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lN'l'RODUCTIOJ:7 _____ ,.... __ 
The f.unda.ment~l. pr:lnc:!.plet t.ho:l; forr:1 the bas:i.n for all ohomioa.l 

anginoering o!llculo.t"lons and procosr doaign aothodrs o.re: 

Consorvat:lon of r.w.ttor (m:.\·l.erie.l ba.lunos) 
Conaorvation of energy (her,t bnlanco) 
Rate equo.tion (driving forc.e/reeiatnnce) 
Equ:l.l:tbr:i.um_ (plw.es, or roa.ctioo) 

The 1'irat two prinoipleo simply oay tha:c what gose ln must. oomo out" The 
oeoond prinoiplo i~ tlle f':).rs'l; law of t~1ormodyi.1run5.CB,, Tho fourth pr~.noiple 
involves the sooo:ud and third lawo of thermocl:yrvunion" 'lhe impor.truico of 
Jchormodynnmics to ohomical engineerlng ct1.louJ.ntio:.:i.a is obvioue. 

The o.pplioo:cion of' tb.orm.oc.ynamics t-:> the prooofis design 01? po-tr0= 
leum refining equipment io oomplioated by tho r.:ulticomponent nuture of 
petroleum and tho produota thoref'ron.10 For ·bhio renoon 0 ·thor.m.odyne,.mio develop"" 
menta in the fiold of ptd,roleum ho.ve beon slow" i'M.s thoa~.Oc proeonts oor= 
to.in dovelopm.onta in hydroce.r'b n t.hern:.oclynami(ls mad<, by the oandid.ate during 
the pa.at f.'ew yearG,::, Theao dtH1c,lopmon:cs a.ro p:rosentc,d bya (1) o. 100 pago 
tr·ea.t-lso of thormodynrunioo 0 and (2) roprin'ts of: five p:;\pera on thornodynamic11 
pubJ.iehed by 'che ca:nd1.datot, 

The ·{;hormodyne:mioa tree.tiao prescm.tad :\.n i;his thoair. io one oho.ptol:' 
of' the not.ea prepe.r~d by t.."1.o ca.ndidato for hio uae in teaching 11Potr.-oleum 
Rofil.1.ing Process Design" to a. group of tech.n.lonl men from tho nesoo.:,·oh and 
Er.gineoring Dopa:rtmen'ba of. tho SJ~eo.rd Oil Co:x;ipany (Indiana) at ·wh:i.Mn5 0 

lnd.i nao Since all tho men in the clo.as wo:.-o Company !.imploycos O i·.npubliahod. 
dc:t;a. and oorrab .. tions vaile.ble in the Compuny .fil~n could bo usc_,d :'i.n tho 
studiool) The m,>s·t; important in:f'on~tion sourco of thio k:i.nd wo.a ·i;hG S·l;andc.rd 
1)8.ta Book; for v;hioh the c~nc.1:'lda·l;o 5 s the od:l toro St~.nrlard De:i,a Bo(lk char~;o 
o.re rof'erred ·co in this trec,tiso but they ollll not bu :l.uoluded r 

Of ·~ho :t':l.vo e.rt:i.oleo, of which roprinta are i noJ.uded.!) 1ilio oancU..,., 
do.ta ,.a tho solo author o!' the f'lro-t :('our o:ud co,=,author of tho f:i . .f.'tho For. 
thie fifth pe.por the oandiro.te davelopod th·3 Molli er d:i.c.grruno r;i von o.s 
Figures 50 4., 5 0 6 9 7 11 8 11 and 9 o.nd oolls.borated in drcd't;ing the im:muscrip1;" 
The oo~o.uthor 9 Mro I,avertyc propared tho material on liquefaction and etor= 
age of naturnl ge.s $ th~ oruidicla-ce he:v·:l.ng no·thi:ng to do with the deo:i.gn or 
erection of the plant descr:lbedo The Mollior diag:rnma preaonted in this 
papor wore developed fo1· use in a patcn·b infringement b.w su,.ti, in which 
Mr .. Lav©rty and the candida.te VJore toclmico.1 expertn for tho dofendfl..Xlt 
(Standard Oil Company (Indiana))o 

It:. is beliovod tho:b tho tollovrlng :i. toms a.re oomple',.;o in ',;hom=, 
selves so thc:c no fui•ther explruJAtione o.re nooe:saar~ro 
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'.f:.r1oxir.,dynntJce Y ; a ned,:.1ra·• ~;}ienoe v.hich d{:M~i:1 wit.b. enr:r.;:-.~r 11:.1d 
\:;h,1 r-6..nt>f<a·me.t1 on of eu,sl{~Y and 11rith e,1v5 libri·JIIJ v.nc. ;;;1e iJqtdlibti .. i.r.t :l:1.'.:l·"' 

tr:ib\ 1ei.0u of' prcducta., Applicationf; of th6.;"mOd)m.micl!i l.n onemist1y .. 
i:,hy..$:;.ca o.nd ('IOgh1e1erlng aoi.enc:etl a.re I!t; ne:rous» F'o.r many ;}~,ars the1·1;1-:1·"' 

aynau:i.c'3 has bec•n a vury ttF.:ef'ul tool ir: the design and -,peratio:n cf ,;. team 
'boil<"re; enginoe nnd turbinesg of intern~.l combus·;:i.on en~lnle., of ro:t'rigorac, 
t-1.on unibi: and of heutill{; and veutila't'ing aquipmrint., u:ati.1 rsoont yearn, 
how~,1er 9 very i'ew efforts had bc-,en riiad6 ~oo tl.pply ther111,,Jyi:,.a:nlo.o tc ohem1ce.). 
and chemi<'lG.l ent,;inef.ring problerr.$ whioh are enot~unter·ed irJ petroleuul r·<'.'in" 
:t.ni_;,, 1here ,ue two reasons wl1y t.he cavelopmen.i; '.)f 'l::hl ~ b.rn.n:;,h of t:~.n-i:.-tt"' 
dymu:dca la.fi.;ed the de·,relopment c,f 1;ho U<'>=CS.lled "Eng;:'l.iNed . .ng 'I'herm<ici.yua.m1.~:;i 11 s· 
namely: (l) mec:banica:. oni:;ineorir,t?; p1ob:\.emo wne mo.~1?r'iss1n~g dUt-\(7'--01;---~ 
harnot1s:l.nc; of tJ:,e recently invel'.i.ted otee.m engine !J -curb \.".El. and inhn·na.J. 
oombustio1, enr;ir,ar e.nds (2)ohemica1 e.nc chemio&.1 cnJin<nring thennody.cam.ics 
ia oomplica.tec: "t,y the. varying oompo itiou of the worki11,g; fluid:, peb·olm.im 
and petroleum. frEHrtione oi'i'oring somo ~ery troubling P~ oble.m.s.. Pr·oe:,·e~a in 
the fJolu'tion of theise problemc. ha.o boen r&.p·ld du:r:l.ng recent years .so ti-! :';; 
now equipment cs.n be de:.,igned wi 1:hout too ouch thermo guessing.. No?.rr. t :tf1 ... 

less ttlere is ati 11 a gree.t deal cf r-oclm fo:r lmp1·0"1Teml!J:1t" which nn;et. b, 

made to lreo:9 prcovsa dtusign tcchniqno a:;:iaco v1ith ·1;he duve1opu:.ent cf i:,ew 
r0!'ining prL)C6!JHH:lo 

Th:} p1, rpose uf thiB oho.pter 1.a to pro sent -Uvi tieva opn1ot:t r:,f' 
t'hermodynamio tcola for u.uo in the F1"0ceas design of p,lt:rol6um ref.':i.h.i.r.g 
equipmento '!'hit. pre son ta t:ion will b<~ prooeedad by !1 b:riof ~xpoei tion on tho 
be.sin theory and concepts of tha.rmod;yne:i.1ios~ Book11 ref'5lrrod to i:6. preparing 
thuse noteB e.r~ given belc,wa 

1henn dynamics for Chomicf~l ELgineera s 

1-L,C..,V•!aber , .J{1h.n ~'filey e,. S1,nt1 19351 

Thel"modyne.mi ca 
l.owlo /} Ral'dt\.ll ~ Mt:G ... aw--Hi:11, 192~ 

.Principlea o!' l!.'l'.,gi.aeer:i.ng J.hermodyne.mic6 
Kiefer & Si.."Uartr John 'Wiley & Son .1 1930 

General '.lheory of Thermodynamics 
rrevor .~ Ginn and Company~ 19:Z'l ~ 

Principle of Thermodynamfos 
Goodenoughv Henry Hol:t and Company 1, 1931 

Volumetric, and Phase Boha.v:ior of Hydrocarbona 
Sage and Le.oeyc S't1im~ord Uni vers:i ty Press 9 1939 

Elementu of' Engineering 1•hormodyno.mioa 
Mayer 0 Ce.ldtH·w(10dt and Potter,, Johll Wiley & Sone~ 1929 



Dafor,, taki1:e; up the ·baeio l avrn of' t honnodynemi o o e.nd the r t1la ·biona 
de velo?ad f'rom -t::hom,, YIH"'ioue terms and ooncepts wi l l b e defined nnd ettten tion 
t5 i ven to the concise methods of mathematics tha. t will b u used ,. 

1~ Ba5ic :Jefinitions --------
A hor.iotr,eneous system is one whose proper tiet:1 a re the s ame i n. a .tl 

pal."ts of tho-syii'tam';"or at lee.et whioh vary oon t i nuouely 1':icom poi nt tc 
po:lnt; a. system. in which ~ere a r e no apparent aur taoe ltl of dieoontinu.:'i. t.y ., 
A heterogeri.eous system cons ietfl of trlo or moi.~e diEJ'l;i no i, homogeneou5 :reginnt1 "' 
'niase' Eomogeneoua regions 9 ·which may be di i'f.'orent phaee,s (ge.s<:JOUS /) liq u1c., 
or soHd) of the samo substance !, or a m.i.x:tux·e of' ~1nor e. immi aoiblo a-,.ut,,., 
stlll.nce1 ., appear to be Stlparated :from one a nother by sud'aoe s of disoon tinui t'-..f!, 
Systemia may be furthor. c l assified aocording to whe ther they oont-~il'l one or inot'@ 
pure $Ub s te.noeE> o Any sye'belm the-t oon.tai n s 100::re than one pure eubsWlc·ei :ls a 
so l ut'l.011 or a mixture , -· - . " ----~-

'the state or phaee conditi on 0£ a syatem dependo on its prope r tie~ 9 
Pl"'Opertit'H'J that are depwiaent or. the WV3 8 o;:' the aubstE;.noe Oll under oo'ruii cfere:':; 
t i on are known e.111 extensive propertie-.a o Pr.opert:le~ that a r e no t dependent 
on the me.ao of' thesuostru'"ic6 are cal led :lntarieive pr opeir1:;ie e., Attention wiU 
be given ·!;he fol lowing t ntenflin; and 6:7~ t a"uiivepr,)p<trti.ea in thh ohapw r:: 

Intens;ve Proport~.!! 
T = 1'emper e.. tv:c·t:· 
P ;.;; Pr.eflsure. 
r ::::: f'uga.ol ty 

Y ::.'. cplcv = opeuif'io heat .r.ed::io 

/<. :: (WH = Joule-1nom1.mn coo:f'.t'i oi,e,n t 

1'.iXtensive .l?rc,perties 
Y = Vofume - -

Cp = Specific he,e.t o. t conattint pr0:es'.lro 
Cv = Spectf'io heat at oon!!i ta.nt vo l 'llllW 

S = Entropy 
E = InteirneJ. ~;neri;y 
A= Helmholtz Free h'ne r gy 
F ::: :}icbE, Free Ener gy 
H =- Er1 thal py 

Bquilibrium .is a. state, of resta A ay1;, tem th.a t i a not at equ.:U i b :rium 
is moving in ffiat d i recMon.. Al though equilibri um eondi'i,i ons oan be eat:tme. te d 
by thermod.yn ~ niOtJ .,; the rate at , rhioh equilibriwn :i.s fl.pproaohed cannot bo prll.1" 
dioted by thermodyne.mica method ., Rea.oti on :t"a:tes., diffusivitie&jl ewa mm~t ·oe 
employed to rns.ke this predi ction(, As previously pointe d oui;[/ mo s t patrolet1.m 
rs.fining prooetise, are steady flow processe1t1 3 Equilib:r.:b.x:il:. in such procesaee 
h e. "'dywimio 11 rather than a n&tatie" s ·bate., 'lhe daf'ini i:ion of' equilibri um. 
a ~ a ll'ta.te <>f "rest" ot.nnot be taken 11 terally~ In. a flow process a. i,t;ate oi' 
1'r;;at'1 (equilibri um) meanll 11no t ondenoy to t)hange" " which m&.y apply tc, te'.lilf•" re..~, 
i,ur·~ " p1°~, •Ul.U"t'I D pha.1:1t, oondi ti.on a etoo 



_____ ,,, .. 

'.lhe la.nguago of thernndynamios iv me. therne. tios ~ whl"h hae be~n dt,,
t~ined e.s a shorthand for ·tho prt"loiee.- f'onm.:u.a:t;ion of we l l t1tandardi1,ed id311t,,,, 
ln a.deli tion to ari tbJn.e·cio and aJgebrat diftarent:i.al a.nd integral ce.loulus 
~re ueed extensively in th~ development and app i ication of thermodyns.mie 
rslationahipeo Gro.phioal as we· 1 as an11.lytioal methods of differentiation 
and integration e.ro applied in ~is wor·!ce '.!he amount of caloulua really 
essentla1 in thermodyna.m.icis is very small., However, an int:i.ms.te f'nmiliE!.ri t.y 
wi 1h thifi small a:mount of esaen·';ial oaloulue is necossary to a tho.rough 
understanding e.nd n workable knowledge CJi' thennodynamios,, 1'>.o .t'oHowlnz 
diBoul'.lsion of calculuo 00 1:;hods will probably be a :rsvi.,\'f £or many studat.1ts 
studyi~ these notes but ta presented in the hope t.ha.t it will oon.tribu·oo 
e..~preciably to the undorstandine; or thi.:i chs.ptero 

All thermodynamic properties that 'Wil:t be troa.ted. in ht~r f.le ,-; t;.lon1;1 

of this chapter depend on two or more varia.bleao In "EJru!Y thermo~ne.m:!" 
equations there a.re more ,ra.riablea than are required to de1"'in!!l tl:'lo £1.m.ct:lon,, 
Those variables which are required are oallod tho "indopendont" vnrle.bler, 
while the remaining o.rei oe.11ed t'he "'dependent" va:rio.blotJ.., 'Jlie d6pl!indcm·l:; 
variables also depend on the inc~psnden·i; va.ria.bloa" From e. m~th~lllltt:i.o nte.nci= 
point e.ny two ( or more at. the 01t.ea m9.y bo) of tile, var:ltiol~:.u ma.y bo a,;('b:1 t:n-,rily 
chosen a.s the independent variablea" leaving the remaining ve.ria:t>leo a.a th~ 
dopendent variables o J.loBt freq ently it will be oonvenient to ,,11.l l prt; a:nire 
and tempsraturo .~ J? and T» the ind6pendent va.riables" 

For aingla oompcnent tys tem.s (pure compo1mds) P cmd T a.rel t,he only 
'lnd~pen.den t variable a noce s eary. Theoretioa.lly e.11 th(;) above oxtonei vo px'()pe r""· 
t i eB and all the remaining intemsive properties mu.y be defined aa funotionB 
of these two independent ve.ria.bl<.Hlo In praotioe :i.t doea not always work ov.t 
thi.s way.1 hcmevero For ext.l.ll1ple & a oorrela.tion of voluwe ar.J an explioi t funotion 
of preasure and temperatlJr~ would ba moet oc,nveniont from e. tharmodynamio atan.d
polnt but it is not posoible to oxpr1HJB suoh a correle.t:ion accun,tely in a.nal
ytioal formo Howeverv it is poasible to express pre~avr~ a~ a.n aocurs~ funo
tion of volume and temperature., Although ou.ch a c,orrele.tion oa.n be me.dtl aoour~ 
ate. it is not explioit in volumoj\ whioh is a drawba.cko Cont'lequonbl,y1 many 
thermodynamic equations uss other properties suoh as tho volume or the entropy 
as the ind,pendent variables.. In most ca.sos suoh variables can be l."'eple.o~d 'by 
presaure and tempe1•atu::-3 i:a. the i'inal co1·relationc.: r10 that ulti.Jr.1S.tti'ly P an.d T 
a.re, the only independent vu.rill bles o 

)lor multi-coro.1onent sy:stems it is necessary to inolude enough 
additional variables to define the oompoei ·!:;ion or the mixtureo ~e pero1 ntei.gei 
of one oomponant is suf'ficiont for a two component system,, the ptirocmtagi:, ot 
two oomponents for a three compo~1.ent system .1 etoo It ia ob1riou11 that thi.&1 
problem can get very complioatod for n multioomponent system unlaas steps are 
ta.ken to simplify the situation., Avere.g~ gravities and boiling po.tntll nre 
employed to circumvent thia trouble o More will be said about thia problem 
later 9 hm~vero 

Since the thermodynamio propertieo to be treuted dep6nd on 'b\~ or 
more variables~ it l'till ba neot1sfle.cy to uae repeatedly the ntethods of pai~tial 
diff'ere,ntia tion.. I.f' V depends upon the two variables D ? and T ~ the di:f'f'etren= 
tial change in th.a depende.n·t; ve.riable V11 reaul ting from a differential ohange 



in eithor of +,.no :lndeptmden't; ·ro.rial:ile0., tha otri.er b:,ing l!!apt: constant, me.> he 
$:Xpress~d by "tha followl'.'lg part:s.aJ. clif.'ferentifl.1 equat-:i.,>:i.1,:; i 

_ (-;.1 V) av ::: ...t.- a:r 
)T p 

. : ~ V) dV :::~; ! ... ~.- dP,, 
t,:ip:T 

the aubaoript i.n.dicatir1r; which indiep~ndont variabh i1;1 ·,J(:)ing kept ocnetant,, 
'Ihti1 wti;.l clifferent:ia.l nf' V reiaul ting t'ro:cn t..he in.fini i;e!;l i roal clw.r4;e t1 i .n. both 
tempera. ture and presouro will be 

dV ~fl.~) dT + /2! \ dP 
,'J'! p \ ,,p/T 

T.ha addition (}f another variable suoh e.s thE.t per·oenta.c;e of. on~ compm::.erd; in 
the syewm results in the following more general equationl 

. 1· ; v) ( < v)' ( v) c.V = , - dT ·!- -;;- tlP 'I<'- ,. d?i 
\ " T o N i, n p ,, N \ .; . ? "' 

,. I• 1 &> •• ( , .i. 

This equa t:lon :ts only a tita. temen t that the whole is made up of an ::vt11 p1~rt~ 
and represents the general equati.on of partial dif'ferantiat:loni, whioh is s. 
moat useful tool in dealing with change a :in t.he properties d' a l!'i:rs~.;~m.,., 

1'lere are E!pc,oial fonnfl of aq'..lation (:'l) whioh are very 11saful ;tn 
me.king the:rmodynamio fo;,'mulation::.i') If Vis constant; ,as it would bfl alone, a 
oontour 1inl3 of tho P-V0 0 T surf.a.co~ dV .;;:; 0 e.nd 

1 i)V) (·~V) { , -:_; T / d T ... JP dP ;; 0 
\ p . T 

(3) 

Div"!.din; thr'ough by dT and e;icpr•erssin.g tht1 1;cnstemc,:r of V in the equation bi"v·e/$ 
the following uaef.u1 re3.atio:nt 

" '! Y.J' , r T 
,; J> \ 

I ) • I () V 
+ ("JF T 

( 4) 

lf we have so100 other dependent var:i.e.:ble.9 that ist GOI!ll:l oth&.t' quant:itj,r 
wtd.oh.? like th6 ·v·olums .9 dependl'.I only upon the tempera.tent e.nd preflfP.1re s, let u~ 
tJe.y the entropy S 1) we may di vlde eaoh mem'be-r.· of eqtia tion ( 1) by dT and i,v.pos~ 
the con di tio:n that S is oonete.nt a.nd obtain the f.ollow:l.ng uret~u.1 relation ,, 



- /~!)\ \ o T 
" p 

(5) 

The equation states tlrn~t when vm pr,,coed upon th.e P-V-T am f'aoe l'llong a line 
of ccntJ tan. t on tropy ,, the chan[;e b. V co rre apond:h.1,g to a g; iv-en i:n.f in:.'l. te s im.al 
cha:t'l(;e in T ie the aurn of two torms i nu.me ly; the chang, in 17'5 wh.ich would b~ 
caua~d by this change i n 'l' e.lono ; e.:o.d the change in V \iau0ed by such D. ohang'-l 
in Paa is necessary to keep tho entropy conats.nt" Equ!l.t:kne (4) and. ( 5) e.ro 
useful in trnnsfonning val"'iab1es " 

There are six useful transformations of variab1er the.t ce.n l)e 
appl:led in developing thermodynamic formulations" The firr:t three ·;-;ri'}.ne·~ 
fonmtione involve thrao -varfohles .,, wh:i.ch will be ce.l16d P" v~ and T :i.:o. t,hi.s 
dieoussiono !he last throe transfoniations involvo .four veriabl.es r whic11 
will be ca.llod P 9 Vi T,. and S., In all six of these tra:n.s.fon,,..s.tioms t.h{l 6:X:•· 

pre3sion .r '? V \ it5 changed to something elsec The varialslel:l a.nd Bte.r-ting 
( ·0 T / p expression chosen for t.his disoucs sion a re:1 a:rbitn,.ry , The 

reaulting tre.naformatiom, may be e.ppli5d to any o ·l;.ber 
combine. tion oi' variables and starting oxpresaiono 

In the f'irsJc traneforiration tile ·ve.ria.ble o P &nd ~·, will bo l.n-t..er= 
oh9.nf:ed in ths expressi on /.//_v_)· ~ Thia ia done 'by equat::.on (4) a iJ fo]lowu : 

\?T p 

/~) 'T ~ - m> p ~ I , ...J--) 
\ ~' 'l' ,.1 I V 

(6} 

'lhe eeoond transf.ormat:i.on in:vobreis i11teroh.angfa1g V and T i~. the expression 
{ JtY..). -.. This one i.a fa very aiiuplei i~eoiprooa1 tut f'olhws ~ 
\))P 

. T / o T,') 
\av; p = 

(7} 

!n ·the third tran.sforma. tion V and P t1re interchangad.~ t'lnioh i::; s..ccor,pJ.:i.ehod 

by solving for (i{) V from equo.ti7;/~4)) ae follow~ t 

(6) ~)v~ ~ ~/ 
\ oP T 

In the fourth transformation P ia replaced by S in the oxpro1Ssio:c. (.:7-:!.) ., 
Thi ,s is given by aqi,ation (5) abo·ver., In the fifth tre.:a . ..sforma.i.;:ton J ~e p 
T i lj replaced by S in t.he expression { ~) t which ia ve1ry :readil y done 
by i'irst wri 'dng the i'ollowing \ JP p 
exp~easiong 



a.:n.d then sobri:ng for 

( 1-t) F 

/,. \ 
'c/S l (··.- ··;· •] 'C 
{I. p 

fr!) j.jjJlz p 

(. 'Is;'--;:_r: p 

I :o. th.!) dxfa trane:f'ormatio·a. Y i ::1 roplac~d by S 

by solvi,.g for ( TJ p in oquation (9) (}.!) 
ll.rt) - -42-.t 
"\. t/ ·, p 1 -T ('1V' ,··~s/p 

{10} 

' 1 ·· ') 1, .. t, 

Ai't.'9r thi, thennodyn.a..'nio formulations a.:r.o set up the :::iext fit<- ?r> 
arc, to evaluate the deriva:i::5.V@l'.l and 3.n·begrate tho T(~ eulting e:t~proa:do:n :, 
I ·n oast1 seoond <lr:,riva.tivea a:to involvede the following rela:,; :!.on n;.e.y ·oe used 
to simpHfy tho problet1 ~ 

{12) 

Derivatives :rr.:a.y he evaluated ane.J.yx;ioally or graphioa.1].y,., An.,:· lY"" 
ti.cal differe:ntiation is oi"~~en oomp1icated by the f'o.ot tlla.t i·b i n n ot al wa.yf.l 
poas:l. ble to obtain 0J1 axpreaaio:n tJ10. t is expl:i.oi t in the dopend<mt va.riablo 
thus makln.; th" use i.f i:mplici t di:f'ferontiation neoosseryo Graphics.J. method a 
or difforentia tion a.re frequently 'che beat eolution to thia prob 1.oo'tt, :the 
''Chord Area. :bt.'9thod11 :ts one of the bea ·t methodtJ of gra.ph.ioo.1 dif'i'ereri.ti r:1 tlon" 
In finding ( J !) by this 1aethod the following procedure :t r~ uaedi (a) from ? 

-;;:·1.r p lsobario plo·hs of V vs,. ·r f'ind 4 Y for eac:.h p"ossuro f) 

"'Zi'T° ---
taking; temperature intervals SrMl.ll enough to get eu.i'fid.ent accw:r.1.cy and yet 
not eo small tha't; alight u11nmooth:noss0e ia tho da. t a or ploti:J ot tho da·ca. a.re 
r~fleoted ir1 tho deirivativeu; (b) plot these ve..lttes of d. V as cihord1' versus 
T; (o) through these chordo draw a smooth ourvs (one f.lT 
for aach prel!llsurs) so that the l!U"Ga~ between the chord and the cn.1rve a r ~ equei.l ,9 

i eeo areft above ohor·d 1":qua.1 area belowJ and(d) tho resultin{; cm."\•.S :1.e a plot o.f 

( "i>v) vor!llua Ts, the vo.lucio of the dorivative being read J:'rom ':;ho so:!lle sce.fo 
,~ p used in plotting '\'.he ohorda~ 

Similar gre.phioal method1J may be used in integraM:ng the raoulting 
formulation., The procedure to b~ .followed in graphically in'l:;egrnting an ex,.., 
presdon in whiol1 P and T a.re the independen·t variablee b eu, followaJ 
(a) choo~e a rsferenoe state 0 i0eo preesure and temperature ; (b) evaluate the 
coeffioie11t of d'l\ at ·the r ti1'orenoe p:r.eBaure a:r.1.d then plot a.ga,inat ~;; (o) in
tegrate tho "ti!nnpsra.ture funotion by oountL-ig; sque.ro .s o:r with a planimater and 
evaluate tht3 \ntegraticn oonsta.nt no that tho l'<.Hmlt; he.I:! a val:ue oi' iw:ro at 
the reference temperature1 (d) evaluate tl1e ooel?i'i cie:rrl: 0£ dP at var·iouu 
tomparatureo and plot againat pr~stmre; (e) intograt6 the preasure function 
t-::1 the ortHisure used in na;.4 te (b~ a:o.d (c) by oounting aqual,"!:)B pr with a 
p).anime\er and evaluate tho f'ine. ... integ;ral by oombi:nI!lt, with tno re.ieults 
cf' parts ( c} and (ei),., 



Wh.en plott:l.ng l~rge ·valu,'rn of one va.riatl'-l w:L:l.oh di f'.t'e r h ttle 
from aa-,h other e. the p:raohion may he increaaed b~r plo·:~ting on a.n enlargad 
scale the portion of ·the plot in which the points l:i.e or fo- v:hfoh derin,= 
tives aro deairs=H3c '.l'hh .o:othod is ,'lot very aat:i.sJe. i:to1·y9 howervor,, bacau~ti 
a number of lt\rge graphs are requh·0d . ., A moro aocu:re.tt1 and sati13faotory 
met,,hod is fo usa e. residual quar,tity·" whioh if.I def'ined 8.6 tho difference 
between the o.otua.1 cur~re and e.,n appJ·ox1mate< yet easily formul ated CtU"V-s f'or 
the same data., Fo;:- o:x:ar,1pfo? the ror;idual vo]llJM i~ the difference bet,:,;otHl 
the ideal ge.e Yolume and the actual gaa ;rolume., 'lhe n;ilidual gaa volume 
has been found very con7e:nient in differentiating and integret"lng P"~V 9 '.£' 
data., '!his uubjeot will bs diaoutJaad further in a later aeoi;ion of thi.1 
ohe.ptt,r c:· 



ll'..l. Lenoulli · (j S<; :i.u. -tion)l ·.vll:i.cn we.s duv.,lopid :.·!l tin ntud.y L•f i'luid 
f .Low by ,.:i. tote.l enei-.;y ouJ.a.nul on a. s toady flow system, 'Ghr·'Je type.Hi ol°' ene.rg;y 
a:r"e involvedJ r,riraely;: po-ct:ntial ene1·gy» kinotic e;:,ergy, E\.lld 1..nte::-aa' energy? 
~htjl :rela.ti'?'ely reomt tjmea-Gi:a-··rcr!'·t two kindeol'en.ol~gy,"'"i'lh:Liiarc~--;?;m"" 
p.lif'ied by {:;he eleva ced bc·dy and l;;.10 mo·¥ir..g body,9 1osp<1o·i:;iv'lly9 w~r(} all tht.. t; 
?ran required h. hie ,3ci:3ni..i.fio eft'o:·tE., Potsntiai a.nd kint:,'bc o.nerGiO$ front 
tne 'basia for me ohruHCC. 1 :i.n which tho:lr 51.ltn ia !en.own all ~o,~~'!~. ~~~r$y_., 
f. :J soienoe px-cgresao i it, became ncoetua.ry to invent, otho1• f?!'ill1$ of <'ncrgy 
r,uoh aii eileotrioal e:1e:<'gy rmd inw1'na1 onergy-,, tho la.toor. lning very importcul'i; 
L tho fifudy "orthor'.noc.y..:e.mios·;,-----~ -

'l'he rna.nner in vrhioh the pr:>·;;ont:i.al energ:r of a body or uyo·bem or 
01-,dj~s lEB.y be oonvorted to kbli,tio mert;Y· or vic o verca.J by rear.on or tho 
rolati w pos:.tionis a.:n.d v-eJooitieo o.~ c,omponout part~ o:t' tl-o 3y13to11, haf a1~ 
r.:)61.dy been ohownc :u e.n E1nr:n·t~Y tranefer cf this }:ind te.kea plaor} i>l ~ syist~m 
wbor.·e frlctione.1 prooessos are A.t worl: ·chare ,'i·ill be a net losa r;,f. rnerhan:ioo.l 
ti'.18:t"gYB ln oibtir ·worie,, the suin of' tho potential n.nd k:inet~.o onine;iou w.i.11 
d uiunish,, '.l;:.:'.u d~onaoe in .n.,oba11i ')f'.1 o:wr;;y is nc t a.~ bua.l ty lo,st~ It la 
t·~a.n.sfor..n@d ·oo heat .. the r.:mount o;· hoe.t produced. Leing t1cruo.l 'i:'.o the Cll"lJ.,W1t of' 
nuchani.cnD.l tiuergy lo3t,, '.'l'le dieooll' n-y of t.,hia phonome111;1. in the l!:t1.1 contury 
:i.Jd ix> ~1e conaiderati.ni. of hoa:l:; us e. f<>rm of 6::Jert;Yv J.'..'Jd ·i;-:i ·:.;he -en mci-:..tiorJ. 
c.../ ~jhe broad principle wh:.ch wa kno:, es the law oj~ the rnr.a~1·m.3.ticn of ent,rgy 
,,~· th.e f'iri:d; law of thn,nodyns.mica,., In other "NCrdr 9 tha f1ri"i:t 1~·or~tt~':" 
dyna.mio~".~thathoe.t~-:i'ncl ieolia:uical work aro inte:.-:,h&:n~e~blc:i,., :>no Btu 
:.s equi.vs.lent to 777"'5 i'oot--pClund:J_. e1,o,.. 

?}vi f'iret law o." ti1erir.odyJ1o.n.ios 1 ioeo the ocnaerva.tion of' energy? 
hns already 'been used ~.n devolorlng Rt~r.'.lou.1li's theoreii:It should bemido:r•,,., 
stood that the faw of conc;erva t:: on of energy i:mpl:i.es more than tru., ;]l@:o:'a P. te. te, .. 
mont that energy ia i qua11ti ty ~·.hioh ~.s oonl'Jt'!l.nt in B.m..)Unto It impliGs wt 
energy mJ.y be likened 'Lo r..n inde.etructiblo and and unoteatablCCJ fluitl v·hloh 
cannot e11ten"' e. given system oxoept from or throug:!l 5·;rrounding Byu-oom:-J,, In 
other words,. 1t would not satisfy t."1.o oonaerva.tjon law if' ono syotom waro 
to lose ene:rgys, and 3.not.i.er aystem~ a.ta di£1tanco 'th11Jrofrom,., ,rere esimulte.neous= 
ly to ~a. in er~erg;y in the ea.ma rur,ot: .. nto '.lhe immediate S\.tt"roundtiing muat lr.,sti 
o ~ gain on4tr{;y h1 th~ llS.W• amount. the ljnergy flow'1ng into or out or the 3yNtmn 

th:ro t1gh l ta ooundari :rn " 

'!he ~rrter-:r1!!_ ~-~~.!fl. of e s;utem is an e:d;ensiv'3 property of the system 
and ~hc..i10ee 1n i·h ar, ~nd penden·t of tho way 'fue cl:e.nge is brought abo 1.1t.:- Iu 
othor words 9 the inores.se or decretno i;,i internal ~ner~y ill simply tho d:lf'fer..,, 
enoa betweien the finl.1 a.n<l ini tjal enorg:i.ee rec;ard1m-of the pa.th taken in 
naking this chnni:;eo Inton1a.l ono:i.·gy of a eubstanoo prtlGum'ibly oone1sts in tht<J 
kiuetio -:tuergy of th:, moving part'\.cloa (moleoules 9 atom~ 11 or ama.J.ler) of th.a 
subatanoa 9 in the elao·.:.ric f'ieldB o'.11.9.nating from the oha.rged particle~ of 
whioh the a. toms are oonpo1:1ed;, and in otho r rormo of anergy nc,t yo1.; :::ialfl.edc. 
'fuerm.odynam.ii:,e taken no oc,gni2.anct;i fJf ~ 11 theis~ forms of f/JJ.~r~ ~ how"vero 
w~ r.rt; m>t u:iterested :in +-,he kmdl1 of' snergy that make up the tote.1 in 'osrne.l 
energy of a e ;v1,tem.. Neither do wo nt1t1d to know tho a.bsolut:, value of the 
internal energy.~ Ch!l.ngo:a in total inter.ual energy are aufi'icient £or o.11 
problo:meo 



1J'fneri a. sys !x:n lo,:ies sn.e:q;y by 1•u.dis.tio:c , r.,011.rnJc·i;:tc.::~ oondu.(n;:;,,0;1 
01,.• :?riwtion it i6 g;i ving np heo.:bi wnen it loees cm.c J:>gy by ot;H'.'H' m0·bhodti 
j!.UCh &fl oper.·s.:til'ilg e.ga:lnst ~:it'Fernal moohanical f'orUf;;S :l t, :ts doiug wod: ::. If 
P. a~rstom is aubjoot to e. <:onatant extorna.1 pressu:fc Pa and io fa l1~·'tc 
oxpand nga.inat that p:cossure co ths.t :i. ta imiraaso in v oltmie ie l1V., then 
·;;.1.e work done by the flyato:m iv 

W: P,C. ·v 
or,!) if the e:xter:aal pnwu,u·e "farie1, durin{; th~ pI'OOt'HHI,, 

i. v., 
\ i;. 

) PclY 

V1 

I '·7. ) \ t.d 

( 14) 

Accor·dine; to 'Gho i'irirc law 0£ ·chermcdynu.mioa ( oonn,,rva tio:a. of 
one:rgy) ~ any system in o. g:tven condi·bion contdno "" definite quo..ntU.:y of 
,margy, and when this ~;yo·::;ern u:ndergot,a ohanga /1) any gain or loaf: :i.n i tis 
:.ntarna.1 energy is equiil ·;o the l:>ss or gain i:n the:1 onz,r-gy o.f t'IUI'I'O'mding 
c.1ystems., In any pr::,ca:Js (physical or ohem.-loal), the inct"t:,aae :in onargy of a 
eivan system is .~qu.=l.l -1:;o t he heat a.bi;;;orbori by tho sy.si:;mn from 1 +tJ IS'.lrroimdi.ngis 
uinuo tho work dona by tho sys,;em t.ponT-fs surrou11din.g3,, li' E .. , "epresent the 
:.ni tial ene.1.':gy oon.1imt e.nd Ez the final ancn"gy ionto:ut ,., then 

E2 ~., E1 :::: .1B = Q - W {15 ) 

::f' heat :is given up by tho systf)m instead of e.bsoi:"bod , . .n.d if work i::, don" o.n 
,•a ther than by t..1io sys·ter.t, both Q e.nd Vf will have the ,oppm;:i'te sig;neJ in 
oqu11tion {15)., 'lhe ch.o.nsi1 in energy b~t:'lmm the pointa 1 e.ud ;~ depand6 o:rily 
,m tt1e condition at 1:.hose poii:.ts (i"'o,.. prossure.:: volmn.'J!, e..n.d ton!par,).turn) e.nd 
not at all upon the pe:bh :~ollcmed bfrtween tneise points" '.f·ho work done a.c1d th~ 
hi:,at abaorl,ed 9 on th.a othor he.nd.r depend on. the po.th followed na well afi o:o 
-:~he initial and final tJtatea .. 

If tho expansion repraeent.:,d by equation (14) waf.l oarried ou:f; in 
13uch a. mannar that no heat ent.<:H't!! or leaves the sy;:itom: the prooieies io we.id 

-i} E :::: W :;:;: 2 ( 16) 
pdV 

·;o be adiabatic and iv 
V1 

I f 9 on the other ha;:1d ., tho proooa:5 b such that no work ill upon the sw:·roW1d~-. 
i n.gs (aa in the case of. e. reaction taking plaoe a~ o. 1H.i:oh px·oMHIS ;at oona'blnt 
volume) !I then 

(17) 

· Ent..he.lpy,. Most industrial proceoses are not 'batch pl:"OOeDseti but aro 
steady'-flowprooesaes ,, hm1eve!'r. Wh6rO ·the pr6BSUX'O and not the volume are kept 
C}onsta.nt or substantially conatant., In a steady,"'fl ow procetJs,\! the :lnte:r:nal 
onergyt, E,, is not a.a aigni.t'ioant or 1:1.s uaeful as the auiu of tho iD.t.'3rn.aJ anet"gy 
nnd the flmv work 11 PVll {aoe page 6:,; Chapter 11)" ~:h1.s aum he.a been defined 
(c1s the ~~thalEY:> H" whore 

H = E + PV (18) 



B.:;.ing the Bum o:f.' the t··wo p::,:i.:r.:b funo t:1.o~a E and Pyt Uw (, u't;hr lr,y :la t,hH: .\ 
poin{; fUl'.J.o'b:i.011 mid cl an6ea ir~ ~. t de.pond o:nly en tl .. 9 :Lni tied. end fimi,.L oorHb_
tion::1 and not at all upon ·l,he path f'o11owo1-. J.n cthe1· ,··ordt 

R:;a. , •• lil -· {lJf ::.: ( E2 + P2V2) .,. (E\ + P:i V1) 

or L1H -· /J E + L1 (PV) 

Combining t:1quatiom1 !19) and ( 16) 

,4H :;; Q .... W -+ 4(PV) 

{! li ~' 4 ~· J FdV -t L\ (PV} 

By equatiou 9,g pat;e c Si Clmpt;a r I1 

{!tv • (PaV, - P:._V1) = 1.:dP 
CGmbi11in.g ni th t~qua.ti\)n (21) g).ve<J 

L\H = Q -fc!P 
~ 

When t.."rte pretisu!"f., it c~1mitan i'; 

r,, 

r .,.,) 
\ ... ;, 

(21) 

(22) 

/ 
{23) 

. !~.a: C~~J~i~~o ~e1 e.v~ra.ge ~! ;;_~o.!:~:y.: be i~r;tHm . the :to.i ~ial an.d 
f1Ml states 1~ a~ :::med a.t:i 0./ ~ T_., a.;n.d the h .m1t of th:l.1;, ra t :,.o au Q :'1 a made 
:in.def'ini'i:.o l y sme.ll,<l t>rt> in o{-.hor word3j) aa tho 1:;wo l:.empe1·aturtHJ a.rc1 br.:mgh1; 
near ea.oh other •> ia ·.;he actu0.l heat cape.city o. t t hat pointo ll1e a:m.c,unt of 
hoat reiqui r ed to produ.ce a givon ria<'1 iu ·tomparo.ture win.~ hc1wevor- .f, d~::?(.IT.J.d 
upon the oireumstanov5 und,,r. whioh the system iu hee.t,scl . ._. Wo Bha.1.l c,oni~ide:r 
h eat la added at oorw tant. vol1..:.1s er a t; oontit<>....n t p::cei:isu.rtJ;".___ 

i\1hon heat :.a addt>d a <:; constant volumu tbore : 11 nt:i V!OI."lc !l.l'..l.c tha 
h .-;.oat abm::irbed :is equei.l to t ho ·Lncrea~e in irrbo1'!1a} ener•r;y ( nee oqur:1.tio:a 17), 
'.fheref'ort1 

(24) 

'When hee:b :i.s adde.d a·:; constan.t ?reesure i.: on tho othar ha.nd v the hoat absorbed 
i s equal to tho j.ncrE1ase in the enthalpyv ao .~ho-vm. ·oy e;,quatic:n (23), There±'ora 

( :!i) 
Ip 

(25) 

Prom equation. (19) fu 13 follol"ting expression nw.y b e wri-'.;t.en by di-:rid:J.ng by Ll T 
A.lid than expressing eo:mrtsnoy of P; 



/ ':)-v \ 
( .. ... .. 
\ r} 'i' J 

-,,_ ? 

whon the systtH>. i~ ·th.11s heatoc.i .L'ro:. •.:mo terrpe:rt~ti.,r , to u11.th.c.,.. at ·bh.f• :H\rnf' 
pr,J seu:ra .,, the inexear.o :i:n lta ·,!'r-1orc;y :\.s the st1; v3 a ;::; i 1; i.rm lrl 'b,:;i .if i.;he s:'f,'tl!li11 

we t·e, haa.tod e.t ccmetru1t vol1JJ!lti .:' ro!!l. the firist ";.:mpurati.1:·o ·tn J-ie r.ieo,;nd., ~,:n.d. 
tl,t;.ln b:rough t e. -t; oonai;,m t tempcr.1.~m·0 to the c,r ·~;; i no.1 pr<·,m1.,1:n·o ,. 1'tl:i.tJ m'l.:r bv 
e:.,;;pre:;se,d in rcR t...•rn.n:ia ,c:Lca1 f'orr.1 jy thn re la. tio11 :~j Yf. 11 a:s <;ic~u,;\ citw1 ( 5) a ii:i f<, 1.l,iw t, t 

(i:! )- '"' ·(}.!.) ..-;; T ... ,"11' 
" I p (.1 V 

Com.bfrdng equation 24 ,1 25 and 26, J'tHmlt-1:f iri ie1 ·.lq·.ta t:i cn for 'en.a d.i.f'fo;·ot1M 
be twe,en the heat ,,e.pa:>ity 1tt: oonstw:lt. p:reBr:,url!l aad ·foe haat CF...pe.c:ity f.d. ·;c·r-
5tant; voJ·um6 _,, 

An') t}~~ ~ 0q·1,;,,a tic :n ~·or the o.:cf'f(T'i.ll'.'..,e in 5peoii'i :, heo.. t~ mtiy bti deT·~).op;,d .111 Llke 
ma,m(l r<> By tl-ia m-tbo~·cic· rnJtitirm g:l;re:n ~.s e·.itul-·l.,lcm ( i) 

/ ~::.r:,\ 
Ct .i.:.., \ 

I-.:-· I \'11 T; V 
+ {30) 

Combining eque.tio~.rn 25 1 29 ~md ;rn 0, gi·,roa the f'o110~1nf.1G }q,mtioo. fc.,-r h1w diffor ,, 
ence in speoific :1oa ts~ 

Equation~ 28 and -3). can bo t:!a r:riod nu tur.t;her with t;he f'ir~-1, 1 t'l.t'f, A f,imi tar 
eq·aa t:i.on for t.~e d:d'fe:roni,,1 in spe,>1fic hi;;c1.-t::-i -::he.t dot'.ia :iot r:·;;nr(.:a.in tho ~~1:..€;[ 
or ~~ . .:: . .'~i;;::];F.:l l:ei:rm.e will bo dove I oped lat.er. ;y nee.nl, c :f' t.v;i -~-!£~~:o 

Jr:n.ilt,••T':1;.)msc:n Ef':tac· .. , At o::-ctins-..r•y ter.,pe".'6t'Ui.:'~ti a.1-:i.d pr't:<f\\l'HU"Ul_c, :tll 
ge..s<eiH e.ntl vapore~-;n:cept"'ii.;:,drogen and helium, (<flOV'' ti. oovU.ng, e~ffor:f.; ·;;b.ou 
al lciwdd tci expc..nd fr.aely fr-om e.. hi3he--:- pr0 3SUlfi t11 e l1,wt:1i· pr~~1ht1"'t} ·,;ri'th .a.o 
add:i tion or remov,1,l of hee.·c;o Hyctrog~:u. and haH.t•:m shc,w .'l 11ae,. 1;,ini:; 0.i?l't-otc Th~ 
production of liquid ai.r d<.~renco solely up•)n th:is phsnome:wnD WiiJ.oh 'u,, kn:wm 
ae the ,foult'=T..1.om:1on e:t'fei,"t:, 't.>\S:lng na~d for tnti 1:;w~ uen vrho .f..b~t:1·l: p-::i:ri't)roo<l 
the ax:periment :ln an Englltih br1;1\'10!":Y -31.tz:•ly i.1'.l the i(?th oent1.,1ry,i In (;hif.!I 
ol&1:1sio ~:xperimen t~ the ge.s waB a :tfow,:,d to e:.,;::f ~111d a]ow}y through t~ po:n.:m~ 
plug and it was fmmt that; the- te.:mpc1.17s..turei d:ccpped:, '.ut no hea.t vra~ re•1rovad 
or' Q :;::, 0 in oq·ua;b:hm 20,;, g'iv:l.ng 

[1R -= t/PV} ~, Vi (32) 



,,ince th!i pt~L,SU!"fh'l n1 ,,1h:h t.1icJ.~, iJi'.' l;he 1.11,.<;; or :.:,po.11 1JiFt1 ,',}lvi1 .:;.,, :a:i.:.:ni·· 
te.lned 7H)DJJ1:!:'.Vt,, Jdu no"'.; vrc::·k cfone h:, th, ;;;;_,:,h~rc :l,:1 ·,·J :.:: l\}'f:,,, = P·:V,,,, ,.,J!d.,:1h 
makos. (jq ua ticn 3L 

( ,., ') 1-');1; 

By the; :m,~thtt"retioal i:.·1.~latfon.anip g:!.H.;n e.s 6q'l;e;tio:t: 8 tho fo l J.o~,dng <::q.;if:tt1.o:o 
for- the ,Joule= 1l1cms ::rn o:>t1:f'f'ioiarl'l; r:~sulfaJ 

l 

'l'h :l.s is as far· aa it ia pos::ii.ble to i?;o w5.thout ua::ing 0nt.r1:,pyc 1n ·::ho next 
section a mox-e pre.•)tical equation w:1J.1 ba de-re loped by L1Gl.ll.nai of orrcropy" 



4() Se c.rn:1d 1£,.w •· J:.:n tt"r; r.iy ... _ ..... _ia_, ___ '_'"" __ ..._. _ _, .. J:. ... 
At'1c,or·d:tng co tho f i r;:1t 1 m•f r..f' ti: ern1c,dyw:n:rlcf1 ( co:n.et;n·v·1,.t :i.on cif erH:· t'gy) ,, 

e .10:r.•gy in onG fcr:ro. may be con-r-n·cod J.:;o om,r 6y of :?.:t:othor fonni. :L)e ,,, hea t may 
b ,i oomrar·ted 1.n'l;;o m.oohr.mical work~ meohani oal work may bt'l c cl1ver·t;ed izrbt, 
el@<.d;ri~l~.l e:norgy, etcn ~~he .firi;d; lr.w doeti not say anythihg a.bou:I; ·cha av·a :i.~= 
abili 'l;y :>f e? .... tn·gy for oonYcr r.don i r.rto ofuor 'f: ,Jrm:c; o r the affici~r:oy of tho 
o·J1'.iver·t1icnv hO?rover,) ~rhiti 11, to.ken ,;a.re c,f by ·tho second law of ti'.l ·~nno dymnnic.:'l 
th.rotlf;h a propt)rty . .:i~l16d !~~'.!:£i'i.'.'' !u aimplo le11g~ag'etlw' ~ ~! otate,~ 
t11nt 11hGe.t wi1:i. not o:t.' l. tt1 o,11r.n aooo:::-d flcT, uphill. ·' a.nd entropy i.is dcl.t'i.mi d e.?;i --~· 11a.n indox of the une..vu:Ll a.li'i li·by o.:.· d{l)gra.dt:i.tion of energyc 1= '.l.'he e eH;ond law ot' 
·t.aermody:namioa oo:id the oonoept of. ~mti~crov have many p1·ao{;ical api1!I-;;i'ti00Br 
such as, (1) the develop:ioont of 6Ii~rw,~ont:r.opy (Molliod o}w.r't;c; ( 2) the:) 
p::-epare.tion of' tablas and oharte. o::.· phase equilib1~:u.1. conaumts for use in 
lMkir'ti vaporir.&tion.c e.hsorpt:l.on and. distillation oeloulf:. tic,n.s~ {3) th~i ane.1:= 
y·3is of' power 9 Nfriserat: .. on 9 and compression oyol <Hi ~ ( 4 ) tht;J oompu.t,a.tion 
of oqui.librium product d:i.wcribution i'or ohamice.l r.c-act:io:na3 13tc ., E:,1t1•oi:,y i 
pc1~ ss II is ve:.--y S6ldom usod in petroJ.eu:,n rofinir.g proc e ss design~ li6·v,n.·tlw= 
loss 9 entropy is a thing we c)a.n not (\0 wi .:hou tt, Ii: la a pert of or ent~r.-..i 
:bto the derivation of 'tllt~rm.odyriami.o formulatfons f'or the enthalpyr. trti ~I 
e11srgyv .fugaoi-i,y0 eto., 

Deg .. ~o.da tfon 1)f J>;ne r gYo Ac:conl~ to tho ae~ond law~ .. hny prc.oe1rn ,; 
tfaieh. oa.lls f'or 'Gheirunsi~er ~ h38. t from fl. lC!W tnmp6I'0.,ture lOVt'I !. t o a high 
ono without the o.dd:i t:i.Jm o:t ,:mergy f r om 0.11 oxter:aal lilouroe 1; ia impo i:JBibl.a,"' 
B>1t onergy is transferred from a low to o. hiGh t0mpera ture lave l o :11echa.nica.l 
r ,<lfr.igorating roa.ohinea, br:_ng; abo11t +ii ia transfer of heat from a :tow temperHturo 
level to a. high one by fuo addi 1:'lon ,.>f' wo,·"k i:.1 tb.t, form of comprosaion., Fv:r 
absorption refr.igera tion nys'tem.s .11 tho rer,i.uired eno:rgy is added in fa.e form of. 
h~a.tc In both of these C(~ses the heat le pushed uphill , in one or:u1·.;'l by a 
oompr-easor and 1:a the othor by e,. boner,, Without the addi tio:u of e::ttra 
0:nergyt hee. twill always go dmm.hlll from hot 'to O<."'ld bodies and thus beoo:m.e 
degre.de.t,ed or le'!io o.vai lableo :fuis :ts a phenomenon of nature wi-'Jl whioh 
e, ~a:ryone 1a fa.no liar o If it wa.a not tr.ua .,i pa:rpe ti1al mvti on would oo possil.Jlt, 
and ehipa could croaa t he ooee.na by engines run on heat taken from the ,aea 
crnlyo 

l'fi·th the a.dd.:i. tion of extra e:aergy.!) heat \,an be kept a. t ll g :l.vc,n 
1'3ve1 or even puGhed uphill and may appear to t.iufi'er no deg:rada.~.on., 1'his 
does not apply to tz.., aya t em o.s e. \\'li.ole,p howevero Vlhen the added ex'l;ra enorgy 
is included :J..n the ~r~!>.l ys:t s ii a net degradn. t i o:a of ~inergy alwayf;,j 1·01.rnl ttJ O A 
flystem isolated from all o thers will s.lwaya maintain a consta,nt mnount of' 
enercy & and tlu,re£or0 9 in spsakin& of the ,,oeond law of th~11"m.odymu:nica 1;1.s the 
hw oi' the dissipation of Em!3rgyv n.o loss in e:ner;;y iz waant., bu·t ra.thor a 
loss in the aYft.ilability of enerby f'or e::tfaH·ns.1 purpofles ,,, Thi.:.l t1pplies t o 
all syetems and to the wc:."lc' as a wholeG .Although energy ia ind~strut1tibla 
l::lo that tho energy of the wcrld :i,s constantD the availability r.1f tM.a enerp;y 
h steadily decreasing and there is no·t.hing ·wo oan do about it" ( '.this h 
nothing to ge·b e.lanned about 9 it ha.a been goini; on since ·che begi nru.ng of 
ti.me)o 



P:~£.ct:.ca:.ly all i nd·rn t :ria} proc1':it:H,G s i:.vol "?"<J the uonwriJ~u:in o:i:' 
t, norgy from cm3 forin to a:no·cJ:rnr,, Ir-, 'ln1derg,oi.nr; .:U()h n r':Ht\€;e,~ ·d.,{1 ~rn.e.rgy 
'h:,co::1as loG!·l a::ndlc.hlo i'or (tsofu l purpoGtH.1.. Sor,11J onc1·gy n1waya gees dow.r.. 
·:·ha "tJink'' and s. Sl!:.t:i..11 n:ir.ount i~1 101:: t t hrol{;h heat l•.:,s :sN, nncr :t'lc'i.otion.:, 
'th,~ 11 s:hik' 1.'or s . .fur.ri..&. 'Je it.1 t he stH.c:k ~,he:rt: i'lut1 g,i1::,HJ "~·.r·:-y .low s:rade htwtt 
·,.<, the atanosphore"' 'Iha bo.rom1.,trio cond~11tar ii'l i::;i;~) ",:i:Ltik11 for 1· oondens:b:ig= 
\;ur'bi:ne i tho .. loHn tho 'teni.pnr,\.t.ure G:nd pr1Hii;;urc.:1 ,:m,.1ntrdned 1,y tlw cond,;nver\., 
t he lol:u:1 hen-c vr:i.11 be lost t o tht} '1riuk11 and the hl.ghe:: tlH u.u:·bine effit:d,,,1·wy 
·wil l be ,, l t i:3 m,,n•o aoct.:rate to tJpee.k cf the deg.ro.da. t:°Lon nf' the Elj ;;:1tert S.1,:'; 

"'· whole ru:t;her than the d.isrsi:,a 1;ion o.- df;!gr&\da·l:;i.;.~n of the onargy of that 
... yi,fa,mo ln many cl!'"':H?lG 1, lt'iUOh a.1:1 ·l;h~ diJ.'fu~d .. on of one gn.u into another~ i:he 
prooflss doe:s not irrvolve any appro~i.ab:te er:eiq;y ch.angt1" The ene,:"gy that 
r;oet:1 down t.he '1:;iink '' bocornen ltHrn available for ucwf'ul pur1)o~en eve,11, though 
r.1m1t of' it :may be r o<.wwred by heat er:onomy dtl·•rice~~ Th.id ·1...:na:vn:U.f,.b:U.:i. ty 
oi' energy ia moe.surod by tho on.tropy" Boi'ore proceodi:ae; tc a. more :9roai;;ie 
~, te.:1;,;,mtml; o.f th~· 1:1eoc.nd law and. ~. lllf.1. themat:to dafh:1.itio:n of (:)ntropy" wa 
r:hall oona ide1· the .Ldeal or rove.rl'iiblo and tho aotus.1 or :t,·re9·,n"td.ble 

1:i:•rtrvenlibt lH;y F..:rd;,:~opy is usuaJ.ly expln:h.1.ed b;,y· 111,:1anr, of' t he Car:t'H,t 
cyole-r~·tii::,-:feieiTpoweJ' a.11d refrige:ro. t:lon cyo la :rop.re aenting th~ Illl;U.:imum 
f1tta1.nable ei'fioien.oy" The Carnot 1;yclc iB alao ~. ata.nd.arcl of por.feotion 
f or ra ti.ng t;:1e G f.t'ioiency of.' actual eye 1eu ~.nd p rootHIS ~Hi ~ For these re'leons. 
it is cl.1:isirabla to d:i.sousG oyole s,; both th1:> _2:doa ~ or !...e.5.!!.,t;i~ ,lnC: the ao~~ 
or irreversible,: 

A seriaB of prooestHH'l w'h:Lch niuy be ropea:l:;t,d over and r.>vtir in t.'he 
same manner- and ordor is ea.id to be a. cyolio proce.!ls or a cyole ,;, T'.hor~ s.r,1 
t;hree general types of cyclasi (1) Those i:n which the v,·ork:tcg flu.id t..t&;p;; 
in the system e.nd u:nderg:O';)s a series of pro<';oaaefl ~,r such c:ht,.raot~r mat 1 t 
returns to the same stn te j (2) those in which ·bhe sam.e seriee of· proctiGaea 
are :r-epee. tad in a oyolo vri th. tho working flu:l.d 'btlw.g repln.(l<:d each ,,yol~ 
and oonlllequently no -:rer r19turning to i ti:: orif;;::l.nal s·be:oo i a:nd ( ;,s) a no1'l=flow 
cycle in which the workinr; f.lnid \W.dorgoo 3 &i. 1serio;;, of' p rocess@fj ;.hile 
retained wholly wi t.hin a w:rneilo Exampl~H:: of ·bho i'irat type oi' rJ:yp 1,, S.1:'o 1 

(a) condam,ing istaam powo:r ple.nt wher"' the stee.:m con.deneo.te iB rech,lrged t<.' 
·the ho:1.lerlll; and (b) absor.·pticn o:r wet ga.s with ~'. oircula.i;ing leon o:.Ll" 
L":x'Etmpleie- of the seoond ty:;x,i \'):l:' oyo] e are r. (a) :5.ntarn.al oombu~t1.on e~\no 
where a. fr ash ch·arge of fi:iel. J s taken into the cylinder ~a.oh c·ycle; (b) 
os.taJ.y'bic po]y.me.r.it:f.d;iort ,,r o:ra.oking X'6ijotor where the f'luidtr :l.nn1.bred in 
ea.oh of the phaetH1 or pr,:,c~trn•fHri J (re.irn tion ., purge 1; ,~egenera tion.., pri:.re'ld) i.)f 

tha cyale e.:r.o new es.oh oy1,1e.:. CyoletJ Clf ·tha third type ~\re n.ct empJ.oy-e;d 
in uiode?'l'l e:oginoering praotioe baoaua~ tho sever al prooeHJBtH3 may be per= 
f'ormod mo:re, ndw..:ntageou6J..:r in separate dl'l<'ri~tHi spel);ifioally d.es:i.gmd tor 
t.h6 d:itd;in.ct;i'V-~ f'um11tiomt-, How~~re:r.9 H:: ls frequently convenient to oo:n,3eiv~ 
suoh hypothetical cyolo,!1 :m stadying; more: pr a ,,t-lca.1 cyolc,l'}~, 

At!, stated a1Jcrv·e ,, ~yolatJ £1.I't;1 madt~ ·up of ,.c. fleriea ct' pr0<!}06 ~e:H:t,, 
Hoat -xre.y be added t o or romo·1Ted from a. fluid a-c constant p:resaurt.i o.r 



·c;1;1:r.i,1el"~-:.;ur·e, 'Jic.:·lr 11.ay b =i (•O.J~) by o,~ ·:n r;. Cl:u,d e.·:; ::ci.n ·t:n1\; .:reamn·:;i or• 
b . .:i:n1:,s re:t;:2x-ei or w t't.tJ.uu t !.'.1115.:ng er- ,_ f;1z;i._;1;;iii.g any h-;1e::. l :; r,:U ~ bf! !l.o1x,:l ·til::1.t, 
i .. 1 1;. ll of tl'v,s" :?ro•:estw R. l:;ha wm·1Ll ·,e; flt.:ld il!I n·:.: · :'i.vn1 acd; of c,n:,:1,s.h t:io:nR 
a ,id has ~ i; i·vi;.m umo,;m.t of entl-rgy u. t; ·;;he ,rl:"ii.rt1 ·1mck L·e;oo :t, u. 011&l'.lgtl , an.d 1;,:1.d.1, 

tJ1e pro<,ei::: s in a di f'fe:ren::; ,ai.:;l'!.t~) and ~d th a dj f 'f13 re:11'I'; i.:i.m.)1.mt of. imt·:£·gyo If 
,my of these pro•]es i Eit13 w<tin, i.~er,ie.rsiblei iri the::i -the t'l!;ody::l.tl.:dCI :lem.s ,~ 0 ·';hey 
wouJ.d neoe ~aa.ril.r f ollcw ·.;h$ -oi'·l tor l:~o!' 1eversi b ili ty ·1t<1 i oh i a ; '1 ~10 µr.-oct:ieu ~ 
fti'ter oomple·tion, rcu;.y be ,·cv1Jrsed a.ud th<~ fluj d. ma.dr, t!., ;,•eturn f':rom It.cl f1D.a.1 
to :!. ts initial stat<.i wi.t.ri all energy -that hu.s been tr:am,:t'ora:nd dl,:ring tt-r, 
process being r<H~rned from 'the f' :-.m-:iJ. to i nitial forn1 1, am.ou:1t and 1,4-JOa ti.011.;" 
'f}1e second law o:': ·cl·_armod:mamics ce.n ba h:tel"1·upt9d a.a at.atmg thc."l.: \•rher; 
E.l'.l IJ.otuarpr00(!:)8 ;:l 0 (',CUX'!l :_·(; :'.. fl im.pos.::ibJ.,e to in.vent 8. lil8Hll!:ll f)'f !'Nd;oring 
eve :t·3,· system com:erDad to i·b,j ori&ins,1 co:z:di tionu 'l'hera '~'o r.> 1: ln u ·l;hern1c,,,. 
dyxrn~m-1oe.1 soni:;t1: jl e.ny e.ottu:.J. pr c<.',tHrn -'._rJ .:~Z:T.!!!.:.~ib~o 

Al thou[;h c.11 no':;ual proc,si.v:ie11 ooourring in nrd;J.r~ ire :i.rl'<.fvercible t 
a.,t ideal :ri:ner.riilila p;~ooev.s :u:i ne,ror·{r..o ltn s i:J .>1gi:ne..'ble and :l t is !'req u<w tly 
da;sira.ble to set up l':!Ut'.h hypothetioa} pro oea51"? ~ a o 1 !'Js;;a;;1d.a:;.~d of officienoy 
f.1., r aotu:a.1 pr-ooe1rne ,~o Such rrn. idoa1 p:roo(,1rn., u,m~lly Ju-a t oa.l led r::11rer1Siblei 
p:r-oceaa , 1a one ~u:t ·r,h:i oh e.11 f'rlc·t,:ir>:n •. eleotf'ical r,:;1:d.ntn:o.<..M he:,d; lots:,u:,,:i 
by radie.tion., oondwtion e:r..d conveot~.on) or ot.lv31:f eioh e·Jur.oflB oi' diLH:iipation 
a.!'e r.!ililuinatoJ." It ia }':,f'Et!'ck,ci. au th.P. li.:nd.t cf actue.l:~y r~:t.:ii~e.'l)j_" p:roc6Si3e!;l: 
Stai.~d L'.1 an.oilier· vm.y, A t:i:or-:.nodyns.nic prot~~(Hl ifJ reiv·(H"dib 'lo i!\ a:t; :1.rry t'Jt.age;;. 
E', d :l ffc, r,:;nt;lal doo:rm.ue ln poten.tia]u ( ternp1n"f.\ turi:1 _.~ Je:mr;; vo l i~.go o 1:d::00) 
cs.u:::lng tha chan&s u ill r,,,n;ili: in r~'taroal of fo.e p:roo~~rn itrJsl1\: bo~,h ·l.ri 
d'!rf.Mtion and :h'1 s.1:1, H:~ c;.u.a.'1.titativ(~ ef.'fe.;;d;~.,. Ttro comnic;:m ;'<otvorsible proe>tHrnee 
t,i~e ? {1) an a.diabat:..c (no he&.t ad.d~d er :rf.'mov··<>d) o..nd i:.Hmtro;?iO ( ocmsta.r.t 
t:t:utX'opy) oho.ll(;e 1. am: ( 2) ,:;hGi i .:iothoi..,~1 ac':di tion or remcn,al i:, f heti tn ',l,!'.•1,tl$ 

prce:61:Hh'H will bo d~ f.lOUEJBf< d in moi•o d<1i:a:i.l latero 

E.'ntr.,.:>py ~, A qu1rnti.ta·:n:vo mos.Bur.a of t.he dagradation of <:lner'gy :.t:; neoe-= 
~:'lfU'y-fror-tho application o;f' ther.m.odytamic~ '00 pri':l.cti.ce.l prr:>blem6 c '.Iha lact 
that heat ate. 1 01<1 i:;empel"e.ture level is leiirn e:vaila.ble 'i:.ha...."l heat nt a high 
tompere:;;ure lev·e-1.~ fut:;6est:s the ratio of htm t addod or !'\,mo rod to ,~1,•rnh,-te 
tempere.·b»tre as this stande,rd -:::d' !f,f)f.isuro f'o:r the di;>gl"'&.di:t.t:ton or ·uitn'c.'!tllaldlity 
o:f' energyo '.rhie ratio hae ·l;he same cU.:mansione a.$ h~e..t 0£1.pa::, i ty9 :tE;e,, onlo:rie~ 
or Btu per degreo, o.nd is called -'j}i~ en'l:;rq:>y:1 Thri ent'O)Y ,:,f a 'bod~r or ayBtt.1m 
of bodies may be cht.nged by ehe.nging tii:e"imme:ra tor or dei:uominator oi' ·i;hil?I 
rati o or both.. Adding heEt t or dec!"l.urning the tompera.turt., i:nores.stHl tht1 
e.nt!'opy of' &. e ys·.;emc Degi-e.da tion or energy is aocompaniod ;,y an :u-101~aa1,.J 
hi. entropy., An i ncrease: :in the anti:·opy cf e. s yet,am mt'l.11,!-J the enfiirgy ot? Gha.t 
system h11a becomo l e ss a:'ITT'.ilable for. ueai'1..1l wor·k" At: "th~:i point tt ls well 
to point out that; ccmpl.e,t( sys't;ems ·ari1rd:; be ooneidsred io get a corr.~ot pie.., 
't;ure ot what i.s goiug ono F·or axe.m:)le ~ the genf;lrat:lo:n o.J? r.itaam r.t ocmatant 
pro ,:,qnu·o involvaa a.:r~ inorea.1;1~ in t he ta:mp1;1ra:tur~) an thalpy 9 tir.1.d (~nt.i.-opy of 
thG water ,, 1'he inc r ease :in ~ntropy doe~ n.ot l'll!Jan that the •Jnorgy oi' tho 
11tee.m he. ,, baoome lass a-v·a.1 lab la o ln fao·t; 9 the inor-6asEo1 .1.n t,~r.,perature ia 
avidi:moe that ene!"g~r is mc1r0 a:vaile.b l eo 'Whan the entire 6Y,3teme inoluding 
th~ oombustion or fuel under· ·t;he boiler.> is oonsi deredD t.het'61 ia a ntrb d~~, 
g K'adat:i.on of enet'gy and ar. inoreat•c1 in the ent:rop;r of '\;ho sy~tem,, 



rhe· t~Jte.l ·:bgracla ti. ".>r of' e1ior,;y i:.. t'fm trncoo :.;s~ ve p:nJ ~s;·so t j L; ,~q ur l tr• trw 
sum of the degrnrl~ tiC1 ]3 i'o·r.- ee.ch pror:N,s(J ror exe.mpl~·; 111 .1 tttoun~ pff.ore:.Q 
ple.;.1t, de~~rada t:i.011 :if' anl)r5y cocurs :·..n tho "ta'lm gont,ra·l:;ion p1·ocr:1sr; l,\ud .in 
the powor benora"Gio:~ pro•e6Sr the to".:;al rogr·o.d-,Uon 1:,o lv.0 tho sum. cf l;l':-:?e.ti 

twt' u 13G,~a.cto. t:i.cnti" 

Co:i:rnitie r tw~ cc\ne t•i oJ: s torun ge1101·a ti.o a. in. a bo·.1 hH ~ In tho f:i · st 
4'EU:! , a t:ighly tiupecheri:r.tid hi,;-h p1.·c· st;.ll'l1 cltoa.m is produr:::ed ·thLlo ir the 
lJeco:w:l. a Jow t~mper,:d,-uro. lr·w pr·aa6UI'0 ::;tenm i'l tnad6" Bot;h ,f tho:;,e 
_pr.c,ce8Sf"·o a.rt' '.,h.erm•) O.f.l'.1.tl.llica Uy i.:rreveridble ,, Wh:'..,}h i.s thl\ rro~t lr .ra\··eraibu: 
and how may thJ.tJ il~T"(iY<:,n .tt•i li ty b;-";ie-a.nu;red? l'hti dtffor~n.;1;.t ·::Cl tCID?6!e. t •J.:t") 

betvmen tho >StlJa:m o.:ud tht !":ttmi::-, is less in tho first. ci.'.:;t, t:1an !.n tho soco11dt< 
W:.-\kirig the procesfl of.' g(me1'at.rng h ... gh tempera.t,u·e steam let.ii 1,-i·ever~ible 
tJiun th,1 p:·f.>cetH, of ge:n(,1&.tinc; the 1 w t.emp01·at~ ~teano Tho lo:rn +.hiti 
dii'ferencl..'l beoc:,m.5s ,~ tho ,:tc.,irnr th.,:, procestJ approe.cheB i'.'(JVCl:c-sibili-t;y .. aup-~est;,, 
ir.ig a sea· o of irre,rers:1.biUt;y.. It vr.ill be expedient to define the extent: 01' 
irravorsibill ty of "thormcdyn.ru1,.ic proc:@:H,e3 by 1.i/e, whex-u q i:i the heat xeceJ.,r'3d 
aJ!ld -0 b somt" qutm.tity whic-h qU111lt;st:tvely sa. tafies the definition ')f te.mf,,.>ra~ 
tuni ,. ';Vh,m ·tho funwt5.or1 ,(, .is d(d;e i mined, tho quanti-tot:•-va defmjt:ion of t:.h. 0 

degree, t'lf cwgre.da tion w-i.: l b,o complet.ci.., Dy n0ftnt1 of thl .f1ll(,~rnamic equat:i.on,s 
invohri.ng th.e ent:r:"opys, 1.t c.!'.lil be provou that e which ti.o!rln co.1lod the 
thermodym;.mic tempera·curE' ~ rr:;:;.y be; completely tdon~.:tf'ieC: with the al,snluw 
'tampero:tun~sei\fea" Absol°ute temperature is def.'lnod by meanr> of a pe1. fe'Jt gf'.G s 
zero 011 the n.'booluto tomperatm·,~ scale beine; 1.;he ten1peratur·, at which the 
vol,.llllB of a perfect l;o.s is \'.ero.. on th~ centi[,rade 5ca~6i, this tolllparatur-e 
is ~·27S ... 1"'C., and on the I:"tti1x·enl11iit sea.le, it L-1 ,.,459,.6.,I'" In order. t-,0 av,,i1l 
duplication and confusion in tho i'ollowins i'orm1.1lat, 'Nn w1.:t .l say that T::: E,i 

a.nc1 use the. abso lu ~. ten,rera ture scs.. le,, 

'l.'he value of' the rn tio Q,/T wi.11 be called the im,r·0ase hi !!:?',;'EL or 

In expreasing the entl:·opy chango d11:.ing an irz·overaible prooel.)s a1, tho dH'f'~r
on<.~e bet·ween the en·tt-opy at ·l:;hs end and tt10 entrop~r at the heginnirq , it ia 
i:mplied tha.t entropy h a. property and therefore that th.a entropy change 
depends solely upon tna initial and final ~tau Sc, 8y v1hattrV'-'J:J:" path the sy,nie:.:n 
proceeds from state l fx> state 2.11 th,a deg:t"adat:ion or energy it; the sam<10 Ai, 
in tho cas'-'fi of the energy and the enthalpy 9 d:ii'ferfmo~1:; rather than absol ui;e 
values of the entropy will be adoqua te for preotically s n prc.;blemffo !U_!r'.2.el 
is an extonsiv·{: property so the entropy of a eystem is egua~. to the Gum of tho 
entropies cf its part;;:-

For an infini teE:1.r.ial j?rooess, aquaticn 37 be:}on:~~ 

ctS::: 
~. 

T 
'Jhis very important equation .state~ that the increas6 lu -1:-~ <j entropy of a sy1:1tsm,. 
or part of a sJ'8t6mi, is equ>.1.l to ·tbe heat which it absorb 1;;_ divided tiy the abs"°' 
lute temperaturao I-t is this fundam..ental equation wbl.cl·· Glautiius UBod fo:.· hit': 
original d.efini tion o.f entropy o 
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a :rav,:nHi'bl:~ pr·ocons it: foJ:t,.Jrm i;h,1.t; th'f;, cr.:tropy c.h.-a.r.1stt 1n an~- J:ia.::··t of ·tht:'. 
;,w~tam :m.ust bo ,Jqual a:wl OfP)(rni'te :i.:n '3ign to tho .sn-tirvp;r ohc.i:::.e.,.;1 i:c\ a.U. td:J:\t::: 
pe.:dm o.r th~, ,,;,·t::t0:m. :h:eroJ·v~;l ,, :t:n ;;'.,j:', irre'Tenilbl,,:, proc1~r,a tbe tot~l ~ntr·o;:iy 

1 ~ . ' . !, 4., of tho :.;;ys ·~am ,:;onc;er11e-d :inc:·,-,9.sos.., It. is impfir··t;aiyl;: tc .1;;ee o .. i;la:·:·.,.y ·t;.:;'11.1.., ~ne; 
idea {}f t-m.trop:r :h, n.0005::1:.i.\;l'i;<-Hl by the e:dr,·t:ence of' irr.e-1rel'.'1:ii!11n proooer,.KH,,. 
Ii; i~ onI'yro·r'"M·h.~e r.nu·poStl 1:f U.@f:l.;'1:1::.dcn. an<i convenient mtltlSU!',)Il:O:nt ::,f on.trO?.Y 
chang61f:> ths. t !.:!i;r~~]:!~ pro(t,;nvr:mn avi:r:'e ·been cliscusse:do --·-== 

earned; Cyic1oo Hoat hn.s ·oor;m L!H;'d as a som."'ce of' ,oochfll1i'.:;a] p0wa1:· '.i.'Oi." 

two corh~ir-Ii:;"ii':-~\t'; br)+~m the uni ·ror::;c.1 e1T.p(;•?"ienod that the e:(~fichmc;y oi' 
con"Q·er~ion oi' !:10at j_nto worJ; is r·.lwe.~l·5 low,, Sterur. p01,'1er· plaz~t:, :lw:~., of'fi,;:,i";l,1"" 
cies of not mor·"' them ;:so7; e,nrl :i.nte.r.n.c.l·~co:mbu.utim'.l. angl:oes no{: more1 tbf.l:tl 40,~., 
'l'h:Ls is in uhe::..-p oontrast to tho Trnll "·roGot:ni:~t·d faot t:ha t work ir. always c,~nt 
pletsly convertible to heat., One U)J.f'o.milis.r 'llri'th thf.1 ::wcond Jaw of ·t;h,()1"Jll,1;~· 

dynr~mica might 'b<J in:;lJ.ned •':•J explr:1.in t.'le lcv, ef'fioiencie1J fc,J thn cc.nvo,r:;i'.nn 
of ht1at into work by e.:.a·vm:l.1.n; 5.n.pr'.:lper dr.nlign e.11.d co:n~1truct;ic1.,., 3ut eiJ.1 
efforts e.t int.n"on.sil'.li~ ·t:.h!.:, e.:':c:'ici(mc:los ,Jf th:i.:. con...-arsion won fn1itlosr; rc.nd 
i·t was fin:1.lJ.y mmclud~;d the: t tho 101.v tJi.'ficie nc:1.ee wero dw tc sc,rne funda,~ 
me:1.tal und$rlyh1!; nt.'l.tm~a.J limitation. gcvorning tho 1.,on.ve1.·t'lbiHby o.f hon.:t :.l:--1·:,:, 
work,, T11<"i :imp,ou.:d.bil5:cy of complo-\:;ely converting hoa 'I; to wor1::: ,ms first :,"occ,i~· 
ni r.ed by C~:r.n.ot ,~arly in U'W 1.9-t:h Ci;1:a.t~1.·y, His great nomogro.ph. 11 publ:i.1:'.hor:·. J1J. 
Pa.r:i~, in 18.2•1;:, 1aid ·!:;ho f'o1.u1dat:ic,:a:0 cf ·l;h.e sec.cud luw of the::.:'ID.'..>dy:ue.nd.cs ... 

E\l':;iry h~1at 0ngir.e ·l::1 :tn.off:l.cient b-ecause of f:dction c,).• imperfect 
designJ 1:iut evl):u if a.11 tnw'.1 sou.rc0s o! d0g:.-adation aro (il:'.o.mir:ed;;edi, J10 sng.5.nt, 
could be c:;111.:lt:.:-ucted to givo q. 100% conversion o.f h 13a t 5.nto Wt.'l'."ko In order to 
ob tnin th<; n::.ax.i:mum posaiblv work from a heat Q!J,£~ine ~ :it would b(~ mor:weei.~y 
to eH..11.d:na oo frl·,tion.i, to p:i·ove:c:c dirtrn !; f'lcvJ' of haa.t i'rom hot to \!Ol<l port:ior.,13 
,jt' th~ sya t,~m., a:nd to ro'l.:i..ntain a (';Sta ta ci' balance with respect to tho mool:c..;:.,;}1,= 
oa l foro,;1.1) Ilr. 1.>tt.1Gr works.J th(j p:r<.100:is miwt be revortdbleo '1.'he ma;;~imum. 
p,:,ssH11r~ r;,:,::rvorsion of' heo.t i:ntQ vrork ~r.:cu:rs in an engiw.ll ·i:;hat op(;lrO.fo;;, 
reV{Jr£ib:.l. y ·hJ. Fill :itu :,tage~~" S-mm an 1n:;.gin~ in t..t-ie limit wb.:1C'.h :mf,l.y bo app::.~oep 
i,h ed by ar.1y t.\ctua1 engine ail i te de.3ig.n and cc.a >"tru.ction cu.-·e :improved,.. If o. 
h~at ,}ngin, opol"}:a;H, rovc·n:-i:Ibly., ~o that it h, :;.n the same sfo.t~l 1:'!.t the end of 
the oper.tl.·bion a~i at ·i;he;i be.;:.inni:ng 9 :;i.t; will suffer r.o ch!!ngo cf on1;:·<:opy,, All 
the i,ntropy olm.a{;;os m1.:;.t,t add up to f;f1ro., If' Q ie the heat takon fro:J1 ·t;he ho\; 
re 1J£1rvoir .~:t T and Q 11 :.s ti110 heat tnke.n. from ·b.nr.;1 ci:1ld rc,r.;:ervoir at '1"1 9 then 
tha i nc :rr.m:s,;t elf.' ex.i:ta~opy Qf .i;be hot x·t•BGrvoir :I.a ={, /T ,:ind that i11 the oold 
r eser voir iJ Q. 1 /1:. 1 ., t:que.i;ins 'l;b:, 1.iulll to zero,) 

By t he con serve.t;:i.on lal'l' ''i ·:: Q, " Q •1 .. 

Combining the above two equ.2.tions i;:L,re~ 

(39) 

'.Chis very :i.mportant equations which ifi kn.own us the e.fficioncy oi' 'tha CaI'l.1.o1; 
o~ le ,, .~iV()S the conversion factor for a pHrf eotly ef'f'iciont engin~ opart".·bing 
botv,eon ·l:;o::nparatures T and T1:,., Any actual engir..e ope roting bet\UJoen these, 
t t"mpera tur1:H1 has i:.,. law~r co11versiou i'o.etor 9 b'l.1t ono m i eh may app;'."oaoh that of 
equation. (:39 ) o.ri a limit,, 



By re·,1·e:t~air..g u. h,w.t engine it is J;lOSsil,le ". througb. the e:i:pe ".lditur 0 
of work.9 to transpol't hout .from. a cold to e. hot reservoir cf whi.ch il.'i c,xac tly 
what e. rof'rig0ra. ting 11!llchine doe ti,, If W is the wo;,:·k done and Q 1 1-8 the 
heat-withdrawn from the cold roliervoir e:t '1' 1 and delivered t o hot r o servt..d.r 
at T!l we find the Carnot efficiency for a re,rsrsible rt-f.:r.1.gf . .we.ting ,,ych, .;, 

w -~ .. · l(L ,.: 

the Ca.x--.aot cycle conaiats of four reversible p-oco::H';esJ t.vo 

(40) 

e..diaba tic (note i s. revendb lo ad:i.aba tic p:roooso is at conistv.r::t. ont1"upy or 
11 isentropio") and tit,ci isothor.ma.J . ., The Carn.1:>t c.'Ycle for a h6t.t: engin~ ia 
shown by F:i.guros 20 and 21 9 v1here :i.t is plotted on pressure Yis, voln.100 m::.d 
tempc-lrature vo o ,ont:ropy coordina.'oos., Ei:1.ch figure rep:l:"os1mts th,.:, a:an~ cyclei 
plotted on dii'f.~rent coal~uc 

T 
p 

J 
V s 

F,G 2.J 

Starting at poin·c 1., the four proce6sea of 'l.';he li..eat eugino i;..,ycJe are i 

PX"OC066 ,!!e eo.~_!:!,~~ 
Isothermal liberation of heat or performance of W?r k,, 
Adiabatio (Iaent:ropic) expansiono 
l3other:mal absorption or heat 
Adiabatio coi.npression., 

'.l.hi6 cycle ia ouly thoor.otioal and is not duplicated j_n. practioeo Al l four 
prooeesea neod n.ot take place :i.n the same nnohine eii th.e1· o In c, ewam e:ng;:..nf) .v 
f'or OJW.mple r, proces1Jeis 3, ... 4 and 4=·1 'tag, plf1ce in tho bo.Hor while 1··2 and 2·=3 
take plaoo in tho ang:lne i.txalf'c, 'Iha revaraal of the cyole1,; given in Figu:,:ea 
20 and 21 giveu th.a re:f':d.gera tfon Carnot ai; shown by F'igurc:ie 22 and 2:, 0 

p 
I 

~ ~~ 
I -----4=- f. 4. 

i-----J~ 
- -v i=" \6 2 ,: 5 



c.,l C,6= 

Ste.rti :n.g; at point 1 , the four process-s6 a.ro> <,f the ref'r.igera.ti c ,'l c:;rc fo ~ 

Process 
1=2 
2=~) 
3-~4 
4'=1 

l~.so.!:~P. ti:'!: 
Adie.be.th~ oxpru.,l:fion.c i.,eo throt tling" 
1::iothenna] ab11orp t ion of heat from cold r()servoi r" 
Adiabatic c:ompre.ss i on., 
X:iot.hel"Dll.il.:t de. l ivery oi' heo:t; ix, hot r·8servc:ir., 

'lhis c yole is alBo theoretical and no t duplicated in practice ,, .All four of' 
these :pro car.mes u:mally do occut· in the arune machin.e but not in tho mi.me angine Q 

Fer il'. convt.mJQ.onal 8.lll.ironia :refrigi:tra.tion tmi t the f our paihs o.re !j';.COomplished 
by th~ .following i tern~ of' equ:i.pmen.te 

Procesa 

l -2 
2~,3 
3---4 
4c--,l 

Equ1.pmont - '.----
'Jhro·ttle w .lveo 
Coil in bl."ine taD.ko 
Comp:rt)SCOT' c 

Vlater cooled oondenser .., 

Hoo:t ctln b<, ~lbtmrbed or l i berated by a .fluid at constant temperature 
if ·the .fluid ts a puro oo:mpou.nd and the pro0ess is one of vaporizr:1. tion or 00:;1,n 

densationa A refrigera:l.'.don rr.~ohins approaohea these f'l"l"IC8BSCH1 :more closel y t han 
doe8 u. heat er~ineo In order to approach r(.1veraibil ity the e:itpans:'lcn and oom,,, 
pre-s€i :f.on pr1..1c:eases would have to take place filowly with small cif'fe ranceis i :o. 
pressure o '.the compre:Jsion process of a ref'rigera tion :maoh1ne approache1;1 
a diabatic ( isen·t;rop:i.o) c l osely in some oases,.. 

~t::opy Chang~~'.. 1nhen heat flows between two id y.5tem.<;; of difi'arant 
tampe r ature .11 th<3 prooesa is more nearly reversible the sme.::Uer tho tempera:ture 
difference9 If a system1 with heat capacity C, absorb6 heat f r om a reservoir 
of inf'in:i.tesimally higher. tempera:turo i and thus rises through the temperat-.ue 
lnta:rva.1 d'l\ so that 

Q. ,;.;;: CdT 

comi.'r:>ining with eqi..iation (38) gh-e r;) 

dS ::.:c C 2! 
T 

(41) 

(42) 

Since the entropy is a property1> the entropy ohei.n.ges of the f l u.id .receiv'ing 
heat are independent of the ·t:;t;rmperature from which the heat f lews aud e quation 
(42) i s true, for any infi niteairull rise of t eroporature r., no lllAt -ter hv i1 produced .., 

Ordinarily the hea3:;ing occurs ei their at constant volume or e.t con.stant 
pre~sure and 

dS dT c~s) Cv ·- Cv- • or " ( 43) T . --?111· T 
and 

C dT r sJ C 
dS -· PT • or 

_1°TP 
~-.~ (44) 

T 

Combining equationB {24) and (43) gives 



· I 't)s) -· 
(:r:r;V' _.- ·('~) . .,, 1. ~1' ' ~ . ,, 

Differ<9ntiatins with respect to V givaf.i -!;he f'ollm'ling relo.ti9nrship~. 

<.'i'S l (~) 1 /J2E 

,ff'i?i'v -- "T -· T ---
,'JV T ', T '")V 

~ V (/ , (/ 

Co:uibi.ning equations 25 and 44 ..:,ivetl 

Diffore11tiating v1i th respect to P giireirs the follow:i.ne; relation:shipt 

. . . . 

(46). 

(47) 

(48) . 

E:q ue. tiona ( 46) and ( 48) will be i1seful relations in d6v·e loping other t.hermc., .. 
dynamic relationB below., 

~rnodY:i~c Po-ta~tia.la . 

. There are £our ther1nodynamic potentials.. In additio» ~the energy 
e.nd tho f!ntha.lpy that have already been :i.ntroduoec.'l./there are two fr·e~ oneir= 
giev i the Relmhol tr. free anere;y and the Gibbs free energy., U&ir.,e~ the con~, 
oept of entropy,, formulations will now b<-) deveiloped for- "th6Se thermodynamlc 
potenti.alflo In addi tiozt 9 the concept of entropy will be S;ppli<:)d to the 
deve1opment of equations for the la.tent haa·t of vaporization .? -the Joulo""' 
'lbomson ooofficient;, and tho srie,oifio heo.tso 

Energy and Enthalpyr, Vury useful !;>quations tor the ane.:t"gy and th@ 
en tha.lpy '1:tlJ.y n°"' '6e ob tarn-by oonsidl;lring the ·e!i~e wherr, tti e preat.1,,u"o WJ. thin 
a aystem is an infinit@Bimal greater or l ower t.hau the pre~sure o;y;-:,e :rr. .. ted upon 
the ttystem/J i .. ~o reverisi'ble expansion or compression" By eq1.12.tio:n (38) tho 
hee.t abaorbed by the !System is TdSs wh.Ho the work d1::;n& by the, 'isyewm i~ PdV,, 
By the first law of thermodynamiott 

dE ::.: Td.S = PdV (49} 

'.!hi:.. ie tho general diff'eren.tial equatio:n for ·the onr:1rgyo D:.vidi.ng this 
gl;lneral equation through by dV tu1d restricting J.t to an isotheri..nal p rooit'u,,; a 

gi"'• p = T (~ )T -a~)T (50) 

D.iff'erentiating aquat:lon (50) witti respect to tamperature andwj:th vol~ 
Constants 



Entrof:v ~~res.s~ for ..f~evers~_? Pro~~ With _tho aid of the CO.rnot 
oycle-rt'is potJeibl~ ·co prove tha:Sths entropy incNa.sois for irrovereible 
pr·oceesesQ Th~ prinoiplo of thir.s proof, which is a. clasaio in the study of 
thermodynaJlti.oa, io to restore a.n irreveraible prooc,u ·t;o i ta origiml sta 'bl, 
by me.nu of tho rovoroible Carnot oyol~ oo that t,h& eh8Jlge> 1n ontl·opy for 
·U:e or1G:ine.l process ot.n be oalcula ted. 

Coll1lidor the transfer by conduction or a qu.anti ty or heat Q £'1'0:m 
a hot rea~rvoir at a temparature T2 to a cold reservoir at a tomporature of 
Tl• Assume that the reGervoirs ~:re of such a size that thoir temperatures 
do not ohAnge in the procasa.. T'.:io oondi tion beifor~ tho transfer ot heat 
ti!!es ple.oe vrill be called eta. te A and tho oondi ti.on after the hea. t transfer 
will bs called ate.to B. 'lhe problem is to oalcule.te the difference in 
entropy SB ... SA. ThiE ce.n be dol'la by puq,ing the hea"!: Q back from the cold 
to the hot reservoir by the reversible Carnot cycle and evaluating the en
tropy ohe.ngos at eaoh reserwir. 

Arr~.ngG a Carnot refrigeration oycle with the following pr~oosaesr 

(a) isothermal expt.noion of ·cha gau e:t the temperature ot the low ten.,, 
perature roservoir and the resulting absorption of heat Q by the go.o 
from the iow istDP.Ol'ature reservoil·; 

(b) teveraible adi~be.t:io (no he>e.t added or removed a.nd entTopy constant) 
compreteiOll of the gas until it is at the temperature of the high 
temperature level reservoir, T2; 

(c) iootherma.1 oomprosaion of tho gaa at T2 and tho rosulting liberation 
ot heat Q to the high te1n.pei."a.ture reservoir; 

(d) ,~oversible adiabatic oxpa.ncion to the starting po:ln·l. T10 

By means of this Carnot oyob·i;· ·clw resorvoira have been rer;-rotod to "tb.<tir ori"" 
ginal sta t6 A. 1herof'or0 • e.ny entropy change invo lwd in -tho or:tginal irrevero,,, 
13ib1e procetJa must be balanoed by e. oorrespond.irAg entropy change in the ~rnot 
cycle fluid. '.Ihe ch~e,a 1n the en·cropy of tha gas aro as follov1s1 

at hot reservoir& enti:'opy is diminished by S. 
T2 Q 

at oold reservoira ontropy is inoreaned by 
T1 

The inorease in the en·tropy of tho gas is 
Q _ Q _ Q(T2:..:...!Jl 
T1 T2 - -,.1 ·1•2 

( '48a) 

Equa .. d.on (48a.) is e.leo the oht.u:ige in the entropy iuvolved 1.n 'the oonduo'bion of 
he$1:G Q from a high ·o.!mpara.Jcure., T2, roaervoir to a low tem.ra" ture # TJ.., 1.~ssor• 
voir or in going f'rom sta/oo A to sta:b::, B in this particular exaq,lee Since 
T2>T1. &q\,Rtion (48a) repreaento an inoraei.se in ~n·cropy and it io conoludod 
that the conduoin.on of' heat from a h.i.gh tempora.t111re z>oservoir -oo a. low tsm,. 

. fOre/aure reservoir is aocomp~.nied ~~-an :i.norease in the total entr2tz~-
*1~ote: In the OUBto:mary roi'r:i.geration C&rnot o~le the quantity of ea.t de,liverod 
to the hot reservoir is equal to tha:c absorbed from ·bhe low temperature rseervoir 
plus the work added. In this oyol~ i.he heat equivalant of the work dono would 
have t~ b~ l"$movod in a d:i.ff.er<,nt f.'o.ahion to mk:e a repeating cycle,. For this 
proof 1 t is not necessary to wo:rry about tlrl.o., howevorQ 
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It ;;rs.ft shown in equation ( 4.-6) that the socor.d and .fourth tex·mr, aro eque. l ., 
Sinct, they are of opposit e sign in equation (51) they cimoo1 13 giving 

(~) ~(~) 
\(! ,- T \v .·V 

(52) 

Combin.i r.g equation (52) with the transformat ion eiven aa equa t ion (8) results 
in the followin,:; equation 

( 53) 

which is more easily _ev-e.luat.ed.,. Combining equations (50) and (52) gives the 
follom.ng thermodynamic ,:.,quation of" ~ts.te: 

p = T' (~ l -~ (?!) g 
{/TV ,A'l<r, 

' V ~ 

(54} 

from which the followir .g equation for the i~:othotnml ,:;tf'i'aoi: of' changes i :a. 
vol ume on the onergy or n be computed: 

: T ( a.!.)' = P \~Tv . // 

( 55) 

In order ·to tlxpres fi 1:irn t:,nergy e.5 a. function of P .i V.1 and T.,, alimiI1at·· 
in,; entropy0 th0 f'ollowi:r.i,g diffe.rentia.1 equatio:e1 itJ Y1ritten from a strictly 
mathematioal 5Ji;andpoint3 

dJs :;;: ( 1 E)' dT ·I· ('fl_E) dV' (66) 
\.?tv -aVT 

Combining this equation with e1uations (24) and (55) gives ·cha following 
equation: 

dE :;:.: Cvd,T + 

dH :::: dE + Pd V + Vd.P 

which when combinod m.th equation (49) givae 

d.H ::: TdS + Yd.P 

{57) 

(58) 

(69) 



·'f1d'-; i:2, the gm:.in·e.1 d5.fforentia1 aqua•tion fn· the enthalp;:.·., D1.v5.•:Un[;; "l;his 
gm:rnral l'lqua:b:i.cn thr(,ugh hy d.P and keopir,g ·!:;erap~iratm'e <.;,:;mnl;en t r·e,ml·t;.'j :in 
fu.,;;- .foUowini equat"iouu 'l'hlich is o.na logoua to eique.tio.n (50); 

(60) 

Difi'erentiatir~ with rez~~ct to tempere.tu.ro w:l:'i:h pressure constant 

( ff'L) 

Fr-o::n eq m. tion ( 4.8) it ctn be seen that the second and J'our·m t,'lrr.:, a.re eqc€iL, 
Since they e.r{l of oppcsi to signs they oanoel giving 

(?is~ ;;; ~· (~) 
(1 P; T f T,p 

(62') 

Combini~ oqui,d;ions (60) an.cl (62) gi1;res tho f'ollcrtdng the:nnocy:.1r.1.ini.c equation 
cif stat!J ~ 

+ (~~) !) 

\ ~ P.· , V T 
(63} 

from which the irJot.herll'.8.1 effect of prei:;:.mre on. cho ontha1;?.Y m'ly be found,, ad 
fo:tlowss 

( t3.J) 

The enihalpy "11.'£..Y o.lac bc-.1 e.xpreei,ed as a function of P .~ V., and ·rll 
Eiliruinating entropy; by firB-c ,1riting the .follO\l'fiYJ.l~ m.a-tb.omati,~:al n~1ue.-;;ion 

an= (ii..!!:.\; clT + /.{2H) dP (65) 
\g'l', lc.7P."' p 1 

Comb5.nins with eqoo.tior..s (25} end (64) reaulti:, in the fo11crw:hi..~ very mmfu.1 
equation 

dH = CpdT - {r- T ( 1.! \) ·~, v_-,1 dP 
I ~ 'r L ,u ·;p 

If ( cl P/ '?'!.') y e.nd (? v/ J T)p can be computed from P··Y-·'f data t~,;} 

isothenna.l effoot;s of vo11.IID6 en. energy and of prall'.su1·-, on eni;h:ilpy may ":)i<,3> 

oalculated f'ron equa.tiona (55) and (S4} reijpectively,, With Cp 11ud G7 ·Ina 
o:t'fect of tempera. tur.e a i; th ... , eno1~gy and "l:he enthalpy Illi:'"l.y bt!> oor11i;;,.1tod., li\ 
on the other hn.nd ( ;) E/ oV) T and (d H/ Jlp) T are kn.O\\r:r.1 ~;tperime:1 ti11.lly; 
equntiom1 (54) and (63) giVf.i the f'orm to which o.ny emp:lrionl ~.quo.tion. of 
1.rtat.e muot coni'orm., If the Jo·vle•,,Thomi:;on coe.t'f.'icient is detor::nint>d ~xp~l."'i= 
txinte.lly 9 equa/d.on (36} mH.y be used l;;o cmnpute {'JH/:.:.i ?)To Bq·.111:t;5.011 {35) 
!'or the Joule-Thomson coeff:i.cit"Jnt may n.ow be expressed in mo:.:·,, p:,:,e.ot:lcu.l 
form by means of equation (64) a.a tollowiJs 

( -1) !!, ) T ( y_y.') = V 
0 P/'I' , JT/p 

u. =.- ~.~ - -·-r- ".!"° Cp 
{67) 



Laterlt He~d; of t't.poriio.t:i.011 ., Equation (52) m."l.y be r. pplbd 1.;:i "i:ho 
'apo::·i.z;a.tion~orc.-pm-sub;;-ii'uoe. in whid1 procetH~ -the llqui~ .'~s in equU:1 

briUJl w:1th its v1;.po.:- 9 to i'ormulatti an. exr .rs.,sion f'o:r· tho la ·:,:~:a.. hea.1; ,:if: va.p\wi= 
2,9.·tion o In this case ·?,; s/'J V -= As/~ V wht1re ..6 S and D. V e. i:-o fue i.noreas~rn 
in 'tha entropy and the ·v-olmr..e l) rospectivelyQ Boir.g at; the vapc1r prtasure it is 
possible w oit.i-t thl ras·criction o.f constanoy of , ,olum'::1~ 'i'he 1•roc1:;1aa is an 
equilibrium om.1 and therofore roveraU,leEl so D,S == A.11:v/T where L\.Hv· :i.a tho 
le.·;-;ent hont of vapo'!"ization., gque.tion (52) thuf:l beoomi:,t. 

(68) 

'.!his .ia the famo\'S rnapeyron aqua. tion.,. 

Specific Hoateo By mean.1:1 of oqu1t"lons (~6) nnd (52) t:. dii'f".reutial 
equa{;i.on Tort~isofuei~l sffoct. of' volume on Cv may be derv;Jloped., D5.ff,,r
entie.ting equation. :s2) wi-th req,ect to t3mperature with voluc,; oc,ne runt 

Gonil>3.ning equa tiona (45) and (69) 

( '()Cy) 
\.-~rvlr ;~ 'I' 

CcLibining equations ( 48) and (7J.) 

(J_~~?). = ~· 'l' (~~) c~ p '!' ~T p 

(69) 

(70) 

(72) 

Equation (71) is very urnful in computing the effect of' preseura on the ~po,:ifio 
ho"l~ .9 spooif'io hea.tE at higier pretrnun,!3 beinf; us~,i in heat transfer <.,a.lcuJa.tiont 
ol:;co 

By the firt:t leiT, of thermodyna.mios , equations (28) and (3J ) ,r;er& 
dl.:)voloped for -the diff'erom,e in sp~oif'ic heats but these, equationas wera l,:,ft in 
an unpre.ctioal f'crrntc. With the aid of' the seoond lttw tteHt, og_i.1ation.a may now ·:,e 
dttvalcped further., Comb5.nir.ig oq;;.atj.ons (j.8} and (55) or oomliining oq,Hitlom; 
(31) and (65) r;iv.ssi 

I /' 

Cf "' ' (~y ;;:; T (~) (~) 
(/~v v P 

( 73) 



Since the press,-1ro=temporo.ture coefficient is not ordine.ri ly measures e.t 
oom,te.nt volume 9 equation (73) may be 8implifiad by .1W.UU1B or the trs.ns
forma.tion given as equation (8) o Combining equation (8} r.nd (73) gives 
the following v~ry ueef'ul equation for 1ho difference in the speoifio hsatsg 

(.1.!)2 
{)T p 

Cp - Cv = = T (74) 

TTP>T 
Imtropyo A differential equation for the entropy as a function 

of !)ressure and te1:i.perature can be derived by writing the following 
ma.the:me.tical relationship; 

dS = ( ~ S ) dT + 1~ S) dP 
\ 'd T; p \ r) P. T 

(75) 

By equation (62) the coefficient of dP , (?2.) = - 1v); and 
?PT ('c:1T,p 

(":)' 
by equation ( 47) the coefficient of' dT 9 ...:.2. ·, = :£,o Upon subs ti tu ting these 

f) Tip T 
terms in equation (75) the following dj.fferential equation is obtained for the 
ontropy: 

ds = 1 d '! ... I? v)· · d.P T \-~T p 

(76) 

A nimilar equation may be derived by aosum:,d entropy a ftm.ction ot T and V 
but it will not be as practical as equation (76) o 

F.quilibrium-Free E:nergieoo A system is said to be in equilibrium 
when all the fo.ctors w~ich determine the flow of energy or matterJ) either 
within "the system or bo tween the system and i ts surroundings, a re exactly 
balancedo At equilibrium the pressure 0 temperaturea o.nd volume of a system 
e.re constanto '.Ihe temperature throughout the system must be uniform and if 
the system is bounded by a heat permeable wall, then the s ystem and tho 
immediate surroundi~s must have the same temperature.. If e. sys~m is 
enclosed in a vessel with a movable piston, the pressure exerted by the sys= 
tem on the piston must be exactly balanced by the pressure exerted by the 

• cin • 
p1sto~ the system. If gas is to bo compressed 1n e. vessel by a movable 
piston, there must boa difference betv:een tho ?ressures exerted by the 
piston and the gas. In order for this process to bo reversible, there must 
be an infinitesirral difference in the pressurco Such a reversible process 
is also at equilibrium and oecur3 nt constant entropyo 

Not all constant entropy processes are reversible and not all 
equilibrium processes occur at constant entropyo Examples area the com
prEission (not e. reversible or equilibrium process) of gas may be sde to 
occur at constant entropy by taking a,w.y ,just the richt amo\Ult of heat 0 

caused by friction 9 by je.cket cooling vm.ter; and the flash vaporization 
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of hydroca:bon lr.ixti.ires ls an equilibrium {phise) proco~s but don, not occ..1r 
a.t conetant entropy. Phase ruicl chemical or reaction equilibria l."'e the only 
type of equili'trium encountered in petroleum ,..efini:i-ig pxc,coss dt1sign,, Vah.10.ble 
equilibria rela.tionships will be develcpad by the use of thormodynamicsb 

It has been shoivn that any actual or irreversible proc9so :..s oh&.re.c
terized by an inorease L"l the tota.1 entropy of all syatemr ccincerned~ Such a 
system is not at eqtulibrium but is subject to spante..neoue. ohang;9o A Eitate cf 
equilibrium is on6· ill which every possibl& in1'initesi1,1e.l process is reversible, 
or ono 5n which the total entropy remains con.,stanto :his is the most general 
oriteriC>n of equ.ilibrium thermodynamios offers.. At a matt;er cf fact;; it is 
too gcn$ra1 beoe.use it is not alwaya ee.sy to evo.lu.e. '..ie the oho.nge in entropy1:. 
!<'or this ree.sor,e ~vo thermodynamio functions,. which are 1( as fundamental end 
less general than the entropyJI he.ve been invented for p1•actica.l conveni'3nce., 
lri. torma of qu8.nti ties already employed, the two free energy functions a1·e 
de fined e.s fol lows: 

end 
('17) 

( '78) 

'I.he first is the Pelmholtz free onerr:y and the seoond is the Gibbu free 
er,ergyo On oombinin& equation (18) s, which states H = E -!· PV!) with equation 
(77) and (78) th$ f'ollowin.g rala.tio:1 between A and f' rarm:.ts 

{79, 

Equation (79) nhov:s that F and A boar the saJD.;) relation to ench other ns ll a .1d 
E., Cha.ngee in the quantity A represent the maximum eossi_~ ~ for ~ systs1~» 
which is tho work for a.n iso·l:;he rri..al reversible proceaao In oi;har words l) a ... .; o 
the limit of the vrork whioh car" be porfonood by e.n isothernill precess e.s its 
eff'icienoy ia indofinitely improved, Changes in the quan·:;lty F reprc,sent the 
maximum net ,,ork for a. system, whioh is the work for an isothermal revore:iblo 
process tliat~a1so isobar-lo:, In any process occur.ring r.t constant pressur~ 
and temperature; llF represents the maximum amount of wcrl.= which cE>.ll be ob-~, 
tained tmd applied to usef'ul purpo::,as , Ji'or th1B reason l" is known simply :as 
.free enerq,, 'lbe tree energy is one of the most ueeful 1;Jwrmodynamio 
~ntie.lsc 

Expross:.omi for A and F i:.1 temperature and preeoure e.ra derived .from 
equations (7'7) and (78) o Dif'f~:rentiating equation , 77) w!. th respeot tc• volumo 1 

temperature 1}onvte.ntr 

(f})l' = (1~)T - T (~)T (80) 

i:iquation (50) atatos that 

t27 }!;) , (o s) -- -r -- =-P 
'i)V •r oV T 

(50) 

whence for an isothermal process 

(3 ~) = - p 
"o V T 

(81) 



Starting with ao_uat ior:, (7'1) e .. :;ein and differentiatinc wi th retpe ot to tempera .. 
ture, vol ume cons ts.nt : 

(82) 

'Ihe second and t.hfrd ·terms f.lr~ b\,'th itque.l to Cv by equat:i.ox.:e (24) e.nd ( 45) snr.( 

therefore, ca.noel giving 

, (83) 

Conib lning eq ua ti.ona ( 81) and ( 83) 

(84) 

A similar equation may be developed for F in the same me.nne1· .. 
Di1'forenti.atin0 equati on {78) with raspect to pressure /) ·te,mperaturo ocnstant, 

lo 1i·1 _ / 1 u)· 
(,J p) T - ( -;J p T 

., T (~) 
[) p T 

(85) 

Combining with equi-ltion (54) 

(86) 

In t,.:,gra ting eq ua. tion ( 86) gi ,ma 
( '2 

L1FT ;;:.; F2 ~, F1 :::: 
Jt 

VdP (87) 

Starting again w:im. equation (78) e.:nd dii'ferentie:l;i.ng with respect to temper.a= 
turi:> 9 pro ea uro oowste.n t 

{88} 

but th6 se oond a~.d third term are 6$ oh eq ua.l ~,;o CT) by 0q11 "· ti 01.s ( 2 5) and. ( 4 7} 
and therefore oe.noel giving 

(t)p ;: '"' S (89 ) 

Combining; equations (86) and (89) 

dF = VdP - SdT (90) 

To reoa.pi tula.te ~ the 1'ollowinb dif.f ,3rentia l f:iquatio11s have bt'H.:tl'.l 
derived for the four thermodynamic potentials 

Internal Eneri5Y 
Ent.halpy 
I!elmhol tz Froe J~narGr 
Gibbs Free En'°'rgy 

dE = -PciV + TdS 
dH ::: +VdP + TclS 
dA = - PdV - SdT 
dF = +VdP - SdT 

{49) 
(59) 
(04) 
( 90) 
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lt is of interea·c to note fue simil.1rities in the e.bove equation&" '!he TS 
terms are the same for the first two and for the second two while the PV 
terms a.re the s m, for tho 1st and 3rd and tor the 2nd and 4+.h t.ermso Theee 
aimilaritioa exist because of the dJfinitionso All of the other potentials 
a.rt> obtained by adding TS and/or PV terll'.JJ to the Helmholtz free enorgy A 
e.s follows: 

Internal l!':norgy 
Gibbs Fr-ae Energy 
Enthalpy 

II 

" 

E = A +TS 
F = A +PV 
II = A + TS + PV 
H = E + P'f 
H ;.: 1'' + 1'S 

(77} 
( ''9) 

(78) 

'Jhe cf.feet o:t pressure » wl th temper&.ture constant., on the free 
ene~gy nay be ds"termined by integrating the first term in equation (90)» if 
the equation of atate or P-V:-T relationship is known for tho gas., l'ho eff''lc.t 
of temperatures pressure constant, on the free energy my be determined by 
integrating the second term of equation (90) aftor establi shing an e11tropy,-, 
temperature relationship by means of eqtlfltion (76)~ 

6. Per.feet Ge.a 

At low pressures and elevated temperatures all Gnsos and vapors 
e.pr)roa.ch a condition ,1.11are their P-V-T properties 1:.ay be expressed by n 
sim::,le al"'obraic equation of stateo '.Ihis equation was developed as a result 
of experimente.l investi(e.tions and + first we.s supposed to be universelly 
volid for all bnsos. 'l'his sir:.ple equation of state is based on wo fo~mula·· 
ti ons made 111i th re>1tricted obsorvatiom1 . first, P,oyle 's :ta.w .statos th.;;..t t.hti 
product of pressure and volume, P'!p. is constant for 8. fixed wei.;ht of 2;0.$ at 
constant temperature; and second, Cnarles 1 law states tha.t volume is d..1.:rectly 
pI'oportional to tho absolute temper1turo with the pressure oonstanto 'l.liese 
ocmbined statements give what is known as tho perfect gas equation 

PV = RT ( 91)-i:· 

where R: gas constant» the valllt:i of which depende on the units o~ P, Vs and 
T 

Whan~ P :: lbs~/sq.,fto [) V = ou.f'to/lb.., mol ~ cmd T ::: °Fo 
R = 1544; 
P = at.mo ./) V: cc/gmo mol 1 and T = "K~ R = 86 .. 06 

Al though actue.l gasois never obey this ideal gas law equati on, many gases n:.ay 
bo made to approach the limiting state in which tho law would be exact, Such 
lim.i ting laws are frequently of great value aa hafJ al read;! boen showno Fo:r 
example, the perfeot "black body" ws.s useful in the study of radin ti or. 

Effect of Volume on l!.'nertit}\ By means of equations (55) and ( 91) /} 
the isothermal effect of volume on e internal energy mt\y be fowid,. Jquation 
(55) statee 

('or;) /oP) 
\oYT =T\dTv-P ( 65) 

-,:All sqL1ations markerl w~ •h a."l. aster'Il: .are'"vaITC, for an Ideal gas only., 



Solving equation (91} for P ar.d differentiating with reepeot to T with V 
oonsta.nt gives 

(2~\ ~= !: 
\ .;; T)v v 

Combining equctl o11s (55) ., (91) and (92) ..;ivee 

( ?EJ - 0 
?JV/ T -

(93)·* 

which states that the internal energy of e. perfect gas is independent of 
vol'UJ!le or 

dE = Cv<iT 

Effect of Pre.uure on Entha.lpt:° 'lhe of feet of pressure on th& 
onbhalpy o'"f a perl'eot ~It.I JtAy 00 found ll like mann.er from eque.:ti.on (64) 
which s "bites 1hat 

/ P'H) . (.c V) 
( ~ p T = { a, T \ :)T p 

(64) 

SolvinG equation (91) for V und diff erentiatil16 with respeot to T with P 
constant give t3 

/vv\ n 
(15TJp ::: p 

Combinini; equations (64) ll (91) , and (95) gives 

(96)-'.:• 

which ate.tea that the en1halpy of e. perfect ga.a i1 lndependont of pressure 
or 

dH :;;: CpdT 

'It.9 Joule- 'lhomson ooeffio i ent for a perfect gas is equal to zero sinoe 

;A = 
(~)T 

(67) 
Cp 

and 
Iv H) _ 0 
IJ1TT-

sreoifio Heats~ The difforeno~ in speoifio heats for a pe~fect g&6 
may bf! obtained by ~ombining equations (73) I) (91)' (92) 9 and (95) Which ~ives 

C - V = R p .., 



'Iha 1so~.1.ern1E.li effoct of vc huoo on Cv may be round frc-m equa 'I.-: n·i 
(70) .· bv oiuhsH-ut''\; ··· ~P' obta:mad by dif1·er•:.mt.1.at:nc; ~que.tion (92) w1th 
·-e~J?':! ,~t t<'> £., ( ... TfZ)v Trd~ 1..ives /', <-p\ :: c from which it can. 

bti ~:,::1:luded that 
\ cl.T2)v 

/ccv) 
l 'JV. = O 

T 
The isothernnl effect of pressure on Cp may be found i'rom equa.tion 

i_ 72) by substi tutiDJ; / J 2v) obtainod from eque.tic,n (94) o Thie givttt1/ ~v·, :::O 

~ ~; T2 p \ VT'%) p 

from wii .:,h it oan be oonol uded ·that; 

(100}-~ 

Fi:r some perfect gasc,e ths specific heat does not cha:ige with temperatu~,. 

Isothermal Heat and Vlorkc At oontltant temperature;, the internal 
erergy of £.t"per1'eot gas remains oo~stant und Q. ;;. if" By oqua.tion (14) 

f Vz 
Q. ~.;; W :.: ) PdV ( 1.0J )* 

·vi 
Substituting for P from the per.feot tao law; equation (91; ~ and integrating 

Q ::. W = RT ln V2 i::: RT ln pl (102)~ 
Vi' ~ 

Adia.ba tio Worko If no hea. t is addod to or remo11ea from a per!'e,:it 
c;;as durinf:; expansion or compressiony l,L = 0 and W = ....,dE by equation (15),, In 
this process the tempera tur9 will chan.;;e., Since i,; ia a funo"l:;ion of ter;>8t"'t tul"t-• 
n lone for a per f'ect gu by equation ( 94) ~ dE = Cvd T and 

PdV = - CvdT 
S\lbetit-utine; fol'" P from the per.f'e,Jt ,~a!l law 

Por the ca.ao whore 

on integrating 

Sinoe R :a. Cp - c,, 

RT 7· dV :: ... CvdT 

RdlnV ::. ·~ C.:vd lnT 

Cy ie constant.) 

dln V (R/C") = "" d.. T .tn 

TV(R/C.i) = o,nstan't 

cf"'~ p ·-
TV Cv ::: 

(G 
TV ~ ~ ·-

F rcn.. 5q u11 t'l on (90) 
T p 

v ,,._ 
R 

C 

TV~ -V 
::: oone 111.r~ t 

(1)4)·, 

( lJ5 }·,!-

(1·)81-, 



Suostituting equation (108) in (109) givos 

PV Cp/Cv = R conote.nt :;:: oons:tant (llO);..· 

':n(~T The entropy of i:.n idoal gas 'IIAY bo formulated by oombin~ 
ing equati 6 and {95) g i.vi ng 

dS = ~ d.T - i dP (lll)-i, 

lt Cp is constant 
S ~ Cp ln T ... R ln P + oons tant (112)·:t-

Free Ener§i:o An oqua. tion for the ilothermal ohange in the free 
enorgy will be derived' for the perf'oct gasa Equation (87) 1tateu 

Fr = F2 • F1 " j 2 VclP (67) 

For e. perfect gaes V = !!! ,, On aubcti tuting in equation (87) 
p 

f dP :22 ,, 
F2 - F1 = RT - = Rl' 1n - (113) 

1 p P1 
This '<l'Ory it:lportant equation will be referred to in the development or 
Phase Equilibria constants latero 
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Ao :F'unde.m8ntnl Data. 

'!be application of th~ above thermodynamic fonnulae to the de-velop
mant of usnful petroleum refining process design tools requires tha knovr'ledgo 
ot oertain physical and thermal properties of hydrocarbons and their mixturo,1 o 

'Ihia data rans into two ola.ases; (n) volwootrio and pha.ee bohavior.l) and 
(b) oalorimetr:\.o and tlvlr:ma.l boho.v1oro Before ta.kins up these two type is of 
£,mdaznental d!ita the eompositiorJ. and analysis ot petroleum will be dil!lou~sod 
brle:t"ly., 

1u Composition and Analveh of Petroleum 

Petroleum oonaists largely in compounds of hydrogen and carbon., 
called hydroco.rbons 9 e.ltho~ a few oompound1 containi.D(; small amounto of sul
fur, oxygen11 and ni troGen are also presento 1here are probn.bly a total c•f 
about 3000 different oomponenta :t.n petrolaum.11 vmich complicates process rlodgn~ 
partioule.rly the application oi' thermodynamics. 

ThGre are several typea of hydrocarbons~ whioh are classified &.s 1 

(e.) Pe.raffin series ( type formula Cn Hi.:n+2) • (b) olefin series ( type forr.1ula 
Cn R2n), (o) naphthene series (type formula Cn H:.,n.), (d) aranatic series 
( type formula Gn H~n-6)., and (e} diolefin seriee (-type formula Cn H;,in-2) .• 

A thorough treatment of. this sub,ieot involves introducing valer,cc,s,, 
For the purposes 0£ these notos it in sufficient to say the.t a carbon afom has 
four valenoes or hooks with which it oan attach it!Self to another carbon atora 
or to any other atom, e.nd that a hydrogon atom has one valenoeo 1i:hen all of 
these hooks are e. ttach.ed in a normal fashion tho molecule is said to be 
satu.l"ated. When two carbon atoms are attached by two hook:IJ or a double tond 
the molecule is unoaturatedo Pa.r-aff'ins and mphthenea are saturated 9 while 
clefina ,.) aromatics and diolefins are unse.tura.ted JWleoules.., 

Vihen the carbon atcmu, in paraffin series hydrocarbons a.re linke<i 
together to form a straight cha.in. the hydrocarbons e.re called "normal" 
para:t.fineo If,, on the other handr the oarbon atoms are arranged so ae tc, 
torm a branched oho.in., the resul t:J..ng hydrooarbon is isomeri Oo 111<;, lilir;ipl&r 
theo hydrooarbonD ioeo the fewtrnund,,er of oarbon atoms in the ?DOleoule II the 
fewer po~sible locations for this branoho For the more complex moleoule~ 
it is possible to have two or more branches at numeroua loca "::ior..:.. 'fh9 number 
of' poasible lsoaera inoreaus rapidly with inoreaso in tho number of car·tion 
atom.so !~om.era are also possible in the olefin aerieso There is another 
vari!l. tion in the oletin. series~ and that is the lo oa tion of' the double bo:rd.., 
'ltie more carbon e.to:ms in tho 100leoule the more possible looatio11s for the 
double bondo 'rho nap.hthene and the o.romatio series hydrocarbons are oyc:.i¢., 
i 08.. the oe.rbon a tou:s aro connected to form a cycle" f'or t.lte naph fuene t-.e:"."ie'3 -~ 
the ring 1..oy have any nwnbor of carbon atomUn its ring, those having 31, 4, 5;1 
6, and 7 havin;_; l,een lsol&. tad., 'Ihe rin~ for the arotta'.;io aeries is called 
the ban~ene :ring e.nd always consist in 6 earb~n e.b;ma with ev-ery (Jther bc,ni 
a. double one,, '!i1e structural formulae are civen in Figure 24 fvr an example 
of eaoh hydrocnrbon ,,,ries0 



(~) Paraffin Sarieu 
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H .. c-c-c-c-n 
I I I I 
HHHH 

Normal Fl't~n"' 
n-C4Hj,O 

(b) Olefine Se~iee 
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HH 

(c) ~aphthene Series 
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Iaobutane 
i""C4H10 

H-C-H 
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H .. C-C=C-C,..,H 
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H-C- C"' C-H 
I 

Butene-2 
C(li8 

ll H 

Isobutyleno 
1.-c4B1} 

Denzone 
C6H6 

(e) Diolefin jeries 

Fi.gure 24 
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1•3 Bute.diene 
C~a 

Struotural Fcrmu! a@ or Hydrooarb~ 
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'Jhe physical and theniw.l properties o:f t..ho hydroou.rbon.ll 1/.~r.e 
different seriea aro somevilat dif.ferento The gonora.1 proportieE' a.re gh·6n 
in Standard Dail>. Book Chart Moo A-1.ll~ 111.e, va1"ie:\,'i.on of these and ot.'1.~i
prope:t"ties with temperature and pressure will be g iiren in seps.I'e.w t/\b.la s 
and plots 0 1''or the hydrocarbons havit1.{; six or les .1 carbon a.toms , moleoultu 
W()i~hts below 86 , and boiling points bolow 175°F.,:, these ,la'tn. are usuall~ 
pr-esontei and applied to the individual oomponents in making process d:,sign 
co.loulationso In the hic.,her boili1~ rt.nt';eS the mi::d;uro o:f.' hydrocarbons r,o .. 
comes so comple;c. tr.at the individual components e.ru dit'i'l r.ult t.o isola:te e.nd 
dtJtermi11e their properties ,, 111 addition, cooponont ce.lc\d&.tions requir~ 
appreciably 100re tjJnG in the hibher boilin[ range., For ·~eee reasons. 1 t 
is necessary to use empirical methods based upon more siiru,?le analyees 6 suoh 
u the gravit;y e.nd a laboratory distillation, for the higher boiUnG more 
complex hydrooat·bor. mixtures., 

Analytioo.l Distills. tionrs,. Characu:iristi cs of pe troleum .fractions 
are nortmllly del'inea: by the results or one of two Etandard laboratory c.\is·
tillation opereit.ione ~ th>3 AoSQToMc (or I:.:ngler} a11d tho T.B .. P. (true bo:l.li~ 
point ) methods., The A.,S,,T.,Mo (Ame1·:;.oan ~~ooiety for Testiri&; Mat~riab) tmthod 
&.pp-roxin:e.tes true dH'f'erentie.1 dist.lJ.at:\onr i.,e., bat()h d :.atilla.tion at a 
uniform rate with no refltlXo Adje.oent cute from an A"S.,T.,¥" distillation 
overlap considerabl y and oontain many co111ponen·ts in oommon., A T.,B.P., d:..s
tillation gives a freiotione.l analysis of individual comporumtl!I in the o:rdar 
of the i r boiling point, with no overlapping of adjaoent cuts., The 1'oD,, l'o 
distil:.ation ourvo for the lower boi ling hydrooa.rbons,I) whl.oh is detenn.ir.erl 
by the Podbielnlak .met.hod:. is o. ser-i es of pla.tee.ue a.a a result of the ge.pu 
iri boiling pointi of adjaoent oomponent~~ At hi~er boiling pcints theae 
gaps disappear due to the ooourrenoo of many isomersD etc~ so th.at the TaBoPu 
becomes mors smooth and oontinuoueo For mixtures in the intennediate boi~ing 
range such aa gaBoline» the TQB.,Po ourve starts out as a series of plat6aus 
e.nd gradually chcingee to ei. smooth ourve a.s the boilill{; point is ::no 1'1;1&sodu 
The ToBoPo and A.,S., !oMo distillation ourvos a l ways oroes,. ·bh.e T .. B.,P., havite 
tha lowest initia l boiling point and the highest end point,, Al though the 
ToE" PQ m<Jthod 0£ fractional analysis is more definite wi~1 respeot to ~~a 
component present than the A.S <>To l,io method. the latter is universally \Jsod 
in preference to tha T~B.Po distillation in refinery process design a~d plant 
control work been uses ( a) petroleum produots nre speoified by A oS. T .,}J$ 

ete.ndardsJ and (u) the AoSoT.};i,. distillation is simpler and more convonient, 
requiring about ::me-tenth the the to rwh F.oweve1· i the T. B.,p 0 ie in-
adequate for many- problems and must be sup;,lemonted by tho T .. B.P .,, disti lla.tion,, 

. .. . . 
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Charaot;orizat:...on Faotvr., Olefin; napht.henio:: a=.i.o. o.:romatiu 1::.ycr~ 
cm.rbonu ht vo'a.hit,her apcorff'o~ii,a·,ity (lonor API gravi,;y) ·thn.n pElre..ffinio 
hydrocarbt1nn cf the same bCJUin;; P.O lnt t whioh 6uggcH: ta usiri.,s .;ra.vi ty E.nd 
boili:'.lg pc.int bi;eth&r ·· o oha,.•a ,te.i'izc :;,,Jt:·oloum fraotl<)UJ <> Suoh a che..::ac
t3riza.:tioit i'ao·bo:c:, r,ropoe,.;;cl by Watson o:.:id 1;01uon (Ind., En,J .. Cbem., 25r 8,30 
(rnss)), ;.o 1; 5 -

(l!.A .. BeP-:.) ....,_ ........... 
Sp,.Grc 

(lJ3:l) 

Wlwroa M.A ,BoP., ~-:: :ir;0la.l a·IJ~ra;;o boilinp; point, •R., 
Sp.,Gr., ~.: speciiic gr&vi ty 60/60 .. 

'.I.'he molal aye1·~'.:;-:i boi:ing; point is fov.nd .t"'"rnm -t:ho A.So T.M., dit tillo:dcn by a 
met.hod. propofit:u by 1:{atson and Nslscn., w':io foi.~.,,d ·ch.a:c iho Li"t.~B.Po :'lo ~oner 
the.n the ·r •. \.H.P, 9 volum'3crin aVGra:;e boiliDG :?oint} and i::h!l-c tho d:if'ferenoi, 
inc::.."Oaeos wi·th tho ;:ilopti o.' thi.3 A.f. '1'..lue dl:1 tilla:bion ae ahown by F'ii;uro 24a .. 

,o ;·---··-1-·--I·---f--
s, l_ _ _L_+-- --- -

~ A.o -- --· I - ---··· ----~ ')' 

ts.j 
q:--

~ 

A-~.r.r-1, 

I 

I /"" I 

I / 
; /~ 
7·-
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)_ ____ I ·--I 

I 
I , ____ 

I -

By means of' equatlo::i (ll3a) a:nd Figuro 24e. tt: ie possible to oetimuto tho 
ch!il.?'3.o·cex·izatior. f'tl¢tor for a.:ny s i;ook '..'rOIJ\ :'.ts AoSoToUc diat:Ulation CUJd 
gr~,vi ty.,. 

~:h0 :i'c,llowing ·l;e.buln'.;ion of. vnh\t:W of It for pure hydrooe.rbo:;ic: and 
typical rtocks :i.n.dioa.tl!s ve.ria'.;ionu i!'l chL'..raoterization fe1.oto:r; 

1~oi::!c-01on:o.n 
1-iaph t1-wnrn3 
Aron .,. tic n 
:r.(:. ~rjrg·~n 
11: . c~cra.oked 
W~.nkler 
G-ulf Coo.wb2.l 

l~.i 
J.LO 

9 .. 75 to 10~6 
.,.1~8 

:..Ot-85 to llc25 
:•.lo~ 
:1.1,., 2 





-120b ... 

'!r1<3 Watson an.cl :Nelson 5 aome ·cimoe known ti.a ·cl1a U*OoP .. eharE>.o"" 
terize.tion ft:1.ctor., is not all that is deaired but it is the betJt avail.., 
able., It ia not e.p91icable to heavy oils where tile A.S . T.M. diatilla tion 
o&nnot be ob·tainedo For· tmch oils o.nothor ohGu·n.ct~riBat ion f'e.c'!;or hv.e 
boen. propoeedc 

V:1.Goosi 'cy-,,Gravl. ty Co11st--l\llt@ For oils he:g-ing t11D so.me visood"tys, 
those oilswF...fcfi a~e'imrifm-li.ave'J.ow0r apeoii'l.c gre.v:ttiea thei.n thoso 
i:ha:!; are naphthenio~ A oorr31at:i.on. of v:.lscosity e.nd specific gravit"IJ 
therefore g5:veo a :lli..1ll'l»riov.l index o:f.' paraf"f.:Lnioi ty. Hilla and Cos. to (Ind., 
Eng a Chom,.. 20., 641 ( 1928)) propos~d such an index, which is ca.llod vis= 
co~i ty-gro.vity oonsta.nt ( V.G .. C .. } e.nd irJ definod by ·th~ following 0quv.:b:J.oni 

(113b) 
., 

Wher,:l: s'::.:: 1:;peci:f.':J.c gre:vi t-.r 60/60 
SUS; viscosity i11 sa,,bolt TJniv·el"'Sal Seconds a;li lOO"F" 

V"G,.C,. if.l 101.v .for po.r!~f'finic Cl"Udca OO.'ld high for n~.phthenio crutlo1~ no 
ind5.ca:bed bolovto 

Ponnaylvarda OQ76 
M~1d ... Conti:nent Oc-83 
Gulf Coa~t lGOO 



Molecular Stx·ucturo ~ A ta·ue boiling poin·:. di stille. tion w:. th [rav
i ty determ1.nf,ti01!8 fcrtho VU.i ms outs w:S.lli, in particularly l.ll OS1.Se6" 
give sufficiont i:o.formr.t:lon a.b,)1.d; the et.ook at hand for dosit;.o. purposes( 
Indeed for moil'!; wor~-· the ~~oE' .. ~~·o?,L d:l.atille.ticn and c;rti-.rity of' entiro stc:ck 
must bo suff'iciento I-,; ~-·· oi~i;;>n de.aired to esUmato t.he wnoun.ta of olefinsr 
aroma.t!oej) naphthanec: ,9 e.111 pnn.ft'in.J in tha enUra .;a,"llplt, or in the different 
boilin{; nm.go so Tht quan·ci ty ,£ olof'ins present can b, found by de·ternrl.ning 
the bromine numbers. vih:loh in the nu:nbe1r ot gram.fl of bx·omi.ne absorbed (a,:; the 
double bo11d) by 100 gra.m:J or the oil.. Olef'ins e.nd s.ro~uatioa can be removed 
by absorption in 98~; sulfuric 1cid and P,0 5 9 thus giving the sum of' olef'ins 
and aromatice., The rt1sidue i'rom th.is -oosta which is kno,m as the Katt-winkle,. 
oonsista of pe.raffinu o.nd nnphtheneao At the srune boiling pointD a ne.ph
then.e haa a :iigher ruf:re.ctbra index fuan a paraffin hydrocarbon.:, The r()la.
tive amounts of pe.rrSfins and n&phthenee in tho rosidue from the Kattwinkle 
oru.1 be estimated ly i'inc1.illf the 1•efrao·cive index of tho reaitlueo Below the 
boiling point of beu~ene sulfurio acid aboorption 11111 gi.ve tho amounts c1f 
ole£1ns present becnuu t,.1i.ore can be no e.romo.tios to be absorbed e.leoo 

Molecular ,-.eight,, .[n proce:,s design wo1·k it ia frequently neoessary 
to be able to aatimute the molecular weight of hydrocarbon mixtures and petro~ 
leum tractions from simple i11epections such as ·tho grev1.ty a.ncl. -the AoS., ToMo 
distillation. The moleoula.r •reie;ht for a light hydr000.rbon mixturo oan ba ')OIIlr-' 

puted from a frnotiona.l diotillation analysis ii' this :'i.B avaUableo However; 
tho direct deterrnin11.tion o~? t ),.e moleoular weight of: hydrocarbon gs.sea b;y 1:ha 
vapor d('nsity method h si1!:'pl er the.n runntcg e. .frao·ciona.l distillation., Be ... 
sidee the, vapor den:Jit7r n.ethod for determlning mo1~cular weights,. there are 
th,1 f'reezi.~~ ~oint and ·bha bo •. Hng point me't.hodh In the freezing point method 
the molecular weight is detenrl.ned by obaerving the oi.'foct of a snnll a:nount or 
the oil on the f'raezing point of. a given solvent irn.ch as benzene, nitrobenzena., 
oyabhexe.no, etoc In the boil:.ll{; point method tho moleaule.r ,T@ight is deter= 
mined by obaorvinr; the effect of. a small amount of the oil on the boiling 
point of a solvent~ suoh as bonzone~ heptano 9 iso=ootane 0 carbon tetrachlorido 0 

etao Empirical oorrola tione 8 devoloped from many actuo.l molecular wei6nt {l.at,·,x-··J 
minations ~ are giveu e.s StartdC\rd ~ta Book Charts No,, A-2~~1 !:alct A=2 0 62o- '.l.'h~ 
eotimation of molooular \·,~ie;h·:; i'rom these charts ~equiree only the A.,S.,To.Mo 
distillation and the r,rcwi tyo 

2o Volume trio e.nd Phase Hele. tions 

A knowbdgo of tho <>ti'eot of pressure/) tampere.tureD and compocsiticn 
upon the volumi,tric and phaae bohavior of. hydrooe.rbone and their mixtures 1 a 
of interest per se in addition to being essential to ·I.ho application of thermo= 
dynamio equatione in the oomputation or enthalpieea entropies 0 fv.gaoitieai etoo 

p ... y..,T Role. tions,. M:>s t prooees design problems are concerned with 
the vapor e.nd !iquid pliaseo b..tt not the solid phe.ise of petroleum~ The bount."" 
ary between the v·a.ror tt.nd lic;-;1id phases irJ a two phase region boundsd by the 
bubble point or saturo.tod liquid line and by the dew point or ee.tm:-atoc; vapor 
line c '\Then at its buhbl~ poi::it i a fh1id i& in the liquid phase but at the 
point of incipient vaporlz~ti~n so that an infinitosimal inorease in tempera
ture or decrease in presauro ·11i ll ate.rt vaporization.,, When at its dew poini;::, 



r 

0. flute. it:; in foo ve..por r,hc.s~ but at the pci.nt of· nr.ap~ent .Uqu,sfaotjcn 
so tLat a!'l infinitesir.tt.l decr9ase in temp,rature oJ lnot~a.se in p:ressi...xe 
will s·'·.e.rt liquefact1 on,. ln this two phas6 regi.on bhe vapol .. and liq,1 .. tl( 
phea"s 8.re each E1S.t11ra.ted 1 i 3o at their- dew and bubble pointBc reispec· ,tve~ 
ly. ei.nd ill aquilibriun wi tl:. each otherQ '.rho bubble I A.l n.t linu ts "!:he c:.~ 
vnporized line whereae t."i.e de·R point lir.e is t.he 100;! n.pc,rbed linco For
;,. puro compol.lnd (a. tl(;le-001np< "lent system) the bubble e.nd dew polntl'I oo<"ur 
at the eal1l8 tooporata.n:-,· for s.ny biren prot'lsure 9 althol.J€h the vo'fu.m.e-, c..ro 
di fff.lront" I<'or '1 mul ti-001nponont fl'tom: tho bubl a pdnt hmper!li t.w: e ia 
lower· than ·th~ dew pcint tempsrature at the same pre1Sm.,re" :'hti wid'!;t' bo:U ~ 
1% the m:u:tu,e; th~ gl"eater this differen'}e in bubble end den; po:l.nt~p '!Jhm:t 
pJctted on pretlf.lurf.l,•te:rnparr ... t-ux-o ooc:,.rciina tes tho bubble E'Lnd de-w po:i1:.1ts for. 
a p\.\l'~ coropor.en'b ro.11 on tho Sil.me our,re ~ the ve.por praMure 01.•.rve ,, which 
end:- !~ta po:ini; called the or1tica1 point, i1Ihh~ the bub't:ile and dtJit' pvint:, 
tor mult~-ocmponent sy::1tems ere p1ottod on t:r1e'. samo .soo..l os. two cun'9.~' 
C'et1ult.., These two b,iu:rtda.:ry c•.1r.i·eaj) which are celled the bubble pouJ.t e.nd 
dew point Hnos"' 1no,st at the ~1r:i. t.lca~ pc>in.t ctef'i.ni n1; wh&t i:s oalled th1-, 
be: r·ctor curve., 

The P~T p tot; for a .n61e :f..nd. ;:;,.u:1 t:.1.•,c:< cnponem .. -sys.;eru.s are, shtv,n 
ln Fig,. 26 ,. 
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f :, r ,,ir~: .ei compontint dy~·t.emf•,1 1'',.;.r rnJlti-<.:.:ompot.tnt ayateim~. iac:b,-.r "..c 7f>pc·rtza,, 
t~c,t , hki· t~ p J.a ,>e ~th an incroast.i in t"lmper.11.tun· .. , .mile :l. oba.rio condcn:icn,tlo:o 
t ·.h,!' i?tl"<.t> wi.th .i.. tl)mre:r&.t•..1re decroue .. Likaw:!iJ'j th6 :lsotJv.1rnal 'll'et;>,d.1:.a.~ 
•. i oi. n 1c, ... ·cl<; :.e'il t.1.·)n of e mul ti•ocra.p, .. n n .. t r..y,,ten. tA.kes place wit\~ dA.Jn,a~ei 
' ) • l; ;. 1, ~\r~e.::.~ in .' r'!la~i.a·c . 'ltiere is ,n exc.,pti ·:>n to this app'B.rentJ.y obvious 
} W " j '\' b ... r(!, li,/,J~)V6ro J t i6 posef. l <'.! fc:,'t' isothcJr~i. vaporii;tl.tiOll -+)) 01)C tr 

·1.{ ·., a.1 '.r-c·r~ \I.SO in Jre~Eu.t-a in a ~!.ve:1 ion~ n.ee'l" th~ oriti.ce.l point a$ wilJ 
'- , . t•QI( · )~t6T" 

'i!',f: :;e!' :)ra.1 i:.rE.r . .'.'ls in tho :'- ; .. T rel a tionli in the supercooled 11,f lid 
a:ir ~·J:,•,rl.ellt)d v, por regions e..re s.lsr) indioa.ted ~.n Fi;ure 25., 'l'he i6e:ohors 
tm tha ···-~ ?lots 6.t·e~ for mo.st pra,tic"'-1 pnrr,os~e" strai,;ht linot1,, The .L s0,,, 
·0,...r& ()Xl 'tht1 '!-'I' plota are curved tn tJ. r:ruo:i l~as~r dee;ree than the: is:uth,,rm.:1 
or:. the P-V p1.utzso Data of this k:i.nd ure :r-eq,iireri 1.'or the :>omput1&.tior1 ci.' ti.I:) 
dt'.feot o! prettsure on tr.e onthalpy,, etc.u 

fi)r a con~l;ant bc..i:llir.,~ .m\.xtu1·e, th1.1 P-l..~'.'.' ploti wil::. not., l>e l:>it, 
~,.1:1'!! iS it.o·.u: for. z:.u1. ti-oomponent ".fb't81f,ij ln :•'!.i;urt: 25_, Ou t>.u .r'•·'/ p ·~Gt ti t'I 

·J,,p,· r,!.' ti.~ llllot: .. enns ir. the twc phe..!l .. !'ie:td , .. 1.11 very low!'! +;<; i.~ro i'vr tl..o 
··o- ~,'•1,:. t~iW)orl!.+.ttr~ Ht whll)h tha ~1,mett'.r. t hJ~~lint. phttnom,-mt1. or:cure... th, tnti 

.''"' i': 0t t.h ., -:..t!IW nrd. bu')t,le ?•.lint l1nl'lll9 •J(r:nf; togt:ither a~ th1a pointv On tl.e 
·.r- :· :· t ,)'; b e'! ril"P"' of th~ bobars in tf,e; iv:u r,>}j/l'.if: r.or;e w:U.l ...-e.ryr, be:5 ru; :;;;,c::."> 
~-·o'!" ""· l•-i '"'A""""'"':''"" +.11··~ ~-;h!'!!'."' ~r.o .;ona tar,. I: ::>vilir .• ; p'.-ienc,Il'lftna. 1)<.1~uri, o 

V'l--:.ur 1'.t'~IHiUJ''Q!tc, l t has b~~r. fow1d tht-r t vapor pr6asurn datf: •. '.'or
hydrLu)i,.rbo~:nl>u 1;fi:"CT,;;".:1 in 9• .. wh e.. way aa to ·;i "& otraicht lir,,e3 that 
in~t-r1rnot fl 4: fl oomr:,o:r pr.1i11;t l1y usil'.4; a spe,:,1.t_l .norPuni form temperature ''"ale 
anrl tt lot-;t1.rlti··m:io ')rtt6;su:::-o scale.., Thii, 110•1..-.urrtkrm te.itpar6'ture soe.le waa 
di!! l-.onili,i,:i 'o/ drawi::1{ l\ iit::-s.ight lino r, r: a p~6ou c.f &emi-log paper a:n<i letti.14: 
it ;'e F• rt1s,·.t t hr. ~p~r ·;-rHss,u-e cu.l"Ve of s:>i: ,e fiJl.stan:H, whcse VltfOX" i_:.retssu.ret. 
tat"E. : El!· ~ 'l l'.:C\ r·e'u 1 :· c1t. t-,q,:,in(id» u;;ua':.ly wttte:t'c F'rom the tempereture ? ·1 i1 t11, 
~o ... ,),. ti. t o ; H ; t!, ' ' . t.L ·~ "' t 'l r. r .'.. , .. hm.io s ,:1J.le ih l.,li~d f.3r pressuretaN a 1,1.11 tabl!! o .. i ~; 
::,f 'tti. .. qar .d;u:re, cc-n-c;~ · ., , tf; linua '!.c rirevm., '.;to ~~:rtf,f:r'&turo S•Jal~ 'lt< 9.~,<1~0 

tnic~f,l]'-1 !'\3fr,,:.e r.t e~ 1:~ U.o rei ,,ipruf)v.L of the •.l1Hnlu~c t.en:per.a.turb nlu·, s. 
11 ir J11r; <:f.'. r:-:-,r • ·ta.r. t . r l " '.l" 10 t'l'~ u 1 t1 r,. · n ia cram is -:::ie fe.mllis.r Gox t.:.t,art ,, 

7.::c 
''1'1; d r·u ·r. ", " l~ • ., ~ ·~7~ 1 Ut\. f :h n ot' t. ... r! ... , ... -.c,~· 
... '11:l.'.:~c'f.·3 ·f t',e ,,-·n nor r,rf 1 .. s1Jre r1t C'll~ 
~ 11· n "· :: •< r·t., A 
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These same soal•n rruy be uoc,d :il'.I cc,natructing a no~gra.phic Y'8.?0!' 

pfflesu:re plot a.1sco Such a plo·t is G·vcn by Figure 27 (pay no attent1ou ti: 
tt.e fugaoi fa.eu for tho time bei.ng.,) 

C1·itioe.l Pheno.lll6nO.o Pc:r every fluid., wh3ther pure or a mixtur~.~ 
thert, iu a· tempa.1.•aturts aid preeaure conditjon at 'Whioh the linee of constant 
por oent vapo.rbi,d ocnwrge <> Thls condj. tion!J whioh ie oal led tho ori tioal 
p•;int. ia t.ha hii;host point on the 'll&por pre5sure and bordo.r curvea for a 
pt..t'e 01}mponentl) Above thu point it 1e impoosib.l.e to have- ,i-a.por and liquid 
.tr. equilibri1JX11 vJi'th aaoli oth.ero 'the latont heat of vaporization h zax-o at 
tho ,:, ri tioe.l pc int., Al though :1 t u s. lway• lcoa tod on the domo of the phau 
di~rti..rov th~ cri·tica.1 point tor a m.lxturo ia not a.l\'18.y.S at the point of 
h:i.gh~at to~~n·ature ,,r proHure on the bordttr curve., It wDl be shown la.te:r 
that tho ..id. ti oal pcin t io usually nea.r<:t1· the point of ::m.:x:imum preuure ti1an 
at the po:in t of maximum tempera tu:r-c o 

As the oritica.1 point. ls approached from a condition wharo tw<.1 
phe..seis t, x:h1t.<J :tntereisting oh8.Ilge\'J ocour in the liquid in equilibriLllD. oonto.oto 
U' th<, material is o,,ntained l.ti. n trM.sparent tube 0 the meniaoues, iteparating 
1 jqui d and vapor D fla. ttene afJ the ori t..ical oondi tion ia nee.redo Juat at tho 
cri tioe.l the meni&ous beoome:id ind:i ,Jtinot ar1d a regicn of h.e.ze takes i te 
placH.1,, No dbt1notion. oan be observed betw"en liquid and vapor, Carl'ful 
n1t.1a" .rou,r.to made on the vapor and liquid" ae the cri tioal point 11 approallhe<!., 
show that they differ leas and lc,ss 2 finally losing their individuaJ :ldentit'i.eto 
As thtt crit1oal point h approached, the latent heat of vaporization dool'e1usl"l1.</) 
reachi.tl{; zero at t..hs critioal pointo 

The critical point is frequently required for hy'-!rc ,arbt>r. ~.u.turu · 
booause 5.t is s. t>,:,int or, +.hr- b,r~tir curve" lhe critical tempere.turee; foT" 

1. ~i;;i. t nydrocarbon :rnixturee e.re .salculated as the sum of the produote of th6 
weight fractions and the critioo.1 t0mpf!)ra tur.eo for each •!om.ponent., A simp)t, 
rule for. ostiraat~ne; tti~ critical pressure of light hydroc~.rbon mixtur.es is 
not poss:t.ble P for· wheroa.s the o.ri tionl temperature cf hydr,ooarbon mixturod 
alwe.yv .l'l..e;s between the extreme or.itioal temperatureu of the1 oouiponont&c in 
wids o,;.t miJCtu:ree the od tioo1 pressure ofter. greatly e;!(oeeda the ori tical 
preeaurc of any component in the mi.1tture., HenceQ any rule for 01tin.tinc; 
oritioa.1 pr6HUI9s must take :J.nto e.oo(Junt the range of vo1at1Uty ot' "tho mi.x,, 
tur~~ '.lhe 1ooi of the critjcal sta.tee for a number of bin&ry hydrocarbon 

() 

"/{Jr; 

~I er Ctific,,/ .cr,,1 {or M,,,d~.~fl't. mixturee aro ahow.r.t in Figure 28,. Ir~ 
using e. plot of' this kind in eotimt11 t• 

. 
,J ll"O'r Uo .. ~ 

-ra.,/'o,r.;h,flr. ~~ 
F'if; ure 28 

i.ng critical preesures, it should b~ 
borno in mind th~ t'aot that it b not 
Gnly the width of tho fra.otio:a. tha~; 
determlnei, how high the ,;r.j t:l ,,al point 
loou8 r;oos but thct tho di~t,r 1but:\on 
of ccmpononts e.lsc; i :\m.pc1rto.nto .i.n 
othor wordi, the •;,-· itioal pr-e6sU1·e i4 
nc::t so h1£;h fer a mi-x:ture containing 
thrtl'te or more componer1ts but ,:.f tho 
ea.me boil 1.ng rarJS1e as a twr. romponen t 
mh:'C'lirt,o 'Ihe in tl'lnm,dj&. t,i, l.)omi:onent.ti 
tend to surpreo the orit1oal prtiseur$,, 
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The ~ri ti cal condl ti.Jnis for he&vier hy1!:rocarbon mixturaa!J iot, petroli.,um 
f;•a c ti.JllC defineJ 1,y tho Au!).Tol,~o dietUletion e.nd 0 .API gravity . ., oa.n be eati
.::t.te .! fnm e::;;.niri<'Ei.l ::ox-relationso Stand.a.rd Da'ba Book Charta A-4 i, 21 an.d 
A··4 .. r 2 E.re such ~r.ipirfoa.l critical p<)int oorre:a.tJcns and are based on 
a:,peri.nl'\nt.al criticnl data on a w:ide v~riety 01~ stockso 

i-h6.ise Diagram" ,.ihen lines of constant ?i,r r.,,1mt 'r~:,orized ll illcludi~ 
".;'1a :ubt1lea:ilfCTuw polnt lines.9 nr~ p~otted with t.ho l,g:·i·:h.:a or the at.sol 1ti, 

-/emf a,/ 
,"''ct¥. rH1/f' ,r, 

/Sol'~k Cv rtl* 

th~ 

Cn U.ir ... ";yt:,e -:if' p1ot-~ co?r.n .. ol!.Jy uaetl 1\,r 

plct:';jnu ,'E'.por r,r.,1,sure1,:, _._ the ~onstant quhlity 1:htH: aro ttt:raigrt a.n,::! whei. 
ed:1tr,o:utt1C ~: .. l i.nte·s.sct ,;.-t; a. ccn::. cr, f:Je.J. or 1\ ·rit.io&..:. irt-erf:.ec,ia1...n'1 

p~ h, t Vu tor, :. i. th, 9r.Els<:1' dia--.,rma ii, d•)rr.e shE.pe'ti ,, defi.nir.g what b 01.;mn~.n 

l r ·a.J:vd e. "bc.r·:l'lr" , ·1.irv0 or e. P· T· I.. tiiai.;r!l.ri,, .A phe.sr: di~g· .. am of tj1i~ kittrl 
h~ !lblll/ pra '~ic:-:;.1 q.,:,-lica·i.ml'l e..11 will bl'! shc,w1111>.~er,, 

·-:,,1.1 1r:.p;:;rts.,,t pointt. ~re ir.r~ice.t,;d Cln tl:c, upper po1·t H,n ,Jf ·r;~d.::i 

l iC'r ·for ; '.1r··-re 1 th~ ·1c::r, ti~a'.'.'1 p0h1t E.i.r?C; the, "cr1.t-c.,r1fo.ntherm" pcint cir the 
pc:'.r..t.; <Jf' JT.lfi,-7:illltWl t,:,mp:n·atu,r-ei . (\<J indi1..a.trd on r'.Jf;uro z~ . ., l"ri.es cf ,,cn·~tart. 
pf',· .. ,,:rr~.P.1. 15,, m..p, .. r:.z~c', all .Jonverg(, a.c t~11e cri.,.5 .• td 'Wint... l'he odti.:.eJ p<.,:.r,t 1• 

v.1.i<ih i:j the ff.)".nt on th,~ b ird,n- c·1rY& wherc:.1 th~ ,IJ.t.pu;: e.nd l °'qui.1.i pl:at1<".'1; 
'bN;'"Jn~- o.;;J";':;j:r....lntia):,- iti<::,r,tio11l.~ :.i,s ·usua1 ly r.ear .C.J:" rm the ~traight p~;1·"';t,)r, 

c>f ~·i-ie 1., ·,bh.:."' pcir1t l hi.a a tJ ~hewn~ n l i,hougr :\ t ma~ l:io 11nywh(!·re be ~f<r. -:.ho: 
~··.r&.i[ht p,·1·+-1otd , .. f' u.~.i httbb'l~; ar.d d:,w p-:ini·. ~::. r:es:, i.,,,c it nay t,~ :,, ,~at •• d 
(•r, U1f:' •!,..:~1.· t.•(1 dc,r,1~ t\t r,ny fvin.t., 

To..'.' pha~"' ,!i et;1~nn: J:H1 6.ld <.. ·i,~· plvt.t~·l iq ncmat",'l"el.1-''·t·.,, •.rm. ,ta iti( 

U . . IGGdt1"!::k1 cf t}it; i,re1H.1ure t~nct tht ~~,Jnir,1c,,~11l Cl[ the &.'Jf'oJ.t: t~ ttJ'Tf-!>''lltu ~·
do~' ::,e ,~,: ~.!.1H, .:b.~h •i tyr,f1 ,,f p 1,.:,t j~ ll.iui-n·fl.\ea. by Jt"·c;u.r:. ~O., 
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Ph;JSe. O,-a1 r a,,., -6,,. 

M17hfk - /.<ems~ t)/#1#14 

A/!jnrri,:;,f Ckrf JrlielhJ 

Figure 

-- ,~ 
Ji°o f 

l 
,.,Oo ~' 

ex amf.t: r,1(/' r~(; -t'.,,•?,,1,1, ·,:. 
.;f u,/J,d, )DJG iJ d11;k!,ieq 
wi/.h fn!-S$1.1t·t1 tJf 1,1;#,~1 

Read J/;°F ~,flt >ft#!J,hf 
""'YG. Mrv ,2{# ~ Jo.</6 

v,1pn-1id 

Suoh a plot 11.l possible beoaufi@ the oon.stant quo.11 ty lines are atra.ight t1.nd 
l>\ll intar1:eiot at t). common foca l point whon plotted on eem1 ... log ooord:i.ne.te 
pnpor with ntoipro(.::al of u.b,wlute temporafa.tre on tho rectangular· soe.le,;, 1hl.u 
type of plot has the ad,rQntai_;e thll t the solut:i.onij to several problemH may be 
put on thet same plot o whioh ie not t:rue for ·the, r3gu.le.r graph p~per way c,f 
plottill{;., lhe dieadvan.taGe to the ali{;runent method is ttlat the oritioal 
point re!Sion is not easily shown~ ms.ki.ng i't:; almost 1lllpoeaib tG -w. me.lee retr•:)= 
g,rado astimations at the dome of the bcir·der ounreo ID. thh reglon the x-·6gU=· 
la.r craph paper method is rec1ommended,, 

_!Letro~r.!_d.e _;Pheno~na..~ l"nei portion of the phe.~e d:Lc«\g.rill.m be~•on 
the ciri tio&.1 pcnnt anct-aie point of ma.dmum t-enip~ t'"i.t ture ( or pre~ sure .1 , e the 
rat.toe;c-ado phenomot1...a .-e:cne 0 v.nare it is possibl~ t.oi have pe.r·t1a1 oond:',nBat:i.on 
m.k,s pla,,«:1 on iaother1ral exps.nsion ( .or isobs.:rio heating) and pe.rtia'.I. v-apori ii.a" 
tion ta.Jco placiei on isotJJ.onna1 omnpress:iu:o. (c1' la(Jbe.r.ic ~..,ooling) ., 

~t, word r•Jtrogra.do i.mplies ~- ?'<'!'lver-sa.1- ~1d it is used t:o dti'fer Jr?.-'< 

tiatt, bt~t\trcien a. ulmpfo ohanf;e in the quantity of 3. y,haat'l ,g.nd one wh:1 ,~h 
revi;,rse+:, itu,l.f.:. Ret.(c,grade oond'flnee.tion or vaporlza'CJ.on oocure whex ,1 

phairn appee.ral) 1nor-ee.8eiis in q1..iantity0 re1:1.,::he~ &. maxim.um ... and gradiAlly do,.., 
.:srea$es to Jomple·ti'l, d.ha.ppt,a.ranoo during a pr<',a~ss i..1 wld.o:h <>net ind.-e11;.~nde.nt 
va.riabfo relating ta: the system iH, ~- whole h o&Jnt:l.tl 'loudy ·~a.:nr;ed hi ve..luc: 
it tha tHUn~ dir-ect'.1.on (i.c.~o.t proc;ret.d,re1y h,cr11H1stt1d or pr·ogre&siire1y d<'I•• 
,~reaMd) while ottier ·1NJ.:da.ble r:1 > sutfioie.n t. in n . .mibet t<, fix t.he, pa th of 'th(t 
sye,tem~ iti•v held oc.ns tarJ.t, Tott •;arlab ~e1:1 ni,eut.lo·a(<d ,11.re pt;)p"'H't:i. 08 .:,;" th ,., 
ayistAtl i!\.'1 a who:l.c; e.r.td mey b+.1 temp1:;reature 1 preMt.u.re ,,, volume 1 entr.a.~py,, ar,t;;•.,.,py~ 
f1tEH, t,n"rcy);, at.oo 1'emi;:,eraturo arid prEHilHl""e sr~ th,;1 '7$.,i.ablalli m1.,et o:n.1nc:rdy 
l!\.,•so,~il!l.b{,d l'i/1.t.h th~ ;?h<'J:t>.CIIH.'Hlld.o 



lt is po1sibb to h&v0 isothfi'rmal rfltr)f;r!i.d& oon.d'.'nae.tivn beb'16oc 
'/J c·~::." on i 74S • F',, for the naphtha-keroune blemd" fo:r which the phas'1.i di&..,. 

., i.u ... !! .• h'\3r:. as ti._.,uro tUo l.n 1.>0illt; from '\f'apo:r at pC'int "A" {G50 lt~t,/~q" 
i ? ., •D ~:::, l :.i-;,., dr".d 'l l t,''l•' .. .l to vapor at pc int tl c•• ( ? lC 11 a .,/sq,... in.. s.l Bo 1 ut.ri, 

ttr, : ?~_,"i,.,; Ed.one tiv.> iscthern,.al p,lth 1'.BCQ ret:rocrad'-' oc.nd.,n13e.tton take, 
pJ.•.uu ,c, b,,.,... t;;.ho oil h ~O; 1iqu0i' ied at polnt 0 !11"' f'or itdfl partiouliu· 
.,~ .... , ;l , .!-o !l ·>.·•5 r rf,tro, ·ra ,~e "•"'l~!!"'~'!.··ior. 1r, m,t posai.bleci Tlle ntroe,ra.du 
,;:h: 1_;;;· :iflre 'J ~c.:.1 rt1 ..i".'lor· pa-ths which r-ut either l:i. jt:'iw point our1re or a bnbt 16 
1·C'L1~ 0u r.9',1 : n h u:, 0Jacei 1 owin.t; to the occlll"reml6 of a IM.ximum iL that 
Cl,!'Ye w'ith reepoc:t tc- the 'IP'!.riablo which ie htiinr;: he'l.c constant., Su.ch 
r,1!'. d:!'.i\l. sre .mc,t.lt likeJy r,o oi,'}ur in. the neichb•:>rhocd o.f the ori ticel ete.t~ ., 
?!. ,1.tn·,~ 31:'A a.nd ~H, ,show two na.1e as wheir-,i, th~ ret:roi;1·1ul.f\l phemoment>. i,. po~iiibh• 
e ...- OClt1ata.nt pnHu.mre" l n .Figure :5le.. th'!' :-: ri tic'!A.1 point i.s 'N(tll dovm c,r ... tJw 
'.., i nbl·i pe;int linei i:mc. the> '?'hAH dh .. gnn do.c...::i is '! iC,ho For thh tl-"Ptt c•f phtust, 

1!!!,,..,.,,,..,; 

c;~ 
yJ/ / '/1/~ 

/ / l /:v 
·/ 

,'.i ·<'.?'i1.11l. b•:d:h isv + . .h·n·1110.l t.:ud. i sc,btA r'.i. n n, t~·, ,t .. rE< .ltVi ~I e ,·,,.~ s 1 b} a .. , i? .. :t"tr;-:. rt r i;.i 
t!'? c::-1.Hof1.·,. 't)r.ir l', 1.h e.r<oun..:: o:c. tht dew p• 3n'-: l.:lnr- near t:hs ;,1.Jh.t ·:f ::itu b~tciu 
·t~::r--~1:i-1•.ti~,·11 rn<l ';~~ dr.,m,,i;, 1$ n:l~r. l'tr.(,1~): +.{' ht .. •r." U1\.a f,h•nc,·msr,o ti;J: ... ;:.ff. -E> 

.-!"•• 'i_r t'l',H'.)' hlC1 6.Xplo:'n•.:,); ·'!' ·,,~,$:· pt·!H bt!r"\$ re ·,,tol~u:;: ~"tu,~ 0 r'f'.,L~1, 

1 -.. •:• O'.'"~, . .:: t. ::·1;1 ~·i:it.·0. ti,J., : ht> ·::.:·";,:,:. "., t'·· t·':lb.U:.1 :i:r. tf,:t'i!!Bt .'\.n ~.Jt<.:t /':\~t " ·~ 

.1 ·,~ .. ~t":11:~!. 1d ,1. .• ~-r. ~:· :re~f·:,t1· .. -.r ~' ot' t ,, .-.1·t -:6i"° tr~ir"t1.:·t·,1r~ oc.~r, ... ,,.~ir:~.3 ,r h.5~\ll 
'! .1r :-.1·.,,,6 ;:~ ... )~t1 !.•.: ti'"j .rh~j ·,:; j.~::"Cdl ,.;' . .- , : L~,":lr~ .. J .;~.a .... 

ap:'. ~.i,·1 ~ ... .:.~ s. i>:·':I.,. ri.cta;;~ ,: .. 'i"C..~ H\.'.f'f1 .""'..on""!:. <:~; ··:t"':'.\' f\..,t t) ;·;t.o.e'?, ... :,_l\i) t- , ... rr,11~b:·. r 1-

~,·,'111~,.,:li··~v,r.11 ~-"•\, prstJiel~l''')u !l·t ~-·i.(~·1 f:;·11ti«-\.tt; trJ~ t"\.lt~.~ T_'>J._; .. 11~,l,.l}l~""'}'," 'tr:.~!°'?; -.:,-1.~~,.i.* 1 

11 x~t 1.i,Jd. f tJ :~) .. -,·~-t.i(~t!~ p'~i."'tµ tt-1.r d ',:,r·:· t..l , .. t" f'r.-..:rj tt. 1.: i=.i"".:r.6. t "i' .. ;.l:_ :1"·1,r c .. "':• --1 
•:: .. ,at~ i)J :._"::·,;~)t ~-t,~i .; .. t i,.,, US':ila:,:e,,_, ~- ... 1..· H !',1·~ ir -~ I'.,· J!v ~ .. t!"'(\-.·;" ''. .. '>T .i"'"' ':~ 

.J .t'd .\l'4r) _.YC":".~>d:1.i.C''i::··e..l• 1•{,.-:J.,1:,~- I tt'?.'.•.,.f'!'f.Cti,(:'-11?>!.}~ 

:.- } ._ ! .. ~ l" l. ~· 11 1·~ tt.'<.:"' :r~1~ ~t~Jl S"'f., ti !e ~ baf ~ f., 1·:· , ~ ... ~ •1• ~~ .. ·a~ jer- t'Jt: e 1 ~ f' 1 \ i:, r~ t 1 ... " _.1 

:1.y"·~}: i l.tt .. ~, 3. ~t~;~~+ . .,~·-··'3!"'-ic'1::~1:16;. 9!.'1 t1 1·~ " 1~r ~ > ... 1 .. ,w·:-~I'.• p __ t·t +j,\,1-·c. :.\...i_Jft=!,· t·i~.-'.t1 

,-.,r.n··,3•) :f l'\:,•:.t-,-.,~ ar,p'llcsb!..l:H·_y ::,;· -;L·fj ·:u+.y if.: ,.9.t-Jt.,.mat~ 1:i$..1 t rw ::i1,· .. ~,,·t-.., , . 
.. ''. ... , -; 1 ,1.e.t:i·w of ··a.n drH' Wt1a: i t-, t.l-'1\l ,/tdf.'<st,, ,iL'TlJ.,JO'it,.\' a.n·::t h ~·; lo,,.,'\/", ,.,l' .~ •• -~t· 

')( ,,n-~.i''li.lf ot, i'i+,S.~t, ,. 'Ih-'lR cq..ia'tir.n ..,,•ni·.ti.il',t two 1unst,..nt.1 w;1io.L '.'hl: I,., ,'lf~I •· 

"''I... !.id ti 11·,,m tho$ ,,,,.-\ti,:a..:'.. .:t:,r.tl'Jta.!;ta d' ·~;ht'' t\ii£b6h\lh•e;s Wh8reH-f:> tl.~ (;''''U1t.i->•;i,,.:i 



.'Fili Jsr anl, ~qqe.t1on :is usually w:ri tten 

(i' t ~-) (V-b ) :;;: RT 
y2 

(1 ~4) 

:··,ero the value of' te univorsa.l r.;a.& oo: stfl.nt ·.;. ,v,.d the cons .. e..."lts a ar.J b 
:,houhi. b'9 co1!s iutent with i:iLtt unite oi' ,·. V, a.110. r .. 1'he oom,+entfl a an.-! 1! 
oan 'io oalou.1.atl'Jct from i'-V-T data or th< oritioal i:)Oi:1 t for a giv~n !'Hb
etanoo., If ?O:.tsiblt>. ~e oonst.a.7'1t'! ~heuld be eatablbhod by data near to 
the .~lb" in which t ho .,que.tion is to b-, e.pplied. J.i' o:ritical ti.at.a ari, 
usec! .. the oonstants s. and b oe.n be obtained from thi., fc,llow:!.nc fonnul& -., whic :-: 
s.re ittri va:J'.i.e theoreticall::,-a 

' ') 

8 = 27R··ro- (115) 
64Pc 

b = RTc 

3F0 

On &.ocount of i ta aimplici ty and t.he pouili'.!.i ty :,!' derivinc the const.e.n':;.-. 
fror. de.ta whioh are frequen tly available 01· oa.pe.ble of bei~ e$tiCJ.&.ted 1. t.l,e 
,,-an 1lor Wa.ulR• equation is ce.pablu of freqt.&nt and U.5~ful applioe.tiono Al
thou,.) i this eque.tion i s a vaat 1:;;.prcvtnnont over fue a~itumption that 'tile hw 
of 1 ,le&) .. ~ee:s r...ppliea,. i t.s accuracy t a :n .Jt hit:.h near the rsri tioe.l ew:~ wl¥i?t 

tte ori ti ria l point is uaod t o deter.mine tJ\e 00•1 1i tant fio 

'i'ht, r ,ore acc1.u-A. te i.'\ea ttie-L ridcem.e.n ~qua tion 1)ro'b al: ly off~rts ':i11) 

c l os 6st 1 ' ""'1' -:;".. ·th U1e experi:-.enta.l d~taj l e...,auae it oonte.1m, f ivtJ 1.X,nstan~f. 
as ,~l)itmEll'6 i t.o ~.he two C·1' th e van der Wan la e -,iiue. ti,m.. The, f.e&. ttio-Bri,lgo1m..• 
&q u& ::;i vr.1 'I. s wr.i t t..en a 

R'.f(l- C • 
ffl) ~ 

., I 'I + 3o (l- ~0- ,io 
(l- Cl \ 

l ·- I .,... . ~r2 L \[-· 
v• ( l !i, 

v·1.ere1 R 1s the universe..l fS~S oor .. ste.nt,. a.,·-' Av, Bo.11 a., 1Jj) a r d {; a:-o C·:l:H., ' .RI h. 
to bet uet">rmint1rl from "JCP&rime~tal phr,se 9.t !/Jr P- V-T data f(.Jr •ha e.1.l",,; '..Anot; 
in -:r.:Lnd ., Thi6 ~Jq'.ll'l tior1 ie no--: of c1:1noral l~a-, in ?ro ~~es design h,cs.us~ o!: 
i-r;s l.l<.1u,plioity. As a m9.ttar cf faot it is to,) oomplic&.ted to b6 r.,f much 
pre.~ ti ce.1 '1'£..luu in t hermc.dyri.runi o ,HLlo,1la. tionu !"6 le. te1 tt. [)rooe sr- dudt,n .. 
Eq~itions of' s'bxto are pritari ly !'or oor . .-ale t.:i.on and int.erpolatic,n purposes. 
Howc,•.rat.'.9 t hey are .... ften of value 1n o"lcul£ Un[ partial d,rin.t ivee <. f 1he 
rels.tion3 b Ettwe~n prel'61Yure" volu.lll6s, e.nd tar,i;ort:e.ttt ro» whioh are ueed iu Jwrr.o" 
Cl}Tl.<.?,mio oalculetioneo The Beattit,•Brid{;a:roan eiquatior. h not explicit L, 
V &.Y.'.d t ha tei f ori, volume de riv-a ti ve i.. are ob t.e.ine-.i v.i th cti!'fi ci..l ty 1.1 For thh 
real)on ;re.phina::. 100thodu of t1orre'ati ng P-v-r 1s.t&. c of dH'fnontiati !lg 
h&. V'" ,)ome in t-..1 wid~ ueur~ 0 
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. Reduced Equation of ste.te111 Experimonte.l P•V"" T data on petroleum 
hydrooarbone~ especiaIIy for multi-component syatema 9 a.re inoomplet.~ or 
6'ntirely li:J.ok:i.ng., How.,v,ir 9 this dii'fioul ty has been oiroumvented by corre
lating what data. do exht in a generalized method and applying this oorre
lation to .1.ydrooarbons for which no data. exist and to multi-component systems 
by maans or the pseudo-critical point con.capt~ which will be discussed later .. 
':hree d:i fferent methods of plot;ti11e; and correlating P-V=T de.ta for single 
oomponant '°:fdrocarbon systems have been usodo Ea.oh oi' ttieso mothoda me.k:'11111 
use of the~orem of corresponding etatos 9 whioh postulates that all similar 
substances hnve correspondi.ng volumes a.t oorresponding tempera.t,.ires and 
pre as uras" i r the reference point or correspondence is the cri tioa.1 point 
for pur& components and the pseudo~critic~l poin~ for ::::dxturcsQ Thus~ instaaa 
of u.s iTIG proeaure,, temperature 9 and volume directly" ·cha ratio of these to their 
value at the ori tiot\l point is used., Listed in the order of inoreasing e.coura.oy 
theee three oorr~la tionei a.re a (a) the redu<,ed isoohoz• p l ot, (2) the PV/RT plot!) 
nnd ( 3) ttie roduoad volume residual plot. 

Fi~Ur$ 30 shows a Reduoed lsoohor plot~ On this plot reduood 
pre1:1sunsv Pr 9 a.re plotted again~t reduced temperaturesv Tr~ for linea or con= 
star.t voluxnt1 9 Vrc, 1,0 1 
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; i, 
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IR-:1d U(1.e.t T~rttpu~for~ ~ 

F,~ J;l 

R~vced BS0<t..J10F/ 
./o,.. 

Hz/I,~~ 
Pn;f'!!"'~ 
le.,,~ 

Al+.> ou;..;L th$ isooho'ts are s'~rnii;ht t hey do not coincide f or the various h ydro~ 
oe.r-'oons.. Bel!a.us& of t t e stra.i;_;htneas :-;f t 11e i.so ,::ltors thi.s type of pkt hna 
bet,x:• useod f or con'i;.-:•uti.n,.; t h•J isot.herrn1l eff,Jot of' pre.s surt1 on the entht:t.lpy " It 
5 . .s r,ot i., sed in es tiue.ting vapnl" voltunos because ,f the way 'the lines spread 
i'or th"" differont h:ydrooa.r·bons at tl ,o .semo reciuoad volu.mt1., 

A plot d' the compt•o s sibi , ity fa.otf) r j) .?1111. T0 vs ., redu-.,ed prossu1·s.11 

?r :; f or ::. in'l!io: of ,;-on s t..a:.>1t. red·1oe.d ter.1pera.t-1.1re i1 Tr~ !.J? rivon as Figura ;530 
Met!-ta.no,, propll.nt",., and p.,r1tru 1~ ·.ie 1:a •'le.:t·,: US'3 d in ;>t'opar1n.; thib r;,lot a1 ac,., 
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'!i:o i:: om~1re~:;:. ,n ity f&.otor., PV/1.t T, wt-;ich is the r~+.iv of actual to ".;he0retic?.J. 
,;;a.s voh.u:.c 9 has been in wide use durin,:; reoent ::ears as a means of oorre te.. ti,1g 
P-7-7 .iata. '.':hen plottad a.Gain.st reduced pri,s~ur1:1 .. lines of oonata.ut re:iu:oi 
toopera.ture for di.fforent hydrocarbor.1:1 a.re o lOf6 toi:;ether~ and in sor.1e ca.se1:1 
ooin~idu . This type of plot is u~ed to est:~ato vapor densities by th~ 
aqua+ion PV ::: ZRT wh6re l~ ~ PV/RTP the conpreat:.bility factox-., t,. lar1.;e sc!ih 
plo t of Z 1s i. iver. aa Standard De.ta Iiook ,-;}tart A-2.,51. Vapor volw:les eati-nated 
from this type of plot a.re of s •.J.ffioient e.ocuracy f'or most 8JlGiW)or!.ni; ca.loula
-<;ionn o Jn a ddition this type of plo t is E.. •,onvonior.t correlation txi u t:e .. FJ.t' 
ther:modyne.n.i c co.loule.tions this correlation is not s.courato 6noui;n and ,, in 
a ddit i ons, is tl('} t W&ll ad.&pted to grapl':1 co.l ;;1.etl-.0,.!s of dif'feren tia tion ,md 
in tet;r a tiono 

lnt;t.ead of the ratio of ac.,,uo.l to icE!al c;as volum6~ C1onsider thoir 
difference : ti is residual qutmt:\ ty h defir1od e.11 

RT 
p 

d :_ :.::.!i!_- V 

-= ideal L s.iJ vn 1 ume 8 a nd 

V -· ac"':ual [RS volume 

'll.is residual quantity is \7ell acta,1tcd t o 1-;C'aphiool mo tho cl.so 

"''n.,. .. , /. --1>' _,- P --
J .;. "'" • · ·- ... r -'-c"' 
aud wri ti.6:1 

v ltT_, ----oC.c Po.,( o 

{116) 

( "I~ 7' - . , 

which is tl .esentie.Uy a reduced aqua tion of ::i tate,. where the ra tic R'!0 /P0 ~ , 

is pre.ctica.lly a ce,nstartr, and oCr is a fun •) tion of Fr and 1'ro 

'£'ho o( r i'uncticr. was detennined f roir. experi iient&..l 2-V-: da t n 
collaotc,d from the li~x-ntura., Vll lue.s vfc<..r "lior .. , oa:! ~ula "'ed an.!! plot"',ed i'uz
g:J.even h)•rtrooa rbons ~o dt'IV"olop thi s oorrEt:atior, .. which is i,ivet~ ,HJ Fie;uro 34., 
Vti.lue s of ,:x::r i n tiid unsatiJ.rated liquid rei;icn ~& well as in tie ,mt1a.ture.t 7d 
vt<.p or rag 1 )n Ii!"& shown on i igure 34 ,. 

Tf>..o r!'.>duoed residual vtd.1,ame method o t' corre lfltin(· : 1-1r-: <le.ta is 
m.ora a :~~urat~ tht1.11 t -ie ?V/RT mt>thc,,i er1rl.., tr. e Miticn, ici bett .er ada.p tet to 
~~>·apltio :niat:h"l,,JJticn .. nothod:s~ ;-0r tho,o ,l""''~3Jll ~ f; &ur, 14 1s ~!~O()J.Ul,Jf!nde"t! f,~r 



I • I ' ~~11'1~,;~ ,·· eate1.1l~.:r:o,,, wbllt Cku'f ti· 1..ri I~ teco ....... 11<.....t~ f'0-14 
+ru-oc r ,fane it:/ o!!:t.lcula tio-n s in desit::n wo:!"k beoouse H .. i s mo r& oon:v~rdant e '.·-J 
almo.; t t i $ a cr.1.~'t'ate,, 

--... ~.-... -- ,,-·-- · ... __ ....... _,.._ ,. -··-"' 
:-:i1rt."·· '=4-,, .. ~---·' ·\ n c ;_1n t"' .. tf" ~;.f"i · ct. '•'-'~. D! ,r.. t·:p_b 

~:he ·,: t .ne ?·V·-T do.ta for a purl!.' c r,:ripow1d t h av i.n,.:; (: t n 1e c r i i;i,~al ;ioir.t the tt"1.r,;: 

~ , Hu j: s;::,ud0=oritit:e .. l po i nt ni' ,,. mi:itturs.1 are p~·- t,tb;;d on the s &1.mo plot with tt: ~ 
l'··V~ T de.ta. 1\;r ~lH1 mi x ture 1 thc-;i l"E s ul ~ng 1socrt0!'f c oinoid ~., 

Tba p $Ntdo,· ~!'i t ioa l ,;; <ih; t f .)r i.;ht "ydrcca rb ·.m. rrnxtu ···~1,~ '. s th~ :.i\.JJr. 

rt ·t.he pro d,ic ·.::~ c>i' the mo't f r •;.•) t i.11n'·: ,,i.nd t 1v;1 trw.1 ')r ': t i ~sJ.~ f\ :-: · .. ,aol'.. :omp·~Wff' 
.•\, r h -:lil',rl.f1t' .1'.t·a ,~ t lCLE·: thf.• p30,; co ·::1·ic-: : fl. ttm.y:::,·ah:r·o s. r.:.> L;::'1S,1J.:'.['I• riw ;y b, 
di:- t ,• tm Jte:1 .f'rorll. tho em:) l t''·l& J c(,r ·, 1a t 1)'.::J g 1 11r.n1 &.s .i t snw;;rd Da 1:.t. :.h ,:iL Gh,.1r ,1, 

.A.,·tJ , 5 t e :od A-·4, '\ 2. 

1.~. ~1 J :1:-t:,1.,.-_· ri ' tO \Lo r~J·'· .. ·r,~_(;-f:r1 ~.:.hf~ : .. $t.:J\4 (~C '.•),':. t i(~a ·:.-t~:L~:1t _l, J.·3,-·,d Jll rt} /?f 

dy1~>, m} ::: C':XU.~,i .;o. t.)CJl.l :.: f er ~~1) t·rt..;;t~rt).,)3 d.t-;r:iOr'ldJ,P.f; Uf'U!) tJ,_e ·•!J~.t...tJ)t~"' ~"",:; ('-t3j- 1ir,.t 

of :: yd '."ccart: :,J.·• ;;,:.· ;,;:i-;,,".'6\' : 



3. calor:lmetrio Data 

I11 o.ddl tion ·to volu.motrio and pha..\H3 relation data., va,.noue kh1cl.t 
of oalori;::etric da:ta. are r~qu:i.red for the dovelopnr.mt of prooees daeign 
tcolo~ Those required calorime·trio data :i.noludc: (a) experimente.l het\t 
oa.ptl.oitiae and tha~l cor.duct:\vltios fm.4 liqu:ids and va.poro; (b) Joule 
Thoi;mon coe!'f:loients foi• v:aporo; and ( o) heats of vo.porizationi, combuation 
and formationo A thorough trontmtntt of ·l;hio aubjso'i;; ia not eisae:ntial to 6\ 

sti .. dy of process design,.. Th~roforo, only a. brio!' and gonerl dis oussi.on 
of oe.lorimetr:to data. wlll be p;.·oaentedo 

Speoifio Rea ti) The prapar3:c5.on ot:· on·brop~-ent.halpy ohar·ts re= 
quires spaoil"ic hee.te t'o'r the liquid phase o.nd for tlw vapor at some coneto.n·c 
pressure, atmospheric pr~ssuro b~ing used gsnorQllyo Tae datormina.tion of t:h.e 
specific heat or petroleum produots roquire13 oxten. :i ~<: oquipmnt Bnd tt high 
degree of' 2kill-. Improper methoda will £a:U to e.ocoim:c for oo.loriraet~'."io 
errors" Other experimo1rco.l arro::-3 that m!}.y oreeip in ares (e.) cha.ngs ot.' stat1J; 
(b) thermal dooomposi tion or oracking; a.."ld ( c) Jl1flasuremen·t: and control of' -the 
flow of the fluid, particularly vapor. 

From t.h.e ourrontly a,railabla data 8 the specit'io heats of' liquid 
petroleum f'ra.o·tions is a l:"moar f'.;motion of tempora·turo ~ inoreadng ·w-i i;h 
temp~rature and AaP.Io gre.vityo Although thore e.re indications in foe o.vu.il= 
able data that the oha.raot.or or the at..ock (:i.0eo virgin or oraoJmd, pa.ra.ffini~ 
or aromatic) e£:t'eots tho liquid speoii'io hao.t., thero a.re insufficient data 
to reaoh quantiw.tive concludona9 A survey or the available dat·a. reaults 
in "l;he following oquationa fer i:he Uqt,id s~cifio hoatnl) The Bureau of 
Standarda oquntion 

C ~ ~- {0()388 + Oo00045·t;) 

and the Fors tch and Whi tml:'.n aqwa t:i.on 

( t«i70) ( 2.,10,.,d) C::: _ , _______ _ 

2030 

C = sp~oifio heat in Btu/lu~ °Fo 
d = sp~cifio grnvity 60/60 
t = ·tempera. tv.1·0 3 °F o 

(liB) 

(119) 

A plot of liquid spec;ifio heats :le given on Sta.11da1·d Data Book Chart A-=-8041.:
Specii"ic heats from tihis 1inoe..r relationship ara not valid near tb.e ori tioal :i 
where the spocific heat i11creaseo appreciably~ '111a use of liquid curves on 
Chart A-8 .. 41 should be limited to temperatures within l00°Fo of the oritioe..L, 
Since the oritica.1 tempero.ture vnriee with 'dle uvera.ge boiling point a.o well 
as the grnvi ty 5 the sperdi'ic hea·';s ourve6 will b$ diff"eran·c for viq;in and 
era.eked liquid nee.r tho cri-<;ioaL, 



'Ins Bpaoific h~a.-btJ oi' gaeJao he.a b0en tl':e :i.rnbjeot of conoiderable 
0:1:perir.oor.1.tal and ma:thema. tio s-t-udy" SpocH'io heatc of gasae may b(, found 
d6·term1.nec1 in tuo '\'ffl.;}'S; (a) ·the apec~croscopic m<Jthod!l and (b) v.i th rm 
ad:i.e.be. tic oalorima·bsr ~ 'Xhe apo o{;roociopio lllethod j_a only e.pp licmhJ.o to t.be 
35.m.pler moloculos., By this :me·Ghod spoc:'i.fio heat~ a.rs computed over wide 
:ranges of tamperatm.·c "by th.(1 application of r;itatis·tioal meoho.nioo tti epeo•• 
troo,copio data covoring the detJiroc1. tampern:turo .range o.ncl a. oaloir:i.motl·io 
apeoifio heat e.·t; auy one tem.pera.t,1r.-o(l Br:letly ·ijt0 procedure la to a@t 
1,,1p a. model of the 30,ol~oule in queetion and 1:rntina te all the intl'a moleoular 
e11orgioo su.oh as rota.tion.al.1 torr.donnl: vibrC\.tional~ eto .. cnerg:lea.? ohook
inJ;; tl>.o apaotrwn., ·thuo eveJ.uating ·l;}w ohange in epooific hee.t with t~mp<,ro.. ... , 
tur6., Knowing the apeo:i.£io heat o.t ono tempornti::r0., from caloi•inmtric data., 
it is then poasiblo "c.o wrH;e arJ. eqw.:'cion. for th6 spooifio hea to 

ln de·termining t;ho spooi.t'fo hoa:t ·r,y "the floi•; o@.lorimet.0:."' method" 
tho &;mo1u1t; of hoe..t required to raise ·mo i'lutd a few dcgr,,eo in temp~rature 
ia me>ao·urad. !3ooause of tho na.rrow d.if.:f'orf.moe in to.n.pero..tu:r~ £or ef.'l.oh 
observation, it is esaan·M.al that there b@ no heet lor~aea and fue.t ·i.he flow 
of the fluid o.nd the heat added be measur~d with a high d~greo of praoisiono 
Vncuum je.oketetl ,iwi ailve:red oaloi·imetere t:"l.ro employacl to minimizo ·~s hoe,·!.; 
loes(!)Gc Preclse tl!>mpeire.tur13 and £lo,~ 100a.suring equipm6nt are a.he ;,1111~do 

For monuto:mio g;e.Ms the molal h<!>at ol'.lps.city is about 3 Btu/lbo mol"' 
0 ?., o.t constant volume and e.bou·c 5 B·cu/lb. mol-°Fo at oonotant p:t'l!itllaureo 
Hoithe:r ohe.ngeo appraoiabljY wi·bh 'G(-1npsratu:re or pressure ,. Por clic.fori:do 
gases such as oxygian, ni trc,gen, hydrop;an, aud airi the molal hee.t Ot..\pa1)i-t;y 

e.t room temperatur" ts rou1~hly 5 Btu/lb,. mo1*•°F., at ooneta.nt volume e.nd 7 Btu/ 
lb. mol-.:iF'o a'l; co1:1stant pressuroo The chQl'l.go with 'l;e1nperaturo la eme.119 Cp 
for OH ;..ncreElsi.ng fror..11. 608 ·to 8G6 f.Lt 5000°F. ~ but the change wi i..i'l. p::·sesurei 
il3 noglig5.bleo For triatomic gasas 5 suoh a.s wivto~4 , cs.rbon diox1.de$ otoo .r 
the molal hee. t ca.paoi ty a·t i:·oorn temporr:d,ilre vt1\ri(1s f'rom 6 to '7 at oons·bant 
voluroo and from a to 9 at constant preasur13 and chM.ges rapidly vr.lth wmpere.= 
ture., In o.dd.5. ·ltl.on ohangea :i.n pressure have o.pproeiably t.,ffeo"tf.'l crn ·the :speJci= 
fio heu. t for ·~ria tomio ga.soa., No ~ne i."'9.l:h.o.tionr. are poasfble for ge..1;1oa 
having more than i..hree atou13,!) mco0pt 'that in.o:rear:ing complexity o:f:' the mole'"' 
oule is paralleled by inci·eu.aing heat cs.pac:l. tiea and i.noirse.sod tomperatu.re 
ooe:i'fioieut\) For hydroco..r·bon vnpo:rrll.:, tw specific hoe.t b linear with tenr."" 
pera.tur" 9 :.i.noree..si:og with t,,mpe1•aturo and with molecular 'Weight: or llp@oif'ic 
gravity...., Experimontal data muot b il usod ·to ovalt•.a te the oon.at~:ntD A and B 
in the aqua t"io11 

C ::: A + B~~ p 

Where: · Cn = molal heat oape.oi ty 
1"' = tomperatui,.·e~ 0 i;:~ 

(120) 

The i'ollowing tabulation gives valueo of th0 con£1tants., A e.nd B fc•r all 
hydrocarbons f.or which da. tet aro available a 
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A n ·-- ---
?iis ·i:;hl;).rJ.eJ 4 .. 513 0001444 
E:~uhylene 4o03S 0002167 
E·bl:w.ne 4~27 0.02033 
Pro:p;y-J.fmo 8.,625 Oo0,?529 
P1~opo.no 9~()0 00030 
Butylane e~a 00038 
Bute:.ue lOoS Oo0.126 

For higher boil:b1g pe·hrolev.m :1:racrbiono, tile apeoif.fo heat of tho vapor is 
given a.a tA i'un.ction of the spooifio gre.w1.tyo Tho following eqv.at:l.on .giv~e 
oorrela tion of e.xpo:<-imel'ltnl opecH'ic hsa t d.a ta: 

ilie Be.hlke and Key aqua tion 

(121) 

C ... r.n:,eoific heat at l4o7 1ba.,/sth1.lleabso Btu/ll)o..-,l!IFo 
t'f' ·- ·l-em~rnre:l:iure :1 °F., . . 

d - ~peoific grnvity 

Although theme egua.tiona .~hou no dopond.e110~ of specific heat on 1:he boil:tng 
point., aom0 such rals:M .. onahip undoubtedly exists.. YJhlln mora experimental 
data 'baoomo s.v·ailable th~J e:ff'Got of ·!his wrie.ble my be disoovered., 

Weir and ga:to:".1. (Ind .. l!:UG,, Chcim., 24, 210 (1932)) drr;;elopad t.'!-\e 
.fol'.towin.g aqua t;ions for ti.0 tote.1 h1:,i..\t or onthalpy of' !1:ld-Conti11t:1:n t o5.la,. 

HL :: 16d - 26 - ( 0 .. 46!5c1 = 0.,811) ·t; + Oc000290t2 (122) 
. ., 

Fv = 215 - 87d + ( o .. 4J.5 ~· o,.104:d) ·c + {o .. 000J1-o.~00001ad}·1;'· (12s) 

where H1 ::::: <-nthe.lpy o::~ liquid above 3:"f'P .. liquid,.. 
Hv = ,, fl w .por " II II 

d ::., s,petcd.fio gre:v:i. ty e:i:; 601,F. 
·t; == ·;;;m.;.ptira:tv.ro, eF" 

The:rme,l Condu.o-civi tyc- ~1.he ef'foot of temp13ratt1re and p:reaeu1~ on. 
tha ther:rite1-oonduotivityofgllO(H3 oa:t1. he OSt:'urO:i:;f:ld from ·the following Tela~ 
1cionship dtlrived from "i:fao lCinet:i..c :Chaory of Gaser; 

~ (124) 

Whore, Kr ~o and Cv aro therm.t:l.1 oonduot:i.vity, o.bsoltt't<a v:tscosity3 e.nd 
apGcifio hatlt a:b oonetrmt ·roliJmeJ reapactively; subBcrip·l:i 1 refers t:> oon.di= 
tion. s.t which ·the oonduotivi ty :1:3 kr1ol'l)n; o.nd Bubao:dpt 2 re.far.s, to a condi"'· 
tion at whioh the conduoti,rity io d6aired,. In o:rder to uao th.is e11uatior.1., 
the of'f'ooto of' pressure v.nd temptn·ature on the vj.soosi ty a;1d tht., ocmstal.!lt 
voh1.r00 spoo:J.fio h~ats muat ba la1ovr.a..!) how<,varQI 1ho thermal conductivities for 
hydrocal'bo:n go.aeB inoreasa\3 with ·cem?or::d;ure and doa:c'!aL1ee ,ni th molfioular 
W<,isM:.o 
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In the oase of liquids, tharo is. no possibility of calculating 
tho effect of' tem.p"rat1.u.~o on the th~rtre.1 oonduotiviJcy as waa possible 
for gases,. Ther0foro, a1-pe1,i.mair.;ti\.l date. :munt b0 uaed exclusively" The 
~1e1'1llf\.l conduct;i vi ty of wa tor inoree.aee with ino rease in temperature 
nhei~ea.a it decreases ·vrl. th incroa.r1e in tnmpera.ture !'or petroleum oilso 
Liquid hydrocarbon thermal eonduotivi't;ies decrease with ino.r3e.ae in den
Bi 'cyo 

Joule-'Ihom.son Coef'fioiolrl:i.. T't1a axpariinental datarmina. tion of 
the Joule .. :Tfiomaon-ooef':C:ioient is Iiiu'ch eo.aier than the measw:•emt:mt of 
wpecifie haa.te baoause no qua.nti·tative fluid or hna.t :f'low mea11mrements 
are nooeasaryo Joulc.,-".thomson 001~:f.'fici(lnts are determined by measuring 
"'~h.e tem.~ratu.."'.'a and preaauro ohallges whilo th14 ottling f.'roe expanaion 
(no wox·k)ithe vapor slowly throu1~ a porous plug aet in an adiabe.t:to 
oe.lorima'J':r so ·I.hat no heat v1ill 'bo lost while no h@~t is added$ Ex= 
pe.noion rci.uat be slow ao thcd; no :t:'r:i.ction or "wire.,•drs:will..g'1 ,rill rseul t., 
Although fluid a:nd he~t i'low· qua.1:1:bi tiee are not requ;.red., templ;)ratu:re 
and preaaure ch~ngaa rm:r;t 'be mea.:'lux-ed vary a.oow"a.-'ceJ.:.- .. '!h@e:c are oi"teJn 
dono by meo.n.s or opposed ·tb.er:mocoupleo nnd ms.nomete:ra o 

~e isothermal pressut'is 1Jox·r0ction to the 0ntha.lp~r, oom.etimae 
called. the "Joule .... Thomson (~ffoct0 , Mn be xr.a1uurod by a aimila.:r prooedureb 
in wh:loh heat ia add~d d'!.ll"ing the froei expansion to :maintedn the outlet 
'tempoi•a.·bt,,re ·l::he ea.me as ~·u) lnlo-t:; temperature. ln this experiment ths 
fluid flowing e.nd the heat s.dd~d muat be msaauredo This e.mou:rrts to com
bining the Joule•Thon1aon ao~ffi.oimr'c and the speci:fio heat; det~rmil1ationa 
into one experimento 

~~!. Vap2!:~~2E~" '.the la t-,nt h~a:I; of. vaporha tiollJ mioh 
varies with the pressure booomine; re.in.~o Q·l; -the cz•l tioal point, can be 
compu·ted if precise voluw..a'i:;rio a.:i-.1.d vapor prassu.re data are availe.ble., 
Howsver, experimental da t~t.. are d9sirable, u though the dtl't;e:r-aina tion 
of la i;en·c has. ts 0£ vapol'iza tior,. is not a simple matter.., l<'or pure com ... 
ponent.,s the o&loril1i.ater \fould. op·aratt~ v.t constant temper&.i:;ux·e and 
pressure, while .t'o:r mixtures 1,na o:r thi, othor mmrb be var:!.edo 

Who:r:i the molE\1 entropy of vnporitation i:s plotted ag'1.inst '!:he 
reduosd tempa:ra. ture, the lii:rns for vs.:riou.s hyd:rooarbona f'a.11 ~-n o. 1·egula.'.I.~ 
family of ourvas as shoTm. 1,y Figur,;) 36., '.61ia plot oa1'l be 1.wed for e1rbi
m.a ting ·the le:'c011.~i:; heat of vapori~n. tiona f'ox- pure hych·ocarbons and for 
m:i.xturoa as Wt"Jl.l,., Its use for puro hydrooa.rbouo ie obvioua 0 The method 
of apply-l ng Figui"e 36 ·to mixtureJ:l wa.13 111•oposed by ·ws.taon e.nd Nelson. (Ind" 
Engo (.!h&mo ~.:.1 880 (1953)) ~ ln th:i.s :ID.(tthod the latent hoat of vaporiza
tio:n mus·;;; , be knovm a:b ono point ;1.:nd i't:; oau be computed at any point .. 
'11lis .:-:alculei.tion is made as follo,vfs; 

(125) 



Wha ro a !J E. =-= knovn1 J.n ~mt heed; o.r va.porhn tion 
for mi:ic:~u.,4 8 at T ce ::! L'lOlO.l entropy Of W.por:i.:.~e. tion 
f'u.notion at T 

T :.:: te:m.?o ro. tura 0 R 
Subscripts land?. indioale known 
.md ,m~ .. o·Hn con ii timw., 

'fho molal en·c:ropy of vapndzatiou f'unction ia evalv.atod from Figt11·~ 36 by 
:rea,li!tg from c!. h~fClrocurhon. line 11 .. ~J.ran·t to the m:.x·lt11-e in question,, It 
is not very iu\pOi~tc.n-1; i\hich lino :Li usod fo ree.d valuaa of cf ainoe faa 
·two valuea ap)_Jeo.;:· 1to a ult:l.c1 in. \:}qunt:..on (U~S) r:.nd bot.'11 cnn ohe.ng;6 without 
effoo·bing 1.hi::1 ra.tioo 'J:he btwe lo.'bont hent o.f vnpcr:l.zations ~Ev us6d 
in ,qua1;ion ( 125) nhould be 1.111 ioothorm.il la t~nt hae.t or the diff(lrenc~ 
bct.:een the M.tu a.ted VT.tpJ!° nud J.iq1.d.d linoo at the, r3an10 temper.e/:.;t1re., 
1'hEi roool!llllBnd,;)d wa.:r of v.pplying eg.u;).'i:;ion (126) and F'1.~e Z·6 is tc, aeleo·i; 

C, H1 at a low tompo1·a·l;ur..:;1 wh(:n·<S tho pl"~osurs he.a J.:i.ttle or no ef.:t.'oct on 
ths h~tl"G 0£ v·apor-ir..a:biG11, In COii:;'9U'Giug the reduoec~ 'hflmper.e:\,"Ure i;o ma.lee 
th6 (.J..1 reu.d:tn.;;z; from F:i.g1n·e 3G ;J \;i' .. tt poln.t of me.:d1llt!lll. tem.pero.ture uhoulcl 
be wted instcn.d. of 1:h"3 ,:::ri tic;il 'i:enqorature be~1ause- thh ie 'the point 
a,.t ·vhich the :i..1:1cth~rmal ts:'a.t of. v.;.por:uation iB zero for a. :mixturo., 

'.'!he isotho1·u,J. heats cf VJ.porization f,n· p:,tn .. leum i'n:..,,·~.ion ::ciatir 
Eu:.d at t1'1f!ir 1;1.tmoeph6rio boiling points are giver.,. by the .following 19qua't:i.on 
pro ,osod by W-.d.r and F..t:.\;()'.C',i 

lVhoro ~llv = hor.1.t of ~-o.pori:~ia-t.ion!I D·!.u/lb., 
d = :.:p·:,cif:ic i;ro.'\l·:t·::;y 60/Sc 
t = ·teopG:r~.tui·e, (IJ.i\, 

(126) 

Heat o! Comh;.rn·:;::.on.. ll0tii:t; oi' combuotion. ha.vo two appl:lontions 
::..r.i the processch,eign-lil'i'titroleum N:f'ir::nG equ~.pmont: (a.} combtl:Jticn 
ce.'.i.rn.laticne (i.,13,. furnr:..cs doo:lg:n), and (b) heo.t!l oi' .formation mic~ dt·co:..11.7Ni:t= 
~;io 1.. 'the comp late cori'n1 ticn1 of liquid bydrocarbono ·i;{> CO2 and EaO~ with 
E::.!! .tccur!A oo mJas·urom'lli.'b of th•:J heat ovoJ.ved!) is rt1.f~13.1.ly aocompliahotl in 
~ o::>n!Atrlnt volume b01nb ce.1oril'!r~,':;r.n·~ Sueh de·torm:inn tiono e.:ro 1wun:tJ.y vor.r 
E".ccirate ?.c:: th.ere a.:re J?<m mnniptda.-t:lo11s in which fa> raa.ke an arro:r ~ '.I'hn grc: s 
c.e.1:,ri.f'ic valuo ot pot~·<;Ioum. Hqu.:l.d fre.c·t;iont' a.t oon~tant v-olum.e ic: & fu,1c.1= 
·do:1 of ·bhe de:noity on'.!.;f and ,:1.e,:,;·e~cr)l'J with incr~arm in danisityc 

In noo t induot:1..ul .applice.tio:na of' calor:i.me·i;r"~c heat or combuat~:~cn 
clc.t;;i..s ·the proooas ocotu·1J .. t oo:rlf,IA11t pr~osuro ra:1-h ,,r thnn o:c: oonsto.nt volunr) 5 
na.king it neoosi::e.1·y to oor.·root the oa.loi 5-.nc·i;I"ic de,·,;J.. to a "net" ·oarJ:l. a by 
,n.l lJwi:ng for tho heat <)f condem:o.t,:to:.1 of ·1:;!a water forrJmd :i.n fue oombu13tiono 

Hee.ta of oom1Juution oi~ hydr·oo~.rhon gaeotJ ie mos-'c readily doter, 
1.linecl at ooneta.1xb prea:n:irc instoacJ. of irl r. constant voll.UJYj bomb aa liq12.i1.:1 
ci.ro dcwrm:lned " The p::",ccdur.e fo-:- g aoeo,.u: hydroon::-bons irs also u:noomplios:i;odo 
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'l'he gro{teJ oalori:t~ic va:'.110 for hydrocarbon go.ees increases w-1 th tho mole
cular weight (Gpooi.f:io gro.vH;y) of the gv.G= 'l'-te eh.a.raoter of the gs.a 
(ortturated or unsatura,;ot.} ha.a a alight ei"i'ec·l. on -it.~ h.ee.t of oombuotion, 
Hee.ts of oombusticn for t;aoos and liquid& are given on Ste.ndard Data Book 
ohs-.rta 0 as a runotion of' -the relo.tive amounts or hydrogen and oa.rbono Th~t 
use of these cl.a.ta will bo te.kan up latoro 

Comproasion.,, V15.thout chamioaJ. react-ion, of gesee to prensureo ,,r. 
e. f'ew atmoepharea :J.a a.n :'mporta.n:I; step in mruiy rafi.ning proceasetJo \lhe>;•o 
'cll:i.s operation oooure :-.n t.h.e desi;;u of' nev; t<;1quipment it is :oooeaae.x·y to 
eatoote 'iile ·work reg,uil"Odr tho volumetric efi'ic:i.ency., and the tenpera.tu~·~ 
chEi.nge dur-ixig oomprocdot1.. 'l'Wo we.yo of :makini.; oaloula tiona of ih:1'.s kind 
e.rt; in uie: (a) equattouo baotJd on the porf'ec'l:i gs.B law.r &.nd (b) the 
Mollier diagram (entrop;ya,,enthalpy)o For d0signin& oompreasors either 
method is euf"fioiently :,.ccurs.to, ev6n f'or hydrooarbone up to 20 o:;;mos• 
pharctoo J.n mak:i.ng prec:J.f.is 1•efl"igor0.:bion oaloulatic,ns 8 the, ?aolliGl' diagrrun 
method should be ueod... 'lite la.ttor i:ooth.od will be "i;&ken up in tile next 
sooti1>no Thia s0c ·ion w.Ul be dt1vo-ood to the per£oc·b e;as law method. 

'l'h.e be.see for the de,relop:oont of the toll.owing COlti)reeoion for-··, 
mulae are, adiabatic p 2•cwssa and. p:>r.t·eot ga.a la.WB<> '.[he first ia true 
whera the jacket coolir.b; wa.tc3r r·elJ'..ovos ji1st tm heat of i'l<."iotion and no 
more 01.• no leas.. (Note i A procoss can be adia.bo. t:to without being a 
conato.nt entropJ' 01~ re,,oy.•oible ptX'lO·JU althout;h tbfi type of procosa 
rafer1•ed to here is eis,,antia.lly isen·bropic.) '.lhe assumption of pert'oo·i; 
gas lo.w va.lidi 't;r ia nec·: tH,st1.ry ·co tho <3implifice.tion of the proble~ 

The conventi,mo.1 aasumpti -::m of an isan.tropic path ±'or oo;m,,o 
preasion i.s conf:arva:liivo beouuse iaentropic work h the maximum work 
poosible"" Tho iao·cl-1G1rnio.l ;?at.ii. work :.i.~ ~cha min1.lllllm poseibJ.s work of co~ 
pNas:..on., 1'h3 C01!-q:)r0e f t cm o.J.ong an :lntermodia~..e pe.·th ( called polytropic .l 
is ona of deo:ree.siI)f.; er.t i.:·op;v e.nd is ·l.b.e pQ-c.h aotually followed when tt>.o 
jacket coolillf; wator ts.!.:ots out moro has.t than ·r.b.e heo.t equivalent cf tho 
frio·bion but noi; enough i.;r.- maintt:i.in isothermal concli tionti O 1be vrork ro:
thio polytropio comprs:rnio:a. :la lowe1· than the work for. iaentropio but 
l:igher than tne work for isotherm.al compression., 'Whioh i:8 given by equivt$,or;i. 
(102) on page 1180 In oomprGssion i 'I; is desirable Jco r1'mo"lre as mu.oh hsa.t 
e.o ia pre.cti01l 'txl koep the work :rlJquired down., while in expanaion 1 t itt 
dv.tiro.bla t-o ::eta.in n.s much of tho hoat as ia praotico.1 to keep the work 
da·;,-elopod up.. .A.s i·t turns ou·l; oompr eoaore opera:bs with a. slight deoreaso 
and a:q,nndero i'd th a al:l{;hii inoroo.sc:, in entropy~ The same equations s.pply 
to botb. proo~eees: howcv!ire 

l~ .. _Isentropi~ _2!:201¥:~::5'2:.~.~~ 

The equation £01: the thr:;o:rotioal work :reg_uirad for single stag1J 
adinbatic compression of Gas will bo developed by reference to Figure 37 
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for vrhich the work is g:i.ven 
by the following equation: 

(2 
Work ::: J 

1 
Vc1P (127) 

:l' 
For o. pe r.:i'.:'eot gas PV = a 
cons tan ·I; and it can be . sho,m th.at 

l l 1 t t 

+------------·-" 
prv = P1"'r"v1= P2'9°·v2 = a oone·an 

e.1csoci Eliminating V !':rom ·tho m, ... 

bove ,aork equation gives 
Fig .. 37 

Single Stasa C~rassion [ z 1 
Work = C P- Y dP (128) 

l 
1 l 

l=" -• lcu --
CP2 -,- "" CP1 y 

(129) 

Integra. tir.tg _ 1 1 _ 

C l l"'" - 1= ..;_] . . 1 - -·,r 
W = ---,_- P2 .-a !31 = 

l d>--·r 

PlVl G;~ -1] 
-V2 __ (-P1)1~ ) vri th which eqv.e. tion ( HSl 'g.y be 
V1 P2, 

W = ;_i l'1V1 [(~) T:; -lJ 

Or 
W; (131) 

But sil'npB . .f':i.ed to give 

(132) 

nhioh is tho v.ork for single stage adie.batio oompreseion of fl. per.feet gas .. 
An equation for the temperature change in single ,rtage e.dinbntio compression 
ia derived from equation (108), pa.(;8 116., by eliminated V with perfect ga.e 
law equation., 

(133) 

from whioh 

= constant (134) 
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'.l.1he equa. ti.on f'o:r ·bha 
ste.go e.dic,i.batio com:i;i:cesfiion of 

theoreticrd wo:tk required for :m.u.lt:Lple 
gas \'Ii th C':oolin.g t.o {:ho origin.al i:1impera·..;u. ' •:J 

·1 
________ .. _ __ \! 

~ 

Fi(;uro 38 
Tflo Stage Gom:;,ros:,ion 

betv1aen s'i:;D.ges: with no oondeuta·~· 
tion 0 and with eq11al wor.lr. for ~ .i ,:h . 
ste.g~ 01.tn bo dcwolopod lJy 1-ef'er•mce 
t-c, Figure 38 and t.i"l.e o..brne equal.ii cmo ,, 
If P 1 :lo ~:;he inter.ro&Jdia te press·u·o 
for two s-:~nc;e <.:omproasion n.nd 
T' = Tic P1 V\ =~ pqri and the ,ro :-k 
f n· aac.}i. w:~agr1 zr.e.y be wr:l ttcn 
fJ J.!W' ly ._, 'l 

'I:' ,, r· ·r =. 7 , ~ap~ )~·· W1 ::: M::::- P1V1 ' ·-- 1 =1 
1 ~"1 · P1 J 

s.nd 

r ·p .·-r ~ ~-~~-:,• .. ··, \ J 
,· . 

'Jhe t,o tal work for ·l.:;wo s·cnge co:mp:rerrn.ton 

1
.. Y =1 -;r .. 1 

- ( ~J 'I \ --·- •---F ;: T P2 ... 
W ~ W1 + W2 :::: ---:~ P1V1 I --· ,, -:-(.:_) 'I 

• T=l ""' \ P1 / p•t. 
(1::16 ) 

(=1 
( p ···,.:-
' .l.) + 
\, p ~ .I 

y 

ht:,s a :minimum va.1u~1., 
ve.r:i.able o.:nd sl9tJ;ing 

IJ::.fforontic:d.ng with re;epeot ·l:;o P' :, vin:i.oh is tho only 
tho dori-U-t.\tivo equa:i; tc: zaro givi.'lls 

.r-··-
p, :::: ) P1P2 ( 13'1) 

Int rod.1.10:lng t.'1-i.:i.s axpm1s:i.on :into equation (l.37} r-;ivee 

(136) 

From thh oquation the uxprei,a:ton f'or the theclraticu1 ;.!O:'aepower Z'!.~quirod. 
for multiple s'i;age comp):i-.rnsio:n, with intorcool:mg to or:1..ginal tampin·e.i..i.l::'0 9 

no con.d,en:saticn r.md equal ·wo1'k pe::· 13-:.;aca !i'..€1.Y he ,,irz·i·b'be:n 'by inspsction 



··140-• 

33,000 

W~1art1: P1 a.n/d P2 eu~a the intake and dischf,\l"G~ preos1.u~e.~ 
lbso sq.,in_,, a.ho .. 

V1 :.: cu .. ft.,/min .. a·l'; P1 end ~~'1 
"1"' = Cp/Cv for ise:r..i;ropic comprosaion., 
S ::; mmbar of' o·tn:-;~is with :lnteroooli11& ~ 

{139) 

li'or multiple sto.go conprossion tho eqr.o.t:tou ::'oi· ·che final Joom:)era ... 
t-,,u:e baoomoo 

r -1 
.' ? ') ) ~~·-·- . 

T2 = T:i. ( .-.::. S ' 
.. Pl, 

( 140) 

Where T and P &.re absolutt'l., Th::> ·orak~ horsopovm:..~ -:-cqu:i.x-omon·t; co. .. 1 b e oM;n.in:>cl 
by c1ividing tr..e th0orai.ical hor~:o:i.1ow5 ,· f'rom the: ::i.bovo Gquo. tion by -th" ll:'9oho.:J.i"' 
OG\l ef'fio:tonoy of the comprc.''HHWI'Q 

An 11.oi;ua.l 0°::>n.pi·oeccn" 11il0ci !,.111e oloa.re.r..oo, ru..1 :l ·cho g1~.s :-·e·m:J ining :i:.i 
·,:;he ohH:i.ranc<3 Sfel.013 e::tpande en 'bh~ r.G turn stroke of' tho pivton thu.1'.1 pei.rtie.l l y 
f'illing the cylinde1· anc. reduo ir ·· ·:;he volume of i'Nsh go.o thnt o,u , l s tn.k0n 
1.n. C:uring ·l:;h.e ir..t1uw otr•.lka., ·?::.o tatl.o o:f: t.'11.e actual ·..ro:.un:.e o.r :;;as (a't :~= 
tebi 0011di t:i.orio) compressed to the pi 1ton diapla.oe' rtsnt is the ·mlunotri,; 
off5.ci(Mcy., '.ihis efficiency i s a ~U?ution of t.'1-i.o domp:~easion r s. i;io , fao 
pot" otnt olea.ra:r:,ce vc,lumo, eu1d. ~(i-1.o g:?.: m:.ta valut.> for the ge.eo im. oxpraea:wn 
i'cr thh voluL~trio e.iffit,iency :s1:H1 h.3 dorived,. 

= 

:::: 

C 

c5. D·: J.1VJElln lX1t VO lume 
,:101:ira·:1.ce volUIJ1e, 
1:rohu::11:1 ·l:;o ur:i eh cler: .. ra::100 '70'.l.ume SL\EL)S 

e.;::'9).Ud ,. 
rat1.o of JJ.15a:·e.nc0 ·l:;(> ~usp ... n.cemen-t V ,jllJ.LJ:>:J -> 
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3o Sooc:i.fic Heat Ret:i.o 
... -~-.......--·---·-

The ratio of' isobaric ·bo isometr1.o specif.b hoa t!.l , Cp/Cv = ~( ~ 
i~ (.l.11 essential thormodJrriamio property in oaloula tio:us :tnvo'.i:,ring the 
a.ditD.be.tio compression or oxp:aneion of a gas. It ma~· be detarn1ined o:ir.ptciri= 
mnU:1.lJ.y or oompu.ted by ·bhermodynrur.io relations from P-V-T t~nd a-tmoaphfJd.c 
speo:ific••hoa.t data., }!"'or perfe<.":t o.:nd mone.tomic gases Y::: L66J for di$1.1:0mio 
go.aGa suoh aa 1I~8 02 and N2 " -y- = lo4o There a.re fenr 1' .. da .. :;a., either El~:
porimsnta.1 OJ!" calculated, for hydrocarbons 9 however., Some E:1xperiment0.l 

"' '(" data. a.re e.vt:i.il1:iblo a't; e.fanospher5.c preosure for h:ytl:roearbons of one i;o 

aix carbon. er.toms,:, 

Basic Equsd;ionae '.Iha two fundrunen·J:-al ther;.:tod;ynando 
iu ooniputingf"P~8,'os·'"trom P-V-'.~ and ntmospheri e sp~oif'5.o 

Tlz~) 
\o1'~1P 

equatio:n5 uood 
heat data e.x\1, 

('12 } 

(74) 

The integration constant fN' F:qut>,:tfon "l?!nu~t '!::c i'oti~.d from oxperimen-tal foo=, 
bu.r:J.1, specif ic heat data., Al t.r10ugh de.ta rd~ uny pressure could toe used 11 dat~1 
only e.t. atmosphorio pressure are e.vnilab'.J.o., 'Xhe volume deri·;ratlv<,s for -tho 
above equations can be dertarm:lnE>d gra.phioa.lly or ar.alytically i'rom P""'V-· ?~ 
de.ta by means o:? gX'o.phic or a.lgab;.Ro.io eqmitions of cream" 

When oxp,.•esaed in tei-ma cd~ £r and reduced un:lts nnd integratod 
botwoen the limi te; of P:,;• r:\lld. Pr = 0 nt oom,1.-.unt valut',B of' ·rx,, Eqwi.tion '/2 
bOCl)!IJ.eSg 

= moZ';ia.ae 5.n it-;obario 
pr.&ssure Pr,. 

K2 == PO d.0 /'l10 ti a. cons i:7ant 

I !) ' . 

~.,"'...L,. :)'' . l"J ~,,, r 
{~.~2 .. dPr 
' . I .1.r ,, Pr 

(144) 

Gpeoi:t'io h<.1t\t fr'om O pree::lure to any 

t or each hydrocarbon.., 

The second d.or:i.vative wa~, dl!)termino<l gre.phice.lJ.y from the :;Cr cio:rrelat.t on 
given as Figure 34¢ Egusi.tion 14.-4 rn1s integrated~ and values of L\ Cp/E2 (!ee f,i:, ~,9) 
wore tabule.t~d by Edmii:Jt0r ( Indo Eng., Chem'" SOe 352 ( 1938))" From th!Hi O 

resul ta the e:Ci'<,ot of pr aaouro on 1;he isulJaric specific heat oe.n heJ conr:"' 
putedo lhe effect of tempero:'cura <.m the 13peoific heat can be oakula.ted 
by the oorr~lat'ion of at'Jl1onpharic 1Jpeoific=hea-'c de.ta .. 

Upon introduction of ·::£.'IC' 1md reduced uni t:s $ Equation (74} 
becoznoe: 
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C()m:pe.r·ison of' t.he plots sho71ed -cha i: they ·'Jurs vary similar and ths. t all or 
them could ·Je mo.do to coincide by E: :l'cher •l:cpunding or oondonaing ·l:;h0lr 
Cp/~ uoale Je In other worde., P'igt.l"O 39-a)'or propane vrill :mld squally well 
for all tho other hydroca:-:-bous ii" 6if'i'or-,-r;. numJJrical va.J.u,;.10 are given t.'1e 
ordinate sc2.lec ·rhis :l.s dono "Jy the i'oll1Y'7illf;; equ:::i.tlon1 

Y:: 1 .;. C (1~ 3 = l) 

wheI'e "'r 3 = ve.lue of Cp/Cv for prop~.mo 
C = oonstant i'or on.oh hydrc:ca.rbon 
i' :::; Cp/Cv for tl:.e hydrooarbm ~.n ·Iueation 

(H,6) 

Vttluer.1 of C .i'or eq,uatior; {H,6) va.r:r i'rom -5-..5 for methane t .J OoSO f'o::· n
oct.nne,,. 

Dy JOO$\J'.1S of Figu1·3 39;;.,.E~;:ie.tion (146j M.d thoae ve.lues of Ci o. 
compoi:i:l t:, l" plot ,ms construotod e.no. :ls :::1oro presented as Figure 40.. The 
solution of' e.n •sxa.mplo ia shown by heavy :ia.rJhod linee and a:r·rows.9 to f'iud 
T' = 10526 for propylor.e at Pr : 0,,555 e.nd Tr = Oo95o 



~~le Co,}? .. ~1~tion or cp/cv 1'01· Propa::! 

Computia Cp/Cv tor p:ropano a t 405°F" and 370 lbe./aq.in. abs~ 

305 + 460 370 · 
Tr = '203"'+-460 = 1.15, Pr = 617 = 0.6 

a.) Flnd Cp by mear o o:r equations 128 and 144.. Ft'om eq\.tation 128 the value 
of Op at atmospheric preaaurtt ia found as follows: 

Cp = 9.00 + o.oso 
44.06 44006 

By equation 144 and a plot of c~/K2 (similar to Figure 39) Cp i4 oomputed 
at aos•r. tor 14.7 and 370 lbso/sq.in. abao 

From Figo 39 fj.C 0 p/Kra :: OoOOO and O Cp/K:. = lo626 

K _ (617)(0.1919)(14;!) _ O 0334 
2 - {665){778) - • 

!)Cp = Oc-01534 (1.626 - 0.050) = 0.0623 

Op= 0.494 + 0.0623 = Oo5tS3 Btu/lb.-•Fo 

b) Compute 0v by first finding Cp•C:v from equation 145 and then subtraoting 
Cp from above • 

. R 1543 
P = (144)(44.06)($70) = 00000658 

:(" C t(J(A r.) : £:_~ (-0 088) = •000002536 
To 'iJTr o 665 

&,1• 

R'.L' : (1543) ( 765),_ :: O,.,OOl3G 
pl (144)(44 .. 06)(370)2 

~ (Z,~r) = ~ (Oo028) = 0.0000145 
o ~ r T r 

_. .:) 2 
Op-C'v = 144 76G /9.000668 + 0'"0002532,i 

ffi . ~000136°· + Oo000014~} 
= o.01e2 

Cv = Oo546S - 0.0782 = 004681 

0,,5463 _ l 17 
'0.463!° - Q 
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T= Cp/Cj FOR HYDROCARBONS 
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'l1'1~ use of equations (139) and (140) for hydrooe.rbons with ~.r valuoo 
f'rom Figm"O 40 is a ert~op in the right di1•octio:n btit doeo not c,n·:r.·eo·l; for ·t;ho 
i'a.ot ·l;hat l.!lqut1:t1.onv (1S9) awl (140) l.l"'e b~eod on peri'oot ga.o law boha.v:1.or"' 
However~ the of'i'eot of doviahon i"rom idee.1 gas lav.- beh~.v:i.or on theee equation.a 
is not so importe.n~; as the effect on 'f'.; th.ex·efoi·e, the uoe of Figuro 40 will 
grea."tly iDiprove ·hhe s.ocuraoy of such compute. tiona<I> 

I11 oalcula.t:l.ons imrolv:i.ng hydrof:arbon gaseo 5 the oomprcH1do:n and e:it .. .., 
panaion of mixtures is m.ore froqu~1ntly encountf.;red ·th&.n pure oom.pommts: ·(' i'or 
m1x-bul"eS may be determined by computing ·tho molei.1 E\VSl"'Q{.,i;e of' 1"" vuluea of th(3 
individual oompo11ents:1 the "f f'or 0ach being deJ~:,rmh,.od for the temperature 
!lnd tote..1 praseur& involvedo 

j:_:~,3!,0P~ ~~roc._esa .. 

If theJ value> of the exponent or V in 
. .,., 

PV :::-: constm1t 

is not equal to ·che ratio of specific hoe.ts imd ill not unityD zero or :l.nf'in:1.ty, 
W<J havo ·1ma. t is lmown as "polytropic" compression or exparwiono Ve.rioua 
pe.. tht!l e.re shown in Figuro 41 o 

Pat.~ -
A 
B 
C 
D 
E 
)? 

G 

.£!!~~~ 
IEioba.rio 
.Polytropio 
lso·hhermz:.1 
PcJ.ytropio 
lsentroplo 
Polytrop:lo 
Ivometrio 

I<"'igure 41 

Equation --- ... _..............,._. 
P = conatant 
.PV Y = oonf.'ll ·tan t 
PV = oonu tan·b 
Pv-,- = oonsta.nt 
PV' = oom:d;ant 
PV-r- = oonotan-'G 
if = oon.irlant 

Pa tho D and E e.ra tho moet oommo!lc 
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':,, ;i;n tr o•) v··· Entllal py :~h.a:r to ·- ------·'"' --------·----· 
:tn m()St prooJHl dim:~~ ·?robler.,s i'c js nl~oer.snry t:, krt-:,w tho difr.er--

•,L1ce 1r,. ":;.hG enthe.lpy fo1 the tTiiE•n proC6S3. 'Th.J process :i.Jl ,:iunst:.0::1 .:-:iny take 
n.ece at co:-1sii!;.nt pressure, tuar(irf.1ture .. ,n· entcop~·~ :.nth,:, lElttr;.1·,:, cas,s tli9 
;1ua.:'.ltita-civ•:s valut,· o" tl<1 e:rr.:;:ror~r :..i, T:.'-',; n1,ceos1r.1 , it bein; nifficient -t,1 
imow that tre entr·op,.r rorr:a.in,~d cc:m,tant Oocr.siom.1.ll~·-· di f'.f'e1 u.:1ce.3 in 1:mtror y 
al4 e '3llfo derir<::d, 

Er,tr1)pi,;1s ruid ent,u1lploe may be to.tulo.t~d in a f•H-.m eir.ri.lnr tc the 
sbet.ni. t€."Jlet o.,· they m.•:i./ ta p)·t.1sun.ted fr1 G"'.'P..'t'.hice.J. fc::>rn euc.1 o.i1 we .f;';o]Jiar 
d1.agrE.m.. Ihore a1·e mw1:,r dif'for.ent wa~re h. wJ- j_ch ontropies ard a:nthalpitHl me.~ 
ba nn'i n :·s plot.t..ed a.1:1 inc'l :.ca~1~d hy th€1 ·o~.lo·d .ng: 

Plct itbsc:LSij9. O:<•di:r..e.to rnramaters .. ______ . 
·~ --·- ---

l ~~o.)It\?6ra. ture G.."'l ·!;r·opy I 1·0 su·1r!1 
2 'C1-,mper.n :1.1 .• ti E:n-:;htd py f ress1.1 .-e 
;3 F~.ri tropy B:rn;hr-.1py· ~ cmpe1'rJ. 'i.;ure c Pressure 
4!~ l!nthalpy Pros:mre ~ empe r.i.. t,.lro , Entropy 
5 VoJ~,s .Bn-.;he.lp:f ~ 'ompo·:f\ turo ~ Pr91.Hiure EntrOI•Y 

.f'lot s 1 r.md ,: f.re ch0 .-um.t ob'ric;us waye of ~fottin1, 'f)ntreipicH. trnd entha.:J? les . 
\\ neu ti.e H 1 ·;;wo plotu e.n, co.:nb .. nc d tfc.13 rea· 11 t i s tht:i :t.;ollier Dia.&r.cun, PJ.o,· 3 c • 
4. Flot 3 :.a tho type ed.' l\JolUEJ~· dia;rrnn cor ,monly used in .n:.e.~c:ng steo.m. r.:,v.e• 
c,tlculE.ticmi ., •1,hilo ? lo t 4 is ·';l:0 type n su1 in ma;d?lf; refrigara. t:i.on cal .. lt
tiot~s . lbiu type d' plot is 1Hn1ally ;.lott'9d on soni··log paper w:t~.ih pret:fl'.ll' e 
o~ t.b e 1 og sea l e a :r., t ,m·1~r·a) py 1.>r tl-:e 1·c ctx!'l.;,-;, la·.r a~alo.. Diagra,lllli of' ·thj s tYI e 
h1n·e Jor,~ bt1en ave.ileblu ~·or E\Il".rr.onia rm.1:, mlfur dJ.oxidia ,. The dev-~1lopmant of 
oheiri s or thiel type for 1 .. yd!'ocaxbo:cu; m:.1 be d.iscussed in i;hesa notes., Plot 
5 io b.o.-m. t\1S tb.e 11 El'!.anwood.11 t~'Pa o:t' 1JoU.:i.a1 c1.iai;reun~ Its ut:ility in r. ·,~eom 
d,.>ru,g_;-1 :I . ap1:>ruent bec1n_.,;~ ch,1!1{;1)1, in ,,o:•.u.ma anc. oathalpy arti :!,sq1.ire6.., 

The ;~oJ.1:lar d :h:.;ra·;:1 1~f,:'1:i; , ... ~. lpy o :- ht n.t oo::1tent vs,, antro Jy} !'01· st.er,'l 
1H.s Jong hem; ti Yer y US(-1f\tl t ooJ. o.t' the tT..1.t;h·1:)e;:-. From i ·b ch.a.n6~H in ort',.'18 J.1 y 
f' :,r i sot"::errn.1.J I iscbari .. } i1:Jentropi~ ( oonr. tan1. er.t::opy) or rEvo:rsi:,le adi!.be.t~ c 
caruJ,teu 1n wtato i)s.n be :-'ound. I 't is e.:ts 1) p<•ssiblo to dett.1rm1ne change.;- ir: in•• 
trop~ for· ·u1othe:rma.l 1 i.,obt1rl.)1 o:~ oonfr';ant n1i:.halpy (throttling) chanc;t:·u in 
atr::.tt: <· By :uva.tta ?f lt ,.' :.ns.1 ·-;ur.1pe~aturoe anc. pre HmnH1 may also ha ost:J1:ltec , 
In .s,.c1d i t ion t h e cl11rn€:0 :m th:t f;of~a tina:q_;y ,:,f !.'cnn t;.011 with pressur, w.ay be 
(J.)1:Jpt. tud < 

J\.;icnc; t.hei m.EL'Y.:' ',4f!e, •) f t1a lioll.i.e::- d:\.c..grr.iln for steam ar(1 ~ (1) ".;..1e· 

ca.lct,1.a.Uor.. of the :..'low ,,aJo,: :1. t ;r from f:.i. nozz:o : j~t., or orif'ioe, (2} tJ.u, c&l• 
oule.i,im:. <Ji' t.bo w.n·k ab!) :Jr'bed by a t..-ur.bi n1:1 wl.oel .. ?Uld (3) the oe.loula tion c·f 
thi,, : oss hy throttl :Lng ()r· wieo-c,rawlng ,, Por t .. he :ldoa.1 frioti onlarrn ce.s.-.1 the 
flow thr:t1£)l e. nc u. le, J,it~ 1) ':' C':rif'ioe i s Ei.d:r,be;t;io end revet"Gible at Jc,nstai t 
entrcp;,r (ef: pc.in'ttH out '. n pil.£;:: 7) .. Actul:,·,:, ho·.r,~,~·er., thero e.re f'n t~Pl 

l'Jsst' s: •1,h:\ ~r1 c-a.un! an .. ,111 em ~':J i.n .:.:,nt 1}p:f rn d de'} ,-oo. -;,;i the flow irelo1,;1. · -.~, a~ 

,. HJ 0..1 the .vork Ab 1crbo.-. 1.,y 'iH ~,.1rb l!.lJ .·1°.t .i. i. 1;he Jot is djrec~tHi:: t 



turbi:1e who:>lo Those friction lesson ai-t'I kno~'rn as 11·,r;ire-ctraw:lng 1' or throttling 
and o,:cur at ooncts.n'I; enthalpy ... 

JL comnrehens:l.ve se\i of 1.:ollhr tliaGr.e.n1s fo1· hydroca.:~bono and thoir 
mixtu:·Els ro!lld bo equally vo.J.uu.olo to tho eng:lnc·er e1101g;ed in pe trolcum re ... 
f'ini?'J.i; p.roc,:,ss detdr;n were they avc,ilu.b ~.r! " T}to p·repr;.rn ti.on o!~ Stlch a r;e·b of 
oharti3 is ini ini wly mo1·e wo:rk tho.n for f: '.;earn, l'.o"Vever I bcco.ur,a there c.re an 
in!'ini te nu:noer or hydrocarbon (ein6lo e-,nd mul t:.-cc,q:v1:;ant) syotena po1Ssibleo 
In adrii tion to the oomplici ty of tho problemt. tl.e.re 1:;..re insui'i'ic:l.ent basic 
data u.vailaole to Iri!'.ke poasibltt thEJ pr·aparotion o:t' o. act of hydrocarbon oh.arts 
oonpa::-able in. soope and aoouraoy l'li th tho t:olliElr die.g~ e.m for etaamo However r, 
chart1J of t;.'l.is type haw, beon prepared M.1 aocure.t~ly ns possfola Vli. th the avail
able <la.tac. These cha.rte are praeented :tn theBe n•Jtt1~ vith a discuasion of their 
p1·epa.;•a tiO?l.o 

lo Molli!! Diagram ~,!__PE>r£~ot Ga.a~ If s. perfec.'c ga.Ei is dai'lned by t.'le 
relat:.ons 

PV = 1.T, 
c'l? = 6/2 R, and C.v = 3/'2 R:i 

tho preparation of o. Mollie1· Dj .. 1gre.m for i-t is o. 11i.r:1ple p:roblom~ Such o. plot 
would have no bordor CUI'vea (saturated liquid ar..d satu1·at::d vnpor) bt..t would 
'be en1;irely for tho vapor pho.~6 ~ By equation 9f :pago llf) it wns shov.n that 
the enthalpy of a perfect gnl; il o. func·Gion of ternpei.·e.tur<3 on:.ys ao 

li ;: 5/2 R. ( T - T") = 6 ( T - T•) (147) 

where T., is t .. La r~forenoa tcn-rlerature, .l!.gur, io,, ( 1~;7) holds for nll 
?ressuras and H is in Btu/lbc mol when T uro in °R., 'nn ,ntropy relationship 
for a perfect gas is not ,u.1 oimple, hov:evor ,, beca~1se p1 13~uro has an effooto 
The follo"rlng equaJci< n i:,:tves th,.1 iEobario effaci. of · 01· eratu.ro: 

6Sr, = rc12. r11· = s/2 R 1n L = s 1n !_ (148) 
· )-T T0 T0 

'Ihe irntherm.<>.l efi'eot of prossm•a is givon by the fo~_lo d.11.g oqun tion: 

6.ST = - (I!, dP ~ =R L"l _L ::: =2 ln !_ ) p po po (149) 

Combirint; equ1tions 148 1wd 119 g:ivoa tho i'ollo·Ning f)qu,1.tions for a perfect ge.e 

6S = r'P 1n ~c - R 1n P 

.l1S :::: 6 L'l T r ... 2 1n .P 

(150) 

( 150a) 

Solving equations 148 and 149 together givos the entropy i''lr a perfect ,;as :13 e. 
£'unction of pressure and temperett1roo The uni ts of $ w:~11 be Btu./lb 0 .:nol 0 R 
whe11 T is in °R and P io in lbr. c/Jq., illo s.ba., 

Plotting equations 147., 1•!8, and 149 wHh 32°r e.nd 14., 7 lbs ~/'>q 0 in 0 

E1bs o as the rof'ere11ce st.~te r1Jsul·:;s in th~ folloN:i.ng Mo· .. liJr die.grams i :liguroa 
42 rmd 43 for a perfect ga.s o 
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Fl·ot Ficure 42 it C6.J1 b~ seen that the i&entropic expansion of a 
pori'eot ;e.o l'r-om a i::;ivon temporature and pre<iSUre t.o a lm~ar pressure gives ,3. 

hii[her dU'i'urenc~ in enthalpy and a hi~her f' '. .:181 tGmpax·atuI'e, thart the .:orro\3. 
pond:in{; operi.~·ion for ar, aotua:::. g&.s,, An e:irn.ninatic.n or Figure 43 shows -t.tiat 
a peri'ec-t [;,"'AB woulc.l me.ke i, ve:r·:1 poor refrige •"li.nt,. 

;;;"" as.sis Hydrocarbon Ccrre .tationso Thdrroodyn&..mio relations alree.dy pre· 
senteirls6%'V6 aa fhe 'Sasis l'or deve!opiiig 00:':•e}atiOUS \~Bed in 08.lCUlatir,._; en • 
trop:ies arid enthalpies for a sorie.s of' t:.ollh,r dillt,:r9.lns for hydrooe.rboaE and 
their niixtures e 

The lifferen tinl equa::ion l'c,r tho •,rltropy (page lll) 

dS ~ 1 dt ... / Q V) dP 
l' \ :)T,p 

becoriee,; en "t,h,-, ir,troduC't i c:".'.. of ~ t and red,.wad units 9 

{7d) 

iS :;: 1~ dl' ~ !!. a1, + PoclQ /.~;f?:J dP {151) 
? ·re , ;· 'I'i- , 

p l' 

lntdcrat .. n 1;~ cne.n.., 111.~ tne s1 ,,n r.d' the third •err.:, a.nd repl~cing P~c/Te wi-t!.1 
}:~ ,ives the f.)11,:;wini; equebor • .for the ontrcpy ~ 

- R ln P - r.-' j · (152 . 

l':',e f 1r ~, em,: i3 e, .:;,.;. n;i tarmi; <~a.rt tHJsi.ly 1Je evo: uated fo ,· any sp13oit'ic problem., In 
''ucc r.h i.i part <f (loq_•.lll.'don 152 l~ i don": tca1 ·c equati ,m 150,. 'Ihe third ter1a 
t,u k •H i.n \,( a.,:.,';ount :!$V- l. i.t:Jon .f're;r;i thts idea.I p ... i, l aw., :..t 5.s rlaeir.·a.blc- to in'tui;rate 
",co h i f·•'. t,e)"'t'. in r -i''.it...:_-"d ur. ... ts , If 6'lUBt1'll H,2 .u, :~wr i twn. 
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3~ Single Component Hydrocarbon Systems 

Mollier dis.grams '!I'IJ.Y be prepared £or sine;le component hydrocarbon 
systems by the application of tho followin.s equations and oharta1 

~-I_te~m~~-~;e ~~~~-~~s_o_r-1p_. t_·l_o_n~~~- Application 

Bquation 120 133 SpoHto of Vapor at one Atm.o 

Figure 36 

Eq_ua. tion 153 
FiGure 44 
Equation 165 
Fii;ure 46 

135 Molal Entropy of Vaporize.~,, 
:tion. 

li7 Entropy Equation 
147 Entropy Funotion 
148 Enthalpy Equation 
118 J:;ritha lpy 1''unotion 

.Effect oi' Tempo on Entropy and 
Bnthalpyo 
Ent·ropy and h'nthalpy of 
Va.p ,ri:rn:cione 
Cafoulat,, Entropy. 
Ef:f'eot o!' pressure on en·bropyo 
Ca.J oula.t:3 Enthalpy. 
::ft'eot of Prossure on Enthalpyo 

The procedure will be illustrated by the .f'ollowing sample caloula.tion £0:~ propar..oo 

~ample Calculation for Propane 

Find the entropy and enthal,y. above saturatad liquid at its a'b:nos
pherio boiling point (-44°F),.. for propane vapor et 300°F., t1nd 200 lbso/sqo1.no 
abso 'lhe entropy and enthalpy at desired point is found in oaloulations reach= 
ing tho final point in thr~e steps as indioat0d by Figure 46Q 

Step 1 

Tr= 
460 •·44 416 
460 + 206 = mf5 = 0.625 

1.:6.Hv From Figure 36, = 19025 
T 

Stetl ... Saturated liquid at 14,,7 
- lbso and -44°Fo 'b:> saturati:,d 

vapor at s~ oonditions o 

Sto.E_! - Sa.tura.ted vo.por a.t 14" 7 lb :10 
and -44°F. tx, superheated. 
vapor at 14o7 lbso end 300°~" 

Step 3 - Ye.por at 14 o 7 lbs" end 300°F ~ 
to vapor at 200 lbs., and 
S00°Fo 

6..Sv :: 19025 = 00437 Dtu .,/lb.,=°F ., 
44,>06 



Step 2 

9.00 
C =·-·- + P 44,06 

-~.50 

o.o~o 1 T( 0 F) = 
t;,4"06 lc]" 

j-760 ( ... 160 760 
6S = 1 dT =.: l·~4~ -f-0.,000378JdT=(0.,204)(2~3)loglO 416 +o.,000378(7E:O=.o416) 

416 -1416 

/~S ::: Ool23 + 0 "130 = 0 ., 253 Bu .. .,/lb~ °F., 

J..rrso J 1so 
~H=- CpdT= 

1 
( 0 :, 20'.J:+Oo000378T)dT=Oo 204( 760--.416)-+ O':..~o37s ( 7602..,,11132) 0 

·'416 ",41.6 

1 1 IJ.H = ( 760...~,16) ~ .. 204+0n000189( 760+116) j 

~H = 14'7 Dtu ,/L~o 

S at 300° and l4o7 lbs ., = 0,.",37 +-00253 = 0068 Btuo/lbo=°F., 
Hat 300° e.nd 14,, 7 lbs o ·· 182 -t· 147:: 329 Btu. ./lbo 

760 14.7 200 
Tr := 665 = Ll43 ; Pq :: 6i7 = 0.0238; Pr 2 :;: 6i'l = 00324 

~~J. = 0,.0165 and 6. 24. 
Kz 

= 0~029 and 0.,41 

6H = =21 ~97 ( 0 .. 41=0"029) :-.::· .,,.,8,.4 Btu.,/lb., 

S at 300° and 200 l b c ,:;: 0., 68:.r-001252 = 0 05548 Btui/.1.be "Fo 
H at 300° and 200 '.i.bl, :::: 329-8~4 = 32006 Btu,../lbo 
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Caloulations of this kind were made in a systematic fashion at 
b.mdrede of points for eaoh of several ( f'i fteen) hydrocarbons from m thane 
to octan, ,, the results of these oompu t,e.tiona were plotted for ee.oh hydrO'" 
cnrbon .. ;ivint; the temperature-enthalpy plots i;;iven as Figures 47 and 48 
llrtd teroperature••entropy plots (not shown but of similar sh.a.po) as well o ln 
ce,n:s true tint; all these die.grams 0-'ibures 4'7 e.nd 48 and others) liquid at the 
e.tmosphe ri<.: boiling point was used ae the reference point for the original 
p•elin,inary larc;e scale plots~ The 11 zero'' enthalpy and entropy point for 
tne;,;e pr13limina.ry charts oocurred at different temperatures for each hydro
carbon. which was considered undesirable o The enthalpy charts for eaoh. 
hyd!"ooaroon were corrected to make saturated li.quid at 32°F., · -the rofer
ence state ,, This ws.a straightforward .for all hydrooarbont1 except methane~ 
whose critical .is belo,, 32°Fo For methane 32°F at the extrapolatcid vapor 
preE,sure line we.s ohoeeu aa a hypothetioe.l liquid for the reference ete.teo 

The hypothetical liquid lines or the "extrapolated" vapor pr·essur&
temperature r.ell\tions a.re determined by extrapolating ·, '-,::> s traight vapor 
pressure CtU"Vee on the Cox type chaz·t~ Figure 26., pas"t :.:1a eritioa.l po·lntc, 
Tha pres.ilure-tempe1·ature relations thu$ established are plotted on the oharts 
of l•'ir;u:r·es 47 and ~80 Theoe charts all ha-1e a.s their reference, state saturated 
liquid at :S2°F. The use o.f this extra.pc.le.tad vapor pressure line e.s a hyp0= 
thotioe.1 liquid line in mixture calculations will be disousssd le.teX",, 

When tenpera.ture-entropy and temperature-enthalpy plots for· e. 
given hyd.c·oca.rbon era combined$ the result h the Mollier, diagram(\ Such dia .. 
grams hnve been prepared for methane t- propa.no » propylene, and butane ti and ar·e 
hara pres:ien·ted as I'igures 49 9 50!, 5), and 52.., '.Iha reference eta.te usad for th~ 
methane char·to which wiu prepared i:i,_ 1936 and published in the November 6 11 1936 
iasua of The Oil and Gas Journe.1 8 was the critical state ( ... 116•F0 and 6'73 lbso/ 
sqcinoabs,)» chosen ao there would be no negative entropies or enthalpiee 0 

The refe.rimce sta fa, used for the propa.ne 9 propylene 8 and butane oharts.o which 
wero pre:,ared in the sprillf, of 1940 for use in the defense of' e. patent infdr1ge.-. 
ment suit (Trojan vse Standard Oil Company of lndiana) 8 chosen so there would 
be no nei_;ative entropies or entha lpies.., was saturated liquid at - 200°F. The 
conrlition usad as the reference state is not of paramount importance but it is 
des::..re.ble to be cor1sistent ., 

The methane chart is of particular interest beoause of the current 
attention being gi\en to the liquefaction nnd storage of natural gas 0 Tho 
follovlinf; i.sea for the methane oharts Figure 49 (' wi 11 be discussed a.nd 
i1 lustre. te c., 

a) I sobaric (constant pressure ) ohangee 
b) Isothermal ( constant temperature) ohan{;e o 
o) Loss by throttling" 
d) Flow velocity from nozzles j et.I! or ori.ficoo 
o) \'lurk A.bao-:-bed 'by turbine wheel" 
f) Change of free ener·g;y 
g} Work required in compression 
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rd _IsolJaric Change 

The chru1t;es in enthalpy and entropy for a oonstant pressure process 
can be found £rom Fibure 49 by followin.::; a line of constant prassureo 

E:tamplea Cool CH 4 f:-:"om 200°F . nnd 200 poundv per square in~h absolute to 
0°F. s.nir200 pou~ds per sqU£1ro inch absolu't;1) and find ':he changes in enthalpy 
and ent:opyo 

= 255.5 - 141., 5 = 114 D.t.u .. /lbo 
= Oo704 "" 0 ,.498 = 0"'206 B .. t .. u.,/~b •. oF . 

b) ~hermal Cho.n1~ 

'.lhe ohangos i :1 an'l::ha.lpy and entropy fer a constant "b3mpera.ture prooess 
oan be .. ound directly fr,,m Figure 49 by follov.ring e. line of constant 't;ompara tureo 

E:x:~lei Compress CH 4 iGot.hermally from O"Ii'o and 200 pounds per eqU:1.re 
inoh a'Ssorut"a-to 1$000 pounds per square inch a'-)so l ute and find fae oblnges in 
enthalpy a.nd entropy,) 

61I = 141.:,5 ... 10'7,.5 = 34 D.t .. u./J.b~ 
D,.S = Oo4:98 .., Oo248 :;: 00250 Bo ·l:;.,u.,/lb c °Fo 

c) 1!1r.?ttling Loss 

'!he loss in. ·bhrottli ng or wire-dra-r ing occurs ae an increase in en
tropy e.-t; constant enthe.l·~y end can be found from Figure 49 as illuatre.ted in the 
fol lowi;1g example: 

Example: An enbin, s a turbine or a nozzle is supplied with me-thane at 300< F 
and 1,.000 pounds par uqmre ino:1 absolute and tha discha.rge or exhaust pressure 
is 100 pounda per square inoh~ Find the loss if the Cli 4 is throttled to 600 lbs o/ 
sqoinch before expansion. 

No throttlinG (s = 0,578 ) 

6H :: 30606 - 140 :: 166.5 Rtu./lb. 
Final temporatur~ ~ -11,F. 

'.l.hrottl ing ( Final S ·- O. 6~14) 

~H = 306.5 •• 171...,5 :::: 135.0 B .. t.u./lbo 
Final tempera.tur,3 :: 50°F. 

Throttling loss= 166.5 - 13500 = 3lo5 B.touo/lb., 
Entropy increase= 0.644 - o.578 = o.066 Btua/lb ~°F .. 

The loss oaua'3d by throttling in the e.bove e;cample 1s 3106 B.tcu.c/lb 0 

and tbs entropy increase is Oo066 B,,t.,u./lbo 0 1•' ., The final temperature is 50°F" 
instead of =11°Fo for no throttlingo 
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d) Flow of Fluids 

The followi:at; formula. for flow through adiabatic orifices, je"ir .• and 
noa:das has been derived from Bernoulli's theorem (oquation e on page 7) 

U:a ::: :]23,, 7 f.(1-y)(Hi-H:c.) 

y:; friction loss and me.y bo approx:bne.tely o.10 to 0.,20., 

Example: Find the final velocity for :l.deal .friotionle•ss adiabatic flow 
or Cl:1 4 from 1,000 po1.1nds per square inch absolute and 300°F~ to 100 pound13 por 
sqUL\r<:t inch absolute o 1''i11d final temperature o 

U.,. == 223. 7 \1306.5 - 140 = 288 foe·l/socond 
"t~ = -11°F. 

Example: Fir.d the final velocity for the pr·oblem in example 4&- assuming 
y = o .. rr:netormiro .f'int.1 temperature and ti1e lo•·s by throttlinge 

U:.: = 223.,7 ~(lu•o15){3c6.5:i·4-~ = 265.,5 fae·t;/seoondo 

t'lH == 0.,85(306.5-140) = 14105 B .. t.,u . /lbo 
H2 ~ 30So5••l41o5 = 160 B .. t.uo/lbo 

Fl'om Fi6ure 49 at 1,000 pounds per sqlll.'!.re inoh a.n.d H = 160 B .. t.uo/lb,, 

t2 = 2H 0 li'o 
Throi::tl ing loss= 160-140 = 20 Bot~u. /lbo 
En.tropy in(lrea.ae ::.: Oa€22-0o578 :: 0 .. 044 B .. t..,u./lbo °F. 

e>) !!2.::!::..~E~~b_~2._ ·!?Jr Tu.rbine V~!!!, 

'.Ihe work oquiVFJ.len·t of the hee.t absorbed by a turbine ~,hee l car.. be 
found by the following cvaversion factors: 

l Bctcu() ~ 777.64 foot-lbso 
1 HoP¢ = S3,000 foot-lbs./minute ~ 
1 H.Pr1 r1our = 2r546 B.,·t;.,u ., 
l 1.w. hour::.: 3b416 n.t~ua 

An exemple d. ll illuzstre.tez 

Exrunp l cJ; Find the work absorbed by turbine ·.:heel in. example 4o Find amount 
of' CII 4 requir7ed to gonorate l H~Po hour. 

£1H = 306.5 - 140 .. 0 ~ 16606 B.t.u./lb~ 
W = 777 .. 64 x 166.5 = 129,600 ft.-lbse/lbo CH4 

2, 546 
-~- = 15,,3 lbe CH4/E.Po hl"o 
166.,5 
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!') Chang~ Free Enorgz. 

The change of f ree energy with pressure o.t constant temperature nl.l).y 
be oonrput,Jd by mew1s of the £ol1owi.ng equation (eqi..ation 78 page 112) &.nd 1''i.g,. 
49 . 

AF = .LlH .. T.6S 

The free _enorgy of £ormatio11 is usually known a.t atmospheric pressure., V'Jith 
tM s eqtie.tion and the free energy at atmospheric pressure,. the free enargy at. 
et¥ other pressure may be oomputod. 

Ev.l.riJ!l~s Caloula·te ohr.u.1ge in free energy from one atmosphere and 300°1'' .. 
t,0 1 J800 pounds per squB.r,, inoh a.bso lute and 300°F 

/JH = ~21..,0 - 295,;,5 ~ 25o5 Bot,u./lb n 
T_6S ~· (460 + 300)(L.,ll8-0o494) = 474 B~t .. u./lbo 

i)F = .6H .. T6S :::.: 26o5 - 474 = •448 (1 5 P.otouo/lb-,. 

Thu rr~e energy at 1~800 pounds per eqtare inch absolute and 300°Fo ia 
44805 B.t~u./lbfl i:;roater than the free enerty at 14.7 pounds per square inoh ab
so:.ute nnd 300°Fo In othar words 11 it would require 44805 Bot .. uo of work to •~o'h'term.n, 
rever sibly compreisu 1 pound of CH 4 i'ron1 14., 7 pounds por sqt:.e.re inoh to 1, 800 · 
poundl!l per square inch at 300°I<' ,. 

'!he free energi.es of f'orma tion of hydrocarbon£ from. carbon and hydrogen 
a.ro usually presented in calories per carbon atoino This makes a oha.nge of units 
11eoessary" when Figure 49 is used t'or calculating freo energies, but this is very 

iul)leo Since most uses for tho Enthalpy-Entropy ohs.rt will be in engineorirsg 
un:l ts the cha.rt is therefore presented in those uni ts .. 

g) ~k of Compression 

'l'he wo:t'"k reqm.r~d in isentropic eompressfo,1 fl equal to the increase 
in enthalpy~ while the work required in reversible iso., . ..ennal oompression is 
equal to the increase in free energyo For the ideal frictionless case whero no 
je.oket water oooling is used the compression is an isontropic process, but for 
tho actual o&.ae with no jacket water cooling there 1s an increase in entropy and 
in the work of oornpressiono Vfi th 0001:ing during compresoion a lower fine. 
tenperature results:, the entropy deoreaeea, ,ind lass work b requiredo For 
reversible compreesion the isothermal case requires the minimum amount of work 
while the adiabatic case requires the maximum e.mounto When enough jaoket wate r 
oooling is sq:,plied to cause a decrease in entropy during compression but not 
enough to result in isothermal comprossion, the reversible work requires i s 
dependent on the path followed . An example 'Wl.ll illustrate . 

E~~le a Find the reversible work required to compress 1 pound 0£ CH 4 
from 14o~ounds per square inch absolute and 0°F . to 300 pounds ~er square 
inch absolute by 6ach of the four following paths: 

lsentropio to f'inal pressure. 
Isothermal to final preasureo 
Isoentropic to an intermediate ten1perature of 200°Fe 
and isotnermal to final pressuroo 
Il!lothermal to f'innl entropy of Case 3 and isantropio 
~o ~i~al ~rctstrr8$ 



to~·. ,;· ;:1 J • • Fr,n \ F: gur.o 4.: th•, catn 116<:' >snu::y f,.,:,:• th·~ s ::d .ut:1.on o.f tL/js~ 
pr ol:> .1.1 ,n:.;;0 ':~,i :O fmu:.c. ·rnd F..:o ta~. ule.ted in -1::he .followin1; te.1·1.o togcithe:. .. with the 
th9 011J.•1t.i.m:,s fht: ·k<:fd1a cf thf. solt,t::..ons ::>.x·e siniln.r. to pra1r:.oua ex.ampla:i: ~ 

Gonditi.?m i 

Im .. ti i~ :i 
F; na :l 
F:.nal 

Pf .. : 1:i11 1 
Pa; ch 2 

lnJoor . Ps..th 3 
Fine. l Pa ":;h ;; 
ln·~er :- Pl:l th 4 
Fiuai , Pe.th 1: 

F 

] " ., 
... C ' 

30 '~ 
300 

'i'G 
300 

6~ 
5(tJ 

T" f,. 

C 
' :m 

0 
i:O, 
roo 

0 
;100 

0 -, l:3~ 
O,L32 
0 .,,142 
O,.B;-52 
o .. un 
Oo E5J 
O"G51 

H 

14~ 
38:3 
13 '1 
258 
253 
14 "f 

25J 

~. ) () ) -~ 

,•24 1J 
·f-11 ··l'h . ·' 

T>)lO )•)0~ '> 

+5 ~ l.~9 ... G 
+l 

~·lOd O ,') e: i ll 0 

t t• 0..;, 

-·-· Z2£. cf 

Pa-ch ·, 240 :x ?77 , 6t . -· .u:s ~ecc "·.- .,,.j O iJ b ·~ .. ., . ,.,~.,, J ,, '..)l . ' .,,,l' ... .t\ 

ft c ... 11m, / ;.b. P'E'.·~ 2o let1o5 .. 7t. 7,iS4t ::: 1.31 A,000 (l:: ~, . ,. 
l •<t th ~~ C 21~S o5 :x 7'1'7 "b4 17d .,400 f. 11 . Ip. en ,... - ~,- .... ) 1 o/ .. . ;:J :, 

l a·';;h .f~ C, 188.2 :;c 7~·7., 34 -~ ~.1 '5 . 500 f'·I · 1"·,r, / lb CH-:. .,. ,- #. ~. J (l •• •. ., 

'Ith, work r'3qt·lr'3d in Path 1 is tho cr .)at;est. ;vhile P:1.th 2 is i::'r.~c., 
lee.st,. The i':' ns.l con<ll":ions in .Paths~~ a.ad 4 Br'·t -chE1 ~.mma ,.. y.>t t.ha 9.mou:n1;1? 
of wo1 k roqui: od for conrp1·.ession nre difi\trrm:c. This t;ho~s t.l·a t th() pa th 
af'f'ec~,3 tbe W( rk a 'n1orbe1do 

Ex .mplos ~ 1 t.;h.e ura of tho :t.ollic :- ch-,r-ts :!'er fl'Of,nne _ propyl·ana., 
e.n<l bt.. tane wi · · be giver · · +.~r ... 

4o L.~lt - "Compommt it ~ tlroc.1rbon Syat0ms _, ·----· , .. ___ .__,. _______ ·--... ·-·--
A ·., ow.r:..o.n method of' r.:. '.l ti rra ting the on tJLS.1p le :, of J.ig ht hydroc a:-: h.m 

mi~turo:j 5 s ·ct:1 a.sau::na tb, rni:;dx:re to be an eqvivalc-·:1t ~i:ngle component of ·;l ta 
sa..i.e molecula,: weight a.r. .d i;-ravi. tyi- antJ. to uso the speclx.'ir: hoa t an.d J.a:i:i,:m1, 
heat c.e.tc. f.or the n~e.rod;; hydN•~a."·bon or to U.Je (Oll'b'l e:vora.gc !:pe<;':ific e..nd 
latent hea·cs c This nast1.npt:i.oil z~vi an.d of't,;>n doee le!id to ler{;e errors., 
paz,ti.cula r Jy r ear th3 bcrdar ct~r-.r..:r 0 b .: cat..Se :n:1..xtures ha.ving tho es.me grav i t y 
or molocult'. r vniigh i; do not necf·3s...1.r ily have t he S8l:!H en thttlp1.o ,, a:.1d verJ 
aeldo:ir !-1a1re -:;'t, Sdllla ·bonlo::' c,rr ·m ., The cho.1~tv gi.v~,::1 0;1 I'i gurou 47' and 413 ,iEU.l 
bs 1.we,d f or 111. ut b.:1.lo.·,me:ei :i nvcJ·i;·i DJ; ~ .. xnplax i.1 :,rdroct>. r'to:u mixtwes by applying 
-chEim in the 1n.n me'\" ou t·~:in.ed boJ o·,v t:o mo.ke comr- oncnt hec t 1)al'lncesk in wh"ld1 
the fm'.;;halpy r r tho l!lb~ture i u tu.k;,n nJ th0 f\LJI.•. of -the r:mth"iJ.piafJ of 'fu.e 
OO!!!p0~8!l.t '.l ., 

'.l!ht· ·!:;oill_'?e ra.-t:u :..·o i; pre .,HJU.l"J , u.:nd phci:ie condit .~ ono encoun'cereid 5.n mos -t 
heat b£..la!1oe calcul,:?.t i ons 5.nvol·..ring light hyiiroce.rlions are a-uc.h that eithe:c o .,lf• 

or bofa of the: follovd .ng phenomu::.f.i. 9::c:i.i::ts: ( l) a l:.\.qu::. d hrlrooarbon mix"7.a·6 
at a t.eiaporatt r \3 h:q;hor thnn uh<J or it:,cal t~rnpernt•.1;.•o of so::n:9 of. the lig;!ttel' 
componontc ·tb.•. rein 1 a:1d : 2 ) a ~,u:P.c, r:ydrocnr1 ·c,n r:i x. tl\rc. un1'3r n pressure higha :.: 
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than the vapor pressure ot.' som<> of ·the hea.vier hydroc9.rbono there:mo l'he 
condi tiono at which t he ,,::~thalp::_ea for th-:, cotr.ponenta < f h;/drooar,JOn mixtures 
should be read from tho pure hyclrocarbon charts are estahJ.i.Ghe:d b;r the !'ollov.,,_ 
ing assumptior.a which appear to l jut tifiad by e.ccura.to ht v.t balnnce:s on plan ·;; 
oquipI:1:mt , 

(2) Liquid Kixtureu (o.) En~halpies for comr,-:.,ri:\!. ·r ,; 11ose c:d tioal 
tem:?ere.ture3Sareiilove 1fte temperature of ·the nli.xture e,,.•o t.r.o sruno as the 
enthalpieo of bho satura.tod liquid of the pure hydroc;1:rbmu u.·c; tho -oompernture 
of cha mi .. cture; (b) components \\hose critical temperatures e.re below tr.a 
tempera.tura of the mixture are a ssumed to be at a hypothetical liquid sta.~ce 
e.nd their enth'.1.lpiea are assumed to be i:he same as 1:h•3 onfue.lpiee of the pure 
hyd:ro carbons at the extro.pola:tocl vapor preuuro and the ten;pera turo of tho 
mixture.., 

(2) V~p~: M~!!!. (a) Enthalpies for o?mpone:1ts whose vapor prosnuroa 
aro higher· wiiilJie preusure on t.he oyetem are ·cha sa1:i.e A.t> the enthalpies •'lf 
the pu:--o hydrooarbona at "Che teJLpera ture and ( tot.11 ., :1ot pc.rtial) pre~suro on 
the mix'l..1.1ro ~ (n) oomponen~~G whot.e vapor prossuroa e.ro lown than ·.:ho pressure 
on ·!;he Eys·tem ire assumed to be at a h;ypotiletioa.l vapor ntate e.nd ·their en"' 
the.lpio~ are t '1e sa.mo a.s the en"i;:he.lpieo of tho sa:bura·bed vepor 01' the pure 
hydrocnrbona a 1.i -the tempn1·a turo oi' the m.ixtureo 

( 3) Add~~ivi tyo The ontlmlpies of tho oompo11enta of a hydrocarbon m:ixture 
are additi.voo 

I n •ipplying "'ch.:1.A method to the computation of enthalpies for mixtures 
it :is moessar.1 to know ·J1'3 phaao oondition" vihioh 'J8.ll ,t, Htirna~,d by a mthod 
to be developed and deeoribed later., By means or tri.euo ,~othc,d$ of' eatiire.ting 
phe.:,e conditions o.nd ths ~ntha.lpies 0£ vapors o.nd liqu:i.ds., Mollier diagrams were 
conat:ruoted for the followil16 f'our hydrocarbon mbcturos: 

!_:i.gure llo o 

53 

55 

54 

56 

Hydrocar'6on 
Ethane 
Butana 

Methane 
Ethylene 
Ethe.ne 
Propyhne 
Proproie 
Butane 

Propylene 
Prope.n:J 

Propan.e 
Dutime 

Composition 
l.lolo~! Wt.% 

82ci3 7006 
17.7 29.{ 

100:C Ioo:ci' 
o.ao 
loll 
3 .. 20 

23042 
7lo41 

006 
100000 

79 
21 

'fco' 
20 
80 

Too 

O.,iiO 
Oo ~'3 
2. :m 

23004 
73 a,60 
o.oa 

ioo.tic5 
19.rr 
20.3 

lOOoO 
15.5 
84,.l 

lOOoO 
Figao 53 and 5.g, are for irbd;ures having the same c:tmosp 1Elri.J boilin.g point as pro= 
pane., Fig., 65 is for 9. "plant" p,:oopane 9 and Figo 56 is for 1 mixture of propane 
and butane ohosen at random~ 
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MIXTURE 
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/60 180 .w 22() 

2,1() 26() 260 
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.J()() .12G NP .J$P .Jill J'l() 

.,,,, 
3Q() 
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T;1e e.bo1·,1 d.i..a,~.1asiott d~Jr,.Js Wl.th one of t:10 ~;hroe: <1:,.f'f0r0nt r.ethode 
o; computing th::; c-1t:w.l;?les and ontropief.; r,,r uuJ:tl-oomponen,; nydr:,ca.rbon 
ays tame ., Them:\ th1'ee ·;n·;thods 1..trui (~) c;c,:rnpcmcnt >l.ddit:iv:i.ty (unod al':o ve:; 
(1, ) p::;eudo-orit:we.l meti:.,d; and (d tho:n:aodyna1,1i o ,~quation oi.' stato o Those 
last two :me thods will :no~ bti i lhwtr';l.tod, houmver o Ar.oth(;r uet;hpd .of co:n·· 
pt.ting the t;f'f'eot; oi' ~~he pr:~ssur ~ on the· latent he<1t of ve.poriza.ti rm for a 
hydrocarbon mix.t\1r0 .:;l".osrJn- at random is illuetra.ted ·by the f ollo~i:1g ex!lffiple , 

Comp1lto ·the fo. tent hee. t of ·n~pod.zr. t:1011 for tilo fo l lowin.~ hydrooo.r«• 
bc.n mixture a·c U9 'l1'"'; The dovr point ia f'ound by trial e the pr ocad 1rEJ belng to 
at1aume a tsrn.pe :re. tur.e o.nd oalcula. te tho mol fracMo,1s i the l iquid phase s,, At 
the dew point '~f.lmp0rrd,-uro the r.nun o.f th%e mol fractions equala un:i.. ~'o If the 
aum :i.a greater tho.n uni ·t;:r th~ furn tu.,:ed temperature .1.a too low and i.f' the .sum :1.,., 
le es than tmi ty the · armro.ad temperatu:ro h too highe TM.s operation will be 
taken up in more de te.il "i.n the ne:x:'t; ohapto::· ,. 

M.ol Fro.cUon __ 35"F., Mol Fra.otion 

E~2!1~ _ _yepor "Y" Jl. lb.s ') ~~qu~d_ te.x,n 14,, '7 -- ------· -
Methane O.,CZ'lt3 128 0.,0002 
Ethant1 0,.,1380 lB 0.,0076 
Propane OQ2S80 '~" '7 0 0 0Gl2 
lflobutano Oa l.185 :i<,8 000659 
Butan" 0..,2410 1,,2 0(1201 
Penta.:r;.o Ool869 (),) 28 0:,630 

1:"oooo T"ooT9 

Thel:"efore Dow Il r,:'lr.d; is upprozi:nw.tely 35°1",) 

The oritioa1 temperature and latent hae.1; at o.trno :3pherio dew po :rnt a re oalculstod 
as follcwu getti.n.g cr.i i:ical tempora:turea f'roro S·tanda:rd Data Book Chart A=l() 11 mid 
l Htent haata frr:!~. !'tr,ur·ti 36 9 page 135 of theae note.so 

_q,omponent 

Mothane 
Ethane 
Propane 
Is oB.u ta.ne 
Bu·l;ane 
Pentane 

Mol Wto Cri t.ical TemporR ture Le. t.ent Hea. t at 35°Fo 
Fraot1on Prac·~ion Co:m1:ionent;-' MiJ~ture Components -- ..... __ , -- -~ 

OQ 0276 o.~ooas =l: ? c., ).. cO 

Ool380 0.,080:.3 90 'lo2 
002880 OQ2~58 205 50 ... 6 
Ooll85 001333 21;) 36 .,4 
002410 0 02711 30'! 83o3 
Ool869 002609 387 :LOloO -- --
1~ 0000 1...,.0000 277o 5"F 

Cr i ti oa 1 tatlp19 r a ture- :;: 2 '!1 0 l, ~lt' o 

tat.ont Hee.t at 36°I•'o ~ 1..59~3 Btu .. /lbo 

35 + 460 

277 c,5 + 460 

14!:' + 4 60 

277 .:.,5 + 460 

0 
l""' .,.., 
162 
152 
166 
167 

-- Mixture ·-
0 

10.,7 
3908 
20o2 
45 c0 
•!3.,6 ·-»-• 

159.-,3 



Lfl ~i H) ,,2 e.nd (/' 2 ~' :·.21!12 

A 12<>2 (149 + 460) ]2 'Lb '.rh:3r.af'or".? a H1<1 :.-: is:'ir (T5+.4SO) 159,i3 :<.'.: • 5 Btu.,, " 

'l'ho l e. ta:'lt hee;t; of vapor:i.za:cion :)f t .. he above mix:ture 
a:b B9.F', is 125 Btl.lo per lbv 

5o Petroleum Fractions 

The abo-v-n method., which i s desor ibec. for light hydrocarbon mixturea 1nd 
ca lled t he nc omponon·t me·thod" t ie alao ,i ppl:i..ce.bh to 'P6trol1:rnm fract:i.ons., wh:l.ch 
are only mixtures of hen"'Tier hydroc&.rbonso Dua to 'the oomploxnees of' them} 
hi gher boiling mixt;u:ro is [l the "component n:.ethod" 113 not very pracd;ioal for ptrl::ro= 
leum fra ctions D howo·voro Conaequentlyii> e,nothe r me·bhod :i.a used for the heavier 
petrol eum. f'ra.otionoo In this o ·~her method '..h.e antha.lpiao are com.putc1d d1.roc;tly 
t o r the ITdx ·bure rath.oJr tha.11 ais the aum. of" the enthalpiec i'or t..he oomponent t.10 
This direct med;hod i B ,junt as npplioab lo to light hydrocarbon mi.1ttur<:H'1 as ·t;o 
petroleum. f'l'act iomJ lm ·l; no·t as necesss.r.ro 

The :i.sotherr.1a l af.feot of' pres:mre on t.h.o ontho.lpy oi' a mixture may b ? 
oomputed from F'ig;ure •15 ;:;f the pneudo=cri tica.l po:i.n'I:; io used as tho refercuc<;• 
state a nd i f :Ka ia de t e:rn.i.ned by the :t'ollowing r0lationah:lpg 

K~ :.:: 1o4fil Tpc ( 157) 

whereg Tpo :; , paeudo=oritical temper a t uro i n °Fo abs " 

Following u.re -tho eeeeuti al s ·beps in t,_'1.e propara"Cion of' an enthalpy= 
tempera ture diagram ;for E. petr o l eum i'raot .ion ,tr:bo :>o gravit-.v and A,)So T.,Mo dis= 
tilla tion a re known ( ·bhot:e explana tfona a re mo:re ea.s i .Ly i'ollowecl. by maki ng 
frequent r e f'e r enos to li'igure 0 51) a 

(1 ) Comstruct a pha.ee die,gre.m. for ~;he stock., ice ~ preasure YB tempe:ra.tu:re 
fo r var ious peroentagos ·rn.porized!.'I by moe.:.ns of ampirioe,l oorrelat:\.ona (basod on 
the gravi'l:;y and AoS¢T.,Mo) to bo described later; 

(2) ~s leet i ng "'- referenco poin·l:s auoh aa liq1.1id nt 32°F 3 compute and plot 
t..'le ent halpy of satura ted liquid up to within }.OO''Fo of ·the pseudo=orH:ica1 
poi nt by i n tegrating a spooific heat eqi1a:cion such a.r; equa.t;:1.ons 118 or J.19 (pa.f;e 
132) t o gi ve an enthalpy aguatfon suah €HJ eque.t1.on 122 (pago 134 ) '1 

( 5 ) e s timate ·!.;he i eothonru;i.l la.tent heiat of w .por :i.zation at the e:tm.oapheric 
pr e saut'e bo:Uing tempeiratiu·e f rom ~xperimental d€'; ta or gra.phioal or analytioeil 

co:rrela tiona ,11 euoh a1:1 oquation 126 (page 136} 9 ·thus lc,oa.ting a poin:c on ·!;he 
aa ·turs.ted vapor curve·j 

(4 ) atal"ting with t h~ hea:b of' v e.por:1.zation. e.t the e.i:;;11ospharic pressur<a1 
boi ling point t13mpera tur a., eati:mate the h~at of v·a.porization at higher tamperr..v 
turee by means of equation 125 and Figure 38 (page 135) 9 thui, de termining the 
atm.oephsI'i c preasur.0 dew point en t halpy, , .. ~o .. tha a n.thalpy of isa turatecl. vapor e: i; 

a'tan.oopheri o preBaur ei 



(5) rst!lr'Ging e.t thio poi n·/'; (ea-tur .~tod Vi11.por e.t; atm.oepher-3.c pres;:,ure ) , ccm,-~ 
pute and plot -the ~nthalpy i'or vapor .,.t c\tmospherhi preea'l,;.ro ·by j_u·tagratiug vapo1· 
speoifio heo.t equa:btons such fU:1 equa.t:i.om1 120 ,;,r 121 to giYe em en-r;halpy equa.t:ton 
similar to 0qu.atfon .L23 ; 

(6) compute the isothermal effect of pressu~e on the enthalpy from Fi gure 
45 ~ using the paeu.do-ori ti.cal s1;a te i and d:ran isobar·f.1 for ot}i.er pro sou re a ;: a:nd 

(7) by mea.:ns of the phaaa diagrl\!il l'rom otep 1 ., the heats of' vnporization 
from a-top 4e and the isobars of step €, conetruc-t the border c\,rve on the H v~ '.!:' 
seal.em with lines of conata.n:\; preaaure a.nd pe:r con.J.; vapori:i:ed both shown i n me 
two phase f'ieldo 

/?e,JJ, 
/J· s. l. 

!ji~<eudo c,.-fi~} 
I 

S,f L,~ 
- s~i 

Tert1/J ()p 
/ Fig,i 57 

Construction of Enthalpy Plot fo r Pe troleum Fra.o t:i.o:a 

Stepe 6 e.nd "1' overlap wi·th step 4 below· t he pseudJ~·~ri"t;ical pointo In the event 
the border curves by bot..'1 methods do not cheok i.> 1 t in neoeasa.ry to ,:,om.promi s e 
graphically to obtai n a BlllC>Oth plot;., 

Figura 68 h an example of au.oh an enthalpy plot for a typ:.i.cal heavy 
oraoked gaso l inoo 



Step 4 in the above prooadtlre is i llustrated by the following o:x:amph,

Caloulate the isothorn.al la.tent heatd' vaporization at 450')1"0 i'or a 
57ol 0 API olea.ners naphtha he..ving the f'o'.i.lovr.lng A., S .. T .. Mo distillation: 

% orr Int~ 
Temp.. 211 

10 
230 

20 30 40 
238 245 252 

50 60 
258 .-::64 

'70 
272 

80 
262 

90 Maxo 
295 326 

The e.tu1osphoric pressure C!lquil.ibrium flash vaporization oune was con
structed and the 100% point or dew point nas found to be approximately 296°Fa 
Latent heat at this ~tmospheric dew point was estiillll.ted (equation 126 or its 
equivalent) to be JH.1 = 127 lltu,,/lb., 

The critical temperature from Chart Noo A- 4 ~21 ia 594~Fo 

T1 286 + 460 T2 450 + 460 
1; :::: 1)94 + 460 =: O., 70'7 ) ~ •. !94 + 460 = Oo863 

From Figure 36., readi~ from the hexane lin~ 

~ (!50 "!:._. 4~) / 127 = 93 Btuo Lbo 
18.:,4 (286 + 460) 

The latent heat of vaporization of the above cleaners naphtha at 
450~Fo is 93 B'tuo/Lbc 

A comparison of latent },eats oaloulated by method outlined above and 
valuaa calculated from o:>rpa:rimental data is given belol'J't 

286 
300 
400 
500 
670 
686 
693 

325 
400 
500 
580 
603 
609 

H (caloo as deooribed) __ljH( oaloo from experi..mental data) 

Red 

12'1 
126 
106 

75 c, 5 
S9ri0 

0 

.., 

C ro'W?l Gasoline 

l.26 
111 
85r6 
49 
~ 

0 

(57o3°API) 

~!1-"LLb '!. 

127 
124 
105.,5 

7906 
46 
27 

0 

128,,6 
11406 

88 
45 

0 
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6. Throttling Liquid Hldrooarbon Mixtures 

When liquid hydrooarbon mixtures are throttled with no addition of heat 
or work, partial vaporization with self cooling takes place. 1'l.e amount of vapor
ization and the final temperature tor such en operation may be estimated by the 
proper application of thermodynamics. Because of the partial vaporization, a 
pound of the mixture will oooupy more voluxoo after expansion than before. Unless 
the line on the downstream side of the throttle valve is appreciably larger, there 
will be an increase 1n kinetic energy and a corresponding decrease in the enthalpyo 
If there is no change in the kinetic, the enthalpy will remain substantially con
stant. It will be constant for the ideal frictionless case. The other extreme is 
the reversible adiabatic case where the expansion takes place at oonstant entropy 
and the changes in kinetic energy e.nd enthalpy are a me.ximwn. 

The enthalpy after expansion from one lol.own line size to another may be 
found by the following expression. which is derived from Bernoull1 1 s equation 
(p&ges 6 and 1) 

where 
H • enthalpy in Btuo/lbo 
U = velocity in feet/seo. 

50, ,')00 = conve:rlion constant = (718)(2g) 
subscripts land 2 refer to the initial 
and final condi1:ions, respeotively. 

(167a) 

The following procedure should be ueed in estim11ting the final temperature after 
throttling a liquid hydrocarbon mixture and vaporizing a portion of it. 

Stee 1 •. Construct a P.T-H•X plot similar to Figure 57 for the ndxture. 

Step 2. Aesume a final temperature and find the por cent vaporized that corres
ponds to this temperature and the given final pressure. Read final enthalpy from 
plot prttpared in etep 1. 

Step s. Estimat.e initial and .final volumes and compute the nloc1t1e• 'before and 
alter expana.iono 

Stoi '• Compute the final enthalpy, Ha, by •ans ot equation 161a. lf thie en• 
tha PY ohecke t.he enthalpy found in Step 2 by assuming the final tempera-tur.; • 
the solution 1a complete, 11' not, repeat Steps 2, 3 and 4. 



Er, Pha.ae Eq•dl:l.bric~ I'._....... ___ ____.,._, . .-~ 

The oquiJ.ibrim1 rela-.;ionship between v.;1.i?or ,md Li.quid h;rdrocarbons iu 
of major importanc~ i11 praoticRlly all pe tr.o leu:m ref:Lling operations c At 1011· 
preosuraa nlro.ple rules for appro:dma tinJ5 oquilibdtun relo. tionahipB :"M.y be uae;·d 
in prooess design oal/Ju:tntions without h~troduoin~ 1:1e.:-iotrn errors., At hibh 
pr·essures errors of largo magIJj_ tudei 1.10.y l e introiuced by neing theae simp:te 

relationshipsj howevero 

lo Lawo of Equilibr:.a. ---~·..-..,.-------
The study of phase equilibrj . .!11. ia conc1Hned ·•ri-th the importe..nt; physioe.l 

1e.wa of Avoe;adro., llenry., Dal ton/) and Raot 1 tc, 

A ·oge .. dro ' s hypotheaiu states ti:.at ecp.1al vol.uneo of ge.aee at the srune 
tempera"b-..ire andpresaure COnte,in ·t;he 8£\JW:) W,'Ullber Of m,)l.601.llet.r a.nd '.:Inly 8.pplieG 
at condi tionn .vhere the go.see obey the perfeo·h gJ.s 19.'~o .b. t 60°1'~0 and atmo '3pheJ"io 

pressur~ moot hyd:rocc.rb,),1 gasen behave E\f.' e. porf:,ot g \8 tmd one pound mol of' ge.~ 
oooupiee 379 oubic feot ,, 

Henr-y·1 a l aF w~iteu 1..ha·t a 1iq·1.1id. aolva:.:rt e.b .Jorbf, a. me.so of gas 'tho.ii 
is proporticina1to ·l;he pl't'1S1Juro of the gtie ., 

Do.l tonr s law u~;e.·tea t.ho.t the pnH,s1u ~":' ,>{' Em :individual oompone1rc :\n ti. 

gaseous mi'i:turo (oomm<>n.Jjr referred to as par·i;ial prtrn mr,,} is equal to the 
product of' i;he total pro::isuro nncl. th.o mo) f're.ot i)n 01' that i ndividual compowmta 
It followo from Dal ton n1.1 and Honryqs lawa that t'1e so lubility of. ea.oh component 
of a gaseouo mixturo is propor-'.;:'Lonal to i ta pe.rtio.l p::·essuroo 

Raoul tua law e~;..,:te/3 t ha t tho partial vo.por ;>re.issure e:xe:rtod by a 
componant ln a if"quid mi .. ,tuI'o ls oqual to ~~he pri,duot of -the mol fraction of' tho 
component in t..he mx'ture and 1.te vc,.por pr eseuro ~j- oe., pref:sure e:x:erted by 
oomponent in e. pure sto.to) at tho same tempe:rE.turoo 

Combining !)).ltc..:'l:s lt.r.t> p ; 1f'yD and R1\o•.1J.t·1e lawi; p = Px.11 i;ivee tho 
following eciuilibr:l.um. 1'\'. lJ.tiom1hip., wh:·Loh is vt:~lJ.cl on:.y s.t low pressure a g 

where a 

(158) 

x &1 :mcl :t'raot:iQn of ru1y component in the liquid phase 9 

y :i§'l :mol f.raotion of Sl.:l.lll.e oompont,n-c i u the Ynpor phase in 
equi Hbrium with tM. 3 liquid pha.te i, 

p :: pr...rt:lal preaoul"(, o:t' (-;he ooniponen·:; :in the vapor phaseli 
P = ve.por pressure oi' th,-:1 ptiro component e.t the erilJ'lle 

tom.p,a ra t;qra ~ a:;:id 
1T ~ total pressure on ttw syisteruc, 



Defining the ra'tio :f /-x as K gives 

(159) 

where K ia the "equiUbrium phase distributton constant" or just"equilibrium 
oonsta.nt''c., Under coudi tione where the e.bove reln tioneM.p applies D equilibrium 
oomputa.tioJ:1Smay be made from v~por proeeure data onlyo E:ven under atmospheric 
con.di tions the deviations frmn REwu.l t': s and Del ton ' s laws may 'be e.ppreoiabb 

a.nd at higher prctstJures equation 159 break5 down oompletel.yo Th<, equntion may 
be used to giv@ correot rooults 3 howevei·c, if .fugaci ties aN used instoe..d of P 
and 1( 9 the fuga.city of liquid being ueed i nstead of' the vapor pressure., Po and 
the fugaoi ty of the vapor being used instead of the ootal preesure O 1T o 

2~ Fugaoi~~Esoapi~. Tenden2l. 

'!'he vapor pr-esture in t'requon tly used e..s a qualitative measure of the 
eocaping tendonoy or o. gas from a. so1'1.1tic'no Vapor pressure oould also bo l.lS8d 

with eorreotness a, a quanti ta ti w maa.cure of escaping tendenoy if. every vapor 
behaved as a parfsot g;;;; Fuga.ci ty is defined in such a way that it i s a 
quo.nti tative measure of the sacs.ping ·tendency and ia equal to vapor pressure 
when the vu.pol'" is o. per.fr.,o"t; gas,, 

On page l.12 1 t wa.a pointed out that ohangos in t..he froo ener gy 8 F:; 
represent the maximum net work for a systC\m and that thia 1$ +.he work for an 
i i:so thermal reversible pro'Jaoa t.ha:b :1. a also ieobe.rion A multicomp<ment eyd:ro"" 
carbon syl!ltem of two phas.sas th.a:b an in equilibrium will 1.:- in an isothermal ., 
isobaric and revefdble condi tiono The t' r ~e energy ia a maacure of the esoap:Lng 
tendency of n..aterial sub.s·bance from a mixture in the same way ·!:;hat tempert'.'Gure 
is a meaeure 0£ the esoa.ping tendemoy of hoat from a. hot· body., When a t;ystem 
in in equilibrium the free enorgiea of each phase are equal 0 Any devis~ that 
can be ueed to solve for tne :Jhangt, in 'the f're0 energy can also be used to predio·c 
the equilibriumo 

The following equation was d<,rived on pa.go 117 for a perfec·li gas g 

P2 
F2 .., Fl :;-.: RT 1n Pi° ( 113)>.:· 

The fugaoity is defined so that when it replaces pressure in the above equation 
an expression for an actual gas is obtaineda as follows, 

(160) 

or in different form 

dF = RT d.ln :f (1€1) 

Fugaoi ty &G defined ·by equation 160 is a. m~aaure of the escaping tendency of e.n 
ao·cual ve.poro Its analogy to preseure is obvious by comparing equations (113) ~r 
and 160«> Fugaoi ty may be regarded as a ocrreow d pressure or vapor pressurec 



Coinbining equation 86 from pe.go ll.3., which s-be.-tss that ( ,Zn.1'/~P)T :::: V, 
and equ~tion 161.~ w:'liOh may be 'll'.rri·cten (2) ln :r/zn;,)T ~ 1,IRT., gives 

( C,ln t) V 
"':'~1 T = -RT (162) 

or RT d lu f :;; VdP 

Fe::- an actual gas (page 139) 

V f".(l !!!, ,.,, oC 
p 

Combining equations 116 a.nd 163 g_ivea 

lntegra:ting gh·oe 

RT 
RT d 1n :f ~ - dP ·-~ o<.:dp p 

RT ln f ~ RT 1n P ~ f ~ dP 
0 

(163) 

( 11.6) 

(164) 

(l! 
R'f ln £ = ,..,. / c;C.«P {165) 

P "o 
or 

Fugaoi ties have bean computed from ·chis equation and oC oorrel.atioua suoh as 
Figure 34 by several inve6tigatora and f/P plotted against reduced pressure for 
linaa of constant reduced temperature (see Figure 59)<> In thic, plot linea for.· 
values of Tr. less than lt10 extend through the entire preaaure range~ whereas it is 
povsibls to compute only that part up to the vapor praaaure at the temperatur-6 in 
queist1.on from equation 16fio Ex:perimental eq1.,ilibriw;i. data on several binary eya.,_. 
teina were used in t.his re.niz;e., F.igura 59 f'o:rma ·!;he be.ah for the preparation of 
equilibrium conBtant plot£-o 



3" Idee.l and Non-lde&.l Solutions 

The ideal Bo) ution is one in which the .fugaoi ty of ea.oh component is 
proportional to the mole fraction of that coxnponent e.t evax•y praesure and te.l!P 
perature~ Thia is a genoralitod statem~nt of' Raoult~s law and impliea that th~ 
volumes and enth&.lp;tes are addi tiveo In mixturee of chemically similar liquids 
where the foroee between i.:.nlike molecules are. nearly t.he se.m~ aa the forces bo#· 
tffeen like mol1:1~l..le~u the number of moleculee of o.ny o<.;mp"ment leaving the liqu:'...d 
should be proport~onal to the mclo fre.otion of that component, aooording to tho 
laws of pro'ba.bi.li"i.:,yo Solutiona of the liquid paraffin hydroce.rbons appaar to 
oon!'orm t,1 t.1-te ideul solution except at oondi tioni, near the ori tioa.l. pointQ UCl 
serious error is to be expeot,,d if vapor mixtures ~re oonuider6d ideal aolutlonc~ 
for in the vapor eta~ the molovule6 are mor& wid~ly soparated and are allowad 
more netirly independent aotiou tha1l in the liquid phase,, If both liquid and 

vapor mixtures are reg3.rdvd ae 1.deal so]utions ., the fuge.c1 ty of each oomponent 
is ~qual to the product of tho mole fraotion and the fugao1~y of the pure oom~ 
ponant 1n t1. like phase at the stun~ temperature and pressure. and the general 
eq~a tion for equiUbrium beoomas 

whert, t 1 ::! fugacity of pure oomponent as L.quid a.t 9an1a temperature 
and 't<.> ta l pro tis ure ;) 

f v ~ f'uge.c'.i. ty of' pure oomponen t as vapor d. t ~am,;· tempera tur.., 
!ind total preiaEiure ., 

(166) 

t'h-, errors introduoed by the.:it, a5sumption.s havi:., b-:1et1. fc,md to be m1..1<;J

)e4s than thofie> involved :;n the f.u1su.n1pt:i.on of Ra.oul t I s a.ud Dal trm · s la'II,, :u1d 
in most ca:itH· within th~ 11ml t.~ raq·,.1ired by modnn englnsa1lng p.raoti:e, \foen 
d'lasim1le.r hydrooarbonr appear in the se.m~ mixt1.u:·e l t iG neoof!ae.ty ti:, cor:reiot 
the f'uge.ci.ty of the l:iquld io the .fl.bow equation for the character· of the 
liqt.id pha:H3)· No relie.blo quen.titati..,o correlations fo r ma.dr..g this oo:rrectu)l 
a.r1:, e.v!l.i ... able., however 

4,. Bq·1i U.bri:.nn Consta11te ---id _ __, 
As,::um1ng ideal tiolution.:, an.d \is111g fugaci t:ie~ r·a. the:r than vapor and 

tot.al pr65SU;;"OIL t•q,tatlO!' .):; .. • ,~,;..;;mi 'i 

"' K ~ 'l.. ::. .i. p 

Jr. r'ff ( 167} 

where i' i'p it. tne f'ugaci t:y ot' t.ht:t l:quid phasa er the fugo.c-.. ty at the vapor· 
prtiasure, and f71 h the fugs.oi ty of t.be vapor pha.so or the fugl.\01 ~' 

at the totai presouro " both tr:..ken a.t the same temperature , Both fp 
an.:'. f 1( oan be oomputod from Figure 159 a.s 1 ' lu,ltra 1:ed by the fo t1cw•• 
int exe..:nplei Find the equi~ ibrium oonsh.nt :t'or r =butan,., oi.t 1SG°F,, 
a.w:t : 00 ~bs ,, /sqo',n .. a.bs .. 



P 155 ., p = ]5o = Oc29i:.v 
0 

From Figo 59 

=}.59a .... 

= Oo87 

K = .:f_: 1~55 Oo81 = le46 
ftf( o:sr 

In this example there is not much difference between the Raoultqs and :De.lton~s 
law K of 1 0 56 and the fugaoity K of 1o45o The phase equilibrium. constants given 
on Standard Data Book Chart~ A=6ol0l to A-60132 were prepared in 'this manner~ 
For temperat"Urea above> the ori"t;ice.l temperature an extrapolated vapor pressure 
(itte o E.lxtrapolated ar. a straight line on a log10 P vs(' 1/T plot) is used ln coIIF 
puting Ko 

At the critical point of the mixture there can be no separation into 
vapor and liquid :phaaoo£1 the mb:ture be:l.n.g of' a homogenouB continuous phase 
between vapor an.d liqu:l.dc At this po1.n·c the equilibrium constants for all fue 
components present in the mixtr..are muot be equal to unity to aatiefy this phenomena..o 
The following plot (Figure 69) shows how the K constants for the oomponents of a 
given mixture would dsviat.e from the fugaoi ty K oons·tanta ar:s the ori tioa.l pre:."° 
sure h approached at ·the oritioal temperature,, The critical oonditione for the 
mixture, are 300"Fo and 700 lbe..,{iq 0 inoabl!lo 
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·rnen.1. o.yurud ::, 10 ';\ u1H'lf'u.:t tc,c1 in ~t-udy·1 ·1..r.; ohemicf\ .. r·1,l.~"\~} one l'~ 
ll!!\Y ·be uaf!ld t o tH.it lm2.t1:J che driv·in,1; r Jl'~e ana equi'.1. i brium of a gt·von :r act1on1:
and t hu.:i predict wh~ther or no·c tho reaction will occur and the oond'... t1.ons that 
ar6 mos t favorab l e to i t ~ By a combination of tilermodynamioa e.nd kinetio~, 
t.b.e y i elds TDAY be Ge timated o Thermodynamics may e.l.so be used to oomputo the 
lwat absorbed or l i borated for renotionso ~ese appl icst iona of thermodynam1oa 

· l'f'l ll be discussed brietly0 Heats of reaotion will be taken up f i rst because 
tney are u5ed in the driving force (fr ee energy} oaloulations u 

lo Heats of Reaction 

The hoa t of reaction is ·the q uan ti ty of hoa t that must be added or re= 
mov~d to make the reaction t&ke place and which heat is not later reooverab1a ~ 
When heat must be added the reaction is 11eno . .,thermio1t and when heat is removed 
the reaction is "exothermic"~ Cracking 1s endothermic allld polymerization is 
eAothermiO¢ By the combination of thermoohemioal equationa 0 heats of reaotiona 
involving hydrooarbonu ma.y be oa.loulated from the heatn of formation ot: the 
re~ctants and the products from oarboil and hydrogenc Heats of formation oan be 
evaluated by a similar combination of hea.to of oombuetionQ Heats of reaotion 
may also be determ.i.:ned experimentally with a bomb calorimeter., Because of the 
many side roaotiona that usually oocur oxperlmente.l heats of reaction arc di f'ti = 
cult to analyse and oorrelato unleaa the above theoretical methodD based on 
haata of combuetionc is also employedu As pointed out on page 136 ~ heats of 
oom.bustion oan bo very accurately doterminod., Muoh of this kind of work has 
been done at the Bureau of Standards by Roaaini and at Harvard by Kistiako'l(eki v 
the results generally being reported at 26°C (77°F) in gm0 oa1~/gm,,mol0 In 
applying theoe oe.lorimetric heats of combustion data to the computation of 
heats of formation at higher temperatureaD say 960°F.D it is necessary to 
corr~ot for the effect of temperature on the enthalpies of the reactants and 
produotts9 

The heat of reaction lJ. H is the di:t'i'erenco between the sum oi' tho 
heat content, of the products and the sum of the heat contents of the reactants '-' 
eaoh of 1¥hioh varies aooording to the equation { ~ H/ ~T)p = Cp., By a combination 
of such equations for the reaction the following is obtaineds 

(~~ B) = 6.c (168) 
~Ip p 

1fhero ~ Cp ie the eum of the heat capaci ties oi' the products less the correspond= 
i:ng sum for the ree.ota.ntso Integr ating equation 168 givoa 

ABa • 6H1 = j,i.2 Cp dt (169) 

This method will be illustra t ;l d by the oomputa.tion of the heat of 
reaction for the reaction of methane and ethyl ene at 950°F~ to form propane 
(C;Ji4 +CB•= CeBs}..i 

Given 3 The following heatm of oombuotion to carbon dioxide and water a 
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Methane 
FJthylene 
Propan.e 

c, l "t i; SJ'76 
-+12, 364 
...,24s '?92 

-:s32 ,200 

+2~8600 
.,41'.3600 

r,2Q,,60Q 

+9~920 
=300250 

<t'"i7 ;,215 
+11bie10 
=54 :,457 

Step 3~ The required heat i'or tho ree.ot:i.on of m:,thane and ethylono to form 
prop'a'ne is found by oc,r.ib'in:i.ng ·';ho c.bove hee:ta of fornatlon a.a follows ( ·~he 
dJ.reot:> 011,3 of t;he f'::i.r.s·c two re·1.otionis aro rtrv-oraod and -the e5.gns of their hoc, tri 
of' rse.otion e.r·e oha.nged in. thi.1 t'loluti.on" 

C + 2F.~ .-,., CH-l ocl { 38']6 =32.,200 =20,600 =3'1 :215 
2C + 2H~-;.. C.l{4. +12~554 +221600 ·l-9~920 +17f.870 
'lJ + 4Ha --;,~ :.>24 l) 792 ~~ =30!/260 :~4.,467 -·-
C '1>r .,.. .. CJL,.-:-,C ..liq ,..,.19,1.1470 =35:;000 =19,o570 ..,35: ).12 

The abo~ oxample 11.lustra:be~ t.he conputat:1.on of hee.ta cd' formatio11 
and roa.otion f:roni hoata of oc:tthu.zd;ion.,. f:im5.1o.r computation:, oould be mad~ for 
:1umeroul!.l rea.otions., A oorrelf:1.·.;ion of hents of- formation. wou"li :,c Em i~ee.l 
starting point for suoh oalci.1lntiono 0 Hoo.te of formation:) o.;,,.lo·l·,a.te.:i :tn ~e 
i.\bove manner O are sh<)l'ill Jlotte,d against i~G nu.r1ber of oarborl 1>. tm.1. l per :me lcrnu.l~ 
i'or olei'inio and pe1raf:fJ.nio hydrooc.r.bon13 in Jnf;, .. 60 belo-Yr~ 
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Ylifu t":\F mot·1od t .h.1s·..,~at.oi b.; i,'. • v..b<, e oY.,,.!"·h.1 .l.0~;1. ;::; (.,: ...... :\ut.1on 

maybe: compu+..ed for .LO .... :.::1pl•oa.t:-0cl rt'Ew!ic-no ·rnvcl1Jn;;; !i;.rJ.n~ c(n·ponl3:'l1;5 if 
"the h{'lat1;1 er 1)0::nbt1r.i·c1on and c,p1}c_fi{~ hou; - ~11,.d .rolat.:i.vo tl.I.luU11"t,; o.f h;yctro ~· :a 
t1.nd o~.~ban a 9 kuom. tc·· tbo r)eo1;1cns nnw. il'O<lvot!i. l)ai;a c11' th:i.f! kmd. 1>.r~ 
g ven on Stund.l:rd Data foe;k Ch:u··';;e A,..,9,)1 \ e.IAd t," !l-: 12 f<)r {;a.sea encl :1.1.quidz:;.~ 
However,. \t' ll'Or1;1 e.oour"a-l;r, nne.1:·a~. ·:·f' t;ht. ohe.ri, ~.d the produotu ~ro a.vnitt\b .. , 
i·c ;!.1:1 pc(:jm. ble to mako u. :more .iow l'i'\t<.1 computa. tI:m o!.' tho heats of rou.ot10.:i,. 
With analyse~ -1,;all.ing tno numb~1r of i:ools c,f ..-e.dou. ·.;ypos of. hydrocarbon, 
(olefine9 aromntios 0 pa.ra.fflnB naphthonu3) m.e.:lo in ·th~ roa.ctioo 1t :i.u pvrnit•l/3 

to make e. sound theoretical oo. '.culation.... Bowever.o thiu mothod doe~ not lei:nd 
i tasli' to design onlcula.tionis rol'y ivell e>{• more a.pprc,xima:l.;,~ :m.ethocla t\re ne )CH?Otl.l"'j 

Wh<:n·o ·the properti~f. of the charge a·1.d p1.·odu0ta !).re known. the h.e11t rH 

thermal orao.k~l.ng may bt} oalouh.'ted from th•) to 1.lcming equt,.ticn~ 

48.,800 {M0 c" 14.,) 
- Mc""jl..t-'--· ( l '7),) 

where Mc i6 the a.vere.~a zao\oou:.ar weight; o1' t.h•· Jlmi·ge ente:ing tie {,l•o.ckl .ig z,c;ne. 
l.!p ia tjle a.vera,g(!, mo·i.oc.n.d.ar· )Je:i.ght of th{ol otre,}.J'il lec.v.mg 'tll~ orao.t...int,; zcnc SJ.ncl 
.~ li 1s the heat of oracfr:'i.ng iu :Btu_,/lb.; d.: oha. go o'l'.:l:l:01•:ing t...ie orsokit~ z.o.oe · 
J'he oonutan't '16:,800 .s calcul "'ood on thH1rot:ioa grc,Ul"'J.ds. 'lhe ::Abov fr.Jrm.Ulfl. 

\Vas us-,d to oaloulo:cti the beat of' Ot'ftck:i.r.g; for tno l":Jhi ting Process Lr.bol:"a to1~r 
beats r.ud the retjult c.·f :;50 Btt "/th,. or go.aoUne p.l~1e gn..o proc,uc o.c 1'hii3 •"'lheol·:; 
the fo).lowing "ru c o:t th .n~h.11 -valuoe ueed :tor den12;a,. 

• 

Naphtha reforming "-" 3:S5 s··:u .... /lb., of ge.ao:.1110 and gas whora the ga.so: J.ne i ~ 
to be oonsider·ed a.e 5 1Jii of the gnaoliw:, y~.e~.d. ar-1~ t.he gas a.r;i all tho GA$ 

yield,, 

2o Third Law of ~Thonnod:yne.m_];~ 

Tho third l"·w of thermoclynamico sU\.tE si tho ontropy o;~ p":r.foci; · 
cr.;:stalline 21ubetancee is t~ro at ab:rnl,1t'l ierc c-,f u,;i·..1psratura E'-..n.1 hao 
poait1ve finite volue" ab e.ll "the::- ~;empera.tureisc. A fUbstanoo compoaod of 
~ryatala of miorosi;cpio . l i:;e we lcl not di:'.':'or approo1e:oly from. ,, i.ngle p~.rfeoi 
cr;fsta1c, Thia principle is used in 1:uatab'l.ir;lung tho .i.nteg.rat1011 constant n. 
calculating the fre-'9 ener.gy of forma tiono A more t.hor ough di a out .:.ion of cho 
Th:lrd Lo.vi is giv"3n i:i::. t,3w'i.s 'lnd RandD.llt: 
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J., Fr6e Energies of Renotlon 

The free energies of forma~ion of hydrooarbona at 25°Co are fre
quently reforred to as the nstandard free energies" and are indicated by 
h F•2;:;a., Free ener·gioa at all temperatures are used to compute equilibriu.m. 
y1elda for reaotione as will be shown latero 

The fo) lowing experimental data are necessary to the computation of 
the free energy of formation of hydrooarbona, (a) heat capacity of graph1tic 
oarbon over the range of temperature; (b) heat capacity of gaseous hydrogen 
over the range of temperatureJ (o) heat capacity gaseous hydrocarbon ove~ the 
range of temperature, (d) absolute entropy of carbon" hydrogen, and hydrocarbon 
and the same temperature or data from which these entropies oa~ be computed by 
the Third Law; inen low temperature specific heat data as well as heats of 
fusion and vaporization; and (e) the heat of formation from carbon and hydrogen 
at some temperature~ or the heats of combustion of carbon" hydrogenc and the 
hydrocarbon at the same temperature from whioh the heat of formation ce.n be 
computed-:, 

A6eum:1.ng the apeoifio hee;ts of' products and reactants may be repre,.
sented by the equation Cp =A+ BT" the algebraic addition of specific heat 
equ.at:ions givea 

ACp t::t)A + 6BT ( 1'72) 

,mere £1 A and tlB are the algebraio sums of the values for A and B £or the re .. 
aotants and the produotso Substituting in equation 169 and integrating give~ 

LlH = L\Ho + AT+ l/2 BT2 (173) 

·where 1 H0 is the int.egration oonsta.nt and would be the heat absorbed 1n the 
reaction at e.beolute zero" if the empirical 6quation were v-ahd down to abso~ 
lute soro y whloh is never the oase" LlHo can be evaluated from the heat of 
reaction at any tempera~-ure6 

The t'ur1demente.l equation for the free energy is 

Combining equations 173 and 174 and integrating givea 

multiplying by T 

4f ~ ~.~ .., 6A ln T - j, 6, BT + I 
T 

tlF :.:: L.\.H 
0 .:1A T 1n T "" .!. ~ Br2 + IT 

2 

(174) 

(115 ) 

(176) 

'rhe integration oonsta.nt I is evaluated by t'indiogL} F at some one temperature 
by means of the following equation 

(177) 

Yhich is tiualogo\a, lo qua.tion 78 on page 112- L\J for this computatior. 



(equation 177) oan be found fro111 equation 173c, DS for this computation 
must be estimai:od from the absolute entropies of the reactants and produots 
by the Third Law, a.a f'ollowea Plot Cp/T vs., T and extrapolate baok ·~o &.beo
lute &ero teni.perature, as shown 1n the sketoho 

0-( 
~~~ 

vaporize. tion 

~ .::,, 
·.~ 

Fucion "v 

t 

I 

•K. -. '>-
Fig0 61 ==· Calculation of Absolute Entropy 

Integrate F'igo 61 to obtain ab.solute entropy., W:1.th thie 6S and4.H from 
equation 173,. f).F oan be oomputed from equation J.77,, With this value of 6F 
the integration constant I may be computed by solving equation 1760 

In this manner free energies of foI"mation may bo computed fo~ any 
and all hydrocarbons a.t any te111pere.ture" The standard temperature for free 
energy computations is 298°K,:, Various inveetiga·cor.s, pn.rtioule.rly Parks and 
Huff.man» have computed ~F0 298 ~ as the Standard Free Energy is symbolized~ 
and tabulated them~ Equation 176 may be solved for the free energies at 
other temperatures 9 howevoro Having established the constants in oquation 
176 for the formation of various hydrooarboneD aimilar equations may be 
written for any reaction between these hydrocarbons by oombining their free 
energy of formation equationso 

Frequent a.pplioa.tions of free energieB will justify the preparation 
of a plot of free onergios of formation to the gaE:eous and liquid phases vs. 
·temperature for the hydrooe.rbona with ,mich the ce.loulrt tions in question in·"" 
volvo~ Free energiee of roaotione may then be computod rapidly by algebraic 
addition of free energies of formation~ 

Two major uncertainties in calculations of this kind are the heat 
oapaoities of the hydrocarbons in the liquid and vapor phases and the heat 
of combustion of carbon~ which is different for the different forms of carbono 
If for a gi von reaotionJ:> -tile components involved a.ro not all :1.n the 3ame phase e 

ioEt<, some gaseous and some liquid9 thia diffe\"enco in phase ocmdi'tione r,ho1.~ld 
be taken into account in computing the free energy for the renctionc It should 
also be considered in estimating the equilibrium yields for the reaction as will 
'be pointed out lattn·0 

Ae an ex8lllple of the method of computing free energies of reactiona .c 
the free energy will be computed for the reaction of methane e.nd ethylene tc 
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f'orm propruie (C21i 4 + CH~::= C~a) 11 using the, hea.t of reaction computod on page 
160~ and entropies for formation ot 4309 9 57o4p 6508 e~uo (entropy uriits, either 
go oa.1/gm.o 211.01-•K or Btu/lbo mol- 0 R) reapeotively for methane, ethylene., and 
propane at 298.Fo 

Step la Add the hea.t oapaoity equations (see page 134) 1x> give equation in form 
of equation 172. 

C3Ha Cp = 90000 + 000300 T 

Cali• Cp ~ 40033 + 0002167 T 

Cp ~ 40313 + 0001444 T 
Cp = 00654 • 0000611 T 

Step 2a Substitute in equation 173 and evaluate t\Ho, using 6H:: ""19,470 
cal./gmo mol at 298°Ko 

dH = H0 + Oc654 T = 00003056 T2 

Olio = -:-19,470 '"' (Oo654) (298) + (0.003056) (298)2 

t1Ho = 0019,394 cal/gmo mol 

Step 3a Substitute in equation 176 and evaluate the integration constant by 
means of equation 1760 

flF = -19,394 .. 0.,654 T 1n T + 00003065 T2 + IT 

OS29a:::;, !3508 - 57.4. - 43119 = =35.5 .eoUo 

£lF29a = ~19,470 = (-36.6)(298) = - 8.,900 oa.1/gmo mol 

I = 
8.P900 + 19,394 + (0.654)(298 ln 298) -00003056 (298)2 = 38 

9 

Step 4i Write the equation for the free energy of formation and compute the 
free energy at 2oo•co (392°F)n 300°C (572°F) 9 and 4oo•F (762°F) Q 

flF = -19,394 - Oo654 T 1n T + 0.003055 T2 + 38 T 

t•c T•K ln T TlnT Oo664 TlnT T2 Oo003055f2 38T 6F oalo -
200 473 6al5 2910 1900 22,360 68 18.9000 -3226 
300 573 6036 3640 2380 32.850 100 21,800 +126 
400 673 6051 4380 2865 45.250 138 25,600 +3479 

4o Equilibrium Yields 

Knowing the free energy ohangea for a given reaction, 'the equilibrium 
yields for the reaction may bo computed by computing 'the equilibrium constant 
and then applying the law of mass action of ld.netioso The equilibrium constants 
are computed by the following equation, 

/J. F = • RT 1n Kt (178) 

I 



Kr 1t1 El. fv.nci::icn ~f tt-:-npara turo b..it .i.1;; 1ndopond1rnt o:: i:,r ssure ir.. thla 
1,qua:tio:.1, Ths pressure oc.,rr'e.;}tior, 13 11'.ldt, aeparate.y,, us:i.ng l(:f' from fu16 
equation and !'uga.oi ty acti v1 ty a(,off1cientt1 ~ the 'J':}1,nHbrium ,~~·ncontra t:\.on.a 
of reaou .. nts 'lnd pr,:,duci.~a e.,·e -'Omput,d 

The I.Aw of Mass Aot1011 states that the rate of a givm::t i:-enctlon. 
ifJ proportional to theoonoentration of the roactei.ntoo When a reaction hae 
reached the equilibrium oonoontre.tion it stops? This eg_ullibri\.llll conoentre."' 
t'!on oa.n be oomputed trom the following ~athematioal ste.tome:a.t of the Law of 
Mass Aotion for the reaetion of a mols of A pl us b niols of B to give o mofs
of C find d mols of D,., i .. o,J 

Kp :: 

a.A. + bB ~ oC + dD 

(Cone~ of c) 0 A (Conoo of D)d 

(Conoo of A)a x (Conoo of B)b 
(179) 

where Kp =r the equilibrium constant cori·ected to the desired pressure as foll,:rns 

Kp ::: Kr 
K"f' 

(180) 

where 

(:!.81) 
{Y'c) 0 x (Yo)d 

(YA)a x {YB) b 

where'1'• =- aoti vi ty ooet'f1oient :: ratio of fugaci'ty to pressure (1''igo 69),; 
For reactions in the vapor phase, the conoentrationa in equation 179 will be 
oxpreseed in terms of partial pressures so that 

Kp = 
(Pc)O X (Pn)C 

{PA)a. ;,; (PB) b 
(182} 

As an example in the application of equations 178 to 182 the eguilt= 
brium product oomposi t:i.on of' the reaction of '3thylone and methane to form 
propane will be computed at 1800 po8oio (122 utmosphereB) w:ith the assumption 
that the products oonta.in 5 and 10 mol % ethyl ene (Cases land Il)o 

Stap la Compute K, for correcting Kr to a pr essure o:f 1800 p,,ti,,ia at the three 
temperaturea by means of equations 180 and 181 and the a.ctivi ty oo
t)ffici.ent from a. plot oimilar t~ Figure 590 

For this particular reaction equation 181 become~ 

K _ ,-propane y - __ ....___... __ _ 

'6 thy le 18 r me thane 

anc1 the computation of Ky- is a.r,oomplished a.a follows i 



Met.l'J1:>.ne 
1:: thy rnr.t., 
P1°ope.ot1 

K')i 

344 
510 
666 

6 I~~ r '46'/ 
'iHI ?,40 
6' ' I .J, . ? , 9 l 

"""tr;--··--· r. y 

2 '4-& 0,,9:'i 
1 67 Q,,!39 

' =~a 0,,64 ... --·-·-· 
0 !c, 

:~oo"c(.172" 3') 
J.032"'P ·--~·---

Tr ._:_1:__ 

3,,00 0~9·; 
2.02 o,.n 
Lot 0 80 

0 ,fi9 

4or a f'( .,~., "F·} 
~ ~1 I l..'4 

,392°R 
···,r.--·---

l t • ..:J:.._. 
3.,52 j 00 
2G;')3 0,96 
1,,}32 o •. 9': ··----

0,-94 

Step_~,:-. C,.,mpui.f.:I f,p by sclvin;:-.; fm· K:.' f ·om eqim·t;ion 178 t;ncl conect:l.r..g with the 
abc-v~ ·vaJ 1::~s of K -y ., 

t"C 

20C 
'300 
40(l 

1'"' Ji 

~t 'i"'.5 
Ji?,'3 
6 i'3 

RT ln ¥.f 

)40 
U~<.8 
j i;l.}~· 

l\ 
,., 
1' 

!'! r::) ---____ _Rl'_ 

+--3 "4-;l 
..,O;.J) .. 
~ ,,6) .~,, 

Ky K K;f' ----· --A~. 
.n_.o 0~78 39,,8 

0,8% o.,ssi Oc995 
I;,. 0"!?: 0,9-\) 0,0766 

FJ.nd the ccir:r;.()Si t.ion -:if t;.li.e l:'qin.'.Li..b::"lUin prodaotc: t''l"'om thi.s 't'erwtj (•''.'! 
ths.t oont.a'iL' 5 and l O ru;t % C~1H._.., For ·r.hi.g re<1.l,)tiot1 1 siq1.:.atio11 HP 

{ cone . d' C ·.} 16) 
KP , .. 1T2(00r\,:-0i' G ;,JI·;Y{ Con,::-oTcir ,1) 

Fer 5 ro,·, lo}'~ 'J,.,}L1 J.!l pr0dtM'ts , 1e·:· x .: m•. 1 frHcti.cn c,f C~fa. th·:11:. 0.,95 .. it •. 

mo} fre.~'tJon .it· meth!il..rJ·:! end 

-........... -........ .._ .... ___ . _ __._., ... -.. ~ - X 

122(0,.0S)t0.9f, ./.) b , 'j ~~6 ,, :.lC 

r'ot· JO md. ~~ C.JI-t lr. p::-c1dt1ct1. fo ·t X s= lli. 1. i'i·a< tlo:n c.f G 6as tr •. :m O 90-·X .• 
!':·v 1 f~a ... ti on of m,;i tha.1d w-- ,j 

"C., 

201 
~,oo 
;.oo 

"'F·, 

Ce.~-. l 
Mo:.,, J~ Prod·1cti1 t~;=-· C~I.1 - --~-1r;· 

0 ,. 

},-.!l 
~ -L ~ I 

:~,' () 
~,. 0 

~:. 0 ?;( \ .. 

) l· 1 2 2X 

o.:. 
G f 

1 E, r r, 

"1 (\ " 
"'~·' l,j 

- 0 .. (: 
; o. () 

.... 
'..;, .. J •. )~• 



t , 
·I 
t. 

q 
0 
t I ... 
:ti ~. 
•' i::; 

'!I. 
,,, 

'" ! 60i 

l n ,rrder tc, i.rKw t.he, ei'feci..r, cf ti:.'lmp1:1rn:hn1 "111'1 pr::ir:,i:,ur'·" ~"r 1.t,·:e: r~f\ct1on 
l'.ltm ~ . .i-.u cf.> l cul a t;l o nt-J we ri& madr. e.. t: :'; 00 1 b"' , P:" ~ 0 a t.rnr s::: he ~- ,s -~) t'. rd tl'1 re,:1 t t'lm-

r,e ri;. t'li '",Hi. Pre-duct. c~mpo:ntlC',nt fer· t1.e:-:tt e;·::,.lit:::,ns •..r·s g:·i,·e·:r: be.ow 

4 ()t'l 

;:io 
";()(; 

\'l>(,,,t- :,,. ,1.. :: .. ~~~ 

... 1, 

· .. 
. •.,, 

:asr~ ·~ 
!'( ·,, }:, Fl·<d ,,it~. 

or; _,_ -:·:.;u~.- ---c ?I.; 
_...,..., .... .... ~ ~.-....... ~ ~ 

')., 036!; 58 ,: -~ 
0 ,, ') 12& 7 7B C 
C .. 006'•. 2 8 '1 ,.4. 

f." '."J 
5.c I) 

~3f, /. 

'·: Ci 
,,n 

,;8.!:i•~ I 1 
k,:.1. % .?r· .. 0 . .1. ~~;1;, 

·•11" ··- c· J7 -·· . C ~ lf ·4 
. .:. .. ~~ ~· _:..~ ~1 __ .::.:...:~: .. 

40·.~· 
ti3, 6 
''6i:6 

io o 
10,0 

49 d 
2€- ..j. 

th, e.b:Jv-: yieldt> &i:e plotted .... g,.1.J.ns~ teii,i;.-en1.ture · n V.i.gtL'..., 6;! .. , 'rl'llf 
;Jct t,j J't OWl.5 the a f fect <.. f rr~i i; :;u "e 1, tt-mpa 1 a.tu.re , e.nc e thy i.en.a oor:.c, o,·. 

tr a ti on on the r,HM t.:i , r., 

Fqr,,. ,, ... 

Pr<:ld.11,:t L:,i,tt b '-1 .... r f ,,:· 
f'f',ijAi'l·,, .• ,n J'i\. i i ,; 



The above ceLLcule.i;jo11f U1ustin.tir,g tho use o.f ·!:;het'l!lodyna.:m:i.c, in 
pr~ldicti:1g h~.ia°bf-l o.f reac (;:\,:m6 and equi 1.\brium p:rcduct di. s tribution W·~n~ 1nadt1 

for zimple l"'EHJ.e<t:i,,:r.11-1, '.rhe r.:1ethodn i11ur·tratect are equal:.y ~ppUoe.b:te -tc, cor1 
pl.ez: roa;:-·t.icm" by con$i<lerinc; the complf.:,x roa.c·bion e,i:s ruade up cf sovor·a:. 
'itmp.t~ orae13: Con,ddc:r the foDovn:n.g :r.::tco:,tion, w.tddlmay ha br>oken. do·un u1tt;! 
t.•ro smaller roe.ctiona, with .f';r·ee energy ohanges a.re glvo .. :i i.l.H foilciw,H 

C "' . aA -1- '? ,.; :;., ctD.;. 

2 
bB ·-t "3' oC :;:: ,~E.9 &F' ::: ""2000 

------·--------n---• 
sA + 'bB + oC ~ dD + eE;: !J,F::::: ~5000 

The Law vf Mt:1,sa Act:1.on <'n.:pres1.n1;n for th~ abovo reaction 

{PD/ ,._ (PE) a ____ .__... ____ ......... __ 
(P )• ~ (P )bx tP0) 0 

A B 

'l'hermodyna.m.i" calcuJ.,\t:1.onB of this kii1r'! tu e helpful i1: raJ~lari;h we.ck 
.::m hydrocai:·bon syr1.thesiS,:, '£hey de 9 howm;ar ~ lo~.:v~ a lot of qutrntioni1 i.:m~
.u1swured,, Ree.otiona that arc the:rmcdynmn.ioally pot3sib:\~ o.f"ten a.re n,;. b p.re-.c (,J.<.;f:· i ly 
possible beca1.115e of the une.nilability of the propor oatalynt,. the t:Jme reov.i·~oct 
fer the 1·ee.c.tion~ predominating sid(, rcw.,}t:lc,ns.9 a.:nd the 1ik£;1;, 



-161 ... 

G o PR 01:: LEl/.S 

L A perftt ct mone.tom:io gas f1;,r which Cv = } R '1.nc Cp ,:. i' R is be'ing 

change( cortinuc,u·'!ly frori. a pres5ure of 1 etrno and ,)73 , l '° K to a. ;,reJ s ure 
of Oc,5 atmc and. a tc1mpere.ture or 646 ,, 2°K., 

and 6 E. 
(e.lc1ila t e; the work done by tile t,;as$ the he "'~; e.bs~ rb6d , b d , AH, 

fo1 eacL )f the !'ollowin0 pa 'tl ,s: 

(Path J) a. ,. ~pand isothennally and rev'3rsib ly -x. the fineJ. pNd eure ,, 

b .. :teat at con&tant ".>reuure to the i'i::lt\ ~ temf,6 t'&.1."1.lr oeo 

(.Pe th £} a ,. ;;:xpand isotheritally to the final VO l ume ,. 

b " :ieat a. t constant vo \ ~ to th,;, fina l t.amperatureo 

(P1:. th l ) e. " .•;xpand adiaba tioally to the final pr e c.sur e ., 

'b ,j ~Iee.t at oc,nste.nt preHure to tm f'i:ra.:. temperat ure:. 

(Peth ~) a ,, ~pand adiaba.tica.lly tx, final vol\:m1'3 ,, 

b ,. ileat at constant volume 1x> tm i'inA1. •»mpere.tur e o 

?he ab o ~e change~ a re ass~d reversible o 

2,, Delrlve n ~eneral expr ession f or the change in E1ntr opy of l ::nol of 
perf~ot.gae going from oondition A to oonditi on Be 

3 ., A +-,ank c,f 5 oub i .o r"et oapaoi ty containing a ir a t 1 a 1;:nc, ( o.ba a) 
and 2·6"'c o i s to b ~ evaouated to Q., 01 a tm o (s.bs., ) by mm..ns of a Ml.fl.11 re= 
oiprooe tinf pump :1aving a clearance of 2% and diaohar ghi,g to the e.tmoapher, o 

On the assumption that the process as a whole is ieo th.E> rmal and 'i'.'8 "11'1!H's i b l e 9 

what wi 1) be tl·,e ::hB.nt; o in entropy of the e.b- dur i ?li; ~ .h p rocess? '"Iha ·t 
will be t he chflrJ6} in entropy of' the whole universe a s a r.esu] t of the 
occurrence of t t i a process? 

4 . n::ual.ly \:he gas issuing from an oil well it! sb.turated with water 
·vapor:-· To rec.uce tho pressure between t.he wall- head and tho ga6 p i p;, line r 
a throttle vr. lve 1. s often employsd o Thia lea.de 1x> di!'1'icul ty du,l t 1J ioe 
formlnf i n the va lve with consequent dimuni tion or s topp~e of gu flow ~ 
To obv:!a. t e this t ... ouble 9 it i3 proposed to p lace sovoreJ. baffleR in tho 
line ,, 1hus i no reia si ~ the f riction and so ma i ntaining; ·ne ga.s t ern.pe:raturo 
above t,he freez:i.ni ; point of water .. 

(t .} D:5 scu,H1 from a. thermodyo.and c pc int of view th.~ pr.opos e; c'I. cha ~'€.~ " 
1.ndfoei. •;fr~ your l"·~oommf,nde.t1ons o 

5 , i~ 1·e c i pro 1e.ti rl& a i r compres sor- l'.e.viri-i; a. olear ar.oe e qua J to t.wc por 
oent ~ · dieple.oeim·•nt ope:atnti wi th nd:1e.bat i o intake 1.l.Il.c exhaust .. ~<mpre ..-,~ior. 
11r:d •3 q,e.ns1 on me.y be a c, s\Ulll;,d poly tropic wi t'."\ '1"' :- lo 25 , I f th~ r.i.n .~rin~ 
oper ates w.l +-..h cu f:. t'ri'3tion and r equ:I r<, ~ f ivt) nor-s o p cn"1lJl ' . wh , a -.-..01:i.p r 'H s i nt 
from ;;r e a 'i;r.1<J epr.tL 'e 'to fc•ux·, what i s i b ca pacity :in t.."L.bi.c feet pttr ro.io.u te 
t1 f f r ,~" e.it a t 7 O'' F ,., Po r· & 1 r, "If = L, 4 2 .t;;,. ; senfr,,;i<. 



',) :l i.,: e-,~ !ne:, i'ia·r,,~ beo:."l blllt u.s:?1.J1 ht.': w11t!"" :u 1,~k WtHL:ir.g f'luiG 
:~·~ ·-c~~·.\l' ~f' ·,~ .• ~le ~-.r S,,_::a ·1•1 ."!t. t <l :,s 'r, f'(·J .•. .,., ... t.! S:i.JC."l \.1', h£1E:T:P.1 ·t~t .,..,c1-
:,: "t· •·.;r i.\: >..,. ,.,-~r.-t •:·.:ulc\ tie tile :n .. r.i, ~L tl1",c,;-Gt~cd c.t1.J.1$u.i:t1~ tl ' 1. " 'H,. 
·,h' .. ··r ·•,.ir. ~ :~r.~,·tt.11,c! ,iy tt:e };,~)t. we tar •m'-"~!i·•? 

.., 
' --· 
(l} l:.:1'f:.,:> r"\.t:ht. of. 1 lb, ~f wnt...t· e.1.t .~D) lb,. :\.i:'i. pr..;esuHto 
l ~) r ,r)tln;; ,~f 1 U.i .. oi' ~~t'3r at~ ~,,rH~nt p:-1'1<3St1rt c;f 10 

, ,) J~q ,. -: ·, .. !':mu 40"L. ~ 1. &:,(; .. '<, 
{ ,:,) 11.l id11bt1.lic &.X";_>•.ir..eicr: of l • ':.,~ -:) t' stee.n1 fr ,m GO·) lbe ._./ 

:.,~,.,'l.:::.c a.:i..il . ., a..'1d ?(,C"!i"., to 25 l~11./s•1,,i:rla ard 2•W .. C>1°i< .. 
( ! ) A ,~ ··;t\:f .'1 i c~F.. t.f•d ~" rie s of pr•ntc,fi, 1:1~ ~ 1.i..:d.r,g a te ,un bl.fl s te !' t5 ng 

~ ~ l iK O ~r, t, ,,/\.q, ir,-> E\.nd 7('0" f';. , 11.'ld t,l'id iri..; i. t ,io) l"b~ "/.: q, 
\.1 ~~ ~.r .. J ~,!,0 1).C, 

L 1.'·l.'! !thi!1: th(• entr.:,;,y ct:llne;~ tt:r tr.J3 ,::ubet..e..•.10,.l h!°':'~.tt-.:d, for th~ 
,, (rn+;.! .. \; 11.1c,;,d•,.t and f(.r U\'! aya-1.,)J1lWh'1.tt 10 H)o,, o:£ ~ott! ;:;; he~t-;c i.r. h 

:.r ' 'B•lil h~ ~ .:":r ~!jl SC''~· ., ·to 1 50°1" ~ 

(i} F.•· .2 1b,J , f :fry .:.e.t.tiratec. ., ... s,,~,n ·:r.t 1000 lb, ,. sq,,tnc. 5bsrJut, 
(:) H,. 2 )t>s., ,f iq, ,;aturs.te-ci 5~-~1:1.m l-t (10 It-s-. ,.,b::io°lut<", 
(::) BJ,· 'lbSc, <.:f n1.p•c1thae..t;w:l o'tt-1f-l.m 11~ f,O lbs., tt-ob,:> q<;.<1::, i t, ( 11 

,! tf, ~ !'!', EHi ti!:> d ,· 
( j) .t i i p'l.rf;:,r~t ,,ounte:c ... rrsr.t l,t,'lt ~xcha~er Uhht: 11.ra $. hf ;>i, 

.>·1. rrf 1.:. !Ls ,)f wah•r ct i,;.,w,lly ~":;}SC~!'. 
1 c-) 1 1 t\ f <J.:-•:. : ... ~ 1 f1 ow he :.1 t ex~h"' ·i,~ ts r u:: 1 ng, i.'r,1$ t11 in .1i;.m1 ,,-,,~>ii 1 ty 

" ·' ,v c:.. t ·1! ' or .: ,_ ina :. ly a !. 2C ( , ° F . 

'1,, li ·.ulrui~~~ ·'h"' ,1,31cd Liaf. ,,h~,·r, ,1ou~d ·b,; :r t."-lm:d by tti1 .1se1,t1·: ·-

'. i. ,! <:X 'lf:1!,lC ! ·if 1:,•, •. :_i.;,1 froa. ~0(' Jl. ,11,q.,•_,,,. ';;.bt> and 2C:· .. r',. 51.ip•!r ]'08t 1!, 

,. ,)'> ~ .1 ~ ] ~5 i.'i: ~ 2~: i~) '"J.nc 3° or sz~. r,~·,.'.' .!6U."'t· .. , 

\ :)) 

, :-.·,:;•:.1 s j r r, , 
u~q 1:.. ='t,, f )'( 

"\,tn.~.;;t~ ,:.h,;, ve.LcciU~a1 .111:1:r:"l ,:i,;u,d 't,t; cbtu'=11~d t•:,, ti.." •tb111.:. 
\rw~,~- ,.v;..~r.,e, pr-~r,s-L.!',J::lv :if' th, ef'f· n1en, i~" ,;.•' .:h1;1 t "Jl ,,;.;,.;. w(' • · 

t~1 ',j •J .li. :.-:,'l.r.,:,c l.)!i w~ l't: '257' t' 1n• 1..!H> tw\' hi i~h.=r t !)., ,1,;. pn, "·· ,, • w:i.. J.A ... -. 

''t\1fn;e .. .,.·~1ng; ma~h:ice";l ,v1 " l. b" op•H·i:>.tad ui ::r-1{; ":=~·· , ..... ~;.~1<ir. .i1r 
,r, ,, 15-•: t a,,u ·16 1 ar,d th~ warni El l::" v,:t.hin t:,3 buildir.f,.S ,H •'I. beid, ,.,L~:. 
:,i•> H• r1;;f'r\.{;;H&t.~n; :m.:·h'l-r~e~ e.rt.1 t.; ho , p•n·t1.tt'ld. by eltioO":.t'.0 1-. 1 fCN,".".· thin, 
) :XG.lJ~ :17, i <;.: If -;,::. :npe r a, ':.u~' 'i l;~a t l.."'f}t:.l .: .l :.n tr bu1 l c!' nr;s '1 ,, 

.i,~-c:nc \.r,i, f1>.~t1mi•tr'lvn1:t liv:ttd t,e)ow (ba.$.-d 1Jug11,J ',r. ;n·.::: ~icr.i' 
-; . .n ';t·~ ..;~.<: .-··-.-.n._itn-::·, H11.y :re,;i c.:n) ~!'ilt.iu'La:'!l th<!. r..ax1.mi..:c or ; ,f • 1 •,,tn:fi.1. 

''·iis• '''f '.{ '.;t- l t,, p~r- '.','l·t • 't'fU (>~ Wv U' d & :, low ::iClC1"3S .,....i (! }-.e,'$ t ir1t,: , I\/' 1;11 l • fr ; f,0:«· .; 
,_\._;,hP1·;v, + ... ~~·, r '.1111.~ ~~ '· ·,.,y t ~,f : "t~..:e f -""t' 1 }1-~a 1-;~ 1'.",g '..• 

"l iCl:"<''r"i·.U•,-:: ~l,-uh.l net:J <:•e:H'6'-;' ~V&CIJ~!J'....:, ir, f•Vl,)t' · \"t',~P ... 
1
) ~!E ; 1 , t 2 l ~; . .,t; t:J :.. j~ rt: f·ri :;t, ·,-,a.ti~ ._;f :t,,;.,~ .. }i.·· llt;~ ,t,) {~ttt, -~ .. .J c:, . ,p 



o) Ave.;:-a.c;e winter· tomperatura equals 40°Fo An flV61:"age room ttllli:,era•· 
tur•, equ~le 70°F ., 

d) A·.rerac~ {}Ost or .fuel heat dtd.ivered tC1 -the r<ionu of a house i 11 
o ·1a dt,llt\r per rr..i ll.!..1.>n !i" T .. U .. 

" ~ r, A oo ~l#Jr ot iOO cu':.ic feat oa?auitJ contair .. in; 30\0 ibs~ ~')f wa.tsr 
!.n tl ·,e.li•p.li d p(H\!96• is b-.;ine; held at a CCJUt.8.nt pre:ssure ot 400 lb.s,/sq., 
:i.r:., e.bs., wi'tl-i otit w'l.thdrawill+;_; any steam fl:'0!11. thei boilor, ZOC•C ~\ba,.. of foed 
v•n '.er ~ t 15J4 r' .. l!lro pumped i.'l, while the pr$flf1Ul"6 is meanwhile hel cl c,onaUU2f: 
f .t 4 0C lb, }l°·')w :::n:oh heat is added to tho hoiler durinc this 1;:ro cet:s', 

H.. A 1irect f:ir-,d imper heater is ted .9im11l ta.Mou.sly vtit:1 stea.n f'roro. 
·:-two ., :i.na,i, tb, ftu11t oe.rry!ri.; dry se.tura":ied e t.earn at 10:> :i.b, e.l>sclute 

P''E't,'!~ur,.1 a.rn'l th'l sec<:mc ca.rryil'l{; ,ate:im a.t l,;O ll,, a't-soh.,te pr11uur& and 9C;;.; 
q i,&.li ty ,. ,\ t th QI c. c,il exit the praas u.rt't .J.f ' ·the cc-mbj.ned td;r-ean::.J h 90 lbo 
A-l: 1w1ute and t.~e ~ tea-n ia 1C0° super t i.ea ~ed ,. D•.i:rint~ pauage thrcue,n t:.JB coil 
:uo r:ot,Uo ·-,er pou1d of' t-:.tal st"Jam f1ow1[l6 was e.d.C:ed~ l'n"W.t weLgbt -pur oent 
n i' H,e total 1ba:c i'~d ea.me from the 100 lb., 1inei7 

U ,o ·::hat: ia tt-.e en-;ropy ohang;e for a pron@sa whith :c.1u~.11ta d' ;m::.:.d.ng 
i:,c .... Jis~ of lud !hot c,ri~inally at 2so•r>,. w·.1. th 10 J.~,s, er ·ut.e:.- c.•riGinallj· 
at G~ Fvr loa(. Cp = 0 .. 05n 

/ 1!,: Ce.l:rnlate (l.i:i and 6S per mo: ro ,:- tho r~veris.ibJ,, p~·:y t:ropk coins 
ptG3afo'.n O.~ Wtil tl.l.6 fl'Clm Cina to twe,::1ty 8. bQ.;)sphe rea.- 11:.e COT, ?f"S IUOr' take~ 
!.t IM> t hane ,\t 20°('. ,, and discharges at .35°Co 

ludicet<, how you would oaloulate tt1e min:l.mttm. w::•rk r~qui.r('c, per
H, ,. r.w-li; fo.' the <,cmprassiono 

Hi .. On,~ m:11:.on cubic feet (~t suction 1ond::.tions~ E•Ol" 1.our ot· o.n 
'>...;...t.i:.'x:iol!il 1:u.:icti;rt, of methane_. ot.he.ne, a:'1d p~ope.r.e is :,omprt :~1,e,d adabatio~ 
;\]ly frOl!t vn& t.c. ;:o atrnosphereao lf t he SL2,)tion t'1llper1.turt , it, LO'I\, ,11 
,. , 1.~ ~ '&) t '.1e tl':i ,.::--;t-.: ~el ''t'rl.< roquire>d in h)t1H1>po.11er aact (},} fua fin.a:. 
t(, .l}":l !''3 t ) rt- e 

~:; . :r. ,,e ,,ii,~!i. ;:.. ·,,~.e r.,oHles fo!" f_:, ir".;: ,1.:S6 t."• .. r:bine c, • ~ le WU! <:.l b·: adf:'t r,)r 
0 n,;c1;,': (J)l ' ,Ul t:.H8 t}4(1 'i'J :.c ..: .:. ty CJf 1,h(J WC rk:: T::.. f'1u:,d ,:1,f,.,e:,"' t1 1pf.<.I, t> :._:,•, t h.ri::i\1{'., l 

.t 51 r.oz :. i., s <)i· vl· e:,l blade a rnuat be co:;iputeu ~ ;; toe..."ll u , 1i1ei :ii.,s t ,;on:::r~·n w<,r .: i 11g 
iJ.,.: i c 1:111. o .!t<:.: r (; 9.:ies suc.h h.S flue Gases ar.d t. :rrir oc,,r;>c,r ·v1'\p:>:rs e.::- 1.:1 :x·equ·· n;l ~ 
· .£-{ ·Jd ~ ~. o f r; '.. l b r J"'ia.i::;rs.., w,d/or the ~;tea.m 'It1lil~:1 6n,l l ern,;.iJ.: .i~ ~ J a ,cro11, 1, rt~ 
lS;, J in .... ~ .. <"n ·~ -1:)'i is <·0r..puta t ion for s-t,im.n ~ 1, o ~'.l<}h ,ir.t.£ riillf or 1alr\de. tiou, ~nt 
'ive U9.t.\ ei f< ,r h .rdr:>oa.rbon ;;aues.i however, r 1nal vah;c~. ' .. y oe l cal nti·us :my· rn 
1·1'. d E! f:w ay,irc carl: ::,r. , :astis liy ; first, fir d:.111• t-.e f'ii<tl t e nir,) ra1:ur e <1 ftlr e , . 
~h.n.e :c.n '' J , lO&k l of t l1e Cp/Gv ratios, 1J (.11 t'ln l:'l.!J_; th., ~i f(\p·(~I . }t.> i r. :'ll. lil.J. 
;:.iy bwtwuim die i 111tie. l arid :C i:ne.l condi t i<.in6.9 fAn d fi:na .. l , ' usi ·i.:; ·J L:.s ;,~i·noulll 
t heororr. e 1u, , 't.i ox1 jr, the S~!me manner as 1'c.r ~-t..e.·.1.r1 to 1··J1 I th'!> '!o l oJ ; ,; o 

A -tu1·;·:i. 11t:> :.t.i bai::1t3 desie;nec t< ,, p(i l•att. on i :1"'::tu r <:, c,f ?. , . t:ith~n ~ • 
. : o:.~ c·r:n~,e £~r.d .=;c ;:; b .ttan,3 (_ all perue:Jt:a{ ~-.; t..r~ ty ga fe v 1~ v ol 1J l !b) r .d :l rj ti) 1 n 
(:ltl 0 ·.rlJ 1.1ow,n· g1r,er£1tc·r " !he gas is to :n t1xpur.ded f r ot ,) C'C l b~, .r ~, .i.a. , tt '· ~ .. 
~,r, ri coo•r .. OJ 30 :rts./{.q .. :i.n .,abs. 01· U:, ti', liquid star 1B .:or1d !!t n:r .. n ::; ~ lk•g l •H! Ul t£~ 
1;l'a -:n t .:'aw~•t ',~l .;city e.nd e.13suming a !ri• tion io,:rn ,, £ 1 ,:.;1; .: ~ i.::11 .aU ·•;;he fi e.Ii, 

v!:i lo -.·it,y af"cer :ix.p .. nsic1n., ,\ssuming ti1rh i.ni-; , .. nd g,en~ n ·.c·r ~ffi ~11:1.n,>.~ . . , o.f C: , ... n,t 
q .,;s ru,g:.:3 c tiwly find the 1'.]_uantity o {' ;.'l.d .;hat mus '. ut. uG~tl b) ,_; rn:: ·a~ L ,O 
l\ • ~1M6 tt '.1.v .tr.,1 c,1' cc,l1ic t 1·i.1.; power ., 



l'l ,, ln U:a ·'!()mprei:::.s:lon rofd[;erntion cycle :· cyo:_H [;t\ 6 th:J ,:. ha r."i just 
b e,eravo.pc1·u i:;Gd i.n t.ne coolir(lG oc i l i.s tiompre~i:.ed { au.bs 'Cfi.ntic.11;1 Et con
~tnn t ~m·tr•T)y) t then oooled o.nr\ oondens(ld to i,u ... 1..1rs:Lo,l liqu.l. c. in e water 
cool"d condense,: a.nd t.hen expanded throuc.h tho (}oohn.:; coil to oompleto 
the oyule,. 1'he ooei'f:iciont of. peri'ormD.n06 of e.n~, fluid in 1\ oomp:r-essicn 
refrigernti. on system equal t.ne re.tic c,f tl1i, differonc~ in. hae.t cont.ont of 
the aatu·'.'f11:8d liquid (after we.tar coolinb e.nd condonnng) and the heat 
cC'n t 1'1'lt of tiie ue.turated. ~.,rapor lea.ring the evaporator to 'the het.t. ec;.uiva• • 
i i, :, t 01' the work oi~ ~ompress:i.on a Gne ton ,.:,f refrigeration is o. r e.ta of 

. I 
teat reJ,lOVtl.: :.'(i.lU.l it.) J. :2 ,~100 F, &t · Uo/hr' ,:, 

Ur: int, p1·opa.ne ac; a. ref'ri~,erant a.nd cpera'ting bot'll~en ...,5ofi' and 
86°1" 0» !'imi (a) coeJ.'fi.:io11t of porfor..-: ia.no~ . (b) oompxosnon ratio ,~nd 
volumetric efficiency if t.ha corrrpreevor has o. clea.ranoe 101;t (c) the qua.nti~ 
ty of nro!)nne r.,quired to produce a. ton of ret'rigerntion 1 s.nd ( d) -the horsei= 
power requirem.i -it per ton of refrigeration ,, Repeat for "plant pro-pe.non ,, 

16,> The i· ~ason tho.t high pressures are uoed :i.n tro distil1o.t:1on of .'l ow 
. bci.1.Inf hydro< ~Lrbons i tS 'f:,') perroi t the oondenoation of' re.flu.,'!. with c1rc1ina.:cy 

ocohng we.to r,, Howevel' t diutillo.tion ie more e .ffio:i.en·c et low presti\11'86 

tha.n. rn.t h i i;h / l~~Hisuros ueoe.use the rolativo volatihties ara h :i.bhet' a'l:: ·tho 
lowen:.• prel.'Jsurt:. If a J ew coa·t eouroo of' refrigeration 1.s a 1,ed 'J. (!).ble t . eupp '1 y 
tho lo,·: temper.: i:;ui.:•o leva l cooling , it might be des i re.b le to sta.hil ize & t low 
p:te:asur e a..s in th~) p1 ocec;2 l'Opre eanted by tho 9..coompanyiz.,g ske t ,.h who:t o a 

~ - -~ (~. cip l :i t i1, ooi!l8: me.ds bet-v,.·Jen pro )!l.ne 
ff" ( , bO~ '"' t..nd butane ,. Tho n~t ov·er hee.d oc·nsi1d:;s 

T ·---\. &r'). of 92o5 m.ols of-. p r opane 11nd '! ..,5 mol () 

1 ". :.,1 I cf butane per hour &nd ir. expand;>d 
tl1 r ough ·the r eflux concl.cr:se r to 

! f,'. supply oooling .~ Tc wha t )rl'J .t, Bure 
"'; muat thie expansion proct· ,d in or da:i:-

to mintai:n a reflwc l'."at.,.o of 6:; l 

170//»tJ,l e. t tho oondi tions speoif led 1 ----~~ 
19" l n '.;he prcdr·. tion of J.ubricat.tng oil a 1->.,atch of 38°API p ·r3. f'1'1.n d l t:s"'-· 

t i 1. Lilt; ~a :l1~wa.xt1d l: ;r chilliric and. filtering i n propane 1:iolutiori . lhe oi : 
end 1:;ho pr ,pane are .,ixed in tho liqui d phaet\l at 906 F, and ohiUl d \1:t !i. 

r a te or ;, 0 r par m'.ni; ·;;e to ~30c,1"" ., by rcleo.s:ing t,he pt'e,asure a.nd a . l owing 
part of tr. I) propa ie t o VE:Lpor:Lze , 'l'ho final mi:duro must oonsist ,f' two 
6 a. llon.:i ,; : 1n·o p~r, 1 s.nd one ~a.l lon of' o :i1 for f :i. l taring o AISaumi n.g t ho. t tr. .1 
h6a t inf'i L tri'ltbn i.9 negligible find the compooi tion of the in:i ti i :t p:rop~ acs 
"' oil l'n:ir.Lm·e ( i, ls 1. before vaporization) , 
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Solutions to Prob l e1m;. ----------...--
lo This problem wHl be solved in engineeri11g units fo r one pout.d-mol 

of theper:feot gas assuming the ch~es ooour in a !'low pro ca s s " 

Pl= 14s7 lbs./sq.in~abso 
T1 = 492°R 
V1 :::: 369 Cu ..Fto 

P2 = 7.35 lbs ~/sq oin ~aba o 
Tz = 984°R 

V = 359 ~!. 14•7 = 1436 CU eft o 
2 492 '7 .. 35 

The intormedia te oonditions for eaoh path will be ce.loule.ted by the fo ll.owirJ.J;; 
equo.tionst which are basc,d on equations 108 and 110 {pf:l.GeG 116 and 117) and the 
given values of Cp and Cvo 

xr.f/3 = oonat . 
pv5/s = oonst. 

(a} 

(b t 

From ~qua tion ( a) . 2/3 

T = T1 ( :12..) and 
2 . V2 

( o ) 

.s/2 
V2 = V1 ( :: ) 

( d) 

From equation (b) 

(e ) 

(f) 

(g ) 

'lhe intennediate conditions are given in the followinG tabulati on: 
·--- ----..., 

Volume Pa.th --1 
Pressure Temperature 

369 / /.,.. ....... , =-71-8 -
·----------~\...:.? ...__3!; 1 

14 7 ; 359 · - '" . 67 49'l • 1 ,1 'l"'"";c...J,'--- -----1>--...: ; ) I'4'3'6 t - v ~ .~ ";C , .11:i 

/7 . 35 ··, , ~---:-:~Ji; 
7 . 35 492(.14 811 = 373 369 / ~ -) = 644 

,: 319 t 3 i359 -, ..-...r--------.J..--=-.L-1.aM. ___ _ 
-=-- -1.:_~\ 1456 = 1.46 492:,ws = 196 1436 

7. 35 492 

2 
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~t •" 49t - - ..,._,--..:.;...,.---,1ir'---+--~ 

~'13 -- -1-
1 

19.S _, 

I 
I 

I , 

I 

I:eo.t and work odculations will be niade for eaoh oath~ 

(a) lsothennal 8xpaneion t..o final pro·e.sure 

~ E &: ~H = O £or porf'eot ;_;us and 

f .P~ j"p-4 (p ...$ 
~ = '.i ':;:; - vdP = .... n T/P dP = ... ) 

P1 P1 pl 
b:T o ln .P 

Q = W = (1.,99) (492) (2o3) {l<lglO ~) = 676 Ilti1/mol 

{b} I~obario heating to final 7olume., 

W = P 6V .-::: ROT=- (l.,9!:)(984, .. 492) :; 980 Bt\i/iaol 

Q ~ i.J! = I !)pd?= s/z R ~ 984-492) == 2460 Btu/mol 

6t:;:::: LIH• il.?V =L.H-R61' ~ 24fi0-(lo!.>9)(492) :::: 1480 lltc/Lol 

AS ·=J;~ dl' -= 6/:m j~ ::: 6/2 (1.9!1)(2.,3}(bc10 ig; ... ) .:c 3o46 Bt1/tnn l•(IR .. 



~·167-

Pa t:.h 2 

(a) Isothe:r-mal to .final volume 

J4,, 1 
~ = w = (l .. 99)(492}(2 .. 3:(log10 ~~) -= 1360 ntiio/r.v ·l 

f\ 1360 I 0 
uS :: - = 2.,76 Btuo/:mnl- R 

492 · 

{b) Constant 1rohune to finnl condition 
W == 0 an£\ Q ::::: 4 E ( equa ·cion 17 r ps e;e 96) 

AE :: j CvdT = 3/2 R { 884.-492) :: 1480 Btu.,/mol 

6H = fu~ + 6PV.:: 6..~ +R 4T= 1480 + (L,99)(4£1..! ):.:: 2460 t , ~·,.Jc,/1110} 

ll.s = j; dT = 0/2 aJ ~!. = 3/Z ( 1. H9) (2 .3) '. loi 10 !:!·> ~ 
2 ~08 Btuo/mol-~Ro 

Fa.th 3 

(a) Adiabatic to final pressure 

Q and AS = o~ therefore !). H = =1fi fc,r flow p:roceos 

(If process had been a ba toh proceasli i'.\E ;:: ~w) 

By equat:i.on. 132 (pa.go 1:58 } 

W = •fa P1V1 [(~) Y:;l -J 
1'he work done by the gs.n in expanding is 

RTJ. 

1.,67 
1 .. 67-1 

= 2 ,, 5; 

r; = ( 2.s)(1. 99) ( 192) [i - c .6 l ·j = 090 rtu.1!n01 

(J H = =590 Btu, /inol 

l 

(j E = f::iH = fJ..p7 ::: L),R .. al~ T :::: -590 ~· Lr~9 (3 7;5,,.49·z) = -353 Otu,./w>l 



(b) Com:ta.n-~ pre::isure to final ~,c1.1mo,. 

w =; P6 rr.::: R.1 T ,::.~ (1099)(984 "" 373) = 1:: 1 5 I: ::.J. ., / r:,to l 

Q =QH ==f~pdT::;; 5/2 R (984.., ,373) =. 3050 J3 t,,.,, /mo:t 

6 E ;:.: 1.~H '"b.PV =l\H = R6T 7:.": 305() ~, (1 .,99)(611 ) ~"" J.833 Btllo/~l 

~ -1: ( 984) il s :;:; 1.:.£. dT = 6 2 1099) (2 o3) ( loglO m = 4,)34 Btu/ru.ol 0 Rc 

Pa.;Gh 4 ,, 
I 1' 

(a.) Adirbat"i.o to fina.l volume 

Q ar ci C... S = 0 

w = (2~5 ) (1099)(492) 

{iB = ~· 1472 Btu ., /:mol 

(jE = c,14'72 - 1 ,, 9~1 (195 - 492) ::::~·800 Btu"/mo] 

(b) Hoa. t at constant volume to .f'1.na.l temperat ure. 

[lE =:: 3/2H (98{1:,~195) = 2360 Btt~,Jmol 

~H :::: ,1E + Rc1 T = 2360 + (1 .. 99) ( 884 - 195) :.::: 3S32 Btu .,/moJ. 

re. 984 
~S ,:: \ .. Tv_ dT::: 3/2 \lo99)(2o3)( l og10 195d) = 1! ,,. 84 Btu"/:mc.;1"•0R, 

T..1e .f.'o~.lowing " . .:,,.buJ.ation SUIOiuarizos theiie c&.loulo. t'ions i 

Pa t h 
,:--"i~ 

b 
J:.~ 

3 ( !. 

1:1 
.2. 

w <.t dg 
··-,-- - Btu .. flZor 
-·sinr-, .. ~-- o 

980 2460 1480 

J.6513 3136 1480 

1360 1360 0 
0 1480 1480 

-~ mo mo 
35;1 0 ,r,353 

}. 21 '7 3050 ). 833 ·~·-....... 
:.5 '70 3050 1480 

1472. 0 ··880 
0 3932 2360 

J472 3932 1480 

~H l}S --· 3t'.°u:j'Mor~ 
~ -···L,3~--
246J 3 .,48 - ·-2460 4~84 

0 2 (,16 
2460 2,, 08 

-·2460° 4.;iri 

- 590 0 
3050 4 {,84 --·""" 246() 4 "84-

-1472 0 
~~932 4 984 ----- - --
2460 .~ •. 84 
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44> In order ·l;o keep the mi.tor from .f'reezin.g in the valvo, suffioient 
heat mue t be added to ll'!D.in ta.in tho tempe :ra ture o The only v,ay heat may be 
absorbed by tho ga.a in such an inata.lle.tion :i.a by ra.diat:i.on and oonveotion from 
the atmosphere .. 'trJhon r~ gas i.s expanded it must either cool itself off or lose 
heat ·to its surroundingso If the o:x.pe.nsion t;e.kes place through a ttirottle 
valve there ia not much time or space for ·the ge.s t.o absorb hee.to If the e.,c= 
pansion is al.lowed. to take place more alowly by expanding through a. series of 
baf':f'les 8 a larger su:d'e.co is available £or heat absorption to the atmosphere" 
Consequently:;, the gas does not oool i·bael.f. to as low a ·bemporature as with a 
·throttle valvoo In the equation Q ·"' W :::: .1.H 8 W::::: 0 for both types of ohoket10 
Q ie nearer zero for the thro-t::tla valve than :for the baffled ohoke,, 

64 Tho volumetric efficiency of this air compressor is found by 
mes.us of equo.:c:ion 143» page 140, as i'ollowa: 

[.. (4) rah] 
Ev= loO + 0.02 ... Qq,02 T O = Oo96 

The volume of gas that e. five ·cheoretioal horsepower compressor with this 
·1rolumetric efficiency will ha11dla is found by means of' equation 139 9 page 140.,. 

Notes The 

5 ·--· 144 
33»000 

14.7 V1 ~ 
0.,96 025 

V1 = 46o7 OUofto/mino 

= 1,,42 value gi von fot air with the problem was a "red herringH o 

6., The ma:dmtun theoretical e:f'fioienoy for any hee3; ongine is the 
Carno·l; Ei'fic:i.ancy (see equation 39, page 104) whioh is dependen·t; upon the 
highest and lovres-c tempe:ratureo onlyo Fo;;:· this pe.rticul,~r oasa tho effioienoy 
of ·t;he carnot oyole gives the rtttio of' work t.o heat added as 

W 206 ... 65 ~r ·- i~os . +-4so = o1i21os 

Using the heat equivalont of one m (3416 Btuo and o.esurning jch.e specific heat 
of the hot water is laOO gives 

Lbso of' Hot H20 par Klffl ::: 
3415 ..,,,_ = 116 

( 002105) (205.,.65) 

7o This problem is merely an exercise in reading the steam tables 
an.d Mollierdiagram (eeo Standard De:ce. Book) (a) .from Chart A""8o51 read 1.)1287 
B·cuo/1b.,°Fo as entropy of vaporization f'or l lbo of H2 0 at 100 po&oi.;> abs.· 
(b) the entroptea of vra.ter at '40°Fo o.nd 150°:Fo a.nd 10 posoi_. are essential 
the same ao for water e.:b those temperatures under their vapor preosv.ree of 
0<11122 and 3o 716 poaoio beoe.use pressures havo very li t·tlo effect on the 
entropy or ent.he.lpy of liquids 11 ioeo 6_S = 002149 ... 0,,0162 = Ool987' Btu./lbo 
°F.,J (o) this e.die.batio expansion oa.nno·~ be a reversible (oonsta.nt entropy) 
one because the enti:-opiea a·b the initial o.nd final oonditiona are differen·c., 
The expansion may be considered as one that takes place in two steps; 
bentropio to flnal enthalpyD iaenthalp:i.c to final oondi tionso 



=1 ']2.,-. 

6 S :i:i S2 a, S1 :.,,i lo 714 ..., lo587 = Oo127 Btu.,/lb,. °F.; (d) entropy ia a po:J.nt 
function and oha?lgeS in it a.re no·t dependant upon the path followed but only 
upon initial and final oonditionsb 

LiS :z S~.., S1 = 105678 .. 1.5138 = 0.0540 Btuo/lbo°Fo 

80 The entropy a.nd enthalpy changes in 10 lbs. of water when it is 
heated°'"from 60.Fo to · 150°Fo are 6. S = 10 (Oo2l49-0o0655) = 10594 Btuo/°Fo 
and ~H = 10 (117o87•28Q07) = 898 Btu0 (a) the heat to be removed from each 
pound of the dry saturated steam at 1000 posoio is 898 i 2 = 449 Btu. whioh 
will leave 69.2% (449 ~ 64906 = Oo692) of the 1000 poaGio steam condensed 
for which 6S =c(Oo692)( o.6468) = -o.447 Btu./lbo °Fo or -Oo894 B·cuc,/°F.. The 
entropy change for the entire sya"!:;em is AS = l.a594 - Oc894 = o. 7 Btu./°Fo; 
(b) fraotion of 50 p.s .. io dry saturated storun thF.tt is oondensed is 
449 ! 92309 = 0;.486, tho en·bropy Ohflnge being AS'= -(Oo486) (lo2473}= -o .. 606 
Btuo/lbo°Fo or ~lo212 Btuo/°Fo Ll..Stotal = 1.594 - 1.212 = Oo382 Btu./•Fo; 
(o) tho tollo'Wing steam table raadinge are made for this 8olutioni 

60 psi o.bso Sate. Sa·t;,. Super 
Steam Water Stee.m Steam 

t•Fo 281 281 350 
H 260 11'74 1210 
s 00411 lc.668 lo706 

Th:l.s steam will lose i to superheat ruid then practically 

Fraction oondensod = 449 ~ (l2l0,..ll7~L = Oo447 
. 1174 ~ 250 

/j S = ""2 [<10705--10658) + (Oo447)(lra658 - Oo4ll)] = 

~$total= 1Q594 • 10208 = Oo386 Btu .. /°FoJ 

oondenseo 

lo208 

• 
(d) in a perfect oountercurront heat exchanger~ the 10 lbs. of l50°Fo water 
would be cooled to 60°Fo P for which tJ. Stota.l = 1.594 ... lo594 = 0 1 and the 
result would be:, a reversible prooees, ,v.hich io obviously impoosible: (e} in 
a parallel exchanger the hee;bing media could no·\; oome out at a lower tem..,,. 
psrature than 150°0 The amount of 200° water roquirod would be 

10(150.,.60) 
-200-150::: 18 lbfJ,, 

6s ~ -18 {002938 ~ 002149) = -lo42 

6..Stotn.l == 1,,.594 - lo42 ;; 0 0 174., 

This simple problem illustrates e.pproach to reversibili tyo The lower the 
temperature loYel of the sourco of the hee.t that is heating another body or 
doing work" the more nearly reversible tho procese is o The ohange in the 
entropy £or -the entiro system is an index of this reversibilityo 



I •. 
C ,L, .,>• 

9 ,, ln t he z C..) ).u i: on (if th.is problom USO equ,at:i.o:o. 6 .. paf;e ~•., \thich 
... (> 

U2 22~~., 1r 1~-y) i";-:;0 -
p taF, s H . .Jl.!_ -·- ---.. -··· ----·-

Velctd.ty., U;.;.1 i't..,/seo.: 
wnFoi7·----·wi th Fric·t'T'o7t 
J:t'riotion 

300 6:1.1 'i .,6345 132,3cA 0 
200 630 J ,634b ]280 •l 3 ~- ,1, j470 X ,• 95 ...... 14~S2 

75 320 1~6345 1190 133,4 2580 ~ ,95 :-:a 2515 
25 240 1..6345 ll06 218.,4 3300 11' c,90:::: 3J30 

311 Hg c, 116 l ,. 6S45 9 7). 352 ,4 4200 X "90 :::: a990 

10() The Carnot Ef.fic1ency for the refrigeration (reversed heat angint ) 
oycle is given by equat:lon. 40f page 106,, For tho tempe•raturoi:. involved in 
t:hi~ problem the ratio of work requi red to the hea. t withdrawn t'rom the ooJ.ci. 
rei:iervoir.~ tho a.{mosphere is 

W 70 "" 40 
~ :::: %0 + 40 :: 0"06 

Tho heat delivered to the rooms Q = W + Q 1 

~'he worl:c required per m:.lUon Btuo Qf heat delivered 'cc- the rooms ib found a;, 
f o 1 lows s "- ·1 = Q. - W :::: 1 i 000 ~ 000 "'' W .. 

w w 
(fa' ~- I-,, o=o.,,..o"'"·e.....,.·o""'o""'~"""\l""'fl =- 0 "' 06 

W = 56.,600 Btu .. of work/m:Ulion Btu ,, of haa:t deliverad 

W::. 5S~600 -::.· 16"6 KW/10 6 Btuo ,,f. heat c:eliv:;ired 
3415 

Since fue1 heat cost :ts $lc00./mill:i.on Btuo,, the m:i.nimu"l1 co::,t of electrical 
energy ie 100 J 

~ SJII per h.'WH I6c6 
11,, The heat the.t is added to the bo.1·1er must be sufficient to mainto.u1 

the tomper-ature e.t 444.,6°Fi; the temperature at which etea..il ha.a a vapor pres= 
aure of 400 p os"i ", while the a.ddi ttonal boiler feed we.tor is pumped inn S011e 

of the steam in 'the vapor apaoe may condense o The amo\.":D. t of s teo.m in thh 

~paoo = )( ) · 100 = (3000 0.0193 .. . 
· l -- -= 36r:.2 lbs., ,;if sato stee.m at 400 p .. s~lc. 

].., 609 

Let X ~ the amount of lba~ of steam allowed to oondenso when t.he 2000 lbs , or. 
feed water are added1 then 

(3000 + 2000 ~ X) o~Ol93 + (3602 - X) 101609 = 100 
X ~ 33 .. ,8 lu13.:-

Heat to be added equa:t the hee.t n1qu1rod co heat the 2000 lbs ., of boiler f'3<id 
water to 444o6°Fo minus heat liberated by condensing 33.,8 Jboo of' s t ea.TD. 



t. t:2-·1., X ~. W,;1ghi r=r (,er:.t. d be'.•fl,\l fr·,;« the ()•) b (Jr.); then ::oo 
•,r;.<ig:hI pa.· ,:·i::,nt tf' d,(,fl.:W frcim 1io •. b. '1.n€1 2"ht t\: loW"lng hc. 'i.'G l. J.et.'l('f.' i• 

;;i", tten u; the, fu;.-0rh:1~-te,•· to sc.~·(.re f't..1 ?. 

1 (l !8, ,,:~)+· ( \00 "' X) ( 1;l20H:> I· 0 $)(' 
I 

Wit{.,) ·'.>- \ i.00) ( i?O; ... ( LOO} l .2'.5'-1 ,. 

: 3 111·11:~ :fr.1.ns .. 1 
~I/ 

t,d -~···" .:· 1c,w~ · 
oc) ( 0 ') 0~) ( j; f O ,.. t ·i .,, . fir)) 

'"...,' 

•i60 + }.Ot 
.~,g. ···o ----· 4ti0 + 2 50 

" .. 

i4. 'rh,.; trdt't·'<i and ftw,.l 1cnd::t~~n; an:;, ouff'101on1~,.- The pi:d;r, dcH:it, ·1' 

f® tti::1r~~~'the wcrd po l.ytror,H~ being ,j "n•l'.i h•:'l :· r.rn.gtl, iJse metJrn.:r:.o Xolli1;1.~ d:i n,_ r·~.rn 
g:ve1, e;, 'ft''i.f;u·NJ 49, 

::F •. l a tm. l 2() .:·. tm or 2 94, p :, a , i , 

Hi '\8'• B·'"'·• /11, • ...... V (.>~I/' ,.J •• I 

S• 0 QC'·.JI B l, · ',;, •• 
ii. j ~· ~· ... n. '~U.··,,/iOn .1o .( ~)· .. :; 0. S2q Bt·u /1·t·,. i.w (.~· iV "' ,. • ' ,.. ,;i 

! ,98f) (0,,906!3) (555)• (0,996) (f,2?1 

6.(PV} - !.9.9 Btu,.1ib 

The mtn'imvm. wo·k 'if; tli.e r'.:YC"l!i.'':i!.e Jac,h'rm,il. w,,.rk ,n ''1/::: /';i F .· DB Tl\S 
a On?, a. n 1 SC th<~, m~l pit th t f' 68 .,F' , 

,5,. 1? 6<1lvrn.g; th:s p:-:·oblem ,J:.o t:1g· ubons 139 e.nd. 140 .from pe.[;,., ltlO, 
find1n;-v1,i.J.U)i· of' -y- fr,·nt F'.l e;ure 4cfJ, Ar, ,.-v;,n1.g,s vah ... e c·f "'("" ( compu i:ect t<:1 t ti·~ 
0.verag(-1 'Gemier-a.twe) .:ihou'ld be uoed J.n. c:..t.,;uLat:i.ng 1;;he hc:rsepcwi:r and outJ(lL 

tompe:."atu1~,. The d"term,.,,a··;ton. if the c1.Led; t.emper&ture and ·,;ha av,,:rag~ 



value oi' -r is a aucceosive a.pprox:i.maUon t-ype of ce.lcula tio:a _, 

Methane 
Ethane 
Propane 

Assume Y = ln2 0 2 
( 2 ·) . ,,,,, 

T2 ~ (4so + 80) ; n 
J1.verage ·l;;0mp0ratwre :::: ~~ = 255°Fo :! 7l5°R,, 

2 

Avara~e pressure 140 7 + 29.tJ: = _,_ --••11-- = 15,4: Po Soi~ 
2 

M,J l 
T0 °Ro Po P~aoi~ m PR -r Fraction J,n - ----- ~~"'"" 

344: 673 2<,08 Oo229 lt.1,26 .,333 
550 712 1"30 00216 lol76 0333 
666 617 lt,07 01>250 lr.,148 o:533 

loOOO 

·'(:x: MQf o -
0416 
(J391 
0382 ·-

lr.199 6 wh:toh 
oheoks 
assv.mptiono 

Using e.ri thmeti.o o:verage tompero;cuNs and pri,ssures is not otrietly oo:rreot ~ 
Integrated avero.gea should bo usod o:r, bett.e:r- s·l;:H1 61 Mollier Die.1trams should 

be usedo lo20 R Oo20 0-· 
(a) Theoo HoPo ~ _l'!!_ 14" 7 x ~ 6~0°000~ OiiTo' (-L1°) Lio .,,, 1 

33/JOOO 

Theo~ HoP$ = 4130 for oinglo st~ga compressionQ 

(b) Outlet; temporatm.·e :::: 430°Fo for i>ine;le .:;Jcil.ge co:mp1·0ss:tono ?iuHis·tl"'l.g:i.11g 
with iz1teroooling would lower otrblot "liempere.. tux-e i.,nd work of oompr~rnsiono 

A more accurate solution would 1)e to take the gas up to the higho:..
p:ressure by smaller ju."llps:, finding the i;omporature and Tvalue for each, and 
·then udng an in·l:;og:iratcd e.vorage.,- ill solving for the theorotico.l horsepowot~ ,, . 

16., The £irat pe.r·b of thia problem is identical to tlw las·t problem 
excopt the:c :l. t ia for expanli.lion rather than oompression" 

Etheme 
Propane 
Butane 

Assume Y = 1,,10 

/ 30 )E.!:1..£ 
Ta = (.1.J:60 + 600) \soo)1ol0 ::-; 860°R or 400"'Fo 

600 + 400 0 0 average t ~ = 500 Foor 960 Ro 
2 

s.verago p :.:i 
300 + 30 = 165 p,,so,io ----

2 

T0 ''F,, Po P.,s.,io ' . .llL_ ' Mol Fre.ction --
560 712 
666 61'7 
766 550 

lo'76 
lo44 
lo25 

0 .. 232 
00261 
o..,soo 

1~13 
lolO 
lo09 

00225 
011'!330 
Oe545 

loOO 1~100~ which 
checks as3UJI.ad vaJ.ue 0 



Compute enthalpies a·t initial and fin.al oo:nditions 9 using Figures 47 and 480 

Ethane 
Propane 
Butane 

Lbs o/ Hat 600°Fo and 300 pei H at 4006Fo 
moi'o :Mol wt"' . rr. R H X Wof\ -H -
Oo20 600 001245 479 5995 352 
Oc30 130 2 Oo2'lS5 449 12300 337 
Oe50 29o0 006020 430 259c0 329 - - -
loOO 48{;>2 1 .. 0000 4446 

Aotual L\H = 44105 = 33308 = 10707 Btuo/lbo 
Effeotive ~ H c (lo0Qo,.Ool5)(107.7) = 91~5 Btuo/lbo 

The wloci ty a.fte;r expansion :::: 223 01 "91'.;5 = 2140 feet/aeoo 

The quantity of gas required to generate 100 KWH = 3415 x. 100 
· 9l o5 

:: 3730 lbie., ~f gf;.l,.e/hro 

e.nd 30 fSi 
H X Wo'?o 

4308 
92o0 

l98o0 -333,,8 

110 The refrigeration cycle with .Which this problem is concerned is shown 
in th~ollowing slcetohea 9 one being e. flow diagrrun and the other a Mollier 
diagram,::, 

Evaporator 
... 50.F,. 

rine 

Compressor 

Warm. 

Condenser 
86°Fo 

t 
p 

J.,.,..,.·----------·--------

H ---~~-



The following readings are made from Figures 50 and 55 & 

Propane{Figo50) PltoPropnne(Figo55) 
Point -r- 2 3 -- . ,. 2 ~ " 

-·-· ... -
Tempo I) °Fo 86 -5 J.00 86 ... 5 123 
'PreBS ovPoSoio Abso 155 35~8 155 211 38.,2 211 
Enthalpy uBtuo/J.b., 158 :~76~6 30'1 )59 277 312 

Using these da. ta t.ne following computa ti one arf> Jaade ~ 

Refrigeration$ Btua/lbo of Refrigara.nt 
Work,!) Btuo/lbt, of Refrigerant 
Coefficient of Performanco 
Lbs o of Refrigerant/Ton of Refrigera. tion 
Thao" Horsepower/Ton of Refrigeration 
Tons/KW · 

1:- !'095 X 1010! ~ lo2l,,, 
254'7 

118,,5 ;it; 3415 

30,,5 x 12~000 

Propan~ 

118 ,,!5 
30,, 5 

3088 
lOL,1 

1~21-'~· 
lo105~..:-:i-

= 1,)105 

Plant Propane 

118 
35 

3o37 
101.,8 

1,.40 
C.,958 

In ord~r to compute the Yolumetric eff'icienoy by equs.ticn 143 (pt.\ge 140) t a. 
value of' f must be found for each refrigeranto This may be .found fro.:h Figure 
40 or it may be found f:"."om e,que.t:l.on 140i knowing the change in ttJmpe rat.1re 
during compression for oo.oh gas from the 1\ollier Diagram reading,, ., This 
latter way will make the calcula. tion of ·volumetric efficiency mo 1.·e consisten~; 
with the other c&lcul a.ti ons and will be used hereo The volu.,netr.ic efficiencies 
a.re oom.puted below: 

560 
455 

, 

Propar:! 

~ o.,141 

Y' ~ 1€,165 . 

Es · [ .O+o ,10-0.10(4.33) i.~ss'] 
Ev= 04746 

Pla.nt Propruw 

583 
456 

:::: 0 .,1445 

Prom the above calcula. tion.s it can be seen the. t propane is superior to ple.n t 
pre pane as e. refrigerant~ both €1.S regards the a.mount of refrigere. tion produced 
per unit of work as indicated by the coefficient of performance·~nd as regards 
capnci ty .o as indioa. ted by the volumetric efficiency ... 



~,178= 

180 T!'or the purposes of the problem, assume that the net C"'Verhoo.d 
productsis 100 mola per · houro The total condensing duty for 100 molo of net 
overhead product withe. 5;) reflu.x ratio is computed using F'iguros 50 and 52 0 

Enthalpiea Btu .. /lbo 
Net Ovhdo Reflux Total Vap,, at 55 6 1' .. \, Liq .. 

ilo'.f.s Loso Loe" Lbs" & 85 psio Abso at 40°F,, 1.l H Btu .. /Ho~ -- -
C:, 92 c, 5 4074 20~400 24.,475 294 128 166 48050.,000 
C4 7.,,5 435 2,180 2.,616 293 124 169 44lt000 

100 .. 0 4610 22,580 27i,090 4,491,000 

The cooling neoessary to oondense the net overhead alone ie 1/6 of this amount 
or 750,000 Btu~ hr~ 

It is obvioualy impo3aible to remow enough hee.. t by expansion of the not overhead 
product through a heat exche.nger as shown,~ to condense more thar. the overhead 
i tselt'o and ·this would leave no refluxo t'he sucoossful operation of such a 
aystom iB . in. contradiction ·1ti·th the second law or thermodynamics o Heat must be 
removed by some soparate medium such as watoro Very little can bo gained by ox= 
panding to net overhead to sub atmo~pherio preesureso 

The f'ollouing modification of this cystem will come olosor to v,orkings 
howevero 60° Water 80°F 

66 po· o ge,o 

65°F,.. 

70 pei.ge.o 
_____ 3_0_0 _F_•--;..:.'11· 92 o 5 mo J.. C 21 

, 7 o5 moJ. C4 
36 psi.ga 0 ioo .. o molB 

In this system the net overhead is used J.;o cool the total overhead in. two 
stages by being evaporated in an exchanger C-1, compressed and then oondensed in 
c-2, and finally ova.poratGd in a second exohanger c-3., At'wr lee.~ring c-1~ the net 
overhead will be vapor at 45°F. o.nd 60 p .. aoio c;ao {de·?. point)> in C-2» :i.t 
will bo liquid at 90°Po and 140 pca.,,i 0 ga., (bubble point); leav;i.ng C-3 it 
will be vapor at 30°Fo and 35 po~oio gao (dew point) 0 



!va po re. tort ~l:._-e:. ty_~ 

40'75 (28905-128) H35( 289,.5-124) ·- 730 ~ooo Btu.,/hr" 

4075 (303.~:_289,,~-:t~i~~.:.~.~!1~) 
:>.c-4: 1 

~ 29 Th~o,: horoepc,wor 

~po,,::~tor c,-,;5 Duty_.J_ 

4075 (286=160) + 435 .:28f=ifi0) = 572,'700 Btuo)}ir~ 

The total amo\mt of hea·t removed from the tota.l overhee.d (product plu.:J reflu,~) 
::: 730:.,000 + 572 9 '100 = 1,302,700 Et\.10/hr.,~ which wouid reoult ::.n a reflux rs.ti::> 
of 

11'302,.700 --irs·cr.,ooo ;;: 1 .. n i i 0 

Th.ill 1s bettor than tho origjno.l aoheme buJ;; s·till not the desired 511,~ If tho 
overhead produot is to be used a.B t.he refrigerant 9 it would be n.ocessnry to 
circulate a. t n. higher ~ne.te than the production rate o This could. be done by 
recycl:l.ngo 

19u The solution of t.his proulem involves the use of ce.lculvs "' Te.ki3 e. B 

a basrs--100 gallons o:f oil a:t ~30"Fo 

Let3 Vlo = :-1:is" of oil = J.00 X 6.,951 X 1 .. 055 ;::: 7~;-5 lbs., 

Vip ·- lbs·~ of' propa.."te left at end = 200 X 408 -· 960 lbs., 

w ·- lbs" of mi.xtu1·e = 1693 lbs., 

X :.:;: .:.bs" oi' propano I:;:, be evaporatod 
dX c::: dif'f~ronti..,1 01' a.mo u11. t of propane vaporizod 

Lp -· lat.ant hea.t of propane (function. of tempa ra ture) .. 

Co ::: apeeif:i.o heat of oil 

Cp ::::: specif.io heat of' propane 

t ~ "bempe:ratur, 

~t any given time 

!..pell ~;: W0Cod-t + .wpcp.dt ,t XCpdt 

Uss a mean specific hee tt Gus for the final oil and propane mixture~ 

L dX :~. (WC ~·· XC ) d·b p m p 

dX dt 

11> 



I . 

Integrating from X == O to X = X and t:::: -30 to t = oc/JF. 

i:- in Cm xcP ~ -( 90_· d't 

P 118m J..so 't; 

!he first integration can be handled 1n this wa;y •lrlght but the second must be 
perfor.med graphic..117. fhia ,rill be done by plottitlg 1/!,> vs. t and integrating 
graph!.oa.lly. Plot.ting 1/L computed from. Figure 50 w. t; •1 •igbted over the 
temperatw-e range of ~ to 90°1'. gins a.n a'ftrage value of (1:-». of o.oooz. In 
solving the. above equation. for :x. a -.eig}lt&d valu• of On should be ua~d also. 
!hi.a 1& est.imat.ed from Figure SO to be o.56 by graphically integrating ·the 
eatw-ated liquid line t'ran •30 to 90°F. The average sp&oific heat for the 011. 
c0 .. ia estimated 1n. lilm mam:ier to be o.44. 

'Em_-=: ('7S3) (0.44) + {1693){0.56) = 860 

Substituting in equation (a) and a:ol.ving for X 

1 ln/aoo, + o.561) 
o.56 L 860 -= (0.0003 )(90 + zo} 

log10 860+ o.sax _ (0.0()63) (120)(0.s&) _ . 
. 860 - 2.~ - 0.1&4. 

aso +- o.66X _ 1.ss-
seo 

.X = 815 lbs. ot propane evaporate-d. 
Lbs. 1£ 

total Propane in Original::: 815t960,:; 1"l'1!' ~ 
Oil 'l-33 29 .4 

Total 250! ioo.o 
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Thermodynamic Properties 

of Methane 
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Standard Oil Company (Indiana), Whiting, Ind. 

PHYSICAL and thermal properties of 
petroleum hydrocarbons and their mix
tures are desired as aids in developing 

petroleum refining operations and in designing equipment. 
The use of thermodynamics is increasing and with it the 
demand for more data on the thermodynamic properties of 
the petroleum hydrocarbons. Without data, thermo
dynamics is powerless. Such data are especially useful 
in the development and design of cracking and polymerization 
processes. 

Problems encountered in petroleum refining are generally 
concerned with complex hydrocarbon mixtures rather than 
individual hydrocarbons. Because of pressing necessity, 
work has been concentrated on these complex mixtures. It 
is believed that more knowledge of the behavior of isolated 
-hydrocarbons will alleviate the task of studying their be
havior in mixtures. When more is known about the devia
tion of hydrocarbon solutions from ideal solutions, it should 
be possible to piece together the information on individual 
hydrocarbons and estimate the desired properties of mixtures. 

Therefore the study of individual hydrocarbons has been 
undertaken with two purposes-to make available thermo
dynamic data for one-component hydrocarbon system and to 
prepare a background which will assist in the preparation of 
thermodynamic data for multicomponent hydrocarbon 
systems. This paper deals with the first hydrocarbon of 
the normal paraffin series and an important constituent of 
natural gas. 

Scope of Calculations 
The following properties of methane were calculated from 

the compressibility and specific heat data: volume residual 

Specific heats at constant pressure, 
differences in specific heats, Joule
Thomson coefficients, entropy, and 
enthalpy are computed for methane for 
pressures of I to 120 atmospheres and for 
temperatures of - 70° to 200° C. This 
work is based on the P-V-T data of 
Kvalnes and Gaddy and of Keyes and 
Burks, and on thespecificheatatconstant
pressure data at I atmosphere of Eucken 
and Liide. 

Data on these thermodynamic proper
ties are presented, and from them the 
specific volume, internal energy, Gibbs 
free energy, and Helmholtz free energy 
may be calculated also. Plots of the 
volume residual , a vs. T isobars, Cp vs. T 
isobars, Cp - C, vs. T isobars, and the 
Joule - Thomson coefficient, µ vs. Tiso
bars are also presented. 

quantity, a; change with pressure of specific heat, GP, at 
constant pressure; difference in specific heats at constant 
pressure, GP, and constant volume, G.; Joule-Thomson 
coefficient,µ; entropy, S; and enthalpy, H. 

By means of Table I which lists these properties, the follow
ing additional properties may be computed: specific volume; 
internal energy, E; Gibbs free energy, F; Helmholtz free 
energy, A. 

The data on which this work is based are the compressi
bility data of Kvalnes and Gaddy (7) from -70° to 200° C., 
the compressibility data of Keyes and Burks (6) from 0° to 
200° C., and the specific heat at constant pressure of Eucken 
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and Li.ide (5) at 1 atmosphere from 24.6° to 208.1 ° C. The 
pressure range of the pressure-volume-temperature data of 
Keyes and Burks is 10 to 40 atmospheres; for the data of 
K valnes and Gaddy it is from 1 to lOQO atmospheres. The 
data are in good agreement in this overlapping region and 
were therefore considered a reliable basis for this work. The 
specific heat data of Eucken and Little, obtained by a "pre
cision adiabatic expansion method," were considered the 
most reliable basis for the work. The reference state chosen 
was 25 ° C. and 1 atmosphere pressure. At this point the 
data are more accurately known than at other points. 

Calculation of Thermal Properties 

The following equations, which were used in calculating 
the thermal properties, are based on the first and second laws 
of thermodynamics and are developed in many textbooks; 
hence their derivations have been omitted here. 

Change of specific heat with pressure: 

( ~~ t = -T ( ~; t (1) 

Difference in specific heats: 

(oV)' 
-T oT P 

(~~t 
(2) 

Joule-Thomson coefficient: 

µ = ( oT) 
oP H 

T (ov) - v oT P 
(3) 

Entropy: 

dS = S, dT - ( oV) dP 
T oT P 

(4) 

Enthalpy: 

dH = CvdT - [ T ( ~0t -V] dP (5) 

The departure from the perfect gas laws is shown by 
values of the residual quantity which by definition is: 

RT 
a= -p- - V (6) 

Calculations of the additional properties mentioned can 
be made by Equations 7 to 9. 

Internal energy: 

E = fl - PV (7) 

Gibbs free energy: 

F = H - TS (8) 

Helmholtz free energy: 

A= F - PV (9) 

The volume, V, can be calculated from smoothed values of 
a given in Table I. Values of a instead of V are presented 
because it is easier to interpolate for a. 

Bahlke and Kay (1) calculated thermal properties for a 
naphtha analytically by finding an empirical equation that 
fitted the experimental P-V-T data over the range that they 
were studying. Difficulties are encountered in this method 
~hen it _is. applied over wide ranges. Because of the difficulty 
m obtammg an accurate equation of state which will hold 
over the wide ranges covered by the experimental compressi-

1113 
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TABLE I. PROPERTIES OF METHANE 

p a Cp Cp - Cv µ s H p a Cp Cp - Cv µ s fl 

o C. Atm. Cc./o. ~CJatm. G.-cal./u. °C. G.-cal./o. o C. Atm. Cc./o. °C./atm. G.-cal./g. °C. G.-cal./u. 

- 70 1 6.51 0.440 0.128 0.948 -0.187 -46.0 30 1 2.78 0.543 0.126 0.445 +0.009 + 2.9 
10 6.61 0 . 454 0.156 0.998 -0.482 -49 . 7 10 2.66 0.558 0. 135 0.425 -0. 279 + 1.2 
20 6.83 0 . 482 0.204 1.096 -0 . 584 -54 .8 20 2.58 0.575 0.148 0.410 -0.371 - 1.4 
30 7.18 0 . 548 0.295 1.185 -0.653 -60.5 30 2.52 0 . 593 0.161 0.398 -0 . 427 - 3 .7 
40 7. 71 0.665 0 . 443 1.209 -0. 716 -67.6 40 2.47 0.610 0.176 0.388 -0.468 - 6.0 
50 8.45 0.848 0. 732 1.240 -0. 778 -76. 7 50 2.43 0.628 0.193 0.378 -0. 502 - 8.5 

60 2.39 0.645 0.205 0.365 -0 . 531 -11.0 
-60 1 6.00 0.451 0.127 0.887 -0.166 -41.6 80 2.28 0.680 0.243 0.347 -0.578 -15.6 

10 6 . 03 0.468 0.153 0.920 -0. 460 -45.2 100 2.14 0 . 723 0.284 0.323 -0.619 -20.7 
20 6.12 0.497 0 . 194 0.968 -0 . 560 -49.8 120 1. 99 0 . 762 0 . 320 0.289 -0.653 -25.1 
30 6.29 0.558 0.264 1.020 -0.627 -55.1 
40 6.59 0.662 0.369 1.016 -0.684 -61.1 40 1 2.56 0.553 0.126 0.407 +0 . 027 8 .4 
50 7.00 0.816 0.578 1.008 -0 . 739 -68.5 10 2.45 0.566 0 . 135 0.390 -0 . 260 7.0 
60 7.55 1.061 0.898 0.986 -0 . 797 -77 .8 20 2 . 36 0.582 0 . 146 0.377 -0.352 4.6 

30 2.30 0.598 0.158 0.366 -0. 408 + 2. 1 

1 5.53 0 . 462 0.127 0.827 -0.145 - 38 . 0 40 2.25 0.613 0.170 0.358 -0.448 + 0.2 
-50 

10 5.49 0.481 0.150 0.847 -0.438 -40.2 50 2.20 0.629 0.185 0.349 -0.481 - 1.9 
20 5.49 0.511 0.185 0.855 -0.537 -44.8 60 2.16 0.644 0.197 0.338 -0.510 - 4.5 
30 5.57 0.567 0.240 .0.866 -0.606 -50.0 80 2.05 0.675 0 . 230 0.321 -0 .555 - 8.5 
40 5. 72 0.656 0.308 0.852 -0.658 -55.5 100 1. 92 0.715 0.265 0.300 -0.595 -13.3 

50 5.91 0. 779 0.437 0.840 - 0 . 706 -61.4 120 1. 78 0. 749 0.299 0.273 -0.628 -17.4 

60 6.13 0.970 0.660 0. 787 -0.754 -68.5 
50 1 2.36 0.562 0.126 0.374 +0.044 14.0 

10 2.25 0.574 0 . 134 0.359 -0 . 243 12.5 
-40 1 5.09 0 . 473 0.127 0. 770 -0.124 -32. 7 20 2.17 0 .588 0.144 0.348 -0 .334 10 .2 

10 5.02 0.492 0.148 0. 775 - 0 . 416 -35.4 30 2.11 0.602 0 . 155 0 .339 -0.389 8.1 
20 4.98 0.523 0.177 0.765 - 0.514 -39 . 7 40 2.05 0 . 616 0.165 0.331 -0.429 6 . 1 
30 4.98 0.570 0.220 0 . 754 - 0.577 -43 .8 

50 2.00 0.631 0.179 0 .324 -0.462 4.1 40 5.03 0.638 0.265 o. 735 - 0 . 626 -48 . 1 
60 1. 95 0.644 0 . 190 0.312 -0.489 + 2.1 

.50 5.10 0.730 0.347 0.714 - 0 . 669 -53.0 80 1.84 0.672 0.218 0.297 -0. 535 - 2.1 
60 5.18 0.867 0.445 0.651 - 0. 710 -58.4 100 1.72 0 . 707 0.249 0.279 -0.572 - 6.1 
80 5.27 1.213 0.672 U.495 -0. 786 -70.4 120 1.58 0.737 0.280 0.258 -0.605 -10.0 

-30 1 4.67 0.483 0.127 0.716 -0.104 -28.0 60 1 2.17 0.572 0.125 0.344 0.061 19.7 
10 4.59 0.503 0.145 0.709 -0.396 -30 . 7 10 2.07 0 . 582 0.133 0.330 -0.225 18.5 
20 4.53 0 . 531 0.171 0.690 -0 . 492 -34.4 20 1.98 0.595 0.142 0.320 -0.316 16.1 
30 4.50 0.566 0 . 205 0.670 -0.553 -38.2 30 1. 93 0.607 0.152 0.314 -0.370 14 .4 
40 4.49 0.610 0.239 0.652 -0.600 - 42.0 40 1.87 0.620 0.162 0.307 -0.410 12.5 

50 4 . 50 0 . 673 0.286 0.628 - 0.640 -47 . 1 50 1.82 0 . 633 0 . 175 0 .300 -0.442 10.6 
60 4 . 53 0. 761 0 .338 0 .577 - 0.676 - 50 . 4 60 1. 77 0.644 0.185 0.290 -0.470 8.5 
80 4.56 0 . 967 0 . 465 0 . 475 - 0 . 741 - 59.4 80 1.66 0 . 670 0 . 208 0.275 -0.514 4 . 7 

100 4 . ~7 1.131 0.627 0.387 - 0. 797 - 67.6 100 1.54 0 . 700 0.236 0.260 -0.551 1.0 
120 3.95 1.202 0.658 0.272 -0.842 -75 . 7 120 1.41 0. 727 0.265 0.244 -0.582 - 2.6 

-20 1 4.28 0.493 0.126 0.665 -0.084 -22.4 70 1 2.00 0.581 0.125 0.316 +0.079 25.5 
10 4.19 0.513 0.143 0.649 -0.375 -25 .6 10 1.89 0.590 0.132 0.305 -0. 208 24.5 
20 4.12 0.536 0.166 0 . 628 -0.471 -29.0 20 1.81 0 . 601 0.140 0.298 -0.298 22.3 
30 4.08 0.564 0.194 0.608 -0.530 -32 .5 30 1. 75 0.612 0 . 150 0.290 -0.352 20.5 
40 4.06 0.597 0.219 0.590 -0.575 -35.8 40 1. 70 0.624 0.158 0.284 -0.392 18.7 

50 4 . 05 0.639 0.253 0.580 -0.613 -39 . 4 50 1.64 0 . 636 0.170 0.279 -0.424 16. 7 
60 4.04 0.689 0 . 290 0 . 539 -0.647 -43.1 60 1.59 0 . 646 0.180 0.270 -0.450 15.1 
80 4.03 0 . 801 0 .376 0.467 -0. 705 -50 . 6 80 1.48 0 . 668 0.200 0 . 256 - 0.494 11. 5 

100 3.85 0.907 0.509 0.422 - 0. 756 -58 .5 100 1. 36 0 . 694 0.225 0.244 - 0.530 8.0 
120 3.55 0 . 966 0.537 0.322 - 0. 799 - 64.9 120 1. 24 0.718 0.253 0.230 - 0.561 4.5 

-10 1 3 . 92 0.504 0.126 0.616 -0.065 -18.0 80 1 1.84 0.590 0.125 0 . 292 +0 . 096 31.5 
10 3 . 82 0.522 0.141 0.596 -0.355 -20.1 10 1. 74 0.599 0.132 0.284 -0.190 30.5 
20 3. 74 0.542 0.161 0.574 -0.450 -23 . 8 20 1.65 0.608 0.139 0.276 -0.281 28.2 
30 3.70 0 . 566 0.184 0.557 -0.508 -26.6 30 1.59 0.618 0.148 0.271 -0 . 335 26.5 
40 3.68 0.594 0.206 0.545 -0. 552 -29.7 40 1. 54 0.628 0.155 0.266 -0.374 24.8 
50 3.66 0.624 0.234 0.534 -0.590 -33.4 50 1.48 0.639 0.166 0 .260 -0.406 23.2 
60 3.64 0.654 0.261 0.507 -0.621 -36.4 60 1.43 0.648 0.175 0 .252 -0 .432 21.4 
80 3.58 0. 723 0.330 0.461 - 0.675 - 43 . 0 80 1.32 0 . 668 0.195 0.240 -0. 475 18.1 

100 3.41 0 . 803 0 . 430 0 . 424 - 0. 723 -50 . 1 100 1.20 0.690 0.217 0.229 -0.509 15.3 
120 3.16 0.858 0.461 ci.340 - 0.762 -55 .9 120 1.08 o. 709 0 .243 0.218 - 0. 540 11.8 

0 1 3.60 0.514 0.126 0.570 -0.046 - 13 . 0 90 1 1. 69 0.600 0.125 0.274 +0 .112 37.4 
10 3.49 0.531 0.139 0.548 -0.336 -15 . 1 10 1.59 0.607 0.131 0 . 265 -0.173 36.6 
20 3.41 0.551 0.157 0.527 -0 . 429 -18 . 1 20 1.50 0.616 0.138 0 . 259 - 0.264 34.6 
30 3.35 0.572 0 . 175 0.514 -0. 488 -21.2 30 1.44 0.624 0.146 0 . 254 -0.317 32.9 
40 3.32 0.595 0 . 198 0.503 -0.532 -24.2 40 1.39 0.633 0 . 153 0 . 250 -0.356 31.3 

50 3.30 0.621 0 .220 0.493 -0.567 -27.3 50 1.33 0 . 642 0.163 0.244 -0 .388 29. 7 
60 3.28 0.646 0 .243 0.469 - 0 .598 -30 .3 60 1.28 0.650 0.171 0 .237 -0. 414 28.1 
80 3.19 0.599 0.300 0.440 - 0.650 -36. 1 80 1.18 0.668 0 . 190 0 .226 -0 . 456 24.9 

100 3 . 03 0.762 0 . 380 0.403 - 0.695 - 42.5 100 1.06 0.685 0.210 0.216 -0.490 22.1 
120 2.81 0.813 0.410 0.338 - 0. 734 - 48 . 4 120 0 . 93 0. 703 0 . 234 0.207 -0 . 520 19 .1 

10 1 3.30 0 . 524 0.126 0.525 - 0.027 - 7 .6 100 1 1.55 0.609 0.125 0.256 + 0.129 43 .3 
10 3.18 0.510 0 . 138 0 .503 -0 .316 - 9.6 10 1.45 0.615 0.131 0.249 - 0.158 42.4 
20 3.10 0.559 0.154 0.485 -0.409 -12 . 6 20 1.37 0.623 0.137 0.244 -0.247 40.4 
30 3.05 0.579 0.170 0.472 -0.466 -15.2 30 1.30 0.630 0.145 0 . 239 -0 .300 39 . 0 
40 3.01 0.600 0.190 0.461 -0.509 -18.0 40 1.24 0 . 638 0 . 151 0 .235 -0 .339 37.4 

50 2.98 0.624 0 .210 0.450 -0.544 -20.8 50 1.19 0.646 0.160 0 . 230 - 0 . 370 36.0 
60 2.95 0.646 0 .227 0.431 -0.574 - 23.5 60 1.14 0.653 0.168 0.224 -0.396 35.0 
80 2.84 0.690 0.276 0.406 -0.624 -29.0 80 1.04 0.668 0.186 0.215 - 0.438 31.6 

100 2.69 0. 745 0 .. 340 0.375 -0.667 - 34. 7 100 0 . 92 0 . 684 0.205 0.206 -0.472 28.9 
120 2.50 0.791 0 .375 0.324 - 0. 705 - 40. 3 120 0 .80 0.698 0 . 225 0 . 197 - 0.501 26.0 

20 1 3.03 0.533 0.126 0.484 - 0.009 - 2 .5 110 1 1.42 0.618 0 . 125 0 .243 +0.145 49.7 
10 2.91 0.549 0 . 137 0.463 - 0.297 - 4.2 10 1.32 0.623 0.130 0 .236 -0.140 48.8 
20 2.82 0.568 0 . 151 0 .447 - 0 .390 - 7 . 1 20 1. 24 0.630 0 . 137 0 .231 - 0.231 47.0 
30 2. 77 0 .587 0 . 165 0 .433 - 0 .447 - 9.6 30 1.18 0 .637 0 . 144 0 .226 - 0 .283 45.5 
40 2.72 0.606 0.182 0 . 422 -0.488 - 12 . 0 40 1.12 0 . 644 0.150 0 .222 -0.322 43.9 

50 2.69 0 . 626 0 .200 0 . 412 -0.523 -14.8 50 1.06 0.650 0 . 158 0.218 -0.353 42.4 
60 2.65 0 . 646 0.215 0 .397 -0.552 -17.3 60 1.00 0 .656 0.165 0.213 -0.379 40. 9 
80 2.55 0.684 0.258 0.375 -0.600 -22.2 80 0.90 0 . 670 0.183 0 .205 -0.420 38 . 5 

100 2.40 0.733 0.308 0 . 348 - 0.643 -27.8 100 0 .78 0.682 0.200 0.197 - 0.453 36.0 
120 2.23 o. 775 0 .345 0 .305 - 0 .679 -32.8 120 0 . 66 0 .695 0.220 0 . 188 -0. 482 33.2 
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120 

130 

p 
Alm. 

1 
10 . 
20 
30 
40 

50 
60 
80 

100 
120 

1 
10 
20 
30 
40 

a 
Cc./o. 
1. 30 
1.20 
1.13 
1.06 
1.00 
0.93 
0 . 87 
0 . 78 
0.66 
0.54 

1.19 
1.09 
1.02 
0.94 
0 .88 

50 0.82 
60 0 . 76 
80 0 . 66 

100 0 .55 
120 0.42 

140 1 1.08 
10 0 . 98 
20 0.91 
30 0.84 
40 0. 77 

50 0.70 
60 0.64 
80 0.55 

100 0.44 
120 0 .32 

160 1 0 . 98 
10 0.88 
20 0.80 
30 0.73 
40 0.66 

50 0 .60 
60 0.54 
80 0.44 

100 0.33 
120 0.20 

160 1 0 .88 
10 0 . 78 
20 0 . 71 
30 0 .64 
40 0 .56 

50 0 . 50 
60 0 .44 
80 0.34 

100 0 . 23 
120 0.10 

170 1 0.78 
10 0 .68 
20 0.61 
30 0.54 
40 0.46 
50 0.40 
60 0.34 
80 0.24 

100 0.13 
120 0 . 0 

180 1 0.68 
10 0.58 
20 0.51 
30 0.44 
40 0 . 37 

50 0.30 
60 0.24 
80 0.14 

100 0.04 
120 -0. 10 

190 1 0.58 
10 0.48 
20 0.42 
30 0.34 
40 0.28 
50 0 . 21 
60 0.15 
80 0 . 04 

100 -0.06 
120 - 0.20 

200 1 0 .49 
10 0. 40 
20 0 .32 
30 0.25 
40 0.18 

50 0 . 12 
60 0 . 06 
80 - 0 .05 

100 -0.16 
120 -0.28 

TABLE I. 

0 .627 
0.632 
0.638 
0.644 
0.649 

0 . 655 
0.662 
0.673 
0.682 
0.694 

0.636 
0.640 
0.645 
0.650 
0.655 

0 .660 
0.665 
0.675 
0.684 
0.694 

0.644 
0 . 648 
0.653 
0.658 
0 .662 

0.666 
0.671 
0 .679 
0.688 
0.697 

0.653 
0.656 
0.661 
0.665 
0 .669 

0.673 
0.677 
0.685 
0.693 
0.702 

0 . 662 
0.665 
0.669 
0 . 673 
0 .677 

0.680 
0.685 
0 . 693 
0 . 700 
0. 708 

0.670 
0.673 
0.677 
0 . 681 
0.685 

0 .689 
0 .693 
0. 700 
Q.708 
0.716 

0.679 
0 . 682 
0.686 
0.690 
0.694 

0.698 
0 . 700 
0 . 710 
0.717 
0 . 724 

0.688 
0 . 691 
0.694 
0.698 
0 . 702 

0.707 
0 . 711 
0 .720 
0.726 
0.733 

0.696 
0.699 
0 . 703 
0. 707 
0. 711 

0.716 
0.720 
0.729 
0.736 
0.742 
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(Concluded) 
C,,- Cv 

0 . 125 
0 . 130 
0.136 
0 . 143 
0.149 

0 . 156 
0.163 
0.180 
0.195 
0.214 

0 . 125 
0 . 130 
0 . 136 
0.142 
0.148 

0.155 
0.161 
0 . 176 
0 . 191 
0 .209 

0.125 
0 . 130 
0 . 135 
0 . 141 
0.147 
0 . 154 
0.159 
0.174 
0.188 
0.205 

0.125 
0.129 
0.135 
0.140 
0.145 

0.152 
0.157 
0.171 
0.185 
0.201 

0.124 
0.129 
0.134 
0.139 
0.144 

0.151 
0.156 
0.169 
0.188 
0 . 199 

0.124 
0.128 
0 . 134 
0.139 
0 . 143 

0 . 150 
0.155 
0 .166 
0.180 
0 .195 

0.124 
0 . 128 
0 . 133 
0.138 
0.142 

0.149 
0.154 
0 . 165 
0.177 
0.192 

0 . 124 
0.128 
0.133 
0.138 
0 . 141 
0.148 
0.153 
0 . 163 
0.175 
0 . 189 

0.124 
0.128 
0 . 132 
0.137 
0.142 
0 . 147 
0.152 
0 . 161 
0 . 173 
0.186 

µ S H 
~C./atm. G.-cal.fg. °C. G.-cal./g. 

0.229 +0.160 55.6 
0.224 -0.124 55.0 
0.220 -0.214 53 . 5 
0.215 -0 .266 52 . 5 
0.211 -0.304 51.0 

0.207 
0.202 
0.196 
0 . 189 
0.180 

0 . 219 
0.214 
0 . 209 
0.205 
0 . 201 

0.197 
0.194 
0.187 
0 . 180 
0.172 

0 .210 
0.205 
0 .200 
0.196 
0 . 193 

0.189 
0 .184 
0.179 
0.172 
0.165 

0 .200 
0 . 196 
0.192 
0 . 188 
0.185 

0 . 181 
0 . 177 
0 . 172 
0 . 165 
0.157 

0.193 
0.189 
0.184 
0.180 
0.176 
0.173 
0.170 
0.164 
0 . 157 
0.150 

0 . 185 
0.181 
0.177 
0 . 173 
0 . 169 
0 . 165 
0.161 
0.155 
0 . 150 
0.144 

0 . 178 
0.174 
0.170 
0 . 166 
0 . 162 

0.158 
0.154 
0.149 
0.144 
0 . 136 

0.170 
0 . 167 
0 . 163 
0 . 159 
0 . 155 

0.150 
0.146 
0.141 
0.136 
0 . 130 

0 . 164 
0 . 160 
0 . 156 
0 . 151 
0 . 148 

0 . 143 
0.139 
0.134 
0 . 129 
0.123 

-0.336 
-0.362 
-0 . 402 
-0.436 
-0.464 

+0.176 
-0.108 
- 0.198 
- 0 .250 
-0. 287 

- 0.319 
-0.345 
-0.385 
-0.419 
-0.446 

+0.192 
-0.092 
-0.182 
-0.233 
-0 . 271 

-0.303 
- 0.328 
-0. 368 
-0.401 
-0. 429 

+0.208 
-0.078 
-0.166 
-0 . 218 
-0. 256 

-0. 287 
-0.312 
- 0. 352 
- 0.385 
-0.412 

+0.224 
-0.061 
-0.149 
-0 . 201 
-0.238 

- 0 .270 
- 0.294 
- 0 .335 
- 0 .368 
- 0. 395 

+0.238 
-0.046 
-0.133 
-0.185 
-0.222 

- 0 .254 
- 0 . 278 
- 0 .319 
-0 .351 
- 0.379 

+0.252 
-0.031 
-0.118 
-0 . 169 
-0.205 

-0.237 
- 0 . 262 
-0.302 
- 0.334 
- 0 . 362 

+0.208 
- 0.016 
- 0.102 
-0.153 
-0.189 

-0.221 
-0.246 
-0 .286 
-0. 318 
- 0.345 

+o.283 
0.0 

- 0 . 087 
- 0.139 
-0 . 176 
-0.206 
-0.231 
-0.270 
-0.302 
- 0. 329 

49 . 1 
47.8 
45.3 
42 .5 
40.3 

62 .2 
61 .5 
60.0 
58.5 
57.4 

55.8 
54 .3 
52.0 
49.3 
47.3 

68.5 
68.0 
66.5 
65.2 
64.0 
62.4 
61. 2 
59.0 
56.7 
54.2 

74.9 
74.4 
73.0 
71.6 
70.3 

69 .3 
68.1 
65.8 
63 . 4 
61.3 

81.8 
81.4 
80.1 
79 . 1 
77 .8 
76 .5 
75.6 
73 . 0 
70. 7 
68.7 

88 . 0 
88.2 
87.1 
86 . 0 
85.0 
83.8 
82.6 
80.2 
78.1 
75 . 7 

95.0 
95.1 
94.3 
93 .2 
92 . 2 

91.0 
90.0 
87.6 
85. 7 
83 .3 

101.8 
102.2 
101. 2 
100 .6 
99.4 

98.3 
97 .4 
94.9 
93.2 
91. 1 

108.2 
109 . 0 
108.3 
107 . 3 
106.0 

105. 3 
104 . 3 
102 .2 
100.4 
98.8 

bility data of methane, graphical methods of differentiation 
and integration were used throughout. 

Deming and Shupe (3) used graphical methods in comput
ing the physical properties of nitrogen, carbon monoxide, 
and hydrogen, obtaining the derivatives of the volume from 
the corresponding derivatives of the residual quantities. 
They also used residual quantities to smooth and extrapolate 
compressibility data. These methods are applied here to 
methane. 

As pointed out by Deming and Shupe, it is difficult to 
measure the curvature of the V vs. T isobars because they 
are nearly straight. From a plot of the residual quantity, 
a, their curvatures could easily be determined. Rearranging 
and differentiating Equation 6 we obtain: 

(10) 

(11) 

(12) 

The residual quantity, a, of Equation 6 was calculated 
from the experimental data of Kvalnes and Gaddy (7) and 
of Keyes and Burks (6); Figure 1 is a plot of a vs. T isobars . 
Values of a in Table I are smoothed values taken from a largt}
scale copy of Figure 1. The units of a are the same as the 
units of the volume in cubic centimeters per gram. The 

derivatives (~; t and (~~2 t were determined by the 

chord area method of graphical differentiation on the large
scale plot. A large-scale plot of a vs. P isotherms was also 
prepared, and points read from it were used to construct 

another chord plot from which the derivative (~; t was 

determined. From these derivatives · it was possible to 
calculate the other thermal properties of methane. 

SPECIFIC HEAT AT CONSTANT PRESSURE. Combining 
Equations 1 and 11: 

(13) 

Integrating between the limits of pressure P and 1 atmos
phere pressure with T constant: 

[P ( 02a) 
Gp - C,,0 = T )po oT' P dP (14) 

where Gp• = sp. heat at constant pressure (1 atm.) and temp. 
T obtained from Eucken and Liide (5) 

CALCULATION OF CP - Cv. Combining Equations 2, 
10, and 12: 

[~ - (;)J' 
Cp - Cv = T[RT (oa)·J 

P 2 + oP T 

CALCULATION OF JOULE-THOMSON COEFFICIENT. 
bining Equations 3, 6, and 10: 

µ 

a - T (Oa) 
oT p 

(15) 

Com-

(16) 

CALCULATION OF ENTROPY. Combining Equations 4 and 
10: 

dS = Gp dT + [( oa) - ~] dP 
T oT P P 

(17) 
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Integrating between the limits of temperature T and the 
reference temperature (25 ° C.) with the pressure constant 
at 1 atmosphere: 

1T 
Cp 

S,atm. = T dT 

98.1 

(18) 

Integrating between the limits of pressure P and 1 atmosphere 
with the temperature constant: 

S - S, atm. = J,~ [ ( ~;) p - ~] dP (l 9) 

This integration was performed graphically for each tem
perature by summation of small incremental areas. 

CALCULATION OF ENTHALPY. Combining Equations .5, 6, 
and 10: 

dH = CpdT - [ a - T (~;.)J dP (20) 

Integrating between the limits of temperature T and the 
reference temperature (25 ° C.) with the pressure constant 
at 1 atmosphere: 

H, atm. = (T Cp dT 
} 298.1 

(21) 

Integrating between the limits of pressure P and 1 atmosphere 
with the temperature constant: 

This integration was performed graphically for each tem
perature in the same manner that Equation 19 was integrated. 

It is possible to calculate the remaining thermodynamic 
properties of methane by using the data presented in Table I 
and Equations 6 to 9. 

Discussion of Results 

The a surface for methane in the range studied is a smooth 
skew surface with no sharp breaks or folds and with the 
isobars in Figure 1 starting to cross at about -20° C. This 
type of surface for the volume residual quantity probably 
accounts for the unusual plot formed by the Joule-Thomson 
coefficients in Figure 4. The temperature-entropy and 
entropy-enthalpy diagrams do not show these character
istics but were similar to the corresponding diagrams for 
steam. These plots were omitted here but can be con
structed from the data in Table I. 

The maximum deviation in values of a in Table I will 
cause a deviation in the calculated volume of 0.5 per cent or 

less. The estimated accuracy of the calculated specific 
heats, GP, which are based on the data of Eucken and Lude 
(5) at 1 atmosphere as a reference point is within 1.0 per cent. 
The maximum deviation of the enthalpy, H, is ±0.5 calorie 
per gram. 

Perry and Herrmann (8) recently computed the Joule
Thomson coefficients of methane using the Beattie-Bridge
man equation of state (2) and the Eastman equation (4) for 
the isobaric specific heat at atmosphere. The following 
table shows a comparison of the Joule-Thomson coefficients 
(in ° C. per atmosphere) found by Perry and Herrmann and 
those obtained by the methods described: 

Pres- ~-250° K.---300° K.---350° K.-~ ~400° K.~ 
sure P. & H. P. & H. P. & H. P. & H. 
Atm. (8) Edmister (8) Edmister (8) Edmister (8) Edmister 

1 0. 58 
50 0.46 

100 0.37 

0.680 
0.585 
0.414 

0.41 
0.34 
0.28 

0.451 
0.385 
0.327 

0.30 
0.26 
0.22 

0.300 
0.265 
0.232 

0.23 
0.20 
0 .17 

0.220 
0.200 
0. 182 

Perry and Herrmann go as low as 200° K., but, since the 
lower limit of the calculations in this work was -70° C., 
there are no values to compare at this lowest temperature. 
From their values it is apparent that their calculated isobars 
do not cross, as was found to be the case by the graphical 
methods used here. The comparison shows good agreement 
at 350° and 400° K., but the agreement is not so good at 
300° and 250° K. The range of the Beattie-Bridgeman 
equation is 0° to 200° C., so that the derivatives obtained 
from it at these lower temperatures probably account for 
this deviation. 

Nomenclature 

a = vol. residual, cc. per gram 
C = isobaric sp. heat 

c. - C. = difference in sp. heats 
µ. = Joule-Thomson coefficient, ° C./atm. 
S = entropyabove25° C.and 1 atm.,gram-cal./gram °C. 
H = enthalpy above 25° C. and 1 atm., gram-cal./gram 
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Enthalpy-Ent1·opy Diag1·am Is 
Developed for Methane By 

W. C. EDMISTER 

The Mollier diagram ( enthalpy 
or heat content vs. entropy) for steam has long 
been a very useful tool of the engineer . From i t 
changes in en tha lpy for isothermal, isobaric isen
tropic (constan t entropy) or reversible a diabatic 
changes in state can be found. It is also possible 
to determine changes in en tropy for isothermal. 
isobaric, or constant enthalpy (throttling) changes 
in state. Final temperatures and pressures may 
also be estimated. In addition the change in the 
free energy of formation with pressure may be 
computed. 
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Thermodynamic properties have recently been 
calculated for methane.' The calculation of these 
properties was based on the P -V-T data of Keyes 
and Burks', and of Kvalnes and Gaddy' , and on 
t he isobaric specific heat data at one atmosphere 
of E ucken and Lude.' Equations based on the 
first and second laws of thermodynamics were 
used in the development and the calculations were 
made by means of accurate graphical methods of 
differentation and integration. Since these calcula
tions have already been discussed ' in detail, a 
presentation here would be unnecessary repetition. 

50 100 150 200 

TEMPERATURE 0 f 

Standard Oil Co. (Indiana) 

The properties resulting from these calculations 
are here presented in very useful and practica l 
forms, lloweYer. F igure 1 is a plot of isobaric 
specific heats vs. temperature and of the ratio of 
specific heats, c.,/ Cv vs. temperature. Specific heat 
is dimensionless and may be B.t.u./Ib. °F. or 
g-cal. / gm. °C. 

F igure 2 is an Entlla lpy-Entropy diagram for 
methane. In the original calculations the refer
ence state for the en tropy and enthalpy was 25° C. 
(77° ]' . ) and one atmosphere and the enthalpy was 
in calories per gram. With this reference state 

250 300 350 400 

Fig. l - Plot ol isobaric specific heats versus temperature and plot ol ratio ol specific heats versus temperature 
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ENTHALPY - ENTROPY DIAGRAM 
FOR METHANE. 

-~ PRES$lJRE IN LBS./SQ. INGH ABSOLUTE 
80° o0 oo 000 coo --~ -

·~:! ~~:g v-~ z~ $2~:g ~~ ~ 

0.6 0;8 

ENTROPY, B.T.U./•LB./°F ,:;;OVE: C~tTICAL STATE 
·i)t _.,::::~::,:-,·-: :-:/:':- ., 

Fig, 2-Enthalpy-Entropy diagram oi methane tor calculating problems involving heat, pressure, and free energy changes and other computations 



the entropy at the critical state was -0.911 (en
tropy is a lso dimensionless and may be in B.t.u./lb. 
~F or g-cal ./gm. °C.) and the enthalpy was - 104 
g-cal. / gm. or -187.4 B.t.u./lb. When this chart 
was plotted in English engineering units the refer
~nce state was changed to the critical state (-117° 
l: · and 673 pounds per square inch absolute) so 
thl. e would be no negative entropies or enthalpies. 

An~ong the many uses of the Mollier diagram 
for ste· .m are: (1) the calculation of the flow 
velocity from a nozzle, jet, or orifice, (2) the cal 
cu'.ation I of the work absorbed by a turbine wheel, 
and ( 3) the calculation of the loss by throttling 
or wire-drawing. For the ideal frictionless case 
the flow 'through a nozzle, jet, or orifice is adia
lmtic and reversible at constant entropy. Actually, 
however, 'chere are friction losses, which cause an 
increase in entropy and decrease the flow velocity 
as well :>.s the work absorbed by the turbine wheel, 
if the ~et is directed on a turbine wheel. These 
friction losses are known as "wire-drawing" or 
throttl'mg and occur at constant enthalpy. 

'l'ly.) Enthalpy-Entropy diagram for methane 
here ~ ;resented may be used for these same cal
culat. ·ns as well as for the other more obvious 
ones. .:'be fo llowing uses of Figure 2 will be dis
cussed and illustrated: 

1. 
2. 

I soba ric (constant pressure) change. 
I sothermal (constant temperature) change. 

3. Loss by throttling. 
4. ' Flow velocity from nozzle, jet, or orifice. 
5. vVork absorbed by turbine wheel. 
6 Change of free energy. 
7. vVork required in compression. 

Ncte: In computing the work absorbed by a 
given process by means of the Enthalpy-Entropy 
diagra.m it is necessary to assume the process is 
r e ,·ers; ble. Such an ideal process is one in which 
all fri< ·tion and other sources of energy dissipation 
have b,~en removed. Technically any actual process 
is irreversible. 

ISOBARIC CHANGE 

'!.'he '.!hanges in enthalpy and entropy for a 
constant[ pressure process can be found from Fig
ure 2 b following a line of constant pressure. 

Example 1: Cool CH, from 200° F. and 200 
pounds pe1· square inch absolute to 0° F. and 200 
pounds p, · sauare inch absolute and find the 
changes in enthalpy and entropy. 

6 H = 255.5-141.5 = 114 B.t.u./lb. 
6 S = 0.704 -0.498 = 0.206 B.t .u./lb. °F. 

ISOTHERMAL CHANGE 

The changes in enthalpy and entropy for a con
stant temperature process can be found directly 
from Figure 2 by following a line of constant tem
perature. 

Example 2 : Compress CIL isothermally from 
0° F. and 200 pounds per square inch absolute to 
1,000 pounds per square inch absolute and find the 
changes in enthalpy and entropy. 

6 H = 141.5 - 107.5 = 34 B.t.u./lb. 
6 S = 0.498-0.248 = 0.250 B.t.u .llb. ° F. 

THROTTLING LOSS 

The loss in throttling or wire-drawing occurs 
as an increase in entropy at constant enthalpy 
and can be found from Figure 2 as illustrated in 
the following example: 

Example 3: An engine, a turbine or a nozzle is 
supplied with methane at 300° F. and 1,000 pounds 
per square inch absolute and the discharge or ex
ha ust pressure is 100 pounds per square inch. F ind 
the loss if the CH, is throttled to 600 pounds per 
square inch before expansion. 

No throttling ( S = 0.578) 

6 H = 306.5 - 140 = 166.5 B.t.u./lb. 
Final temperature= - 11 ° F. 

Throttling (Final S = 0.644) 

6 H = 306.5-171.5 = 135.0B.t.u./lb. 
Final temperature = 50° F. 

Throttling loss= 166.5-135.0 = 31.5 B.t.u./lb. 
Entropy increase= 0.644-0.578 = 0.066 B.t.u./ 

lb. °F. 

The loss caused by throttling in the above ex
ample is 31.5 B.t.u./lb. and the entropy increase is 
0.066 B.t.u./lb. °F. The final temperature is 50° F. 
instead of - 11 ° F. for no throttling. 

-==--
FLOW OF FLUIDS 

'fhe following formula for flow through adia
batic orifices, jets, and nozzles can be derived 
from Bernoulli's theorem 

V/-V,2 
----=J(H,-H, ) 

2g 

V, = initial velocity in feet per second 
V, = final velocity in feet per second 
H, = initial enthalpy in B.t.u./lb. 
H, = final enthalpy in B.t.u./lb. 
g = 32.174 feet/second' 

(1) 

J = work equivalent of heat = 777.64 foot
lbs./B.t.u. 

For flow from a reservoir where the init ial 
velocity is negligible the above equation becomes 

Y, = Y2gJ(H,-IL) = 223.7 VH, - H, (2) 

For the ideal frictionless adiabatic case H, and H , 
are at the same entropy and can be readily found 
from Figure 2 by following a vertical line. For 
the actual case there will be an increase of entropy 
and the fina l temperature will be higher and the 
final velocity lower than for the frictionless case. 
If the initial and final temperatures and pressures 
are known the actual velocity may be accurately 
found by the above equations. If not the actual 
velocity may be found from the following equa
tion, which is a modification of equation 2, by 
assuming a vaiue for "y" the friction loss. 

V, = 223.7 V (1-y) (H,-H,) (3) 

y = friction loss and may be approximately 0.10 
to 0.20. 

ID:xample 4 : Find the final velocity for ideal 
frictionless adiabatic flow of CH, from 1,000 
pounds per square inch absolute and 300° F. to 
100 pounds per square inch absolute. Find final 
temperature. 

V, =-· 223.7 V 306.5 - 140 = 288 feet/ second 
t, = - 11° F. 

filxample 5: l!'inct tile final velocity for the 
problem in example 4, assuming y = 0.15. Deter
mine final temperature and the loss by throttling. 

V, = 223.7 V (1- .15) (306.5 -140) = 265.5 
feet/ second. 

6 H = 0.85 (306.5-140) = 141.5 B.t.u ./lb. 
H, = 306.5-141.5 = 160 B.t.u./lb. 

Frorr. Figure 2 at 1,000 pounds per square inch 
and H = 160 B.t.u./lb. 

t , = 28° F. 
Throttling loss = 160-140 = 20 B.t.u./lb. 
Entropy increase = 0.622-0.578 = 0.044 B.t.u./ 

lb. °F . 

WORK ABSORBED BY TURBINE WHEEL 
The work equivalent of the heat absor bed by a 

turbine wheel can be found by the following con
version factors: 

1 B.t.u. = 777.64 foot-lbs. 
1 H.P. = 33,000 foot-lbs./minute. 
1 H.P. hour = 2,546 B.t.u. 
1 K.W. hour = 3,415 B.t.u. 

An example will illustrate: 

Example 6: Find the work absorbed by tur
bine wheel in example 4. Find amount of CII. r e
quired to generate 1 H.P. hour. 

6 H = 306.5-140.0 = 166.5 B.t.u./lb. 
W = 777.64 X 166.5 = 129,600 ft.-lb s./lb. CH, 

2,546 
--- = 15.3 lbs. CH,/ H .P. hr. 

166.5 
The change of free energy with pressure at 

constant temperature may be computed by means. 
of the following equation and Figure 2: 

6F = 6H-T6S (5) 

The free energy of formation is usually known at 

atmospheric pressure. With this equation and the 
free energy at atmospheric pressure, the free en
ergy at any other pressure may be computed. 

Example 7: Calculate change in free energy 
from one atmosphere and 300° F. to 1,800 pounds 
per square inch absolute and 300° F. 

6 H = 321.0 - 295.5 = 25.5 B.t.u./lb. 
T 6 S = (460 + 300) (1.118-0.494) = 474B.t.u ./ 

lb. 
6 F = 6 H-'l.'6S = 25.5-474 = -448.5 B.t.u./lb. 

The free energy at 1,800 pounds per square inch 
absolute and 300° F. is 448.5 B.t.u./lb. greater than 
the free energy at 14.7 pounds per square inch 
absolute and 300° F. In other words it would re
quire 448.5 B.t.u. of work to reversibly compress 
1 pound of CH, from 14.7 pounds per square inch 
to 1,800 pounds per square inch at 300° F. 

'!.'he free energies of forma tion of hydrocarbons 
from carbon and hydrogen are usually presented 
in calories per carbon atom. This makes a change 
of units necessa ry, when Figure 2 is used for cal
culating free energies, but this is very simple. 
Since most u ses fo r the Enthalpy-Entropy chart 
will be in engineering units the chart is therefore 
presented in those units. 

'!.'he work r equired in isentropic compression is 
equal to the increase in enthalpy, while the work 
required in reversible isothermal compression is 
equal to the increase in free energy. For the ideal 
frictionless case where no jacket water cooling is 
used the compression is an isentropic process, but 
for the actual case with no jacket water cooling 
there is an increase in entropy and in the work 
of compression. With cooling during compression 
a lower final temperature results, the entropy de
creases, and less work is required. For r evers ible 
compression the isothermal case r equires the mini
mum amount of work while the adiabatic case r e
quires the maximum amount. ,vhen enough jacket 
water cooling is supplied to cause a decrease in 
entropy during compression but not enough to re
sult in isothermal compression, the reversible work 
required is dependent on the path followed. An 
example will illustrate. 

Example 8; Find the reversible work required 
to compress 1 pound of CI-I. from 14.7 pounds per 
square inch absolute and 0° F . to 300 pounds per 
square inch absolute by each of the four follow
ing paths: 

.1 . Tsentropi,:> to fiw{l r1·pssnrP. 

2. Isothermal to final pressure. 
3. Isentropic to an intermediate t emperature 

of 200° F. and isothermal to final pressure. 
4. I sothermal to final entropy of Case 3 and 

isentropic to final pressure. 
Solution: From Figure 2 the data necessary 

for the solution of these problems were found and 
are tabulated in the following table together with 
Lb.e iluiu tiuus. Tile iletal, " uI tb.e ;:,ululious am 
similar to previous examples. 

Conditions: 
Initi a l .. .. . . 
Fina l. Case 1 
Final, Case 2 
Inter, Case 3 
Fina l, Case 3 
In ter, Case 4 
Fina l, Case 4 

Case 1. 
Case 2. 
Case 3. 
Case 4. 

P T ° F. 
14. 7 0 

300 400 
300 0 

75 200 
300 200 

63 0 
300 200 

,---B. t. u. I I bs.------., 
S H AH AF W 

0.832 14 8 
0. 832 388 -240 . . ... -240 
0.442 137 + 11 - 179.5 -168. 5 
0. 832 258 - 110 .. 
0.651 253 + 5 - 119. 5 -229.5 
0.651 147 + 1 - 83 . 2 
0.651 253 - 106 .... . -188.2 

WORK REQUIRED 

240 X 777.64 = 186,800 ft.- lbs./lb. CI-I. 
168.5 X 777.64 = 131,000 ft.-lbs./lb. CH, 
229.5 X 777.64 = 178,400 ft.-lbs./lb. CH, 
188.2 X 777.64 = 146,500 ft.-lbs./lb. CH, 

The work r equired in Case 1 is the greatest, 
while Case 2 is the least. The final conditions in 
Cases 3 and 4 are the same, yet the amounts of 
work r equired for compression are different. This 
shows that the path affects the work absorbed. 

CONCLUSIONS 

While the charts here presented are for a 
single component, which is more often found in a 
gaseous mixture than in a one-component system, 
it is believed that they will be of value in engi
neering calculation. It is hoped that similar charts 
for other hydrocarbons will soon be available. 
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Therinodynainic Properties of 

Hydrocarbons 

W. C. EDMISTER 
Standard Oil Company (Indiana), Whiting, Ind. 

THERMODYNAMIC properties, such as deviation from 
perfect gas laws, fugacities, specific heats, heats of 

· vaporization, entropies, internal energies, free energies, 
and enthalpies or heat contents for petroleum hydrocarbons 
and their mixtures are of practical importance in engineering 
work associated with petroleum refinery operations. Re
search development of new processes and the design of plant 
equipment require a knowledge of these properties over wide 
ranges in temperature and pressure. The preparation of 
tables or charts of these properties is complicated by the 
multiplicity of the petroleum hydrocarbons and by the scar
city of reliable experimental specific heat and Joule-Thomson 
effect data. More P-V-T data are available, however, so 
that the effect of pressure on the above thermodynamic prop
erties can be computed by means of the first and second 
laws of thermodynamics. 

In a previous paper (10) a study of individual hydrocar
bons was begun with.two purposes: to make available more 
complete thermodynamic data for one-component systems 
and to prepare a background which would assist in the prepa
ration of such thermodynamic data for multicomponent 
systems. The first publication on this project dealt with 
methane, for which the effects of pressure on the thermal 
properties were calculated graphically by means of the Lewis 
and Randall (22) volume residual quantity, a, obtained from 
P-V-T data. Graphical methods of differentiation were 
adapted and thermodynamic functions were integrated to this 
particular problem, and it was then discovered that a vast 
amount of work was involved in performing such calculations 
precisely for each hydrocarbon individually. It became ap
parent, therefore, that the most expeditious method of pre
paring tables and charts of thermodynamic properties for all 
the normal paraffinic, isoparaffinic, olefinic, naphthenic, and 
aromatic hydrocarbons was a generalized method, by which 
these computations could be made once for all single-com
ponent hydrocarbon systems-in other words, a method that 
would result in "reduced" thermodynamic properties, which 
would be functions of reduced pressure and temperature. 
With such a method the tedious graphical differentiations 
and integrations could be performed with great care once to 
obtain the reduced thermodynamic properties; then by means 
of the critical constants for any given hydrocarbon it would 
be possible to compute the value of any desired thermody
namic property. Such a correlation of reduced thermody
namic functions would make it possible to estimate properties 
of hydrocarbons for which there are few or no data available. 
It should also be possible to apply these reduced functions to 
mixtures by the use of Kay's pseudo critical constants for 
mixtures (14). 

The generalization of isothermal pressure corrections to 
such thermodynamic properties as enthalpy, internal energy, 
and Joule-Thomson coefficients has been receiving consider-

The effects of pressure on specific heats 
at constant pressure, entropy, and en
thalpy are computed in reduced or gen
eralized units for hydrocarbons. These 
calculations are based on a new correla
tion of P-V-T data. The effect of tem
perature on these thermodynamic prop
erties can be computed by a new equation 
for specific heat at one atmosphere, which 
is based on a correlation of the data of 
Beeck, of Eucken and Liide, and of 
Eucken and Parts. 

By means of a table of generalized ther
modynamic properties and equations pre
sented in this paper, it is possible to com
pute all the thermal properties for any 
hydrocarbon for which critical data are 
available. 

able attention in recent years from Lewis and co-workers (4, 
7, 19, 20, 21), Newton and Dodge (25, 26), Watson and Nelson 
(34), and Watson and Smith (35). All of these investigations 
arrive at the effect of pressure on enthalpy, Joule-Thomson 
coefficients, etc., in round-about ways, and most of them re
sult in tedious methods of calculation. It is believed that a 
more direct method of arriving at the effect of pressure on 
thermodynamic functions would be more precise and more 
useful from a practical standpoint. Such a direct method is 
made possible by the graphical reduced equation of state de
veloped and discussed here. 

Reduced Equation of State 

The compressibility factor, PV /RT, which is the ratio of 
actual to theoretical gas volume, has been in wide use during 
recent years as a means of correlating P-V-T data. When 
plotted against reduced pressure, lines of constant reduced 
temperature for different hydrocarbons are close together, 
and in some cases coincide. Vapor volumes estimated from 
this type of plot are of sufficient accuracy for most engineering 
design calculations. For thermodynamic calculations this 
correlation is not accurate enough and, in addition, is not well 
adapted to graphical methods. 

Instead of the ratio of actual to ideal gas volume, let us 
consider their difference; this residual quantity is defined as 

RT 
a = p - V (1) 

As pointed out by Deming and Shupe (8), this residual quan
tity is well adapted to graphical methods. Since a = 
a,a., P = P.P., and T = T,T., Equation 1 may be rear
ranged and written 

V RT. T, 
-= - --- a, 
a. P.a. Pr 

(2) 



MARCH, 1938 INDUSTRIAL AND ENGINEERING CHEMISTRY 

I. 

-
1.2 

I.I 

1.c~1 
":2 
'<'{ SI o.v 
/ C g 

I I 

:./ J I 
. ..../ V 

./ 
Oh- V 

l----' 
- -A 

~ 

·-
.I 

0 

·O .I c.; 

(' 10 
REDUCED PRESSURE PR 

TS ; 0 " ,o B 

I\\\ 
\\\\ LIQUIDS ~ USE P, SCAlf 

\\\\ AT TOP 

r\ (\ 

\VAPORS 
\~ 

§ 

1 
I jy' 

L . ....-Y 
L--v--

l.u 

USE P, SCALE 

\\~\\ \ AT BOTTOM 

\ \~ 

'~ ~ ~ 
1\ll... - "" ~ ~ 

"'--..:: 
~ ' ~ ~ "' q&o 

''° 
]0 ,, 
, . 
I A 
,n 
, ' 

., 

....._ 
~ - f::::,,.._ 

~ - r------
,.v ,., 

REDUCED PRESSURE,~ 
FIGURE 1 

v"s 

~ 

.u 

PVT DATA CORRELATION 
FOR HYDROCARBOf\JS 

o<R VERSUS Ill & TR 

p.~ 
~ 

""--
~ r---z ~On - ''" - -----

., 4.0 ., ,o 

35S 

which is essentially a reduced equation of state, where the 
ratio RTc/Pcet, is practically a constant as shown in Table II, 
and etr is a function of Pr and Tr. 

well as in the unsaturated vapor region are given in Figure 1, 
where the liquid curves are plotted against a different ab
scissa scale from that used for the vapor curves in order that 
the two sets of curves may not overlap. The Ctr function was determined from experimental P-V-T 

data collected from the literature. Table I shows the sources 
and ranges of the data used in making this correlation. 
Values of Ctr were calculated , and plotted for each hydrocar
bon listed in Table I, and Figure 1 was constructed from 
these plots. Values of Ctr in the unsaturated liquid region as 

Hydrocarbon 

Methane 
Methane 
Ethylene 
Ethylene 
Ethane 
Propane 
Isopentane 
n-Pentane 
Cyclohexane 
n-Hexa.ne 
n-Heptane 

TABLE I. SouRcE of P-V-T DATA 

Pressure Range, Pr 

0.0218 -5.46 
0.2182 -0.8735 
0.749 -2.96 
0.0986 -2.96 
0 . 2277 -3. 892 
0.0238 -3.333 
0.01564-2.18 
0.0342 -2.268 
0 . 1104 -2.62 
0.315 -1.26 
0 .1081 -1.706 

Temp. Range, Tr Citation 

1.064 -2 .478 (18) 
1. 43 -2. 478 (17) 
0.966 -1.037 ( 1) 
1. 055 -1. 668 ($4) 
0.977 -1.714 ( $) 
0.8196-1.647 ( 9) 
0.701 -1.20 (37) 
0. 709 -1.176 (36) 
0. 7 46 -1 . 035 ($8) 
0.872 -1.089 (33) 
0.766 -1.016 (15) 

AccURAcY OF P-V-T CORRELATION. Using the critical 
constants given in Table II, the Ctr correlation shown in Fig
ure 1 was used to calculate vapor volumes, which were com
pared with the experimental data. The same comparison 
was made with vapor volumes calculated by means of the 
PV /RT correlation; the PV /RT plot used was practically 
identical with Brown's z plot (5) and Lewis' µ plot (19). 
The results of these comparisons are shown in Table III, from 
which it can be seen that the maximum deviations are smaller 
for the Ctr correlation than for the PV /RT correlation in all 
cases except that of n-pentane, for which the deviations for · 
both correlations are quite low. When average deviations 
are considered, the comparison is even more favorable to the 
Ctr correlation. For most of the data, Figure 1 is within the 
experimental error and is considered a sound basis for gener
alized thermodynamic calculations. 

TABLE I!. CRITICAL CONSTANTS FOR HYDROCARBONS 

Critical Vol. Residual, RT, = -k, k Pcac* 
Hydrocarbon Mol. Wt. Critical Temp. Critical Pressure Critical Vol. a, ,~--

k3 =- Pc:a, Pcac To 
o K. o R. Lb./sq. in. Cc./g. Cu. ft./ Cc./g. Cu. ft./ G. cal./ 

Atm. abs. mole lb. mole mole lb. mole q. mole** 
Methane 16.03 191.1 344 45.8 673 99 1.586 243.5 3.90 1.406 1.413 270.2 
Acetylene 26.02 309. 1 556 61. 7 907 113.2 1.814 298.0 4. 772 1.381 1.452 445.8 
Ethylene 28.03 282.8 508 .5 50.7 745 133.4 2.138 324.2 5.195 1.410 1.410 398.5 
Ethane 30.05 305.2 549 48.8 717 137 .0 2.195 376.0 6.020 1.365 1.457 444.8 
Propylene 42.05 36'l.8 656 45.0 661 181.6 2.91 483.8 7. 745 1.375 1.446 527.5 
Propane 44 . 06 369.9 665.5 42.01 617 195.0 3.123 528.0 8.46 1.368 1.455 538 . 0 
Isobutane 58.08 407 .1 732.0 37.0 544 249.0 3.99 654.5 10.48 1.379 1.442 587.0 
n-Butane 58.08 426.0 766.5 36.0 529 250.0 4.005 720.5 11 .54 1.347 1.477 629.0 
Isopentane 72.09 460.9 829.0 32.92 483.4 307.6 4.930 842.0 13.485 1.365 1.459 672.0 
n-Pentane 72 .09 470.3 846.0 33.0 485 310.9 4.98 860.0 13. 77 1.359 1.463 688.0 
Benzene 78.05 561.6 1010 47. 7 701 256.2 4.106 709.5 11.36 1.361 1.460 820.0 
Cyclohexane 84.09 554.1 997 40.6 596.5 308.7 4.946 811.5 13.00 1.382 1.440 798.0 
Diisopropyl 86 . 11 500.5 901 30.6 449.5 357.1 5.72 986 15. 795 1.362 1.460 731.0 
n-Hexane 86.11 507.9 913.5 29.5 433.5 367 .2 5.88 1045 16. 74 1.353 1.472 747.5 
n-Heptane 100 .12 540.0 972 .0 26.8 393.7 427 . 0 6.84 1227 19.65 1.349 1.477 797.5 
Diisobutyl 114.14 549.9 989.0 24.5 360.0 482 . 0 7 .72 1359 21.77 1.355 1.468 807 . 0 
n-Octane 114.14 569.3 1024 24.6 361.4 490.0 7 .85 1410 22.59 1.347 1.475 840.0 

• Dimensionless ratio is either g. cal./g. mole ° C. or B. t. u./lb. mole ° F. 
•• Multiply by 1.8 to convert to B. t. u./lb. mole. 



354 INDUSTRIAL AND ENGINEERING CHEMISTRY VOL. 30, NO. 3 

TABLE III. ACCURACY OF P-V-T CORRELATIONS 

Correlation 

Methane 
Ethylene 
Ethane 
Propane 

Max. Deviations of 
Calcd. from Obsvd. 

Vol.,% 
PV/RT ar 

6.6 5.6 
10.6 8.0 
5.9 3.5 

13.6 9.8 

Correlation 

Isopentane 
n-Pentane 
Cyclohexane 
n-Hexane 
n-Heptane 

Max. Deviations of 
Calcd. from Obsvd. 

Vol.,% 
PV/RT ar 

14.5 6.9 
2.8 5.3 
9.0 4.5 

11.2 5.5 
12.0 8.0 

Calculation of Thermal Properties 

The effect of pressure on the various thermodynamic prop
erties will now be calculated hy means of the reduced equa
tion of state represented by Figure 1. 

FuGACITIES OF VAPORS. The fugacities of hydrocarbon 
vapors have been computed by several investigators using dif
ferent methods. Brown and co-workers (31) and Lewis (19) 
calculated the fugacity-pressure ratio by integrating the 
compressibility factor, PV /RT, against pressure. Newton 
(25) computed it for a large number of gases by integrating 
the equation 

f ;:p 
RT In - = - a dp 

p 0 
(3) 

against pressure directly for each gas and correlating the re
sulting "activity coefficients" as a general function of reduced 
pressure and temperature. 

The values of f/p have been computed from the correlation 
of Figure 1 as follows. On the introduction of reduced units 
Equation 3 becomes 

-RT. f I !Pr --In-= - Cir dpr 
P.a. p Tr 

(4) 

The critical ratio RT./Pc ac of Equation 2 appears here in 
Equation 4. If values of this critical ratio were strictly identi
cal for all hydrocarbons, and if we assumed that ar is a func
tion of Tr and Pr, f /p would be a function of reduced tempera
ture and pressure only; but since they are only approximately 
identical, f /p is only an approximate function of Pr and Tr, 

Figure 1 was integrated graphically, the right-hand side of 
Equation 4 was computed for several reduced temperatures, 
and the values obtained are given in Table IV under the head
ing "k1 lnf/p" where the constant k1 = -RTc/P. ac, Values 
of this critical ratio are given in Table II for seventeen hy
drocarbons. The average value of k1 for the hydrocarbons is 
about -1.37, with only methane and ethylene deviating by 
an appreciable amount. Where reliable critical data are 
available, a value of k1 = -RTc/Pcac should be used rather 
than the average value of -1.37. For the purpose of com
paring f /p ratios calculated from Table IV with those of 
Lewis (19) and Newton (25), the average value of -1.37 was 
used, however. The results of this comparison show less 
deviation from perfect gas laws at low pressures and more at 
high pressures than do Lewis' or Newton's results. 

SPECIFIC HEAT AT CONSTANT PRESSURE. Effect of Pres
sure. The change of specific heat with pressure is given by 
the following equation: 

(ocv) (02v) 
oP r = -T oT2 p (5) 

When expressed in terms of ar and reduced units, Equation 5 
becomes: 

( oCv) = Pcac T (o2ar) 
oPr Tr Tc r oT,2 Pr (6) 

Integrating between the limits of Pr and Pr = 0 at different 
constant values of Tr and defining the ratio Pcac/T. as k2: 

(7) 

where !1C v is the increase in isobaric specific heat from zero 

pressure to any pressure Pr. The second derivative ( 0'"'r) oTr2 Pr 
was determined graphically by the chord area method from a 

large-scale plot of (~;J Pr vs. Tr isobars; the first deriva

tives were also determined graphically by the chord area 
method from a large-scale plot of ar vs. Tr isobars, and 
Equation 7 was integrated graphically for several reduced 
temperatures. Values of !1Cv/k2 are given in Table IV, and 
values of k2 are given in Table II. 

Effect of Temperature. The 11Cv values computed from 
1:able IV give only the effect of pressure on the isobaric spe
cific heat. The effect of temperature must be determined ex
perimentally. The specific heat data available in the litera
ture were collected, and a suitable correlation was developed. 
The data of Beeck (3) for methane, acetylene, ethylene, 
ethane, propylene, propane, butylene, butane, pentane, hex
ane, and heptane from 0° to 300° C. were used, as well as 
the data of Eucken and Liide (11) for methane and of Eucken 
and Parts (12) for ethylene and ethane. Bryant's equation 
(6) for methane agrees with the data of Beeck and of Eucken 
and Liide, but his values for acetylene are about 4 per cent 
lower at 600° IC and about 4 per cent higher at 250° K. By 
means of the data of Beeck (3) and of Eucken and co-workers 
(11, 12) and on the assumption of a linear relation between 
Cv and T between 250° and 600° K., the constants A and B 
were computed for the equation 

C,, =A +BT 
where Cv = molal heat capacity 

T = temperature, ° K. 

The following table gives values of these constants for all 
the hydrocarbons for which reliable data were available; the 
constants for benzene were taken from an equation of Lindsay 
and Brown (23) : 

A B A B 

Methane 4.60 o. 0133 Butylene 4.60 0.0515 
Acetylene 7.51 0.01115 Butane 4.60 0.0562 
Ethylene 3.84 0.022 Pentane 5.11 0.0692 
Ethane 3.84 0.0298 Hexane 5.62 0.0822 
Propylene 4.09 0.0372 Heptane 6. 13 0.0952 
Propane 4.09 0.0432 Benzene 6.16 0.0526 

These constants indicate that for paraffinic and olefinic hy
drocarbons A is a function of the number of carbon atoms 
only and increases 0.51 unit per carbon atom, above three 
carbon atoms; and that B increases 0.0130 unit per carbon 
atom for paraffins and 0.0143 unit per carbon atom for ole
fins, above three carbon atoms. When both of these rela
tions are assumed, the following equation is developed for the 
heat capacity of paraffinic and olefinic hydrocarbons of three 
or more carbon atoms: 

C,, = 2.56 + 0.51 n + (0.0013n' + 0.0044n -
0.00065mn + 0.00495m - 0.0057)'1' (8) 

where n = number of carbon atoms 
m = number of hydrogen atoms 

The accuracy of this equation when applied to Beeck and 
Eucken's data (3, 11, 12) is about 1 per cent. At 340°K. 
Equation 8 gives a value 4 per cent higher than Haas and 
Stegeman's value (13) for ethylene; at 337.5°K. it gives a 
value 3.5 per cent higher than Thayer and Stegeman's value 
(32) for ethane, although it agrees with both at 273 ° K. The 
equation agrees with Sage and Lacey's propane data at 298 ° K. 
(29) but gives a value 4 per cent higher than theirs at 371 ° K. 
The equation agrees with Sage and Lacey's butane data at 
356 ° K. (29) but gives a value 4 per cent lower than theirs at 
296° K. 

I 
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TABLE IV. REDUCED THERMODYNAMIC FUNCTIONS FOR HYDROCARBONS 

ea·) ear) ACp AS' Ml I ea·) (/Jar) AC,, AS' AH 
Tr Pr ar k, In P llTr Pr llPr Tr -r; ~ --r; Tr Pr ar k, In P llTr Pr llPr Tr k, T, 7,; 

0.80 0 .05 0.830 0.055 -2.71 0.190 0.60 0.130 0.148 1.05 2.25 0 . 410 1.150 -0.02 -0.256 19.5 3.770 5.23 
0.10 0.896 0.110 -3.00 0.33 1.25 0.274 0.307 2.50 0.351 1.239 +0.01 -0 . 204 18.0 3.76 5.32 
0.15 0.919 0.167 -3.40 0.60 1. 97 0 . 435 0.480 2. 75 0.304 1.317 0.04 -0.168 16.8 3.75 5.40 
0 .20 0.964 0.225 -3.93 1. 23 2.80 0.615 0.675 3.0 0.265 1.383 0.06 -0.144 15.9 3.746 5.45 

0. 752 0.044 -2.14 0.132 0.493 0.103 0.128 
3.5 0.201 1.494 0.08 -0.108 14.6 3.709 5.54 

0 .85 0 . 05 4.0 0.154 1. 581 0.10 -0.078 13.75 3.68 5.62 
0.10 0.761 0.088 -2.32 0.237 1.02 0 .215 0.264 4.5 0 .120 1.650 0.09 -0.060 13.10 3.65 5.66 
0 .15 0.776 0.133 -2.55 0.360 1. 61 0 .336 0.408 5.0 0.091 1. 70 0.08 -0.050 12.6 3.60 5.70 
0 . 20 0. 797 0.180 -2.85 0.512 2.29 0.470 0.562 5.5 0 . 067 1. 736 0.07 -0.042 12.1 3.58 5. 72 
0 .25 0.829 0.226 -3.22 0.810 3.08 0 .625 0 . 730 
0.30 0.879 0 .274 -3.74 1.20 4.07 0 .800 0.925 1. 10 0.05 0.419 0 . 018 -0.81 -0.048 0.118 0.040 0.0657 

0.90 0.05 0.649 0.036 -1. 70 0 . 076 0.393 0.083 0 . 109 0.10 0.417 0 .037 -0.83 -0.031 0 . 243 0.081 0.132 
0.10 0.655 0.072 -1.80 0. 140 0.820 0.170 0 . 222 0 . 2 0.416 0 . 076 -0.86 -0.003 0.510 0.165 0.268 
0.15 0.664 0.108 -1.93 0.210 1.28 0.263 0.342 0.3 0 .418 0 . 114 -0.90 +0.022 0.805 0.253 0 . 405 
0.20 0.676 0.145 -2.10 0.288 1.810 0 .364 0 . 470 0 . 4 0.421 0 . 152 -0.96 0.038 1.15 0.345 0.550 
0.25 0.692 0.184 -2.33 0 .376 2.44 0 . 474 0.604 0 .5 0.426 0.190 - 1.01 0 . 049 1. 54 0 . 444 0.697 
0 .30 0.713 0.223 -2.65 0.474 3.20 0.600 0.750 0 6 0 .431 0.230 -1.08 0 .057 2.01 0.547 0.855 
0.35 0.739 0.263 -3.05 0.596 4 . 15 0 . 740 0.915 0.7 0.437 0 . 269 -1.15 0 . 064 2.59 0.660 1.02 
0 . 40 0.772 0.305 -3.58 0.734 5.40 0.900 1 .095 0.8 0 .444 0 .309 -1.25 0 . 071 3.29 0 . 780 1. 20 

0.9 0.451 0 .350 -1.37 0.080 4 . 17 0.910 1.39 
0.95 0 .05 0.574 0.030 -1.31 0.029 0 . 300 0.066 0.0925 1.0 0.460 0 .392 -1 .57 0 .089 5.35 1.06 1 .60 

0.10 0.576 0.060 -1.39 0.063 0.615 0 . 135 0 . 187 I. 2 0 . 480 0 . 477 -2.07 0.117 9.45 1.42 2.075 
0.15 0.580 0.090 - 1.48 0.099 0 .965 0 .207 0 . 285 1.4 0 . 510 0 .567 -2.56 0. 175 15 .85 1 .88 2.69 
0 . 2 0 .587 0.122 -1.59 0 . 138 1 .35 0 .283 0 .389 I. 5 0 .520 0 .612 -2 . 72 0 .026 18 . 2 2.15 3 . 01 
0 .25 0 .595 0.151 - 1. 72 0 . 177 1.80 0 . 365 0.495 1.6 0 .517 0 . 660 -2.78 - 0 . 051 19 . 0 2.41 3.3 1 
0 .3 0.605 0.184 - 1.86 0.214 2 .32 0 . 451 0.610 I. 8 0 . 496 0. 753 -1.70 -0.156 19 .3 2.84 3.81 
0.35 0.617 0 .216 -2. 04 0 .253 2.95 0 .550 0 . 726 2.0 0.455 0.840 -1.0 - 0.237 18 . 1 3.11 4 . 15 
0.40 0 . 630 0.248 -2.24 0 .298 3 .78 0 .660 0 .855 2.25 0 .398 0 .936 - 0.46 - 0 .217 16 .2 3.27 4 . 40 
0 . 45 0.646 0 .282 - 2.51 0.348 4 .80 0. 780 1.000 2.50 0 .347 1.02 - 0.23 - 0 . 187 14.4 3 .38 4.56 
0.50 0.665 0.316 -2.87 0.414 6. 10 0 .920 1.160 2.75 0.304 1 .094 - 0.10 - 0.160 12.75 3.42 4. 70 
0.55 0.687 0.352 -3.31 0 . 518 7.9 1. 07 1.340 3.0 0.267 1. 16 -0.04 -0.140 11.7 3.44 4.80 
0.60 0.717 0.390 -3.89 0.668 10.3 1. 25 1. 540 3.5 0.204 1 .268 +0.04 -0 .105 10 . 7 3 .43 4.97 
0.65 0.755 0.428 -4.67 0.882 13 . 6 1.46 I. 775 4.0 0 . 158 1.349 0 .06 -0.080 10.2 3 .41 5.05 
0 . 70 0.812 0.467 -5.70 1.400 18 . 2 1. 72 2 . 07 4.5 0 . 124 l . 411 0.06 -0.062 9.8 3 .39 5.14 

5.0 0.095 1.460 0 . 05 -0.051 9.5 3.34 5.20 

1.0 0 .05 0.513 0.015 -1.08 -0.008 0.200 0.053 0.079 
5.5 0.071 1.499 0.05 -0.043 9.3 3.30 5.25 

0.10 0.513 0.051 - 1.12 +0.016 0 . 416 0 . 108 0.160 
0.383 0.2 0.518 0.103 -1.22 0 . 060 0.91 0 .227 0 .329 1. 15 0.05 0 . 015 -0.62 - 0.056 0 .100 0.035 0.0605 

0.3 0.527 0.155 -1.35 0 . 103 1.55 0.355 0 .507 0.10 0 .381 0 . 032 - 0 . 73 - 0.043 0.205 0.071 0.121 
0.4 0 . 537 0 . 208 -1.50 0 . 138 2.48 0 .500 0 . 705 0.2 0 .378 0 . 066 - 0. 76 - 0.020 0.429 0.144 0 .243 
0.5 0 . 55 0 .263 - 1. 71 0 .176 3 .60 0.660 0 .920 0.3 0 .377 0.099 - 0.78 +0.002 0.676 0 .220 0.369 
0 . 6 0 . 575 0.320 -2.03 0.230 5 . 45 0 .845 1 . 165 0.4 0.378 0.132 - 0.81 +0.015 0 .960 0 .300 0.495 
0.7 0 . 603 0.378 -2.58 0.310 8 . 45 1.075 1.440 0.5 0.380 0.165 - 0.84 + 0 . 023 1.275 0.380 0.626 
0 . 8 0 . 642 0.440 -3.88 0.488 14 . 0 1.38 l.810 0.6 0.382 0.198 -0.88 0.028 1.625 0.470 0.763 
0 . 9 0.707 0.507 -6.70 0.90 28 . 0 1. 89 2.39 0.8 0.389 0 .265 -0 .98 0.036 2.48 0.655 1.055 
0 . 95 0.771 0.544 -12.0 1. 80 44 .5 2.30 2.87 1.0 0.396 0 .312 -1.11 0.037 3.62 0.870 1 .375 
1.0 1.00 0.586 -30 . 0 12 . 0 108 . 0 3.00 3 .95 1. 2 0.403 0.402 -1.25 0.037 5.44 1.100 l. 730 
1.02 1.07 0.606 -24.0 0 180 . 0 3.50 4.50 1.4 0.410 0.473 -1.46 0.033 8 .22 1.375 2.110 
1.05 1.052 0 .636 - 14 . 0 -0 .68 200 . 0 3 . 95 5.15 l. 6 0.415 0.545 -1.56 0.010 11 . 20 1. 675 2.52 
I. I 1.007 0 .690 -1.9 - 0.88 122 . 0 4 .15 .5. 55 1. 8 0.412 0.616 -1.46 - 0.038 13.65 I. 985 2.97 
1.15 0 . 955 0 . 738 +0.67 -1. 02 88 . 0 4 . 20 5. 73 2.0 0.399 0 .686 -1.13 - 0.096 14 .50 2.25 3 .35 
l . 2 0.906 0 . 786 - 0.16 - 0 .90 69.5 4.20 5 .80 2.2:> 0 .369 0 . 769 - 0 . 74 - 0 . 136 13 .20 2.48 3.70 
I. 3 0.823 0 .873 - 0.21 - 0 . 75 5l .0 4.20 5.90 2.50 0 .333 0 .845 - 0 . 42 - 0.154 11.50 2.62 3 .94 
1.4 o. 755 0.952 0 -0 .642 41.4 4 . 20 5.99 2. 75 0 .296 0 .913 - 0.24 - 0.138 10 . 7 2.70 4.13 
I. 5 0.694 1.024 + 0.11 - 0 . 563 35. 7 4.20 6.05 3.0 0.263 0 .974 - 0.14 - 0.126 9.54 2. 74 4 .27 
1.6 0.639 1 . 091 + 0.16 - 0 .500 31.8 4 .20 6.10 3.5 0 .205 1 . 075 -0.03 - 0 . 103 8.67 2 . 79 4 . 46 
1.8 0.55 1.209 0.21 -0 . 400 27 . 1 4 .19 6 . 19 4.0 0.159 1. 154 +0.01 -0.081 8 . 18 2.80 4 .60 
2.0 0.477 1.312 0.22 -0 . 327 24.7 4 .18 6.26 4.5 0.125 1.215 0 . 02 -0.064 7.88 2.80 4.69 
2 . 25 0.405 1.442 0 . 19 -0.256 22.9 4 . 15 6.33 5.0 0.096 1.263 0.03 -0.051 7.67 2.80 4.75 
2.50 0.347 1.515 0 . 15 -0.206 21.7 4.13 6.37 5.5 0 . 073 1.301 0 . 03 -0.043 7.50 2.79 4 .81 
2. 75 0.299 1.595 0 . 14 -0.169 20.9 !M 6 . 41 
3 . 0 0 . 259 1.666 0 . 15 -0.146 20.2 6.44 1 .20 0.05 0 .348 0 .014 - 0 . 625 - 0 . 056 0.088 0.031 0.0555 
3 .50 0.192 I. 78 0 . 16 - 0 . 13019 .2 4.05 6.48 0 . 1 0 .346 0 . 027 - 0 . 635 - 0 . 050 0. 182 0.062 0.111 

0.2 0.342 0 . 058 - 0 .660 - 0 . 030 0 .376 0.127 0 . 222 
I. 025 0. 05 0 . 487 0 . 025 - 1.01 - 0 022 0.172 0.050 0 . 074/i 0 . 3 0 . 341 0 .086 - 0 . 680 - 0 . 010 0 . 593 0. 194 0.336 

0 . 10 0.485 0.049 - 1 . 04 - 0 . 001 0 .355 0. JO[ 0 . 151 0.4 0.340 0 . 115 - 0. 700 + 0.002 0.830 0.263 0 . 453 
0.2 0.488 0 . 095 - 1.11 + 0 . 038 0 . 760 0.208 0 .309 0 . .5 0.341 0 . 143 -0. 720 0 . 007 1.08 0.333 0.573 
0.3 0.496 0.143 - 1. 20 0.071 1. 27 0 .324 0.474 0 . 6 0 .342 0 . 171 - 0. 745 0 . 011 1.36 0.408 0 . 695 
0 . 4 0.505 0 . 192 - 1.30 0 .097 I. 92 0.449 0 .652 0.8 0 .344 0 .229 -0.800 0 . 014 2.00 0.560 0.940 
0.5 0.516 0.241 - 1.45 0.124 2.76 0.586 0.843 1.0 0 .347 0.286 - 0.860 0 . 014 2.80 0.725 1. 210 
0.6 0.530 0.292 -1.63 0 . 154 3.95 0 . 740 1 . 054 1.2 0.350 0.345 -0. 930 0.011 3 . 79 0.906 1.495 
0 . 7 0 .547 0.344 -1.92 0.194 5.60 0.916 1 .290 1.4 0 .351 0.402 -1. 020 0 . 005 5.03 1.10 1.800 
0.8 0 . 569 0 . 400 -2.35 0.244 8.15 1.127 1.561 l.6 0 .351 0.461 -1.070 - 0.003 6.60 1 . 31 2.12 
0.9 0.597 0 . 456 -2.99 0.326 12 .8 1 .39 1 .886 1 .8 0 .349 0.519 -1.045 - 0 . 015 8.30 1 .525 2.44 
1.0 0.638 0.526 - 4 .2 0. 560 23. 0 1.745 2 . 298 2.0 0 .344 0 .577 - 0 . 960 - 0 . 038 9 . 65 1. 725 2 . 76 
1.1 0. 719 0 .582 -8.9 1 . 02 65.0 2.40 2.993 2.25 0 .329 0 .648 - 0 .800 - 0 . 080 10 . 1 1.94 3.10 
1.15 0 . 770 0.618 - 12.4 0 .98 71.0 2 .885 3.65 2.50 0 .305 0 . 714 - 0.615 - 0.100 9.4 2.11 3.40 
1.2 0.812 0.657 -8 .8 0 . 600 63 . 0 3.23 4.18 2. 75 0 .280 0.774 - 0 . 430 - 0.105 8 .8 2 .25 3.63 
1 . 25 0.824 0 . 696 - 4 .6 - 0 . 100 54.0 3.52 4 .50 3.0 0 . 254 0 .830 - 0 .280 - 0 . 107 8.25 2.35 3.80 
1.30 0 .800 0 . 737 - 2.75 - 0.549 47.1 3 . 70 4. 77 3.5 0 .201 0 . 924 - 0.115 - 0 . 094 7.46 2.45 4 . 03 
1.4 0. 746 0 . 813 - 1.15 - 0 .555 39. 0 3.83 5.03 4 .0 0 . 159 0 . 999 - 0 . 050 - 0 . 076 6 .95 2.48 4 . 18 
1 .5 0 .690 0 .884 - 0 . 58 - 0. 546 34.0 3.89 5.20 4 .5 0 . 125 1 . 058 - 0 . 020 - 0 . 062 6 .60 2.49 4 .29 
1.6 0 .636 0.948 - 0 .30 - 0 .514 30 . 3 3 . 91 5.30 5. 0 0 . 096 1.103 0 - 0 .051 6.34 2.50 4 .37 
1.8 0.550 1.061 0 -0.394 25.8 3 . 92 5.49 5.5 0 . 073 1.140 +0.01 -0.043 6.16 2.50 4 .43 
2.0 0.480 1.162 +0.10 -0.321 23.2 3.91 5.60 

1 .30 0 . 05 0 .291 0 . 011 - 0 .495 - 0.050 0 . 07 0 . 0246 0.046 
1.05 0.05 0.464 0.021 -0.94 - 0 . 033 0 . 143 0 . 046 0 . 071 0 . 10 0 . 289 0.021 - 0 .500 -0.04.5 0.141 0 . 0495 0.0925 

0.1 0.462 0.044 - 0 .96 - 0 . 014 0 .296 0 . 094 0 . 143 0 . 2 0 . 285 0 . 044 - 0 .504 -0 . 033 0.289 0 . 0995 0 . 186 
0.2 0.463 0 . 087 - 1.00 +0.020 0 .64 0.192 0 .292 0 . 3 0 .282 0 . 069 - 0 .510 - 0 .022 0.447 0.150 0.280 
0.3 0.467 0 . 132 - 1.07 0.051 1.06 0 .295 0 .447 0.4 0.280 0.088 -0.520 -0 . 014 0 . 616 0 . 201 0 . 377 
0.4 0.474 0.178 - 1.15 0 . 073 1. 58 0 . 406 0.610 0.6 0 .279 0 . 131 - 0 . 540 - 0 . 006 0 .995 0 .308 0 .570 
0 .5 0 .482 0 .223 - 1.25 0 . 087 2.21 0.528 0 . 785 0.8 0 .277 0 . 174 - 0. 560 - 0.004 1.41 0.418 0 . 767 
0.6 0 .491 0 .269 - 1 .38 0.104 3.03 0 . 657 0 .970 1.0 0 .276 0 .216 -0.590 - 0 . 005 1.88 0 .530 0 . 970 
0. 7 0.503 0 .315 - 1 .55 0 . 126 4 . ll 0 .805 1.175 I. 2 0 .275 0 .259 - 0 .615 - 0 . 008 2 . 40 0 . 655 1.183 
0.8 0 .517 0 .364 - l . 77 0 . 156 5.60 0 . 97 1 .40 1.4 0 .272 0 .301 - 0 .640 - 0 .0ll 2.98 0 . 780 1.40 
0 .9 0 .535 0 . 415 -2. 07 0. 206 7.65 1 . 16 1 . 65 1.6 0 .270 0 .343 - 0 . 660 - 0 . 014 3 . 59 0 .915 1 .62 
1.0 0 .559 0 .468 - 2.58 0 .304 10 .85 1 .40 I . 96 1.8 0 .267 0 .384 - 0 .670 - 0 .018 4 .20 1.048 1 .85 
1 . 1 0.596 0 . 523 -3.65 0.431 16 .2 I :697 2.33 2.0 0 .263 0 . 424 - 0 . 670 - 0 .023 4 .84 1 . 184 2.08 
1 .2 0 . 645 0 .582 -5.22 0 .542 29.00 2.13 2.87 2 . 25 0 .256 0 . 475 - 0 .640 - 0 033 5.60 1.35 2.36 
1.25 0 . 673 0 .612 -6.20 0 .500 37 . 0 2 .42 3.20 2.50 0 . 243 0 .523 - 0 . 585 - 0 .046 6.19 1 .50 2.62 
1 . 3 0.692 0 .642 -5. 40 0 . 270 38.4 2.715 3.52 2. 75 0 .228 0 . 568 - 0 .525 - 0 . 058 6.39 1.635 2.88 
1.35 0 . 700 0 .674 - 4 . 10 0 38.0 2 .96 3.82 3.0 0 . 213 0.610· - 0.460 - 0 . 064 6.39 1 . 765 3. 09 
1.4 0.695 0. 707 -3.07 - 0 .200 36.6 3 . 12 4.03 3.50 0 .181 0 .686 - 0 . 455 - 0 . 064 6.10 I. 94 3.42 
1.5 0 . 663 0 . 772 -1.86 - 0 . 360 32.4 3.38 4 .35 4.0 0 . 149 0 . 750 - 0 . 125 - 0.062 5 . 72 2.035 3.65 
1 .6 0 .625 0 .834 - 1 .21 - 0.387 28.6 3.527 4 .60 4.5 0 . 120 0 .801 -0.080 -0.055 5.34 2 . 090 3.78 
1.8 0.550 0 .947 - 0.48 - 0 .360 24 . 0 3.69 4.93 5.0 0 .093 0 .842 - 0 . 045 - 0 . 048 5.00 2.115 3.86 
2.0 0.482 1.044 - 0 . 14 - 0 .316 21.6 3.746 5. 11 5.5 0 . 072 0.869 - 0.022 - 0 . 043 4 . 75 2.125 3.92 
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TABLE IV. REDUCED THERMODYNAMIC FUNCTIONS FOR HYDROCARBONS (Continued) 
I C"r) C"r) llCr, llS' llH I C"r) C"r) fl.Cr, llS' MI 

Tr Pr ar k, In P clTr Pr clPr Tr T, T, k, Tr Pr ar k, In P clTr Pr clPr Tr k, T, k, 
1.4 0.05 0.248 0.009 -0.390 -0.050 0.055 0. 0196 0. 040 2.2 0 .8 0.047 0.020 -0.128 -0.020 0.219 0.105 0.280 

0.10 0.245 0.016 -0.390 -0. 046 0.109 0.0390 0.080 1.0 0.043 0.025 -0.126 -0.020 0.277 0. 130 0.346 0.2 0.241 0.033 -0.400 -0.037 0.222 0.0786 0.160 1.2 0.039 0.028 -0.124 -0.018 0.333 0.155 0.410 0.3 0.238 0.051 -0.400 -0.030 0.337 0.118 0.240 1.4 0.036 0.032 -0.121 -0.015 0.391 0.180 0.474 
0.4 0.235 0.068 -0.405 -0.024 0.456 0.158 0.322 I. 6 0.034 0.035 -0.118 -0.012 0.448 0.202 0.535 
0.6 0.231 0.102 -0.415 -0.016 0.715 0.24n 0.488 1.8 0.032 0.038 -0.115 -0.010 0.500 0.225 0.595 
0.8 0.229 0.135 -0.425 -0.012 1.00 0.324 0.650 2 . 0 0.030 0 . 041 -0.112 -0.010 0.554 0.248 0.654 
1.0 0.226 0.168 -0.440 -0.012 1.30 0.410 0.820 2.5 0.025 0.047 -0. 106 -0.010 0.680 0.300 0.795 
1.2 0.223 0.200 -0.450 -0.014 1.63 0.499 0.985 3.0 0.020 0 . 052 -0.100 -0.010 0.790 0.352 0.925 
1.4 0.220 0.231 -0.460 -0 . 016 1.98 0.590 1.16 3.5 0.014 0.056 -0.097 -0.012 0.885 0.400 1.046 
1.6 0.216 0.262 -0.466 -0.019 2.34 0.685 1.33 4.0 0.008 0.058 -0.093 -0.013 0 . 975 0.448 1.158 
1.8 0.212 0.293 -0.477 -0.022 2. 72 0.778 1.50 4.5 +0.001 0.059 -0.090 -0.012 1 . 05 0.490 1.26 
2.0 0.208 0.323 -0.480 -0.027 3.11 0.875 1.68 5.0 -0.004 0.059 -0.080 -0.010 1.12 0.530 1.35 
2.25 0.200 0.359 -0.480 -0.031 3.60 0.990 1.90 5.5 -0.007 0.058 -0.075 -0.003 1.18 0.570 1.436 
2.5 0.192 0.395 -0.460 -0.035 4.10 1.115 2. II 
2. 75 0.183 0.428 -0.425 -0.039 4.52 1.225 2.33 2 .5 0 . 1 0.029 0.002 -0.111 -0 . 027 0.016 0.011 0.0300 3.0 0.173 0.460 -0.385 -0.042 4.84 1.32 2.51 0.2 0.027 0.003 -0.110 -0.025 0.032 0.022 0 . 059 3.5 0.154 0.518 -0.295 -0.046 5.11 1.49 2 .85 0.4 0.022 0 . 005 -0.108 -0 . 022 0.064 0.0435 0.115 4.0 0.132 0.570 -0.200 -0.046 5.00 1.615 3.10 0.6 0 . 018 0.007 -0.104 -0.020 0.096 0.0645 0.169 4.5 0.108 0.612 -0.140 -0.045 4.80 1. 69 3 . 285 0.8 0.014 0.009 -0. 100 -0.017 0.128 0.0850 0.220 5.0 0.087 0 . 647 -0.095 -0.040 4.55 1. 75 3 . 39 1.0 0.010 0.010 -0.096 -0.015 0.160 0.105 0.270 5.5 0.068 0.675 -0.090 -0.035 4 .30 I. 82 3.46 I. 2 0.008 0 .011 -0.093 -0.013 0.192 0.1235 0.320 

I. 4 0 . 006 0.011 -0.090 -0.010 0.224 0.142 0.369 
I .50 0.05 0.212 0.007 -0.320 -0.503 0.043 0 .016 0.035 I. 6 0.004 0.012 -0.088 -0.008 0.255 0.160 0.415 

0.1 0.210 0.013 -0.321 -0.048 0.085 0.0322 0.0695 1.8 0.003 0 . 012 -0.086 -0.007 0.288 0.178 0.460 
0.2 0.206 0.026 -0.324 -0.040 0.170 0.065 0.1390 2.0 +0.002 0.012 -0.084 -0.007 0.319 0.195 0.502 
0.4 0.198 0.053 -0.332 -0.029 0.344 0.,130 0.2790 2.5 -0 . 002 0. 012 -0.082 -0 . 008 0.395 0.236 0.607 
0.6 0.194 0.080 -0.338 -0.021 0.530 G.199 0.420 3.0 -0.006 0. 011 -0 . 080 -0.010 0.467 0.275 0.705 
0.8 0.190 0.106 -0.344 -0.017 0.733 0.267 0.560 3.5 -0.011 0 . 009 -0. 075 -0 . 010 0.535 0.314 o. 797 
1.0 0.187 0.132 -0 . 352 -0.016 0.950 0.334 0. 700 4.0 -0.016 0 . 007 -0.070 -0.010 0.605 0.350 0.882 
I. 2 0.183 0.156 -0.360 -0.019 1. 175 0.403 0.840 4.5 -0. 020 +0 . 003 -0.065 -0.010 0.665 0.385 0 . 960 
I. 4 0 . 178 0 . 180 -0.360 -0.022 1.420 0.475 0.980 5.0 -0 . 024 -0.001 -0.060 -0.006 0.725 0 . 415 1.031 
1.6 0.174 0.204 -0.362 -0.024 1.67 0.550 1.125 5.5 -0. 027 -0. 007 -0 . 060 -0.002 0. 785 0.446 1.095 
I. 8 0.169 0.226 -0.360 -0.024 1. 94 0.624 1.265 
2.0 0.164 0.249 -0.355 -0.026 2 . 21 0.700 1.410 
2.5 0.152 0.302 -0.340 -0.028 2.90 0.880 1. 750 
3.0 0.138 0.350 -0 .310 -0.028 3.55 1.040 2.075 
3.5 0.124 0.394 -0.280 -0.030 3.97 1.175 2.35 
4.0 0 . 108 0.433 -0.210 -0.034 4.11 1.290 2.60 ENTROPY. The equation for the entropy 
4.5 0.091 0.466 -0.160 -0.035 4.09 1.380 2.80 
5.0 0.075 0.494 -0.135 -0.033 3.99 1.460 2.95 
5.5 0.060 0.516 -0.090 -0.027 3.85 1.520 3.06 

dS = C,,dT - CW) dP (9) 
1.6 0.05 0.183 0.006 -0.272 -0.055 0.034 0. 0134 0. 031 T oT,, 

0.1 0.180 0.011 -0.272 -0.050 0.067 0.0270 0.062 
0.2 0.176 0.022 -0.274 -0.046 0.134 0.0547 0.124 

becomes, on the introduction of ar and reduced units, 0.4 0.169 0.044 -0.278 -0.031 0.268 0.110 0.248 
0.6 0.164 0.065 -0.280 -0.023 0.410 0.165 0.370 
0.8 0.160 0.085 -0.280 -0.019 0 . 563 0.221 0.493 

dS = C,, dT - !!_ dP + P.a. (oar ) dPr 1.0 0.156 0.105 -0.280 -0.020 0.725 0.278 0.616 
(10) I. 2 0.151 0.124 -0.282 -0.022 0.890 0.331 0. 740 

1.4 0.146 0.143 -0.285 -0.023 1.07 0.390 0.860 T p T. oTr Pr 
1.6 0.141 0. 160 -0. 283 -0.023 1.24 0.449 0.980 
I. 8 0.137 0.177 -0.281 -0.023 1.43 0.505 1.10 

If we integrate, change the sign of the third term, and replace 2.0 0.132 0.195 -0.280 -0.023 1.62 0.564 1.22 
2.5 0. 121 0.234 -0.265 -0.022 2 . 10 0. 704 1.50 P.a./T. with k2, an equation for the change of entropy re-3.0 0.109 0.270 -0.245 -0.022 2.58 0.833 1.767 
3.5 0.098 0.303 -0.225 -0.022 3.00 0.950 2.00 sults: 
4.0 0.088 0.332 -0.200 -0.024 3.29 1.057 2.22 
4.5 0.076 0 .358 -0.170 -0.030 3.42 1.150 2.40 

t,.S = C,, In T - R In P - k2 f -G~tr dPr 
5.0 0.061 0.379 -0.140 -0.029 3.43 1.230 2.55 
5.5 0.048 0.399 -0.113 -0.022 3.40 1.300 2.69 (11) 

1.8 0.05 0.136 0.004 -0.205 -0.060 0.026 0.010 ' 0.025 
0.1 0.133 0.008 -0.205 -0.055 0.051 0.0202 0.050 
0.2 0.128 () 015 -0.206 -0.048 0.100 0 .0410 0 .100 The first and second terms can easily be evaluated for any 0.4 0.120 0.028 -0.207 -0.033 0.200 0.0820 0.199 
0.6 0.115 0.042 -0.208 -0.024 0.305 0.123 0.298 specific problem, but it is desirable to integrate the third term 
0.8 0.111 0.054 -0.207 -0.020 0.410 0.164 0.395 

in reduced units. If Equation 11 is written 1.0 0.107 0.066 -0.20~ -0.021 0.515 0 . 205 0.490 
1 .2 0.103 0.078 -0.204 -0.022 0.620 0.248 0.585 
1.4 0.097 0.089 -0.201 -0.022 0.728 0.290 0.680 
1. 6 0.093 0.100 -0.200 -0.020 0.840 0.330 0. 770 t,.S = C,, In T - R In P - t,.S' (12) 
1. 8 0.090 0.110 -0.195 -0.018 0.950 0.370 0.865 
2.0 0.086 0.120 -0.190 -0.015 1.050 0.408 0.950 

t,.S' J/r (oar ) 2.5 0.079 0.143 -0.178 -0.016 1.310 0.500 1.150 where - = - - dP (13) 3.0 0.070 0.164 -0.166 -0.016 1.56 0.590 1.350 k, o oTr Pr r 3.5 0.062 0.182 -0.155 -0.016 1.80 0.677 1.53 
4.0 0.054 0.198 -0.144 -0.017 2.00 0.755 1.695 
4.5 0.045 0.212 -0.130 -0.019 2.16 0.830 1.85 

and Equation 13 is integrated, the result is shown in Table 5.0 0.034 0.223 -0. 108 -0.021 2.28 0.900 1. 974 
5.5 0.026 0.231 -0.100 -0.013 2.36 0.960 2.086 IV under "AS' /k2." By means of Equations 12 and 8, and 

2.0 0.05 0.099 0.003 -0.162 -0.056 0.017 0.008 0.021 values of D.S' /k2 in Table IV, the change of entropy between 
0.1 0.096 0.005 -0.161 -0.050 0.035 0. 0161 0. 042 any two conditions for hydrocarbon vapors may be estimated. 0.2 0.092 0.009 -0.162 -0.040 0.070 0.032 0.084 
0.4 0.084 0.018 -0.161 -0.031 0. 143 0.064 0.165 ENTHALPY. The equation for the enthalpy 0.6 0.079 0.026 -0.160 -0.023 0 . 218 0.096 0.247 
0.8 0.075 0.034 -0. 160 -0.021 0.295 0.128 0.326 
1.0 0.071 0.041 -0.159 -0.020 0.373 0.160 0.404 

dH = C,,dT - [ T (~~t -VJ dP 
1.2 0.067 0.048 -0.158 -0 . 020 0.450 0.191 0.480 (14) 1.4 0.063 0.055 -0.154 -0.019 0.528 0.221 0.554 
1. 6 0.059 0.061 . -0.152 -0.018 0 . 603 0.251 0.630 
1.8 0.056 0.066 -0.148 -0.016 0.680 0.281 0. 700 
2.0 0.053 0.072 -0.142 -0.014 0.752 0.311 0 . 770 becomes, when ar and reduced units are introduced, 2.5 0.048 0.084 -0.132 -0.011 0.935 0.381 0.935 
3.0 0.042 0.096 -0.124 -0.012 1.10 0.446 1.088 
3.5 0.036 0. 105 -0.119 -0.014 1.25 0 . 507 1.23 

dH = C,,dT ·_ P.a. [ CY.r - Tr G~) PJ dPr 
4 .0 0.028 0.113 -0.113 -0.015 1.375 0.565 1.365 

(15) 4.5 0.021 0.119 -0.108 -0.015 1.48 0.620 1.485 
5.0 0.014 0.124 -0.093 -0.014 1. 56 0.675 1.596 
5.5 0.008 0.126 -0.086 -0. 010 1.62 0.720 1.692 

2.2 0.1 0.066 0.003 -0.139 -0.042 0.025 0. 0135 0. 0369 With temperature constant, the integral of the second term 
0.2 0.062 0.006 -0.137 -0. 035 0.051 0. 0268 0. 0730 gives the effect of pressure on the enthalpy. D~fining P.a, 0.4 0.056 0 . 011 -0.133 -0.027 0.105 0.0530 0.144 
0.6 0.051 0.016 -0 . 130 -0.022 0.161 0.0790 0 . 213 as ka and integrating from Pr to Pr = 0, 
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t,.H [Pr [ (oar ) J 
~ = Jo O!r - Tr oTr Pr .dPr (16) 

where t:.H is the change of enthalpy from zero pressure to 
P, at constant temperature. This integration was performed 
graphically for different reduced temperatures; values of 
t:.H/k3 are listed in Table IV. The effect of temperature on 
enthalpy may be determined by means of Equation 8. 

The following example illustrates the use of the data of 
Table IV in computing the isothermal pressure correction to 
the enthalpy: Find t:.H (to be subtracted from the enthalpy 
at atmospheric pressure) for propane at 206 ° F. and 586 
pounds per square inch absolute. The reduced temperature, 
Tr, is 1.0; the reduced pressure, Pr, is 0.95; and the reduced 
pressure at atmospheric pressure, Pr, is 0.024. At Tr = 1.00 
and Pr = 0.024 and 0.95, the values of t:.H/ks are found to be 
2.87 and 0.037 from Table IV (0.037 was obtained by ex
trapolation) . By means of constants from Table II, t:.H 
is found as follows: 

1 
f'lH = (2.87 - 0.037) 538 X 1.8 X 44_06 = 62.25 B. t. u./ lb. 

DIFFERENCE IN SPECIFIC HEATS. The equation for the 
difference in specific heats 

c,, - c. = (17) 

The first column gives the experimental data of Sage, Webster, 
and Lacey (30); the second column gives values of t:.H com
puted from a Watson and Nelson t:.H/ T plot (34); and the 
third column gives the values of t:.H computed from the data 
in Table IV, using the constants given in Table II and cor
recting the results to a reference pressure of one atmosphere. 
Since Watson and Nelson's method (34) is based on an ap
proximate equation of state derived from a PV / RT correla
tion, it was expected that their results would deviate from the 
actual values. The agreement between their values and the 
values calculated by the above method is not bad, however. 
The discrepancy between the experimental data of Sage, 
Webster, and Lacey (30) and the values calculated by the 
above method is more difficult to explain, however. The 
computed pressure corrections to the enthalpy at and near the 
critical state are considerably higher than the experimental 
values of Sage, Webster, and Lacey. The maximum devia
tion of the ar correlation for ethane is 3.5 per cent (it is even 
lower at the critical state), and the effect of pressure on en
thalpy was computed by means of proved and accepted ther
modynamic formulas and the a , correlation. Therefore, the 
discrepancy between the calculated and the observed values 
of AH appears to be higher than one would expect. 

BENZENE. Lindsay and Brown (23) obtained some iso
enthalpic expansion data on benzene and from it computed the 
effect of pressure on enthalpy. The following table gives a 
comparison of t:.H (B. t. u. per pound to be subtracted from en
thalpy at Pr = 0.03) for benzene at three reduced temperatures: 

~Tr = 0.90~ ~Tr=l.O~ ~Tr= 1.1--~ 
Lindsay Watson Lindsay Watson Lindsay Watson 

and and Ed- and Ed- and and Ed-and 

becomes, on the introduction of ar and reduced 
units, 

P, 
0.03 
0. 1 
0 . 2 
0 .3 
0.4 
0 .5 
0 . 6 
0.7 
0 .8 
0.9 
1.0 
1.2 
1.3 

Brown Nelson mister Brown Nelson mister Brown Nelson mister 

0 0 0 0 0 0 0 0 0 
2.92 4 .4 2 .96 2.84 3 .62 2.13 2.85 2. 79 1. 76 
8.15 9.42 7.65 5.81 7 .75 5.85 5.13 5.66 4 .33 

14 . 6 14. 9 13.0 9 .29 11.75 8.65 7.41 8.95 6.91 

[ R a. (Oar) ]2 20.6 20.5 19.6 14 .2 16.52 12.4 11 . 4 12.3 9.65 

-T P - T. b'F;. Pr 
27.2 27.4 28 . 2 18.7 21.20 16.51 14.52 15.75 12.43 

c,, - c. = 
[RT+ a. (oar) J 

P 2 P. oPr Tr 

(18) 

The derivatives (~~) P, and (~;;r) Tr were deter-
mined graphically by the chord area method from large
scale plots of ar vs. Tr isobars and ar vs. Pr isotherms, 
and are listed for several values of reduced pressures 
and temperatures in Table IV. By means of Equation 18 
and the data in Tables II and IV the difference in specific 
heats may be estimated for hydrocarbon vapors. With C,, 
estimated from Equations 7 and 8, C. and C,,/ C. may also 
be estimated. 

Comparison of Results with Experimental 
Data 

ETHANE. Sage, Webster, and Lacey (30) determined the 
effect of pressure on the enthalpy of ethane. The following 
table gives a comparison of t:.H (to be subtracted from 
enthalpy at atmospheric pressure to obtain enthalpy at higher 
pressure) in B. t. u. per pound at three temperatures: 

21.95 25.8 21.05 18 .10 19.5 15 . 41 
28. 4 30. 7 26.35 21.65 22. 7 18.35 
32.9 36 . 2 33 . 11 25.05 27.6 21.95 
40.0 43 . 2 44 . 2 29.90 30.4 25.5 
47.8 64.5 73. 71 33.45 34.3 29 . 5 

42.7 42 . 5 38.4 
83.11 102 .0 110.5 

One column gives the experimental data of Lindsay and 
Brown (23); another gives values of t:.H computed from a 
Watson and Nelson plot (34); and the third gives values of 
t:.H computed from the data in Table IV, using the constants 
given in Table II and correcting the results to a reference pres
sure of Pr= 0.03. 

The disagreement at and near the critical state of t:.H values 
computed from Table IV and the data of Lindsay and Brown 
(23) is quite large. It seems reasonable to expect the iso
thermal enthalpy correction at the critical temperature to in
crease more rapidly as the critical pressure is approached than 
the data of Lindsay and Brown indicate. 

Values of t:.H computed from Table IV for ethane are 
higher than the data of Sage, Webster, and Lacey (30); values 
of t:.H computed from Table IV for benzene are lower (ex
cept near and at the critical state where they are higher) than 
the data of Lindsay and Brown (23). Since they are "re-

duced" thermodynamic properties and are 
r---70° F.- -~ ~ 100° F.~ ~ - - 220° F.--~ obtained from generalized calculations, the 

data in Table IV are consistent, whereas the 
disagreements with the above-mentioned data 
are not consistent. Consistency in thermal 
data is important in engineering design calcu
lations. It is desirable to have reliable and 
consistent experimental data on the effect of 
pressure on enthalpy and other thermal prop
erties. 

Pres
sure 

Lb./aq. 
in. ab,. 

100 
300 
500 
600 

1000 
3500 

Sage, Sage, Sage, 
Webster, Wat- Webster, Wat- Webster, Wat-

and son and Ed- and son aqd Ed- and son and Ed-
Lacey Nelson mister Lacey Nelson mister Lacey Nelson mister 

4 .41 8.12 7.07 4 . 02 6 .9 
17 .25 27 .9 23 . 08 15.44 23.3 
38.0 54.8 51.38 

4i : 43 50.3 
127 . 13 130.4 

5.13 2.69 
18.70 9.78 

48.77 21. 88 
146 .62 40 .2 

110 . 05 

4 . 07 
13.58 

29 . 4 
52.0 

113 . 2 

3.45 
11.88 

25 . 2 
44.8 

109 . 9 
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Specific Heat Ratios for 

Hydrocarbons 
--------------------W. C. EDMISTER, Standard Oil Company (Indiana), Whiting, Ind. 

A chart is presented for estimating CP/ c. 
('y) ratios for methane, ethylene, ethane, 
propylene, propane, isobutylene, isobutane, 
2-hutene, n-hutane, isopentane, n-pen
tane, benzene, diisopropyl, n-hexane, n

heptane, diisohutyl, and n-octane at re
duced pressures up to 1.2 and at reduced 
temperatures up to 2.5. 

THE ratio of isobaric to isometric specific heats, C,,/C. = 
'Y, is an essential thermodynamic property in calcula
tions involving the adiabatic compression or expansion 

of a gas. It may be determined experimentally or computed 
by thermodynamic relations from P-V-T and atmospheric 
specific-heat data. There are few -y data, either experimental 
or calculated, for hydrocarbons, however. Some experimental 
-y data are available (3) at atmospheric pressure for hydrocar
bons of one to six carbon atoms. Values at various pressures 
have been computed and plotted only for methane (2). 

Basic Equations 

The two fundamental thermodynamic equations used in 
computing C,,/C, ratios from P-V-T and atmospheric specific 
heat data are: 

(1) 

(2) 

The integration constant for Equation 1 must be found from 
experimental isobaric specific heat data. Although data at 
any pressure could be used, data only at atmospheric pressure 
are available. The volume derivatives for the above equa
tions can be determined graphically or analytically from P-V
T data by means of graphic or algebraic equations of state. 

In a previous paper (1) a generalized reduced correlation of 
P-V-T data for hydrocarbons was developed by using the 
volume residual quantity, a, which is defined as the difference 
in the ideal and the actual gas volumes. The, resulting corre
lation gave the reduced volume residual quantity, ar, as a 
function of reduced temperature Tr and pressure Pr. 

When expressed in terms of ar and reduced units and inte
grated between the limits of P, and Pr = 0 at constant values 
of T., Equation 1 becomes: 

(3) 

where t:.C,, = increase in isobaric specific heat from O pressure to 
any pressure Pr 

K2 = P, a,/T,, a constant for each hydrocarbon 

The second derivative was determined graphically from the 
ar correlation, Equation 3 was integrated, and values of 
t::.C,,/K2 were tabulated (1). From these results the effect 
of pressure on the isobaric specific heat can be computed. 
The effect of temperature on the specific heat can be calcu
lated by the correlation of atmospheric specific-heat data (1). 

Upon the introduction of ar and reduced units, Equation 2 
becomes: 

[ R Of.c (i) Ot.r) ]2 
C - C - T p - T. bTr Pr 

P • - [R; + Of.c (i) Ot.r) J 
P P, c>Pr Tr 

(4) 

The derivatives of ar were determined graphically from the 
ar correlation and were tabulated (1). 

Calculation and Correlation of Cp/ C, 

The computation of C,,/C. ratios from these equations and 
reduced thermodynamic functions were made for various re
duced temperatures and pressures for seventeen hydrocarbons, 
and the resulting C,,/C. ratios were plotted against Pr for 
lines for constant Tr. One of these plots (for propane) is 
shown in Figure 1. Comparison of the plots showed that 
they were very similar and that all of them could be made to 
coincide by either expanding or condensing their C,,/C. scales. 
In other words, Figure 1 for propane will hold equally well 
for all the other hydrocarbons if different numerical values 
are given the ordinate scale. This is done by the following 
equation: 

where 'Ya 
C 
'Y 

'Y = 1 + C( 'Ya - 1) 
value of c,,;c. for propane 
constant for each hydrocarbon (Table I) 
c,,;c. for the hydrocarbon in question 

(5) 

0 

l.?l--+---+--+--Ll+N-ES-+-OF-+CO---,NI-ST_AN,_T-+-R-ED+U-C-'-ED-+-+---,---t J/H--+--+"1/--,f----1 

1--if------t---+ TEMPERATURE TR• v"fc --!/ t-f_,....3,__~ 
1.61--1--1--+---+---+---+-+-+-0+-+--+--'sl--+--+-+1+-+-+-++/ -+--fi/ 

w >--+-+--+--+---+---+--+--+-; l-+--+--/./l--+--+---11--+---tf-+-t-f-i 

i ~~ I.Sl--f--lf--l--l--l-+-:J+---h/l+--+-+1;-1-+-+-+;-+t--+-1;++--+17-'3'!----1 

a. 1--+--+--+--+---Jc'--r."'/ ' i J / I/ 
e '-4 

;; / V / / V ·" L. 
1. V I / V / / ,,.,v / V 

~. 1.3 / / / '/ / .,,.,...,,-- vv 
>-"' / /v ,,v / v"" --- --

1.2 V' -

1-::1,-/~:..-::::...-q,v:'.'.,;;;-;:i.v.,;_;:ii--:~;.::::----F-:::::::::i:----±-~-+==r-=--t--l-t-t-i; = i.4o ~ ?~---~ -~ = 
--

1,1 , "' 

0 .1 0.2 0.3 0.4 0.5 " 0.6 0.7 0.6 0.9 
REDUCED PRESSURE fl,= r'/pc 

1.0 

FIGURE 1. PLOT FOR PROPANE 
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1= Cp/C.,. FOF. HYDROCARBONS 
2 2 21 2.0 I 9 I 8 1.7 1.6 I 5 I 4 13 12 11 10 

-- ~I'-.. _ ..... -~Fe:: 

--

' 

c-><: 
....... 

' I Al 

~ ........ 
,~,___ , ,,nt"-.... 

i 
I 

t-..._ .,l'\.· ~ ~\\ 
r-....._ r,.., ~~,I\ -~ .... ~ ~ ,\ 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.8 0.9 1.0 1,1 1.2 
REDUCED PRESSURE 

FIGURE 2. GRAPHICAL METHOD FOR ESTIMATING 'Y 

By means of Figure 1, Table I, and Equation 5 the C,,/C. 
ratio can be estimated for all seventeen of the hydrocarbons 
listed in Table I for the range of temperature and pressure 
covered by Figure 1. 

Figure 2 combines Figure 1, Table I, and Equation 5 to 
present a rapid graphical method for estimating -y. In con
structing Figure 2, the pressure and temperature ranges were 
extrapolated. The solution of an example is shown by heavy 
dashed lines and arrows; we find -y = 1.525 for propylene at 
P, = 0.555 and T, = 0.95. 

TABLE I. CONSTANTS FOR SEVENTEEN HYDROCARBONS 

Value of Value of Value of 
Constant Constant Constant 

Hydro- for Hydro- for Hydro- for 
carbon Equation 5 carbon Equation 5 carbon Equation 5 

Methane 3 . 5 Isobutane 0. 778 Diisopropyl 0 . 442 
Ethylene 2 . 1 2-Butene 0 . 737 n-Hexane 0 . 442 
Ethane 1.58 n-Butane 0.705 n-Hebtane 0 . 364 
Propylene 1.17 Isopentane 0.590 Diiso utyl 0.300 
Propane 1.00 n-Pentane 0.541 n-Ootane 0 . 300 
Isobutylene 0.810 Benzene 0. 525 

Accuracy of Correlation 

Figure 2 gives values of -y that check the values computed 
from the original P-V-T correlation with a maximum devia
tion of :1:4 per cent. Most of the points are checked within 1 
per cent by the correlation. 

AB a test of the above correlation, values of -y from it were 
compared with the atmospheric pressure experimental data 
from the International Critical Tables (3). The maximum 
deviation was 4 per cent. A comparison at higher pressure 
would be more severe and of more interest, but unfortunately 
there are no high-pressure experimental -y data. 

Application of Results 

The C,,/C. ratio is primarily of use in calculations of isen
tropic expansion and compression of gases. The following 
equation for the theoretical horsepower required for single
stage adiabatic compression of gas is based upon the assump
tion of perfect gas behavior: 

144 P1 V1 'Y P2 - -
[ 

-y-1 J 
H.P.= 33,000 C - 1) (P) 'Y - l (6) 

In such processes neither pressure nor temperature remains 
constant, but each necessarily varies. The conventional use 
of Equation 6 is with a constant specific-heat ratio throughout 
the process. For want of better data, the atmospheric pres
sure -y or even the -y for air is frequently used for hydro
carbons. Such a procedure will cause appreciable errors in 
many cases. Figure 2 shows that -y varies widely with tem
perature, pressure, and molecular weight.. Although a rigor
ous solution of Equation 6 would require integration with -y 
as a variable, sufficient accuracy for engineering purposes is ob-
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tained when 'Y is considered constant at an average of the 
values at the inlet and outlet conditions. 

. The use of Equation 6 with 'Y values.from Figure.2 is a step 
in the right .direction but does not correct for the fact that 
Equation 6 is based on perfect gas law behavior. However, 
the effect of deviation from ideal gaslaw behavior on Equa
tion 6 is not so important as the effect on 'Y; therefore the 
use of Figure 2 should greatly improve the accuracy of such 
computations. 

In engineering work the compression and expansion of 
mixtures is frequently encountered. 'Y for mixtures may be 
determined by computing the molal average of 'Y values of the 
individual components, the 'Y for each component being deter
mined for the temperature and total pressure involved. 
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Liquefaction and Regasiflcation 
of Lighter Hydrocarbons 

BY 

F. W. LAVERTY, Clark Bros. Co., Inc. 
W. C. EDMISTER, Standard Oil Co. (Ind.) 

ReprjntedL_f rom Oil and Gas 1 ournq~ · 
.5eptenu;,er 41 1941 ~e. 3;;, . ·-

The design of equipment for the liquefaction dnd regasifi,ca- matefiar for making a number of plastics, alcohols and 
tion of the lighte:_hydrocarbons whic~ make 'f'P natural gas, so other chemicals. Propane is widely used as a liquid 
that _large quantttzes may be stored in relatively !mall tan~s, · fuel, being transported in the liquid state and vaporized 
requrres an .accurate knowledge of the t~erm_odynamic pro~er~ies for use as a fuel. Propane is also used in refining proc-
of the various hydrocarbons and therr mixtures. In designing d dil d b. · 1 f · 
and operating a light hydrocarbon liquefaction plant, vapor esses ~s a solve11:t an uent an as a ase matena .or 
pressures, boiling points, dew points and critical points are re- orgamc synthesis. Propane may also be use~ as a refng-
quired, and in addition entropies and enthalpies. The latter two erant. The butanes may also be used as refrigerants and 
may be presented in a form similar to steam tables or they may liquid fuels. In addition to these uses, the butanes are 
be presented _grap/?ically in Molli~r diagrams. . widely used in the manufacture of gasoline by serving 
· Here Mollter diagrams for various hydro~arbons are given, as a volatility blending agent and as a base material for 

~d the large amount of data that may. be deri'l;ed from them are the synthesis of iso-octane. Through pyrolysis and 
discussed. Features of the natural-gas liquefaction plant at Cleve-· h · b d · d h · 
land, Ohio; are also described. The paper was presented before ot er _Processmg utanes are use to pro uce synt enc 
the Petroleum division of the American Society of Mechanical chemicals and rubber. 
E"!gineers at its semiannual meeting held this summer in Kansas Vapor Pressures 
~~ . d 

A very important recent development in the gas indus
try is the liquefaction of natural gas so that large quan
tities of it may be stored in relatively small tanks. The 
design of equipment for the liquefaction and regasi
fication of the lighter hydrocarbons, which make up 
natural gas, requires an accurate knowledge of the 
thermo-dynamic properties of the various hydrocar
bons and their mixtures. 

The lighter hydrocarbons, which constitute natural 
gas, are: methane, ethane, propane, isobutane and nor
mal butane,· and in addition to these, ethylene and pro
pylene are found in refinery gas. These hydrocarbons 
contain from one to four carbon atoms per molecule 
and have molecular weights from 16 to 58 with corres
ponding specific gravities from 0.55 to 2.0 (air~ 1.0). 
The most prolific source of these hydrocarbons is pe
troleum. They are found in the earth by themselves in 
the form of a natQral gas, or in conjunction with oil 
(in solution in the oil or in equilibrium with it), and·in 
addition they are produced by the decomposition of oil. 
In general, the hydrocarbons found in nature are the 
paraffinic or saturated ones, i. e., methane, ethane, pro.: 
pane and butane. The unsaturated hydrocarbons, 
ethylene, propylene, etc., are usually products of crack
ing. Hydrocarbons are also found in manufactured 
gases. · . 

These hydrocarbons are seldom found in the pure 
state, but as multicomponent mixtures of various pro
portions. To isolate pure hydrocarbons is expensive. 
Even commercially pure hydrocarbons that contain 
over 9 5 % of one component contain. sufficient lighter 
and heavier components to give physical properties 
that are different than the pure components. Methane 
is the chief constituent of natural gas, usually being 80% 
to 90%, and is used chiefly as a fuel both for domestic 
and industrial purposes and in the manufacture of car
bon black. The principal use for methane is fuel because 
of its resistance to decomposition. Ethane is used chiefly 
as a fuel, seldom by itself, but mainly as a component 
of natural gas. Ethylene, which has a wide number of 
uses, can be used as a refrigerant, as a fuel, or as a base 

At atmospheric pressure an normal temperatures 
these hydrocarbons are gaseous. Very high pressures 
and/ or unusually low temperatures are required to 
liquefy them. In studying the transformation of these 
hydrocarbons from the vapor to the liquid phase, a 
knowledge of vapor pressures, boiling and dew points, 
and critical points is essential. The atmospheric pressure 
boiling points of, these hydrocarbons are. as follows: 

Methane .. , ....................... -258.5°F. 
Ethylene ........................ -154.7°F. 
Ethane ........................... -128.2°F. 
Propylene ........................ -53.7°F. 
Propane ............. , ............ --43.8°F. 
lsobutane ......................... +10.0°F. 
Normal Butane ................... +31.1 °F. 

It can be seen from the above table that if methane 
. is to be boiled at atmospheric pressure, an extremely 

low temperature will result; or, in other words, if the 
methane is to be · liquefied at atmospheric pressure, a 
temperature of minus 258.5°F. is necessary. 

Figure No. 1 is a vapor pressure chart of these hydro
carbons. This chart gives the pressures and correspond
ing temperatures at which these hydrocarbons will boil 
at all pressures and temperatures up to the critical. 
From this curve can be established the temperature or 
corresponding pressure at which these hydrocarbons 
can be either liquefied or regasified. · 

Since it is necessary to have a temperature lower 
than the critical in order to liquefy any gas, it is neces
sary that any liquefaction process operate at a tempera
ture below the critical and the corresponding vapor 
pressures. The critical conditions for these hydrocar
bons are as follows: 

Temperature, Pressure 
°F. p.s.i. Abs. 

Methane .................. -116.5 673 
Ethane . . . . . . . . . . . . . . . . . . . . 90.1 712 
Ethylene . , .. .. . .. .. .. .. .. 49.8 748 
Propane . . . . . . . . . . . . . . . . . . 206.0 617 
Propylene . . . . . . . . . . . . . . . . 197 .6 662 
lsobutane . . . . . . . . . . . . . . . . . 273.2 544 
Normal Butane............ 305.6 551 

Some of the hydrocarbons can be condensed with 
water, as can be seen from the vapor-pressure chart 
(Figure 1). Eighty degrees F. water could be used to 
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condense the propane, and the butanes and ethane 
might be condensed, providing sufficient surface was 
available in the condenser. Since it has a critical tem
perature of 90°, it would be necessary to remove suf
ficient heat to liquefy ethane at this temperature, al
though the operating pressures would be quite high. 

Except in rare cases, ethylene, with a critical tem
perature of 49.8°F., cannot be condensed with water, 
and methane, with a critical . temperature of minus 
ll6.5°F., very definitely requires some other form of 
cooling than water. For condensing either ethylene or 
methane, some other form of mechanical refrigeration 
is necessary. It would probably be preferable to use 
either propane or ammonia as the refrigerant to con
dense these two light gases. 

Instead of a vapor-pressure curve, hydrocarbon mix
tures have bubble and dew point curves. At the bubble 
point the mixture is completely in the liquid phase but 
at the point of incipient boiling, so that an infinitesimal 
decrease in pressure or increase in temperature will 
cause vaporization to start. At the dew point the mix
ture is completely in the vapor phase but at the point 
of incipient condensation, so that an infinitesimal in
crease in pressure or decrease in temperature will start 
the condensation. The boiling and dew points for hy
drocarbon mixtures may be estimated by means of 
equilibrium constants based on fugacities and vapor 
pressures. This subject has been receiving considerable 
attention recently so it need not be discussed here. 

Motlier Diagram 
In addition to the vapor pressures, boiling points, dew 

points, and critical points, entropies and enthalpies are 
also required in designing and operating a light hydro
carbon liquefaction plant. This subject has received 
very little attention and it is the purpose of this paper 
to rectify this situation. As in practically all process
design problems, it is necessary to know the difference 
in the enthalpy for a given process to estimate work, 
heat absorbed, etc. The process in question may take 
place at constant pressure, temperature, or entropy. In 
the latter case the quantitative value of the entropy is 
not necessary, it being sufficient to know that the en
tropy remained constant. It is also frequently necessary 
to estimate changes in temperature when throttling at 
constant enthalpy. Entropies and enthalpies may be 
tabulated in a form similar to the steam tables or they 
may be presented in graphical form sue~ as t~e Molli~r 
Diagram. There are two types of Molher Diagrams 111 

wide usage by the engineering profession: ( 1) Enthalpy 
vs. entropy with temperature, pressure and volume 
parameters; and ( 2) Enthalpy vs. pressure ( on log 
scale) with temperature, entropy and volume param
eters. Mollier Diagrams for steam are generally of the 
first type, while those for refrigerants, such as ammonja 
and S02, are generally of the second type. For use 111 

hydrocarbon liquefaction calculations the Mollier Dia
gram should cover the saturated liquid, saturated vapor, 
and superheated vapor states. 

The construction of a Mollier Diagram involves the 
application of rigorous fundamental thermodynamic 
equations to accurate experimental data on the volu
metric and calorimetric behavior of the hydrocarbon or 
hydrocarbon mixture in question. Essential data in
clude: 

(a) Vapor pressure for single component or bubble 
point and dew point (phase diagram) relation

. ship for mixtures. 
(b) Latent heat of vaporization. 
( c) Specific heat of liquid. 

( d) Specific heat of the vapor at a constant pressure 
of one atmosphere. 

( e) Deviation from perfect gas laws or pressure
volume-temperature data for the superheated 
vapor. 

Deviations from the perfect gas law are important 
because they reflect the effect of pressure on the en
tropy, and the enthalpy. For a perfect gas the enthalpy 
is independent of pressure. The deviation from the per
fect gas law is a function of the nearness to the critical 
point, where the perfect gas laws may be as much as 
400% to 500% in error. In a previous paper, Edmister1 

developed a generalized correlation of hydrocarbon 
P-V-T data from which he computed by accurate 
graphical methods various reduced thermodynamic 
properties that may be applied to hydrocarbons by 
means of the critical point for pure components and 
the pseudo-critical point for mixtures. 

Using the above mentioned reduced thermodynamic 
properties to compute the effects of deviations from 
perfect gas laws, together with experimental calori
metric and vapor pressure or phase diagram data, Mol
lier diagrams were prepared for methane, propane, pro
pylene, butane and three mixtures of light hydro
carbons. In constructing these diagrams, the reference 
point selected was saturated liquid at -200°F. Since we 
are working with differences in enthalpy and not ab
solute values, the reference point has no bearing on the 
ultimate answer. It merely regulates the scale. 

F1gures 2, 3, 4 and 5 are the Mollier diagrams for the 
methane, propane, propylene and butane, respectively. 
These charts are for pure hydrocarbons which are sel
dom encountered in practice. Most practical work is 
concerned with mixtures of hydrocarbons. 

Figure No. 6 is the Mollier diagram for a typical 
plant propane. This propane mixture has been used in a 
propane refrigeration process. Its analysis is as follows: 

Hydrocarbons Mol. % 
Methane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0;80 
Ethylene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.11 
Ethane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 .20 
Propylene .............................. 23 .42 
Propane ............................... 71.41 
Butane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .06 

100.00 

This mixture is essentially a commercial propane but 
its characteristics are considerably different than· pure 
propane. It will be noted that the chief difference be
tween Figure 6 and Figure 3 of the Mollier chart for 
pure propane is that the lines of constant temperature 
between a saturated vapor and a saturated liquid are flat 
for pure propane and sloping for the plant propane. In 
other words, constant pressure vaporization occurs at 
constant temperature for pure propane but with an 
increase in temperature for the plant propane. 

Figure No. 7 is a propane-butane mixture of the fol-
lowing composition: 

Hydrocarbons Mol. % 
Propane ........... ; ...................... 20 
Butane .................................. 80 

100 

Here again it will be noted that the latent heat lines are 
sloped. · 

Figure No. 8 is a diagram for a propane-propylene 
mixture of the following composition: 

Hydrocarbons Mol. % 
Propane ................................. 21 
Propylene ........ , . . . . . . . . . . . . . . . . . . . . . . 79 

100 
'Ind. Eng. Chem. 30, 352 (1938). 
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Since propane and propylene have very similar char-
. acteristics, the Mollier diagram of the mixture is very 

similar to that of a pure component. It is noticed here 
that the latent heat lines have very little slope and that 
this mixture would have a relatively high efficiency as 
a refrigerant. 

Figure No. 9 is for an unusual mixture of ethane 
and butane, but its purpose is to illustrate the necessity 
of fractional analysis. In this case we have a mixture 
which has a boiling point the same as propane but 
actually the mixture has no propane in it. Such a mix
ture, of course, has latent heat lines that have a very 
high slope and would be very inefficient as a refrigerant. 

A large amount of data are available from these 
charts. The latent heat of vaporization at any tempera
ture can be calculated from the difference in total heat 
between saturated liquid and saturated vapor lines. 

The theoretical amount of work can be calculated-by 
taking ,the total heat at the temperature and pressure of 
the incoming vapor to the compressor and by following 
a line of constant entropy, determine the total heat at 
the discharge pressure and the corresponding tempera
ture. The difference in these total heats will give the net 
work required in BTU's per pound which can readily 
be converted into horsepower. It should be realized 
that this is the theoretical horsepower required. 

The duty for designing the condenser for liquefying 
hydrocarbons can also be readily obtained from this 
chart. The amount of heat to be removed as a vapor 
would be the difference in total heat between the satu
rated vapor at the condensing temperature and the 
total heat at the discharge pressure and temperature of 
the compressor. The latent cooling duty or the heat 
required to change the saturated vapor to saturated 
liquid is the difference between the total heat of satu
rated vapor and the total heat of saturated liquid. 

In passing through . an expansion valve from a con
denser to an evaporator, change of state takes place at 
constant total heat so that the net refrigeration that 
can be effected per pound, assuming that there is no 
sub-cooling of the condensed liquid, would be the dif
ference between the total heat of the saturated vapor at 
the evaporator temperature and the saturated liquid at 
the condensing temperature. 

Refrigeration Cycle 
In order to make the use of these charts clearer, an 

outline of a standard refrigeration cycle will be fol
lowed for propane. The standard tone as defined by 
code operates at a condensing temperature of +86°F. 
and vaporizes at a temperature of +s°F. For the pur
pose of illustration, a calculation will be made of this 
standard cycle when using propane as a refrigerant. 

In this case it is assumed that the vapor will be 
brought to the compressor saturated at +s °F. so that 
at the inlet to the compressor the temperature will be 
+s°F. and the pressure 42 p.s.i. Abs. From this chart 
this is an enthalpy or total heat at 279 BTU per pound. 

At 86° for condensing, the pressure is 155 p.s.i. Abs. 
In order to determine the amount of work required, a 
line of constant entropy is followed from +s 0 and 42 
pounds up to 155 pounds. At this point the total heat 
is 305.5 BTU per pound. The difference between 305.5 
and 279 BTU per pound is 26.5 BTU per pound, repre
sents the work required to compress one pound. 

At this point we would like to call attention to the 
fact that the compression of propane follows very 
closely to the saturated vapor line. The importance of 
this will be discussed later. The total heat of saturated 
vapor at 86°F. is 299.5 BTU per pound. The difference 
between the total heat at the end of compression and 

12 

that of the saturated vapor is 6 BTU per pound, repre
senting the heat removed by vapor cooling. The satu
rated vapor is then condensed completely to a liquid 
by removing the latent heat which is the difference in 
total heat at 86° of the saturated vapor and the saturated 
liquid, corresponding figures being for vapor 299.5 
BTU and for liquid 157.6, the difference being 141.9 
BTU per pound, the heat to be removed in condensing 
one pound of propane. 
· The net refrigeration effect is obtained by subtract

ing from the total heat of saturated vapor at +s 0 

(279 BTU per pound) the total heat of the saturated 
liquid at 86° (157.6 BTU per pound) which equals 
121.4 BTU per pound. 

A ton of refrigeration is equal to 200 BTU's per 
minute; therefore, 200 divided by 121.4 equals 1.647 
pounds of propane per minute required per ton of 
refrigeration. 

To calculate the horsepower per ton the equation 
would be as follows: 

H. P. = (26.5) (1.647) (60) = 1.03 HP per Ton 

2545 
where 2545 is equivalent BTU's per horsepower hour. 
As pointed out above, compression of propane takes 

place along a line very nearly parallel to the saturated 
vapor line, which means that a small amount of cooling 
by the compressor jacket water may cause liquid to 
form during compression. Also, since propane and 
other hydrocarbons are highly soluble in lubricating 
oil, it is desirable to have them compressed at a tem
perature as remote as possible from the saturated line. 
It follows, then, that for purely mechanical reasons, 
the vapor to the compressor should be superheated 
rather than saturated and it so happens, as will be 
shown below, that the remote dynamic efficiency of 
the cycle is also improved. 

For the purpose of illustration it will be assumed 
that the suction temperature is superheated 30°F. above 
the saturation temperature and that in order to do this 
superheating, the condensed liquid is subcooled below 
86° to superheat the vapor. This is simply an exchange 
between condensed liquid and vapor off the evaporator. 
The data for this calculation are as follows: 

Superheating 30°F. and Subcooling for Propane 
1. Total Heat Vapor at +s° F. Saturated = 279 BTU per 

pound 
2. Total Heat Vapor at +35°F., 42 pounds Abs. = 291.5 BTU 

per pound 
3. Total Heat Vapor at 155 pounds Constant Entropy = 319 

BTU per pound . 
4. Total Heat Vapor at 86°F. Saturated 

A. (2 - 1) = 291.5 - 279 = 12.5 BTU per pound 
-Superheat 

B. (3 - 4) = 319.5 - 299.5 = 20 BTU per pound 
-Vapor Cooling 

C. (3 - 2) = 319.5 - 291.5 = 28.0 BTU per pound 
-Work of Compression 

5. Total Heat Liquid at 86° Saturated liquid = 157.6 
Subtracting A = 12.5 

6. Total Heat Liquid to Evaporate 145.1 
BTU per pound = 67 ° F. 

7. Net Refrigeration = 279 - 145.1 = 133.9 BTU per pound 
8. Pounds per Ton = 200 = 1.494 Pounds per Ton 

133.9 
9. HP= (28) (1.494) (60) = 0.988 HP per Ton 

2545 
Super heating 30°F. decreases the HP per ton by 1.03 - .988 

= 0.042 or by 4.2%. 
It will be noted that it is actually a reduction of 5 .8 

per cent in horsepower required per. ton by using 
superheating and subcooling so that in addition to hav-
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ing a better cycle from the viewpoint of mechanical 
operation of the compressor, the overall efficiency of 
the cycle is also improved. This is contrary to ammonia 
practice as the thermodynamic properties of ammonia 
are such that superheating reduces the efficiency of the 
cycle. From actual experience it has also been found 
that superior performance in all respects is obtained by 
the use of superheating and subcooling when using the 
hydrocarbons as refrigerants: 

From Figure 6 itis seen that at 86° a saturated vapor 
is obtained at 174 pounds but that the pressure must 
be increased to .·210 pounds before it is completely con
densed at 86° to a saturated liquid. This means that a 
refrigeration cycle utilizing plant propane would have 
to operate with a compressor discharge pressure of 210 
pounds Abs. as compared to 15 5 pounds absolute for 
pure propane, thus greatly increasing the work re
quired. Below is a calculation of a standard refrigera
tion cycle with saturated vapor to the compressor using 
plant propane. 

Standard Cycle for Plant Propane 
1. Total Heat of Saturated Vapor at+ 5°F. 

= 279..5 BTU per pound 
2. Total Heat at Constant Entropy 210 pounds Abs. 

= 311 BTU per pound 
Work = 31.5 BTU per pound 

3.· Total Heat at Saturated Liquid -86°F. 
= 158.0· BTU per pound 

Net Refrigeration = 279.5 
157.0 

122.5 BTU per pound 
200 

4. Pounds per Ton= --- = 1.63 
122.5 . 

5. Horsepower= (1.63) (31.5) (60) = 1.21 HP per Ton which 
------is a 17.5 % increase over 

2545 pure propane. 

Condensation at 210 lbs./sq. in. begins at 100°F. and is 
completed at 86°F. 

This calculation indicates that 17 .5 % more horse
power is required per ton of refrigeration using a plant 
propane than would be required if pure propane were 
used. This point is emphasized because a large number 
of refrigeration plants both in refineries and in the field 
utilize propane mixtures for refrigerants, requiring 
considerably more horsepower than would be expected 
if the calculation were based on propane data available. 
There are a large number of these plants operating with 

engines and motors overloaded principally because they 
are designed to operate on pure propane under the as
sumption that 95 % or more propane would, for all 
practical purposes, be pure propane. It can readily be 
seen from the above illustration that such is not the case 

· and that such factors as dew point and bubble point 
must be considered in calculating the·pressures and par
ticularly requirement of hydrocarbon mixtures used as 
refrigerants. 

Application of Mollier Diagrams 
Liquefaction and regasification of the low hydro

carbons has a large number of uses but principally, in 
one form or another, they are used to obtain refrigera
tion or to affect separation. A description of a few of 
these uses would probably suffice to illustrate in general 
the types of plants and equipment used for this purpose. 
Figure No. 10 is a flow sheet of the gasoline of the 
Duval Gasoline Co., Benavides, Texas. This plant is a 
modern gasoline extraction plant, separating the gaso
line hydrocarbons from field gas. The unusual part of 
this plant is that the separation is effected by refrigera
tion rather than by the usual method of absorption. 

Primarily this plant is a very simple plant m which 
the field gas is compressed from approximately atmos
pheric pressure to 50 or 60 pounds where it is cooled 
first by water and then by residue gas to a temperature 
of approximately 40°. 

The next step in the process is to remove all moisture 
in the gas by passing it through beds of alumina. This 
removes every trace of moisture. From this point on 
the gas is cooled down to a temperature of 35°F. by a 
propane system and at -35°F. all of the desirable gaso
line components are liquefied and drawn off. The re
maining gas is exchanged against the incoming gas and 
returned to the field. 

The liquid gasoline made is further treated in a sta
bilizing tower to finish the gasoline to the necessary 
specification. · 

The propane system is a very simple two-stage com
pression ammonia system operating from approximate
ly atmospheric pressure and -40°F. to 200 pounds 
gauge where it is liquefied by cooling with water and 
recycled. It is of interest to note that some subcooling 
is obtained on the liquid propane by exchanging it 
against the cold liquid coming from the separation 
drum. Sufficient subcooling is obtained here to ap-
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preciably reduce the horsepower requirements of the 
plant. Figure 11 is an interior view of this plant. 

Often, for the recovery of light hydrocarbons and 
sometimes for other gases, a low temperature bubble 
tower is used for separation. A typical flow sheet like 
the chart in Figure 12 shows a method of operation 
known as the cold tower. Either one or two refriger
ants may be used to liquefy overhead vapor which is 
returned to the upper part of the tower as reflux to 
aid in separation. For extremely low temperature, that 
is, on the order of -100° to -150 °, a two-stage sys
tem, as illustrated, would be used, utilizing propane for 
refrigerant No. 1 and ethane or ethylene for refrigerant 
No. 2. These are merely cited as examples. For tem
peratures of -40° and upward, a single refrigerant 
would probably be used. 

The purpose of the cold re.Aux is to liquefy all com
ponents that are desirable and to leave only as vapor the 
components in the gas that are not desirable in the final 
product. 

Liquefaction and Storage of Natural Gas 

One of the more recent developments has been the 
liquefaction of natural gas for storage purposes. By 
liquefying natural gas which consists chiefly of meth
ane, its volume is reduced to approximately 600 times, 
thus greatly decreasing the amount of storage space 
necessary to store large volumes of gas such as are 
required to take care of sudden peak load conditions 
arising from the sale of gas in cold weather. 

Within the last year a plant for just this purpose has 
been constructed by the East Ohio Gas Company at 
Cleveland, Ohio. This very interesting plant was de
scribed in detail by Clark and Miller before the A.G.A. 
at Atlantic City in October, 1940. This plant is of 
great interest because of the size of the storage in
volved, namely, 150,000,000 cubic feet and the low 
temperatures being used for the first time on a very 
large scale. 

Figure 13 is a flow sheet of the cycle used in lique
f>ring natural gas. 

To liquefy natural gas it is first necessary to cool it 
below its critical temperature, then liquefy it at the 
vapor pressure corresponding to the temperature 
chosen. This means that to liquefy methane, a tempera-
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Fig. 11 -An in
terior view of the 
Duv al Gasolin e 
Co. at Benavides, 
Texas. 

ture of below -ll6°F. is necessary and for practical 
purposes, a temperature of approximately -125 ° and 
a pressure of approximately 600 pounds is necessary to 
liquefy natural gas. However, a large volume storage 
would be very expensive at a pressure of 600 pounds 
and for structural reasons the storage vessels are de
signed for approximately atmospheric pressure opera
tion, and in order to store natural gas at atmospheric 
pressure, its temperature must be reduced to approxi
mately -250 °F. This is accomplished by self-refrigera
tion or flashing. The liquid is merely expanded through 
a valve and when the pressure is dropped, the liquid im
mediately cools itself to new vapor pressure tempera
ture condition by vaporizing a portion of itself. The 
gas thus evolved is recycled and again liquefied and the 
resultant liquid is piped to the storage tanks. 

Because of the low temperatures involved, it is neces
sary to remove all traces of carbon dioxide to prevent 
plugging up of the valves. In the same step all hydrogen 
sulphide is removed to prevent corrosion. A small 
nitrogen content of the gas makes it necessary to vent 
this nitrogen, as otherwise the nitrogen which does not 
liquefy with the natural gas will remain in the vapor 
state and be recycled with returned gas. Since it does 
not, at any time, liquefy, its concentration would con
tinually increase until it eventually affected the con
densation of the natural gas itself. It is therefore neces
sary to remove nitrogen by venting. 

Cascade or two-step refrigeration is used to liquefy 
the natural gas. Ammonia is the first refrigerant, being 
used to liquefy or condense the ethylene, the ethylene 
in turn upon boiling on one side of the heat exchanger 
condenses the natural gas on the other side of the same 
heat exchanger. All the heat that is removed by the 
ethylene system, plus the heat of compression must be 
removed by the ammonia system which in turn gives 
up this heat to the water condenser. The whole process 
is a mechanical means for removing heat at a tempera
ture below -120 °F. and carrying this heat step by 
step up until such point as this heat is given up to 
water. 

The ammonia system operates at a temperature of 
-120 ° and a pressure of five pounds gauge and is nor
mally condensed with pressure of 150 pounds gauge. 
The ethylene system operates at a temperature of 



Fig. 12-A typical flow chart showing method 
of operation known as cold tower. This 
method is used for the recovery of light 
hydrocarbons and other gases. 

-145 ° with pressure of five pounds 
and is condensed at approximately 350 
pounds and -l0°F. 

The importance of automatic con
trol in the operat!on of this plant, par
ticularly on the refrigeration machines, 
is brought out by the consideration 
that any variation in the feed or re
cycle gas will change the heat load on 
the ammonia and ethylene systems. It 
is necessary, then, to vary the capacity 
of the compressors to meet any varia
tion in the flow through the system. 
Since it is desirable to maintain con
stant pressures, the volume of the re
frigerant is varied by changing the 
speed of the engine. 

I 

_L 

Pressure-type stabilogs are used to 
hold the constant suction pressure on 
both the ethylene and ammonia com
pressors. These stabilogs operate in 
such a manner that should the suction 
pressure tend to rise, an air diaphragm 
on the governor opens up the fuel valve, admitting 
more gas to the engine, causing the engine to speed up. 
If the suction pressure should tend to fall, a reverse 
~cti?n takes plac~ so that at all times the speed is kept 
111 direct proportion to the demand of the refrigerating 
system as a whole. 

The refrigeration machines in the Cleveland plant 
co~sist of two 600 HP angle, 300 RPM, gas engine
dnven compressors and the ammonia machine is a 500 
HP, supercharged, 350 RPM "Angle" compressor. 
These machines are equipped with a number of special 
devices to reduce the loss of both ethylene and ammonia 
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and are built with special pistons and liners to reduce 
the quantity of oil necessary for proper lubrication. A 
minimum quantity of oil is desirable in this process 
because if oil should be carried over from the compres
sors into the natural gas condensers, it would freeze 
solid, impairing the heat transfer efficiency and even
tually plugging up the exchanger. Special oil traps have 
been devised and are in use at Cleveland whereby oil 
is removed by mechanical separation and by absorp
tion. All possible precautions have been taken against 
failure of ammonia and ethylene machines· because of 
the vital part that these machines play in this process; 

"zL~~~. si;MH,;" 

r---i -~-"""'""· I -• . ! '; ~:.:;:.,L 

Fig. I 3 - A flow 
sheet of the cycle 
used in liquefy
ing natural gas. 
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Fig. 14-The refrigeration cycle compressors in the East Ohio 
Gas Company plant at Cleveland, Ohio. These mach ines are 
equipped with devices to reduce loss of e thylene and ammonia. 

if they do not function properly, the rest of the plant 
cannot function. Figure 14 shows the refrigeration cy
cle compressors in the Cleveland plant. 

The storage vessels at Cleveland are of unusual de
sign. They consist of two spheres, a 57 foot diameter 
sphere inside a 63 foot sphere with three feet of cork 
insulation in between. The inner sphere is made of 
nickel steel because of the necessity of having material 
resistant to shock at low temperatures; the outer shell 
does not require alloyed steel. Each of these vessels 
when approximately 80 % full will hold the equivalent 
of fifty million cu. feet of gas at a temperature of 
-250°F. The losses due to heat infiltration in these 
tanks has been very low, being on the order of less than 
2/ lOths of one percent per day. 

These tanks are of unusual construction as shown in 
Figure 15. The liquid is carried in and out of the tank 
through a 5 Ya" O.D. copper tube. The liquid line is in 
the center of an 18" I.D. copper pipe. The evaporated 
gas flows away from the tank through the outer pipe. 
This entire assembly, including expansion joints, is in 
an insulated boot. Inside the tank is a stand pipe for 
carrying off the vapors that accumulate above the 
liquid. This vapor is normally returned to the system 
for re-liquefaction through the recycle system. On the 
outside of the tank is a blow down pipe I 2" in diame
ter, capable of reducing large quantities of vapors if 
they should accumulate. Both the inner and outer shell 
of tank are protected by safety valves and blow out 
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Fig. 15-ln these tanks of unusual construction, the 
liquid is carried in and out through a 5 Va" 0 .0 . 
copper tube. 
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Fig. 16-The finished tanks have a total capacity of fifteen 
million cubic feet which can be discharged into the system in 
approximate ly f ifty hours, if necessary . 

discs, and precautions have been taken so that even for 
unusual conditions of vaporization or heating filtra
tion, the pressure in the tanks will not exceed twelve 
pounds. 

Since the entire copper pipe arrangement for putting 
in and removing the liquid from the tank is subject to 
considerable movement due to the filling and unloading 
of the inner sphere, experimental tests were made by 
filling the tank with water to measure the amount of 
settling of the inner tank when loaded. The expansion 
joints in the copper piping were designed on the basis 
of this data. The settling of the entire inner sphere was 
approximately three inches. One of the properties of 
cork as insulation that makes this design of tank pos
sible is its marked resilience. While it compresses under 
load even at low temperatures, it returns to very nearly 
its original position when unloaded. 

It will be noted that all the piping in and out of this 
sphere is subject to the stress caused by the movement 
of the inner sphere and is made of copper because of 
the fact that, compared to ferrous metals, it maintains 
its ductility at low temperatures. 

The structural design data of the tank may be of in
terest, particularly the weights. 

The weight of the inner sphere is 
Outer Sphere 
Cork Liners 
Tower 

154,000 lbs. 
230,400 lbs. 
255,600 lbs. 
102,240 lbs. 

Making the total dead-load weight 742,240 lbs. 

The live load content is 2,521,000 pounds. 
If the same tank were to be loaded with water, which 

it was for test purposes, the total live-load content 
would be 6,060,000 pounds or over double that of the 
liquefied gas. Figure No. 16 shows a photograph of 
the finished tanks. 
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