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ABSTRACT 

Measurements of the latent heat of vaporization of 

propane and normal pentane were made with an adiabatic 
range 

bomb calorimeter. The temperature~for propane was from 

103.4° 1i1. to 163.2° F. Normal pentane measurements were 

from 103. 7 to 200° ]'a.hrenhei t. A description of the 

apparatus and the method of calculation will be found in 

part l of this paper. 

In the se cond section of this p8.per some o:r the tne:rmo

ci_ynamic properties of n-pentane in the superhe ated gas 

region were calculated. Included in this section are 

t abulated values of entropy ,enthalpy ,residual volw:ne ,and 

heat capacity. 
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I. LATENT HE:Nrs OF VAPORI ZATION 

Latent hea t of vaporiza tion ma y be de fined as t he 

energy re quired to convert a unit mass of materi a l from 

satura t ed li qui d to s a turated gas a t the same pressure 

a nd tempera ture. 

The use of l atent hea ts of va poriza tion is wide

spread in industri es in which materials are dis tilled or 

cond ensed. The a ccurate det e rmina tion of l a t ent heats 

of hydrocarbons is pa rticularly important in the pet

roleum industry. Here the hea t r equired for frac tiona ting 

columns and the desi gn of condenser equ i pment are based 

on l a t ent hea ts. 

There a r e three me thods commonly used i n the eval

uat ion of l a t ent hea ts. If the P. V. T. rela tions of a 

c e rtain material a r e known, the l aten t heat may be cal

cula ted from an ap-;)li cation of the First e,nd Second Laws 

of Thermodyna mics kno wn as the Cla peyron equation. 

L = T (~ ~( ½ _ ¼) ➔} (1) 
. b 

This method is particula rly a ccurate for vapor pres-

sure g reater th a n 100 pounds per sq. in. Above this pre s

sure reliabl e vapor p r es sures may be o b t a ined whereas, at 

lo we r pressures, adsorption on the walls of the pressure 

measuring device often ca u se errors i n the experi ment a l 

mea s urements. It is to be expec t ed, then, tha t a t the lo wer 

*A definition of s ymbols will be found a t the end of 

this thesis. 
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temperatures th e l a tent heat values de t e rmined from the 

Clapyon equa tion will usua lly be somewhat lo wer than the 

ac t ual l a tent heats. 

A se cond me thod of r e l a ting l a tent hea t of vapo r

iza tion t o t emperature invo lves the hea t capac ities of sat

ura t ed gas a nd li quid, the cha nge in pr essur e with t emper

a ture in the t wo phase region, and. (;_ 7,) 
1 

for bo th s a tur

ated gas a nd li qui d . 

L ' Lo, { T [_ c,,,d - C,: b , Lf111,; J- ('ii;'J,,-J t;IJJT (2) 

If t he l atent heat of v aporization is k no wn a t one 

t empe r a ture it may be calcula ted for a ny other tempe r ature 

by mea ns of this equation. Results a r e mo r e a ccura te in the 

lo we r t emper ature r a n g e when t h is method is used be ca us e, a t 

lo we r t empe r a ture~heat capa cities vary less with tempe r a ture, 

a nd lo wer{~ ';- ) values make t he other t erms of the equatio n 

l es s im po rta nt. At hi gher t emperatures a ll qu a ntities in

volved cha,n ge mo r e rap i d l y with t emperatur e, a nd the po s

siblili ty of e rror will be g r eater. Since t~ 1if ) T is derived 

from hea t ca pa city, a n e rror i n heat capacity may introduce 

an accumul a tive e rror into t he evalua tion . Therefore , the 

a ccuracy of latent hea t va lues det e rmined by this me t hod 

will be limited by the a ccuracy o f the hea t capacity da t a . 

Latent hea ts may a l so be de t e r mined experirnenta,lly . 

Basi ca ll y, t he method consists of the addition of a known 

amount of en e r gy to a li quid i n a suitable container a nd of 

th e measurement of the a mount of li quid vaporized a t cons t a nt 

p r essure a nd t empera ture. By cons i deri ng t he various e n e r gy 
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lo sses fro m the sys t em the l a tent heat of vaporization can 

be evalua ted from t he followin ~ general equation : 

L = ( --.--.=---.- ,,, ( '3 ) 

Q is t he kno energy added to the system. 

Q', Q'' and Q' '' are respectively , th e therma l l eaKa g e loss, 

the superheat corre ction, and the heat capa ci ty corre ction . 

v,/(j;_V1:,) is the mass of ma t e ri a l vaporized . All of these 

terms will be discussed further in part (2) of this section. 

La tent hea ts determined experimentally may be expected 

to be less a ccura t e a t h i gher temperatures becaus e the volum e 

corne ction be co mes increasingl y i mportant as the critical 

temperature is a ~Jpro a ched . 

The bes t previous work on latent hea t of v a poriza tion 

has been done by the Linde Labo r a tory (l)* a nd the Burea u o f 

Standards ( 2) . 

(a) Theoretica l considerations 

As a means of extrapola ting l a t ent heat curves beyond 

the tempe r atu re range covered by the experimental po ints it 

is well to under stand the b eha vior commo nly expected through

out the des ired r a nge . This behavior ca n be predicted to a 

certain extent by a cons ideration of the Clapeyron equation. 

At l ow temperatures the volume of the saturated gas will be 

very l a r ge in comparison to the volume o f the saturated 

li quid~ a nd the l a tt e r may be neglected with s li gh t error. 

Also, a t lo w t empe r a tures it may be expected that the ga s 

will closely approxima te perfect ga s beha vior. Thus, from 

* Ref e r ences to 11 tera ture cited will be found on page 33. 
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the Clapeyron e qua t i on r esults the follo wing : 

L -=- T( dP I 1/ i,T7-dP ___ / d ~ P 
-;;Jr./2 Vcf :: - 0 

0 dT P d(-f:j 
(4) 

The slope of the logarithm of vapor p ressure against recipro-

ca l tempe r a ture h as been found experimenta lly to b e approxi

ma tely consta nt under these conditions. Therefore L will 

approach asymptotically to a limiting maximum value. 

Vlhen the gas approaches the critical temperature, the 

difference between the volume s of th e s a turated ga s and the 

saturated li quid g ro ws r apidly smaller a nd a t the critica l 

t empera ture it is zero. At the critica l tempera ture Lis 

also zero. 

• (b) Ma terials 

The sample of n-Penta ne used in determining l a tent hea ts 

of vaporiza tion was o b t a ined from th e Phlllips Petroleum 

Compa ny. Their speci a l a na l ysis sho wed it to conta in 99.3% 

of n-penta ne and 0.7% of isopentane. 

The propane used in this study vm s obta ined from the 

Philgas Company, Bartlesville, Oklahoma. Their a na lysis 

showed it to be pure p ropa ne, conta ining neither etha ne nor 

isobuta n e in appr e ciable amounts. 

(c) Apparatus 

The adi abatic bomb calorimeter used in ca rrying out the 

majority of the de t e r mina tions of l a t ent h eat s of vaporiza tion 

was simi lia r to tha t described by Vermeulen (3). Some 

cha n ges were made, however, tha t a re importa nt enough to justd.

fy their description. 

All thermocou pl es used we re enclos ed in copper tubing to 

prevent excessive wear a nd possi ble physica l damage. The tubing 
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containing thes e thermocouples led to a central wiring box. 

Here the the rmocouples were soldered to number 18 B. &S. gage 

copper wire. This large r wire was enclosed in conduit and 

carried by t h is means directly to a potentiometer s witch board. 

Here, the t wo junctions of any thermo couple could be plug-

ged into any of the three potentiometers installed on the 

board. The plugs were a lso arrang ed so that any potentiometer 

could b e used in conjunction with a ny of the four galvano

meters on the bo a r d . Any potentiometer could be co nnected to 

either of the other t wo , and this s e rved as a valuable means 

of che cking each instrument for a ccuracy of sta ndard c ell 

setting. The agitator des cribed by Vermeulen wa s not used 

beca use ea rly experiments sho wed tha t agitation was not needed 

to secure e quilibrium in the bomb. 

With the idea of investiga ting the hea t of mixing of 

va rious hydroca rbons a t a l a ter da te, a new bomb assembly wa s 

desi gned and installed a fter a portion of the l a tent heat 

mea surements h ad been completed. 

Th!l:s new bomb wa s of a steel alloy with a yield point of 

120,000 pounds per s qu a re inch. The outside overall hei ght of 

the bo mb was 6 inches a nd th e center di ameter was 3 § inches. 

It consi s ted of t wo hemispherica l p ieces threa ded and sweated 

onto a cylindrica l center section. The inside volume of the 

bomb wa s a pproxima tely 15.2 cubic inches , a fter a llowing for 

space occupi ed by the h eater. Th e hea ter cons i s ted of in

sula ted no. 36 B.& S. gage consta ntan wire within 0.06 inch 

s t ee l tubing . The hea ter leads were brought out through two 

openings in the bottom of the bomb, a nd the steel tubing was 
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soldered to the bomb a t this point. The parts of the bomb 

we re ma chined by the Fred C. Henson Company a nd beat treated 

b y Dr. D. S. Cla rk of the Ca lifornia Institute. 

A sch ema tic di agram of t he apparatus is sho wn by Figure I. 

Into the top of the bomb a threaded nut was sweated. Th is 

nut had two opening s throu~b which the vapors were led to a 

pressure bala nce a nd to . the vapor intake by mea ns of steam-

1 hea ted 8 inch copper tubing . The a g itator cons isted of a 

small centrifugal impeller mounted on ball bearing s in the 

bottom of the bomb. The sha ft of this impeller was mad e of 

0.020 inch p iano. wire . enclosed in 0.06 inch steel tubing , 

one end of which wa s s oldered to the bomb. These t wo con

centric piec es extended from the bottom of the bomb through 

the oil bath a nd t h r ou gh the floor of the a ir thermosta t to 

a fl a t ma chined pi ece (A) mounted on a wooden support directly 

below th e bomb . Here the 0.06 inch tubing was soldered, a nd 

the piano - wire ext ended thr'.)ugh a pa cking gl a nd to a drive 

pulley. Into the space in the ma chined piece be t ween the 

sealed tubing and the pa cking 3,la nd an additional vapor line 

wa s s eal ed . This vapor line was used for filling the bomb 

with li quid, a nd it was so a rranged tha t it could be evacuated 

before the li qui d was admitted . The pulley connected t o the 

pi a no- wire drive sha ft was driven by a~ hors epo we r mo tor, 

con ne cted to the drive pulley by means of a belt a nd other 

pulleys which s e rved to r educ e the rota ting speed o f the 

agitator. 

A t h ird tube made of i inch bra ss surr ounded the t wo tub es 

mentioned a bove . On e end o f t h is was seal ed to the ca lorime t e r 
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v a cuum j a ck e t a nd t he other to the 0.06 inch s t eel tubing 

a bout thre e inches f rom t h s machined piece A (Fi gure I.). 

Th is tub e wa s kept eva cua ted during opera tions a nd served to 

reduce hea t loss f rom t h e ins i de tub es. To mini mize still 

furth e r th e h ea t loss, the va cuum tube wa s surrounded b y 

a nother tube of -z_ inch brass. One end of this tub e wa s 

soldered to the oil ba th conta iner, a nd the other wa s sea led 

off by soldering to the outside of the va cuum tub e. There 

was a n outlet from this tub e leading to a n oil-stora g e t a nk. 

This outer tub e was wr a9ped with a t h in l a yer of a sbestos 

paper over which a hea ter was placed. The hea ter was covered 

with a noth e r l a y e r of a s best~s paper a nd, fina lly , with a 

l a yer of a s bestos rope. During a d e t e r mina tion t h is tube 

wa s kep t a t the s ame temperature a s the main oil bath by 

mea ns of t he hea ter, a d ifferenti a l t he rmocouple indicating 

any tempera t ure diff e rence between the two. The hea ter was 

opera ted on 110 volt a lterna ting current with s uitable re

s i s t a nce in s e ri e s, a nd th e amount of energy a d d ed wa s con

trolled manua lly. 

All othe r parts o f the appa r a tus were v e ry n early a s 

d es cri b ed b y Ve rmeulen (I). 

(d) Method o f Opera tion 

In making a de t e r :;1 ina tion of l a tent heat of va poriza tion 

a sampl e was ~Jla ced in the bomb, a nd the spac e inside the 

j a cke t was ev a cua t ed . The b omb a nd the j a ck e t were b rought 

to the desired t emp e r a ture. As soon o.s e quilibrium bet ween 

the bomb a nd the j a cket h a d been rea ched, t h is e quilib rium 
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was indicated by a zero r eading on the d ifferential thermo

couple between the two, current was passed through the hea t

er element inside the bomb for a period of from 10 to 20 

minutes. During this period the vapor distilled off at 

constant tempera ture was collected in a tared collecting 

bomb immersed in an oil bath controlled by a mercury reg

ul e.,tor. The temperature of the distilling vapor was con

trolled by regulating the amount flowing through a motor

operated valve in the vapor line and to a certain extent by 

adjustment of the temperature of the oil bath , in which the 

collecting bomb was immersed, so tha t the pre ssure drop from 

the main bomb to the collecting bomb was small. 

At the end of the vaporization period the heater current 

was shut off, and the contents of the bomb were allowed ,to 

come to eq_uilibrium. The equilibrium temperature of the 

bomb was recorded. In order to correct for heat loss , r ead

ing s of the differential thermocouple between the bomb and 

the jacket were recorded every 30 seconds. This thermocouple 

was also used as a guide in the adjustment of the motor

operated valve. Temperatures of the bomb, of the vapor line, 

and of the oil bath surrounding the vacuum jacket were also 

recorded at intervals. At the termina, tion of a run the col

lecting bomb was a gain weighed to determine the amount of 

liquid evaporated. If the fina l temperature of the bomb was 

not the s a me as t he tempera tu.re at the beginning of the run, 

a heat ca,paci ty determination was made in order to permit 

correction for this. Usually the final temperature was within 
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0.04 ° F. of the initial temperature. 

(e) Me thod of Calcula tion 

To ca lculate the latent heat of va9orization an energy 

balance is required. The energy supplied to the bomb by the 

heater may be dissipated in several ways. The g reatest pro

portion of this supplied energy is., of course, used for the 

a ctua l vapo rization of the li quid. Energy may also be ca r

ried out as superhea t in the vapor; as heat loss to the jacket 

by conduction, radi a tion, a nd convection; or it may serve to 

make the final temperature of the bomb different than the 

initial temperature. These possibilit i es must be considered 

if precision re sults a re expected. 

Thermocouples in the bomb and on the vapor line just 

outside the bomb showed tha t if there was suffici ent li quid 

in the bomb to cover the heatinc coil, no superheat was ap

parent. If the li quid did not cover the hea ter, the super

heat was very marked a nd was indica ted by a r api d rise in 

outlet vapor tempera ture a nd a f a ll in the temperature of the 

liquid in the bomb. This superheat occurred at infrequent 

interva ls, and it was felt that, rathe r than correct for 

superheat with the possibility of error in the correction 

and in the determination of th e a verage tempera ture of vap

oriza tion, more satisfactory result s would be obtained if 

more liquid were added and the de termina tions were repea ted. 

Therefore, for a ll mea surements t a ken superheat was neglig ible. 

Even s li e;ht cha n f;es in the temperature of the bomb rel

ative to the vacuum jacket gav e appre ciable heat l oss. To 
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c a l cul a te thi s hea t loss a ca libra tion curve was established 

by add ing a known amount of energy to the bomb rti th the temper

ature of the va cuum j a cket r emainin~ constant. The rise in 

tempera ture of the bomb a s measured b y the differenti a l 

thermocoupl e was r ecorded. As the bomb cooled the read ing of 

thi s d ifferenti a l thermocou ple vm s recorded against time. 

From this record of time vs. temperature d ifference the cool

ing curve shown a s Fi gure 2 was plotted. It was found tha t 

the r ate of cooling ',m s a pp roxima tely proportional to the 

temperature d ifference between the bomb a nd j a cket. 

The consta nt, K, was found from the slope of the cooling curve 

-1 
to be 0.000299 seconds . Energy added to the bomb per 

microvolt cha nge i n potentiome ter r eading = 

M = Microvolt bomb- jacket d if ferentia l reading 
M' = Rise i n temp . of bomb u pon addition of energy 

as measured in microvolts by t he potentiometer 
E = Energy added to the bomb in B. T. U. 
W' .;- Pounds of li qui d collected in the receiving bomb 
~ ::; Tota l time of a determina tion in seconds. 

-~ 
' 

">• -" :,. 

"' ... .., 
' 
~ 
t' 
' 

~ 

T11-ne 117 Sec one!. 

Fi gure 2. Calibration cooling curve 
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If the bomb temperature at the end of the d ete rmina tion 

was d ifferent tha n a t th e beginning , a n add itio nal correc tion 

w2.s necessary. This correction will be called the hea t ca p

a city correc tion in further d is cussion. To ca lcul2 te it, a 

k no wn amo unt of electrica l en e r g y wa s added to t he bo mb , a nd 

the ri se in t empe r a ture of the bomb was r e co r ded . After this 

t emperatu r e rise was co r r ec ted for heat loss , the energy r e 

quired per unit increase in tempera ture could be ca lcula ted. 

Th is va lue was multi pli ed by the difference in tempe r a ture 

be t ween initi a l and fina l conditions to give the desired 

correction . 

The a ccura.te determina tion of energy supplied to the 

bomb was of utmost importa nc e in de t e rmining the latent hea t 

of va poriza tion. Fi gure 3 shows the e l ec trica l circuit used. 

The e. m. f. d r ous ae r o s s r es i stances R1 8.nd R2 were measur ed 

a gainst time d uring a de t ermina tio n. The integ r a t ed average s 

of these va lues were used t o determine E, a nd IH. 
H 

,e, 

.1. R, .7 

D .C. 

Fi gure 3. Electrica l Circuit for Calori me t e r Bomb Hea t er 
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Calculation of IH and E8 : 

If,-::- 2,4z g7 ohms; /?3 -:: /t?, "f OISC, R ... -- S5'7',209 ohn,1 S 

R 1 : Leod t-v/-,._.e i,-;; 1 j Ton c e -= ., . 335 oh J-1-1 s. 
¼ ac;; l ru- -::- /lv. E, /-1 .E f e ~ - ~"2. = .4117~5-"1;5" E,clQ _ 

~ 0 

~ - -: //, 9c;1St )I t[i d 0 • 33 s :x LfEd 
c.J ~ 2 _4-,2. 117 e / 0 

E.11 = 11, -'fO/${, x ~ {~,_de o. 13 f>0 3 7 x -t-):: de 

Calculation of Volume Correction: 

I f the hydroca,rbon under investi ga tion is held at con-

stant volume, not a ll of the material vaporized is removed 

across the bounda ry of the system. A volume just equal to 

the.t of the li quid va.porized i s now fi ll ed with an addi tiona l 

quantity of gas. The experimenta.l v,: lue must be corrected as 

shown in the equa tion: 
G 1Q

1

-1Q
0 -1Q 111 

w' ( Vd ) 
W-:-Vb 

By substitution of the p roper values into Equa tion 3 the final 

ca lculation of l a tent h ea t of vaporization i s a s follows: 
Q., C:. ..Z:, e' {o.0007~.v,,), Q' :- ElrMe Q'' = Svpa vh ~Qi::: o 

w ' J M'v· J 

L =- ( Etr'. L., e,, (o ,oo~}ftf'') + E ;, !'-JG ,Ji,T Q JI( ) \{;vdv./) ( 7) 

Symbols defined : 
0.00094866 ~ 

I 

g -::. 

~ =-
'vV = 
V'i I = 

--

Factor to convert from watt seconds to 
B . T. U . 

Time of energy input to the bomb (seconds) 
To tal energy If 11 11 11 

( B . T. U. ) 
Total weight of li qui d VG. porized (pounds ) 
V,ei r·:h t of va:oo r collected in the 

we i ghing bon1b (pounds) 
Bomb hea t e r volta ge 

I I ff current 
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(f) Correla tion of the Da ta 

Fourteen measurements of L were made for normal penta ne. 

Of the se values thirteen d i d no t va ry f rom the mean by more 

tha n 0.51£ a nd in most insta nce s by much less tha n this. The 

other value differed by neEJ.rly 2% and it was discarded. 

Va lues of L for pentane are shown in Table I. Figure (4) 

shows a comparison of experimental data with values reported 

by Young (4) a nd with va lues ca lcula ted in this laboratory 

from pressure-volume-temperature d a ta by means of the Clapeyron 

equation. Young's values are intermedia te between the experi~ 

mental a nd the calcula ted,.. values a l thouc;h, even a t the lower 

tempera tures, the maximum va ri a tion is not more than 1.5%. 
Jofrln / /2 12,CJ/ 

It is believed tha t the experimental,, values a r e more trust-

worthy a t these lower temperatures. Experimental P-V-T rel

ations a r e d i fficult to obtain accurately in this temperature 

range, while experimenta l latent heats of vaporiza tion are 

o b tained with e;r ea,ter precision because the lower va por pres

sures encountered permit more favorable operating conditions 

and because volume corrections are not so important. Us ing 

hea t capacity a nd Joule-Thomson da.ta Equation (2) on pa g e 3 

was evalu2- ted t aking for L
0 

the experimental v a lue at 104° F. 

This va lue was used becouse of the g enero. l con s istency of ex

perimental mea s urement s. : n this tempera ture r ange . The values 

of L ca lcula ted from t his equa tion thro ughou t the entire experi

mental tempe r ature r ange were within 0.5% of the curve based 

upon the directly measured va lues . To avo id confusion in in

terpreting the other curve s these results were not shown in 

F'i gure 4. 'rh e good agreement of experimenta l data with l atent 

hea ts obtained f rorn other sources indic ':'. tes 
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an absolute a ccura cy of n early 0.3%. 

Fi gure (5) sho ws a plot of L a s a function of tempe r a ture 

for propa n e . The a g r eement here is not all tha t could b e 

d esired . On the s a me fi gure a r e va lues from th e Cla peyron 

equa tion
1 
from the experiments of the Linde Labora tories (1), 

and fro m the integ r a, ted e qu a tion menti on ed. a bove. The experi

menta l va lues s eem to f it th e points reported by Dana much 

b etter tha n do the va lue s fro m the Clapeyron e qua tion. 

Ho wever, the va lues ca l cula ted from the Clapeyron e qua tion 

are a lmost th e same a s p r eviously reported va lue s ( 5) ca l

cula ted usine; entirely indep endent P-V-T data . The r esults 

obta ined by integr a tion of Equ a tion (2), taking for L
0 

a 

value d erived from the Cla p ey ron e quc1. tion, agree v e ry well 

with the Cla peyron equ a tion va lue s, but these would agree 

e qu ~.lly well if a va lue of L
0 

h ad been t aken fro m the experi

menta l curve. Until additiona l measurements can b e mad e, it 

will b e difficult to a scerta in which va lues a re correct. 

Experimenta l va lues for propa n e a r e t abula ted in Table 2. 
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Latent Heat of Vaporization of Normal Penta.ne 

Temperature Calculated Heat Heat Calculated Heat of 
F Energy Ca.pa.city Loss Energy Vaporization. 

B.T.U. # Correction Correction Plus 
VJ-Vb 

B.T.U. # 
B.T.U. # B.T.U. # Correction .---v;-

104.3 154.38 -.2432 -.1460 153.99 .9944 153.14 

103.7 153.69 -.0630 .2376 153.86 .9945 153.03 
.. 

111.5 152.93 .0891 .0590 • 15:3';·08 .9936 152.10 

114.4 151.43 .7678 -.2297 151.97 .9933 150.96 

120.5 150.96 .4785 -.2862 151.15 .9925 150.03 

122.4 150.37 -. 0330 -.1798 150.29 . 9923 149.14 

127.8 148.34 3. 2798 -1.1842 150.43 . 9916 149.17 

131.0 151.10 -1.4355 -.1409 149.53 148.15 

149.0 146.38 -.1070 -1.2030 145. 07 .9882 143.36 

154.3 144 007 .4950 . 2340 144.80 .9872 142.94 

179.5 140.34 .8360 .4750 141.65 .9810 138.97 

180.4 137.10 .9734 .6940 138.77 .9807 136.10 

180.5 138.43 1.0440 .2650 139.74 .9807 137.06 

200.0 128.18 4.3180 1.6360 134.13 .9753 130. 82 
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:F'i gur e 4 . Latent heat of vaporization of n-pent ane 
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Table II 
Latent He at of Vaporization of Pro J_) ane 

Temperature 
oF. 

103.4 

103.7 

109.5 

109.8 

110.0 

110.1 

110.6 

114.4 

130.7 

130.9 

144.4 

144.5 

161.6 

162.0 

163.2 

Calculated 
J.~nergy* 

B.11 .U./;i 

Heat 
Loss 

Correction 
B.T.U./rf 

140.47 

141.44 

138.49 

143.62 

142.53 

141.10 

145.;j3 

urn. 66 

132 .. 94 

133.89 

125.93 

126.55 

108.85 

120.11 

119.57 

l.7'756 

1.0996 

-l.13c35 

-0.2594 

-1.4084 

-1.2562 

-0.3975 

o. 2064 

-1.3886 

-0.0916 

-0.1900 

4.0540 

-0.1951 

0.1823 

Calculated 
Energy v, v, 
Plus d- b 

Correction ~ 

142. 2 4 

142.54 

140.45 

142.48 

1 42 . 27 

139. 69 

144.08 

139. 2 7 

133.14 

132.50 

126.84 

126. 36 

112.90 

119.92 

119.75 

o. 9346 

0.9342 

0.9 281 

0.9278 

0.9276 

0.9 276 

0.9270 

0. 922 7 

0.9000 

0 .9000 

0.87513 

0.8758 

0.8310 

0.8302 

0.8299 

Heat of 
Vaporization 

B.T.U./ t 

1 , -52.94 

130.34 

132. 20 

132.20 

1 29 .58 

133.56 

1 28.50 

119.84 

110. :;; l 

110.67 

93.82 

99.56 

99.386 

* The heat capacity correction is included in the calculated 
energy term. 
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II. SOME THERiJOCYNAlVIIC CALCULNf I ONS FOR n-PENTANE 

A k nowledge of the J oul e -Thomson coefficient as a function 

of s t a te a nd of the isoba ric hea t ca pac i ty as a function of 

t empera ture for a s ing l e pres sure is sufficient to determi n e 

co mp l e tely t h~ hea t ca pa city througho ut the pressur e r a n g e 

for which Joul e -Thomson data are a vailable. The me t hod em

p lo yed in such ca lcu l a tions is b 2. sed upon the p ro g r ess ive 

g r aphica l integration of th e following g ener a l thermodynamic 

r e l a tion. 

Data for the isobaric h eat ca pa city of n- pen t a n e h a v e r ecentl y 

been published (6). Th es e va lues to gether with Joule- rrhomson 

d a t a (7) have been used t o ca lcula te the heat capa city through

outthe superhea ted r egi on . The hea t capacity as a function 

of pr essure a nd temper ature is shown in Ta ble 3 a nd is g r aphi

ca lly r e corded in Fi gure 5 . Previous va lues of hea t capacity 

h a v e been r epo rted (7) bas ed upon e stimr-i ted values of Cp at 

a t mo spheric p r essure. La t e r experimenta l wo r k (6) sho wed. 

tha t thes e values we re about 1% in error. Using the lates t 

a t mosph eric hea t capacity · da ta, th e values of hea t capacity 

in the superhea t ed gas r egion a r e sli ght l y greater than those 

p r evious l y re po rted. It is beli eved tha,t t he a ccuracy of 

the pr e sent va lues i s 0.5%. 

From the isobaric hea t capacity a nd the Joul e-Thomson 

co ef ficient, th e i sothermal chang e in entha l py with pressure 
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100 140 180 220 260 

TEMPERATURE °F 

Figure 6~. Hea t . Capa city at const an.t pressure 

fo r n-Penta.ne ( cp is expressed in B.'r.u. 

p er pound. ) 
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Figure 7. Isothermal chonge in enthalpy with pressure. 

n-Pent ane 
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may be calculn ted by mea ns of the g eneral thermodynamte 

relation: (9) 

These values are shown in Figure 7. 

ratio 

The compre s s ibility factor~ may be defined as the 

PV 
BT The isobaric chang e in this quantity with 

temperature may be ca lculated from the following equation: 

Values of~ were determined from the above expression by 

g r aphical integration using values of z at 220° F. (8) as 

reference points . 

Residual volume may be defined as the difference be

tween the perfect gas volume and the actual gas volume for 

any given p r essure and tempera ture. Res idua l volumes were 

calcula ted from the s i mole relation: 

(1-:z.)bT 
p 

The results are shown in Figure 8 and 'r a ble 4. I t was found 

tha t these values were sli ghtly lo wer than those previously 

reported (8). This would be expected since the heat capacity 

data from which (~ t )T was calculated were found to be slightly 

h i gher tha n the earli e r ones. 

From these prima ry data th e va ria, tions in enthalpy and 

entropy with pressure a nd tempe r a ture h a ve b een cnlcula ted for 

the superheated gas. Both entropy a nd enthalpy were arbi

tra rily taken as zero for the s a turated liquid at 60° F. The 

method of ca lcula ting thes e va lues h a s a lready been descri bed 

(9,10). Calculated values of entropy differ from previous 
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values (8) by as much as 7% a t the higher tempera tures. 

The improved experimenta l data on latent heat of vaporization 

a nd a tmospheric heat capacity a r e believed to be sufficient 

to a ccount for the difference. 

Ta bul a ted a nd g r aphica l values of entropy a re shown by 

Table 6 and Figure 10. Va lues for enthalpy are sho wn by 

Tabl e 5 a nd Fi gure 9. 
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Figure 9. Effect of p1·es suJBe on Enthalpy at canst a,nt 

temperature 
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Table III 
Values of Cp from Smoothed C~rves (B.T. U. per poW1d) 

Pressure Saturated 130 160 190 220 250• 
-if:/ sq. in. Gas 

0 .4065 .4196 .432 5 .4455 .4578 

10 .3900 .4100 .4221 .4344 .4470 .4593 

14. 696 .4033 .4138 .4245 .4360 .4479 .4603 

20 .4150 .4192 .4274 .4378 .4491 a4614 

25 .4242 .4256 .i308 . 4398 .4506 .4627 

30 .4321 .4350 .44i9 .4523 .4641 

35 .4392 .4394 .444i . 4543 .4657 

40 .4456 . 4456 .4479 .4566 .41374 

45 .4512 .4514 .4580 .4693 

50 .4568 .45;59 .4618 .4713 

60 .4668 .4658 .4678 .4756 

70 .4762 .4744 . 4805 

80 0 L1846 .4824 .4857 

90 .4924 .4914 .4913 

100 .4993 .4972 

110 .5060 .5036 

120 .5120 , . 5103 

130 .5180 . 5174 

Saturation .4268 .4484 .4750 .4950 . 5194 

• Extrapolated values . 
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Table IV--
Residual Volume 

cu. ft./# 

Pressure Satura1fi.ed 130 1 60 190 220 250 280 
#/ sq. in. Gas 

10 .247 .203 .187 .174 .163 .155 .147 

14. 696 .210 .192 .177 .165 .155 .146 

20 . 232 .217 .195 .179 .166 .156 .146 

25 .223 .199 .181 .167 .156 .1 46 

30 .221 .202 .184 .169 • 15ra .1 4-6 

35 .207 .H36 .170 .158 .146 

40 .214 .211 .188 .172 .158 .147 

45 .191 .173 .159 .147 

50 .208 .193 .174 .160 .147 

60 .201 .197 .17 6 . 160 .147 

70 .19 6 .179 .162 .148 

80 .191 .181 .163 .148 

90 .186 .184 .164 .148 

100 .182 .164 ,148 

110 .165 .149 

120 .1 66 .149 

130 .168 .149 

150 .149 

170 .149 

Saturation r-9 -. G~!J . 213 .199 .185 .168 .150 
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T2_ble V 
Enthalpy 

B. T .U./# 

Pressure 130 1 60 190 ~3 20 250 280 
.L~/ ~0 1r ,._ • in. 

14. 693 138 .8 201.4 214 .3 227 .6 241.2 255.2 

20 188.2 200.9 213.9 227.2 24.-0.8 254 .. 9 

25 187.5 200.4 213.4 226.8 240.5 254.5 

30 199.8 212.9 226.3 240.1 254,2 

35 199.1 212.4 225.9 239 .7 253.8 

40 198.5 211.8 225.4 239.3 253.5 

45 211.3 224.9 238. 9 253.1 

50 210.7 224.4 238.4 252.7 

so 209.4 223.4 237.s 2 51. 9 

70 222.2 236.5 251.0 

80 221.1 235.5 250.2 

90 219.B 234.5 249 . ;3 

100 233.4 248.3 

110 232.2 247.3 

120 231.0 246.3 

130 229.8 245.2 

150 243.0 

170 240. 7 

Saturation 187.3 198.1 208.8 219.3 229.5 238 .6 
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'I' a bl e VI 
Entropy 

B. T.U./:f/:/F 

Pres sure 130 160 190 220 2 50 280 
J.~; so 71 ,. • in. 

14. 69 6 . 3403 . 3Sll . 3815 .4014 .4210 .4403 

25 . 3241 . 3453 . 3660 .38 60 .4067 .4251 

30 . 3397 . 3605 . 3806 . 4004 .4198 

40 . 3302 .3514 .3718 .3917 .4113 

50 .3440 .3647 .3848 .4045 

60 . 3:5 76 . 3587 .3789 .3987 

70 .3532 . 07 37 .3937 

80 .3484 . 3691 . 3893 

90 .3438 .3648 • 3851 

100 . 3607 .3813 

110 . 3 569 .3777 

120 .3532 .3743 

130 .3495 .3711 

150 . 3650 

170 .3592 

Sc.turntion .3226 . 3287 .3353 .0419 .3484 .3546 
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A def ini tion of symbols not previously defined : 

b - Gas constan t = 10.715 cubic feet/sq_uar e in. x. 0 R. 

b (when used as a subscr i p t) refer s to bubble point c o:.c1c1i tions 

cp: Heat Capacity ( B.'.1:.U. p er po und.) 

d (when use d as a subscr i p t) refers t o dew p oint conditi ons 

H = 

L .. 

p = 
/4{ = 

T --
V --
y_ --
1-1 --

~nthalpy (B.1' . U. ;Jer po w1d) 

Latent heat of vap orizat ion (B. ~: . U. per poW11tt ) 

~ressure (pounds pe r square i nch) 

(c/I) Joule-Thoms on c oeff icient= 
01 

11..bsolute tem1Jer&tt1re (degrees .danki n) 

Volume ( cubic feet per po mid) 

Residua l volume (cubic feet pe r pound) 

Compres s ibility f o.cto ~· - _h_j_ 
? V 
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