

3) 
a. 1 
~ o.M 
3. 6& 

.,., 
4 .1& 
a.'IO 
3 . 82 
3 

t .U 
.. 10 ... 
8.'18 
• • 30 

4 . 
t . ts 
•• a 
. • 99 
a 
.. 19 ... 

. tO 
4.6& 

• 
4 .07 

. 02 
ft.U 

-6.23 

'" ' .oo 
a. a+ 

a.va 
a.n 

71 
a. 'II 
.n 
. '13 

2.'1 .n 
a. 'IS 

73 
73 

• 

tWY.,...ln U 14 

2 . ?$ 
73 

2. 13 
.,?3 

2. 73 

" 2 . 73 
'13 .. , . 

a.vs 

3.lf 

8.111 
3 ' :;. 6 

:!7 
a.n 

. "18 
'13 

P-. 7 

·" 2.96 
'12 

2. '13 
2. ?3 

73 
?4 

2.71 
a.~ 
a.v3 
2. '13 
a •. .,. 
2 . '13 

?6 
2. "13 

f3 

3 .1'1 
.11 

3. 
2l 

3. 21) 
3.81 
:s. 

a.et 
3. 3'1 .., 
3 .. 8'1 
a .'13 
2 . 93 

. 73 
a.1 
2. '1S 
2. 73 

'12 

n. 

-, n 
a.?a 

. '13 

. 73 
73 

. .,. 
2 .7$ 

73 

3. 27 
87 

3. 27 
. 2'P 

2. ?3. 
?3 

.91 
2. ?3 
a.n 
14. ?8 •• . 73 

f3 
fS 

2. 78 
... 16 
.. ?3 

2. ?3 
. '1:5 

-·""' ~ 
93 

.78 
'73 
'13 
.t]3 

2. 78 
~ -r.s 

?a 
a. ?i 
~ 

·" ·" . 98 
'1$ 

e.?S 
.?8 
. '18 
. '15 
. '18 

2. 78 • a.e 
2. 925 
.73 

a..n a. 'I& 
f6 

3.1'1 14 3.12 s.u 
3. 3. . 3.21 3 1 

Bolll 

Uta u 

Film Boiling 



- 82-

. l .. 
•• Lt 1 

• 

I 1 0 100 
& • • l 10 • I 

• • • • .0 
ll 1 10 ..,., ' •• ,, .. 

I •• I -· • ·' 
' • 

J 1 fO ... • • • • 
' 
' ' 1 •• .to • I • 60.6 • t&.l • J. 

' eo 

' .at ·'1 ••• • • • u•.181 • • ' I 
1 to '··· • J • I 

' ' I .m. l •• 10 "· ..... 
• 
• ' 1 10 1 .1. • 
I 
I • ' X 1 10 •• . .. 
I • • ., .o 
I liO•G 
I ,o 
1 100 .oo 1to.o 
I lfl . 

' lfl • 1.n •. 
I lfl eO 
• 1ft • 

' 1tl..O 
l 1 .oo 1' 

lm 1 0 0 1 

• • • 
r . 



.gg-

plate evaporator using ethanol~benzene mixtures as test liquid:.

These results were svaluated from the data contained in Table VIII.

The values of wattage input reported in Table VIII were corrected

and converted to unit rate of heat transfer, in Btu per hour·squar•

foot. The plate ad liquid tperatures were evaluated and the
· temperature gradient, in °F, calculated therefrm. In the tests

where the temperature gradient exceeded 69° F the system was at a

state of film boiling. The values of heat flux which accompanied

the state of film boiling do not rspresent the heat transferred with

the high temperature gradient but are the values which caused the

system to shift from nucleate to film boiling.

The compositions of the test liquids are presented in Table IX

for purposes of clarity. Cempositions are presented on mole ad vol-

ume per cent basis.

Tests XII and XIII represent the evaluation of heat losses of

the heater using pure ethanol and benzcne as test liquids.

Heat Flux Cgggeg geg hggtggs of gghggo; ggg Qgggggg. Figure 18
presents u chart relsting the values of heat and temperature gradientv

presented in Table IX, Tests I tc XI, inclusive. Each curve repre•

sents the heat fluxetemperature gradient relationship for a given mixe

ture of ethanol and‘benzene from a point in the nucleate range to a

state of film boiling. The dotted horizontal lines represent the

heat transfer rates which caused or induced a state of film boiling.
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. The point on the ehrt indicated by small circles, represents steady 1

state conditions of heat transfer which did not include film oiling,

This chart was used to determine the critical temperature gradient,

in TF, by sxtrapolation cf the heat flux curve to the dotted line

which represents the maximum heat flux, in Btu per hour-square foot,

Qgggulaged Bolling Poggts for hggtgges of gghggol ggg Benzggg

ßgiling gt 11j,O Millimeterg Mgggggg Pressggg, Table X presents

the boiling points of ethanol-bsnzene mixtures which were calcu-

lsted by the van Laar method outlined by Hougsn end hatson(l2),

The boiling points were calculated for comparison with the experi-

mentally determined values presented in Table IX,

Qoigggg Poggt Dgggggg go; äghggol-Bgggggg Mixggggg, Figure 19

presents the calculated bciling points of ethanol·benzene mixtures

boiling at 715,0 millimeters mereury pressure, Figure 19 also pre-

sents the experimentally determinsd values as contained in Table IX,

. The solid line in Figure 19 represents the experimsntally detsrmind

boiling points while the dotted line represents those obtained by

calculation,

Sggarg gg Results from Qgggation og Horizoggal Platg §gag—

ggggg;• Table XI presents the sumaqy of results from the opera·

tion of the horizontal plate evaporator using ethanol-benseue mixe

tures as test liquids, The critical temperature gradients which

were determined by graphicsl means in Figure 18 are presented, in 'F,
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TA.BLE X

Qgglaggg Bogggng Poing; go; Mgtugos og Eg@g} ggg

Qggzgg Boilgggg gg Zgj Mggimsgers og Mggggg P;;;sg;

Gomposition of Liquid Calculatad
Boiling Point

Ethanol Banzeno
Mole per cont mole par cont, 'I"

0 100 173,5

10 90 158,0

30 70 151,0

50 50 11+9,0
70 30 152,0

90 10 161,5

100 0 170•0
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· The maximum heat flux is expressed in terms of the unit rate of heat

transfer, in Btu per hour··square foot, which caused the boiling liquid

to shift from a state of nucleate to film boiling• The maxinum film
coefficient of heat transfer, Btu per hour-square foot·°F, was evalu-

ated from the maximum heat flux and critical tuperature m·•d1mt•
ff-} 0 0 _._ .~ a -.··.; ·· ..6 e.

**1ggäggg.Figures 20 and 21 present the effect of increasing eth-
ancl concentration cn the maximum heat flux of ethanol•·bensene ¤ix•
turn, Figure E presents the effect of concentrstion as a plot ef*
ethanol concentration, in volume per cent, versus] the maximum heat

flux, in Btu per hour-square foot, Figure 21 presents the effect of
concentraticn es a plot of ethsnol cencentration, in mole per cent,
versus maximum heat flux, in Btu per hour··square foot··°F• In both

cases the ethanol concentration ranged from O to 100 per cent,.
”

.- ocnta ion e . ._;_. :.ee•= :-g· Ge. ·;·

Figures and 23 present the effect of
increasing ethanol concentration on the critical temperature gradient
of ethanol-bensene mixtures, Figure 22 presents the effect of con-
centraticn as a plot of ethancl comentration, in voluse per cent,

versus the critical teuperature grsdient, in °F„ Figure 23 pre-
sents the effect cf concentration as a plot of ethsnol concentrv
tion, in mole per cent, versus the critical temperature gradient,
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in 'F. In both cases the ethanol concentration ranged from 0 to

100 per cent•

Qggggt of Gongengraggog gg Mg;;ggg Fggg Qogggiggggg og Heg;

Qransger fo; aghgggl-Bensgge h;gtg;eg• Figures 2h and 25 present

the effect of increasing ethanol concentration on the maximm film

coefficient of heat transfer for ethanol-benzene m1xtures• Figure

2L presents the effect of concentration as a plot of ethanol con-

centration, in volume per cent, versus maximum film coefficient of

heat transfer, in Btu per hour·square foot·?F• Figure 25 presents

the effect of concentration, in mole per cent, versus maximum film

coefficient of heat transfer in Btu per hour•square foot-°F•

The silver heat transfer

surface was clean and shiny prior to conducting any set of tests•

at the end of each series of tests that included a state of film

oiling the surface was still shiny but slightly brown in color•

In preliminary tests, including the evaluation of the heat losses

of the apparatus in which film boiling was not attained no fouling

or diecoloration was noted•

In tests V and VI the rate of ebullition in the evaporator

body was far above nunmal. In the nucleate range the boiling ac-

tion was so intense that foam or highly "fluidized" liquid filled

the entire evaporstor body and rose into the condenser space at
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incipient fihm boiling• The transition from nucleate boiling to film

beiling, for tests V and VI, was grudual and required about two min-

utes as compared to the normal rapid transition of about fifteen

seco¤de•
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IV. DlsCU;oltN

The discussion of the results obtained in this investigation

has been subdivided into several sections for clarity. The sub-

division sntitled Discussion of Results accentuates many points

which are thought to have affected the results. Emphasis is

places on the techniques employed in the operation of the equip-

ment and in the analysis of the data. The section entitled Limi-
tations outlines, in concise form,thc restrictions of the study.

The subdivision entitled Recommendations includes suggestions

regarding proposed equipment modification and future work. The

section entitled Sample Calculations presents a representative

sample of the calculations performed in the evaluation cf the

results.

Discussion of Results

The following paragraphs present and discuss factors which
are bclieved to have affectsd the results. Also included are

several comparisons of the results of this investisation with
those rsportcd by previous inveatigators.

‘ gguipggnt. The equipment designed and constructed for this

invsstidation fulfilled its purpose satisfactorily. The equipment

was opcrated over one hundred hours without serious failuros. How-
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ever, there were several feeturee in the design of the apparatue

which were found to be undeeirable. These features have been

considered individually as followe:

· hvaporator Body and Condenser. The pyrex pipe which

served es the evaporator body and inner tube of the water

cooled condenser caused coneiderable trouble. The difficul-

ties which were encountered in the use of the pipe were two-

fold, namely, (l) tc obtain a liquid tight seal between the

pyrex pipe and the heating surface without cracking the pipe,

and (Z) to maintain a liquid tight seal between the pyrex

pipe and the copper condenser shell.

Qggtgg. The electrical heater, which supplied the heat

for transfer to the boiling liquid, incorporated several un-

deeirable features which may bc tracd directly to the orig-

inal design of the equipent. The principal difficulty lay

in the electrical insulation of the resietance wire. while

the heater was operated approximately one hundred hours with-

out an overhauling, one electrical failure was experienod.

One of the fixed wattage heating circuite short circuited to

the heating fine which neoessitated the isolation of this

unit from the control board. Fortunately the heat require-

mente for the rcmaining tests could be supplied with the re-

maining two hosting circuits and an overhaul of the unit was

not required.
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The second principal objectien to the heeter unit was

that an appreciable temperature gradient exieted across the

heater plate for values of heat flux over 20,000 Btu per

hour-square foot-°F• Figure 27 in the appendix shows the

uncorrected tmperature distribution curves for the eleven

tests. The plate temperature was lower at the center ef

the plate than at the edge of the heater transfer area•
The thermocouple placed euidietant between the center of

the plate and the periphemy of the circle inecrdbing the

lntersection of the heater fine with the plate registered

tempcratures which were between the other two•

The gradient was believed to have been caused hy the

fact that the circular area in which the heat we trans-

ferred to the heater plate es ever twice as large es the

area available for heat transfer from the plate to the beil-

ing liquid. Since copper has an approxhmate thermal co-

ductivity ef 22h Btu per hour-square foot·‘F, it ie reason-

able to assume that the film between the silver surface and

the liquid controlled the rate of heat transfer from the

heater plate to the l1quid„ lf such an assumptio is justi-

fiable the sector of the heater plate not in contact with the

beiling liquid would tend to equal the temperature of the

heater• Sch a theory would also explain the fact that the
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temperature gradient across the plate increased with heat

flux because the heater temperature is necessarily in-

creased to induce greater heat flux•

It is believed that the problem of lateral temperature

gradient in the heating plate could have been eliminated by

constructing the heater fine auch that their contact area

with the heater plates would have been equal tc the area

available for heat transfer to the boiling liquid• Such a

proposed construction was impossible due to the type and

geometrical arrangement employed in the resistanoe windings.

Accuracg of Thermocouple Circuit. The accuracy of the
thermocouple electromotive force measuring circuit was de-

termined to be approximatcly l/z" F. This accuracy was de-

termined by the balancing of the potentiometor bridge and

then moving the millivolt indicator until a state of un-

balance wae attained. No dieturbane of the balanced po-

tentioneter bridge could be detected for changes less than

O•0£ millivolt which ie roughly equal to l/2° F. The ac·

curacy of the instrument was not improved by approaching

the balanced condition from two directions.
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ill; a 1 . M _ g of—,, .,,ea .·t„— a Figure 1.7

presents the boiling paint curves for mixtures of ethanol and

benzene as determined experimentally and es ealculated by the

method of Van Laer contante(l2). an examination of the two

curves shows that they differ at sem points ss much aa 2° F.

The caleulated ourve shows a single minimm boiling point of

lL8° F between LO and 5 mole per cent ethanol; while the exe

perimental eurve indieates that all mixturee between 1h.h and

69•5 mele per cent ethanol boil at the minimum temperature of

15l° F. The differnces in the two curves cannet lcgicslly be

attributed to the technique employed in temperature measurement

since the temperature measuring cireuit was shown to be accurate T

within l/2° F. It is believed that the shape of the experimental

curve was altered due to the prosence of water in the test liquids.

The water is believed to have been present in test liquids on

preparation and net introduced into the liquid during the boiling

operation. The posaibility of air, laden with water Vapor, dife

fusing into the Vapor space ie iuprobable since only a small air

Vent was permitted in the eork seal at the top of the colu¤n• K

Gonsal•s(31) analysen samples of bensne and ethanol from the
1

same lots as the seples used in this investigation. He reported

that the bensene contained approxiaately 0.8 volxme per cent water

\
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end that 95 per cent ethanol though dried with quicklime could

contain ae high es two per cent water. The effect of the third

coponent, water, on the boiling point diagram of ethanol ad

besene is not known but it is reasonable that the deviations

between the true and theoretical ourvee presented in Figure 17

may have been due to the preeence of water.

Corregtiog of Tgggegggugg Grggiggg. The temperature drop

correcticn applied to the total temperature drop from the plate

thermocouples to the main body of liquid ie eubjct to cnsider·

able question. Thae corrections varied from less than two per

cent at heat fluxee of 23,000 Btu per hour·square foot to ap-

- proximately ten per cent in the range of incipient film boiling.

while the plate thermocouples were placed within 0.128 inch of

the heating surface they should have been placed within 1/16

inch of the surface. Such a Plaooment would have reduced the

correction factor to a maximum of five per cent.

The correction factors are believed to have lntrodued

errors in the evaluation of the temperature gradiente and 00h!

aequently in the evaluation of the critical temperature gra·

diente. The uncorrected temperature gradiets invariably in-

creased with an increase in the heat flux. However, after the

· correction factors were applied several enceptions to this gen~

erality were found to exist. The plots of the heat flux curves
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for tests III, VII, and IX, in Table IX, contain examples of

these irregularities, that is, the corrected temperature gra-

dient decreased from one to two degrees with increases in heat

flux from 20,000 to L0,000 Btu per hour-square foot, The error

is believed to have been caused by the baeic assumptien that the

area for which the tmperature correction was applied was equal

to the area available for heat transfer to the boiling liquid,

while this assumption ie not etrictly true it becoees applicable

for all practical purposes if the thermocouples are close enough

to the heat transfer surface, It is believed that errore in the

temperature gradient evaluations could have bee elhminated hy

placing the plate thermocouplse within 1/16 inch of the silver

heat transfer surface,

hast Flux Curves for Ethanol and hensane Hixturee, Figure 18

presents the heat flux curves for the eleven ethanol-benzene mix-

tures studied, The concentration was varied, in 10 mole per cent

increments, from 100 per cent benssne in test I to 100 per cent

ethanol in test XI, The heat flux curves were plotted using leg-

arithmic coerdinates for two principal reasons, namely, (1) the

relationships between heat flu an thermal driving force is made

linear on the range cf nucleate beiling, and (2) the extrapolation

of the curve to maximzm heat flux for the dstexuination ef the
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critical temperature grdient is believed to be more aecurete

than an a regular scale•

The values of the heat flux in Figure 18 are the results of

evaluated energy inputs to the electrical heater. The tempera-

ture grdients were evalusted by subtracting the temperature
cf,

the main body of liquid from the eorrected plate te¤peratur••

Temherature Gradgenhs in the hggghg Sghge. The so-

called temperature of the main body of liquid as eval-
uated frem the temperature traverse which was nude in the

liquid space for each steady state condition• Superheating
of the liquid within 3/8 inch of the silver surface was
foud to be comon for values of heat flux.below 30,000
Btu per hour—square foot. The degree of suerheating was
found to be as high as 2° F for some steedy state condi-
tions, When superheating was found to exist, the tempera-
ture of the main body of liquid uns considered to be thec
temperature of the non-superheated liquid. While this con-
sideration uay be subject to eriticism, it was the only sat-
isfactory standard method which could be devised for evalu-
ating the liquid temperature• Superheating of the liquid
was uncommc for values of heat flux above 30,000 Btu per

h¤ur·square foot. This is believed due te the fact that
above this heat tlux the liquid was usually in a state of
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sufficient agitaticn to climinate temperature gradiets•

It ie also quite likely that the liquid was unifonnly supr—

heeted lese than l/2° F since this was considered the limit

of accuracy of the temperature neasuring cirouit•

De ermina on of •«

.1Theheat flux curves in Figure 18 represent the relationship

which existed between the rate of heat transfer and the tem-

perature grcdient for increasing values of heat flex, The
1

dotted lines shown in the chart reprceent the maxhaum rate of

heat transfer cr the heat flu which caused the eysten to

shift from a state of nucleate to f11n.bo1ling• when thin
E

value of maxinum heat flex was attained during the operation

of the equipment, conditions ahifted so rapidly that it was

naposeible to determine the critical temperature gradi•nt•

This gradient was determined graphically hy extrapolating the

heat flux curve to the value of aaxinm heat fluz and calling

this point of intersection the critical temperature gradinnt•

Undoubtdly this method incorporates error but it was the

only method which could be devieed for estinating the crit-

ical thermal driving force• The principal dieadvantage in

the fact that the critical teperature gradient is largely

dependent on the way the heat flux curve is drawn•
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The heat flux curves shown in Figure 18 were drawn as

an average or e locue through the points rather than as a

point-to-point curve„ This was done in order to attept to

isclate the effect of concentration on the critical driving

force• -

Effect of Conoentration cn the Shape of Hgat Flg; Cgggg,

”The heat flux ourvee for the two pure liquide, ethanol and

benzene were essentially straight lines between values of

heat flux of 23,000 Btu per hour-square foot and the crit-

ical point. However, for the mlxturss of ethanol and ben-

zene the heat flux plots tsnded to curve near the critical

point, that ie, the approach to film hoiling uae not linear

as in the case of the pure liquids. This change in the heat

flux curvee can be explained to some extent by the physical

action of the hoiling liquid•

The pure liquids, ethanol and benzene, boiled in the

higher ranges of heat flux rather vig¤rously„ The original

cold liquid height of L-1/2 inchee was expanded to 6 or 7

inchee„ When the proper value of heat flux was applied to

the systs the traneition to film boiling was practically

inetantaneous„ Once film boiling was attained, the ebul-

litlon was alight and bubblee of vapor large in eine coa-

pared to those evelved in nucleate boili¤g•
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The boiling characteristics of the ethanol·benzen• mix·
turee were entirely different from those of the pure com-

pounds. Hucleate boiling, in the range of high flux, was
accompanied hy extremely vigoroue boiling. The original

cold liquid height of h~l/2 inchea was expanded to over 12

inches. The liquid was in a highly "fluidiaed“ state with
sluge of Vapor surging up through the mixture of hubbles and

liquid. When the proper value of heat flux was applied te

· the system, the transition to film boiling wae gradual and
required several minutes for completion. Once the state cf

film boiling was attained, the liquid was not bolling in a
quiet manner as was eharacteristic of the pure liquide hut

boiled with eoneiderable ebullitlon. The liquid height was
approximately six inches during the film boiling period fer
the mixtures.

Qgreghhggihgeg in the hegt Flux Cggggg. Test V in

Figure 18 shows a heat flux curve which could not be extre-
polated to the critical teperature gradiet. lt was in this
test that the most pronounced transitio from nucleate to

film boiling was ohserved. The plot of the heat flux-crit·

ical temperature gradiet relationship es drawn shows the

ourve beeoming parallel to the value of maximum heat flux.

Such a cndition could not exist but the available data did
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p

warrant drauing the eurve any other way, It ie helieved that

the heat flux plot should have interaectd the detted line

representing the maxiuum heat flux, lt is also believe that

it would have bee extremely difficult to determine the true
U

nature of the plot in the range of incipient film boiling b••

cause a small change in heat f1ux.reeult•d in auch a large

change in the temperature,

The critical temperature gradient obtained for test Ill

was not considered valid, The plot repreaenting the fßäülßl

frem the test was net straight in the range ef nucleate beil-

ing as were the other ten heat flex curves, Tue conditions
P

of heat transfer eeemed to have exiated during the nucleate

range,

Re explanation can be given fer the irregularity ¤~

eountered in test Ill, The data and obeervatione eubstan•

tiate no theories as to the break in the heat flux curve,

ß;~ th as » lat , ey her ‘r aa «. „¢„ t.„.,e„ ;a; ¤·n„„a ,

The following characteristics of heat transfer were detere

mlned for benmene: maximum heat flux 119,252 Btu per hour·squere

foot, critical temperature gradient 6l,0° F, maximum film ¤a;g„

ficient of heat transfer 1,955 Btu per hour·square foot•', .

Ciohelli and Boni1la(7) eonducted an investigation mpleying an
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apparatus similar to the one used in this investigation, The

repcrted the heat transfer characteristice of beneee to be es

follcwas maximum heat flux 125,000 Btu per heur·square foot,

critical temperature gradient 81* F, meximm film coefficient
of heat transfer 1,5hS Btu per hour·square foot·°F,

The values of maximum heat flux for heneene agree within

five per cent with the value obtained by Cichelli and Bonll1e(7).

The values of critical temperature gradient and maximum fil:
coefficient cf heat transfer deviate by 25 an 21 per cent,

reepectively, These deviations may bs attributed to the fact

that Cichelli and Benilla uaed a chremlum heat tranafer surface

while a silver surface was employee in this investigation, It ie
probahle that silver furniehsa a better heat transfer surface A
than chromium, If auch is true lese thermal driving force would

. be required for the same heat flux• _

The following characteristics of heat transfer ware d•ter•
mined fer ethanol: aaxinum heat flux 217,873 Btu per hour·equare

foot, critical temperature gradient 56,6* F, marine film coef• ’

fieient of heat transfer 3,856 Btu per hour·square foot·', The

following characteristics cf heat transfer to ethanol are an ev-

erage of three values reported by Bcnilla ad Perry‘h): ggringn
heat flux 163,333 Btu per hour•square feet, critical temperature
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grenient c¢;¤.3' F, zeemmum film ccefficient ef heat tranefer &,l•62

täte psr hour·equarc .fect~°F. The values of mahimxea heat {lux cb-·

teinea in this etueg; deviate these reperted by Benilla and

Ferry bg appreatiasately z5 per cent. lt in prebablc that this de-

vieticn wae caused by the prcsmcc cf free one tc two ger cent

water in the teat liquid employee in this investigation. The de-

väatien ef lb per cent between the critical temperature gradientc

ohtained in the two inveetigatiene be attrlbutable te me ef

tee thirege. The deviatien may have been caused by the precence
' of water in the wet liquid, the difference in heat transfer sur-

facee, er a coezbination cf the two. It ie interesting te note

that the critical temperature gradient for benaene was greater

than the gredlcnt fer ethenol in how inveatigatloxzs.

, 1, of .1= 0 .,1

The reduced pressure: ef bannen: und ethanol

at 715 zaillimeters ef mercury pressure were calculated to be

0.01975 am 0.011+9, reepectively. These value: were then ep-

plied te the cerreleticme prcpoeed by Clchelli and Bcrsillaw)

which in Figßzurßc 3 und 7. The ccrreletien predicted

the maximum heat {lux ef henzene to be 131,000 ßtu per hour-

equare feet the critical t•awe1·atur• gredient te be
70‘

P.

A heat flex of 159,000 Iätu per hour•equare foot md a

critical terzperature ;~;r:.¤ii.ent ef 76.2** F were predicted fer
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ethanol. A comparison ef these values with the values ebtained

in this investigation reveals that the eorrelation applies well

to beneene but deviates exceeeively fer ethanol.

.. fee of on s treti o _„ A

cBengeneMing;. Figures 20 and 21 contain plote which show

the effect of concentration on the meximeu heat flux for mix-

tures of ethanol und beneene ranging from 0 to 100 per cent

ethenol„ Figure 20 shows the effect ef concentratien as ex-

preseed in voluue per cent ethenol in the ethenobbenaene mix-

ture. The maximum devietion of the data from the curve ee drum

was found to be approximately ei: per cent. Figure 21 shows the

effect of concentration es expreseed in mole per cent ethanol in

the ethanol-·bensene mixture. The neximum deviation ef the data

was found to be approxlmately seven per cent.

Effect eg Conegtrgtion on Qgtigg Tgggggtgg Qggent eg

Figures 22 am 23 show the effect ef

cencentration en the critical temperature gradient ef nixtures ef

ethenol und bensene renging from 0 to 100 per cent ethenol• Fig-

ure 22 shows the effect ef cencentration in terms of volxme per

cent. The maxinvm deviution of the data was found to be approx-

imetely five per cent. The curve ie linear between ethanol con-

centratione of 0 and 85 volxme per cent. At this point the plet
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drope off sharply to the value ef 56•5° F which is the critical

temperature gradient for ethanol• This plot indicatee that the

prssence of bensene, even in small quantities, in stanol alters

the critical temperature gradiet considerably• No significant

difference can be dctected between Figures 22 and 23 which in-

dicatcs that the correlation ef critical temperature gradient

with concentration is not improved by expressing the concentra·

tion in mole per cent•

gfgect of Congentration an the Hghgggg Film goeffhgleng

gg Heat T;ghgfgr• Figures 2h and 25 show the effect of conce-

tration on the maximum film coefficient of heat transfer of

ethanol·benzene mixtures• Tess plate were derived from the

plote of maximum heat flux and critical temprature gradient

shown in Figures 20, 21, 22, 23, 2L, and 25• The only signif-

icant point is that the maximu film coefficient for pure eth-
ancl is seriously lowered by addition of a small amount of ben-

sens. according to Figure 25 the additio of five mole per cent

benzene to ethanol will lower its maximu film coefficient from
3,856 to 3,100 Btu per hour·square foot•'F•

· 1% 1• b•11•v•¤
that the silver surface was fouled due to the preeence cf impue

rities in the technical grade benzen•„ In es much as no fculing

was noticed unlees film hoiling was attained it is prepoaed that
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the temperature of the silver surface was too law during nucleate

boiling to cause neticeable reactien between the tupuritiee and

the silver, However, during s state of fibm boiling plate tue

peraturea around hO0° P were sufficiet to cause the iupuritiee to

foul the silver surface,

Oggrgtion og the Eguipgggt, The operation of the apparatue

was nt difficult but required the complete attention of the ope

erster, The principal difficulty encountered uns in obtaining a

liquid tight seal between the pyrex evaporator body and silver

heating surface, Another diffioulty was lnaintaining the therluoe

couples in the prcper relative position in the liquid an vapor

space, In instance: involving high boiling rates the thermo-

couples tended to away and lie against the inner wall ef the

evaporator•

Sourcg ef Error, The principal source of error is bee

lieved to have been in the method cf determining the mexiuuu

, heat flex, It was very difficult to estiuate the preper in-

crmente of heat f1ux.tc ameid overetepping te naxiuu heat

flux, Unleee each deteruination was repeated there ie no re-

liable method for estimating the proper increts of heat flux,

During the preliminary tests the repreducibiliuy of the heat

flux curve was to check using nethsnol es a test liquid, It
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was found that the heat flux ourve could be reproduoed within

five per o¤1t• Ne checke were node on the reproducibility of

the maadmm heat flush

°

On the besle ef the results obtained in this investigation
the following reooomendatione are offered: e

The replacment of the pyrex pipe,
which served es the inner tube of the eondeneer, with e eopper

tube mich could be welded to the cepper condeneer ehell would
l

eliminate several diificultleu Such an errangmeut would elim-

p inate the poeeibility ot leeke, provide a more efficient eon·
4

deneer, end elininete the poeeibility of breekage due to teneile
etreee in the eolmm The eveporetor body could be nade ef pvyrex

pipe em tlanged te the betten end of the copper eondeneer tub•• ~ _

This would pexmit ebeervction into the liquid speee of the nap-

eraten p
T

The mevenent ef the plate themoeouplee to within 1/16 inch
of the silver heat transfer surface would deereaee the peesibility

of error in the deteminatien of the temperature gr•dient•
‘

The construction of an eleotrical heater which would be free _

of denger from failure: would eliminate oonsidereble difficultp ‘ °



,,1],6,,,

Such a bester could well be oonetructed freu celarod hosting

units, Such units would provide e bester which would be both

durable and •af••
A further atßy of the effect cf

eementratiou on the neuem heat flex end eritieal tenpereture A
would be of interest, The purpose of auch e etudy should be tc

ettempt to femulate a uethod for predictiug the eharecterietlee

cf heat transfer for all binary nixturee of liquidm,

lt ie further reeomended that the effect cf the eurfeoe
teueion cf the liquid on the sxaximm heat flux and sritioal te¤•

pereture gradient ef various ccmpcunda md xuturee be etudierh

!.·;aLts@
° This investigation was sondusted under the following lini-·tating conditions:

The test liquide were ethanol, bensene, end
mi.xtu1·es ef ethmol and. bemsene, Samples cf the test liquida

were prcpared for all coneeutretione ef ethanel in bemene fra
O to 1.00 per amt in 10 velxme per cent inormnte,

The evaporator used had an effective internal
dieueter of l·•3l/32 insbes, The cold liquid heläat cf the test

liquide in the evaporetor was coneistentlkv 1+-1/2 insbes, The
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heat transfer surface wss 0. 0.003 inch eleetroplsteci coat ef

silver on copper. _
ta The heat plate teaperature wse

meseured st three paint: equally space:} across the rsdiue cf

the heater plate. These themoceuplcs were imbedded in the

copper plate to within 0.1.28 inch ct the silver heat transfer

surface. The liquid temperature was detemined from e. t¤··
perature trsverse 0 to L-)/2 insbes nude in the liquid epsee.

@13;;. The investigetiozx wee esndustsd et neues}. _

stsospheric pressure which rsnged Iren 710.0 to 71.8.0 allii-

mstere of usereury pressure.

The ecndemer ecsling vater rate use -

vsried freu 0 te 3.75 pvxmds per minute dspendlng es the ten-

psrsture of the retlux liquid.
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Tin Iellnwing sample culeulntiene •x·• repreeeututive et

then und in thin mveetigetima

~ '* :.;.66 wi. 1 ·. ·.1. e . 2 .- { :6 . ff 6.
Q!

4: ." Ä'Qef

the celibrutieu ot the heute: plate sm. liquidwapor spwe

thermeeuplee were applied tu l-ielnnxüs Z£„quuum(32)« Thil

equetion ie {mmm tc apply to eeppeveeaatanten thermoeoupleu

The general ferne ot th• equutien le es tallouz

• ¤ u t°
Q .

1¤g•·‘¢1eg¤+¤(1¤gt\}where:

•
* themwcouple elmtromtive ferue, uv

t * temperature et themecoxmle jumtieu, °¤
es und ¤ are ematmtm ’

The emetente were derived by eolving ezluultunoue equntime

ter eeuditione et the steam point am the 100* F p¤i¤t• The der-

· intim wu an tollen:
\

0
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(A) at 100* F pelut leg e^ ¤ leg :1:+:: leg t^

(Z3) at steam point lag ea ¤ leg ¤+¤ leg ta

OH
A

(A) lag l•SO '-'¢ log l'ä+l'1 laß 37•7$ .

(B) Ing M20 ¤ lag m-\·n Log 98•1•6

Selvlug eimsltaneeuely glves:

ll ' l•075

x l I8‘

Heime': equtien ae appllea ta the heat-er plate md liqulch

vapor space theraoceuples in es fellewss

. •
* $030235

tkm,

The calibratleu euren ter the beate: plate am llquidwaper

space themoeeuplee presented in Figure 16 uns then ealeulawd

free thin equatlem

.. r.•1 1-. °. 1 ·· .. THQ hät {1311 III GI]-•

euletad es follen: .

-;..1 V tl ..1 “ 1. W ·-. 14-e The tüttl

input wsttsgs was eeleulated an fellewsx

W I3



where:

W '·'¢ input energ to heeter, wette

E = veltage applied to reeietenee wire, velte

1 ¤ current through resistence wire, esperee
1., 2, deeignete fixed capacity circuits

3 deeignetca variable capacity circuit•

For test I, study state 3:

e w ¤= (0)(0)+(0)(0)+(1ß7)(n•0)
W *

'7l•6 wette

The hät 198898 wel'!
eveluated by the fellcwius •¤¤¥¤‘••e1em

where:

Uk = input energy te heeter, wette

E * veltege applied tc reeieteme wire, velte

I = eurrent threugh reeietence wire, aeperee

WL = m>(1„o)
wL • A? wette
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7 1.,,,.,* · ’ —· ;¢’ . gt: . t„:A.,·.,‘i. ·.,T

....’mergtransterred te the liquid ven eeleuleted es tollen:

**1* ’ **1 " **1.
A

where:

Hy * energy transterred te liquid, wette

WI ¤ tetal energy into heeter, ntte

WL *• energy lost, wetten

. U-; * 7#8 ·· #7 U

vs, = 7*01

1Thefrom

heat transfer Iren the silver surface te the boiling

liquid ne eeleuleted ee tellewe:

A = 'rf $2

where:

A • heat transfer area, eq im

4 • dieneter et heat transfer eurteee, im

A = 3,3g,g 9,,3;})**
A ¤ 2,996 er 3•0¤ eq im
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e

°“ e -;.„...·=.· ot _·:= sim Factor o ·— ·.A..-,;,;„ ,1,6,;
utf; - V, P —> 1 ta Tha Owvafßißu {ww! für

convarting from smtte to Btu per hourwquare foot wu darived
es tollen: __ ..¤..Aa

hr~sq ft watt A

where:

A = hut tramter area, eq in.
. Q = mary traneferrad, watt:.

‘ 3 A13
···aq t ·

’-E;-_‘-fe-N E:

1 Thaetfer

Iron haating eurfaee to the boiling liquid was ¤•Jeu··

lstad as follmmx
1 3 __g_ = 1.63•83 E-,

A

where:.
Q ¤ rate et heat trauten Btdhr
A * heat transfer area; eq ft

B! ¤ mary trmeferrad, wattu



.„]_23•

__§_
"· 161%*23 (7'GI)

A

= llleäleß Btu/hr*··•q ft
er ..e¢ xl —— The t•¤p•re~

ture yedimt from the silver surface to the main body ef liquid

uns determimd es fellowsxs
‘?

· gage; *e ee
PThevalues ef electremetive force iodicated by the plate

thsmeeeuples for test 1, eteady state 3, were applied te

the therxaeeeuplee ealibratim curve (Figure 16) end the
ecrrespendirxg, twperaturee obtaisom These values ef t•¤·

perature were pletted ae a functiea ef their position in
the heater plate es skzmm in Figure 26•

1 The first step toward detemining the nesu uncerrected
plate temperature was to meseure the area under the t•¤·-

perature curve between the limits ef reales equal te 0 M
raeiue equal te 63/6h inch. The methed fer meaeuring the
area was by eeuhtiug the blocks. The eean temperature was

then calculeted es followes · ‘
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where:

tpß ='· mean umserreeted plate temperature, ‘P

ÄT = area under curve, Lu•~°F
rm ¤ radiue ef heating surface, im

tp = g,f,j_,Q
an 0.985

tpm = 2396 ‘l"

.!f—1_ » GU ^~ # •'». 11 ‘¤ .„ $5;.., L11. 9.1:;. . •..•
The cverall temperature gredient was corrected for the

·
temperature drcp frm the therwoouple junetiom te the

heat transfer surface ae fellewaz

~• e „_g;__ xu t )
,

where:
heat flux, Btu/hr-·aq ft

in ¤ thersal eeuduetivity ef material. between

thermeccuple Junctieu md heat transfer
sm·m•, ses/am-se rt-•r

tx = temperature ef plate at thermeceuplejuuetiee, 'P p
tl ¤ temperature ef heat transfer surface, 'F



I 1. ‘·'= ciietzmce .f1•e¤; therameeuple junetien te heat

transfer surface, ft•

P3
eh

tx -· Lp : 5•5° F

°

‘ ‘°‘ ‘ ;° * ;Ü' ..»•Üi.L ...„•;.§ , .»... I

Ieerreetedplate temperature was detemixzed by axbtraetixzg

the eerreetiee taeter free. the uneerrected plate t-•eap•r•.··

ture ee fellovss

tp ¤

gwwhen:

tp ¤ corrected plate temperature, °F

tw ~"¢ uncerrected plate temperature, °F

tx • tß = eorrecticm factor, **1*,

tp = "
5•5

tp * 23!»•0 ·

hä, 1. «._..-,„;„: ¤ ·e;.z.= eat .— *.. ;;s,.. „-:—z.· • The Üäßlflttifl
gredieut between the heatäng surface md the nein body ef

liquid um detemined an tollem:



f• = • $1

where:
t Z temperature gredient, °I"

tp Z ecrrected plate temperature, 'F

tl Z temperature of mein body ef liquid, °F• 9

t Z 231+•¤ ·· 17l,•¤

t Z 60.0

eine ».; e er „.mp.;; '

ggg, The maximuze film eeeffieiemt of heat transfer me

determined ae fellewez
9 ., <·-ä-Nm

tina.: ·-
t üläx

where: 5

hmm: Z maximum film eoefficiemt cf heat transfer,

Z maximum heat flex, Btu/hr··¤q ft

( 1;) mx Z critical temperature gradient, °F

Z 1,955 Bw/hr·•Q ¤···°F
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V. coagtuafswg

An evaluation of the results from the determination of the

oharactsristics of heat transfer from a horizontal silver surface

to boiling mixturos of ethanol and benzene producea the following

conclusions:

1. A state of film boiling was attained for ethanol, bensene

and all mixtures of ethanol and benzene, varying from O to 100 per

cent ethanol in increments of 10 volume per cent ethanol. The at-

tainment of film boiling was evidenced by two facts, namcly, (1)

the rapid rise in the temperature gradient between tte heat trans-

fer surface and the main body of liquid, and (2) the deorease in

the rate of boiling. The temperature gradients during film beil-

ing ranged between 18L.S and 270.5° F. These temperatures have no

significance other than evidence of film boiling• .

2. The characteristics of heat transfer from the horizontal

silver surface to boiling ethanol were: maximum heat flux, 217,83

Btu per hour·square foot, critical temperature gradient, 56•5° P,

maximum file coefficient of heat transfer 1,955 Btu per hour·square

foot-°F•

3. The characteristios of heat transfer from the horizontal

silver surface to bolling benzene were: maximum heat flux, 119,252 ·

Btu per hour-square foot, critical temperature gradient, 6l.0° F,
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maximum film coeffioient of heat transfer, 1,955 Btu per hour-

square foot·'F•

L. The values obtained for the maximum heat flux of mixtures

of ethanol and benzene were between those obtaine for the pure

liquids. The relationship between maximum heat flux and ethanol

concentration was found to be linear from 0 to 70 volue per cent

ethanol. The terminal values of the straight line were 119,252

Stu per hour-square foot at 0 volume per cent ethanol and 178,831

Btu per hour-square foot at 70 volume per cent ethanol. The rela-

tionship between maximum heat flux and ethanol ccncentration was

found to be a smooth curve from 70 to 100 volume per cent ethano1•

The tenainal values for this curve were 178,831 Btu per hour-square

foot at 70 volume per cent and 217,873 Btu per hour-square foot at

100 volume per cent ethanol•

5• The values obtained for the critical driving force of tom-

perature gradient for mixtures of ethanol and benzene were not con- q

sistently between the values obtained for the pure liquids• The

maximum value for the critical temperature gradient was 67•5° F

at an ethanol eoncentration of 85 volume per c•nt• The relation-

ship between the critical driving force ad ethanol concentration
V

was found to be linear from 0 to 85 volue per cent ethano1• From

the 85 volume per cent point the relationship followed a curve which

fall sharply tc 56.5° F at 100 volume per cent ethano1• A study of
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the plot revealed that the presence of 5 to 15 volume per cent ben·

sehe in ethanol caused an appreciable change cf 7 to l1° F in the

critical driving force•
6• The values obtained for the maximum film coefficient ef

heat transfer for binary mixtures of ethanol and beneene fcll be·

tween those obtained for the pure liquids. The relationship be-

tween the maximum film coefficient and ethanol concentration was

found to be linear from 0 to 70 volume per cent ethanol• The ter-

minal values of this straight line were 1,955 Btu per hour~square ·

foot·°F at 0 volume per cent ethanol to z,592 Btu per hour·equare

foot·°F at 70 volume per cent ethsnol• The relationship between

the maximum film coefficient end ethanol concentration from 70 tc

100 volume per cent ethanol was a smooth curve rising eharply to

3,856 Btu per hour·square foot-°F at 100 per cent ethano1• A

study of the plot revealed that the presence of 5 to 10 volume

per cent benaene in ethanol caused an appreciable reduction of

15 to ea per cent in the maximum film coefficient of heat transfer•
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V1. SUHMARY

Heat transfer to boiling liquids is of primary industrial im-

portance. Surprisingly enough organized study of the variables
which affect heat transfer to boiling liquide has been far less
than proportional to the industrial usage of this type of heat

transmission• Perhaps the least investigated phenomsnon in-
volved in heat transfer to boiling liquids is the so~called
critical state or maximum in the rate of heat transfer-thermal
driving force relationship. This maximum or peak is believed tc
be caused by a change in the type or method of heat transfer from
the heating surface to the boiling liquid. The system is said to
pass frm a state of nucleate boiling through the maximu to a
state of fihs boiling• The critical point is known to very for
various liquids yet no adequate correlations were found which
would provide a prediction of the characteristics of heat trans-

fer for binary mixturss of liquids„ In as much es ethanol and
bensene are used extcnaively in industry they were selected for
use in this investigation• The purpose of this investigation was
to determine the characteristics of heat transfer from a horizontal
silver surface to boiling mixtures of ethanol and benzene•

A horizontal plate evaporator, with the necessary accessory
equipment for measurement and control, was designed and constructed.
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The test liquids were prepsred for conccntrations of ethanol in

benzene from 0 to 100 per cent in 10 volme per cent increments.

These test liquids were charged to the evaporator and the char-

acteristics of heat transfer detsnmined by a series of steady

state conditions of heat transfer. The rate of heat transfer

was evaluated from the wattage input to the electrical heating

unit. The temperature gradient between the heating surface and

the main body of liquids was determined by evaluating the read-

ings of thermocouples placed in the liquid space and the heater

V plate.

The maximum rate of heat transfer was considered equivalent

to the heat flux which caused the boiling system to shift through

the maximum in the heat flux•tempcrature gradient re1ationship•

The critical temperature gradient was obtained by an extrapolation

of the heat flux-temperature gradient curve to maximum heat flux.

The general conditions for the tests were: heat transfer

surface, silver; cold liquid height in evaporator, t—1/2 inches;
8

evapcrator diameter, l·3l/32 inches. The tests were made at nor-

mal atmosyheric pressure which varied frm 710.0 to 718.0 milli-

meters of mercury pressure. Steady state conditions of heat trans-

fer were established before data was taken.
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maximum heat transfer rates were determined for all mixtures

of ethanol and benzene tested, The characteristics of heat trans-

fer for benzene were found to be: maximum heat flux, 119,252 Btu

per hour-square foot, critical temperature gradient°6l.0° F, max-

imum film coefficient of heat transfer, 1,955 Btu per hour-square

foot~°F• The characteristics of heat transfer for ethanol were

found to be: maximum heat flux, 217,873 btu per hour-square foot,

critical temperature gredient, 56.5° F, maximum film coefficiente ‘

of heat transfer, 3,85 Btu per hour-square foot-%F. The values
\

obtained for the maximum heat flux and maximum film coefficient

of heat transfer were between those obtained for the pure liquids•
The values of critical driving force for mixtures of ethanol and

benzene were above the values obtained for the pure liquids ad

reached a maximum of 67.5° F at an ethanol concentration ef 80

volume per cent. The relationships between maximum heat flux,

critical temperature gredient and ethanol concentration were

linear from O to 70 volume per cent ethanol. The relationship

between the critical temperature gradient and ethanol concentra-

tion was linear from 0 to 85 volume per cent ethanol. The at-

tempts to ccrrelate the characteristics of heat transfer for mix-
tures of ethanol and benzene with ethanol concentration by means

_ of empirical equations were unsuccessful.
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1,APPENTIXThis

section has been included for the purpose of present-

ing material which was not believed pertinent in the previous

sections, This material was included in hcpes of presenting a
U

clearer picture of the results to any eubsequent investigator,

Table XII includes the temperature: obtained Iron the evalua-

tion of the plate thermecouple reedinga and are conequently un-

corrected for the temperature drop from the thermecouple juncticn

to the silver surface, These values dc indicate the aanner ef
temperature distribution across the heeter plate,

Figure 27 ls a graphical presentation ef the values presented
’ in Table XII, The plate temperature, in °F, ie plotted as a func-

tion of the radius of the plate, in inchee,



“
·lZ+l- 9

TABLS XII

'L; 9

9hatStudy Tmperaturo 'tuparsture B•tmm Yanpsrstuu
klo, State at Baur Gauner und 0¤t„•1d• •.t 0¤§•1d•

Im ot Phu at Plsh et Phh

'P 7 'I

I 1 211,5 211,5 211,,0

3 250,5 21%,,0 2!•7,5
II 1 1.89,5 190,0 190,5 ’

_3
207,0 212,0 216,0

1, 210,0 213,5 226,0
III 1 188,0 188,5 1%,0

2 188,5 192,0 197,0 ’ 0
0 3 193,0 197,0 203,0 0

I, 196,0 201,0 318,0 ’

. 5 ‘ 200,0 205,0 211,5
6 201,,0 21.0,0 217,5
7 209,0 211,,0 22l,,0 .
9 21.0,0 216,0 226,0 L

_ 17 1 1.95,0 196,0 197,0 9
2 2€!1,0 203,0 X37,0
3 203,5 209,0 211,,5

0 L 208,0 211,,5 , 222,5
5 211,0 219,5 227,0

__ 217,0 223,0 _ 230,0 9 _ 9
V 1 186,0 107,-5 108,5

9 2 189,5 193,0 197,0

Ä 193,0 198,0205,0'
I 5 19&,0 203,,0 — 212,0

0 7 210,9 220,0 9 230,0 0 ‘

. VI 1 192,0 193,5 „ 19&•5
2 197,5 1::6,5 Eb,5
3 198,0 203,5 209,0 ‘

· L 201,0 206,5 21l•,5
5 205,0 211,5 0 222,0

6 6 338,59 216,5 Y 228,0
9 8 209,5 219,0 Z 228,0

VII 1 195,0 197,0 199,0-
2 202,5 $5,0 210,0
3 - 206,0 210,0 215,5 _ ‘
I, 208,5 215,0 223,0
5 208,5 216,0 226,0
6 213,0 218,5 ‘ 230,5
7 211,,5 225,5 238,5

VII! 1 195,0 196,0 199,0

3209,0I,
21.0,5 217,0 226,0

5 216,0 _ 225,0 V 239,0 9
7 217-0 230,9 2U••0

IX 1 198,5 200,0 203,0
2 206,0 209,5 2-13,5
3 212,0 219,0 227,0

9
‘ I, 215,5 2®,0 9 230,5

5 219,5 228,5 2&1,0
7 221,5 232,0 2&5,0

I 1 196,0 197,5 200,5
2 $0,0 $9,5 212,0 -
3 212,0 220,5 228,0
8 221,,0 231-,5 Zkl,0

‘ 6 _ 226,0
236,0111. 191,0 191.,0 191,.5

2 208,0 210,0 215,0
3 212,0 216,0 222,0
I, 216,5 222,0 230,5
5 221,0 227,5 237,5
6 227,5 237,5 Z|•9,0






