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MEASUREMENT OF THE LATENT HEAT OF VAPCRIZATION OF

LIGHTER HYDROCARBONS~-VALUES FOR NORMAL OCTANE
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The latent heat of vaporization i
establighing the thermodynamic behavior of pure substances
in the two-phase region of saturated liguid and zes. Al-
though this quantity way be caleulated from volumebric
and vapor pressure data by means of the Clapeyron egua-
tion, 1t can be debtermined more accurately in certain
regions by direct measurement. Among the available values
of the latent heat of vaporization, experimental data are
a small minority, and most of these represent determina-
tions at atwmospheric pressure or lower. The object of the
present work has been to adapt to vaporization studies o
calorimeter (1) which was originally built for the measure-
ment of the heat capacities of liquids, and to carry outb
measurements of the latent heat of vaporization of n-octane
at temperatures from 100 to 340°F,

n-Heptane was recommended by the Fourth Conference on
Low Temperature Calorimebry (2) as & suitable material for
uge in the intercomparison of precision calorimeters. In
order %0 check the general operation of the modilled appara-
tus, the latent heat of vaporization of n-~heptane was mease
ured at 100°F,

Latent heat of vaporization values for n-hepbane have
been determined by several investigators from measurements

of the welght of n-heptane evolved from a calorimeter as a



resuld of the addition of & known guantity of electrical
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boiling point (209.2°F} were made by Pibzer

o

boiling point was

ot

Mathews (5), and a value at the normal
reported by Rossinil (8). Determinations at intermediate
semperatures were made by Waddington and coworkers (7).

By means of the Clapeyron eguation, Young (8) ealculated

of the saturated liguld and the saturated gas asg functlions
of temperature. The data reported by Osbo
Ginnings (3), Waddingbton and coworkers (7), a
the caleculated values reported by Young {(8) are in good
agreement,

Latent heats of vaporization of n~oetane have also

v

{3) carried out

o

heen reporited. Osborne and Ginning
measurenents at 77°F. A value at the normal boiling

point (258.2°F) was reported by Rossini (O) and values

near the normal bolling point and at one lower Lemperature
were measured by Barrow {(0). Young caleculated the latent
heat of vaporization of n-cectane alt temperatures from 24E°F

from pregsure-volume-
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temperabure measuremenits. In the temperature reglon

where direct compariscon 18 possible, these data are in

agreement to within approximately 3 per cent,
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METHOD AND APPARATUS

The method used and the general features of the appara-
tus were essentially the same as developed by Osborne and
coworkers (3,10,11). In principle, the method consisted
of adding a known amount of electrical energy to an iso-
choric calorimeter containing liguid and gas phases of the
substance beling studied, and determining the welght of mate-
rial withdrawn ag saturated gas, while maintaining a con-
atant temperature and pressure within the calorimeter.

The general features of the calorimeter and assoclated
egulpment are shown schematically in Pigure 1. The calori-
meter A was mounted within a vacuum Jacket B which was sur-
rounded by an oil bath, not shown. A small centrifugal
agitator C served to circulate the liquid in the calori-
meter past a heater D, around and through a shield E, and
past a thermometer well F. Provision was made for measur-
ing the pressure wilth a pressure balance G through a connec-
tion at the bottom of the calorimeter., The saturated gas
was withdrawn through a small tube H at a rate controlled
by a small orifice meter I. The orifice was operabted under
conditions of critical flow {(viz., pressure ratio greater
than 2:1 across the orifice) so that the rate of flow was
insensitive to minor variations in pressure downstream
from the orifice but was dependent upon the pressure in the

calorimeter, The withdrawn sample was condensed in either
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of two weighing bombs J and K. Condensation in the with-
drawal tube was prevented by maintaining this part of the
apparatus at a temperature slightly above that of tThe
calorimeter. The wall of the vacuum Jacket B and the
calorimeter A were held at substantially the same tempera-
ture to prevent any significant exchange of energy between
the calorimeter and the Jacket. The pressure within the

-8

vacuum Jjacket was maintained below 107~ inches of mercury

by means of an oil diffusion pump L and & sultable mechani-

cal forepump.



THERMODYNAMIC ANALYSIS

For a system which undergoes a process involving heaib,
work, and change in weight, the first law of thermodynamics

&
states that
dE = ¢ —w + Edm (1)

gssumed that the materiagl is with-

&

In this analysis 1t is
drawn as gas at the state in which 1t exists within the

calorimeter. Therefore
- (2)

The term ¢ vrepresents the net transfer of energy to the
system and includes the energy transmitted electrically,
energy introduced by means of the agitator, and thermal

transfer by conduction and radiation. That is

% = %e -+ %S + %:r (3)

Since the calorimeter 1s isochoric, the work term is con-

cerned only with the work assocciated with the withdrawal

&
Symbols which are used in the text are defined in
the nomenclature which follows the references.



of material, so that

The change in the total internal energy of the systen
including the calorimeter may be expressed as the sum of
the changeg in the total internal energy of both phases

and of the calorimeter:

dE = dEg + dE, ~ dE (5)

Equation € may be differentiated to give the change in

total internal energy of the gas phase:

dE, = mgdEq + Eadmﬁ {(7)

Similarly the change in total internal energy of the liguid

phase 1is

dg,g = deEj + EJZ dmg (3)
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If Equations 7 and & are combined with Egquation 5, the
change in the total internal energy of the system may be

written as
d_E=E3dm3"'E,¢dma + mﬁdEa+m£dEQ +dE,  (9)

By substituting Equations 2, 3 and 4 in Eqguation 1 and com-

bining with Equation ¢ there results
Eﬂqu +E dmg + [mﬁdE% + m,dE, + dEA]:% +PYlm - Eqdwm (10)

In %ke foregoing analysis, 1t has been assumed that each
of the phases may be represented by a sinzle state although
in an actual situation temperature gradients cccur within
each phase. Except for this assumption, equation 10 is
rigorous, |

Ideally, the vaporization process is cerried out iso-
thermally, whereas in practice, small variations in state
are usually encountered with respect to time as well as
position., The effect of variation with respect to bime is
important and 1s indicated in Eguation 10 and in the succeed-
ing equations by the bracketed terms. The effect of vari-
ation with respect to position within each phase is
neglligible and has been omitted from the treabtment.

The total weight of material within the system may be



represented by

m = W\(i -+ W\E (11)
If Equation 11 is differentiated, there resulis

dwm = dmci -+ dW}Q (1?3}

Substitution for dmg in the first term of Equation 10 and

for dwm in the work SHern, FDV%dWE ., Zives
”dm2<E‘j”Eﬁ>+ &nidEﬂ‘l—WQdEﬂﬂ"dggjz%‘i‘p\%dmﬁﬁ' P\édmﬂ (13)
The total volume of the systen is given by

y = .\'/% - .\_/Q = W{S\/‘i - yhg\/Q {1;’;)

ation of Egquation 14, recalling that the ecalori-

o
s
]
oy
4]
"4
2
3
Is o
bty

meter 1s isochoric, gives

(9}
L

O:\/ﬁdm%+ \/,zdm£+&mﬂd\/%+‘mzd\/g:! (1

3

Combinaticn of Eguations 13 and 15 results in
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~ dw, (Ecj' Ek>+ EmadaéigmﬂdEﬁ ~ dEAJ

_ g - PV, + PV — Plmd o]

Rearrangement

Lib

of Equation 16 and substitubtlon of the

enthalpy, H ', for the (E,#F’V) terms resulting, vields

b (b He) = g - [4Eg + Pl | - [AE,Q P4V, |- [A E] an

k=

5

liminating dme from Equation 15 by means of Equation 12,
the change in welght

the liguid phase 1s related to the
welght of material withdrawn from the system by

dwm, = ——
JLRRVASY) Vg -V

-
R

£

From the first law of thermodynamics, the change in

internal energy of the gas and of the licquid may be written,
respectively, as

dEq = CodT ~4, dP - Pdl4



dE,= G dT + by, dP - PdY, (20)

Substitution of Equations 18, 19, and 20 in%to Equation 17
resulta in the following expression relating the change in
enthalpy during vaporization of an infinitezimal weight of

liquid to guantitieg which are measured experimentally.

-H

Q+ | ) ~dw Va ) ngd%3+wgd%}
3Ty \/3.. VK VO( \{Q

{21)

=g -y {CPQSAT * Loy dp} - My [CPL dT““ﬂ&dp} [d‘é]

o

Equation 21 must be integrated over the path of the

6]

vaporizgation process. Although 1t ls expected that some
temperature variatlion will occur, in practice 1t is pog-
sible to keep these variations small. Therefore, an aver-
age value of the enthalpy difference, <Hﬁ —HQ>& s may be
assumed 1in the Integration of Eguation 21. Moreover, the
initial and final temperatures in the vaporigation process
can be made identical within the precision of measurement.
Under this condition, the integral of the final term on the
right side of the egquation becomes equal to zero, Further-
more it may be readlly shown that the integral of the

second expression in parenthesis on the left, under this



e

condition, reduces to Gm-Wh) V%/%Vﬁ"vg) « Therefore

Eguation 21, when integrated, becomes

643— FL)Q (WM‘WHJ*—jéL~“

\/Ci—\/l
(22)
92
_ dT
= a- [(Wa G mG)[ 5 e - bty oot 42 o
&
Rearrangement of Equation 22 results in
8, .
Vé”\& ‘ o C {éT]
(H%’ Hﬁ)&: (m, =) \ly 2 - (m‘ﬁCP% ", Cro) de (o)
b 23

(g e+, 25 | 42 [} o

In an actual vaporization process, either the gas or
the liguid, or both, may be superheated. Designating the
amount of superheat by AAF{ s the change in enthalpy for the

actual process may be written as

(- Hy), - (H de%)a : <Hb“‘ sHy), (24)

Equation 23 then becomes



&
V, - Ve
(Hf H b)a = (m.g- ZNA g - (W"’.\CP3+ Py CF9> B; J
¢ (25)

+(m%£f>ﬁ + Wy f&) ?:”j'g] do | _ (A Hﬁ)a + éSH9>Q

If the btemperature variation Iis sufficiently small, the
integral in Equation 25 is negligible and averages are

UNNecessary hat Eguation come
W gsary ao that Equatlion 25 become

QL N, -V ,.
RamH, - W= Wa, 3\/2\ﬂ - Aot =)

For the case of an ldeal process with no temperature vari-

Ay
WS

ation or superheat invelved, Equation reduces to

Vi Ve

He = Hy = o, v (27)
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DESCRIPTION OF APPARATUS

The calorimeter, used subsequently in this investi-
gation, was bullt to measure healt capacitles of ligulds.
During studieg with corrosive materlals, The instrument
beoane badly corroded and unsultable for use. In the
present work, the calorimeber was repalired and modifica-
tions were made, extending ite uitlility to vaporization
studies as well as incorporating those changes desirable

for heat capacity measuprement,

Arrangement of Original Calorimeler Assembly

A detailed description of the apparatus, as origl-
nally assembled, hes been presented (1). Much of the
calorimeter and assoclated eguipment was elther unchanged
or returned to its original status, The general arrange-
ment of the original calorimeter assembly is ghown in
Figure 2; Since the parts shown represent 1little that is
different, a debtailed deseription of these parits will not
be repeated here, although the lezgend accompanying the
figure may be ugeful, The reader interested in the details
is referred to Detalled Descriptlon of Apparatus in the
Appendix,

In the original assembly, shown in Figure 2, the

interior of the calorimeter A and the parits condained

therein lncluding the lmpeller B, the circulation shield D,



and the guide vanes F, all of siainless steel, were gold
plated, The gold plating had become loogened and was
removed: those parts which had become corroded were re-
polished or replaced. The impeller B and the armature
housing ¢ had been mounted on platinum and glass bearings
which were replaced with steel and bronze bearings, Ple-
tures and disgrams which show the calorimeber and the

agssoclated eguipment in more detall are included in the

Appendix,

Cireulation Shield

The clreculation shield D, shown to scale in Figure 2,
was modifled by cubtting porits in 1t to permit the circu-
iation of samples having a tobal liguid volume appreciably
less than the volume of the calorimeter (0.043 cubic foot).
Capablility of operation wiith smaller sanples iz important
in vaporization studies since portions of the sample are
withdrawn during operation. This featbure 1s also import-
ant in heat capaclty studlieg since one accurate method of
evaluating this property involves wmeasurenment ¢f the ftotal
heat capacity of the calorimeter and its contents using
two different guantities of material in the system. The
precision of the determination whieh iz obtalned by taking
a difference, is iﬁfi&@ﬂ@@ﬂyby the magnitude of the differ-

ence in quantity of material used In the two determinations.



The shield, without porits, is zhown with other calori-

meter parts in the phobtograph, Figure DA, Appendix,

Calorimeter Heater

Complete submergence of the heater during vaporiza-
tion studies 1ig egsential to avold superheating of the gas
phase, The original heater, which i1s not shown In Figure 2,
was replaced by a more compact uvnit. The guantity of liguld
sample reguired to cover the heater was thus reduced %y ap-
proximately 30 per cent (0,0084 cubic foob).

The heater was constructed from approximately nine
feet of No. 24 A, W.G., Chromel-A wire and was installed
within a stainless-steel tube having an inslde diameter
of 0,055 inech. No. 2B A.W.C. copper wire leads, extending
five inches within the calorimeter, were used for making
the connections to the neater, Electrical energy to the
heater was supplied by batteries and was contrelled dy
means of a variable resistor in series wilth the heater.
Potential leads, for measuring the voltage drop across the
heater and the portion of the leads within the calorvimeter,
ware connected at the exterior surface of the calorimeber.
These potential leads, of YNo. 36 A.Y.G. copper wire, were
subseguently broken bubt were recomected at peoints one
ineh from the exbternal surface of the calorimeter.

The heater was insulabed elecirically from the steel
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tube by meéﬁs of woven glass tubing. In order to lnsure
zood thermsl conduction in the radial direction at both
ends of the heater, packing comprised of Alundum cement
and plaster of Paris was inserted in the space between
the elecitriecal leads or the heater wire and the outer
steel tube along a length of one foobt from the inner wall
of the calorimeter.

The ends of the steel tube, which passed through the
wall of the calorimeber by means of sealed connections,
were open to the vacuum chamber. The leads to the heater
entered the vacuum chambey through a vacuum line, A dif-
ferential two-junction thermocouple was installed on one
of the heater leads in order to determine the btemperature
gradient bhetween two points along the lead. ALl wires
“enteringz the vacuum chamber, inciuding the heater leads,
were insulated with a double layer of [iber-glass and were

emented to the wall of the vacuvum Jackebt J, Pigure 2, %o
reduce the differences bebtween the temperatures of the

wires and the temperature of the Jacketb.

Thernometer Well

The tube containing the resistance thermomebter E,
shown in Figure 2, was replaced with the closed thermom-
eter well shown in Figure 3. This arrangement provided

for the withdrawal of the gas phase from the top of the

E
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calorimeter, and permitted the operatlion of the resist-
ance thermometer in a gas atmosphere. A photograph,
Figure 4, shows an exploded view of the thermometer well

and accessory parts.

Tube for Thermomeber Ieads

The leads from the resistance Thermometer E, Flpure 2,
were enclosed within a thin-walled stainless-steel tube
having an outside diameter of 0.093 inch. The tubs, enter-
ing the vacuum line from the vacuum chanmber, was =scldered
%o a copprer Junctlion bleck to give good thermal contact
with ¢the vacuum line at the place where the vacuum line
was connected to the vacuum Jacketb.

The path followed by the tube from the top of the
calorimeter to the Junction block was approximately 18
inches in length and 1ls shown in the photogravh, Flgure 5,
In addition to this measure for guarding against heat
losges, a heating elemeni wag wound arcund the tube wilthin
the chamber, about one ineh from the Jjunction bleock. Th
heater, whilch was wound non-inductively, was manually con-
trollied by means of & variable aubotransformer in series
with an isolation transformer used as the power supply.

A differential two-juncition thermocouple with one June-
tion near the heater and the other near the calorimeter

agided in adjusting the temperature gradlient to approxi-

mately sero,
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The tube with the thermometer leads passged from the

vacuum system through a fitting and terminated in a small
chamber. The wires passed from the chamber Shrough & wax
senl which closed the top of the chamber. The chamber,

eguipped with a pressure gauge, served as a reservoir for
helium which survounded the thermomeb The chamber and

gsome of the instrument wiring are shown in the photograph,

Tube Tor Vapor Withdrawal

i

o

2o 2
e

The vapor phasge was withdrawn from the top of

calorimeber through a %ube by ¢the arrangement shown in

4

3

Figure 3. The withdrawal tube, of stalnless steel and
having an outside diameber of 0.072 inch, passed from the
calorimeter, through the vacuum chamber and the vacuum
line in a manner similar to that desceribed for the tube
carrying the thermometer leads, A guard heater and dif-
ferential thermocouple were also Installed along this tube

in the same manner ag on the tube carrying the theruometer

leads,., The vapor-carrying tube left the vacuum line through

a sultable fitbing and fterminated in a valve block loecated

2,

clogse to the fitting. The section of tube within the

w 8

vacuum svstem was susgpended from the T1tling, the junciion

g %

block, and the calorineter, making no cbther contast with

the surrocundings.



the Junction block, were each clad with a

cloge~fitting section of copper tubling having an cutside

diameter of 1/8 inch. Heaters for use in controlling the

tube and on the vacuum fitting in order to prevent conden-

sation of the vapor within the tube. The portion of copper

tubling within the vacuvum line was wound along two sections

with geparate heaters. The wiring in these heabters was

G

n such a menner that the heat flux at any

jc?
[
e
bt
&
Pt
ig}
=
(4
G
$nda

point closely matched the calculated logs by radiatlion at

the highest operating temperature of the egquipment. The

heater on the section of tublug between the vacuum Pitting
and the valve block was wound unifeormly. This section of
tublng and the vacuum fitting were also thermally insulated
with f{iber-glass. Each heater was non-inductively wound
and was conirolled manually with an autotransformer in
serilies with an isolation transformer,

The temperabture of the two heated sections within the
vacuum line could be compared with the temperature of the
vacuunm jacket at a point well removed from the vacuum line
by means of differential two-Juncbtion thermocouples., The

temperature of the vacuum fitting and of the section of

the vapor line between the fitting and the valve block
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b

could be compared in the same manner with the temperature
at 2 polnt within the tube enclosing the leads bto the

rezigtance thermometer aboubt one inch from the calorimetbter,

Orifice Block

ey - o3 4 I £ = * s ] o A .
The rate of removal of vapor was controlled by three

area ratics of two successgive orifice sizes 1
were approximately one half., The deballs of the orifice
block are shown in Figure 7. A view of the two largest
arifice plates 1z shown 1In Figure I,
The temperaturs of the orifice block was conbrolled
by means of a heater. The heater on the orifice block was
non-inductively wound and was conbrolled manually in the
same way as were the heaters on the tubes described above.
A differential two-junctlon thermocouple was employed In
controlling the temperature of the OFifiﬁ@ block and

utilized the same reference Junction used for setting the

temmerature of the vacuum [ittling and adjacent section of

The orifice bleck was mounted with shteel studs on a
transite wall. Thermal insulation from bthe surroundin

2

was provided by surrcunding the orifice block with glass
o & s
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so0l, shilelded against convectlon currents by a bakellte
L s o <3 pe & T g Ea 8 94 o
box with thin walls., Views of the orlfice block showlng

[

the Instaliation are seen in the photographs, Figureg ©

Withdrawal Manifeld

Twoe weighing bombs, used as condensers, g¢ould he
readily ecoupled to the vapor-withdrawal manifold which was.
Joined to the orifice Llock with a section of copper tube
ing of 3/16 inch outside dlameter, No heaters were in-
stalled on the withdrawal manifold or on the sectlon of
copper tubing connecting the menifold and the orifl
block. The withdrawal manifcid, with two weighing bombs

Y

attached is shown in the photograph, Pigure 11,

Calorimebter Thermocouple Locatlion

“‘3

Three differential two-junction thermocouples, each
wlth one Junction mounted on the interior surface of the
En

Jacket, were installed to compare the temperature of the

calorimeter & at three different locations, wilth the tempera-
ture of the Jacket J, Figure 2. The Junctlons located on

the exterior surface of the calcorimeter were installed at
points corresponding to the elevation of the surface of

the 1lguid in the calorimeter when the calorimeter 1is

approximately one-third, one~halfl and two-thirds full,
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regpactively., A differential two-junctlion thermocouple
was instelled within the thermometer well, Figure 3, with
one Junction locaited nsar the top and the other approxi-

mately 3.1 inches lower,

Temperature Measurgment

The tempersture of the o0il bath, K, Figure 2, in rela-
tion to the International Platinum Seale, was determined
by means of a strain-free platinum resigtance thermomebter
of the coilled filament type (12). The thermometer was
calibrated by comparison with an equlvalent instrument
calibrated by the National Bureau of Standards, 2 simlilar
device was used bto measure the temperature of the calorim-
eter and its contents.

The resistances of the two platinum resistance ther-
mometers were measured with Mueller bridges using conven-
tional four-lead connectlons. he temperature, measured
by this method, was known to within 0.02°F in relation to
the International Platinum Scals. Changes in temperature
could be measured with an uncertainty of not more than

0.,003°F,

Voltage Measurement

A White double potentiometer was used Lo measure the

voltages of those thermocouples having both junctions
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mounted within the vacuum Jacket. The uncertal nty in the
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voltage measurements was about 0.1 mi
couples having both junctions within the vacuum jJacket

inelude those used to measure the temperature difference

.,.J

between the calorimeter and the cket, those used %o
measure lemperature gradients along the tubes leaving the
top of tThe calorimeter and along one heabver lead, and the
thermocouple within the thermometer well,

The thermocouples having only one Junction within the

vacuum Jacket were used to cont the temperature along
the path followed by the vapor leaving the calorimeter

8 Teeds and Nos thwmw Student Potentlometer was used to
meagure the voltages of these thermocouples. The uncer-
tainty in the voltage measurements, in this case, was

approximately 2 microvolts.

the calorimeter, were made with a Type K-2
3

potentiometer (Leeds and Northrup) with an estimabed un-

gertainty of not wmore than 0.02 per cent,

Tirme Measurement

The time readings, reqguired in evaluating the energ:
added to the heater by integration of the power inpubt, were
taken from a synchronous electrical timer, using the fre-

guency of the alternating current in the laboratory as a



2rvals were measurable

second., The timer was locabed near

for meas
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heater: the tin

1
the

welghing bombs

and of diverting
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simulbanecus
.

out guickly. v

in any time determination

the oil bath K, Figure

by means of g modulating

%

trolled aubtomatically

civeulit (13) operating in conjunctlon with the

thermometer in the bath.

trollsed manuvaelly.

the path followed by the withdrawn vapor was facili

roltage stabilizer,

Apitator-Drive Motor

The control of the temperatur
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reglstance

A1l other temperatures were con-
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the reguisite power for the appropriate heaters

The energy added mechanically te the calorimeter

should bte small compar

ad to the energy added electrically.
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The motor orlginally installed to drive the agitator was
P el o de g e o 2 Ty« e g 1 o v i =, e & g G e v
replaced with a synehronous inducior motor in order Lo

reduce the apeed of the agitator from approximately 160
revolutions per minubte o approximately 32 revolutions
per minute. The motor used for replacement was undersized

and was used pending the installation of a sultable motor,



Energy was added elecirically to the calorimeter by

heater and mechanically by means of an agiltator.

of

3
LS
{

meansg of
In addition, some energy transfler was involved bebtween the
calorimeser and the surrounding Jacket (viz., by conduc-

tion and radlation) as a result of temperature differences

bety 1 the surface of the calorimeler and The surface of
the gurroundlng jacket,

Bnergy Added Electrically

wry,

The energy added by the heater was determined from

measurementes of the volbtapge drop acress the heater and the
current, btaken at regular time intervals durling the vapori-
gation process. The voltage drop across the heater was
established from measurements of the potentlal drop across
a secblon of a larzge calibrated registor placed in parallel
with the heater. The lavge resistor, of approximately

30 chme, was made of manganin wire on account of the low
temperature coelificient of electrlical resistance of this
material, and was calibrated against a standard resistor
obtained from the Leeds and Northrup Company. The cur-
vent through the circuit was determined by measuring the
potentlal drop acrogs a gtandard resistor in serles with
the heater., The extent of uncerbainty in Che values of

the resistances was less than 0.02 per cent. The uncer-
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tainty involved in evaluvating the power input to the
heater was less than 0.04 per cent. The ¢time readings

ould be obtained with a maxismum error of 0.2 second. From
the above, it 18 estimated that the amount of energy added
by the heater, obtained by the integration of the power in-
put over the duration of the vaporization process, was
known with an uncertalinty of not more than 0.06 per cent.
The detalls of the heater circult and of the caleunlabion of
energy added electrically to the calorimeter are presented

in the Appendix.

Energy Added Mechanically

The rate of energy addition to the calorimeter by the
agitator was evaluated by nmeasuring the rate of rise of
temperature of the calorimeber as a resuli of the opera-

e

tion of the agitator., This rate was compared with the rate
of rlse under the same conditions bubt with a known rate of

ition of electrical energy. The comparison was made for
condltions of zZero ftemperature difference bebtween ths calo-
rimiter and the surrounding Jacket. Representative curves
for this callbration are shown in Figure 12,

The rate of addition of energy by the agitator varies

vigeosity, specific welght, and quantity of the fluid in

the calorimeter. Therefore, the agitabtor was overated at
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a constant speed and the rate of energy addition was evalu-
ated throughout the temperature range of the invesitigations.
he amount of variation in the quantity of fluid in
calorimeter wag small: bthe effect on the value of the rate
of enefgy addition was found to be lesgs than the uncer-
tainty involved in the evaluation of the energy add
rate and therefore was neglected., It is believed that the
uncertainties in the values for the rate of energy added
mechanically were not greabter than 10 per cent., BSince the
enerey added mechanically durding the vaporization process
was as much as 2 per cent of that added electrically, the
uncertainty in the total energy added, introduced by the
agltator, amounted %o as much as 0.2 per cent, The cali-
hration data for the rate of addition of enevgy by the
agitator, and a sample calculation of the amount of energy
added by this means are included in Discussiocon of Agitator

Enerzy, Appendix,

gy Transfer between Calorimeter and Jacket

{32

The gain or loss of energy by the calorimeter as a

result of thermal transfler by conduction and radiation be-

o1y
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umed,

=
o]

o]

55

Lond

tween the ecalorimebter and the surrounding Jacket

for any given temperature, to be directly proporilonal to



the average temperature differehce, The energy exchange
between the calorimeter and the Jacket during the period

of interest may be expressed by the relationships

a,= 1A (T;-7,)de (28)

The constant of p?O@@?@iGﬁ&lit§3)Q9 of Equation 28 was

determined by applying BEguatlion 28 to an sctual cass in
which a known guantlty of energy wasg exchanged by thermal
transgier under conditions approximating those of the

vaporizaetion studies. The average cof the temperatures

This assumption is not in general agre@meﬂ% with
Stefant's law wnlc% states that the transfer of energy by
rodiation is proporticonal to the differvence of the abso-
lute temperatures raised to the fourth power. However,
when the temperature difference is small, the difference
of the temperatures to the fourth power may be approxi-
mated in terms of an average bemperature, ., and the
temperature difference as follows &

- BT (T (T -Ta)

and

-T2 T (T T



1

3
-5

e,

3,

indicated by the resistance thermometers in the oll bath
surrcunding the jacket and in the calorimeter was talken as
the average bemperature, Ta . In uging BEguation 22 it
was convenlient to express the temperature difference and
the proportionality constant in berms of reglstance units
rabther than temperature units.

A typleal cooling curve, interrupted by the addition

of a known guantity of energy, is shown in Figure 13 Tor
a calibration carried out at 310°F. Eouation 28 was ap-
plied over the time interval from & to 6 . A cali-

bration was alsc carried out at 130°F. Values of the pro-

temperatures of inbterest

ortionality constant at other

o]

were obbtalned by linear interpolation or extrapolation of
the values obtained experimentally.

It is belileved that the values of the proportionslity
constant cobtalihed exverimentally are known to within 4 per
cent and that other values are ameertaim by not more |
10 per cent. The energy transferred to or frowm the caloe-
rimeter by thermal exchange with the Jacket, during vapori-
zation studies, did not exceed 0.00 per cent of the energy
added electrically, and thus iat?sﬁmceé an uncertainty of
not more than 0.005 per cent in the btotal energy added.
The Appendix includes the calibration data and a sample
calculation for the energy exchange betwsen the calorinm-

eter and the vacuum Jacket.
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MATERIALS

The n-heptane and the n-octane used in these studies
were obtalned from the Phillips Petroleum Company. The
n-heptane was pure grade, containing 99 mole per cent
n-heptane. The supply of n-octane was research grade and
contained 99.83 mole per cent of n-octane., The materials
were dried over metalllic sodium and used without further
@ﬁ?ifiéa%i@m except for deaeration, Diessolved alr was re-

moved by freeglng the materials, using liguld nltrogen as

o

he refrigerant, and subseguent evacuation. This opera-~
tion was repeated until the pressure above the frozen
material was consbant for two successive operations,

The index of refraction of the n-octane sample at

68°w, relative to the sodium D lines, was 1.3973 as com-

2, @

pared with 1.39743 reported by Rossini (14). At G8°F, the
gpecific weight of the n-octane was 43,8617 pounds per
cubic foot as compared with a value of 43,886 pounds per
cubic foot by Rossini {(15)., The impurities in the n~octane
were reported to be largely ipoparaffing and other com-
pounds having latent heats of vaporization not greatly
different from that of the sample. It is believed that

the uncertainty introduced into the determination of the

£2

latent heat of vaporization of n-ogtane, as a result of
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PROCEDURE

Pransfer of Material into Calorimeter

The operation of transferring the material being in-
vestigated into the arparatus was performed by first evacu~
ating the spparatus, The material was then distilled info
the apparatus in such guantity that, during the investiga-
tion, the surface of the liguld was well above the heater
and the gas phase occupied at least 20 per cent of the
volume of the calorimeter. A record was maintalned of the
anount of materlal which was contalned within the apparatus

and subseguent additlons were made when necesgsary.

Preliminary Operations

The actual vaporization process was preceded by a num-
ber of operations designed to attailn the desired condi-
tions within and in close proximity to the apparatus, The
Jacket and the calorimeter were brought to the selected

4

temperature and the guard heaters were adjusted to give
nearly zero temperature gradients along the tubes leading
from the top of the calorimeter. The temperature along
the path followed by the vapor in passing from the vacuum
Jacket to the orifices was adjusted to approximately 5°F

above the temperature in the calorimeber., Two welshing
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bombs, serving as eaﬁd@asaré for the withdrawn gas, were
attached to the vapor-receliving manifold, The appropriate
lines were evacuated and the weighlng bombs were coocled by
contact with liguid nitrogen. The agltator and heater
within the calorimeber were started, and a valve to one of
the weighing bombs and one or more of the orifice valives
were opened, The rate of energy addition bto the heater
was adjusted until the Temperature of the calorimeter re-
mained nearly constant and was close to that of the jJacket.
A withdrawal rabte, in the approximate range between 0,2

¥

and 0.5 gram of sample per minute, was selecbed

- 1 Fr
guch that

the hegter current was between 0.85 and 0.50 ampere,

When the vaporization was proceeding smoothly at the
desired temperature, the {low of vapor was diverted to
the second welghing bowb and the timer was started, The
timer switch was strateglcally situated near the welghing
bomb; this facilitated the crucial operation of simul-
tanecusly diverting the flow into a new recelver and start-

ing the timer, During the vaporization run, readings of

gm?

the current to and the vollage across the calorimeter heater
were btaken alternately at intervalsg of from one Lo two mine-
utes, Freguent readings were taken of the temperature of

the calorimeter, the temperature of the Jacket, and the



temperature difference existing between the calorimeter
and the Jacket., Readings were also taken of the tempera-

2 8
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Sures of the outgolng gas and zalong the withdr s
and of the temperature gradients along the tubes and one
heaber lead between the calorimeter and the Jjacket., Hanual

were made, as re-

Gl

adjustments of the appropriate healers
gulred, to maintain the temperaltures within acceptable
1imits, The times of the readings as well as of heaber
adjustments were noted and recorded. The adjustment of

urrent through the heabter 1ln The calorimeter was made at

imaeg of even seconds noted on the timesr, After a ninimum

g‘\.
-

of 10 grams of the material had been withdrawn, the {low
* gas was diverted back to the original welghlng bomb

and the timer was sbopped. The valves to the orifices

were closed and the heaters and agliator were turned off,
The welght of sample collected during the run was deter-
mined from the initial and final weights of the second
welghing bomb.
Control of Operating Conditions

The temperabure of the oll bath and vacuum Jacket
was meintained constant, to within approximately 0.01°F,
during the vaporization processes., The maximum variation

in temperabture of the calorimebter during any investigation

4

was 0.05°F and the average of the maxlma for all of the
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deterninations was less than 0.02°F, The temperature of

ey &2, i e 4, - - 1y v & I B pm, o
the calorimeber at the snd of a vaporization nrocess,

e st ey vy g v N " oy oo 5 / & il 4l e IR wray o, By - 2
perature measurement (0.003°F), with the temperature al

The identity of the initial and final temperatures
made 1t unnecessary to know the heat capaclty of th

calorimeber and the welght of the naterial in the liquid
aund the gas phases. A& typleal curve illustrating ol

E

ation of bemperatures with elapsed tlme durdng an gsctual
process i3 shown in Figure 8, The power input to the
calorimeter heabter 1s also shown over the same time in-
terval,

The difference in temperature bebtween the liguld in
the calorimeter and the exit gas varied between approxi-
mately C.1 and 0.4°F depending upon the rate of vapori-
zation, bubt was subsbantially constant during any single

investigation,



BVALUATION OF LATRENT HEAT OF VAPORIZATION
FROM EXPERIMENTAL DATA

Values of the latent heat of vaporization were caleu-
iated from the experimental data by means of Bguablon 25,
The effect of the temperature varliations during any inveg-
tigntion was caleculated to be less than the elflTect of the
neertainty involved in measurement of temperature and was
neglected. The uncerteinty introduced by neglecilng the
effect of temperabure variations amounted to less than
0,002 per cent. Eguation 2%, rather than Eguatl 20, is
uged when this effect is consildered.
Enevresy Evaluatlon

The amount of electrical encrgy added to the calo-
rineter was obtalned by integration of the area under the
power curve, Figure 14. The energy added mechanically by
the agliator was evaluated by taking the product of the

ime interval of vaporlization and the power of the agita-
tor, obtained by callibratio Energy gained or lost by
thermal transfler between the calorimeber and the vacuum
Jacket was obtained by graphical integration utilizing
Bguation 28, Energy lost from the calorimeter by thermal
b ately

heater leads

trangfer along the

£r the measured Lemperature

rom ar

was established separe

radient,



Welsht of Material Withdrawn

£

The material withdrawn from the calovineter during
a vapgrization run was condeunsed in g welghing bowmb. The

weight of material withdrawn was determined directly by

weilghing the bonb before and alfter the withdrawal,

Volumetric Correction

The specific volume of liguld n-heptane, required

onn in Equabtion 26, was taken

ol

k

for the volumetric correct]
Prom the literature (16); the specific volume of the
saturated gas was obtalined from unpublished data avalle
abvle in this laboratory {17). In the case of n-octane,
the specific volume of the liquid was taken {rom the data
of Young {(8)., The ap@ci ic volume of the saturated gas
was obbtained by the simultaneocus solutbtion of Eguation
and the Clapeyron equation, using the vapor pressure data

e

of Young. The values of the volunes resulting were ezira-
nolated to the lower temperaturesg of inbterest by means of

g plot of compressibllity factor vs. temperature; the re-

sults are listed in Table I, The volumebric correction

in Bguabtion 20 amounted to less than 2 per cent of the

latent heat of vaporization.



Superheat Correction

5

In evaluating eguation 26, it was assumed that the
vaporization took place at the temperature of the gas
vhase and that the liquid was superheated. The btempera-~
ture difference between the gas and liguid was taken to
be that indicated by the thermocouple within the thermom-
eter well. The correction for superheat may be shown to
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be equal To the product of the isob
the liguid and the average amount of superheat. The iso-
baric heat capaclity of n-heptane at bubble-point wasg ob-
tained from the literature (18)., The isobaric heat
capacity of n-gctane abt bubble<«point was estimated by

means of the following equation:

Eaa
3

C - CP = i}:’dﬂHt) +v d/D” / )
S AT * 4T

Eguation 29 may be derived by assuming that the vapor be-
haves as a perfect gas and that the rate of change of
volume of the liguid with temperature is zero. The maxi-
mum correction for superheat amounted to legs than G.15

ver cent of the value of the latent heat of vaporization,
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RESULTS

The latent heat of vaporization of n-heptane was de-
termined only at 100°F. The result, 153, Btu/lb, was
about 0,09 per cent larger than the corresponding value
ocbtained by interpolaticn of the values found in the
literature (3,4,5,6,7,8) as shown in Figure 15,

The latent heat of vaporization of n-octane wag de-
termined at nine temperatures in the range from 100 to
340°F, The experimental polints, with a smoobh curve drawn
through them, are shown in Pigure 16, The experimental
points, together with the corresponding values read Irom
the curve, are recorded in Table 1II, The deviations of
the experimental values from the smooth curve are also
included in the btable. The average deviation without re-
gard to sipn was calculated to be 0,17 per cent and the
gbandard deviation was found to be 0.27 per cent.

A comparison of the results of this investigatlon
with the values of the latent heat of vaporization of
n-octane reported in the literature (3,5,8,9) is shown in
Figure 16. The results of this investigation arve in
gxcellent agreement with the measurements of Osborne and
Ginnings (3) at 77°F. Agreement wilith the reported values
of others at higher temperatures 1s falr,

The difference in internal energy of saturated gas

and gaturated liguid was calculated for n-octane in the
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temperature range from 100 to 340°F from the values of

3

&

the latent he i of vaporization from Table II, the specific

4.

1-

yvolume of the saturated gas, Table I, values of the speci-
fic volume of the saturated liguid from Younz (8}, #nd the

vapor pressure from Rossini (&) and Young (8). The re-

s

ded in Teble IIIX.
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sults of these caloulabions are

5

In Table IV, values of the more imporitant variables
of interest in a vaporization process arve listed for each
of the vaporization runs with n~ocbane., Values given

in the table are temperature, duration of process, eleg-

rical energy added, energy added by agltator, energy

qd&

gained by thermal transfer frow survoundings, net energy
added, weight of material withdrawn, and average superheat
of liguid. Also included in the table are average poﬁar
input, size of orifice usged, and average withdrawal rat

The ervors involved in the present work are primarily
those associated wilith evaluation of the energy added to
the calorimeter. IV ig believed that the high vacuum and
welghing bomb technigue (19) for establishing the weilght
of material withdrawn 1s gccurate and that the provable
error in the final result introduced by the welghing of
maberial withdrawn is less than 0.02 per cent. The limi-
tations in precision of temperature measurement introduce
an uncertainty of as much as 0.08 per cent due to uncer-
tainty 1n the total enerzy of the calorimebter and 1its

contents, The errvors lnvolved in evaluating the correc-



tion berms of Egquatlon 20 are not significant. The sig-

nificant contributing errors are llsbed below,

Quantity Poeslible error, %
Electrical energy 0,05
\gitator energy 0.2
Energy exchange beltween )

calorimeter and Jaclkel 0,006
Change in temperalbure 0,08
Weight of ¢ rlal withdrawn 0,02

ad
[y
foole

The predicted standard deviation, based on thess es
mates of the errors involved as standard deviations, is
G.22 per cent. The actual standard deviabtion of the ex-
perimental results is slightly greater than predicted, It
ig supposged, however, that an additional possible source
of error attribulable to condensation of the material in
the vapor withdrawal tube or in the valve block, could ac-
count for a greater deviation, All of the experiments
below O°F were made prior to the installation of the
voltage stabllizer in the power supply circult to the
heaters used to prevent such condensation,

Barring any ervors due to condensation, the agitator
is the grestest source of evrror. The calivration pro-

edure used to evaluate the energy input by the agitabor
ig simple in principle. However, in practice, high ac-

curacy iz difficult to achieve since a gmall temperalture
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ator drive was undergized and part of the
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difficulty in the agitator calibration resulted from ran-~
dom 8ilpping of the motor. A motor of sultable slize was
subsequently obizined for use as a replacement,

It is concluded that the apparatus functions accord-
ing to desgign and that the resulis obbained are in very zood

agreement with the best data from the literature.
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RECOMMEMNDATIONS

It is recommended that one of the differential thermo-

-
2

couples within the Jacket be moved to provide a mors reli-
ahle measure of the difference in tewmperaburs bebween the
liguid and gas phasges. The Junction refer ring to the gas
phase should be placed on the withdrawal tube at a p@i&ﬁ

close to %the calorimeter. The thermocouple used to meas-

ure the temperature gradient along one of the heater leads

s

-

could serve this purpose slnce the temperature gradient
along the lead could be related, by callbration,to the

power input to the heater.

RElectriecally operated, gulck opening valves could be

Za

o %, 2
£ the with-

uged advantageously for diverting the flow of the

s
)

drawn vapor. The simplest arrangement would utilize a
single J-wny valve. Such valves, operated by solencid,
are commercially svailable. The resull of such an instal-
lation should be the lumproved measurement of the duration
of a vaporization run,
The use of an injector for the addlition of material

t0 the caleorimeber would save & conslderable amcunt of time
during a series of vaporization studies. The present pro-
cedure of introducing the material by distillation reguires
that the calorimeter not be hot during the operatlion. Since

cocling and reheating Lo operating conditions is time con-

suning, much loss of time could be avoided,
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NOMENCLATURE

O
B

specific heat capacity at constant pressure
differential operator

gpecific internal ensrgy

total internal energy

congtant of proportionallt

latent heat of pressure change

welght of material within calorimeter

UV 3 > ma

pregsure

o~
=

o

pressure in two-phase region
infinitesimal amount of energy
eneryy added to calorimeber
temperature

thermodynamic temperature
Su@ﬁ&f&ﬁ volume

total volume

infinitesimal amount of work

B < < H &+ P $ T

@

time

S

AH finite Increment of superheat

A calorimeter

a average

b bubble-~point liguid
d dew-point gas



NOMENCLATURE {cont. )

e alectrical
K ogas

vacuum Jacket

o

liquid

) agitator

/ initial

2 final

3 initlal, calibration of Mk
4 final, calibration of Lk

d pertaing o mabterial transferred across boundary

of sygten



Thermosmeter ¥Well

Thermometer Well and Accessory Parts--Exploded View

View Showing Paths of Tubes from Top of Calorimeber

Instrument Wiring and Helium Reservoilr
Detalls of Orlfice Block

Orifice Plates
Orifice Block Installation
Orifice Block
Withdrawal Manifold and Welighing-Bomb Condensers
Agitator Calibration Curves
Coocling Curve, Heat Transfer Calibration
Temperature and Calorimeter Heater Power During
Vaporization Run

tent Heat of Vaporization of n-Hepbane

Latent Heat of Vaporization of n-0Octane



Figure'l, Schematic Arrangement of Equipment
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Figure 2. Qeneral Arrangement of Eguipment



LEGEND - Fipure 2

A calovineter

B azitator

C ports in circulation ghield D

o eirculation shield

E resistance thermometer

F radial gulde vanes

G drive shaflt for the agitator B

B tube

I geal between Tube H and sleeve U
o vacuum Jacket

K oil bath

L dmpeller

M ports in clirculation shield N

H cireculation shield

0 opening in cireulation shield

P radial puide vanes

Q ports in path Q-R-S5-T

R guide vanes

= ports

T circulation shield

U sleeve--part of vacuum Jacket
VW 8legve--part of drive for the impeller L
4 packing gland through which the sleeve W leaves

the 0il bhath



:gh‘eggs

LEGEND - Figure 2 {cont,)

Lansy

packing gland through which the tube H leaves

the oil bhath

aupport bearings for the pulley B!

steel shell

sealing nut between tube H and shell Et
armature housing

steel--bronge bearings in which the armature
housing rotvates

electromagnets

slip rings through which the electromagnets

are energlized

aupport bearings for the electromagnet assembly

pulley to drive the electromagnet assembly
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Thermometer Well

Figure 3.
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Figure 4. Thermometer Well and Accessory Parts--

Exploded View
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Figure 5. View Showing Paths of Tubes from Top of

Calorimeter
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Figure 6., Instrument Wiring and Helium Reservoir
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ORIFICE
VALVE

x 3

FLOW WITHIN ORIFICE BLOCK
{FRONT VIEW)

ANHTRS N1

N, e

74

\\>\§\/’ L7 pﬂ& |

\\\ N ‘.\\\

SIDE SECTION

Figure 7. Detaills of Orifice Block




Figure 8. Orifice Plates
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Orifice Block Installation

Figure 9.
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L T

Orifice Block

Figure 10,
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Figure 11. Withdrawal Manifold and Weighing-Bomb

Condensers
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Specific Volume of Saturated Gas, n-Octane
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Difference in Internal Energy of Saturated Gas
and Saturated Liguid, n-~0Octane
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TABLE I

Specific Volume of Saturated Gas, n-0ctane

Temperature Volume of
Saturated Gas

°F cu. ft./1b.
100 97.80
130 46,28
160 23,84
180 16,43
220 7.79
250 4,86
280 3,16
310 2.14

340 1.49




Latent Heat of Vaporization, n-Octane

Temperatu Heat of Vaporigzation Deviation
(@K@@?iﬂeﬂud Y{from curve
Test No. °F btu/1b %

197 100 152.83 2.83 .0

199 130 148,67 148,23 +0.29
200 130 148,20 148,23 0,08
201 160 143,71 143,71 G

202 190 138.89 139.13 0,17
214 220 134,53 134,55 -0,01
215 220 134,48 134,55 -3 05
210 250 125,13 129,84 -0,55
219 280 125.73 125,03 +3.56
233 310 119,88 9.84 +0,03
234 340 114,05 114,32 -0, 24
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CALORIMETER HEATER CIRCUIT DETAILS

Description of Heater Circult

The energy dilssipated in the calorimeter heater was

4

established from voltege and current measurements taken

at regular time intervals during bthe vaporizatlon process.

3

ey

A cireult diagram, Figure 14, shows the arrangement of
the aﬁuipmén% uged for making the measurements, In some
respects, the diagrem is similar to the diagram of Che
heater cireult as originally operated (1). The important
details, including the alterations which were made, are
ghown in Figure 1A and discussed in the succeeding para-
graphs.

The calorimeter heater A, Figure 14, includes only
those parts of the heater circult which are within the
calorimeter, Current leads B carry electrical energy
from the high capacity storage battery € and through the
serles resistor D. The current in the clreult isg ad-
Justed to a sultable value by means of the variable resle-
torg ¥ and M, The auxiliary heater F, of approximately
the same reslisbtance as heater &, may be used to draw cur-
raent from the battery when the calorimeter heater is not
in operation., This permits the ecircult to reach stable

&

operating conditions in advance of actual operation,

Cy W
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tability and Control

O
o
3
3
@
o3
[
V7
o

The avallability of a stable electrical energy supply
ig desirable in the present work as well as in heat capacity
studies in order to make the precise measurements necessary
for the evaluation of the power to the heater. The use of
an auxiliary heater ls unnecessary when a vaporizatlon run
or abirrer calibration ils carried out since the calorimeter

ter ig operated during the prelliminary operations for

2

he
a sufficlent length of time to attain stable coperation
prior to the period of measurement. However, when the
period of measurement and the operation of the heater are
started simultaneocusly, as in heat capacity studies or in
heat loss callbrations asg carried out in this work, the
prior gttainment of circult stabllity is achieved by the
use of the auxiliary heater,

The current in the cireuit is determined from the
voltage drop across the resistor U, Figure 14, measured
by means of the potentiometer G, Part of the current {lows
through the high-resistance voltage divider JK, which is
conneected to the current leads B at polints one inch from
the calorimeter by means of the potential leads L . The
potential drop across the heater A is determined from the
voltage drop across resisbtor X of the voliage divider,
Since the voltage drop across the resistor K is measured

with the same pobtentiometer G, it is convenient to select



the resistors D and K in such a manner that the voltage
values meagured with the potentiometer fall on the sane
part of the scale,

In heat capacity studies and vaporization studies in
which the rate of withdrawal of vapor can be adjusted

irectly, 1t is cusbtomary to mainbtailn a {izxed heater seb-
ting during the periocd of measurement, In addition in
such studies, 1t is possible to check the circuit for
steady behavior before the period of measurement begins,
However, in the vaporization studies presented in this
thesis, the rate of withdrawal of vapor was fixed by the
state of the fluid and the size and shape of the orifice.
Conseguently, the control of operating condlitions within
desired limits required that, during the perlod of measure-
ment, adjustments be maée iy the calorimeter heater cir-
cuit to correct for decreasing battery voltage, changes
of conditions within the calorimeter, and other changes
affecting the rate of withdrawal of wvapor.

It was discovered that, at the currents used in this
work, unsteady operation of the heater sometimes resulted,
because of an unstable contact resgistance, when a single
variable series registor, such as resistor E, was used to

djust the calorimeter heater current. In addition, finer

®

adjustment of the heater current was needed for the vapori-

zatlon studies than was provided by resistor E which was

installed originally for heat capacity studles. To provide
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thr the variable respistor used Tor conbtrel, the re-
sistors M and P were added %o the clreult, as shoun in
Figure 1A,

The varisble resistor M, FPigure 14,1s comprised of
a decade box of smaller current capacity than the similar
resistor E. P is of fixed resistance. The use of the
ghunt resistor P gerves a double purpose; the current re-

guirement through the control resistor M is decreased, and

=

ne effect of an unstable contact resistance is reduced,

¥3

oF
ha

The reduction in the effect due Lo unstable contact
resistance can be illustrated silmply by the following.
Consider two parallel resistors, K and R, having a

combined resistance R given by

R = S (14)

Agssuming that RL is a variable resistor, the rate of
change of R with respect to K, is obtained by differ-

entiating Hguation 14 with respect to K,



=]
5

{

dR Ri RIR.
I (28)

dl?l R;*‘Rl (p\'*}?z)l

If the contact resistance of K, 1s represented by aks

@4

and assuming that dR/dR, may be replaced by aR/a Ky

13

the change in the resistance of R due to the contact

ot

resisbance becomes

R, ARD;\ N Regz ARz

(34)
R, *Ra (R +R,)"

AR =

In the course of the presgent iluvestigations, the re-
gsiator £ was used only for meking coarsge adjusitments and
was set and checked for good contact before the gtart of
g pericd of measurement., All adjustments in the heaber
cireult during a vaporization run were wmade with the
variable resistor M. Representing the resistance of the
resistor M by K, and the resistance of P by R, , the
worst case encountered during an experiment corresponded

to R, equal to approximately five times R, . For this

5.“"

a8l

suation, it follows from Eguation 34 that

AR = 2{“2 als (La)



Thus, the instability resulting from poor conbact with
the varlable resistor M, used in adjuvating the heater
gurrent during a run, is attenuated by the shunt resistor,

The use of beltter switches than those nrovided on

the decade boxes whieh were used as the varishle resish-

ors in the calorimster heater circult would »robably have
elininated the problem of erratic behavior in the cireult,

v

although the arrangement described above provided a suit-

eble solution using standard laboratory components,

Caleulation Deball

The current through the calorimeter heater A, Pig-

ure 14, is glven by

p Vi

Np Nk

term in BEquation 5A is the correctlion for the

3

The secon
fraction of the total current in the circult which by-
passes the heater A by way of the voltage divider,

The voltage drop across heabter A is given by

AT +/15<+/}.£"* 0 s
/UA = Mg 2 "Z/ZaLA (
AK

o
—



= S0=

P

The second fterm in the egquation represents the covrection

for the voltage drop acrosgs a portion of the current leads

)
by

situated outslde the calorimeter but within the part
the calorimebter heater clircult which is within the voltage
divider loop. The resistance of this section of the leads
was obtained as a funcition of temperabture and 1s shown in
the plot, Figure 2A. A tabulation of the resistance values
of the other resistors is included in the legend to Fig-
ure 1A. The resgistance values plobted in Pigure 24 were
caleulated from the resgistivity of copper, taken from the
iiterature (20), and the dimensions of the leads,

The energy dissipated in heater A is evaluated by
integration of the instanbaneous power values, {(, /W, R

over the duration of the process as follows:

Qe = la U, d8 (74)

Tne resistance values ,, and AR, and the combined
values Ny + Ay and Aﬂ»+/%z were obtained by calibration
againgt standard resistors. If the appropriate values are
substituted for the resistances in Eguation SA, there is

obtained

o



w3 -

Vo

L, =
A 0.0190/376 ohm

-
571}

1y, Eguation becomes

Y

Sample Caleculation

Measurements of the voltage

obbtalined alternately during

Ag an 1llustration, during a veporization

250°F, the following measurements

Wy </5,234<€9) ~2 R ba

a periocd of

Uy

— (8a)
bL79. 069 ohm
{oa)

drops Ny, and 4, were
energy evaluabtlon,

%
were made:s

& = 29555 sec,, g = 0,28105 volt
6 = 20044 sec,, g = 0,0032016 volt
6 = 29785 sec,, Ve = 0,28103 volt
6 = 20880 sec., Ny = 0,0032015 volt
By interpolation, using plots of 8 vs. /A and Ny
* £ Y £
These data were taken from data sheet no, 4203,02,

test no. 218,



0.
corresponding values of n, and n are obtalned for each
reading of time 6 . Thus, at 6 = 20044 seconds,
Mp = 0.0032016 volt, and /U= 0,28104 volt .

For the operation at 250°F, 2h. = 0.00595 ohm. There-

fore, the current obtained by substitubion in Equation 84

La = 0.319300 amp.
The voltaze, from Eguation GA, is equal o

Ny = 5«%&2‘?9?1 voles

s
[}

From these values, the corresponding power L, /U,

calculated

LaNy = 1,36654 watts

This value is plotted as one of the points on the power
curve, Figure 8, presented earlier, The area under the
curve represents the energy introduced by the healer, and
in the example is equal teo 4842.65 watt seconds. This

result 48 listed in Table IV presented eariier.
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DISCUSSION OF AGITATOR ENERGY

Calibration Procedure - General

The rate of energy addition to the calorimeter by

o

the agltator may be evaluated by measuring the rate of rise
of temperature of the calorimeter with the aglitator in
oparation and the vapcr withdrawal line closed, This rate
may be conmpared wlth the rate of rise, at fhe same condi-
tlong, repulting from the operation of the ggitator and

k)

the addition of energy by th

by

er at a predetermined

heat

m

and lnown rate, The compariscn should be made under such
condlitions that the amount of energy transferred by other

mechanisms, such as by conductlion or radiatlion between the
&

calorimeter and the surrounding Jackel, is negpligible or
amenable to evaluation., It 1s desirable to be able to

make the comparison for conditions of zerc temperabure
difference between the calorimeter and the surrounding

Jacket. However, in pracitlice this condibtion is difficult

3

o3

o attain, although 1t may be approached within reascnable
prozinity.
In this work, the calorimebter and the Jacket were

agsumed o be at substantially the same temperature when

puple readings, indicating the difference in temperature

L

between the calorimeter and joacket walls at the Top and



&.J,-q

botbom, respectively, was zero. The temperature of the

of temperature rvise of approzximately 0.05"F per hou
Temperature gradients within the calorimeter, under these
conditions, were assumed to be very small. However, the
dgifferential thermocouple readings in the upper and lower
regions were found to differ consistently, by approximately
0.,005°F, which could be attributed to parasitic voltages In
some of the junections in the associabed clrcults.
I% may be assumed that under these conditions of ap-

of energy

[
|3
i3
4
&)
et
(o
e}
w

parent bemperature equallty, the ga

.

ny the calorimeter due to thermal transfer between the

By
calorimeter and the surroundling Jacket s zero. Although
this assumption is reasonable, it 1s not necessary, sluce
enersy @bﬁaﬁﬂ@ﬁ by thermal transfler wmay be treated as a
part of the energy introduced by the agltator. This is
permissible inasmuch as the rate of transfer of energy
between the calorimeter and the surrounding Jackel, as
disecussed in the next seetbion of the Appendix, ls propor-
ional to the temperature difference existing between Cthen.,
The latter assumption implies that a departure from the
condlitions of temperature equallty as specifled above

results in 2 change in the energzy exchanged between the
i} s



calorimeter and the Jacket which nmust be congidered

Detalls of Condidions

With the Jacket surrounding the calorimebter mainbained
at o constant temperature, the temperature of the calorim-
eter was observed as a function of time, first with Just
the agitator in operation and subsequently with both the
heater and the agltator in operation., In the latter case,

the contribution by the heater was approximately the same

[

as by the agitator. The temperature range of the calorim-
eter exbended from approximately 0.04°F below to approxi-
mately 0.04°F above the temperature of the surrounding
Jacket in both cases. The results were plotted, as shoun
in Flgure 12, and slopes were deterwnined graphlcally

giving the rate of rlse of temperature of the calorimeter

for the conditions degeribed above,

Evaluvation of Agitator Power

g de ey de

b oy o ; o e VT b B am Tmerr eIy oS ey o
The rate of energy addistion by the agibator, 7% R

iz deternined by the following expression

7Cg = '¢% (104)



&y
~80=

s - oy B o e
is the rate of rize of temperature resulting

aes

vhere S
from the operation of the agitator, 5& is that due

to the operation of the azltator and heater combined, and
4% im the rate of electrical energy addition to the

heater.

Practical Limitations

In pﬁacﬁié@ 1t wag 4difficult te determine the slopes

S\ and S, accurately since the temperature changes
involved in the calibration procedure were nct larvge in
comparison with the preclslon of the temperature measure-
ments. Moreover, as pointed cub previously in this thesis,
+he mobor uged for driving the agitator was undersized and
gave congiderable trouble., Although the mobor was of a
synehronous type, evidence of random slipping was occasion-
ally encountered. A constant speed of rotatlon of the
agiltator ié important since the energy supplled by the
agitator is proportional to approximately the cube of tThe

speed.

Treatment of Experimental Results

=

energy addlition by the agitator was evaluated

o

of Equation 10A from the silopes S and Sz determined
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at 100°F and a knowledge of the electrical power supplied
by the heater. For n-octane, values of S and Sz
were determined ag functions of temperature over the

range of interest. In the agitator ecglibrationsg the

rate at which energy was added electrically was subsbanti-
ally constant at values from C.0291 to 0,0300 watt. This

nes Lo CoT-

,w

O
=
D)
N
@
fir
o
o
@
cua‘
@
)

reguired that the valy
regpond to the same value of fﬁ {C.0206 watt) in oprder
that a comparison of the resgulis could be made., The ad-

Fry

N i " i o 2
Justbted values, designated by E& s Were obiained Irom

~S; :<Sz"SJ * -+ S, {114)

0.0296 watt

Thus, that part of the slope .Sz regulting from the opera-
tion of the heater was scaled in proportlon to the heater

the adjusted values S,

pt

power. The values of S and

are plotted ag functions of temperature in Pigurs 34,

Results and Application

TR s o - i > Lo o T pen
The energy addliiion rate due Lo the agliator, evalu-

oy G gy

5 o . Err . ] e - 2 . P £ e " y
ated by means of Eguation 114, was obialined for n-octane

by the use of gslopes established Trom Figure 34 and 2



heater power value of 0.02006 watt., The values of f%
ochitained with n-~oetane are given in Table IA and corre-

spond to welghts of n-octane In the calorimeter approx

mately in the range from 540 to 610 grams.

Since the rate of ensrgy contributed by the agitator

3 y

was assumed to be constant during a vaporization run at

2 particular sebt of cperating conditlons and lndependent

of the change in the amount of material within the calorim-

eter, the energy added by the agitator during a vaporiza-

-
i

-
5
[

d
tion run is given by
g, - R (6.-9) {121)

As an 1llustration, in a vaporization of n-cctane at
250°F the duration of the v
no. 218), and the value

00,0176 watt. The use of Eguvabion 124 vields

Q. = 063.20 watt seconds {Test no. 218}
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Greater accuracy in calibrating ©
he attained by the installation of & gulitable drive mobtor

and by improving the precision in the measurement of small

]

temperature changes within the calorimebter. A replacement

£ &

*

motor of adeguate size has been purchaseds; Improvement

readily achieved,

&

T Y “ sy G 5 % - 2 2 e g S K
An improvement in the determination of the rate of

se of the temperature of the calorimeter dues to the
operation of the agitator as well as in the case of the
operabtion of the agitator and the heater could be obtained
hy mabtchling the %e,g rature of the calorimeter and of the

surrounding Jacket throughout the determination. Tarrém
P

ses could thus be btreated, decreasging the

po

emperature

C‘b-

need for greater preclsion in temperature measgurement,

Since the largest known gource of error in the present

Rl v

e

work is introduced in the calibretion of the agltato:

e

o
L
s

improvenent in the accuracy of the calibration would be
most heneficial. Operation of the agifator at a lower

speed would reduce the need for accuracy in the calibra-

tion by reducing the fraction of the total energy contributed

by the agltator. However, the present speed {approximately
32 revolutlons per minute) represents o reascnable com-

P R o e Ferey F . g on S S e ¥ [REVOR I L
sromise betwsen a high gpeed resulting in a more uniflorsn



spee

e
W

a 1o

-
3
LA

SYIG

g B
wreer

i

EW
AL

he calor

E2%)
Wi

b

o
4
3D
o

b4

&




Ty
LS

s

]

()
1§

Pt
ot
£

74
o
]
&
he

-4

o
o
e




" k]
e

vy

hee

o

4,
o the

¥

wrn T oy by
reLlaned

o
35

¥4
pw

BTy
ary

5t

RIS
SHEG,

2oy
Ry

Y

or the rate of

Ling

ER
(e ¥

it

f;

s

vantage

2z 0

it has

ure is simole,

rooed

¥
P

Lo B oy
D48

*

at which

& alow rate

dom T,
i1

ue Lo

d

ey

ng

2
"
HNR

~SONsU

Horaeover, on

he

nob

.
1Y

erices desired

Plep

di

all temperature

g}

w0

3

S

[

&l

=
i

a drift 1

o G oS omm
200,

I®

supplied

1 of the calorim-

ermal eguil

Ty
i

e

¥
&

oply

stable power

T

‘Evf@;

£

hat

2n
v

806

ead

]
b

S~

ion bebwsen the %

he relab

the gsecond method, ©

In

.;.
b

o
al
43
o]
o5
]
L
T
43]
K
4D
o
<
[£3]

sained

4 4

curves ol

ng

% 8

ooll

4 ho cool while

nts are allow

" £
o o

nt

N
SLer

2 ryy £
lorim

ce

&

ks
W !

when



T
)

P
-

2
e

.
j

Ly of

apacl’

r~
&

‘é‘"“
Ly

a

&

fd

el

e
%,

£
[F34

9%

{3 ¥

el i

%‘24"‘»

o
&

n

1

W

€

he slop

i

e

o

sure differences o

eas

H
&

RrE

P
(73

L

£y

Lo o
aver

£ e

)
i

1oy

vl

<

the

ting

1ea

nvolves |

e

=

[&

the temperain

§g
E}

> 3
oy and obg

E
o

ne

K
@

e

:3' Y

¢

4
MU

meber

in

S
o

calon

the

1

2,
¥
&

ic

]

me pav

2
§o 3
58 e

3.
ki

95

(V-1

i &
nes

s

[

Ty

0

¥

£

o

1

4

3
¥

@ eval

Inout

3 v
e

A

e

.

the following




-Gl

introduced by the heater and agivator and is evaluated as

degceribed previously,

17, in the third method, the calorimeter is heated

‘9

when 1t is 8t the femperature of the Jacket and then al-
lowed to cool to the Jacket temperature, the calibration

the slow rate of

w

becomes very time consuming owing
atbtainment of thermal equalibrium under these conditions.
In addition, the evaluation of the area under the cooling
curve {(the integral, Equation 154} 1s subject to relatively

large uncertainties in the region where the temperature

\

Gart

g”_«!.
";}

‘erence approaches zgero. Thereflore, 1t 1s advisable
to dntroduce heat to the calovimebter &b & point where the
temperature difference on the cooling curve is greate

than zero, and then to cool azain to the same temperature,

Such a vath is shown in Figure 7 presented earliier,

The Calibration

The firgt and third methods discussed above are be-
lieved to be more accurate than the second for healt loss
calibraticn. The third method was ewmploved in this work

it was belleved to be quicker than the first and

s

beca
of comparable accuracy.

Calibrations were carried ocut to give the propor-
tionality constant _f , in Equation 134, at 130 and 310°F,

Values of at other temperatures of Interest were



@gbw

obtained by linesar extrapolation and interpolation of the
values obtained experimentally, as shown in Figure 44,

ted in Toble IIA in the unites which

ot

e
o1

i

39 - PR I
The resulis are

1 this work {watt seec./ohm sec, ).

{odo
g

wore nost convenient

Heat Loss Calculation

The energy transfer between the calorimeter and the

vacuum Jacket Ilnvolved during a vaporization run was
evaluated by the application of EBguation 14A over the
duration of the process., A48 an 1llustration, the curve,
Pipure 85, presented earlier, represents the process vari-
ables of interest during Test no. 218, giving the tempera-

it

ture diffevence .-, as a function of time, The area

under the cuprve ig 0.415 ohm second and repregents the

value of the integral, Eguation 144, for this test car-

riad oubt at 250°PF, The product of this area and the value

fia}

of _k given in Table IIA yields

D " : o e [}
2y = + 0,50 watt sec. (Test no. 218)

This result is included in Table IV,

It should be recognized that the temperabure distrl-~

bty
by

ation during a vaporization run ig different from that



obtalned during a calibration for k. Conseguently,
the _k obtained by calibration iz actually an approxi-

mation. However, Uthe average temperature of the calorim-~

;n%n

eter is assumed to be the temperature of the liguld phase,
which occeouples twoe o three times the volume of Tthe zas

heat from the Jacket to the top

By

nhase, The conduction o

H
L8

fty

of the calorimeter, along the vapor-withdrawal tube,
prevented by the flow of the vapor. The temperature
gradient along the tube carrying the thermometer leads,

whilch is measurable, was found to be insignificant., Thus

t 1s believed that bhe value for J obtained by calibra-



DETAILED DESCRIPTION OF APPARATUS

The apparatus, wmodified in this work for the purpose

of extending its ubility to include the measurement of

fuds

latent heats of vaporization, is described in 1ts original
form in the literature (1). Por the convenience of the

gader interested in the detalls of the apparatus assenbly

(2

e

and for the purpose of completeness, 2 detailled degerip-
tion is presented here which includes the changes and the
additions made %o the original apparatus as well as ine-
cluding a description of those parts which are unchanged
and also described in the above reference. This descrip-

tion supplements that glven earlier in this thesils,

The Calorimeter Asgembly

The general arrangement of the calorimeter assembly
is shown in Plguve 2, presented sarlier. The calorimeter A,
comprised of btwo parts, was machined from type 302 stain-
less steel. The two parts were Jjolned by means of a
Sapered Acme thread whilech provided the regulred strength
wilth the minimum of additional metal. Pure tin was used
to provide a pressure-tight seal within the threads. The
1000

o
o

vessel was designed bto operates al pressures up

pounds per gsquare inch, resulting in a mazimum sbtress in

it

the gsteel of 20,000 pounds per sqguare lnch. The calorimeter

was supported from the Jacket J by means of three small



wires which were fazstened To lugs in the top vart of the

L2 g

meter. Two lugs in the botiom part of the calorime-

Yoowed
Lt

La Loy

eter serve {0 reinforce the walls where the heater leads
leave the calorimeter. The lugs were useful in the zssem-
bly and disassembly of the calorimeter. The two pavris
® the calorimeter are shown befors assembly in the pholto-

graph, Plgure 54, A portion of the thermometer well used

in the earlier work is shown with the top part. Within
the bottom part the supports for other internal parts of

the calorimeter may be seen. The ouber surface of the
calorimeter and the inner surface of the vacuum Jacket
were polished to reduce transfer of energy by radlation
between the two surfaces,

tri

The cenbrifugal agitator B, Filgure 2, provides stir-

sithin the calorimeter. The liguid

-t

ring of the [fluid
leaving the agitator flows through the ports € in the
shield D, upward through the passage between the shleld
and the inner wall of the calorimeter A, past the heater
{(not shown in Figure 2), down past the well enclosing the
resistance thermometer E, and back to the agitator along
the radial gulde vansgs F. The heating element is en-
closed within 1/6 inch-dlameter steel tubling colled to
regsemble a helix of 7-1/2 turns on a diameber of 4-5/8
inches, The hesater iz situated in the annular space be-

tween the circulation shield and the inner wall of the



calorimeter and exbtends
ports C Lo a point slightly below the mid-point of the
calorimeter., The clreunlation of liguld samples of the
amount Just sufficient to cover the heater was made pos-
sible by cutting additional ports {not shown in Figure 2)
in the shield D, The additional ports, and the srrange-
ment of the heater as desmcribed here, made 1t posgsible &
increagse the permissible variation in the volume of
sample wilthin the calorimeter by a factor of fen in com-
parison with the original assembly. 4 small portion of
the 1liguld pumped by the agitator B through the ports C
flows downward into the rezion within the calorimeter
below the agitator and then upward through holes located
near the eye of the agitator. The shield and radlal gulde
vanes, parts of the agitator, and the support for the
shield, are shown in the photograph, Figure 0A, The
additional ports which were cut in the shield are not
shown.
The agitator ls supported by steel and bronze bear-
ings, shown in Pigure 2, and 1lg driven by the shalt G.

The tube H, which encloses the shaft, is connected to the

calorimeter at the lowest point and leaves the vacuunm
Jacket through the seal I located in the sleesve U, The
sleeve U is an extension of the vacuum Jacket and ssrves
to lengthen the pa ’Of direct conbtact between the calorin-

eter and 1ts surroundlngs at the lower end of the calorinm-
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photograph. A thin shield of aluminum is supporved by

.;{b_?

the tubes in the reglon between the calorimeter and the

o & ey Y 2% - 3 - FR 3 s -
calorimeter through the vacuum line, In the absence of

2 shield, a portion of the calorimeter would radilate

directiy Co a water-coocled surface,

The 011 Bath

The vacuum Jacket J, which was machined from stain-

less steel, is surrcunded by the oil bath K, Figure 2.
Cireulation within the o0il bath is provided by the lmpel-
ier L which pumps oll through the ports M, up and around
the circulatilon shield N and past two heaters of helilcal
design which are situated in the annular enclosure be-
tween the shield ¥ and the bhath K., The oll bath wilth the
impeller installed is shown in the pariisl assembly,
Figure TA. The brackebts which support the heaters may be
seen in the phobograph, Figure 82, The cil then flows
through the openings O in the circulation shield, Fig-
ure 2, downward past a resistance thermomeber (not shown),
along the vacuum Jackebt, past the radial gulde vanes R,

through the ports 8 and downward past the clirculation
shield T whiech turns with the impeller. The flow is then
inward toward tube H, upward past sleeve U, and back into

B

o 2 e
the impeller,
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extend the total 1ife of the bearings and Lo insure that
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the shaft § was under tension to minimize whip.
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Torgue for turning the agitabtor is transmiitted %o the
- fa | . [y PR ) - . p . - %
armabure H' by means of the rotating electromagnets K¢

which are energlzed throuch the slip rings LY and M, The
alectromagnet assembly is supported by bearings at 0! and
W oand is driven by the pulley Pt'. The detalls of
elepbromagnetic drive are shown in the photograph, Flg-
ure IIA, The electromagnetic drive provides sufficlent
torgue to drive the agitator at speeds up Lo 200 revolu-
tions per wminute., The original drives for the Ilmpeller

and agitator are shown in Flgure 124,

Arrancement for Pressure lMeasurement

The tube which leaves the hottom of the steel shell B!,
Fipure 2, may be used for tranzferring materlal to or from
the calorimeter. This tube and the be H are connected
to the free space within the steel sghell through small
vorts (not shown in Figure 2), which bypass the bearings
at It and J7'. The pressure within the tube Ifrom the
vottom of the shell may be ftransmitted to a pressure bal-
ance {13) through a steel diaphrasm (not shown). The

diaphragn prevents the mixing of the oil used in the pres-

control of the pesition of the diaphragm, Indicated by an



whiche
a

1y

4

¢

“
&

ounded by

of

o &

B g

sguare

I

ey

I
ot

w1 05w

I .
igure 2, is su

»

L, is impor
essure

b e¥id
I

£

¢ Jacks?t

&
# o

#

e
wut Gk

¥
¥

at

A4

”
o
e
£
o
(9

&5

A

I

h, Flg-

ap

he photogr

I3

2o
L

own in

i

ot
[

et are

v

o

final
tempera~-

ith a
o
e

8
L 2%
(=

-
i)

k2
P

ers

o
A

4

Hea i

-~
(0 "

)

ki

on may be geen in 1t
rature nearly equal

3

i
1, Fipure

Y

pon
s

N

Lo

yar gect

Y

io

2

&

he pho

&

g,
[ ¥4
OnE

L

L3

E
p%3

bl

-3

3
38
G4

pe

osition in
=311 24

o
1
UT

1

ure 144, and th
&

€1
e

L



«1 06~

General Lavout

The general arrangement of the calorimeter and some
of the control equipment is shown schematically in Fig-
ure 154 and in a perspective view in Figure 18A. A hous-
ing unlt, separately ventllated and consisgting of two
small rooms, was used to enclose the calorimeter and
auxiliary equipment as a safety feature in the event of
failure of the calorimeter during the studies conducted
with corrosive materials. The structure of the housing
unit is of steel., The lnner and oubter walls of the room
containing the calorimeter are constructed of transite
sheetinz., The oil bath A, Pigure 1588, is located within
the calorimeter room B, The drive mechanisms for the

alorimeter aglibator and the oll bath impeller are situ-~

o
abted near € below the bench E. The adlabatic Jacket D

and the other shields which surround the calorimeter ave
gupported above the bench by supporis which are shown in
Figure 104, The orifice block and the weighing-bomb con-
densers, described earlisr, are shown in the photographs,

Fipures 9, 10, and 11 and schematically in Plgure 154,

Auxiliary Eoulpment

The second small room P, Figure 164, serves bo house

most of the auxiliary eguipment. The mechanical vacuum



10T

n geries with the three-stage Jet pump H is used

[

punp G

to evacuate the chamber around the calorimebter within the
~vacuum Jacket. In the heat capacity studles carried out
previously with this equipment, the potentiometer I
{Leeds and Northrup Student type) was used in conjunchtion
with a differential thermocouple, the galvanometer J,

the photoelectric circult K, the light source L, and one .
of the heaters within the oil bath, to control the tem-
parature of the o0il bath. These controls were used for
the purpeose of maintalning a very small temperature dif-
ference between the calorimeber and the surrounding
Jacket as the calorimeter was heated., The photoelectrie
cirecuit K and the corresponding control panel P were not
used in the pressnt work. In the measurement of latent
heats of vaporization, the 0il bath is maintained at a
congtant btemperature by controls located in another room,
and the potentiometer I is used to meagure temperature
differences between the calorimeter and polnts along the
vapor-withdrawal path. Deflections cof the galvanometer J,
uged in conjunction with the potentiometer, are observed
a8 digplacements of a light beam on the ground glass
scale 0, originating from the light sourece M, reflected
by the galvanometer nirror, the mirror N, and ancther

mirror not shown, The conbtrols for the potentlometer 1

are located on panel Q.



The Leeds and Northrup type K-2 potentiometer R,
Figure 164, is used to obtain the current through and

Pl

the voltage across the calorimeter heater Controls for
the heater are located above the galvanomeber J and on
the panel 3. The controls for the type K-2 potentiometer
are located on panels Q and S. The deflections of the
galvanometer used with this potentiometer are observe:
on the ground glass scale T which recelves a light beanm
from the light source U, reflected by the galvanometer
mirror, the mirror V, and another mirror not shown. Con-
trols for immersion and external heaters for the oll bath
are located on panel X. These heaters are used in the
preliminary operations of adjusting the oll bath to the de-
sired operatling temperature,

In the present work, a mechanical pump, a Jet punmp,
and suxiliary equipment, located near W, Figure 164,
were installed and are used to evacuate the calorimeber
and associated lines, This vacuum eguipment 1s shown
in the phobtograph, Figure 17A. A view of the Interior of
the control room is shown in the photograph, Figure 188,
taken before the installation of this vacuvum equipment
and some of the other auxiliary equipment used 1n the
present work. The control panels of Figure 16A are sghown
in the photograph, Figure 10A. Additional controls

mounted below the bench in Figure 194 are shown 1n the
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chobograph, Filgure 208, The top item in Filgure 204 con-

by

former which supplies power for heating The

adiabatic Jacket. The other 1ltems are controls for Lrans-
formers which supply power used 1n heating the parts of

the avpparatus which convey vapor withdrawn from the

calorimeter to the orifice which regulates the llowrgte,
Thege latber transformers are used in conjunction with

the proup of isolation transformers shown in the photo-

graph, Flgure 214,

Additional Egquipment

Agditional conbtrols and instruments used with the
calorinmeber are located in another room and are shown in
the photograph, Flgure 284, These include the two Mueller
bridges used in measuring the btemperatures of the calorim-
eter and the oill bath, respectively, a K-2 potentiometer,
used in measuring the temperature difference between the
adiabatic Jacket and the oil bath, and the Whilte double~
potentiometer, used in measuring temperature differences
batween the calorimeter and the surrounding Jacket. The

White potentiomeber is also used to measure temperature
gradients along the two tubes which leave the top ol the
calorimeter, the gradient along one of the current leads

to the calorimeter heater, and the gradient wlthin the



thermometer well within the calorimeter. The eléﬁ@r@mie
modulating circult used in conjunciion with one of the
Mueller bridges to control the temperature of the oil
bath 1s not shown, although the assccla
be gseen on the panel above the bridges, Figure 228,

Bape of communication between the btwo gperators
iceated at the two control statlions shown in Figures 184
and 224 is very important for the successful operatlon

of this equipment. A commercislly-avallable inter-
communication system with the components located at the

two control stations, was installed for this purpose.
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Figure 1A, Circuit Diagram, Calorimeter Heater
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NOMENCLATURE - FIGURE 1A

calorimeter heater

part of current leads

current leads

batteries

reglstor for measuring current in circull
variable resistor for coarse control
asuxiliary heater

potentiometer

current

voltage divider

leads in voltage divider loop
variable resistor for fine control
shunt resistor

energy (electrical)

rasistance

voltage



Ny+ R

VRN

Am

24
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CIRCUIT VALUES -~ FIGURE 1A

12 volts

0,01001376 abs. ohm

0, 1, 2, « « « 19, 20, or 240 ohms
10,3484 abs. ohms

679.07 abs., ohms

1.41 ohms

ho, b1, b2, , . , 48, 49 ohms

10 ohms

See Figure 2A
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Figure 5A. Calorimeter Before Assembly
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Figure 6A. Internal Parts of Calorimeter
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01l Bath with Impeller, Partially Assembled

Figure 7A.
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Calorimeter, Vacuum Jacket, and 0il Bath,

Figure 8A.

Partially Assembled
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Figure GA, Impeller and Auxiliary Parts, Partially

Assembled
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Exterior of 01l Bath with Impeller

Figure 10A.

Installed
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Figure 11A. Electromagnetic Drive
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Figure 12A. Impeller and Agitator Drives (original)
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Adiabatic Jacket

Figure 14A.
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oil bath
calorimeter room
drive mechanlsms for agitator and impeller
adiabatic Jacket

shelf
equipment room
mechanieal vacuum pump
three-stage Jet pump

L & X Student potentiometer
galvanometer
photoelectric cirecult

1ight source

light source
mirror in light path from ¥ to O
ground glass scale
conbrol panel for circult K
contrel panel for pobtentiometer I
L & N type K-2 potentliometer
controls for calorimeter heater
ground glass scale

ight source
mirror in light path from U to T
location of vacuum pumps

constrol panel for oil bath heaters
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Vacuum Pumps

Flgure 17A.
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Interior of Control Room

Figure 18A.
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Control Panels of Figure 16A.
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Figure 20A, Control Panel
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Controls and Instruments

Figure 224.
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TABLE IA

&
Agitator Power vs. Temperature

Tempfr&ﬁm?@ Agi@a@ggtP@we?
100 0.0199
130 0.0195
150 0,0190
190 0.0185
200 0,0182
250 00,0175
230 0,.0170
310 0.0165
340 0.0153

# .
Approximately S540 to £10 grams of n-cctane in
calorimeter



Results of Heat Transfer Calibration

Temperatur Proportionallty
Constant h
[} . i Ty e
F watt sec./ohm sec.
100 1,229
130 1,369
160 1.505
190 1.042
220 1.781
250 1.918
280 2,507
310 2,197

340 2,335




PART II

VOLUMETRIC AND PHASE BEHAVIOR IN THE

ETHANE-PROPENE SYSTEM
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In the original copy of this thesis the pages ind

cated above contain the text of a published avticle:s

"nlumetriec and Phase Behavior in the Ethane-Propene System”
by R, A, McKay, H, H. Reanmer, B. H. Sage,

and W, N, ILacey

Industrial and Engineering Chemistry, vol, 43,

pp. 2112-2117 {(1951)



Reprinted from INDUSTRIAL AND ENGINEERING CHEMISTRY, Vol. 43, Page 2112, September 1951
Copyright 1951 by the American Chemical Society and reprinted by permission of the copyright owner

Volumetric and Phase Behavior
in the Ethane-Propene System

R. A. MCKAY, H. H. REAMER, B. H. SAGE, AND W, N. LACEY
California Institute of Technology, Pasadena 4, Calif.

A knowledge of the volumetric and phase behavior of
binary mixtures of ethane and propene is of direct indus-
trial interest in econnection with petroleum refining
operations.

The molal volume of three mixtures of ethane and
propene was measured at pressures up to 10,000 pounds
per square inch in the temperature interval between
10° and 400° F. The composition of the coexisting phases
was established throughout the two-phase region of this
system at temperatures above 10° F.

The data obtained permit interpolation of the volu-
metric behavior of this binary mixture throughout the
stated ranges of pressure and temperature and show
satisfactory agreement with earlier volumetric measure-
ments. The deviation from ideal solutions is negative at
pressures below 1600 pounds per square inch and positive
at higher pressures. However, the magnitude of the
positive deviation again decreases at pressures above
;2000 pounds per square inch and is relatively small at
8000 pounds per square inch. This decrease serves to
confirm earlier trends, which indicate that hydrocarbon
mixtures exhibit relatively simple volumetric behavior at

high pressures. The equilibrium ratios for the com- -
ponents follow the pattern found for other hydrocarbon
systems. The deviation from ideal solutions and from
the behavior of these ecomponents in other binary systems
was significant.

URING the past few years information about the phase be-

havior of the ethane-ethene-propene system has come to be
of particular industrial interest. The present study relates to
the establishment of the volumetric and phase behavior of the
ethane-propene system which constitutes a part of the above-
mentioned ternary system.. The phase behavior of the ethane-
propene system was investigated earlier at temperatures from
—35° 10 200° F. for pressures up to about 750 pounds per square
inch (12). Volumetric measurements for this system for pres-
sures up to 3250 pounds per square inch in the temperature inter-
val between 212° and 482° F. recently became available (15).
Disagreement, particularly in regard to the phase behavior of
this system, has been found between the earlier measurements of
Lu, Newitt, and Ruhemann (12) and the present data.
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a grapnite cathode g3 a function of concentration and cur-

e
w3ty 1y g foow B g | . E] ma e G
rent density in chromiec 2cid solutions.

5. Tinned conbacts amalgamated with mercury would pro-

vide instrument switches offering low contact resistance
with low pressure contact,

e
&3

o, By comparing the speed of rotation of the front

e

o e

and rear wheels, and assuming adeguate power or adequate

3 £e 2

brakes, a feedback control system mizght be used to opbinmize
acceleration or deceleration of an aubtomoblle. Such a
gystem could assist racing drivers as well as drivers

interested in avoilding skids in case of sudden stops.

7 The AEC has encountered difficulty in sampling

S

1

very {ine dust in alr. The condensation of liguids on the

a8

dauat particles could increase the particle size sufficiently

to permlt removal by filtration. High-boiling liquids whose
vapors supersaturate would be preflerred for this application,

&

& Acetylene hag been manufactured by the thermal
eracking of hydrocarbons in a regenerative furnace, Wulff {(3)
pregented the baslc ideas of the furnace which was developed
by Coberly (4) and Hasche (5), During the heating cyecle

fuel is fed centrally to a combustion chamber, The combus-
tion chanmber increases the steam required to purge the furnace

Iy =4 oo - L oy 3 B vy e A& oy =98 4 2. ' s Al Sote g
prior to cracklng and interfleres with the control of the



residence time in the craclking zone. The eliminatlion ot

B 3 fo £ ey Ty o w Ty e, w D - Pl
the combustlon chamber is proposed.

Refrigeration-type alr conditioners for house-
heold use provide ccoling with 1ittle or no independent con-

ie that the cooled ailr is

3
oy
@
i
©
Ui
ot
P
[

trol of humidity, T

often sither too humid or too enld for comfort., The in-

corpovration of a counter-current heat exch er between the
air streams to and from the cocling coils would alleviate

£

e
b) Air coolers of the evaporative type nrovide
the desired cooling at the expense of the humidity. 4
scheme is proposed wherein amblent alr is coocled in passing
into a bulilding through halfl of a rotating heat exchanger,
The exchanger in turn 1s cooled by ailr passing from the
building and through an evaporabtive cooler before entering

the other half of the exchanger.

10, a) In the repairing of damaged skulls, plates of
metal or plastic, and networks of bone frag mea' taken from
the damaged skull have been used. The chief disadvanbage

the use of bone fragments lies in the dilfflceuliy in sup-

Lo e [2 35 oo > g, R R, S oo T, o, s Tem,
porting the fragments untll the network becomes rilgid through

Lemperar upport 1s given by reducing the atmospheric preg-

o

sure on the scaln, Under the influence of the resulting
& 3
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the nebwork, thus achbing as a molding surface for support.
b) The design is proposed for a vacuum regulator
which gives regulation of approximately + 0.5 mm over the

2 g

range O to 20 cm of mercury.
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