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ABZTHACT

Liguid vapor equilibrium data were obtained for several
solutions and azeotropes under both nucleate and film boil-
ing. The data were invariant between the two bolling reglmes
indicating that both nucleate end film boiling are equil-
ibrium vaporizations rather than either diffusional or bulk
vaporizations. Boiling heat trausfer versus temperature
data were taken in nucleate and film boiling for the solutions
and azeotropes and for several pure ligquids. The critical
heat flux for methyl alcohol-benzene solubtions rose sharply
at first and then more moderately with incressing alcchol
concentration. The critical heat flux was pratically constant
recvardless of concentration in ethyl slcohol-benzene solutions.
FPhotographs of nucleate and film boiling were taken to 1ilus-
trate the differences between the two bolling resimes., The

photographs were consist nt with previously published wori,
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Regimes of Boiling

Vaporization of a liguid throuwh boiling is one
of the oldest phenomenon known to man. It is the
purpose of this thesis to investigate nucleate and
filw boiling.

Barly studies indicated that boiling wss o more
complex phenomenon than commonly believed. The {irst
indication of the complex nature of boilling was the
obgervation of the "repulsion" between a hot surlfzace
and a drop of water. This was the lLeidentrost phe-

nomenon and was recorded in 1756 (1).

The first significant investigation of a liguild
boiling was performed by Siro Nukiyams in 1934 (2).
He submerged platinum wire into water at 10U°C and
heated the wire electrically to produce boilin:.
Upon heating the wire he noticed the rate ol heatb
transfer from the wire to Lhe water increased stecsdlly
until the AT (temperalure difference) between the
wire znd the water was about 44°C, Then the AT sud-
denly and discontinuously Jjuwped to 836°C; as the
wire was hested further the hest Transfer rste in-
creased steadily. On the other hand by reduclny
the wire temperature he was able Tto lower the AT to
200°C, observing a steady decresse in heat transfer

rate. At thst temperature the AT dropvred suddenly

A



N

and discontinuously to less than 44°C. Nukiyame next
tried wires of nickel and alloys with wmeltins ovolnts
lower than platinum. when AT of aboub 44°0 was ex-
ceeded the wires melted. This is The phenomenon of
burnout. Nukiysma's boiling curve is shown in Figure 1.
He believed that at lesst two distinct regimes of
boiling occurred; one below AT = 44°C and anotner

above AT = 200°C. BRetween AT of 44°C and 2U05°C he
postulated that another regime existed where for
increasing AT heat transfer rate dropped, a contradiction of
the rate law which states that flow is proportional

to potential gradient.

Subsequent investigation proved Nukiyama correct (3)(4).
At least three distinct regimes of boiling exist. In the
region AT <44°C on figure 1 nucleate boiling exists. In
the region ATY 200°C film boiling exists. In the region
440C AT { 200°C transition boiling occurrs sometimes
called metastable film boiling.

Nucleate Boiling

Nucleate boiling is characterized by bubble formatien
from active centers of nucleation on the heating surface.
As soon as a bubble breaks loose another bubble begins
to grow from the identical spot on the hot solid. Nearby

spots produce no bubbles, but heat is transfered every-
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where on the heating surface. Where bubble zrowth does
not occur the liguid superheats, Wismer (5) demonstrated
that ether and pentane can be superheated by 1109 when
the glass container is smooth and scrupulously clean. A
superheated liguid is in a metastable state and will
eventually vaporize. If the superheat is high it will
explode. This is probably what hapoens when a liqguid
bumps. llerosgopic investigations of heating surfaces
reveal that the active center is a geometric imperfection
in the heating surface where zas can be trapped (6).
Bubbles grow from these gas traps. As the temperature

of the heating surface increases the number of active

centers increases until the critical AT is reached.

Several approaches have been tried to explain
heat transfer in nucleate boiling. Rohsenow (7) assuming
that the movement of a bubble at the instant of breaking
away from the hot surface 1s of vrimary ilmportance,
developed the following semitheoretical equution
Nu = Oonst.(ﬁef%(Pr)amy

The constant varied from 0.006 to 0.015.

Forster and Zuber(8) assumed that the important
mechanism is at the liguid-vapor interface when the bubble
is still attached to the heating surface. Their semitheoretical

s ) 62 ]
equation is u = 0.0015(Re) (Pr)@



tlthourh the form of these ejuaitions is  tae saume, the
coefficients and powers differ. ‘e ecuations are
satisfactory for some systems but are unsatisfactory
for others. Recent work in nucleate boiling heat
trensfer is summarized by fohsenow (Y) and Leppert

and Pitts (10). Other theoretical explanations of

the nucleate boliling process hsve beewn derived Ifrom
rate process, thermodynamics and stacistical mechnanics.
luese are summarized by westwater (Ll).

Transitlion or detastable Filum Boiling

much less is krown about the transition and tilm
regimes than the nucleate regime. 3Since tine principal
motivation for doing research on the bolling phenomenon
is to achieve high rates of heat transter for low AT,
and tiis occurs in the nucleate regime, wost worKers
have conseqguently investizated this regime. High
speed motion pictures of the transition rezime have
shown that vapor is formed by explosive bursts occurring
at random locations on the heating surface. As tne
vapor film becomes thin, 1liguld moves in and s minlature
blast occurs; the blast crestes a sluy of vapor and forces
the liquid back; the vapor slug eventually ruptures and
leaves the heating surface. The frequency of These
vapor blasts is veri high. Transition boilinws for

water occurs in the region of between 44°C<4&T<20J°C



where the neat bransier rate decreases for irncreasin:
temperatuce difference. lwany investigators helleve
that transition woiling is not a distincet re-ime but

as 1its nawe implies 3 transition between nuclestbe

[4x]

and film boilirs wnere the characteristicsz oi both
are exiibited. However Ishi.ul and RKuno (L2) rece.tly
anslyzed the oscilogram of the surihace tewrperature

0 c¢ne neatin; element 2ad concluded that transition
boilin« was & separate reglue in whicn the neating
suriacce is slternately wet 2una ary; the characteristic

curve was smooth and continuous. However no szotis-
Tasctory theoretical explanstion for trzwsition woiling
hog Doen established. marlier work in transition

Poiling is swansrized by westwater (13).

Film voiling

The 11ilm boilinyy weplon Lor water of AT}BOQ°v
is characterized by bubbles breakins loose froin &
stable vapor film whicn coats the heallni suriace,
No mctive centers exist; no explosive bursts occur.
vapor is not «enerated at the heatin. surisce, LUT
only a6 the liguid vapor interface, nadiant hest
transmission is now the dominent method of heat trang-

fer at very high tewperatures.

An important analoy between filuw cvoilling and



filwm condensation nas been established. Eromley (14,
precented a theoretical derivation of film boiling
heat transfer based on the analogy to 1ilm condensation

usine Nuscelt's (19) derivation as a model. Bromley's

equation is ,

h =

This eyuation omits radiation given by the expression
[o) o

h,=gF Ty - 1)
AT

The combined film heat transfer coefficient becomes

'
h = he+ h
These equations give a satisfactory prediction of heat
transfer in viscous film boiling.

Other Types of Boiling

Subcooled boiling occurs in the resion of very
low AL. It is characterized by currents of superheated
liguid rising from the heating surface through the
bulk of fhe liguid and vaporizing at the liquid's
surtsace. Hizh rates of heat transler for low Al
driving force are observed; conseguently subcooled

bolling has recelved considerable experimental attention.

Bulk boiling occurs when the liguid is heated

to the boiling point by passing an electric current
through the liguid; or when a chemical reaction or
nuclesr reaction in the liguid generates sufficient
heat to bring the liguid to the poiling point; or if

there is sufficient heat of mixivyg when two liguids mix.



In this case, there is no heating surface where bubble
srowth can occur; the bubbles grow in the bulk of the
liguid. It is believed thot bulk boiling is actually
a part of the nucleate regime of boiling but much more
information is necded before this conclusion can be
substantisted. There is not very much work being

done in bulk boiling and there is wmuch room for res-—

earcli.

Significance oI the Critical AT

The critical AT occurs when nucleate bolling changes
to metastable film or transition boiling. Active centers
of nucleation cease to exist and the heating surface
becomes partially or entirely blanketed with wvapor.

It is known as the burnout point because certain heat-

ing elements are unable to make the transition to film
boiling. Since the temperature in the film boiling

regime corresponding to heal {lux at the critical AT

in the nucleate boiling reviwe 1s greater than tne

meltin. point of Che heating element, the heating

element melts or "burns out". The critical AT represents
the peak heat flux for moderate AT. Gsubill and Greene (15)
reported peak heat flux of 54,800,000 81U per hour per

sq. ft. (17,400 watts per sg. cm.) under restricted
conditions. Zuber and Tribus (17) have proposed the

following equation for peak heat flux at the critical AT.

Q.1 ap [aT O]
A >4 /J"{“ fov“

[
"L*/‘%



wnich 1s satisfactory for a number of systems. This
eguation aoes not take into account torced flow, &

condition which Gambill and Greene used.

If the critical AT is exceeded; 1. film boiling
coulu occur with the heat transfer rate remaining
practically constant; or 2. transition boiling could
occur where the heat transfer rate would drop for
increasing temperature difference; or 3. burnout could
occur where the heat source would melt becsuse of the
sharp increase in temperature. When s wire is used,
instability of the heating surface temperature makes
it impossible for transition boilinz to occur. Then
only film boilling or burnout can occur. dhen a steam
tube is used as the heating element, transition boiling

usuelly occurs as the critvical AT is exceeded.

In this thesis first the differences becween
nucleate and rilm boiling were dewonstrated photo-
graphiclly. Second the¢ behavior of azeotropes were
investigoted under nucleate and filw boiling. Third
liguid~vapor equilibrium data taken uncder film boiling
were compared with data teken under nucleate bHolling.
Since practically all boiling is done in the nucleate
regime &nd conseguently all properties reqguiring
boiling such as liquid-vapor equilibrium and azeotropic
composition are taken under nucleate boiling conditions

the comparison of these properties taken under both
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regimes may give additionsl insignt into the nature of
the vaporization process. Fourth heat transfer data is
talken under nucleate and film bollims for various pure
liquids and solutions to deteruine when nucleate anc

film boiling is occurring.

Experimental kethods

Heat flux data and licuid vepor equilibrium data
were obtained using a still with an internsl electric
heaster(18). The experimental set uv is shown in Figure 2.
A 6 cm. strip of 10 wil plutinum wire (Balker Platinum,
Enzlehsrd Industries, Carteret, I, J.) was used both as
the heating surface and as & resistance thermometer,

The resistance of vplatinum is given by the egquation (19)
r,= rf{l +«T)

where T is given in degrees centigrade, and & 1s the

tenperature resistance cceffidient (0.003/°C) (20).

The resistance of platinum wire at 20°0C per unit length*i

w

0.025% ohms/cm. (21). Flots of temperature versus wire

length are shown in Figure 3.

The temperature of the wire and the heat transfzrred
from the heating surface to the boiling liguid were deter
mined from measurements of the current in the circuit and

the voltage drop across the platinum wire hesting surface.

¥]10 mil diameter
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(tetuslly the voltage 1z weasured across ohe leads tO

the plabtinum wire. The lesds are assumed to have neglizable

o

resistance. This assumption was experimentsily verified.)
The resistarnce wes determined from Qnm's law
r = v/1
and the temperature of the wire wss deterwined from Figure >.
The power dissipated per unit arez wag obtained by divicing

the geometric surface ares of the platinum wire into the

total power. The total power was calculated from the equation

Tne results zre reported in watts/cus snd are nlotted apainst
teuwperature as shown in Figures 4-21, Since liguid vapor
eaquilibrium data were desired for both nucleate and film
boiling regimes the temperature vs. power flux curves were

used only to establish the temperature ranges of these regimes.

Reagent grade chewmicals were used without further purifi-

cation. The systems studied in this work are listed in Table I.

In a typical run the still was filled with 1liguid %o a
depth which submerged the wire. Since many of the cheuwecals
studied are inflammable the interior of the still wzs pro-
vided with a nitrogen atmosphere. Then the power was turned
on zrd boilling started at the heating surface of the platinum

7‘/‘Jire ®

If the liguid temperature was well below tThe boiling
point, then bubbles, generated at the heating surfsce, col-

lapsed in the bulk of the liguid before reaching the liguidfs
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Table I =~ Systems Studied

Azeotrope31

methyl alcohol-~benzene
ethyl alcohol-benzene
iso-propyl alcohol-benzene
n-propyl alcohol-benzene

Mixtures
methyl alcohol-benzene
ethyl alcohol~benzene

Pure Liguids

methyl alcohol

ethyl alcohol
iso-propyl alcohol
n-propyl alcohol
benzene

chloroform

carbon tetrachloride
methylene chloride
distilled water

1 4dv. Chem. Ser.,6; 35;




16

surface. As the liguid te..erature praduslly increased a
lew bubbles were able to escape to the Lliguid's surizce.

These bubbles were smailer and less nuwserous tnai thcse en-

(o]

countered when the liguid tewversiture resched the bolling
point. Then boiling beceawe wore vigorous and tie bubbles,
sfter leaving the neating surface, vegan to =row in the bulk
of the lLiguid. As the teumwperature of the heatlinzy surface
inereased further (the bulk liguid lew erature renalned at
the Lolline peint), heat flux incressed snd the nuwder of
active centers of nucleatlon increased until tne neating
surface was praciically covered witi bubbles. whe. tne
critical AT was resched, further incresses in the current
cauzed the temperature of the heating surface to increase
suddenly and discontinuously aporoxiustely 500°C with only
s11i:ht increases in the hest flux. This was toe chence iron
nucleate to film boiling. Then the neating surfzce beczme
covered with a vapor filw, bubbles were lar_-er and agitation
in the bulk liguid becawe less visorous. Fucther increases
in the current caused tne tewmwerature of the neabting suriace

and. the heat flux to increase.

Starting at a point in the filwm bolling resion, decreashg
the current caused the tewmverature and the heat {lux To decreuse
continuously to a level well below the trauslition voint
between nucleate and il polling. Then the tewperature
dropred suddenly and discontinuously several nundred degrees

centicsrade to a value velow the critical AT iu nucleate
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boilling while the heat flux only decreased slightly. This
corre-ponds to the change from film to nucleate boiling.

The neat flux curveg obtalnea in this study sre shown in

S

Fizures 421, In weneral, these results were copslstent with
those of Fukiyama (2).

‘

Several dirficulties were associzted with the heat

flux measurements. First, in orinciple, the cuasn:e Iron
nucleate to film bolling should occur when Lhe critical
temeoerature difference and corresponding heat flux aie ex-
ceeded; however, in practice, the chsn e can occur uelow tne
critical values. Zecond, it wes observed tuat rilw bolline
could be localized t0 & part of the wire heaving surfsce.

This was especiall: true in tne cnanse from fila to nucleate
boiling. This conditicn could be stsbilized for several
minutes and yield unreliable teumperature and heat Ilux data.
Third, the platinum wire uwelted on numerous runs,; even thouyih
thne melting point of platinum is well above tTuae waxiitum
tenverature recorded. Localized filw boilivog could cause this
"burnout'" durinsg the chan.e from nucleste to tilw bolling.
During the change from nucleate to film volilinz it was observe.
that the resion of film boiling started at one end of the wire
and moved across until the wire was entirely euncircled with
vapor filw. Thus, during the period of several seconds
nucleate boiling is occurring on vert of tie wire and film
boiling is occurring on the other part. Thus the resistance,

temperature, and heat f{lux is not constant along the length



of the wire. fs a result the tewperature of oune pzrt of
vhe heating surface could incresse beyond the melting .oint

of the platinum cecause the neatl cannot Le

Tasidly
enoush throush the wire surface area. [oen che Llatnum wire

"purns out" (4).

Liguid vapor eguilibrium data was taken Ly the wetnod
outlined by Uthwer (I8). The first sarples ol coudensaie
and distillate were taxen in Une nucle=te ire_iue wita the
neating wire 2-3% cm. oelow the liguid suriace. Tne curcent
wasg tonen increaseu and cie change 1row auclieste to Lllw Doil-
ing occurred. The current was then decreased to lover Tae
cemperature and second sa.nles of condensate and dis:illate
vere taken in the film bolling repgriwe. The lower teuperature
wag used to minimize pyrolysis of tre liguids. Lo sauwnles
were taken during the two re-silwe benavior described above.
sfter the liguid svrface level wss lowered until the healting
wire was Jjust barely covered with ligeid (dJdeptn le-z Taan
.25 Ccuw. ), samples of dlszibillate and condevsace  were taken
snder the sawe coaaltlions of tew ecature and ne=d flux.
Then the wire temperasture was f[urther reduced and sauoles
oi distillate and concersate vere takew 1o tae nucleste
recrivce. In all cases tae liguld was zlilowed to boll iov
about 15 minutes before sauples were withorawn . Finally
a complete power flux vs. tenmperature study wss periormned

for the nucleate snd film boiiing regizes for each liguid.
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kesults and Discussion

rhotographs, teken at 1/2000 second, orf ethyl alcohol
bolling from a 10 mil poatinua wire hesting surface are
presented in Figures 22-26.They iilustrate bne ditferences
between nucleate boiling (Figures22-3) and film boiling
(Figures a4-35) and are consistent with those pre.ented by
westwater (11) (13)and keidams(@). OFf special sigznificance
were the photogranhs of the wire bolling parcly in tne nucluate
rezime and vartly in tne filw regime (See ¥Fivure 26 ).

It is this cowndition that wae responsibleror [revuent burnout

of the platinum wire as describea on pawce 5.

Heat transfer vs. btemperature curves (Fi:iures4-dliwerc
gqualitatively similar to those of Luxkiyama (2),welss (A3 and
Westwater and Santanwelo (M). Tnese curves indicate that,
for wixtures of benzene witn wethyl alcohol, tThe critical
heat flux increases with ilncreasingz metuyl alconol concentra-
tion. It is seen in Fisureld? tnat tnis increase is saarp up
to 15 mole % methyl alcohol, then molerate beyond 1% mole .
However, this incresse in neat flux 1is not noticeasble in etihyl
slcohol--benz&ne and is aopproximately constant with alcohol
concentration. No explanation for this behavior is readily
apvarent. However, Bonilla and Perry (28) fournd that similar
curves could be obtained by plotting critical AT versus

concentration,



Figure 22b, Nucleate Boiling, 22.2 watts/cm>, 1’
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Figure2ib. . Film Boiling 87 watts/cm
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L3,

It would be of interest bto obtain cuantitative heat
transfer dats for the systems consldered in order To investi-
gate: 1. the effect of concentration on hext flux, and 2.
the existence of correlations between the criticel AT and
other physical vroperties. ~These gitpdies would reguire
consideration of such factors as heat dissipated through
end effects, effects of dismeter and length of the heating
element on its tempersture and the eftects of film boiling
on the resistance of the wire (4).

Samples of condensate and distillate were anzlyzed
for syétems that were boiled under the following conditions:
1. nucleate boiling with the heating surface subuerwsed 2-3 cm,
2. film boiling with the hesting surface submerged 2-3 cum,

3, film boiling with the heating surface submerged less than
0.25 cm, 4. nucleate boiling with the heating surlface submerged
less than 0.25 cuo. (see ifppendix II). The ssuples were analyzed
by measuring their index of refraction with an rbbe refracto-
meter (balibration curves are shown in Figure 23).

Lzeotronic compositions of methyl alcohol-benzene, ethyl
alcohol-benzene, iso-uropyl alcohoi wvenzene, and n-propyl
alcohol~benzene remained invariant through the four boiling

conditions. This is demonstrated for methyl alcohol-benzene

a4}
(o7}

nd ethvl alconol-benzene in Figures 29-3%2" 7igquid vapor eqguil-
0 E‘.) 4 .LJ J_

ibrium dsta for the systems of methyl alcohol-ténzene and ethyl
8lcohol-benzene remained invariant through the four boiling

conditions (Figures 29-32 ). The values obtained agreed
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with literature values (35 (8¢) witnin experimentsl error.

The invariance of szeotrouic composition and liguid
vapor equilibrium data betweern nucleate and filw beiling
indicate that both filw boiling snd nucleate boiling are
ejquilibrium vaporization processes where tie composition
of the wvapor produced is in eqguilibrium with the remainin:
liguid, rather than eilther a diffusional vaporization where
thne loss of a cowponent from the liguid is countrolled by
molecular diffusion of vapors through tine atmesphere, or
a3 oulk vaporization where infinitismal layers of liquid
are vavorized in bulk with the overall cowposition rewsining
constant. Godleski and Bell (87) approached the problem of
tilm boiling binary ligulds by wmeasuring liquid cowposition
changes for discontinuous liguid wasses during filn boiling
snd also reached the conclusion that film bolling was an
eyullibriuve vavorization.

The inv-riance of =zzeotropic composition ana liguid
or eguilibrium data taken with The neating wire sublier:so
less than 0.25 cm. coupaced wit: thst data tskew when toe
neating wire was submerzed ReB cu. ( see Figures 29-3%2)
indicates that bubble growth and vaporization occurring
in the bulk of the liguid after the bubble leaveé the

heating surface is also an eguilibrium vaporization.

In order to complement tne results obtained in this

study for minimum boiling azeocotropes, maximum bolling
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zzz0tropés shouid be l1nvestigated also. Ztudles of maximui
boiling azeotropes 1lnvolving chloroform were attemoted ovut
the chloroform decorvosed in the filwm boiling rezion and the
investigation of these systeus was discontinued. However,
the decomposition of chlowroform ralses another problem for
future  study. That is, the eifect of the pyrolysis on

heat transfer and liguid vapor eguilibrium curves in the

film boiling region should be investigated,
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Nomenclature

Le8 area

L diameter

Fe radiation emmissivity factor
g acceleration of gravity

h heat transfer coefficient

heat transfer coerfficient of convection

he heat transfer coefficient of radiation
i current

k., thermal conductivity of vapor

i power

Ve density of wvapor

>€L density of liquid

o] heat

r resistance

T, resistance at temperature t

To resistance at O C

T,% temperature

T, temperature of ligquid (absolute)
T temperature of surface (absolute)
AT difference in temperature

v voltage

A heat of vaporization

e, viscosity of vapor

/ Steffan-Boltzmzn constant
o

s . 1
Dimensionless Groups

hu Nusselt number total hest transfer/conductive
heat transfer

br Prandelt number momentum diffusivity/ thermal
diffusivity

e Reynolds number inertia forces/viscous forces

1yandbook of Chem. and fhys. Chemical kubber Co. 47th ed.
p.F=205 (1966)
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Boiling He=t Transfer Data

where samples of condensate and distillate were taken this

notation folliows the wire temperature:

*1.

*20

Samples collected under nucleate boiling. Heating wire
submerged Z2-3 cm.

Samples collected under film boiling. Heating wire
submerged 2-3 cm.

Samples collected under film boiling. Heating wire
submerged less than 0,25 cm.

Samples collected under nucleate boliling. Hesting wire
submerged less then 0.25 cm.



wethyl iAlcohol

i amps v volts r ohms g watts g/a watts/cm. £°C
0.2 1.15 . 1855 713 15.12 75
6.6 1.2 .1818 7.92 16.79 70
5.9 1.3 . 1884 8.97 19.02 87
7.2 1.35 - 1875 9.72 20.61 84
7.6 1.43 . 1881 10.87 2%5.04 87
8.0 1.5 . 1875 12.00 25.44 85
8.4 1.6 .1905 15.44 28.49 90
8.8 1.65 .1875 14.52 50.78 85
Je2 1.7 .1848 15.64 3%.16 80
9.7 Lots . 1556 17.46 37.02 &0
10,2 1.9 . 1862 19,258 41,08 32
10.8 2.0 «»1851 21.60 45.79 30
11.2 2.1 . 1875 2%.52 49.86 85
11.3 2.25 . 1907 26.55 56.29 <0
12.3 2.4 1951 29.52 62.53 100
10.7 2.0 1869 21.40 45.%6 82
11.% 2.15 . 1902 24,50 51.52 90
11.8 2.5 . 1949 27 .14 57.54 100
12.5 2.4 «1920 30,00 6%.60 92
13.0 2.5 .192% 52,50 68.90 92
15.8 2.65 «1920 36.54 77 .46 92
10.8 6.4 5926 69.12 146.53 250
10.5 6.0 « 5714 ©5.00 133.56 895
10,0 5.6 . 5600 56.00 118.72 865
9.7 5.25 . 5412 50.93 107.97 825
9.4 4.75 . 5055 44,65 .66 745
9,0 4.35 4835 59.15 85.00 700
8.6 5.9 4555 52.54 71.10 635
8.4 5.5 L4160 29.40 62.35 560
8.l 3.5 4125 26,75 56.6%7 560
8.0 5.0 - 3750 24,00 50.88 495
7.8 2.85 . 5659 22.2% 47,12 455
6.2 1.1 . 1774 6.82 135.31 60
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Ethyl ilcohol

i amps v volts g/a watts/cmf £9¢C, r ohus
75 1.5 250 90 .2
8.5 1.8 31.9 110 212
Deir 1.95 38 .4 108 . 206
10.1 2.15 45.% 111 215
11.1 2.55 55.5 109 211
11.9 2.55 76 120 o 21l
12.8 2.8 Y5.8 125 218
15.5 % 115 145 . 222
11l.1 5.2 160 835 « 558
10.5 5.7 132 &10 o D44
10 5.1 107 PHC .510
9.5 4.5 99.2 6770 475
9 3.9 72.8 570 L4208
8.4 3.5 58 500 « 594
Ve 3 2.7 50 505 « 590
o5 l.o 25 120 214



Normal Propyl Alcohol
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Isopropyl ALAlcohol

i amps v volts q/a watts/cn t¥C. I ohms
0.9 1.5 21l.9 125 218
7.7 1.7 2 140 221
3.5 1.3 510 140 222
Je 2 2.1 9949 150 . 228
10 2.9 47 .4 153 25
10.7-8 2.4-5 84 .5-93 153 252
Y.5 G4 H0.2 240 INSLS
Ye9=10 5.0 102.5 750 «50~.51
10.5% 5.0 119 810 < HU5
e 9 5.1 10%.5 770 515
3.5 4.5 58.5 660 4Ty
8.8 3.9 72.5 200 L4 5
8.2 3.4 57.5 530 13
Va7 2.9 46.2 55 . 573
7.2 2.5 Al 3 340 e 52
0.9 1.5 21.5 125 213
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Twivolts r ohms q watts /a watts/cml t°C
1.35 L1875 9.72 20.60 85
1.45 1908 11.02 23,39 30
1.5 . 190 11.85 25.15 Y0
1.6 . 19% 1%.28 23,13 92
1.7 . 193 14,90 A1 .74 9
1.3 1957 16.56 55.14 98
1.9 « 194 18.62 29.51 98
2.0 . 198 20.2 42.86 105
2.1 . 1981 22.26 47,24 105
4,8 . 5000 46,08 97.78 740
4.5 LAEYL 41.40 57 .85 710
4.1 L4607 36 .48 V743 050
3.8 44770 %2.50 63, 54 650
3.4 L4198 2754 58.4% 570
3.1 e 5974 24,18 51.51 520
2.8 « 3733 21.5%8 454057 470
2.55 . 3542 18.%6 38,96 430
2.4 o SH04 lo.92 55.90 400
2.2 3143 15.40 32,68 550
2.1 . 3088 14.28 40,50 3350



4.5 wt., Methyl alconol,95.5% wt. Benzene

i Aups v Volts r Ohms q watts  q/a watts/oul ton
&,z 1.6 L1951 15,12 25,32 S0 1
) 2.9 . HBO0 21.75 41 .93 430 *
8.2 1.8 . 2195 14,76 25,44 150
8.5 1.8 2117 15.30  29.53 150
8.9 1.9 L2134 16.91  32.64 125
9.4 2.0 2127 18.80 36.28 125
10,0 2.1 2100 21.00  40.53 115
10.5 2.2 . 2095 25,10 44,58 113
11.0 2.4 .2181 26,40 50,95 150
11.5 2.5 2175 28.75 05D 4y 124
10 5.0 - 5600 56,00 108.08 240
9.7 5.2 <5560 S50.44 9755 760
9,3 4.8 5161 4L 64 85,16 74,0
9.0 4,4 L4588 39,60 76.4% 550
8.7 4,0 4597 54 .30 o7.156 050
8.5 3.6 cHABBY 29.85 7. 0% 590
3.0 5.5 L4125 20.40 50.95 550
7.7 5.0 « 5890 25410 44, 5= 440
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15% wt. @lethyl Alcohol, 85% Benzene by ut.

i amps v volts r ohms q watts /a watts/cms t°C
9.9 1.9 191 18.81 40,6% 125 *1
8.1 3.2 395 25.92 55,99 540 2,3
T.0 1.7 « 197 14 .02 31.58 135 74
Y.0 1.85 . 192 17.76 55450 125

10 1.9 « 1900 190 41 .04 120
10.5 2.0 « 1905 21.00 45,.%0 120
11.1 2.15 1936 2%5.07 51.50 127
131.7 2.% « 1965 26.91 58.149 155
12.2 2.4 1957 29.26 0%.24 1355
12.8 2.55 1992 52 .64 70,50 140
10.7 6.3 . 5887 67 .41 145,61 250
10.2 5.8 « D086 59.10 127.79 900
10.0 5.5 « 5500 5%.00 114,48 850
9.7 4.9 . 5051 4%7.5% 102.66 770
9.2 4.5 SH4091 41,40 89.42 750
8.9 4,1 4006 36.49 78.82 680
8.6 3.7 4502 31.82 09.75 610
3.% 3.5 L4210 29.05 02.75 600
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2%.,1% wt. kethyl slcohol, 76.9% wt. Benzene
4/a watts/cm*£°C

i amps
SIS
3.9
9.3
9.9
10.3%
10.9
11.4
12.0
12.5
9.6
12.0
10.5
11.1
11.8
1i2.2
12.8
10.8
10,2
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 ohms

e 2023
. L9605
19849
. 1969
. 1990
.2018
2018
. 2000
. 2000
. 1979
. 2000
. 2000
L1981
1991
. 2049
.20%1
-5925
. 5784
» DA40U
. 5102
L4838
. 46060
L4470
L4217
LH4074
. 2037

q watts
14.28
15.5
17.20
19.3%0
21.12
25.98
20.2-2
28 .80
31.25
18.24
20.00
22.05
24 .42
2775
50.50
3%.28
69.12
60.18
54,00
49.00
41.85
37 .80
32.5%0
29.05
26.75
15.57

50,84
55.03
37,15
41,69
45,62
51.79
56.64
62 .20
67.50
%9 .40
4%,20
47 .6%
52.75
59.89
65.38
71.88
149.29
129.99
116,64
105.84
90.3%9
81.65
©9.77
62.75
5773
28.87

140
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59.1% whe

i amps
74
7.8

5.7
J.1

10.0
10.5

Methyl Alconol,

v volts
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q watts

S.14

9. 26

10.00
11.74
12.74
16.00
17.33
Je 24

10.40
11.05
12.00
14.25
15.84
15.99
19.08
Y.00

10.79
12.%2
15.45
15. 5%
16. 32
18. 56
20.10
12.40
14.10
lo. 52
15.70
20.70
22.50

25.00

15.00
17.%2

60.% wt. Benzene
1/a watts/cm*t ©C
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iethyl alconol, 60,9 wt. Benzene (cont.)

v T o aq/a t
1.75 L1976 19.43 41,97 5
1.85 . 1567 21.8% 47,15 56
2.0 L1613 24,80 5%.56 61
2.1 .161% 2750 58,97 ol
5.5 . 5000 60.50 130.68 - 750
5.1 4857 53,55 115.66 720
4,9 4607 47 .94 105,55 670
4o’ U543 42.57 Jl.82 610
5.9 L4105 57,05 30.0% 560
5.6 - 5956 s2.76  70.76 530
5.3 5750 29.04 62.75 ’

490 ¢+ 2R
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2.2% wt. sethyl alcohol, 57.3% Benzene

5

i amps v volts r ohms q watts g/a watts/cmt t°C
8.9 1.5 L1685 13,35 28.8% 79
9.4 1.6 L1702 15.04 32,49 20
9.9 1.7 1717 16.8% 56,55 30
10.4 1.8 <1730 18.72 40,44 &1
11.0 1.9 1727 20.30 45,14 81
11.6 2.0 . 1724 2%,20 50.11 81
12.1 2.1 L1736 25.41 54,88 32
12.8 2,25 . 1757 25,80 62.21 85
10.7 13 c 1662 19.26 41.60 79
11.2 1.9 . 1696 21.23 45,96 8O L, vy
11.9 2.0 L1680 254.80 51.41 79
12.5 2.15 . 1720 26,88 58.06 #1
13,1 2.5 L1756 29.90 64, 58 &5
13,8 2.4 217329 33,12 71.5% 8%
14.5 2.5 L1724 35.25 78450 81
11.5 e L5217 6Y.00 149.04 810
11.0 5.5 . 5000 60. 50 130.68 760
10.6 5.2 L4905 55.12 119.05 730
10.1 4,7 4653 47,47 102.54 690
3.8 4,2 L4286 41.16 88,90 ©10
Je5 4,0 L4210 35,00 82.08 590
7.0 .65 L4055 32,85 70,95 560
3.5 4,25 . 382% 27.62 59.65 510
2.5 1.4 . 1647 11.90 25.70 75

g
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iiethyl Alcohol, 27.0% wt. Benzene
q/a watts/em? £°C

v volts
1.8
5.15
1.8
1.9
2.0

o
i

*

NN
= W

°

oy U1 0 ~J3 WU

®

N N ¢ AN NG I 0 8

°

(AO R ACEEN O NN AVERE AU R A BN A G AO A A V)

°

Gy~ W o
O
\J1

°

ST

L]
o

£ oFE 0 O

s

2.0

r ohms

. 2000
4375
. 2022
.2021
.2020
. 2000
1982
. 1983
.1985
<1953
« 2045
. 2058
. 2000
. 2016
» 2074
. 2042
. 2049
. 2000
. 2057
. 2042
. 2015
. 6087
» 5909
. 5810
. BEED
5252
. 5055
JAE55
L4551
AL
L2206
L4024
e DD
« 5607
«5335
. 294Y

g watts
16.20
25.20
16.02
17.86
19.80
22.05
2442
20,08
29,04
32,00
55 .04
35.08
51.25
550 5n
37 .80
41,18
3%0.50
53.8
57.12
41,18
44,70
80.50
71.50
o4.05H
55 .14
51.48
45,50
40.04
A5, 04
%2.038
29.82
2% .00
24,8
2-.52
20,206
1794

5499
Sh/43
44,60
38,55
42,77
47,05
52.75
57.65
62,75
09.12
70.98
82.25
07.50
2.45
8l.o4
58,95
65,88
7%.01
80,20
85.95
96.55
17%.85
154,44
155. 5%
125.58
111.20
95,50
B30I
77 .84
70.59
o4 4.
55,45
25.57
48,04
43,50
55,75

130
620
155
155
155
1%0
125
125
125
120
140
140
1350
153
145
158
140
130
157
138
131
970
950
920
870
800
750
720
650
630
600
550
510
470
400
525
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% wt ., ptnyl Alcohol, 91% wt. Renzene

i amps v volts v ohms 1 watts o/a watts/cm? t°C

8.3 1.7 L2U5 14.1 27,2 50

7.9 A DR 20.1 0.5 510

5.6 1.55 215 15.9 30,7 108 *1,*4
.9 1.9 o 214 1o.9 52.0 110

Jo4 2,0 215 18.8 56,2 10%

9.9 2.1 212 20,8 40. 10%

Mo
o
A\
~J
I
J
~J
—
—
o

10.% 2.5 0 227 .

11.0 2.4 L2185 25.4 S0 110
11.5 2.55 2222 29,3 56.5 113
12 2.7 L2225 324 624 115
10.2 ol » 597 02.2 120 900
10.0 5,7 L 570 57.0 110 340

O
o
\\{n
~)
N
N
\J
&
k2
(e8]
(o
8]
o
O
-3
\N
o

9.3 4,8 516 44,6 56.0 710
3.9 G4 494 39,1 75 4 690
8.6 4.0 UG5 Bl 4 605 620
8.5 4.6 o L34 29.8 575 560
7.9 7.3 IRES 26.1 50.% 510 *3,%2
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Ethyl Alcohol, 77.1% wt Benzene

v ovolts rohms g watts q/a watts/cm t C
1.25 .210 16.25 514 100 *1,*4
3,2 405 25.15 48.8 500 *2,*%
5.0 . 575 20,0 46,2 440
1.9 L2153 15.9 52.6 103
2.0 1215 17.8 B4, 2 105
2.1 212 20.8 40,2 103
2.2 L2114 22.7 43,8 105
2.4 218 26.4 50.9 110
2.5 L2179 25.8 55.6 110
2.6 217 31,2 502 110
2.7 L21% 34,2 56,0 103
5.9 . 556 61l 118 850
5.E . 550 55.0 106 800
5.1 . 521 0.0 96.5 720
n,7 . 5005 4%.5 84,2 710
4.2 472 5.4 72.1 640
3.8 43 %2.7 ©3.0 570
3.5 4.2 25.5 55.5 550
5.2 400 25.6 49, 4 490



32 4% wt,
i amps
2.0
Y.4
10.0
10.4
11.1
11.6
i2.1
12.8
10.0
10.5
1i.1
11.8
12,4
13
15.6
11

Ethyl Alcohol, 67.6%

v volts

r

s LOOY
L1702
» L7700
L1751
L1712
L7724
.17 %0
L1719
e 17700
S L7714
L1712
. 1695
» 1693
1751
. 1726
- 5000
L7606
L4706
4400
LA4210
. 5950

- 5750

\,

\H

ohms

68

wt. Benzene
a/a watts/cmi t°C

g watts
13.5
15.04
17.00
L8772
21.09
2%.20
2540
23,10
17.00
18.90
21.0Y
2%.00
26.04
29.25
31.96
60.50
5457
48.96
JAWAR

38 .00
52.76
296 04

29,16
52 Ly
50.72
40,44
4555
50.11
57.15
oL.oo
50.72
40,82
55
50.98
56.25
65.18
09.0%
150.00
117.87
105.75
95,04
£2.086
70,70

©2.75

30
30
85
82

79
79
85
84
760
700
690
625
590
250
500

75 +1,*4
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56.8% wt. Ethyl ilcohol, 43.2% wt. Benzene

i amps v volts r ohms g watts q/a watts/cms t°C
3.8 1.0 202 15.85 50,6 20 *ly A
5.1 7.7 NiNely 26.8 51.6 500 T2, T
8.7 1.8 L 207 15.7 30.1 85
910 1.9 211 17.1 3%,0 85
3.6 2.0 209 19.2 37,0 85
10,0 2.1 210 21.0 40.5 65
10,6 2.3 L2117 2h 4 47,0 87
11.1 2.4 216 26,5 51.% 87
11.7 2.5 214 23.2 56.2 37
10.4 2.2 215 22.9 44,2 86
9.2 1.9 L2056 17.5 33,8 85
3.8 2.0 204 19.6 37.8 85
10.1 2.15 121% 21.7 41.8 86
10.8 2.3 213 24.8 47 .8 86
11.4 2.4 .210 274 52.8 85
11.9 2.5 .210 29.8 574 85
10.1 5.8 57% 58.6 113 840
3.9 5.4 RTINS 534 10% 795
2.5 5.0 . 526 475 91.5 750
2.1 4,5 o 404 41,0 71.2 290
5.8 4,1 IRCYS 35.1 59.5 620
&b 3.8 S5 1.9 6l.5 590
&, 5.0 L4119 27.5 53.0 520
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8% wt. Bthyl slcohol, 22% wt. Benzene

i amps
9.2
8.2
8.0
Jel
J.0
10.1
10.6
11.5
11.9
12.5
10.2
9.9
9.6
9.1
8.9
8.5
8.1

v volts

L.y

E AN BN BN AR
] L] 3 ? @
~2 ~3 O

ESN S
&0 O F oW

@

S UIRNX
@

T ohms

e
o ) 14

JA14
<h2Y
« 209
. 208
213
215
212
215
.220
5.8
»555
51l
434
450
cA455
20

~

Q watts
17.5

=
o ~J
X

AN
L
~J T

1A
-

o
o

}._I
o
o)

O

-~

101

30.7
77.2
65,5
00.5
55.1



5%5.7% wt. Isopropyl alcohol, 66.%% wh.

i awps

5.9

Co
o
&
-

o)
°
O

v volts
1@::)"

r ohms

« 215
A1
215
2Ll
. 212
216
216
216
229
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a watts

1.9
204
16.9
16.0
20.8
254

25.6

Benzene
q/a watts/cm¥ °C

529
50.9
52.6
563
40.1
45.2
1.

Ul

®

v U
\
[OEEN GRS

p\
¢
ne

7

9v.2
S
75
68,
570
50.9

-
O

C

5]

(2

‘_
I

&

J

F__J

103
510
103
103
103
106
106
106
113
790
740
700
530
590
560
510

“1, %4
*2’*5
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17.1% wt. Normal Fropyl Alcohol, 82.% wt. Benzene

i amps v volts 1 ohms qQ watts  g/a watts/cm?¥ t°C

3.5 1.85 L2185 15.7 30,5 110 *1,*4
5.0 5.5 A5G 25.0 54,0 560 *2,%3
9.0 2.0 o222 18.0 54,7 115

9.5 o, L2201 19.9 25,4 115

10,0 2.2 220 22,0 -y 112

10.8 2.4 222 25.49 49.9 115

11.2 2.5 225 2840 54,0 113

11.7 2.6 o222 50.2 53.2 113

10,1 5.9 e 84 5%.6 R 880

9.9 5.4 . 546 53.5 103 790

D4 5.0 555 47.0 Y0.5 760

9.1 4,7 515 42,3 62,4 720

8.8 4.2 A0 57.0 7Ll 040

&5 50 SA443 5245 02,2 610

B.1 5.5 52 28.4 54,5 550

7.8 5.2 410 25.0 43,2 510
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