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I. INTRCDUCTION

Heat transfer to a boiling liquid is of primary industrial
concern., There are few chemical plants which do not utilize such
heat transfer somewhere in their process. The transfer of heat
from a metal surface to a boiling liquia employs both the prin-
ciple of cenduction and convectlon and in some extreme cases may
incorporate radiation. &uch exchange of heat 1s bellieved to be
affected by a considerable number of variables among which are
surface tension, viscoeity, equilbrium wetting angle, surface
condition of the metal, temperature gradient between metal and
liquid, concentration and others.

The major variables currently used as criteria for eval-
uating the boiling characteristice of liquids 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,
i.e., for low values of heat flux and driving force an increase in
thermal driving force results in an increase in heat flux; while
for high values of heat flux and driving force an increase in
driving force eventually results in a maximum value of heat flux.
Once the maximun heat flux is attained any further increase in

driving force results in a decrease in heat flux because of the



formation of a partial or total vajor blanket at the liquid-
metal interface which increases the resistance tc heat transfer,
The temperature gradient existing between the heating surface
and the main body of liquid at maximum heat flux is termed the
eritical driving force or dtc, because with this gradient the
vapor blanket begins to form,

Data concerning the critical driving force and maximum heat
flux enables designers and operators to obtein maximum perfor-
mance from their equipment. The literature contains limited
data concerning the critical driving force and maximur: heat
flux for pure liquids, soclutions of salts in liquids, and
binary mixtures of miscible liquids but the informstion is by
no means sufficient. The available correlations are inadequate
for other than the speeific cases for which they were derived.
Most noticeably lacking from the available literature are rela-
tionships involving binary mixtures of miscible liquids which
would enable interpolation for values of critical driving force
and maximum heat flux for intermediate concentrations.

The purpose of this investigation was to relate maximum
heat flux and critical ariving force with the concentration of

sthianol in bengens.



IX. LITERATURE REVIEW

The literature reviewed in this investigation included the
available tschnical periodicals and books pertaining to the fields
of chemistry, chemical engineering, mechanical engineering, and
physics. The following review is the result of a comprehensive

study of the information extracted from the literature surveyed,

Iypes of Beiling

Boiling of liquids has been classified into four major
typee or categories. Mcidams, et a1(25) have defined these
four types beth in terms of the physical action which takes
place at the ligquid-metal interface and in terms of the rela-
tionship between the heat trunsfer rate and the thermal driving
force (Figure 1).

Convective Boiling. Sector A-B (Figure 1) represents a
state of convective boiling, i.e., the liquid, in intimate con-
tact with the heating surface, is heated to a slightly higher
temperature than the main body of liquid. Convection currents
are set up in the liquid and vaporization occurs at the liquid-

vapor interface.
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MCADAMS,W.H., ET AL, HEAT TRANSFER FROM
SINGLE HORIZONTAL WIRES TO BOILING WATER.
CHEM. ENG. PROGRESS ‘_‘i. 639 (1948)




Nucleate Boiling. Curve segment B-C (Figure 1) represents
a state of mucleate boiling, i.e., the liquid, in intimate con-
tact with the heating surface, is superheated sufficiently te
cause vaporization. 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 and rise threugh the liquid space and finally
merge with the vapor phase. As the name lmplies the vaporisa-
tion occurs at small nuclei or discontinuities on the heating

surface,

Iransitional Boiling. Point C (Figure 1) represents a
state of incipient film boiling. In other words, at point C

nucleate boiling is so intense that any further increass in
the thermal driving force will result in the formation of a
partial vapor blanket on the heat transfer surface. Sinee
vapor has a much lower thermal conductivity than liquid the
heat transfer rate is reduced when the vapor film begins te
form. Curve segment C<D (Figure 1) represents a so-called
state of transitional boiling which is in effect a matter of
the degree to which the heat transfer surface is blanketed

with vapor.



Boi . Point U (Figure 1), the point of minimum
heat transfer, represents a state of total £ilm boiling in
which the entire heat transfer surface is covered with a vapor
blanket. The sector of the curve between D and E represents
heat transfer from the metal surface through the vapor film
and finally to the liquid. In this region the radiation is
not believod(ZS) to be appreciable. In the range of film
boiling designated by point F it is belleved that radiation

plays an important part in the rate of heat transmisocion.

History

The Leidenfrost Phenomenon. The earlisst known report of
observed film boiling was by Leidenfroat(zh) in 1756. HKis work
consisted of a study of the behavior of small drops of liquid
deposited on surfaces having sufficient temperatures to induce
the state of spheroidal boiling. In such a state the drop or
ball of liquid is said to be existing in a non-equilibrium con~

dition and will move or "dance' around on the heating surface

for a considerable lengti of time. lowever, once the surface

cocls, the drop of llquid vaporized very quickly. In as much as

Leidenfrost was the first to study this phenomenon the state of



so-called spheroidal boiling was called tre uLeidenfrost
Phenomenon® for a considerable length of time.

Perkins(zs)

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) confirmed Periins' statement
in 1844, |

Lang(zl) of Scotland in 1880 reported a curve which re-
lated over-all coefficient 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 indicuted that a state of max-~
imun 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 Spheroidal State. Boutigny(6) and
Berger(B) were the first known investigators to attempt to de-
termine the effects causing the formation of the spheroidal
state of boiling. Their approach to the problem was to de-
termine the minimum surface temperature necessary to vield
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 dish of the

metzl being tested and placed small drops of the test liquid in



this dish. Despite the fact tlat the results of their experi-
ments rave been subject to considerable question the effect of
the various ligquid-metal combinations may be worthwhile. The

results of the investigations conducted by Boutigny(é) ard

Berger(B) are presented in Table I,

, Langmuir(ZB) did considerable fundamental work on the sub-

ject of evaporation and condensation.

Nucleate Boiling

In as much as the range of nucleate boiling is the most
desirable from the industrial standpoint it has been investi-
gated much more extensively than the other ranges of heat
transfer to boiling licuids. uhether early investlgators
failed to realize 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 guantity of

attention.
Bubble Fo ion. Foremost among early investigators were
15,16,1 1
Jakob and his asaociatcl(s’ 5418, 7). Jakob and Prits( 7 ap-

proacied the problem from the fundamental viewpoint of bubble
formation. They believed that the rate of heat transfer was

largely dependent upon the rate and iype of bubble formation



(All data at Normal Atmosphere)

Investigator " Boutigny Berger

Test liquid Water Ether

B P of Liquid, *C 150 35

Nature of Surface -—— Smooth Rough

Heating Surface Surface Surface Surface

Temperature Temperature Tenperature
°C “C C

Copper e 86 —
Iron —— 127-8 140
Lead 260 130 134
Mercury -— 170 ——-
Platinum 7 96 -
Silver 142 78 -—
Tin o 17 P
Zinc —— 108 116
Forcelain — 210 ———
Glass o 150 —

Berger, - =, Ann. Physik (2), 119, 594~637 (1863). Trans.
am. Inst. Chem. Engr. 33, b49-473 (1937).

Boutigny, Pe H., Ann. chim. phys. (3) 3, 350-370 (1843) .
Trans. Awme Inst. Chem. Engr. 33, b49-473 (1937).
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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(lé) credits Boanjakovic(5)
with the origination of the theory that slight superheating of
the liquid in intimate contact with the plate and the bubble of
vapor provides tle impulse for heat transfer in the case of
nucleate boiling. Jakob and Fritz(l7) carefully deterzined the
degree of superheating which occurred in liguid bodies. Their
investigation incorporated the use of a horisontal heating sur-
face and a thermocouple which could be moved in a vertical axis
in the liquid space above the heating surface. With such 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 horisontal heating surface.

Jakob and Frits(l7) also investigated nucleate bolling from
the standpoint of a pictorial study of the size and shape of the
bubbles formed on various types of surfaces. A camera in con-
junction with stroboscopic light afforded the pictures used in
the study. The results of the investigation were essentially
twofold, namely, (1) a measurement of the volume occupied by
the bubbles as formed on the heating surface and later as they

rose through the liquid revealed that vaporization of liquid



was occurring as the bubble rose through the superheated liquid.
Increases of bubble volume were obtained which ranged from 140
to 4,500 per cent; (2) a qualitative study of the effect of
heating surface conditions revealed that the physical shape of
the bubble as formed was controlled to a large extent by the
wetability of the heating surface. Figure 2 shows diagra-
matically the results of the investigation.

o N . Jakob(ls) also conducted an investigation
which revealed, to some extent, the arrangement of nuclei on a
heating surface. He observed 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 mention was made of the rate of heat
transfer when such spots were noticed and measured.

Bubble Diameter. Jlkob(l9) gives the follewing relation-
ship for the dismeter of bubbles that will release from a
Leated horigontal surface into boiling liquids

a = 1.031.\, ¥
f

L



A. SURFACE COVERED WITH THIN FILM OIL — NOT
WETTED

B. SURFACE POLISHED — HALF WETTED

C. SURFACE CLEANED — ENTIRELY WETTED

FIGURE 2

EFFECT OF INTERFACIAL TENSION__ON
SHAPE OF VAPOR BUBBLES

JAKOB,M. AND W. FRITZ, FORCH. GIEBETE INGENIEURW. 2 434-
447 (1931), MCADAMS, W.H, "HEAT TRANSMISSION" P. 301.
MCGRAW—-HILL BOOK CO.,INC., NEW YORK.1942. 2 ND EDITION.
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wherez»

d
3

R

bubble diameter, ft

surface tension of liquid, lbs per ft

liquid density, lbe per cu ft

Over-all Ceefficient of Heat Transfer. Design of indus-
trial equipment involving heat transfer to beiling liquids usu-

ally includes a factor known as the over-all coefficient of
heat transfer. Badger and ﬁcCabe(Z) state that the rate of
heat transfer is correlated with the thermal driving force in

tle following expression:

& = U At
A
wheres
U < over-all coefficient of heat transfer,
Btu per hr-sq ft-“F

Q = heat transfer rate, Btu per hr

A heat transfer area, sq ft

At over-all temperature gradient, °F

Film Coefficient. The same general prineiple as the one
above is known to apply when the heat transfer being considered

is from a heat transfer surface (usually metal) through a so-



called liquid film to the main body of liquid. In such a case the
At is the temperature gradlent existing between the heating sur-
face and the main body of liquid. Hathematically the expression

incorporating the film coefficient iz as follows:

g = hat
A
vhere!
h = film coefficient, Btu per hre-sq ft-°F
Q@ = heat transfer rate, Btu per hr
A = heat transfer area, sq ft
At = temperature gradient, °F

Correlations Invelving the Film Ccefficient. The film co~

efficient (h) ie merely a proportionality constant and in the
case of heat transfer to boiling liquids is subject to con-
siderable variation over the range of heat fluxes commonly en-
countered. i considerable number of attempts have been made te
obtain correlations which could be used to predict the value of
the filu coefficient for any given liquid-metal pair under spec-

ified conditions. The following relationship was proposod(9) and

will to some degree afford a prediction:
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h = alat)”

where!

h filn coefficient of heat transfer,
Btu per hr-sq ft-°F
aan n 5 constants

At = temperature gradient, °F

While "a" in the above equation applies to a specifie liquid
under specific conditions there seams to be general agreement as
to the value of the exronent "n'., Several investigators(9’ 1,20,27)
reported the value of "n" to range from 2.4 to 2.4 A more recent
report by Jakob and Linke(le) who have conducted extensive investi-
gations in the range of nucleate boiling claim 4.0 as the proper
value for the exponent.

8
Cryder and Finalborgo( ) proposed the following equation as a

possible means ef predicting the film coefficients:

b
h o= c(At)® (B) ©

log h = a+n(legat)s b(t))



where:
h = film coefficient, Btu per hr-sq ft-°F
t;, * boiling point of liquid, °F
t = temperature gradient across film, °F

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

They point out that the value of the constant "a" is a func-
tion of the type of equipment used and the constant "b" is a
function of the liquid in question.

(18) correlated data on water, solutions of

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

lowing equation:
c.8
-t (___§)
k P ANW

wheret

£ilm coefficient, Btu per hresq ft-°F

o
1 1]

s thermal conductivity, Btu per hr-ft-°F
s gsurface tension, lbs per ft

density of liquid, 1lbs per cu ft

O p K
n

| rete of heat transfer, Btu per hr

specific volume of saturated vaper, cu ft

-
[ ]
f

per 1b

A = heat transfer area, sq ft
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Py
11]

latent heat of vaporization, Btu per lb
constant (919), ft per hr

x
"

Film Boiling

The investigation of the phenomenon of film boiling has

included a study of many variables. Most prominent among these

variables ares

1.

2e

3.

Le

Se

6.
7.

Effect of various metals on the film boiling charac-
teristics of & given liquid

Effect of various liguids on the film boiling charac-
teristics of a given metal

Effect of the geometrical shape and relative size of
the heating surface

Effect of the wetability of the heating surface
Effect of contamination of the hLeating surface

Lffect of pressure

Heat transfer characteristics of ethanol and bengzene

Effect of Various Ketals of the Film Bolling Characteristics
of a Given Liguld. Sauer, et 51(30) report the results of a

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

horizontal steam heated tube. 7Their results indicated that of the

four metals tested, (iron, clrome plated copper, copper, and



aluminum) using water as a test liquid, iron gave the highest heat
flux with chrome plated copper, copper, and aluminum following in
tlie order listed. They further state that the iron is believed to
have given higher heat transfer rate despite its lower thermal con-
ductivity due to the fact that the surface of iron has more discon-
tinuities and thus favored bubble formation more than did the other
metals.

Moscickl and Brodor(zé) 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.

iLffect of Various Liguids on the F B ist

of a Given Metal. Sauer, st 31(30)

heat transmission characteristics of various liquids boiling on

did considerable work on the

the same metallic heating surface. Their data afforded no appar-
ent mathematical correlation but merely supplied the literature
witi, information regarding these liquids. They did obtain one
conclusion which applied to liquids, namely, that the highest
maximum heat flux was obtained for water, intermediate values

for ethanol and methancl, and lowest values for non-polar licuids

sucl: as ethyl acetate, benzene and carbon tetrachloride,



No information could be found which correlated the heat
transfer characteristics of liquids in homologous series, likely
enough these characteristies are inherent properties of the liquid.

ff of G trical Shape Helatiye Size of H

18
Surfage. Jakob and Linko( ) report that the results obtained

using a horisontal heating surface were nearly as good as those
obtained with a vertical heating surface. No further explanation
of this statement could be found,

(10) report that unsatisfactory results were

Drew and Mueller
obtained by using an inclined plate as a heating surface. They
concluded that in the range of film boiling the vaper tended to
escape from the boiling surface by rising along the plate. This
explanation appears to contradict the résulta obtained by Jakeb

18
and Linko( ) and to defy the theory of film boiling.

(1) report that the maximum heat flux and

abbott and Comely
critical temperature gradient obtained with a single tube evap-
orator were essentially the same as those obtained with a sixty

tube evaporator.
Mcidams, et nl(ZS) report that for an invo#tigation using
platinum wire as a heater the characteristics of heat tranamission

did not change appreciably with various sizes of wire,
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Effect of wetability of the Heating Surface on Heat Transfer
(29)

Characteristics. Rhodes and Bridges state that the presence

of certain substances 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 quantities of
oleic acid and waxes could cause considerable reduction in the max-
imum rate of heat transfer and the critical temperature gradient.
They also caused water in a state of film boiling to revert to a
state of mucleate boiling by the addition of sodium carbonate. The
accompanying theory was that the heating surface had been rendered
wetable by the salt addition.

Jacoby and Bichmnnn(lh) conducted a photographic study of film
boiling on tubes which were smooth, ceated with calcium carbonate,
and covered with a thin film of oil. Their conclusions stated that
carbonate afforded more nucleii for boiling than did the smooth,
clean tube. They alsc concluded that the presence of oleic acld
in thé test water to the extent of five parts per million could
cause considerable lowering of the critical temperature gradient.

EfL of Co tion o He S e, Cryder and

Gilliland(9)

state that it was necessary to clean their heating
surface after each test to obtain reproducible results because

tarnishing was obtained when using methanol, n-butanol, carbon



tetrachloride, and sclutions of some salts. No reference was made

as to the effect of fouling on the characteristice of heat transfer.

Kesults obtained by Mecidams, et al(zs) indicate that fouling
decreases the rate of heat trancfer for any given temperature gra=-
dient and will increase the critical temperature gradient.

Jakob and Linke(ls)

showed that adsorbed gases on the heat
transfer surface increased the rate of heat transfer for any given
temperature gradient. By continued bolling the adsorbed zas was
removed and the higher rate of heat transfer dropped to constant
values.

Insinger and 31185(13) reported that for boiling water from a
vertical surface for 70O hours the rate of heat transfer for the
first 46 hours was higher than for the last 654 hours for any given
temperature gradient.

Bonilla and Perry'®) found that by using a chromium plated sur-
face and cleaning each three hours with a non-scratching scap powder

would give reproducible results.

Lffect of Pressure. McAdamse, et 81(25)

pressure with maximum heat flux which increases almost linearly -

give data relating

from 400,000 Btu per hr-sq ft at atmospherie pressure to 2,200,000
Btu per hr-sq ft at approximately 1,250 lbs per sq in. abs.
Cichelll and Bonilla(7) advanced a cerrelation which differs

somewhat from that obtained by lMcAdams, et 31(25) in that the



pressure had less effect on maximum heat flux and was not a linear
relationship.

Cichelli and Bonilllw) also determined the effect of pres-
sure and the critical temperature gradient and found that for
ethanol the critical temperature gradient decreased from 62°F
at 14.7 lbs per 8q in. abs to 10° F at a pressure of 765 lbs per
8q in. abs.

Heat Transfer Charact tics of Ethanol @ « Bonilla
and Perry( b) used an evaporator having a horizontal chromium plated
surface for the determination of the heat transfer characteristics
of various liquids 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 of the teats con~-
ducted. The correspending critical temperature gradients wers 73,
63, and 63° F, respectively.

Cichelll and Bonilln( &

using a similar type evaporator re-
ported the maximu: heat flux for ethanol to be 180,000 Btu per hr-
sq ft and a critical temperature gradient for the same test of
65° F. They also reported the maximum heat flux for benzene to
be 125,000 Btu per hr-sq ft with a eritical temperature gradient

of 81° F.



Heat Transfer to Binary Mixtures
(7)

Bonilla and Perry(h) and Cichelli and Bonilla have cen~

ducted the greater part of the investigations concerning heat
transmission to binary mixtures of miscible liquids. In as much
_ as this investigation is devoted to this topic their work has
been reviewed in much more detail than the work of ether inves-
tigators.

Apparatus. The apparatus employed by Bonilla and Perry‘h)
in their investigation of binary mixtures of liquids consisted
essentially of a horigontal 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
3.58 and 2.62 inches each to study the effect of size. The
heaters were similar in principle and construction. Each heater
consisted of a copper plate 3/k 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 chromium 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



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 as one lead for the thermocouple junction. The
thermocouples were made by inserting constantan wire, insulated with
pyrex capillary tubing, into holes drilled radially in the copper
dise., These wires were then soldered at the point of contact te
the copper by pouring molten tin into the holes forming what was
effectively a constantan-copper thermocouple. A eopper lead from
any point on the copper plate made the circuit complets. The tem-
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 gradlent.

Cperational Technigues. Electrical burnouts were elminiated
by opening the heater input circult once film boiling was attained
which was indicated by a sudden rise in heater plate temperature.
The high heat capacity of the copper plate also tended to eliminate
any local overheating. Cleaning of the chromium plate each three
hours with a non-seratching soap powder kept the surface in a con-
dition which gave reproducible results.

(7

closely re-

sembled the apparatus employed by Bonilla and Perry( A).

The apparatus used by Cichelli and Bonilla
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at Trans Char stics of B « Bonilla and
Porny(h) did not include in their conclusions the quantitative ef-
fect of concentration on the maximum heat flux and critical tem-
perature gradient but stated that the characteristics of binary
mixtures fell 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 temperature gradient
but not for maximum heat flux. The values (cbtained with a heater
diameter of 2.62 inches) read from the presented graphs showed max-
4mum heat flux for water to be 380,000 Btu per hr-sq ft while a 3.0
mole per cent solution of ethanol in water gave a maximum heat flux
of 410,000 Btu per hre-sq ft. The values obtained using the heater
with a diameter of 3.58 inches were in close agreement with those
obtained for the smaller unit. In both cases the maximum heat flux

for ethanol was around 200,000 Btu per hr-sq ft.

Correlation Using the Reduced Pressure. Cichelli and Bonilla(7)

obtained good correlation of the critical temperature gradient with
the reduced pressure (P,) of liquids and mixtures of liquids tested.
Liquids investigated were ethanol, benzene, propane, n-pentane,

n-heptane, and mixtures of n-pentane and propane. No specific meth-
od was outlined for the calculation of reduced pressure for mixtures

of liquids. 7The results of the correlation are presented in Fipure 3.



Cichelll and Bonilla(7) also advanced a correlation relating

maximun heat flux ((Q/h)max) with reduced pressure (Pr)' In tests
in which fouling of the heat transfer surface was known to exist
the data was rectified by dividing the unit rate of heat transfer
by an empirically determined factor of l.l5. The results of this

correlation are presented in Figures 4 and 5.
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III. EXPERIMENTAL

Purpose

The purpose of this investization was to relate maximum heat
flux and critical driving force with the concentration of ethanel

in benzene.

Flan

This investigation was conducted under the following general
plan:

Test samples of ethanol~benzene mixture were prepared for
each 10 volume per cent increment of ethanol from O te 100 per
cent. The silver heat transfer surface was then cleaned by
prsccribed methods and a 250-milliliter sample of a specific
concentration charged to the evaporator body. The heat input te
the heater was set by means of the electrical control circuit 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 liquid-vapor space thermeocouples were
read for the ultimate determination of the temperature gradient.
The wattage input to the heater was noted §nd 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 over-all procedure was followed for all test liguids.

The investigation was conducted in the following series of
steps:

Literature Review, The purpose of the literature search was
essentially threefold, namely, (1) to ascertain the extent of pre-
vious work regarding the immediate problem, (2) to obtain informa-
tion regarding the concepts involved and problem encountered in the
general field of heat transfer to boiling liquids, and (3) to obtain
data and information which would assist in the design and construc-
tion of the apparatus used in the study.

Desi nd Construction of Eva or. A circular, silver-
plated copper plate was used as a heat transfer surface. Elec~
trically heated copper fins, welded on the botto: of the plate,
served to supply the heat for boiling. The evaporator body was &
flanged pyrex pipe, in a vertical positicn, sealed to the heat trans-
fer surface by means of a compression flange in conjunction with a
suitable gasket.

Design and Construction of Condenser. Since the evaporator
was to operate at steady state conditione, a system of total reflux

of condensed liquid was employed. An extension of the pyrex pipe
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which served as the ovaporator body served also as the inner pipe
of the water condenser. Ccuper tubing was used as the outer shell
of the condenser, The condenser utilized the principle of down-
ward flow and was equipped with an air vent. An orifice with
mercury mancmeter was Installed in the outlet cooling water line
to assist in regulating the cocling water rate. The test liquid
was charged through the top of the inner tube of the condenser.

Desig and Construction of the Zlsctrical lieatinz Circuit,

Three parallel heating circuits were used; one was a variable

wattage cireuit, the other two had fixed capacities. With such
an arrangement any desired wattuge from 0 to 2,700 watts could be
applied to the heating fins. The wattuge input was determined by

an amneter-vcltmeter combination.

and Regulating Equipment. Three thermoceuples in the liquid-waper

- spage and three thermocouples imbedded in the copper evaporator
plate were used in conjunction with & potentiometer to determine
the temperatures for each steady state condition. An ice-filled
cold junctlon bottle referred the circuit to 32° F for all tests.
A thermocouple actuated a Wheelco "Capacitrol"® which measured and
controlled the ambient heater temperature. The thermocouples were

calitrated before use.



Preperation of Test Liguids. The ethanol used in the in-
vestigation was dried before use by refluxing with calcium oxide
and purified by ‘anbsequont distillation. The water used was
distilled. The technical grade bensene was not pretreated but
used as received. A

Preliminary Teste of Apparatus. The liquids, ethanol and
benzene, were used for preliminary qualitative and quantitative
evaluations of the apparatus.

The heat losses of the apparatus were evaluated for the
various pure test liquids. The selection of a suitable gasket
material for the evaporator body gasket was included among the
preliminary tests.

et.e, ation of haracte s of Heat Transfer fo

Various Congentrations of Ethanol in Bengene. The constructed
apparatus was employed for this phase of the investigation. The
cold liguid level was maintained constant for all tests.
Evaluation of Results. The experimentally determined data
were evaluated and analyzed. Any pecularities in the calculated

results were reported and discussed.



Materials

The followins materials were used in this investigation:

Benzene. Technical grade, 99 to 100 per cent pure, lot No.
824G, code No. lhkh. Manufactured by General Chemical Division,
iAllied Chemical and Cye Corporation, New York, N. Y. Used as &

test liquid.
Ethanol. 95 volume per cent. Obtained from Phipps and Bird,

Inc., Richmond, Va. Used as & test liquid.

Agmgatug

The following apparatus was used in this investigation:

Potentiometer. Tyre S, range: 0 to 0,017 and O to 1.70 v,
lanufactured by Fisher Seientific Co., Pittsburgh, Pa. Used to
measure electromotive force fram thermocouples.

Galvanometer. Center zerc type, catalog No. 570201,
renufactured by G. . lLaboratories, lnc., Chicago, 111. Used
in conjunction witi: potentiometer.

Cell, Standard. 1.019 v, No. 392006, internal resistance
not over 500 ohms. sanufactured by Epperly Laboratory Inc.,
Kewport, L. l. Used in conjunction with potentiometer.

Battery, Dry Cell. 3 v, No. V5~100, type A. Manufactured
by Radio Corporation of America, New York, K. Yo Used in con-

junction with potenticmeter.
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Glassware. lilscellaneous sizes of beakers, graduate cyl-
inders, pipets, flasks and burets. Obtained from Chemistry De-
partment Stockroom, Virginia Polytechnic institute, Blacksburg,
Virginia. Used for preparation of ethanol-benzene mixtures and
storage of test liquids.

Horizontal Plate Evaperator and iccessory Equipment. All
materials required for the construction of the evaporator and

accessory equipment are included in Table 1I.



111 of Materials for Horizont

Number Unit
Required
HEAT
1 ea
L ft
200 ft
3 1lbs
1 ea
THERMOCOUPLES
8 ft
8 ft
50 ft
LO ft
2 eu

BJUIPMENT SUPPORTS

ft

ea

ea

fr

£4

20 ft
2 ft
2 ft
2 ea
12 ft
8 b g 4
»
2 ft
ELECTRICAL
1 ea
1 ea
1 ea
12 ft
100 &
7 es
1 ea
1 ea
b ea
1 ea
MISCEILANEOUS
15 1b
3 ea
2 a8,
2 ea
1 ea
L ea
x ea
1 pt
1 tube

Name

Copper Plate

Copper Strip

Resistance
Wire
Refractory

8ilver Surface

Thermecouple

Thermccouple
Wire

Thermocouple
Wire

Thermocouple -
Wire

Switches

Pyrex Pipe
Copper Tubing
Copper Tubing
Copper Tubing
Street Ells
Needle Valves
Glass Tubing

Glass Tubing

Angle Iron
Angle Iron
Strip Steck
Strip.Stoek

Lumber

Lumber

Plastic

Voltage
Regulator

Ammeter
Voltmeter

Copper Wire

Copper Wire

Switches

Switeh

Switch Box

Fuses

Temperature

Insulation

Stoppers

Stoppers

Clamps

Manometer

Bolts

Pulley

Shellae

Hubber Cement

pyrex glass.

R

TABLE II

Description

Commercial grade, 6 x 6
x 3/4 inch.

Cammercial grade, 3 X
3/16 inch.

Chromel A, B & 5 gage
22, asbestos covered.

Alumina, T-16, minus
325 mesh.

Electroplated 0.003
inch on heat transfer
surface.

Constantan, B & S gage
20, uninsulated, date:
L=23-47, spool No. 885-
66’550

iron, B & S gage <L, un-
insulated, date: 4-23-47,
spool No, 899=37=1ki.

Constantan, B & & gage
24, insulation EN, order
No. 128001.

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 1/16 in.

Neminal diameter 3/8 in.,
galvanized.

Nominal dismeter 3/8 in.,
galvanized.,

Nominal diameter 3/8 in.,
bronze.

Nominal dismeter 1/4 in.,
soft glass.

NHeminal diameter ]./8 ine,

1-1/2 x 1-1/2 in.
l x1 ine.
2 x l/l. in., iron.

2-1/2 x 2-1/2 x 1/8 in.,
iron.

8 x 3/4 in., pine.

6 x 1/2 in., pine.

2 x 1/8 in., Lucite

“Transtat" s NQ. 32322’
rating 9 amp.

Alternating current,
U.S.N. type CAY 22026 A,
range O to 5 amp.

Altermating current,
range O to 300 v.

Double strand, motor
type, double rubber in-
sulated, rating 5 amp.

Single strand, B & $ gage
14, rubber and caubriec
insulated.

Toggle type, single pole,
rating 10 amp at 120 v,
5 amp at 250 v.

Toggle type, double pole,
rating 250 v.

REating 30 amp at 230 v,
catalog No. 88351, series
No. 1.

Type NON, rating 15 amp.

"Capacitrol", model 224,

range O to 1,000° C, rating

110 to 220 v, 35 amp.
85 per cent magnesia.
Natural rubber, size 1.
Natural rubber, size 14,
Laboratory ring stand

type.

Mercury filled, range

Diameter 1/4 in., length
2-1/2 in.

Diameter 3 in., aluminum.

Pure white, undiluted.

Automotive weather
stripping type.

Plate Evaporator and ficcesso " uipmen

Supplier

Seaboard Brass and
Copper Co.y
Baltimore, id.

Seaboard Brass and
Copper Co,,
Baltimore, Md.

Fisher Scientific Co.,
Pittsburgh, Pa.

Alumina Ore Co.,
E. St. Louis, Ill.

Magic City Plating,
Roancke, Va.

Leeds and Northrup Co.,
Philadelphia, Pa.

Leeds and Nortihrup CoO.,
fhiladelphia, Fa.

Leeds and Northrup Co.;

Leeds and Northrup Co.,
Philadelphia, Pa.

Chemical Engineering Department
Stock Room, Virginia Polytechnic
Institute, Blacksburg, Va.

Corning Glass Works,
Col "irlg’ N. !.

Noland Co., Inc.,
Roanoke, Va.

Noland Co., Inc.,
Roanoke, Va.

Noland Co., Inc.,
Roancke, Va.

Noland Co., Inc.,
Hoanoke, Va.

Noland Co., Inc.,
Hoanoke, Va.

Eimer and Amend,
New York, H. Y.

Bimer and amend,

New York, N. Y.

Neland Co., Inc.,
Hoanoke, Va.

Noland Co., Inc.,
Roanoke, Va.

Noland Co., Inc.,
Roancke, Va.

N@l&ld Co. » Inc.,
Roancke, Va.

Chemical Engineering Department
Stock Room, Virginia Polytechnic
Institute, Blacksburg, Va.

Chemical Engineering Department
Steck Room, Virginia Polytechnie
Institute, Blacksburg, Va.

E. 1. duPent de Nemours Co.,
Arlington, N. Je

American Transformer Co.,
Newark, N. J.

Westinghouse Electric and
Manufacturing Co.,
East Pittsburgh, Pa.

Chemical Engineering Department
Stock Room, Virginia Folytechnic
Institute, Blacksburg, Va.

Chemical Engineering Department
~stock Reom, Virginia Pelytechnie

_'Institutc, Blacksburg, Va.

Chemical Engineering Department
Stock Room, Virginia Polytechnic
Institute, Blacksburg, Va.

Brown Stores Co.,
Blacksburg, Va.

Brown Stores Co.,
Blacksburg, Va.

Square "D" Electrical Co.,
Detroit, Hich. :

Bussmann Manufacturing Co.,
St. Louis, Mo,

Wheelsoc Instrument Co.,
Chicago 7, Ili.

Chemical Engineering Department
Stock Room, Virginia Polytechnie
Institute, Blacksburg, Va.

Chemical Engineering Department
Stock Roem, Virginia Polytechnie
Institute, Blacksburg, Va.

Chemistry Department Stock Room,
Virginia Polytechnic Institute,
Blacksburg, Va.

Chemistry Department Stock Room,
Virginia Polytechnic Institute,
Blacksburg, Va.

Chemical Engineering Department
Stock Room, Virginia Polytechnie
Institute, Blacksburg, Va.

Chemical Engineering Department
Stock Room, Virginia relytechnic
Institute, Blacksburg, Va.

Chemical Engineering Department
Stock Room, Virginia Polytechnic
Institute, Blacksburg, Va.

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

E. 1. duFont de Nemours Co.,
Wilmington, Del.



Methods of Procedure

The methods of procedure used in this investigation were as

follows:

Design and Conetruction of Evaporatcr and nggenggr Supports.

The horigzontal evaporator and vartical water couoled condenser were

independently supported by two horizontzl shelves, reinforced with
angle iron, and two vertical angle iron columns.

The main supperts for the asseubly were of 1-1/2 x 1-1/2-inch
angle ircn placed in a vertical position 5-1/2 inches apert (A Figure
6). These angle iron columns wore fastened to the table top, which
served as the basc far the entire equipment, by means of two column
supports and two 2-inch wucd screws. The column supports were 2-1/2
x 2-1/2 x 1/8-inch pleces cf iron strip stock wolded to the bottom
of the angle iron columns.

The tops of the 1-1/2 x 1-1/2-inch angle iron columns were held
in place by mears of two 2-inch wood screws which secured the angle
iron to an overhead 2~-ingh pine chelf,

In as much 2t the water condsnscr (B Figure 7) contributed the
greater percentage of Lhe total weight of the apparatus, it was de~
cided to support tz pyrex vipe and copper condenser separately. Such
a means of support was designed to eliminate siress beth in the pyrex

plpe and in the seal between the ccpper condenser shell and the pyrex

pipe.
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The condenser was supported by a shelf constructed of
1 x l-inch angle iron and 1-1/2-inch pine board (B and C
Figure 6). Two lengths of 1 x l-inch angle iron were notched,
bent, ard welded to form supperts for the shelf. These supports
were bolted to the main supports with two 1/4-inch carriage bolts.
The pine board was furnished with a hole 2-3/4 inches in diameter
and placed so that it rested on the 1 x l-inch angle iren suppeorts.
The pine shelf was attached to the angle iron by four l-inch wood
screws. Such a shelf permitted the pyrex pipe to extend through
the board unrestricted but supported the full weight of the copper
condenser shell. The shelf also tended to ccmpress the rubber
stopper, which sealed the copper condenser to the pyrex pipe, and
thus formed a more durable seal.

The pyrex pipe was supported by a shelf, identical to the
one used for the condenser shell support (C Figure 6), but in
conjunction with a compression type flange (F Figure 7). The
flange was inverted with the sleeve resting on the edges of the
2-3/4=inch hole in the pine board and held in position with l-inch
wood screws. The pyrex pipe was reised through the flange, a rubber
gasket inserted between the pipe and the flange, and the pipe allowed

to rest in position.



The distance between the shelves (D Figure 6) was calculated
to be such that the pyrex pipe and copper condenser shell rested
independently on thelr respective foundations and thus minimized

any stress on the rubber condenser seal,

The evaporator body was designed to have an internal dismeter of
approximately two inches. A flanged pyrex pipe having an inter-
nal diameter of 1-31/32 inches was selected to serve the purpose
(A Figure 7). In erder to eliminate the possibility ef varying
pressure due to different vapoer velocitlies at varicus boiling
rates the inner condenser tube was designed to have the same in-
ternal diameter as the evaporator bedy. To attain this a five-
foot pyrex pipe was selected which permitted the single tube te
act as both evaperator body and condenser inner tubs.

Approximately ocne foot of the pipe was allotted to serve
as the evaporator bedy. The effective length of the condenser
section was calculated to be 3 feet, 6 inches with a maximum
cooling water rate of 4 pounds per minute. The evaporator and -
condenser were constructed with due consideration te these pre-
liminary deslign figures.

A plece of copper tubing, having an outside diameter of
3-1/8 inches and a wall thickness of 1/8 inch, was selected to

serve as the outer shell of the condenser (B Figure 7). The



condenser therefore had an effective internal diameter of 3
inches. The tubing was cut to a length of 3 feet, 7 inches and
the burrs, formed in cutting, were removed with a manual reamer.

The condenser shell was then equipped with provisions for
cooling water flow. The copper tube was fitted with a nominal
3/8-inch short nipple 1-1/2 inches from each end 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 temperature in
the evaporator it was necessary tc equip the condenser with an
air vent (E Figure 7). This vent was to provide a means of re-
moving entrained air from the condenser and thus eliminate the
possibility of an air block. Such an air block would reduce the
effective condenser area.

The vent was a nominal 1/4~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 cocling water port and
allowed & maximum cooling water height of 3 feet, 6 inches.

Two number li natural rubber stoppers were then prepared
for use as gaskets between the condenser shell and the pyrex
pipe serving as the imner condenser tubs. Two holes, approxi-
mately 2-3/8 inches in diemater, were drilled in the center of

the stoppers by means of an extension-type wood bit. The diameter



of the holes in the rubber stoppers é.loaely approximated the out~
slde diameter of the pyrex pipe. The copper tube was slipped over
the pyrex pipe and adJusted to its predetermined position. Several
coats of rubber ceiient were then applied to the areas on the pyrex
pipe anc the copper tube where the rubber gaskets would contact

(C Figure 7). The rubber gaskets were then stretched over the
flanged ends of the tubing and forced into position between the
copper tubing and the pyrex pipe. OSeveral attemptis were made be-
fore a satisfactory seal was obtained on both exis of the conden-
ser. When the seal was found Lo be satisfactory the column was
placed in its proper position on the equipment supports.

The condenser was then equipped with inlet, drain, and air
vent lines. The inlet and outlet cocling water pipes included a
needle valve for regulation of the flow, It was necessary to in-
clude a needle valve in the cutlet line in order to maintain the
prescribed liquid height of 3 feet, 6 inches in the condenser,

The outlet cooling water line was also equipped with an orifice-
manometer combination to facilitate ease of regulating flow rates.
This orifice-manometer combination was calibrated over a range of
flow rates from O to 3-3/4 pounds per minute.

The purpose of the particular design of equipment support
enployed was to eliminate to as great a degree as possible all

stresses in the pyrex pipe which served as an evaporator body and



condenser shell. The two principal aims were (1) to afford a
support as free as possible of vibration and movement, and (2)

to eliminate any factors which would cause tensile stress in the

pyrex pipe,

The design of the evaporator plate and heating fins was affected
not only by the presocribed conditions for heat transfer but alae
by the geometrical arrangement of the heater electrical windings
and the number and placement of the plate thermocouples.

A commercial grade copper block 6 x 6 x 3/4 inch was obtained
to form the evaporator plate. This block was reduced in size to
4=1/2 x 4-1/2 x 3/L inch. The block was then placed in a lathe
and machined to form a circular plate 4=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, (1) the large block would tend to
eliminate temporary fluctuations in plate tempcrature, and (2) the
plate would tend to absord the surplus heat once a state of film
boiling was attained during the operation of the evaporator.

Since‘a compression type flange (F Figure 7) was to be used
to hold the evaporator body to the heating surface, the plate was
equipped with four 1/2-inch diameter holes corresponding in posi-

tion wit! the holes in the flange.
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Copper heating fina were designed to transfer the heat from
the electrical heating coils to the evaporator plate (B Figure 8),.
These fins were machined to the proper dimensions and press fitted
into 1/L-inch deep milled slots in the copper dise. The contact
area of the fins and the disc could be inacribed in a 3-inch circle.
This meant that the area in which the heat was transferred to the
plate was 0v§r twice as large as the area from which the heat was
transferred to the boiling liquid. This feature was an undssirable
poeint in the design of this equipment but was necessitated by the
geometrical pattern required for the heater electrical windings.
Three 1/8-inech diameter holes were then drilled into the plate for
the placement of the plate thormocouples'(c Figure 8). This feature
will be discussed in detail under the description of the construc~
tion of the thermoccuples.

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 selected for the heat transfer surface becauss (1) it
resists oxidation and corrosion better than the un-noble metals,
and (2) its relative softness would allow the heat transyer asur-

face to be buffered free of pinholes.



The press fitted heating fins 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 cleaned and a new coat of silver applied making
the total average thickness of the silver surface 0.003 inch. The
thickness of the silver surface was determined in both cases by
measuring the thickness of the plate at ten randomly chosen points
before and after plating and averaging the values. |

Seven thermocouples

were employed, three in the evaporator plate, three in the liquid-
vapor space, and one in the electrical heater (Figure 9). All seven
of the thermocouples were required to meet the specifications eof (1)
mechanical strength, (2) large change in voltage produced per unit
change in temerature, and (3) age resistant., For ease of discussion
the design and construction of the thermocouples has been sub=divided

into the following headings:

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 of the copper heating surface or 0,128 inch of the
silver heating surface (Figure 10). The actual temperature
of the metal surface at the liquid-metal interface was to be

calculated by means of the following conductivity eguations

wheres
QG = rate of heat transfer, Btu per hr

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

A = area through which heat 1s transferred,
sq ft

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

dt temperature gradient across the distance

L, GFQ

The actual design of the plate thermocouples is a modifi-
cation of the type used by Bonilla and Pcrny(h ). Holes 1/8
inch in dizmeter were drilled from the underside of the copper
evaporator plate to within 1/8 inch of the copper surface. A
single lead type of thermocouple was used, i.e., the copper
block served as one terminal for the thermocouples. Since
copper-constantan fulfilled the requirements set forth for

thermocouples, constantan was chosen to serve as the other

terminal.
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The problem of 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. ittempted methods in-
cluded arc welding with the constantan wire as a welding
rod, molten lead, and peening or compression., The latter
method proved to be the only one which was satisfactory.

The plate thermocouples were construeted by insulating
a length of Number 24 constantan wire with pyrex ecapillary
tubing (Figure 10). The wire and tubing were then slipped
into a piece of copper tubing having 1/8-inch outside di-
ameter and the constantan wire bent over the end of the
copper tubing., The assembly was then pressed into the
blind hole as shown in Figure 10 and peened securely inte
position with a special peening tool. The constantan wire
was contacted with the copper plate 1/8 inch from the copper
heating surface or 0.128 inch from the silver heating surface.
The constantan wires, insulated with pyrex tubing, were brought
along the underside of the block between the heating fins and
free space of the evaporator plate (Figure 10). The entire
underside of the evaporator plate was then covered to a depth
of 1/4 inch with alundum cement and dried thoroughly. This
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cewent held the thermocouple leads in a fixed position and thus
eliminated the possibility of changes or breakages in the ther-
mocouples themselves.

The thermocouple circuit was completed to the potenti-
ometer by e#tend:ing the constantan leads from the block with
Number 2, censtantan wire and by peening a Number 24 copper

wire into the evaporator plate.

_‘r_hémgoggleg. In as much as copper-constantan thermocouples
were used in the evaporator plate it was decided to use the
same type of thermocouples for the liquid, vapor, and reflux
liquid thermocouples. Since temperature gradients are known
to exist in static columns of liquid receiving heat, the
thermocouple used to measure the liquid phase temperature
was designed such that it could be raised or lowered.

The thermocouples were constructed by twisting the
ends of a Number 24 constantan wire and Number 24 copper
wire together; the twisted ends of the wires were fused
into a bead of metal by means of an electric arcj the ther-
mocouples with: leads were then threaded through glass tubing
approximately six feet in length depending on the specific

thermocouple being constructed,
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The liquid and vapor space thermocouples were suspended
in the pyrex coclumn b: means of laboratory clamps. These
clamps were attached to iron supports, mcunted on the wooden
shelf (C Figure 6). The bead on the thermocouple, used to
measure the temperature of the reflux liquid, was bent per-
pendicular to the insulating glass tubing such that it rested
on the inner wall of the evaporator and would be in the stream
of refluxing liquid. The vapor space thermogcouple was sus=~
perxied about 1/2 ineh frow the inner wall of the evaporator
body. Both reflux liquid and vapor space thermocouples could
be adjusted for height by adjusting the laboratory clamps
supporting them. This provision was included to allow for
changing conditions of the liquid in the svaporator body.

The liquid space thermocouple was attached to a cali-
brated pulley such that it could be raised and 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 thermocouples

were sealed with litharge and glycerine cement.

Wheelco thermo-regulator was equipped with an iron-constantan

thermccouple as specified by the manufacturer., The thermo-



couple was protected with a section of 1/8-inch pyrex tubing

and was placed in the heater such that the temperature adja-

cent to the heating coils was measured and controlled. The
purpose of this couple was Lo eliminate excessive heater

temperatures and consequently electrical failures once a

state of film boiling was attained during the operation of

the svaporator,

Calibration of the Thermocouples. The copper-constantan
thermocouples were calibrated at two points, the steam point and
the 100° F point. The calibration at the steam point was per-
formed by suspending both plate and liquid-vapor space thermo-
couples in a large metal drum which was vented to the atmosphere.
Steam was tirottled in from the stean line until the thermocouples
gave a constant reading. Barometric pressure was noted and the
temperature calculated from handbook values,

The three liquid-vapor space thermocouples were calibrated
at the 100° F point by suspending each thermocouple individually
in a constant temperature water bath whieh was maintained at 100
+ 0,025° F. Since the evaporator plate had been coated on the under-
side with alundum cement, it could not be immersed in the water bath
for calibration at the 100° F joint. 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 methed 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
of temperatures. The test block thermocouple was then calibrated
at the 100° F point by immersing it in the constant temperature
bath used for the liquid-vapor space thermocouples. The results
of this calibration were applied to the evaporator thermocouples
by means of the fixed deviation.

The calibration data was applied to Halman's equation(32)
which is known to apply to copper-constantan thermocouples. From
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 1l. Cracked ice was used as a reference junction in

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

mocouples.,
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Design and Construction of Electrical Heater Windings. The
electrical heater windings were designed to suprly a regulated
and metered quantity of heat to the hLeater fins. The geometrical
arrangement of the heater windings was calculated and considered
both in the design of the heater fins and the design of the heater
circuit.

The heating wire was Number 22 asbestos covered Chromel "A*
which was used in three parallel circuits. The purposi of the
three parallel circuits was essentially that of convenience of
regulating, Two of the ecircuits were fixed at 900 watis, while
the other was variable from O to 900 watts,

The windings were constructed by wrapping the nichrome wire
into a helical coil using a 1/8-inch welding rod as a mandrel.
The three helical windings were approximately five feet in
length. It was necessary to heat the colls to a dull red heat
before installing in the heater to remove the wax employed in
the asbestos wrapping process, After the colls were burned free
of wax, they were wrapped in parallel around the heating fins,.
The ccils were insulated from each other and from the copper
heating fins with a paste made from alumina and water. The coils
were wound uniformly around each fin in the heater and then the

entire heater section was packed with alumina mud. Extreme cau-
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tion was taken in the wrapping of the coils to avoid any possi-
bility of electrical short circuits.

The heater packed with alumina was then covered with a layer
of magnesia approximately one inch thick. The éompleted heater
was then placed in an infra-red drier and dried until a test with
an olmmeter revealed that the heating colls were insulated from
each other and from the copper fins. The overall diameter of the
finished heater was approximately six inches.,

Design and Construction of Electrical Su ontro
Circuit. The electrical supply and control system was based on
the principle of the three parallel circuits designed for the
heater., The principal factor considered in the design and con-
struction of the electrical system 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 switches and the variable
transformer available to the operstor. Number l4 copper wire,
jnsulated with both rubber and cambric, was employed for all
connections. Copper blbcka approxiuately one inch square and
one-fourth of an inch thick were employed as bus bar terminals
at junction points of more than two wires. The entire panel

board and all wiring were given two coats of undiluted clear

shellaec as an added safety precaution.
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In as muecl: as the heater circuit was predauninately resistive
in nature it was assumed that the power fauctor in the heating
circult was for all practical purposes unity.

with this assumption in mind, the voltmeter-am.eter combi-
nation which wos used to obtain the wattage were arranged so
that they could be switched into the gecondary of the variable
transformer circuit.

Assembly of Equipment. The prineipal work in this phLase of
the investi.ation included completion of the elesctrical and ther-
mocouple circults to include the evaporator plate and heating.
The thermocouple leads from the lucite panel (Figure 6) were
covered with short lengths of 1/8-inch glass tubing which in-
sulated the wires and still allowed flexibility. The assembled
apparatus is shown in Figure 13 and represented by a diagram in
Figure 1i,

Preparation of Test Liguids. The two test liquids employed
in this investigation were ethanol and bengene.

The ethanol was dried by refluxing for one~half hour in the
presence of excess calcium oxide and purific#tion by subsequent
distillation. The benzene was not pretreated.

The test mixtures of ethanol and benzene were prepared by

combining the proper volumes of ethancl and bengene to yield a
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total volume of 250 milliliters. These sa:ples were prepared by
using either a pipet or buret or both to measure the correct vole
umes of ethanol and benzene.

Experimental Operation. The apparatus was operated in the
following manner:

The eilver surface (K Figure li) was cleaned first with silver
polish and finally with Ivory soap and water. The surface was then
dried with a freshly laundered towel. 4 suitoble gasket was placed
in its proper position on the heater plate (B Figure 14) and the
entire heater unit raised into pesition. The heater was then bolted
to the evaporater by means of & compression type flange (F Figure 7).
Considerable care was taken te tighten the flange bolts uniformly in
order to avoid breaking the pyrex pipe. C(nce the evaporator was in
place the position of the gasket was checked by observations through
the pyrex pipe.

khen the evaporator was correctly assembled, the test liquid
was charged to the evaporator body from the top of the pyrex pipe.
It was customary to initially charge only 50 milliliters of liquid
and then check to see if the gasket was leaking before charging
the remainder of the liquid. In the event that the gasket seal
was imperfect, it was then necessary to siphon the liquid from the

evaporator and adjust the gasket.
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Thé cooling water rate in the condenser was then set by first
opening value V, (Figure 14) ae wide as possible and slowly opening
V“2 until the mancmeter F indicated the desired flow rate, This ini-
tial flow rate was usually three and one-half pounds per minute,
Valve Vy was then closed slowly until the water rose into the sight
glass E. Valve 71 was manipulated to maintain a fixed head of water
in the sight glass. This indicated that the condenser was free of
air blocks.

The next step was to place cracked ice in the cold junction
bottle and to install the cold junction 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 avoid an
erroneous reference temperature. The potentionmeter was then
standardized by balancing the bridge against a standard cell.

Once the potentiometer was balanced against the standard cell it
switched to position preparatory for use with the thermocouple.
An electric light was used when operating the potentiocmeter to
supply light for noting the galvanometer deflections.

The temperature regulator (M Figure 14) was set by adjusting
the knob on top of the instrument. The initial setting was arbi-
trarily 200° C but was always increascd as the heater terperature

roge during the normal course of operation. It was customary te



kee; the centroller set within 50° ¢ of the actual operating tem-
perzture to protect the leating coils in the event film boiling
was attained.

The next step 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 winding
the coils would not be exposed to full line voltage, and (2) the
heat=r temperature could be raised slowly tc avoid localized over-
heating in the ccils. The amueter anu voltmeter (Figure 12) were
switched to the variable wattage circuit and the variable trans-
former set in the zero output position. ‘lhLe input and ammeter
outrut switches were cut on and the transformer adjusted to zive
the desired current and voltage. This setting was held until
steady state conditions were atlained in the evaporator and all
data noted anc recorded.

The test for steady stale conditions was the voltage reading
obtained fron the plate theruwocouples. The voltages from these
therinocouples were reuad every five minutes after a new setting cf

wattage input was made. If the values of voltage were constant for



three consecutive readings the system was assubed operating under
steady state conditions and all data taken.

The use of the selector switches (Figure 9) enabled the de~
termination of the various thermocouple voltages. For each steady
state condition a temnperature traverse was obtained for the liguid
in the evapcrator 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 customary to maintain the vapor and reflux
liquid thermocouples about two inches above the surface of the lig-
uid during operation.

The ammeter anc voltmeter resdings were noted and recorded.
Hoom Lcmperuture, heater temperature, and cooling water manometer
readings were observed and recorded. The latter 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 repeated. It was customary to
re~-standardize the potentiometer and check the cold junction be-

tween steady state conditions.
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When a state of film boiling was attained the transition frow
nucleate boiling was detected quickly by the physical action taking
place in the evaporator. The liquid would settle from a state of
violent ebullition tc a state of slow boiling. The transition
could also'be detected by a rapid rise in plate and heater tem-
peratures. As soocn as the state of film bolling was detected the
main switch was thrown to the off position to avoid overheating of
the eleectric windings. All data was noted and recorded for steady
state conditions at film boiling.

On the completion of a series of tests the evaporator was al-
lowed to cool to roeom temperature and the cocling water cut off by
closing Vaive v, (Figure 14). The test liquid was then siphoned from
the evaporator and the heater unit removed from the evaporator body.
The silver plate was inspected and its condition noted and recorded.
The silver surface was then cleaned, first with silver polish and
then with Ivory socap and water. All switeclies were turned te the
off position and the potentiometer disconnected from the circuit.

Preliminary Tests of Apparatus. The first problem included in
the preliminary tests was the selection of a gasket to seal the pyrex
evaporatory body to the heater plate. The prime requirements of the
gasket were (1) must provide a leakproof seal, (2) must be readily
removable when equipment is disassembled, (3) must not contaminate
the test liquid or silver surface, and (4) must retain its prop-

erties over a range of temperatures from 60 to 4LOO° F.
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Gaskets tested included metallic lead in single and multiple
sheets, permatex gasket cement, tygon paint, butyl rubber, and teflom
(polytetrafloroethylene). The lead proved satisfactory when used in
multiple sheets but recuired frequent replecement. Teflon kprovod
cozpletely satisfactory and was used throughout the investigation.

The second item included in preliminary tests was the evalua-
ticn of the heat losses of the apparatus. It was planned t¢ eval-
uate the heat transferred from the silver surface to the boiling
liquid by subtracting the heat losses from the total input. The
heat losses were evaluated by determining the wattage input re-
quired to bring a liquid within 4° F of its boiling point and main-
tain it there. It was assumed that losses did not change apprece
lably with heater temperature. The technigues employed were de-

scribed under Experimental Operation.
Deteo tion of the Characteristics of Heat T )

Yarious Concentrations of Ethanol in Benzens. The operatiocnal

techniques employed in this phase of the investigation were iden-
tical to those outlined under Experimental Operation. The test
liguid in this case was a specific concentration of ethanol in
benzene. The only modification of these tests was that the top

of the pyrex column was fitted with a cork stopper after the liq-
uid was charged. This was done in an attempt to prevent the alcohol

from absorbing atmospheric moisture.
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ata

The following paragraphs describe the tabulations and graphs
of data and results obtained while boiling various mixtures of
ethanol and bengzene in a horizontal plate evaporater. The general
conditions under which the test were made were: heat transfer sur-
face, sil'vu'; cold liquid height, 4.5 inches; evaporator diameter,
1-31/32 inches. The test liquids were miscible mixtures of ethanol
and benzene varying in compoaition from O to 100 per cent ethanol,
Steady state conditions were established before the data were taken.
The tests were made at normal atmospheric pressure which varied t;on
710.0 to 718.0 millimeter of mercury. The condenser cooling water
rate was varied from 0.0 to 3.75 pounds per minute depending on the
temperature of the reflux liquid. 7The temperatures in the liquid
space were measured at points from 0.0 to 4.0 inches from the sil-

ver heat transfer surface,

Table 1II contains the data taken during the calibration of the
- manometer acroes the orifice in the coocling water line. The
manometer readings are reported as read, that is, both of the
mercury meniscuses were read and are included in the data. The
manometer resdings were quoted in graduations where each gradua-

tion is equal to ene-half inch of mercury.



«70=

TaBLs III

Calibration Data for Orifice in Condenser

Cooling kater Line
Test Manomster Reading Gross Weight Tare Vieight Time
No. of Beaker of Beaker
graduations a grams grans min
1 17.3-13.1 1991 456 2
2 18,0~-12.4 1438 456 1
3 19.1-11.3 1654 456 1
4 2043-10.1 1881 456 1
5 21.8- 845 2162 456 1
6 © 21e3- 940 2031 456 1
| 7 20,3-10.1 1888 456 1
8 18.3-12.2 1490 L56 1
9 1646-13.9 948 456 1
10 16,1-14.4 456 456 -

a One graduation on wanometer scale equals 0.5 inch of mercury.



Table IV presents the evaluated results of the condenser ccol-
ing water calibration data which appears in Table 11I, The manometer
readings, in graduations, were converted from sbsolute to differen-
tial values. 7The flow in grams and time in minutes were converted
to rate of fleow in pounds per minute.

Figure 15 presents the calibration curve for the manometer
across the orifice in the cooling water line. The chart was used
by first locating the proper value of differential mancmeter read-
ing on the horizontal axis, then projecting vertisally to the cal-
ibration curve and across to the rate of flow axis. This chart m‘
used during the operation of the equipment to assist in the regula-
tion of the condenser cooling water rate. The water rate was ad~-

justed to maintain the reflux liquid at its beiling point.

gouples. Table V presents the calibration data obtained for the
heater plate and liguid-vapor space thermecouples. The true tem-
peratures are presented either as the observed temperature or in
terms of the conditions which controlled the temperature, i.e.,
condensing steam., The thermocouple readings are in millivolts.
Table VI presents an evaluation of the thermocouple cal-

ibration data contained in Table V. All thermocouples were eval-
uated alike since the variations in readings were beyond the

sensitivity of the measuring circuit. The two calibrated points



TABLE IV
of Calibrat Orifi
Water line
Test Manometer Reading Rate of Cooling
No. Water Flow
graduations & lbs per min
1 he2 1.69
2 5.6 2416
3 7.8 2,64
4 10,2 3.4
5 13.3 375
6 12.3 3.4b
7 10.2 3.15
8 6.1 2428
9 2.7 1,09
10 1,7 0,00

& One graduation on manometer scale equals

0.5 inch of mercury.
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Standard Temperature

Test Humber

Therzccouple Pesition
Dlate

center

niddle

ocutside

=Vapor &

roflux liquid
vapor

liquid

2 Barometric pressure 713.,0 -

Thermocouple Keading

v

Steas Foint *

1 2 3
Le20 420 -
b L4 19 ln 19 -
Le20  LesiD -
Lo 0 iel9 o
L4020  Le2l 420
LelQ  LeiD  Lel0
4ed0 4el0  Lel0

RErCUry.

1l.49

1.50
1.5

1.50

-

1.49

1.50
1.50
1.50

-

1e49

1.50
1.5
1.50
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TABLE VI

Results of Calibration of Heater Plate and Liquid-Vapor Space
Thermocouples as Calculated by Holman's Equation

Temperature Thermocouple EMF
°F ‘ nv
50 0.36
75 0.92

100 & 1.50
125 2.10
150 2.71
175 3433
200 406
209.23 * 4e20
225 Lek9
250 5.13
275 5.91
300 6455
350 7.87
400 9.21

h25 9.89

a Experimentally determined values.
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were applied to Holman's Equation(Bz) and the thermocouples eval-

uated over a temperature range from 75 to 425° F.

Fiure 16 presents the evaluated results contained in Table
V. This chart was used by first locatin: the proper value of
thermocouple electromotive force on the ordinate, then projecting
horizontally to the calibraticn curve and down to the temperature
axis. This chart was used for the evaluation of heater plate and
liquid-vapor space temperatures from tpermocouple readings.

alibratiocn of Therniogou 1 + Table
V1I contains the data obtained in the calibration of the liquid
tﬂenmncouple height indicator. The reading of the indicator is
given in terus of graduations which were arbitrarily chosen. The
heisht of the thermocouple bead above the silver heating surface
is inclwied in inches.

Fioure 17 is a graphical presentation of the liquid thermo-
couple height indicator calibration data contained in Table VI1I.
This chart was used by first, locatins the proper value of the
hei-ht indicator readinz on the horizontal axis, then projecting
vertically to the calibration curve and across horizontally to
the heisht scale., This chart was used to determine the position

of the liquid thermocouple.
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TABLE VII

alibration Data for Liguld Space Thermo

Height Indicatexr
Reading of Height Height of Thermoccuple Bead

Indicator Above Silver Surface
graduations inches

12 00

15 9/16

18 1-1/8

21 1-3/4

2k 2=/l

27 2-13/16

30 3-3/8
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5w of Opsrat onditions for Horigontal Plate RKvaporato

Test lLiguids. Table VIII

presents the data obtained from the operation of the horigontal
plate evaporator using mixtures of ethanol and benzene as test
liquids. The table shows the energy input to the evaporator in
watis., The composition of the liquid as charced to the evaporator
is reported in volume per cent. The ccoling water mancmeter rsad-
ings are in graduations where each yraduation is equivalent te one-
half inch of mercury. Roam and heater temperatures are reported as
read, in °F and °C, respectively. The heater plate and liquid-
vapcr space thermoccuple reading: are reported in millivolts. in
the case of the liquid space thermocouple, a traverse was mude in
the liguid and height indicater 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 themmocouple readings
were included for conditions of film beiling. The values of wattage

or tests which gave film bo are not t g inputs
ilm beiling but represen e watt input ieh ht, t
er Lo a e of fi ol .

Evaporator Using Ethanol-Benzene hixtures as Test Liquids. Table IX

contains the results obtained from the operation of the horizontal
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TAHLE V111

Summary of Upersting C nditions for Miorizonial Plate Svaporstor Using dxtures of Sthanol and Henzene ss Test liguids

Teat Composition of Yest Liguid Baramestrie Jteady Cooling “ater Heater Current Hoator Voltage Tesperatures Thermocouple Headings ' Remarks
Ho, Prossure Giete Henonoter oy
Volume per ecent 'k:x?‘ per esnt Moo Reading eaperes volts Hoantep HRoom Flate Liguid Traverse in liguid
: Aghanol zene mm Hg h
gradusti ans 1 S S AR N % op 1* 22 £  1'  2°  jeight Indiestor Remding
gradustiams

1 0 100 71040 1 18.8-11.2 - - 2,00 - 3% 120 8 .17 4017 4,25 S.24 D07 85.29 3.87 8.27 3.2
2 18.8=11 .8 - - 297 - - 142 186 81 Gel7 4B 48T DB J.B8  UeB7 DBY BT Se2Y
] 10,8-1 1,2 - - 6,00 = - 187 210 81 4,79 8,89 5,08 3.24 5,86 0.856 D.26 5.27 3.8
4 18,8=11 .2 - - 4,10 = - 189 81 BeBY 8,87 B.87 35,20 387 J.87 B8.27 5.37 3.29 Fils Poiling
ix 10 9% 711.5 i 18,8«11,2 - - 2.0 = - 98 110 91 60 5,68 367 B.US 275 2.3 B8 2,95 2.8
: 2 18,8-11.8 - - 3,00 = - 144 167 a9 B9 4,01 Seil 2,95 8,93 .95 8,98 295 2.7
3 18,8«11,2 - - 8.5 - - 164 17? 90 4,07 617 4.8 2,98 298 2,75 B3 2.7 2.9
‘ 1‘.“1.8 - - M -~ - 18‘ 8}9 90 “om ‘033 ‘.5&' 2.'3 a'i.’a 3&“ 80” 3.” R.”
8 18,8=11.8 - - 4,10 = - 189 250 G Be3B 8.0 B.36 2.0 2,75 2,76 2.9 2,75 2.93 Fiim Boiling
111 7] ) 713.0 1 18,8«11 .8 - - 20 o - 96 112 8l B89 Bl 868 2,78 2.9 277 R85 2.7 2.8
2 16,8-11.2 - - Sed = - 14 148 86 BBl 5270 381 5,98 298 2,72 292 292 2.7
3 18,8-11,.2 - - B85 - - 158 168 4 Be¥8 SeB2 395 295 2,78 2.8 298 2,985 5,98
4 18,8=11.2 - - 5850 = - 163 181 34 5e79 D91 406 2,70 293 .98 2,98 2.9 2.8
b 18,8-11,2 - - B892 - - 193 1% 8% SeBB 4,00 417 5.60 278 B8 2.73 273 2.93
& 18,8-11,2 - - 40 - - 184 210 82 S99 4el8 481 2,70 293 2,93 2,95 2,98 2.9
7 18,8=11.1 - - 4D = - 192 225 o3 6010 S2h 487 .78 2,93 298 293 2,93 2.9
g 18,8=114) 4.5 - - N5 - - 228 A3 FoS0 To00 T80 2,72 T2 2,78 2,985 2,73 BR.95 ¥ils Boiling
9 18.8=11,1 - - 4.0 19 - - 229 a2 Gadd GoBD 458 2,95 B985 2,98 2,93 2,95 2.9
v 30 70 715.,0 1 18,8-11.2 - - 2,00 = - <) 110 86 BeT6 BuT0 SuBl 2,71 871 274 2,95 8.,9¢ 2.7
2 18,8=11,2 - - 3.0 - 143 148 9% B8 B.U6 4,08 2,785 2,98 298 2 2,798 2.3
] 18.8«11.8 - - 8.0 - - 164 1482 b BeI7 Q10 4,24 2,95 2.7 2.5 2,75 293 2.73
4 18,8=11,2 - - 450 = - 184 % 407 484 4B 273 2,73 .98 R.78 2,93 2.7
) 18,8=11.% - - 40 = - 197 230 a7 817 4,55 4B 271 2.985 2.73 2,75 2.73 2.7
6 18,8112 - - 480 = - 202 240 a6 GelD GedD 4,82 2,73 BT 2,78 8,75 2.78 2.73
4 - - Qi = - 208 250 86 Bl B0l 8401 295 2,98 D78 2,98 2,95 2.98 Fils Boiling
v @ GO 718.,0 i 19,8=1242 - - 2,0 - 95 150 20 S5 D58 361 295 2.7 2,95 2,74 B93 2.7
8 18,812,2 - - 8300 = - 143 140 a8 Sebd S.78 B.,82 2,795 2,78 294 295 2,93 273
3 192128 - - S50 - - 167 172 as 66 Bu78 B.08 2,75 295 278 2.783 8,78 2,73
4 1948-12,2 - - 490 = - 185 158 ag ST 8.84 4.0)1 2,75 2,75 2,793 2.3 2.7 2.7
[ 19,8«12,2 4,30 - - 02 - - 340 64 B4 5.08 4.17 2,75 B8.793 2.73 2.73 2.7 2.7
6 13.2-18,2 4,30 = 1.0 208 - 70 ab P87 7,87 7,87 270 2,98 2,76 274 2,73 2.98 Film Boiling
9 19.8-12,8 430 = 1.0 202 - 59 345 88 $elf 4,89 464 2.3 2,75 295 2.7 2.7 2.7
Vi 80 50 718.0 1 10,5:18,2 . = - 200 o - 96 106 79 BoT0 578 875 276 2,76 2.78 2,76 2,76 2.7
2 19.8-12,2 - - 80 - - 144 180 79 BeB2 5,90 B.098 2,75 2,78 2,783 B.93 2.95 2,98
) - - S50 = - 154 178 50 B85 Be07 410 2,78 .75 295 2.7 2,75 2.73
4 19,8128 - - 400 = - 188 206 80 SU2 404 .24 2,78 295 2.5 298 2.7 2.7
5 19e2-12,2 4.5 = - 2048 - - 345 a0 $s00 Gul? S8 2,78 2,75 2,73 2.7 2,93 8.7
é 19.218,2 438 o 10 204 - 69 370 a0 4:00 4,80 4,05 293 2,985 295 293 2,93 8.7
? 4. - 176 204 - 02 801 8,01 8,01 2,95 2.7 2,75 2,73 2.7 2.7 Pilm Boiling
8 19.2-12,2 43 leid 204 = 77 7% ) $.12 4,35 4,59 2,98 295 2.9 2,95 8,73 2.7
Vi1 €0 40 717.0 1 1845-13.5 - - 200 - - 95 110 7% 877 B.82 B5.86 2,93 2,75 295 2.9 2,93 298
2 18,5135 - - 8,00 - 148 142 7% 3.90 4,00 4,13 2,90 2,985 2.7 2,93 2,98 2,78
3 18,5=15,5 - - 350 - 167 170 76 4.083 @oIB 4,38 2,75 2,73 2,93 2,95 2.7 2.7
4 1B 5-13,56 - - 4,00 = - 188 2686 76 Goll 420 4.4 2,93 2,78 2.75 2.9 2,93 2.73
6 18.5=13.5 4,58 = - 204 - - - 9865 7 G128 428 452 2,93 2,78 2.5 2,95 293 2.7
[ 1846wl Be5 4B - 1.80 204 = 72 378 77 $e21l AaB4 468 2,73 2,93 2,93 8,93 2.9 2.98
7 18,5=13.5 4.3 2,00 84 o 96 50 27 QB0 452 480 2,73 2.78 2.8 2953 293 2.3
] 4B = 2.0 204 - 106 BI0 B8.35 8,30 2,78 2.5 2.8 2,95 2,93 2,95 Fila Boliling
Vi 70 0 717.0 1 19,0=12.8 - - 2,0 - - 06 100 aa Bu76 BS99 B85 2,70 8.7 2.79 2,77 2.77 2.7
2 19.0=13.0 - - 300 = - 142 140 85 Se08 G0 Gull 2,76 2,76 2,75 2,76 2.9 2.%
3 19.0=13,0 - - 4,00 = - lay 199 84 Gell SeB0 4T7 2,76 2,76 2,96 2,96 2,9 2.9
4 19.0-15.0 4,25 = - 20 - - 550 az G185 40 4,58 2,96 2,96 8.9 2.7 2.7 2.7
) 19.0-18.0 4.2 = 2,0 801 - 96 558 8 438 4u8l 487 B.76 8,76 2.76 296 2,76 2,96
6 19,0-13.0 4,85 = 2.0 1 - 117 84 8T8 8,78 B8 2,76 2.7 2.7 2,96 B.96 2.8 Film Boiling
9 19,0=13.,0 428 2.3 W « U 405 84 G300 464 4,99 2,75 B.76 296 B.J76 2,76 2.9
X 80 20 718,0 1 18,0=135.0 - - 2,0 = o 55 106 80 8,86 5.80 3.9 2,71 2,88 285 2,83 2,083 2.8
2 1540«13.0 - - 8300 - - 149 1850 81 408 4.1l 4.22 2.8 12,68 2.8 2088 .88 2,88
3 o9 - - 4,00 - o 186 200 a1 4ol 4,36 4,06 2,88 2,85 2,88 2,08 2.0 2.8
4 18,8=138.3 d.28 o - 202 Py - 348 a1 4,80 439 4,60 2.8 2,88 2,88 2.8 2.8 2.8
5 18.8m13.2 4,28 = 200 W2 - %6 390 82 438 4,60 4,982 2,85 2,63 255 2.8 2,63 2.8
& 18,8152 4,22 2,50 202 - 19 400 a3 D93 9,98 9,93 2.80 2,868 2,88 2,85 2,85 2.85 Film Boiling
7 18.8=13,8 4.22 = 2,40 202 -« 124 400 8z defl 4,60 5,00 2,83 2,83 2,85 2,85 2,85 2.8
b & W0 10 719.0 1 19.8-17,6 - o 2,00 - - o8 110 80 S99 8,62 3,90 2,94 £.9¢ 2,95 2,94 2.0 2.9
] 19.,0=13.0 - - 5,00 = - 148 140 80 8,80 4.11 4,19 2.54 5,94 2,94 2,94 2.94 2.9
3 19001340 - - 4400 - - 186 190 80 $.19 4.8 4,07 2,94 8,804 2.94 2.94 2,94 2.9
4 19.0w18.0 4156 = 8,00 198 = b 340 80 Ge87  4uB7 492 2,94 8,04 £.94 2,94 2,94 2.9
[} 19,0=13,0 4,15 = 3,00 198 - 149 350 ] Go8D Vel 9,40 2,94 2,94 2.9¢ 2.9 2.9 2.94 Film Boiling
& 19.0-18.0 418 = 2,90 198 - 142 360 79 G858 477 5,07 2,96 2,94 2,04 2,94 8204 2.94
X 100 0 71540 1 20 40=10.0 - - 200 = - 349 108 80 S8 3,68 .69 17 5,17 3.17 347 3.7
2 20.,0=1040 * I SR 80 407 4413 4e85 3,80 5.0 3.19
3 80,0=10.0 - - 4,00 - 182 198 80 418 4B 4.4l 5.0 B.20 3.20
4 80,0=10.0 - 4,28 1,00 - 206 80 268 30 GeB9  4odB 4,66 320 8.0 3.2
5 20 ,0=10,0 - 4,08 2,00 - 206 a9 290 80 4e80  4.57 482 3,30 8.20 3.20
3 28,7« T3 - $.,88 3.0 - 204 144 330 a1 457 4,82 De.ll 5,30 S.20 Be21
7 - $.28 T8 - 204 1856 81 P23 9,25 9,8 S.19 3.9 Bel® Film Hoiling
X1 100 o i 20.0=10.0 - - 1,00 = - 47 80 ) S 5,36 8.3 35,01 8.9 5.7 3.4 5.2 318
LSH 41 o 100 i 80,0=10.0 - - 100 - - 47 <@ 30 B.80 B.38 8,38 5,01 8,06 5.5 3.73 S.21 3.8

i
|
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TADLE IX

Hosults from Operation of Horizontal Plate Sveporator Using iixtures of Sthenol end Benmane as Test Liguids

Steady
dtate
Bo.
ithenol
Volune por oent
1 0
2
3
4
10
B
3
4
]
i 20
2
8
4
$
[
8
9
1 0
8
]
4
5
é
4
1 49
2
S
4
]
&
4
1 60
2
3
3
1+
®
?
8
b 1 <]
2
8
4
8
6
7
8
p 3 0
',
3
4
B
é
v
i 80
2
8
4
k]
[
?
b 90
2
3
4
6
[}
1 100
8
3
4
b
6
4
1 100
b 0

|

Composition of Teet Liguid

bonzene Ethanol
Volume per eent iole par cent

100 0
00‘ 14.48
80 87.61
” 89.428
[4] 5030
$0 60,89

. 40 69449
30 77.98
20 85.86
10 93486

0 100,00
¥

A5 100,00
100 ]

Benzene
bole per oent

100,00

85,58

78,49

49,7

39,71

S0.61

14,14

674

vorrected
Plate
Teuperature

e §

174.0

3be4
48.6
6040
21840
T o
50.8
56.8
6.8
21640
37.4

4l.8
idhe?
8040
674
45,9

57.2
B9.Y

B0

8.4



plate evaporator usin: ethanol-benzene mixtures as test liquids.
These results were evaluated fram the data contained in Table VIII,
The values of wattage input reported in Table VIII were corrscted
and converted to unit rate of heat transfer, in Btu per hour-square
foot., The plate and ligquld temperatures were evaluated and the
teuperature gradlent, in °F, calculated therefrom. In the tests
where the temperature gradient exceeded 69° F the system was at a
state cf film bolling. The values of heat flux which accompanied
the state of film bolling do not represent the heat transferred with
the hish temperature gradient bui are the values which caused the
systex to shift from nucleate tc¢ film boiling,

The compositions of the test liquids are presented in Table IX
for purposes of clarity. Cempositions are presented on mole and vol-
ume per cent basis.

Tests XII and XIXI represent the evaluation of heat losses of
the heater using pure ethancl and benzene as test liquids.

Heat Flux Curves for Mixtures of kthanoi and Benzene. Figure 18
presents u chart relating the values of heat and temperature gradient
presented in Table IX, Tests I to XI, inclusive. Kach curve repre-
sents the heat flux~-temperature gradient relationship for a given mix-
ture of ethanol and‘benzenc from a point in the nucldate ranze to a
state of film boildng. The dotted horizontal lines represent the

heat transfer rates which caused or induced a state of film boiling.
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The peint on the chart indicated by small circles, represents steady
state conditions of heat transfer which did not include film boiling.
Thias chart was used to determine the eritical temperature gradient,
in °F, by extrapolation of the heat flux curve to the dotted line

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

Calculated Boiling Points for kixtures of Lthanol and Benzene
Boiling at 715.0 Millimeters liercury Pressure. Table X presents

the boiling points of ethanol-benzene mixtures which were calcu-
lated by the van Laar method outlined by Hougen and h‘at.son(u).
The boiling points were calculated for comparison with the experi-
mentally determined values presented in Table IX,

Boiling Point Diagram for :ithanol-Benzene Mixtures. Figure 19
presents the calculated bolling points of ethanol-benzene mixtures
beiling at 715.,0 millimeters mercury pressure. Figure 19 also pre-
sents the experimentally determined values as contained in Table IX,
The solid line in Fisure 19 represents the experimentally determined
boiling points while the dotted line represents those obtained by

calculation.

Summary of Results from Operation of Herizontal Plate Evap-

oratore Table XI presents the sumsary of results from the opera-
tion of the horizontal plate evaporator using ethancl-benzene mix-
tures as test liquids. The critical temperature gradients which

were determined by graphical means in Fizure 18 are presented, in °F,



TABLE X

Calculated Boiling Points for Mixtures of Lthanol and

Bol : Millimeters of i Press
Composition of Liquid Calculated
Boillng Point
Ethanol Benzene
kKole per cent mole per cent g J
0 100 17345
1C 90 158,0
30 70 151.0
50 50 1,9.0
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 maximum film
coefficient of heat transfer, Btu per hcur-square foot-°F, was evalu~

ated from the maximum heat flux and critical temperature gradieat.

Mixtures. Figures 20 and 21 present the effect of increasing eth-
ancl concentration on the maximum heat flux of ethancl-bensene mix-
tures. Figure 20 presents the effect of concentration as a plot eof
ethanol concentration, in volume per cent, versus the maximum heat
flux, in Btu per hour-square foot. Figure 21 presents the effect of
concentration as a plot of ethanol concentration, in mole per sent,
versus maximun heat flux, in Btu per hour-square foot~°F. In both

ocases the ethanol concentration ranged from O to 100 per cent.

Ethanol-Benzene Mixtures. Figures 22 and 23 present the sffsct of
increasing ethanol concentraticn on the critical temperature gradient
of ethanol-benzene mixtures. Figure 22 presents the effect of con~
centration as a plot of ethanol concentration, in volume per cent,
versus the critical temperaturs gradient, in ‘F. Figure 23 pre-
senis the effect of concentraticn as a plot of ethanol concentra-

tion, in mole per cent, versus the critical temperature gradient,
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in °F. In both cases the ethanol concentration ranged fror O teo
100 per cent.
t_of Congentratio: M, F oeffl of He

Transfer for ithanol-Benzene dixturegs. Figures 24 and 25 present
the effect of increasing ethanol concentration on the maximum film
coefficient of heat transfer for ethanol-benzene mixtures. Fizure
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,

Observations on Experimental Tests. 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
boiling 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 discoloration was noted.

In tests V and VI the rate of ebullition in the evaporator
body was far above normal. In the nucleate range the boiling ac-
tion was so intense that foam or highly “fluidized" liquid filled

the entire evaporator body and rose into the condenser space at
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incipient film boiling. The transition from nucleate boiling to film
boiling, for tests V and VI, was gradual and required about two min-
utes as compared to the normal rapid trunsition of about fifteen

seconds.



The discussion of the results obtained in this investigation
has been subdlvided intc several secticns for clarity. The sub-
division entitled Discussiun of Results accentusates many points
wiilei are thought to have affected the results. Emphasis is
placec on tle techniques employed in the cperation of the equip-
ment and in the analysis of the data. The section entitled Limi-
tations outlines, in concise form, the restricticns of the study.
Tie subdivision entitled Recommendations includes suggestions
regariing proposed equipment modification and future work, The
section entitled Samrle Calculations presents a representative
sample of the calculations performed in the evaluation of the

resulis,

Discussion of lesults

The follewlng paragraphs present and discuss factors whieh
are believed to have affected the results. Also included are
several comparisone of the results of this investi.-ation with
those re.orted by previous investicators.

squipment. The equijment deslgned and constructed for this
investi-aticn fulfilled its purpcse satisfacterily. The equipment

wag opreriated over one hundred hours without gerious failures., Howe
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ever, there were several feztures in the design of the apparatus
which were found to be undesirable. These fealures have been
considered indivicdually as follows:

bLvaporator Jody and Cendensere. The pyrex pipe which

servel as the evaporaztor body and inner tube of the water
coolzd condenser caused considerable trcuble. 1The difficul-
ties which were encountered in the use of the pipe were two-
fold, namely, (1) tc¢ obtain a liquid tight seal between the
pyrex pipe and the heating surface without cracking the pipe,
anc (2) to maintain a liguid tirht seal between the pyrex
pipe anc the copper condenser shell.

Heater. The electrical heater, which supplied the heat
fer transfer to the boiling liguid, incorporated several un-
desirable features wvhich may be traced dirsctly to the orig-
inal cvesign of the equipment. The principal difficulty lay
in the electrical insulation of the resistance wire. while
the heater was operated approximately one hundred hours with-
out an overhauling, one electrical failure wa: experienced.
Jne of the fixed wattage heating circuits short circuited to
the heating fins which necessitated tie isclatlion of this
unit from the conlroel board. Fortunatel; the ..eat require-
ments for the renaining tests could be supplied with the re-
maining twe heating circuits ana an overhaul of the unit was

not required.



The second principal objection to the heater unit was
that an appreciable temperature gradient existed across the
heater plate for values of heat flux over 20,000 Btu per
hour-square foot-F., Figure <7 in the Appendix shows the
uncorrected temperature distribution curves for the eleven
teste. The plate temperature was lower at the center of
the plate than at the edge of the heater tranafer area.

The thermocouple placed equidistant between the center of
the plate and the periphery of the circle inscribing the

interssction of the heater fins with the plate registered
temperatures which were between the other two,

The gradient was believed to have been caused by the
fact that the eircular area in which the heat was trans-
ferred to the heater plate was over twice as large as the
area avallable for heat transfer from the plate to the boil-
ing liquid. Since copper has an approximate thermal con-
ductivity of 224 Btu per hour-square foot-°F, it is 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 ﬁhe liquid. 1f such an sssumption is Justi-
fisble the sector of the heater plate not in contact with the
beiling liquid would tend to equal the temperature of the
heater. Such a theory would alsc 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
constructin; the heater {ins such that their contact area
with the hester plates would have been egqual to the area
available for heat transfer to the bolling liquid. Such a
proposed construction was impossible due to the type and
ceometrical arrangement employed in the resistance windings.

Accuracy of Theruocoujle Circuit. The accuracy of the

thermocouple electromotive force measuring circuit was de-
termined tc be approximately 1/2° F. This accuracy was de-
termined by the balancing of Lhe potenticumeter bridge and
then moving the millivolt indicator until a state of un-
balance was attained. No disturbance of the balanced po-
tentiomater bridge could be detectei for changes less than
0,02 millivolt which is roughly equal to 1/2° F., The ac-
curacy of the instrument was not improved by approaching

the balanced conditicn from two directions,
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Boiling Point Diag for Mixt i thane

Boiling at 715.0 Millimeters of Mercury Pressure. Figure 17
presents the boiling point curves for mixtures of ethanol and
benzene as determined experimentally and as calculated by the
method of van Laar c#mtanta(m). An examination of the tweo
curves shows that they differ at some pointe as much as 2° F,
The calculated curve shows a single minimum boiling point of
148° F between 4O and 50 mole per cent ethanol; while the ex-
perimentsl curve indicates that all mixtures between l4.4 and
69.5 mole per cent ethanol boil at the minimum temperature of
151* F. The differences in the two curves cannot logically be
attributed to the technique employed in temperature measurement
since the temperature measuring circuit was shown te be accurate
within 1/2° F, It is believed that the shape of the experimental
curve wag altered due to the presence of water in the test liquids.
The water is believed to have been present in test liquids on
preparation and not introduced into the liquid during the boiling
operation. The possibility of air, laden with water vapor, dif-
mmg into the vapor space is improbable since only a small air
vent was permitted in the cork seal at the top of the column,.

Gonzaloz(sl)

analyzed samples of benzene and ethancl from the
same lots uas the samples used in this investigation. He reported

that the benzene contained approximately 0.8 volume per cent water
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and that 95 per cent ethanol though dried with quicklime could
contain as high &3 two per cent water. The effect of the third
component, water, on the boiling point diagraem of ethanol and
benzene is not known but it is reasonable that the deviations
between the true and theoretical curves presented in Figure 17
may have been due to the presence of water,

Correction of Temperature Gradienk. The temperature drop
correction applied to the total temperature drop from the plate
thermocouples tc the main body of liquid is subject to consider-
able question. These correcticns varied fro:: less than two per
cent at heat fluxes of 23,000 Btu per hour-square foot to ap-
proximately ten per cert 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 placement would have reduced the
correction factor to a maximum of five per cent,

The correction factors are believed to have introduced
errors in the evaluatlion of the vemperature gradients and con-
sequently in the evaluation of the critical temperature gra-
dients. The uncorrected temperature gradients invariably in-
creased with an increase in the heat flux. However, after the
correction factors were applied several sxceptions to thia gen~

erality were found to exist. The plots of the heat flux curves



for tests I1I, 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 te 40,000 Biu per heur=-square foot. The error
is believed to have been caused by the basic assumption that the
area for which the temperature correction was applied was equal
to the area available for heat transfer to the boiling liquid.
While this assumption is not strictly true it becomss applicable
for all practical purposes if the thermocouples are close enough
to the heat transfer surface. It is believed that errors in the
temperature gradient evaluations could have been eliminated by
placing the plate thermocouples within 1/16 inch of the silver

heat transfer surface.

Heat Flux Curves for Ethanol and Bengene Mixtures. Figure 18

presents the heat flux curvees for the eleven ethancl-bengene mix~
tures studied. The concentration was varied, in 10 mole per cent
increments, from 100 per cent benzene 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 flux and thermal driving force is made
linear on the range of nucleate boiling, and (2) the extrapolation

of the curve to maximum heat flux for the determination of the
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eritical temperature gradient is believed to be more accurate
than on 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 gradients were evaluated by subtracting the temperature of
the main body of liquid from the corrected plate temperature.

Temperature Gradients in the Liguid Spage. The so-
called tempsrature of the main body of liquid was eval-
uated from the temperature traverse which was made in the
liquid space for each steady state condition. Superheating
of the liquid within 3/8 inch of the silver surface was

found to be common for values of heat flux below 30,000

Btu per hour-square foot., The degree of superheating was

found to be as high as 2° F for some steady state condi-

tions. When superheating was found to exist, the tempera-
ture of the main body of liquid was considered to be tho‘
temperature of the non-superheated liquid, While this con-
sideration may be subject to criticismm, it was the only sat-
isfactory standard method which could be devised for evalu-
ating the liquid temperature. Superheating of the liquid
was uncommon for values of heat flux above 30,000 Btu per
hour-square foot. This is believed due to the fact that

above this heat flux the liquid was usually in a state of



sufficient agitation to eliminate temperature gradients.
It is also quite likely that the liquid was uniformly super-
heated less than 1/2° F since this was considered the limit

of accuracy of the temperature measuring cireuit.

The heat flux curves in Figure 18 represent the relationship
which existed between the rate of heat transfer and the tem-
perature gradient for increasing values of heat flux., The
dotted lines shown in the chart represent the maximum rate of
heat transfer or the heat flux which caused the system to
shift from a state of nucleate to film boiling. Wwhen this
value of maximum heat flux was attained during the operation
of the equipment, conditions shifted eo rapidly that it was
impossible to determine the critical temperature gradient.
This gradient was determined graphically by extrapelating the
heat flux curve to the value of maximum heat flux and calling
this point of intersection the eritical temperature gradient.
Undoubtedly this method incorporates error but it was the
only method which could be devised for estimating the crit-
ical thermal driving force. The principal disadvantage is
the fact that the critical temperature 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 aversage or a locus through the pointe rather than as a
point-to-point curve. This was done in order to attempt to
isolate the effect of concentration on the critical driving
force.

Effect of Concentration on the Shape of Heat Flux Curves.

The heat flux curves for the two pure liquids, ethanol and
benzene were essentially straight lines between values of
heat flux of 23,000 Btu per hour-square foot and the orit-
ical point. However, for the mixtures of ethanol and ben-
zene the heat flux plots tended to curve near the eritical
point, that is, the approach to film boiling was not linear
as in the case of the pure liquids. This change in the heat
flux curves can be explained to some sxtent by the physical
action of the boiling liquid.

The pure liquids, ethanol and bengene, boiled in the
higher ranges of heat flux rather vigorously. The eriginal
cold liquid height of 4=1/2 inches was expanded to 6 or 7
inches. When the proper value of heat flux was applied to
the system the transition to film boiling was practically
instantaneous. Once film boiling was attained, the ebul-
lition was slight and bubbles of vapor lnrgo‘in size com-

pared to those evolved in nucleate boiling.
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The boiling characteristics of the ethanol-benzene mix-
tures were entirely different from those of the pure com=
pounds. Nucleate boiling, in the range of high flux, was
accompanied by extremely vigorous boiling. The original
cold liquid height of 4~1/2 inches was expanded to over 12
inches. The liquid was in a highly "fluildized” state with
slugs of vapor surging up through the mixture of bubbles and
liquid. Wwhen the proper value of heat flux was applied te
the system, the transition to film boiling was gradual and
required several minutes for completion. Once the state of
film boiling was attained, the liquid was not boiling in a
quiet manner as was characteristic of the pure liquids but
bolled with considerable ebullition., The liquid height wae
approximately six inches during the film boiling period feor
the mixtures,

Irregularities in the hHeat Flux Curves. Test V in
Figure 18 shows a heat flux curve which could not be extra-
polated to the critical temperature gradient., It was in this
test that the most pronounced transition from nucleate teo
film beiling was observed. The plot of the heat flux-erit-
ical temperature gradient relationship as drawn shows the
¢urve becoming parallel to the value of maximum heat flux.

Such a condition could not exist but the available data did
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warrant drawing the curve any other way. It is believed that
the heat flux plot should have intersected the dotted line
representing the maximun heat flux. It is also believed that
1t would have been extremely difficult to determine the true
nature of the plot in the range of incipient fila boiling be-
cause & small change in heat flux resulted in such a large
change in the temperaturse.

The oritical temperature gradient obtained for test Ill
was not considered valid, The plot representing the results
fram the test was not straight in the range of nucleats boil-
ing as were the other ten heat flux curves. Two conditlons
of heat transfer seemed to have axisted during the nuclsate
range.

No explanation can be given for the irregularity en=-
countered in test I1I. The data and observations substan-
tiate no theories as to the break in the heat flux curve.

The following characteristics of heat transfer werc deter~

mined for benzene: maximum heat flux 119,252 Btu per hour-square
foot, critical temperature gradient 61,0° F, maximum film coef-
ficient of heat transfer 1,955 Btu per hour-squars fcot=*F.
Cichelll and Bonilh(7) conducted an investigation employing an
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app;;atus similar to the one used in this investigation. They
reported the heat transfer characteristics of benzene to be as
followe: maximum heat flux 125,000 Btu per hour-square foot,
oritical temperature gradient 81° F, maximum film ccefficient
of heat transfer 1,545 Btu per hour-square foot-°F,

The values of maximum heat flux for benzene agree within
five per cent with the value obtained by Cichelli and Bonilh(7).
The values of critical temperature gradient and maximum film
coefficient of heat transfer deviate by 25 and 21 per cent,
respectively. These deviations may be attributed to the fact
that Cichelll and Benilla used a chremium heat tran;rer surface
while a silver surface was employed in this investigation. It is
probable that silver furnishes a better heat transfer surface ‘
than chromium. If such is true less thermal driving force would
be required for the same heat flux.

The following characteristics of heat tranafer were deter~
mined fer ethanol: maximum heat flux 217,873 Btu per hour-square
foot,, criticai tcmnornturo gradient 56,6° F, maximum film coef-
ficient of heat transfer 3,856 Btu per hour-square foot-~*F., The
following characteristics of heat transfer to ethanol are an av-
erage of three values reported by Bonilla and Perry‘h): maximum

heat flux 163,333 Btu per hour-square Zeot, critical temperature
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gradient 643° F, maximun £ilm cocfficlent of heat transfer 2,462
Btu per hour-square foot-°F. ‘‘he values of maximum heat flux ob-
toined in this stuwsy deviate froiz those renorted by Bonilla and
Ferry by approximctoly 25 per cente 1t is probable thet this de-
viation w;a caused by the presence of fro.. one to two rer cent
woter in the test liguid esployed in this investigation. The de-
viuticn of 16 per cent betweon the eritical temperature gradiente
obtained in the twe investigations may be attributable to one of
two thinge. The deviution may have been cuaused by the presence
of water in the test liguid, the difference in heat transfer sur-
fages, or a combination of the twoe It is interesting to note
thut the eriticsl texperature gradient for benzene was ms'at'er

thar the gradient for ethunol in bot: investi;stions.

Beduced Precsure. The reduced pressures of benzene and ethanol
at 715 millimetors of mercury pressure were calculited to be
0.,01975 und 0.,0149, respectively. These vuluce were then ap~
plied to the correlations proposed by Clchelli and chilla(?)
which ap,cur in Flpures 3 and 7. The correlatiun predicted

the mesdmum heat flux of benzene to be 131,000 Btu per hour-
square foot ani the critical tespersture gradient to be 70° F,
a maxiraw: heut flux of 159,000 Btu per houresquare foot and a

eritical temperature prudiient of 76.2° F were predicted for



ethanol. A comparison of these valuss with the values obtained
in this investigation reveals that the correlation appliss well
to benzene but deviates excessively for ethanol.

fect of Concentration o Heat Flux of E 1-
Benzene Mixtures. Figures 20 and 21 contain plots which show
the effect of concentration on the maximur heat flux for mix-
tures of ethanol and bengene ranging from O to 100 per cent
ethanol., Figure 20 shows the effect of concentration as ex~
pressed in volume per cent ethanol in the ethanol-benzene mix-
ture. The maximum deviation of the data from the curve as drawn
was found to be approximately six per cent. Figure 21 shows the
effect of concentration as expressed in mole per cent ethanol in
the ethanol-bentene mixture. The maximum deviation of the data

was found to be approximately seven per cent.

Effect of Concentration on i T b snt o
Ethenol-Benzene Mixtures. Figures 22 and 23 show the effect of

concentration on the eritical temperature gradient of mixtures of
ethanol and bensene ranging from O to 100 per cent ethanol, Fig-
ure 22 shows the effect of concentration in terms of volume per
cent. The maximum deviation of the data was found to be approx-
imately five per cent. The curve is linear between ethanol con-

centrations of O and 85 volume per cent. At thie point the plet
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drops off sharply to the value of 56,5° F which is the critical
temperature gradient for ethanol. This plot indicates that the
presence of benzene, even in small quantities, in ethancl alters
the critical teaperature gradient considerably. No significant
difference can be detected between Figures 22 and 23 which in-
dicates that the correlation of critical temperature gradient
with concentration is not improved by expressing the concentra-
tion in mole per cent.

Effect of Congentration on the Maximum Film Coefficlent

of Heat Transfer. Figures 24 and 25 show the effect of concen-
tration on the maximum film coefficient of heat transfer of
ethanol-benzene mixtures. These plots were derived from the
plots of maximum heat flux and critical temperature gradient
shown in Figures 20, 21, 22, 23, 24, and 25. The only signif-
icant point is that the maximum film coefficient for pure eth-
ancl is seriously lowered by addition of a smell amount of ben-
gene. According to Figure 25 the addition of five mole per cent
benzene to ethancl will lower its maximum film coefficient from
3,856 to 3,100 Btu per hour-square foot-°F,

Fouling of the Silver heat Iransfer Surfsce. It is believed
that the silver surface was fouled due to the presence of impu-
rities in the technical grade bengene. In as much as no fouling
was noticed unless film boiling was attained it is proposed that



the temperature of the silver surface was toc low during nucleate
boiling to cause noticeable reaction between the impuritles and
the silver. However, during a state of film boiling plate tem-
peratures around 400° F were sufficlent to csuse the impurities to
foul the silver surface.

Operation of the Equipment. The operation of the apparatus
was not difficult but required the complete attention of the op-
erator. The prineipal difficulty encountered was in obtaining a
liquid tight seal between the pyrex evaporator body and silver
heating surface. Ancther difficulty was maintaining the therme-
couples in the proper relative position in the liquid and vapor
space. In instances involving high boiling rates the thermo-
couples tended to sway and lle against the inner wall of the
svaporator,

Source of brror. The principal source of error is be-
lieved to have been in the method of determining the maximum
heat flux. It was very difficult to estimate the proper in-
crements of heat flux to awid overstepping the maximum heat
flux. Unless each determination was repeated there is no re-
liable method for estimating the proper increments of heat flux.
During the preliminary tests the reproducibility of the heat

flux curve was to check using methanol as a test liquid. It



was found that the heat flux curve could be reproduced within
five per cent. No checks were made on the reproducibility eof

the maximum heat flux,

Regcmwendations

On the basis of the results obtained in this investigation
the follewing reccomendations are offered:

Equipment Modification. The replacement of the pyrex pipe,
which served as the inner tube of the condenser, with a copper
tube which could be welded to the copper condenser shell would
eliminate several difficulties. Such an arrangement would elim-
inate the possibility of leaks, previde a more efficient con-
denser, and eliminate the possibility of dreakage due to tensils
strese in the column. The evaporator body could be made of pyrex
pipe ami flanged to the bottom end of the copper condenser tube.
This would pemit observation into the liquid space of the evap-
orator. ‘

The movement of the plate thermocouples to within 1/16 ineh
of the silver heat transfer surface would decrease the possibility
of error in the determination of the temperature gradient,

The construction of an electrical heater which would be free,
of danger from fallures would eliminate considerable difficulty.



Such a heater oould well de constructed from calarod heating
units., Such units would provide s heater which would be both
durable and safe.

Furthepr Investigations. A further study of the effect of
concentration on the maximum heat flux and criticsl temperature
would be of interest., The purpose of such a study should be to
attempt to formulate a method for predicting the characteristics
of heat transfer for all binary mixtures of liquids.

It is further recozmended that the effect of the surface
tension of the liguid on the maximun heat flux and critical tem-
perature gradient of varicus compounds and mixtures be studied.

Linitations

This investi ation was conducted under the following limi-
tating conditiens:

Jost lLiquidg. The test liquids were ethancl, b enszens, and
mixtures of sthanol and benzene. Samples of the test liquids
were prepared for all ecencertrations of sthanol in benzens from
0 to 100 per cent in 10 volume per cent increments,

Evaporator. The evaporstor used had an effective internal
diameter of 1-31/32 inches. The cold liquid height of ths test

liquids in the evaporator was coneistently 4-1/2 inches. The



heat traneler surface was a 0,003 inch electroplated coat of

silver om coppers

The heat plate tempesrature was

measured at three points equally spaced across the radius of
the heater plate. These thermocouples were imbedded in the
copper plate to within 0.128 inch of the silver heat transfer
surfage, The liquid tempsrature was dotermined from a tem-
perature traverse 0 to 4-1/2 inches made in the liquid spage.

Pregsure. The investization was conducted at normal
stacspheric pressurse which ranged from 7100 tc 718.0 milli-
meters of mercury pressure.

Looling Water Rate. The condsnser cocling water rate was
varied from O to 3,75 pounds per minute depending on the tem-
perature of the reflux liquid.
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The following sampls calculations are representative of
those used in this investizations

of the calibration of the heater plate and liquid-vapor space

thersmogcouples wore applied to Holwman's Eqmum(a‘z) « This
equation is known tc agply to copper-constantsn thermocouples.

The general form of the equaticn 4s as followss

e T nt®
o
logo‘-'lnsn-!-n(h&%)

wheret
e B thermwcoupls electrauotive force, mv
t 3 texperature of thermocouple junction, °C
® and n are omstanta.

The constants were derived by solving simultanecus equations
for conditions at the steam point and the 100°* F point. The der-
ivation \\vu as follows:
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(i) at 200° F point loge, = leg m+n log ¢,
(B) at otews point log ey = logm+n Jog ty

(a) log 1.50 = log m+tn log 37.78
(8) log 4+20 % log m4n log 98.4b

Solving simultaneously gives:
n = 3‘007 5
R & 000302-35

Holman's equation as applied to the heater plate amd liguid-

vapor spaces tharmocouples is as follows:

The calibration curve for the heater plate and liquid~vapor
space thermocouples presented in Figure 16 was then caloulated

from this equation.

The heat flux was cal~

The total

input wattags was caloulated as follows:

Wow EINELYEs I
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wheres

¥ input energy to heater, watts

E % voltage applied to resistance wire, volts
I 3 current through resistance wire, amperes
1, 2, designate fixed capscity eircuits

3 designates variable capacity circuit.

For test I, steady state 3t

w = (c)(0)+(0)(0) +(187)(4.0)
W 2 748 watte

The heat losses were

evaluated by the following expression:
WL < EI

where!
W, = input energy to heater, watts
E = voltage applied to resistance wire, volts
I = current through rosistance wire, amperes

W, % 47 watts



energy transferred te the liquid was calculated as follows:

Wp = Wp-W
where}
Wy * energy transferred to liquid, watts
W = total energy into heatsr, watis

W, ® oenergy lost, watts.

Wp = 748 - 47
wr 2 701 watts

from heat transfer froa the silver surfece to the boiling
liquid was calculated as followss

where!
A ® heat transfer area, sq in.

d ® diameter of heat trangfer surfase, in.

A3 32416 (2,953)°

A 3 2,996 or 3,00 8G in.
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Determination of Conyersion Factor for Converting Crom

Watts to PBtu Per Noup-Square Foot. The conversion factor for
converting from watts to Btu per hour-aquare foot was derived

as follows:

R 29 48,
B By x sgft =xK
hr-sq ft watt A

where:
A S heat tranafer area, 8q in.

Ep = energyy transferred, watis.

-;;;E-gﬂy;' F 3.3 (%)Er
B%ﬂ ® 1563.83 Eg

The unit rete of heat transe

fer from heating surface tc the boiling liguid was caleus
lated as followst
8 S 163.83 Ep
A
whers:
Q 2 rete of heat tranafer, Btu/hr
A 2 heat transfer area, 2q £t
Bp ® enorgy transferred, watts,



163.23 (701)

14,845 Btu/hresq £t

ture gradient from the silver surface to the main body of liquid

was determined as follows:

The values of electromotive forve indicated by the plate
thermocouples for test 1, steady state 3, were applied to
the therwocouples calibretion curve (Figure 16) and the
correspomkiing temperatures obtained. These valuss of tem-
perature were plotted as a function of their positien in
the heater plate as s:iown in FPigure 26.

The first step toward detemmining the mean uncorrected
plate terperature was to measure the ares under the tem-
perature curve between the limits of redius equal to O and
radlus equal to 63/64 inche The method for measuring the
area was by counting the blocks, The mean tempsrature was
then calculated as followsi
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o
]

nean uncorregted plate temperature, °F
Ap * area under curve, in.~°F
Fre = radius of hesting surface, in,

t”m - &”6:985

t S 239.5 7

The overall temperature gradient was corrected for the
tezperaturs drop from the themmocouple junctions to the

heat transfer surface as follews:

&L 0% k(b -t)

i A

8 * heat flux, Btu/hr-zq ft

»
"

therzal conductivity of material betwsen
therzocouple junction and heat transfer
surface, Btu/hresq ft-°r

t, ¥ temperature of plate at thermeocuple
Junction, °F

t, © temperaturs of heat transfer surface, °F



L = Jdistance fron thermocouple Junetion to heat

trancfer surfuece, {t,

3/64

corrected plate temperature wae determined by subtracting
the correction facter frow the uncorrected plate teupsra-

ture as f{cllows:

«l
1]

corrected plute temperature, °F

L]

uncorrocted plate temperature, °F

ty - t‘ £ correction factor, °F,.

tp = 23905 - 505
tp, 2 L0

The temperature

gradient between the heating surfece and the main body of
liquid was determined as follows:



o
"

texperature gradient, °F
tp % corrected plate temperature, °F

t; ® temperature of wain body of liculd, °F.

[ 42
"

23440 = 1740
60.0

L =

Irspafer. The maximum filn ecosfficlent of heat transfer was
determined as follews:
T
T oy P

"'max

wheres
hl S maximum f£ilm coefficient of heat transfer,
atu/hr-sq £t-°F

(8-)  ® maximuz heat flux, Btw/hr-sq ft

£ oritical temperature grezdient, °F

Taax © Y-

hm 2 1,955 Btu/hr-sq ft-°F
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V. CuUNCLUGIUNS

An evaluation of the results {rou the determination of the
characturistics of heat transfer from a horizontal silver surface
to boliling mixturcs of ethancl and benzene producec the following
conclusions:

1, & state of film boiliny was attained for ethanol, benzene
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 wuas evidenced by two facts, namely, (1)
the rapid rise in the temperature gradient betwcsi tie heat transe-
fer surface and the nmain body of liquid, and (2) the decrease in
the rate of boiling. The temperature gradients during film beil-
ing ranged between 184.,5 and 270.5° F. These temperatures have no
siznificance other than evidence of film boiling.

2+ The characteristics of heat transfer from the horizontal
silver surface to boiling ethanol were: maximun heat flux, 217,873
Btu per hour-square fcot, critical tewperature gradient, 56.5° F,
maximun £ils coefficient of heat transfer 1,955 Btu per hour-square
feot=°F,

3. The characteristics of heat transfer from the horigontal
silver surface to bolling benzene were: meximur heat flux, 119,252

Etu per hour-square foot, critical temperature gradient, 61.0° F,



maximun filu coefficient of heat transfor, 1,955 Btu per hour-
square foot=-°F.

L. The values obtained for the muximun heat flux of mixtures
of ethanol and benzene were between tiose obtained for tl.e pure
liquids. Tre relationship between maximum heat flux and ethanol
concentration was found to be linear from 0 to 70 volume per cent
ethanol., The terminal values of the straight line were 119,252
Btu per hour-square foot at O volume per cent etlanol and 178,831
Btu per hour-square foot at 70 volume per cent ethanol. The rela-
tionstip between maximum heut flux and ethanol concentration was
founc to be a emooth curve from 70 to 100 volume per cent ethanol,
e terminal values for this curve were 178,831 Btu per hour-square
foot at 70 volume per cent and 217,873 Btu‘per iiour~square foot at
100 volume per cent ethancl.

5. The values obtaincd for the eritical driving force of tem-
perature gradient for mixtures of ethanol and benzene were not con-
sistently between the values obtained for the pure liguids. The
maximuz value for the critical temperature gradient was 67.5° F
at an ethanol concentration of 85 volune per ceni. The relation-
ship between the eritical driving force and ethancl concentration
wae found to be linear from O to 85 volume per cent ethanol. From
the 85 voluie per cent point the relationship followed a curve which

fell sharply tc 56.5° F at 100 volume per cent eti:anol. 4 study of
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the plot revealed that the presence of 5 to 15 volune psr cent ben-
gzene in ethanol caused an appreciable change of 7 to 11° F in the
eritical driving force.

6. The values obtained for ihe maximum film coefficient of
heat transfer for binary mixtures of ethancl and benzene fell be-
tween those chtained for the pure liquids. The relationship be-~
tween the maximum fil. ccefficient and ethancl concentration was
found to be linear from O to 70 volume per cent ethanol. The ter-
ninal values of this straight line were 1,955 Btu per hour-square
foot=-°F at O volwie per cent ethanol to 2,592 Btu per hour-square
foot=-°F at 70 volume per cent ethancle The relationship between
the maximum film coefficlient and ethancl concentration from 70 te
100 volume per cent ethanol was a smooth curve rising sharply to
3,856 Btu per hour-sqguare foct~°F at 100 per cent ethanol, A
study of the plot revealed that the presence of 5 to 10 volume
per cent benzens in ethanol caused an appreciable reduction of

15 to 24 per cent in the maximum film coefficient of heat transfer.
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V1. SUMMARY

Heat transfer to boiling liquids is of primary industrial ime
portance. Surprisingly enough organized study of the variables
which affect Leat transfer to boiling liquids has been far less
than proportional to the industrial usage of this type of heat
transumiesion. Perhaps the least investigated phenomenon in-
volved in Leat tranafer to boiling liquids is the sc-called
eritical state or maximum in the rate of heat transfer-thermal
driving force relationship. This maximux or peak is believed to
be cauced by a change in ihe type or method of leat transfer from
the Leating surface to the boiling liquid. The system 1s said teo
pass from a state of nucleate boiling through the maximum to a
state of fils boiling. The eritical peint is known to vary for
varicus liquids yet no adequate correlations were found which
would provide a prediction of the characteristics of neat trans-
fer for binary mixtures of ligquids. In as mucih: as ethanol and
benzene are used extensively in industry they were selected for
use in this investipation. The purcose of this investigation was
te deteruine the characteristics of lieat transfer frum a horizontal
silver surface to boiling mixtures of ethanol and beazene.

A horizontal plate evaporator, with the necessary accessory

equipment for measurement and controi, was designed and constructed.
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The test liquids were prepared for concentrations of ethancl in
benzene froiw 0 to 100 per cent in 10 volume per cent increxents.
These test liquids were chargzed to the evaporator and the char-
acteristics of heal transfer determined by a series of steady
state conditions of heat transfer., The rate of heat transfer
was cvaluated from the wattage input to the electrical hecating
unit. The temperature gradient between tre heating surface and
the main body of liquids was determined by evaluating the read-
ings of theruocouples placed in the liguld space and tie icater
plate.

The maximws rate of heat transfer was considered equivalent
to the Leat flux which caused the boiling syste: to shift through
the maximum in the heat flux-temperature gradient relationship,
1re critical temperature gradient was obtained by an extrapolaticn
of the heat flux~tempersture pgradient curve to maximum heat flux,

The general conditions for the tests were: lLeat transfer
surface, silver; cold liquid height in evaporator, 4=1/2 inches;
evaporator diameter, 1=31/32 inches. The tests were made at nore
mal atmosilerle pressure whict. varied from 710.0 to 718,0 milli-
meters of mercury pressure. Gteady state conditiocne of heat trans-~

fer were established before data was taken,.



saximur hoat transfer ruates were dotersmined for all mixtures
of ethanol and benzene testeu. The chiracteristics of heat trans-
fer for benzene were found t¢ be: maximum heat flux, 119,252 Btu
per hour-square foot, critical temperature gradient'61.0° F, max~-
izum film coefficient of heat transfer, 1,955 Btu per hour-square
foot-°F, The characteristics of heat transfer for ethanol were
found to be: maximus heat flux, 217,873 btu per iour-square foot,
critical temperuture gridient, 56.5° F, maximum film coefficient
of heat transfer, 3,856 Btu per hour-square foot-°F. The values )
obtained for the maximum heat flux and waximum film coefficient
of heat transfer were between those obtained for the pure liquids.
The values of critical driving iforce for mixtures of ethancl and
berizene were above the values obtained for the pure liquids and
resciiod & maximun of 67.5° F at an ethanol concentration of 80
voluuc per cent. The relationships between maximum heat flux,
critical teuperazture gradient and ethanol concentration were
linear from O to 70 volume per cent ethanol. The relationship
between the ceritical temperature gradient and ethanocl concentrae
tion was linear from O to 85 volume per cent ethancl, The at-
tempts to correlate the characteristics of heat transfer for mix-

tures of ethanol and benzene with ethanol concenitration by means

of expirical equations were unsuccessful,
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X. APPENDIX

This 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 hopes of presenting a
clearer picture of the results tc any subsequent investigator.

Table XII includes the temperatures obtained from the evalua-
tion of the plate thermocouple readings and are consequently un~
corrected for the temperature drop from the thermocouple junction
to the silver surface., These values do indicate the manner of
tewperature distribution across the heater plate.

Figure 27 is a graphical presentation of the values presented
in Table XII. The plate temperature, in °F, is plotted as a func-

tion of the radius of the plate, in inches.
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211.5
2240
230.5
189.5
203.0
207.0
210.0
188.0
188.5
193.0
196.0
200.,0

209.0
210.0
195.0
200.0
203.5
208.0
211.0
217.0
186.0
189.5
190.5
193.0
194.0

192.0
197.5
198.0
201.0
205.0
208.5
2095
195.0
202.5
206.0
208,5
208.5
213.0
2145
195.0
202.0
209.0
210.5

216.0

217.0
198.5
206.0
212.0
215.5
219.5
221.5
196.0
200.0
212.0
224.0

. 226.0

191.0
208.0
212.0
21645
221.0
227.5
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211.5
226.0
2340
190.0
205.0
212.0
218.5
188.5
192.0
197.0
201.0
205.0
210.0

216.,0
196.0
203.0
209.0
2Lhe5
219.5
223.0
187.5
193.0

198.0

220.0
193.5
200.5
20345
206.5
211.5

219.0
197.0
205.0
210.0
215.0
216.0
218.5
22545
196,0
205,0
215.5
217,0
225,90

200.0
209.5
219.0
220.0
28,5
232.0
197.5
209.5
220.5
231.5
23640
191.0
210.0
216.0
222.0
2275
237.5

214.0
228.0
2475
190.5
29.0
216.0
226.0
190.0
197.0
203.0
28,0
211.5
217.5
2240
226.0
19%7.0
207.0
2145
22.5
227.0
230.0
1868.5
197.0

205.0

230.0
194e5
20545
209.0
21lh.5

228.0
228.0
199.0
210,0
215.5
23.0
26,0
230.5
238.5
199.0
209.5
220.0
226.0

- 239.0

203.0
213.5
227.0
2%0.5

5.0
200.5

228.0

247.0
191.5
215.0

23045
237.5
249.0
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PLATE 3-CROSS SECTION 0.P.R.&R. E. STANDARD

KEUFFEL & ESSER CO., NEW YORK.





