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ABSTRACT

A study 1s made of existing enthalpy correlations
for petroleum fractions in the hope that these correlations
can be applied to coal-derived liquids. No one correlation
is assessed to be the best for petroleum fractions as the
area of enthalpy prediction for naturally occurring crudes
is constantly being improved.

A section containing sample calculations and the
error between calculated and experimental enthalpy values
is included for each correlation.

Difficulties which might be encountered in applying
petroleum fraction correlations to coal-derived liquids
are mentioned., Suggestions are made to provide a better
comparison of existing petroleum fraction correlations

and to continue thé nature of this work in the future.
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INTRODUCTION

In order to provide a comparison between the enthalpies
of petfoleum fractions and coal-derived liquids, studies
are now being conducted to megsure the enthalpies of coal-
derived liquids calorimetrically; However, it i1s impossible
to measure the enthalpy for every hjdrocarbon liquid, whe~
ther it 1s naturally occurring or synthetic, so it is de-
sirable to be aﬁle to predict enthalpies by a generalized
correlation.

The corrélation of enthalpies for coal-derived liquids
has as its logical basis the correlations already in exis-
tence for petroleum fractions. It is assumed at this point
that the same équations used to estimate the enthalplies and
physical properties of the petroleum fractions can also be
applied to coal=derived liquids. It must be remembered that
the conditions under which the coal-derived liquids are
formed and the hydrocarbon type distribution often differ
radically from those of the petroleum fractions, This could
affect the usefulness of any petroleum-fraction empirical
correlation for coal-derived liquids., Also, as coal-derived
liquids are undefined mixtures of hydrocarbons, it 1s dif=-
ficult to apply a mixing rule with a pure component correla-
tion to these liquids. Recognizing these difficulties,
varlous petrolsum-fraction enthalpy cecorrelations are inves-
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tigated as a possible foundation for a coal-derived liquid
correlation. Consequently, this thesis is divided into
four main sectionss
1) 1investigation of existing enthalpy correlations
~ for petroleum fractions,
8) estimation of physical properties,
3) compérison of the different correlations! accura-
cles,
4) discussion of how existing correlations might
' apply to coal-derived‘liquids.



T-1913

EXISTING PETROLEUM~-FRACTION CORRELATIONS

This section revliews the existing correlations in
chronoiogicalkbrder of development. Not all of the correla-
tions which have been developed are covered, but the most
significant ones are included., At the beginning of each
eorrelation synopsis the physical properties required in
the correlation are listed. The references which provide
methods for estimating these physical properties can be
found in the section, "Physical Properties of Petroleum
Fractions." w

It sﬁould be noted that most of the coffelations follow
the same procedure for predicﬁing enthalpies. The first
step 1s to determine empirical equations at the‘reference
state pressure for the specific heats of the liquid .and
vapor states and the heaf of vaporization as functions
of temperature. By integrating the specific heat equation
between the reference temperature and the tamperature of
the liquid, the enthalpy of the liquid phase is determinéd.
If the petroleum fraction exists as a gas, the liquid heat
éapacity is integrated normal boiling point, the heat of
vaporiéation added, and the gas phase specific heat equation
integrated between the limits of the normal boiling point
and the temperature of the petroleum fraction. Correction

terms are then added to compensate for the effect of the
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system's pressure

on the enthalpy. Often the effect of

pressure on a liquid that exists below 1000 psia can be

neglected.

Summarizing

H

where

Q
>
] ]

. Q
d
<
W

1}

AH L
Ppres

ref =

Ty

K = gsystem temperature (if a gas, T is above Tb)

thé.&bove;steps mathematically:

Ty
Jc ar + ]cpvdT * Byreg * A (1)
ref ’ Tb

enthalpy, Btu/lb, Pelative to T, ¢

liquid heat capacity at reference pressure

heat of vaporization at one atmosphere,
Btu/1b.

heat cépacity of vapor at reference pressue

pressure correction term for deviation

from the reference pressure

reference temperature

normal boiling point temperature

-



T=1913

1953 - K.M. Watson and E. F. Nelson (1)

Physical Properties Required'
(refer to;section entitled, "Physical Properties of
'Petroleﬁﬁ ?factions" for references which define
ahdAéStiﬁafe the physical properties for & petro-
leum fraction)

Normal boiling point, specific gravity at 60/60°F,
molecular weight, critical pressure, critical temperature

Region of Corfélétion's Applicability:

Ligquid heat capacity
Temperature: O0-100CF.
Specific. gravity: 10=-70CPAPI
Latent heat of vaporization at 1 atm
Temperature range of molal average boiling
point: O0=675C°F _
Moleculsr welight: %75-300
Watson's Characterization Factor, K: 10-12
Vapor heat capaclity at 1 atm :
Temperature: 50-9000F
Specific gravity: 0,55 gas-lOOAPI
Isothermal enthalpy departure from ideal gas.
Temperature: T, 6K between 0.8 and 1,5
Pressure: Pr bstween .1 and 6

Some of_the earliest petrolgum-fractioh correlational
work was done by'Watson and Nvlsén of Uﬁiversa1 Cil Products
in 1933, One of their main contributicns was the definition
of the so-calléd_ﬁatson Characterization Factor, K. K

provided an overall correlation_barameter which was defined

as:

= (1,)1/3
—bgg— (2)

ARTHUR CAKES LIBRARY)
COLORADO SCHOOL of MINES

GOLDEN, COLORADQ 80401
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where:
Tb = molal average boiling point,oR
SG = specific gravity at éQ/SO°F
The K factor serves as an index of paraffinicity, with high
values of 12.5-p1us indicating a high degree of saturation.
Severely cracked stocks have K's of 10-11.,

Watson and Nelson used this characterization factor
to improve existing correlations;which,had been based on
temperature and specific gravity alone. Since each previous
correlation had been based on datg with different K values,
Watson and Nelsoh observed that by multiplying exiéting
correlations by a factor involving K, differences between
correlati ons diminished. Two generéliéﬁd specific heat

correlations, applicable to all stocks; were the net

result:
Cox = (0.6811 - 0,3C8%8G+ T(0.000815 = 0,000306
#8G)) % (0.055%K + 0,35) (3)
Cpy = (4.0 - 5G)/6450. % (T+670.) # (0.12:K
: - 0.41) | (4)
where:

Cpl,cpv = specific heats of liquid and vapors respec-
tively, at 1 atm, Btu/1b/OF
T = temperature, °F

The reference state chosen was liquid st 32°F.
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To compute the latent heat of vaporization at 1 atm,
Watson and Nelson proposed using Kistyakowski's equation

which was origlnally intended for pure, nonpolar compounds:

L * T /M *#(7.58+ 4.57/1og Ty) (s)
where:

L = latént heat of vaporization, Btu/lb

T, = bolling poilnt, °R

M = molecular weight, 1b/lb-mcle
The above equation was assumed to be applicable to polar
and nonpolar mixtures if Ty, was equal to the molal average
boiling poiht and M was equal to the average molecular
weight.

‘No correction for pressure from the reference state
was given for the liquid phase enthalpy. However, there is
considerable deviation in Cp3 in the critical state. The
liquid phase specific heat capacity equation appliles where
the pressure 1s well below that required to prevent vaporiza-
tion but may give results too low at lower pressures. A
pressure correction term for enthglpy is necessary however

in the vapor phase.

($8)," " (), (6)

where ?

H = enthalpy

ARTHUR LAKES LIBRARY
COLORADC SCHOOL of MINES

GOLDEN, COLORADQ 80405
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V = volume
T = absolute temperature
P = absolute pressure
However,

V= zmr/p ,,
Z = compressibility factor
R = gas constant
Z was fitted to the chart of Brown, Souders and Smith(20)
by the following equations which are applicable to a
reduced temperature of 1.5:
for low values of reduced pressure, Pn4 245
Z = 1.0 - (0.73(T,)"% - 0.18) = P, (7)
for high values of reduced pressure, 2.5< P, <6
Z 2 2.0 - (0.24 = 0,14%T,) # (8.0 - :B;,‘)‘\' (8)
where: .
Pr*=reduced pressure
Tr;zreduced temperature
By differentiating the volume equation with respect to T
and substituting this expression into the differential for
enthalpy, equation é, the following eqﬁations were derived:
at low P.,, PPA 2.5
s B2 -t w R /(1)7 (9)
at high P, 2.5:‘.Pr_{:6
a BN = 0.28%T, * (P', = P~ 8.#In(P'p/Pro))  (10)
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where: M = molecular weight

n

4
o
[1]

change in enthalpy due to change in pressure
from the reference pressure to Pr’ where
P, 1s in the range of the low Pp equation
aH' = change in enthalpy due to a change from
Pro to Pr', where Pn, is the 1limit of the
range for the low Pp equation and P.' 1s
any pressure above the P, limit ‘
The graph, figure 10(1l), which is a plqﬁﬂof these two equa-
tions has as its renge of applicabillity, T, from 0.8~1.5
‘and P, from ;1-6.

Included in the section, "Comparison of the Petroleum=~
Fractién Correlations™, is a saﬁpie calculation using the
methods of Watson anthelson to predict the enthalpy of a.
petroleum fraction. The enthalpy of this example petroleum
fraction 1s predicted'by all of the different correlations
reviewed for comparison. |

It should be noted that the difference in énthalpy
due to a pressure change from zero pressure to 1 atm is

neglected in Watson's and Nelson's correlations, as in most

of the earlier correlations.
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1942 (correction, 1944) « D,E. Holcomb and G.R. Brown (2,3)

Physical Properties Required:

Specific gravity at 60/60°F and ©API, critical
temperature and pressure .

Region of Correlation's Applicability:
Liquid heat capacity at 1 atm
Temperature: «100-1000°F
Specific gravity: 10-70CAPI
K: 10-12.5
Vapor heat capacity at 1 atm
Temperature: =200-1200°F
" Specific gravity: O0-70°API
Isothermal enthalpy departure from ideal gas
Temperature: T, between ,75-1.00
Pressure: P, between 0-.9
Much of the work done by Holcomb and Brown was appli-
cable to specific pure light hydrocarbons. The reference
state chosen was 52°F,'0 psia, liquid. Howeﬁer, at zero
pressure the entha1p§ of a vapor mixture is obtained by
summing up the products of each component and 1ts molal
enthalpy at zero pressure. At higher pressures, the vapor
mixtures are not ideal, so the effect of pressure on'enthalpy
must be evaluated,
Charts correlating the specific heats of hydrocarbon
liquids as a function of specific gravities are included
in the original article. The charts are based on data
measured at 32°F and the hydrocarbon's vapof pressure,
however the entﬁalpy change from 32°F and the vapor pressure
to 32°F and zero pressure can not be'more than on the order

of .07 Btu/lb, as calculated for pentane.
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The van't Hoff equation was used to calculate the
latentk«&aﬁwwériiation at 32°F and zero pressure for a

' componentiin-a mixture:

2,303 # d(log o) . 2H . (11)
e - Shppn

where:
d(logyoK)/a(®) = slope of curve of logjoK:

» vs;.temperature at constant preséure
where K;is the vaporization equilibrium
constant for afaégponent'i'l, defined
as y/x; where y: is the. mole fraction
in the vapor phase, x:is the mole
frection in the liquild phase of component i

3 R = gas law constant
X table was presented in the 1942 article which represented
the results of this equation on current data. The reference
conditions were at 32°F and O psia., The 1944 article cor=-
rected the results based on this equation as it was found
that the K's were unrelisble. The 1944 charts were correla-
ted in terms of total vapor entﬁalpy for pure components at
zero pressure which incorporated the corrected heats of
vaporization, However, this correlation is not very useful
for petroleum fractions which are undefined mixtures of hydro-
carbons.normally.

A chart based on curve-fitting of data was presented to
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calculate the specific heat of gaseous paraffins. The heat
capaclity charts and heat of vaporization chart were used to
determine overall enthalpy charts at zero pressure for pure
compenents.

To calculate the isothermal effect of pressure on the

enthalpy of liquid, the fol%owing equation was used:

aH = 144~/773: f (V-T( 4 V/‘;T)p) dp (12)
where: °
| 24 H = change of enthalpy due to pressure
7 V = volume
P = system pressure

where pressure-volume-temperature relations for liquid parafe
fins can be found in the literature.
To calculate the isothermal effect of pressure on

vapor énthalpy:

P“"*""AH = R _{_Jirlz(_f_[{@_}l) » £=activity coefficient (13)
R T 31n(T, p P

First a chart was plotted for the f/p relation and then this
was used to determine an overall change in enthalpy using
pseudocritical properties of the mixture as correlating parame-

ters.
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1944 - J.F. Fallon and K.M. Watson (4)
Physicél-Préperties Reéuireg;

API gravity, K faetor, critical temperature,
molecular weight

Region of Correlation's Applicability:

Liquid heat capacity at cr1tica1 pressure
Temperature: 0=1000°F
Specific gravity: O0-S0°API

Latent heat of vaporization ’
Temperature range of average boiling point:
: 100~1000°F
Specific gravity: =5-90CAPI
Molewular weight used in preference to

specific gravity: 80-400

Vapor heat capacity at O pﬂla

v, Temperature: 0-1400 op
'K: 10-13 .

The empirical specific heat equations which formed the
basis of the correlations of Watson and Nelson were a result
of averaging existing petroleum-fraction calorimetric data.
In 1944, heat capacities for the ideal vapor state were de-
%eloped from spectroscopic data and statistical calculations
by Spencer and Flannagan{2l). With proper frequency assign-
ments, the correlation aéplied over a wide range of tem=
peratures. Values for normal paraffins up to octane could
be correlated, along with isobutane, ethylene, and acetylene.
Lobratz attempted to estimate the constraints for this cor-
relation from the structural formula of a compound. However,
‘errors resulted at high temperetures and if the compounds to

which the correlation was applied were very different in
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structural type from those on which the correlation was based,

In 1944, Fallon and Watson presented correlations in agree-

ment with spectroscopic data and thermodynamically consis-

tent with those based on the generalized relations of Watson{22).
Fallon and Watson combined the correlations of Spencer*

and Flannagén(21), Dobratz(23), and Watson(22) to yield =

specific heat of vapor equation at O psia:

Cpy = (0.045%K = 0,233) + (0,44 +0,0177#K) (1073T)
~0.153(10"612) (14)
where: ‘
K = Watson's Characterization Factor
T = temperéture,»°F

This cbrrelation i3 different from the previously des=-
cribed'method of Watson and Nelson(l) in that only the
characterization'factor is used to characterize the stock.
No systematic variation was found from this correlation with
wide variations in specific graVity and'boiling point.

Specific heats of the liquid were calculated from the
vapor specific heat capacity by using the generalized thermo-
dynamic method described by Watson(22). A generalized
thermodynamic method of obtaining Specific heat capacities
of saturated liquids from ideal gas specific heat capacities
was described by Hougen and Watson(5), in 1947,

The calculafions for the specific heat capacities of

e SRS DL
AL ibdewo o N‘NES
; ~r - (570O0L of Mo
ol v L gl e
ey, g O A0 e
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liquids obtained by Watson's approach(22), were restricted

to reduced temperatufes less than 0.85 where pressure

effects are negligible. However, at these lower temperatures,
the petroleum fractions were not well represented by the

liquid specific heat capacity obtained by the above method, (22)
This is due to the fact that the generalized thermodynamic
épproach is in doubt in this region. Consequently, for

heavier stocks a new C

pl was correlated:

C_ . = ((0.355 +0.128 % 10~20API) + (0.503 +

pl
0.117 # 10~20API) 10-3T) 3 (0.05K+
0.41) | (15)

To calculate the latent heat of vaporization at one

atm préssure, aﬂﬁodified form!offthégélausius-Clapey:on‘e-

quation was used:"
2 2m 2 ,
A = ZRT/P # d4(P) _ ZRT.T = * d(P)
_d%T"}' s B d+7T' (16)
a(pP)

d(T) can be found by differentiating the vapor pressure equa-
tion proposed by Gamson and Watson(24):
d(P) P # A _ 40P(T = b) e=20(q ~P)Z

q(T) = Te#Tpe ¥~ T, ° (17)
where: |

Z = compressibility factor

R = gas constant

T = temperature, °r

P = pressure
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T = reduced temperature
r .

"

T, critical temperature,oﬂ'
b, A = constants in vapor preésure equations
The constaﬁt b can be found in the original article by Gamson
and Watson(24). A can be evaluated by substituting the
critical pbint and mean average boiling point into equation
(17). The article by Fallon and Watson(4) contains a
graph which summarizes these results, figure.4(4), along
with va and Cpl graphs, figures 2 and 3 respecﬁi?e;y(é),
The values for heats of vaporization predicted in ﬁhié “
way are in close agreement with the Kistyakowski equation,
used by Watson and Nelson(l), for low-boiling compougds,
but is condiderably highef for high-boiling compoundsi,
Any pressure correction necessary for the deviation of
enthalpy from zero pressure 1s computed in the same manner
'as in the Watson and Nelson correlation(l). As the charts
of FPallon and Watson were prepared from pure hydrocarbon
data, these charts should not be used to predict the enthal-
pies of mixtures except under conditions where ideal solu-
tions are formed. Balzhiser, Samuels, and Eliassen defined
an ideal solution as one that obeys the Lewls and Randall
rule, (25)
Fy=ongry (18)

where:
?1:.partial fugacity of component i
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£, = fugacity of the pure componsnt in the
same phase and at the same pemperature
and pressure as the mixture.
n; = mole fraction of component 1 in mixture
Ideal gases are ideal solutions, however liquids often
are not ideal solutions because of intermolecular interaction

in the condensed phase. If the solution 1s idesal, there

is no heat of mixing.
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1947 - 0.A. Hougen and KeM. Watson(5)
Physical Properties Required:
Critical pressure_gnd temperature
Reglon of Correlation's Applicability:
Isothermal enthalpy'departure from ideal gas
Temperature: ‘I‘r between 0,575 and 15
Pressure: P, between .0l and 20
Fallon and Watson used generalized thermodynamic equa-
tions to estimate the heat capacity of a ligquid from that of
a"gase Hougen and Watson have summarized many useful
thermodyhamic relations which are applicable to hydrocarbons,
including estimating saturated liquid heat capacities from
the specific heat capacity of an ideal gas. As Hougen
and Watson pointed out, data on the heat capacities of
liquids, particularly at temperatures other than atmospheric
are scanty and frequently unreliable. However, data is
avaiiable for the heat capacities of ideal gases over wide

temperature : ranges.

{eg1~c,)m= =d A = d4(H* - Hgg) (19)
27 T T aT

where:

cg] = specific heat capacity of the saturated

liquid
cpé': specific heat capacity of ideal gas
H = enthalpy
sG;% = gaturated gas and idesl gas, respectively
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However,
aE* - B,)) . [uE® - 5o L [aE - B gg) (20)
(‘“ It SG) = ("‘“"“ 3T oo T eE o Em)
8 P B T s
The enthalpy difference derivatives can be calculated from the
enthalpy departure graphs of Hougen and Watson(5). (Eg)s can
be found by differentiating the vapor pressure equation.
Hougen and Watson chose the Calingaert-Davis equation to

represent the vapor pressure. The term d % is obtained

by differentiation of the latent heat of vaporization

equation:
— § 0
d A . =-0,361 # R.#B(Tp) (1 - Tpp)~+38 (21)
d Tp ATy = 43 2T (1= Tr§-52
where:
R = gas constant
B = constant of Calingaert-Davis equation
T, = normal boilihg point, dégrees Kelvin

The ésl compﬁted in this manner is applicable at zero pres-
éure or approximately,.l atm, From the relation presented
above, along with suitable corrections derived by Hougen
and Watson(5), the heat capacity of a liquid at any condi-
tion may be predicted from this saturated liquid heat capa=-
citye.

Hougen and Watson also updated the pressure correction
chart of Watson and Nelson(l) for the deviati on of enthal-

pies from the ideal state. The chart of Hougen and Watson(5)
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represents the data calculated by Edmister&).‘an‘d York-and
Weber.(27) York and Weber(27) found that in the temper=
ature §anée above Tr=:1, where T, represents the reduced
temperature, the ehthalpy corrections varied systematically
with the critical temperature of the substance. Therefore,
the chart's values of Hougen and Watson(5) should be cor-
rected by'multiplying these values by 9

where @ = (Tc/4‘70)n (22)
n is a function of redﬁéed tempefature. A table summariziné,
these n's 48 . presented in the original article by Hougen
and Watson. (5)
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1953 - C.R. Bauer and J.F. Middleton(6)
Physical Propertles Required.

Mean average boiling point at 1 atm, molecular
weight, K factor, ©API gravity

Reglon of Correlatioh's Applicability:

Liquid heat capacity
Extended gravity range to OCAPI for Nelson
and Watson correlation(l)

Latent heat of vaporization at 1 atm
Temperature range of mean average boiling

point: 0-1000°F

Molecular weights: 70-500
Spacific gravity: -10-S0CAPI

Vapor heat capacity at 1 atm
Temperature: 0~1200°F
K factor: 10-13

Bauer and Middletonvﬁsed the same specific heat equa=
tions és WatsonAénd Nelson(l)vto calculate liquid enthalpies,
the same Kistyakowski equatibn to calculate latent heats of
vaporization at atmospheric pressure, and the correlation of
Fallon and Watson(4) to calculate vapor enthalpies. How=-
éver, the charts of Bauer and Middleton improved the original
correlational charts“which were a result of the above equa-
tions(1l),(4) to relect more recent data,

‘The 1iquid specific heat equation of Watson and Nelson(l)
was thbroughly checked by Gaucher(28) for a wide variety of
petroleum fractions and pure hydrécafbons and was found to
give very satisfactory results. The data of Hymen and Kay(29)
for a =11CAPI crude water gas tar indicated that extrapola- w

ting the original correlation to OAPI was justified. The

ERRTHUDN DAXES CIBRARY
C@EOREWDSCHOC&(ﬁBﬁNES
GOEDEN, COLORERO 30400
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original Watson and Nelson(l) chart for latent heat of vapori-
zation was based on a correlation for molecular weights of
petroleum fractions which has since been revised. The chart
of Bauer and Middleton(é) reflects this revision.

The specific heat equation of Fallon and Watson(4) for
vapors gives close agreement for petfoleum fractions which
have a K=11.8, but at characterization fastors other than
1l.8, lérge deviations occur. Bauer and'Middleton empirical-
ly determined the deviation from Fallon and Watson's chart(4)
which resulted from K not being equal to 1l1.8. Consequently,
their chart for specific heats of petroleum vapors gives
better results than that of Fallon and Watson for K's other
than 11.8.

When using the charts of Bauer and Middleton, it
shonld be noted that their chosen reference state was liquid,
saturated, 0°F, The alignment chart for the pressure effect
on enthalpy represents basically a refinement of the Hougen=-
Watson(5) chart, except that pseudocritical and critiéal
propertiés have been eliminated as variables., However, this

wimplification results in increased error,
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1961 ~ R.L. Johnson and H.G. Grayson(7)
Physical Properties Required:

Specific gravity at 60/60°F, critical pressure
and temperature

Region of Correlation's Applicability:

Correlated in terms of total enthalpy

Temperature: 0-1200°F

Specific gravity: 0-90°API

Kz 11.8

The enthalpy charts presented by Johnson aﬁd Grayson(7)

were developed from data presented by Beuer and Middleton(30)
and Lydersen, Greenkorn, and Hougen(Bl). The enﬁhalpyvof'
vapof at zero absolute pressuﬁe and‘liquid>:
at one atmosphere 1s taken directly from the Bauer-Middleton
data(30) except that the basis is changed from liquid at
0°F to ;200°F. The pressure correction for the enthalpy of
1iquid petroleum fractions below 1000 psia is negligible.
However, for pressures above 1000 psia, a pressure-correc-
tion chart(7) which corrects for the deviation of liquid
enthalpy from 1 atm is presented, using specific gravity
as the correlating parameter. A pressure correction chart
for the enthalpyvof vapor was presented for a K of 1l1.8. An
additional chart for a petroleum fraction with a compressibility
factor (critical) of 0.27 is presented(7). The reduced
properties of the petroleum fraction are necessary.

Enthalpy charts often do not include a visual means

of representing the liquid and vapor regions, and the satura=
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tion envelopes. Previous charts failed to predict enthalpy
in the critical region because of the difference in critical
behavior between mixtures and pure compounds., It is possible
for an actual fraction to have a latent‘heat‘of'vaporization
where a pseudocritical correlation would indicate nome. In
this region, Johnson and Grayson developed 8aturated vapof-
liquid domes which are included on the enthalpy chart(7).

The domes are convenlent because they present a visua@;“
?icture of the given petroleum fraction's phase condition at
certain opasrating conditions, in relation to the pseudocri-
tical point of the material. No pressure correctionsiare
necessary because these domes represent saturated conditions,
Latent heats of vaporization can be estimated directly from

fhe domes,
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1974 - J.G. Jacks, J.H. Dluzniewski and S.B. Adler(8)
Physical Properties Required: )

Depends on which correlations previously described
are used to estimate ideal gas enthalpy

Region of Correlation's Applicability:
Depends on which correlations previously described
are used to estimate ideal gas enthalpy
Isothermal enthalpy departure from ideal gas(9)
Temperature: T _ between .8.and 4.0
Pressure: P, between .2 and 9.0

Enthalpies can be calculated using an application of
the Curl-Pitzer corresponding states correlation. A brief
synopsis of the originalvarticlg which was revised in 1951
by Pitzer and Brewer, 1s given below(9).

Statistical theory shows,that a group of substances
will confopm to the principle of corresponding states only if
their intermolecuiar potentials are identical except for
distance and energy-scale factors characteristic of each
substance., The principle of corﬁesponding states was
originzlly pfoposed by van der Waals and assumes that all
substances would have the same equation of state when ex-
pressed in terms of the reduced variables. Quantum effects
must be negligible. Simple fluids are those which conform
accurately to corresponding states behavior, Molecules of
large dipole moments can not be correlated by corresponding

states,

To provide 2 measure of a fluld's deviation from simple
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fluids, an acentric factor was defined:
w= =1logyo(Pg/P,) - 1.0 (23)
where: ) w
Py = vapor pressure at reduced temperature, .7 Tr
P, = critical pressure B |
w=0, for simple fluids such as Ar, Kr and other spher-
ical molecules. Non-spherical molecular normal fluids have
low positive acentric factors., However, normal flulds
do not have strong intermolecular interactions such as
hydrogen bonding, acid-base association, etc.
At low pressures, the virial equation of state through
the second virial coefficient would apply leading to the
fo}lowing equation to calculate the departure of enthalpy from

the ideal gas state's enthalpy:

H - H® _ P, % ((0.1445+ 073 w) = (0.68 - .92w)
RT |
¢ 7"t - (.4155+1.5w)T,"% - (0.048¢ +

388 w)T,™° - 0657w T,,"8) (24)
where: | w
HC = 1deal gas enthalpy at 1 atm.
R = ideal gas law constant
Tc=. critical temperature
Noté:?_The correlation for the second virial coefficient is
given by a modified form of the Berthelot equation(9).

The ideal gas enthalpy can be calculated from the previous

[ARTHUR CAXES LIBRARY]
COLORADO SCHOOL of MINES
COLDEN, COLORADQ 80408
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-.correlations.
At higher pressures, where the second virial coeffi-

clent no longer applies, the following equation is used:

H° « H, _ (H° - HT\)O Hp® - H. \ 1 (25)
TIRT_ UG ('T RT, /) * “\TTET -

§T° = Hp > dimensionless isothermal enthalpy

e departure from ideal gas

(ETO - ;)2= dimensionless isothermal enthalpy
departure from ideal gas for a
simple fluid, plotted as a function

of Tr and Pr

(ETOR‘E' HT_\)I: diménsionléss\is'othermal enthalpy de-

prarture correction term for molecular
acentricity, plotted as a function of
T, and Pr

Pitzer and Brewer published tables(9) for the enthalpy
departure terms as a function of Tr and'Pr.

The above corresponding state correlation involving
ThsPps and w as parameters, formed the hasls of the Adler,
Qacks, and Dluzniewski correlation(8). They were able to
im;rove existing correlations to predict the needed input

data for the Pitzer-Curl correlation(9), namely, mo3ecular

weight and critical properties. However, thelr work was
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proprietary. Their findings did demonstrate the importance

of the three-parameter corresponding states correlation to

give isothermal pressure corrections to enthalpy.
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1974 - P.K. Huang and T.E. Daubert(10)
Physicai ?roperties Reduirea:

Depends on which correlations previously described
are used to estimate ideal gas enthalpy

Reglon of Correlation's Applicability:

Depends on which correlations previously described
are used to estimate ideal gas enthalpy

Huang and Daubert of the Pennsylvania State University
have developed 2 method of predicting the enthalpies of un-
known mixtures of hydrocarbons. It is called the pseudo-
compound method because it 1s based on the idea that if a
petroleum fraction can be described by pure compounds(called
pseudocompounds) which characterlze each of the hydroéar-
bon types present in an undefined mixture, then prediction
methods for the defined mixtures can be applied directly to
petroleum fractions. B

After performing an ASTM distillation, the petroleum
frection is analyzed for volume percentages of the four
hydrocarbon types, (n-paraffins, n-alkyleyclopentenes, n-1l-
olefins, and n-alkyl-benzenes}. The 504 boiling point(B.P.
when 50% of the pétroleum fraction has boiled awgy) from
the ASTM distillation is taken as the characteristic boiling
point.' Two pseudocompounds are chosen to represent each
hydrocarbon type present. These two pseudocompounds chosen

have boiling points which bracket the 504 boiling pointe. The
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weight fractions of these two pseudocompounds are determined
by defining a characteristic boiling point of this mixture
equal to the 50% boiling point. It is assumed that weight
percent and volume percent ape equal,

The amount of each pseudocompound in the petroleum
Praction is determined by multiplying the weight fractions
of the two pseudocompounds by the corresponding hydrocar-
bon's compsition found above. From the API 44 tabulatibns of
ideal gas enthalpies which have resulted from the previous=-
ly described correlations, a linear relationship ean be
derived for each hydrbcarbon type at a definite temperature
if the boiling point range is not too large. This rela-

tionship is expressed belows:

HO= a#Ty+b (26)
where:
H® = ideal gas enthalpy of a pure hydrocarbon
(reference point: HP equals O Btu/1lb at
0°R)
Tb = boiling point of a pure hydrocarbon in °F
a;b = coefficients to be determined for each
hydrocarbon type
H° . = a(Z T, .Xgq) + b (27)
mix oy Tbifwi
where?

Tp13wi = Welght average boiling point where X,i 1s
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weight fraction of component i, n components
The Pﬁfzer three=-parameter correlation for corresponding
states as outlined previously is used to correct for isother-
.mal pressure changes, The critical properties required are
defined by the pseudocritical properties of the pseudomixtures,

as 1s the molecular weight of the mixture.

[BRTHUR DAKES TIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 8040k
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1975, 1976 - M.G. Kesler and B.I. Lee(11),(12)

Physical Properties Required:

Normal boiling point, K factor, specific gravity,
critical temgeraturg, critical pressure

Region of Correlations's Applicability:
Enthalpies presented by overall enthalpy charts(12)
Temperature: 0-1200°F
Specific gravity: 0-70°API
K factor: 10,11,11.8, 12.5
Isothermal enthalpy departure from ideal gas
Texperature: T,, between 0,3-4,
_ MPressure:>Pr begween 0-10
Kesler and Lee developed an analytical representation
of the‘Pitzer three~-parameter corresponding .states correla=-
tion. Pitzer's original correlation was limited to reduced
temperatures ére&ter than 0.8. Lee and Kesler's correlation
extended the range for reduced témperatufes from 0.3=-4, and
reduced pressurésvfrom 0-~10.

The enthalpy departure function was represented by:

(H -8 . ((H - H°>) %, ;g,((H - EO)F - (8 - H°)°)<28)
“RT, RT, =\~ RT, “RT,

[V e
where

(E-= H®) = dimensionless isothermal enthalpy
“RT,
‘ departure from ideal gas

(5 - 50)° . dimensionless isothermal enthalpy
RTeo
departure from ideal gas for a simple

3
fluid

w = acentric factor
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(B - HO!r = dimensionless isothermal enthalpy

~RT,. .

departure from ideal gas for the
reference fluld

To calculate the (H - H®) , one can use the Benedict, Webb
and Rubin equatioh %gcstate to represent the‘compressibility

factor, z, which 1s used in the following:
P

(8 - H°) -r 2 jr 3w (_4_%_) ap, (29)
: ‘ c 3 r 4 v .

The constants used in the Benedict, Webb, and Rubin equation

6f state for the simple fluid and the reference fluid; Ne=

octane are given in the original article.(1l2) n-octane

was chosen as the heavy reference fluid bécaﬁsé it is the

heaviest hydré;zarbon for which there are accurate P-V-T

and enthalpy data over a2 wide range of conditions, " The

acentric factor for the reference fluid is taken to be 0.3978.,
Briefly, the method entails using the simple fluid

0

contants(lQ) to determine zY¥ and the reference constants

to determine zx, glving ultimately the enthalpy departure
for a simple fluid from ideal gas, and for the reference
fluid. Kesler and Lee presented correlations to estimate

T and w analytically. By analytically representing the

r? Pr
physical properties and enthélpy departure, one can implement

this method for the computer, as cutlined in the appendix.

BRTHUR CAKES LIBRARY!
COLORADO SCHOOL of MINES

GOLDEN, COLORADQ 80401
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In March, 1976, Kesler and Lee presented this corre-
lation in graphical fofm, basing»ﬁhe liquid enthalpy on Wat-
son and Nelson's(l) correlation and the pressure effect on
enthalpies sepérétely on the basis of the 1975 lee-Kesler

correlation,.
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PHYSICAL PROPERTIES OF PETROLEUM FRACTIONS

This section lists references which can be used to
estimafe the physical properties of petroleum fractions
and pure hydrocarbons which are required in the enthalpy
correlations déscribed in the previous section. The
physical properties section is divided into two parts:
correlations by individuals, and the API's compilation which
often includes many of these same correlations.

The individual correlations are grouped according to
physicél properties, with a chronological list of references,
The RAPI's correlations are grouped by pure substances and

petroleum fractions,
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1.

2.

Se

K Factor
1933 - Watson and Nelson(1)
K factor defined in termé of molal average bolling point
&here MABP=éixiTgi, Tbi= normal boiling point of component 1
| Xy = mole fraction of component 1 (30)
1937 - Smith and Watson(13)
K factor defined in terms of cubic average bolling point

L=l

where CABP= ( 2 x,;Ty4)3, x,4= volume frectidn of

‘ : component 1 (31)
1974 - Huang and Daubert(10)

K factor defined by mean average boiling point which is

defined in terms of molal average boiling point and

cubic average boiling point where MeABP = MABPé»CABP (32)

Note: Either OF or °R may be used Por MABP, °R must be

1.

used for"CABP. MABP and GABP must be in the same
units to calculate MeABP, See API Datafor_characterizing

boiling points for petroleum fracfiéns(lS);

Molecular Welght of Petroleum Fractions
1933 - Watson and Nelson(1l)
MW, molecular weight, correlated graphically as a func-
tion of K's (10.0-12.5) and molal average boiling point
(1oo-éso°F), and a graph for MW as a function of boiling
point (100-700°F) and specific gravity (15-70°API)

iR T AYES TIDNARY
COLON. O BCHOOL of MINES
[SEBIENTSOWONAVIOFL L 0]
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2., 1957 - Winn(14)
Nomogram using‘API gravity and mean average boiling point
as correlative parameters
3. 1976 - Kesler and Lee(12)
Equation involving“specific gravity and boiling point
as variables,
Acentric Factor
1. 1961 - Pitzer and Brewer(9)
w==10g(Py/P;) = 1.000 at T,= .700 (33)

Presented tables ofw as function of T, and P,
2., 1958 - Edmister(15)
Approximate equation of w
w =3/7 # (log Po/(Te/Ty = 1)) = 1 (34)

is the normal boiling

Pc, Tc’ Tb are variables where Tb

point, Pc 1s in atm

3., 1976 =~ Kesler and Lee(12)

Analytical equation involving Riedel's vapor pressure

equation

Critical properties
Critical Temperatures and Beduced Temperatures

Reduced Temperabure, T = T/Tc
If the substance is pure, then Tc is the true critical tempera-
ture, If 1t is a mixture, then a pseudocritical temperature,

defined'by Kay, 1s needed for a corresponding states T,.
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For a defined mixture, the pseudocritical temperature,

‘I'pc is: N

Tpc:ftt %4Toy o A similar relation holds for Ppc.(35)

Therefore,'if the correlations previously described are

épplied to a mixture and a critical property is required to

compute a reduced property, the pseudocritical property is
used.(ls)

1. 1033 = Watson and Nelson(1l)

Tc chart presented as a function of molal average boiling
point (100-700°F, 15-70°API)

2, 1937 - Smith and Watson(13)

Graphs of critical temperature as functions of boiling
point, specific gravity, (300-1000°F), (0-4QOC°API)

3. 1976 - Kesler and Lee(12) " o
Equatioh for T, usingyspécific gravity and boiling point
as variables.

Critical Pressures and Reduced Pressures

1. 1933 - Watson and Nelson(l)

Expressés critical pressure as a function of average
boiling point, critical temperature and slope of the
ASTM distillation curve

2, 1937 = Smith and Watson(13)

Graph of pseudocritical‘préssure as a function of mean

average boiling point (100-900°F) and API gravity (O-



39

T-1913

90°API) and a graph as a functicn of molecular weight
(10-100) and specific gravity (30-450°APT)

3. 1957 - Winn(14)
Nomogram of pseudocritical pressure using API gravity and
mean average boiling point to correlate

4. 1961 - Johnson and Grayson(7)
Pseudocritical pressures as correlated by K (10-13) and
specific gravity (10-91CAPI)

5. 1976~ Kesler and Lee(12)
Equatibn for_Pc‘with‘sﬁecific gravity and boiling point

as variables,
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API Data - 1970(16)
This 1s a handy reference book which contains correlations
for pure hydrocarbons and petroleum fractions and their
physical properties, namely:
PURE:
l. Acentric factor
2. Watson Characterization Factor
3e Critical compressibility factor
4, Criticsal properties
PETROLEUM FRACTIONS
1. Characterizing boiling points
2. Molecularvweiéﬁt
3. Watson Characterization Factor
4. Acentric factor
5. True critical pressures and temperatures

6. Pseudocritical temperatures and pressures
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COMPARISON OF THE PETROLEUM-FRACTION
CORRELATTIONS
In the appendix are 1g¢1uded sample calculations
for the enthalpy of the vapor for a California naphtha (17)

with the given prqperties:

'ASTM distillation, D-86 Sp. Gr. OAPI
Vol 4 10 30 50 .70 90 60/60°F _
°°F 174 184 196 210 231 0.7365 60,6

This petroleum fraction’was selected because the molecular
type analysis, in vol %, necessary for the pseudocompound
method of Huang and Daﬁbert was available,

MQleculgr Type Analysis, Vol%
Paraffin Naphtbeﬁe Olefin Aromatic S Compbund

36,2 58.2 | 0.0 5.6 0;0

The sample calculations performed for the enthalpy are sug-
gested as examplés of how to manipulate the data and carry
out the calculations, rather than as a comparison of the
correlations' accuracies. The correlations' accuracies
are includgg-in appendix B,

However, 1t is difficult on the basis of the results
found in the l4terature for the different correlations to
say any one correigtion.is_best, This is due to the fact
that not all of the enthalpy deviations calculated from the

correlations from experimental data were based on the same

ATHUA DAXES CIBRARY
QO?I%RADO SCHOOL of MINE‘ZS‘
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data set or calculated at the‘same conditions, The correla-

tions which employ the 3-parameter corresponding states en-

thalpy departure term also must incorporate the error in the

ideal gas enthalpy. This error depends on which correlation

is.usgd to estimate ideal gas enthalpy.

the
1)

2)

3)

1)

2)

Some general observations concerning a comparison of
correlatims can be made:
All of the correlations have maximum deviation in the
eritical region,
The correlations which incorporate a K deviation term
correlate best for a K of 1i.8.
An isothermal pressure correction for a change from
saturated conditions, liquid, to O psia can be neglected.
Some suggestions:

A comparison of all of the cp:relations needs to be car-
ried out on the same data set; for example, the Lenoir
data set used for comparison purposes in the Johnson-
Grayson and Huang and Daubert correlations needs to be
used in all correlations, The comparison shoﬁld‘use the
same number of points and at the same conditions.
The comparison should be divided into three areas:

a) Comparison of specific heat capacities for

vapor and liquid. H

b) Comparison of heats of vaporization
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¢) Comparison of the ideal gas enthalpy calculat=-
ted by the same thermodynamic path above some
basic reference condition
3) After the above comparison is made, chose the correlations
N forzépécific heat capacity of vepor and liquid and heat
of vaﬁorization to célculate the ideal gas enthalpy, and
then select the isothermal pressure correction to produce
the least deviation from experimental data.
4) It must be remembered that the correlations used to
estimate the physical properties of the petroleum fraction

would affect the accuracy of any results.

The above suggestions were made to demonstrate the complexity
of determining which correlation is the "best". The

program outlined above would take a great deal of time, a
factor which also must be taken into consideration. But it
is reasonable to assume that the "best™ correlation for
petroleum fractions would also be the "best™ for coal-derived
liquids.

Based on the accuracies of the correlations given in the
appendix, it would appear that a first approach to an over-
all enthalpy correla%ion would be one which employs the 3-
parameter corresponding states isothermal pressure correc-
tlon term for enthalpy and the specific heat capacity equa-

tions of Kesler and Lee. The computer program in appendix
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E incorporates this approach to predict enthalpies.

44
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APPLICATION TO COAL-DERIVED LIQUIDS

A comparison of the distillates of similar boiling
ranges from three syncrudes on a weight-percent of distillate
basis ig included in the appendix D. The comparison shows
that aromatics account for a considerable amount of the
distillate(18). As noted by Bauer and Middleton, the exis-
ting correlations were empirically derived from paraffinic
petroleum fractions, and are not as reliable for aromatics(s).
This is evident from the Johnson-Grayson correlation deviaﬁion
from experimental data presented in appendix B. This cor-
relation especially had problems correlating liquid enthal-
piles fqr the aromatic naphtha, with a maximum error of 24
Btu/1b, with 19 of 54 points in excess of 10 Btu/lb.

Another point of interest is_thevamount;of heteroatomics
present in the distillates. These heteroatomics, containing
sulfur, nitrogen and oxygen compounds, can increase the
;olarity of the syncrudes. The correlations were applicable
to: non-polar to glightly_polar fractions as noted by McCrac-
ken and Smith(19). Therefore, applying existing correlations
to syncrudes could be difficult,

The pseudocompound method of Huang and Daubert did give
good results for(the liquid and vépor enthaip;es of an
aromatic naphtha, but more comparisons are needed. This

method has the advantage of taking the molecular type analysis
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of the petroleum fraction into account.

This is all speculation however as no enthalpy data for
coal=derived liquids exists at this time. Therefore, it
is best to reserve judgment on which of the existing correla-
tions would best represent coal-derived liquids and vapors.
A factor, similar to the K factor, might have to be developed
to réflect aromaticity, and existing correlations might
have to be modified to account for this or new correlations

derived.

\ ‘ IBRARY!
KRTHUR LAKES LIBR
COLORADO SCHOOL of MINES

GOLDEN, COLS

Céﬁg;&%% SCHOOL of MINES

GOLDEN, S



T=-1913

1)

2)

3)

47

SUGGESTIONS

After collecting reliable enthalpy data for coal-derived

liquids, apply the Kesler-Lee equations outlined in ap-

pendix E to predicththe enéhalpies at experimental cone

ditions.

If the error between calculated and experimental enthalpy

values exceed 10 Btu/1lb consistently, this suggests

modifying the exiéting correlations,

Modifying existing correlations:

a)

b)

As the specific heat capacity equations were
émpirically determined for paraffinic stocks, a
characterization factor, similar to Watson's K
fadtor, could be developed to reflect arométiéity
and would modify existing specific heat capacity
equations to fit enthalpy data fqr coal=derived
liquids.

Calculate the isothermal'enthalpy departure from
ideal gas by a 3-parameter corresponding states

approach. The first two parameter, T,

-

and Pr’
could be used in a generalized correlation, How-
ever, the deviations from experimental values
observed by Curl and Pitzer(32) in using the
acentric factor as the third pérameter to estimate

isothermal enthalpy departure for benzene at a
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Pr of 2.0 and T,. between 0.8 and 1.3 suggests
that a different third parameter might have
tobe developed for correlating aromatics

such as coal=-derived liquids.

ARTHUR CAKES LIBRARY!
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 80408
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APPENDIX A

Sample calculations are carried out on the California
naphthé referred to in the section, "Comparison of the
Petroleum-Fraction Correlations?. The vapor enthalpy at
500°F and 300 psia, based on a reference state of VSOF,
saturated liquid, was experimentally determined as 332.8
Btu/1b.

Aﬁy values obtained from graphs are in doubt as the

graphs in the literature were often too small to read ace

carately.

M T T I
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1933 = Nelson and Watson(l)
Estimation of molal average boiling point:
Pake average of ASTM distillation data

174+184 +196 +210+231 = 199°F
5

Correction from this average forfﬁOIal average bolling point:
Need to get slope of distillation curve in order
to get correcﬁioﬁ'térm'from‘Fig; 1

3231-174 = <7125
80

From fig. 1
199-3 = 1960F
Calculate K:

5125 . (96+450)/% . 118

Nelson and Watson calculated the enthalpy by:
b j CEiaT vaE®, (cpvdf =

Tres T
where . HM represents change of enthalpy from
’idealygas state to aystem pressure (+# represen-
ting O psia, approximately 1 atm)

Find mean specific heat of liquid

" T.32+196 = 144°F

==
pl = (e 6811 - .308( 7365) + 114( 00815 - «000306 ( 7555)) *
( 055(11 8) T .35)
Enthalpy of liquid:
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HY = ,5215(196 - 32) 85.5 Btu/lb
For vapor:

196 + 500 - 348°F
)

= (4 - .7365)/0450 * (348 . 6‘70)( 12(11 8) - .41)"
Enthalpy of vapor ’
.51%1668(500 - 196)‘ 157.5 Btu/lb
Latent heat of vaporization
‘?vapva 19355460 ) (7 58 +4 571(1og(196+460))
s Hyap = 141.3 Btu/1b '
Estimate T,
From fig. 4(1) for a mclal average boiling p01nt of 196°F and
60. 6°API ) )
- m = s10°
Estimate Pc.v
| ﬁThe ‘slanting lines on the Cox chart, fig. 5(1),
‘are the vapor pressure curves of the paraffin
‘hydrocarbons having the number of carbon atoms
‘indicated at the tops of the lines. Line FC 1s
Jths er;tical temperature ebscissa at 510°F. AB‘
is the average boiling point line drawn tprougﬁ
"the atmospheric average boiling point &, ab
1969F and the point of convergence of the pure
hydrécéfbon'lines; Point D is located by.maa-
auring along line AB a distance equal to .2 times
RAATHUR DAXES TI3AARY

COLORADO SCHOOL of MINES
GOLDFN, CQLORADOD B0
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the distance of AC, Point E is the ASTM 10%
ﬁéiht, 1749F, The critical téﬁperatufé and
pressure are ropresented by point F, corres-
ponding to a pc'ef 830 psia, '

B, 300, .5660377 < B,

’F’ B30
HM ad,)4P.
T ""““T,.

T 5004460 = .9896907
T.” 510 + 460

Calculate eﬁfﬁalpy departure:

JHM 958 H _ =2,4(.5660377)
960 e 9.'8"96"9'0—7%'7

AH:=25+3 Btu/lb

H* 85,5 +157.5 + 14143 = 25,3, © ..
H= 359,0 Btu/lb, referenced to liquid at 32°F
.Théfefenced to 759F

P, 32475 - 53.5%F
2 .

Cpy = (.6811 - .308(.7365) + 53,35(,000815 =
| "«000306 # ( 7365))
‘enthalpy is 20.9 Btu/1b, |

H 1s 359.,0 - 20,9 = 338.1 Btu/1b.

52
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1942 - Holcomb and Brown(2)

Only cofrelational pldts for mixtures were presented, refer-

enced to 32°F liquid.,

Using the same mean average temperatures as

before :

#
Pl

“Hyap = 141.3 Btu/lb  (Smith and Nelson)

c. . ¥ = ,525 (rig. 1(2))
Cpy = +505  (fig. 7(2))

Enthalpy of liquid "
.525(196-32)

Enthalpy of vapor
.50 (500-196)

Adding: h

H*

= 380.9 Btu/1b.
Subtracting pressure co?rection term from figure 12(2):
H = 380,9 = 16.2 "
To correct for a new reference of 75°F:
va? «48
H

380.9 = 16.2 = ,48(75-32)

[}

H = 344.1 Btu/1b
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1944 - Fallon and Watson(4)
Fallon suggested first vaporizing the liquid at the
reference temperature, O psia, integrating the

C,% equation, and then adding pressure effects.

- ‘1<, | 38 (neglect changs from vapor
- J
A= 2, (I‘Qrb) pressure to 1 atm.)

where:

AN, are the heats of vaporization at the reference
‘temperature and the normal boiling point
respectively

Tr,frbﬁéée\ths édfrespcnding‘fe&ﬁced temperatures
Using Nelson and WatSths eritical properties and the

heat of vaporizatlon at one atm. from fif. 4(4), 145 Btu/lb:

1= 751—480 .38

A = 145 # | 1T < 196+ 460
510 + 480
A = 184,1 Btu/1b.

Calculate average temperature for CPV* eqﬁationt'

500+ 75 = 2880F
— 2

Cpy = (+0450(11.8) - ,233) + (.44 v.0177(11.8)) #

Enthalpy of wvapor:
H*= 164.1 +,4721813(500-75)

»

E¥ = 364,8 Btu/1b
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Using cérrectidn of Nelson and Watson's for pressure effects:

339.5 Btu/lb.

[}

H
If the approach used by Smith and Nelson is employed, &
different enthalpy results( the approach referred to is first
caleulating the enthalpy of the liquid to the bolling point,
then adding'the}heét of vapbrizéﬁibﬁ;-and finally adding
the vapor enthalpy ‘md pressure effects)'
= (( ,355 + 4128 slo-zom) +( 5031t 11'7*10-2°API)10-51:)

' as( , 05K + .41)

’pl

tz;vilié'

%) = 71.6 Btu/lb_

” H.v p° 145 Btu/1b )

cp *.,( 045(11.8) - .233) + (.44 + .0177(11.8))(10'3)(348)
| ”-.155(10'5)(348)2

where 348 1s tav

"= (o 5052744)(500-196)- 153.6 Btu/lb |

gdding(using smith and Nelson's pressure correction enthalpy
|  term):

E3é= 145+ 153.6+ 71.6 - 25.3 = 344.9

Subtracting to account Por change of referenco.'

344,9 = 18.7 = 326.3 Btm/lb

BRTHUR LAKES LIBRARY,
COLORADO SCHOOL of MINES

GOLDEN, COLORADO B8040k
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1947 - Hougen and Watson(5)
Since the correlation presented was only for an isothermal
pressure correctlion to enthalpy, this correction will be
applied to Fallon's result?
“ﬁéingJWatson'and Nelson's reduced propertiss:
F%6i fig;l106(55,56hth31py'departdre 1s

ivsials Sabs

H= 344.6 Btu/1b
Applied td'Faiiéh's’secOhd'fésult:

H=331.3 Btu/lb
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1963 = Bauer and Middleton(6)

From Nelson and Watson, ideal 1liquid enthalpy
Heat of vaporization, fig. 1(6)

From Fallon,and Watson

Erém rig.VS(a),[pressure correction

Change of reference from 32°F to 75°F

1981 -‘Johnson"éﬁd‘erayson(V)
Estimatofcriticaiﬂproperties:
From fig. 6(7) -
. won
Pc  470 psia
Calculate rédﬁced;propérties:
mf;_;gsgégov

P, 46382979
From fig;AS(s): -~

Estimate ideal enthalpy of vapor
(reference at =200°F, liquid)

Change of reference to 75°F

Pressure correction

57

85,5

145,
153.6
‘a80s

~352.1 Btu/lh
=20,9

333,2 Btu/1b.,

330. Btu/1b.
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1974 ~ Pitzer(9)
From the Pitzer tables, estimate (Hp 4”Hv° and [HO =B\
_ i == H® =3

RT, . FTg

'b¥ double interpolation for T? and Pé

(H@*i’“ﬂ-) 1.1.38
R c

Egtimate en aéantric factor:

‘Use Edmister's approximationfl5):

196

RT, / "\ RIg w \TRT,

HO - H . 1.4 (1.986) (970)=28.1 Btu/lb.

) & 1. = L3473

Apply this correction to previous correlations

ERTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES
GOLDEN, COLORADO 80400
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1974 - Hﬁdngfand Daubert (17)

Molecular Type Analysis, Vol. %

Paraffin Napthens Olefin Aromatic’
36,2  58.2 0.9 5.6

604 BP is 198°F

Select the pseudocompoundss

| Eﬁw ”2§  %

I, Eg% acentric factor

PARAFFIN R - o N

s e E T e,

»

n-hexane  185.7  86.2  .6640 453,7 43649  0,3498
n-heptane  209.2 100.2 6882 512.8 396.8 0.2306
NAPHTHENE
methglcyclo- 161.3 84,2 L7536 299.4 548,9 042709
- pentans ) . :
ethylcyelo~ - 218,2 98,2 ¢7710 B565.5 492,.8 0.2125
pentane A“
AROMATIC : ,
benzene 176.2 78.1 '58844' 552,2 710.4 0.2596
mbiﬁy;§§n2555231.1 92,1 L8718 605.5 595.9 0.2836
The weight fractions of n-pentane and n-heptane in the
paraffin are obtained by solving
155.7X + 209.2Y = 196
X+Y =1
Thus, X= 0,247, Y= 0,753, These are also considered to be
equal to the volume fractions. Then the volumé fractions of
n-hemane and n-heptane in the whole system will be

X;i==(01362)(0;247)é 0.0892



60

T=1913

X,2 = (0.362)(0,753) = 0,2728
Assuming the volume fractions equal the weight fractions:
compute the pseudomixture's properties by additive
mﬁi&ture rules
W T P wp
93.8 - 526.4 484.2 0.2836
The ideal gas enthalpy for each pseudocompound at 500°F can
be obtained fromrﬁPlgizfﬁéﬁiésvor caloulated from poly-
nomials., Then the ideal gas enthalpy for this mixture will
be: J
H"mk z xving = 310.1 Btu/1b at 5@909

Sinee T, = 500 v459L6 - 97, P,= 300 = .62
526.4+459.6 - 484.3

From the Pitzer table,

(HO-) °_ 0.85 (HG- H> 1:o0.97

Therefore, calculate the ovarall enthalpy departure'

H)= 0485 +(0. ssse)(o.sv) —1.13

B~ 8 = (Hé‘*-':‘!‘--ﬂ) BRI = 11302 987)(526 41 459.6
- T, ) T 05,60 .

= 23,7 Btu/1b

The enthalpy at 500°F and 300 psia 13-31'?1*- 23.7= 286,4 Btu/
1b, which 1s based on O°R and O psia. The enthalpy at 75°F
saturated liquid having the same basis is -45.3 Btu/ib. '
Therefore, the enthalpy at 500°F and 300°F based on 75%F
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saturated quuid will Dbe
286.4 - (-45.3) = 331.7 Bta/1b
The experimental value is 332.8 Btu/1b,

BRTHUR LEXES LT3RARY
COLORADG SCHOOL of MINES
GOROEY, SOLORENO 804
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1975 - Késier andhliéfll),(iz)
In ‘appendix E, ssmple clculations for this method
are performed by means of a computer program.

The value computed by the program was 339.3 Btu/lb,

62
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APPENDIX B
'Déiidﬁians of the correlations! calculated enthalpy

values:from‘ekperimental values sre presented;

63
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Comparison of Correlations for Smith and Watson, Holebﬁb
'énd Brown;'and'Hougen'and Watson
1) In the original 1933 articla, the only example given
 was a naphtha (K 11.9) at 8®©°? and 1014,7 psia which
agreed within 5 Btu/lb of the experimental value.
2) Nothing was given in terms of reliability in the
" original 1942 article of Holcomb and Brown or the
ceﬁr‘ecmg 1944 article, "
3) No reliabllity was presented for the enthalpy departure

correction term“df'Ebugén and Watson.
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Fallon and Wateon Correlation Compared to Experimental Enthalpy
1) Comparison of Calculated and‘Obser#sd Specific Heats ani
Enthalpies in the Liquid Stats, Btu/lb (4)
enthalpy

°API & t,°F EXp. Calculated

SUBSTANCE
Gas 011 4.8 11.86 766 457 454
859 837 532

Vapor=phase ;23;3? 11.0 751 406 411
furnace charge e B o
853 496 491

Refractory gas 18.4 10.47 825 ‘448 445
- oil

Cross furnace 28.4 11.24 748 420 418
charge o PN
837 483 478
- ‘specific heat
n-octane 88.6 12,65 77 .505 508
Benzene ‘29" 9,7 50 .394 375
140 444,418
Tridecane 54,5 12,75 77 2500 .491
2) Comparison of Calculated and Observed
o Enthalpies in the Vapor Stéte, Btu/lb;{éj
SUBSTANCE °4PI K av. BP,°F t;bp'éxél' Calculated
Naphtha 58 11,9 250 438 344 340
u 949 705 685
Cross furnace 28.1 11.24 530 746 5816 502

chargse
‘ : 863 596 584
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SUBSTANGE °API K ave BP,°F t,°F Exp. Calculated
Refractory gas 18.4 10.4 490 826 550 534
15.3 10.3 505 738 471 474
1003 607 615
Vepor~phase 25,3 11.0 510 760 506 503
furnace charge , B
951 661 641
Gas oil 34,8 11.86 570 749 522 516
958 671 674

Comparison of ideal gas state heat cgpgcities(lz)
%4 Devistions

SUBSTANCE # of pts Temp. , °F Avg, Max.
' n-Hexsane 7 0-1200 2.5 5.0
‘n-Decane 7 0-1200 2.7 2.5
n-Eexadecane 7 0-12C0 4.5 8.1
n-Eicosane 7 0-1200 6.3 ‘9.8

I-Decene 7 0~1200 4.5 8;5

I-Eicocene 7 0-~1200 7.3 11,3
Benzene R —6;1206 847 16.1
Ethylbenzene 7 0=1200 645 12,1

" meXylene 7 0-1200 8.0 13,7

n-Heptylbenzene 7 0-1200 5.6 10.9

Qfélohexanev 7 0-1200 5.5 7.2
Ethyleyclohexane 7 0-1200 5.2 6.5
n-Decylcyclohexane 7 0-1200 1.3 3.7

Cyclohexane 18 320-660 6.9 8.6

ARTHUR CAKES CIBRARY!

COLORADO SCHOOL of MINES
GOLDEN, COLORADQ 8040
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SUBSTANCE
n-Octene
n-Hexadecane
trans-Decalin
Calif. naphtha
EAIaska naphtha
Jet naphtha

# of pts
10
12
7
14
9
9

Aromaetic naphtha 5

Low=boiling naphtha 8

Eigh-boiling
Kerosine
Nephtha C
Refined oil
Gas 0il
Ref. gas oll

n

4
5

13
19
8
12

Temp. ,°F

400-580
420-640

480~-600

320-580
440-600
420-580
420-500
480620
500=560
500-580
413-893
560-920
675-815
758~978

% Deviations

Avg.
0.5
5.0

2.4

2.9
2.7
5.2
2,2
1.7
3.5
4.9
1.3
1.0
3.3
11.9

Max.
1.5
5,8
6.3
6e7

5.8

7.5
2.8
4.1
6.7
6e3
3.3
2,8
546
18.1
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Reliability of Bsuer and Middleton(6)

LIQUIDS

Liquid enthalpies read from figure 3(6) reproduce the experi-
mental data corrected to the same datum with an average de=
viation of about 3%,. except within 500F of the pseudocriti-
cal temperature. Lines of cénstéﬁt API_gfavity are termina-
ted at the corresponding pseudo-critical temperature for
fractions with ASTM distillation slopes of 1.5 and K of
11.8. Deviations for these fractions may exceed 10% with-
in SOOF of T,. As the K varies from 11.8 and the distilla-
tion siope ihgreases above 2:0, the liquid enthalpies read
from the curves decreases greatly in the critical regilon.
VAPOR ENTHALPIES AT 1 ATM.

Whén”corféqfed to the same datum, the average deviation is
10 Btu/1lb, for petroleum fractions., For ten normal
hydrbcarbons, the average deviation isx 5 Btu/lb.y Figure
3(6) does notvgive reliable values for isomers of normal
paraffins;lighter than ocpane;‘ Better values for these iso-
mers result if the API gravity of the corresponding normal
pareffin 1s used instead of that of the isomer because the
vapor speciflc heats of normal and isomeric paraffins are
nearly’the same for the same molecular weights, while their
denslties differ, Since data obtained from straight-run
Mid-Continent type fractions predominate among the data

available for developing figure 3(6), the correlation gives
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the most reliable results for that type of hydrocarbon mix-

ture and the greatest deviation for highly aromatic frac-

tions.

The correlation for vepor enthalpy at 1 atm applies
within fhe devliations above for the following ranges of

CAPI gravity:

10
11

11.8

12.5

13

OppT

"10-40

15-60
25-80
50-88
82-95
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Average deviation between experimental and calculated enthal-
py for Johnson-Grayson correlation (see Pitzer comparison
for fractions! pnoperties)(s) ]
Average deviation, Btu/1b.

PETROLEUM FRACTION # of ptse. Phase : H(calc)-H(exptl)
Alaskan naphtha '54 ‘quuid 2.3
o 60  Vapor"> 4.9
B 22 Cfitical 7.5
Aromatic naphtha 50 Liguid 6.0
a1 Vepor 6.8
10 Critical 3.7
Jet naphtha 70 Liquid 6el
' 60 Vapor 5.8
0 ’éritical -
Low-boiling naphthe 50 Liquid 10.0
) | 64 Vapor 5.2
70 Criticd 14.5
High=boiling naphtha 65 Liquid 7.2
~ 47 &épbrv 6e1
2 Critical 16.8
California kerosine 48 Liquid 2.7
35 ﬁapor 4.7
0 Critical -

Fuel oil 39 Liquid 2.8

0 Vapor -
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PETROLEUM FRACTION # of pts. Phase

Fuel 011 0

Gas oll 72
0
e

Averages 448
307
104

Critical
Liquid

Vapor

Critical

Liquid

'Vapor_>

Critical

71

Average deéviation, Btu/lb.
H(cale)=-H(exptl)

1.9
4,9
5.6
12.1
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Comparison of Pitzer 3-Parameter Corresponding States Cor=
relation Using Fallon and Watson Ideal Gas Enthalpy(8)
Properties of hydrocarbon fractions F

Alaskan Jet Aromatic Low=- High- Cal, Fuel Gsas
Property naphtha " or BP " BP " Kerosine o0il oil

API grav. 50.5 44.4  34.5  59.9  54.2  43.5 33.0 35.3

VABR,°F  283.0 321.6 254.8 Vzes;s 317.6 407.2 547.2 538.8

Asrg D-86 0,29 0.46  1.31 2,40 0,99  1.49 1.43 1,03
10490‘slope

K 11,63 11.48 10.5  12.1 12,1  11.8 11.68 11.8
w _ Average deviation, Btu/1b.,
PETROLEUM FRACTION # of pts. Phase H(cale)=-H(exptl)
Alaskan naphtha 54 ‘Liquid 3.7‘ '

60 Vapor_ 5.3

22 Critical 1148
Aromatic naphtha 50 Liquid 4.5

41 Vapor 642

10 Criticd 77
Jet naphtha 70 Liquid 2,0

60 Vapor . 4¢8

0 Criticeal -
Low-boiling naphtha 50 Liquid 2,3
J 64» Vapor 2.0

70 Critical 11.7

High-bolling naphtha 65 Liquid 3.9
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o Average deviation, Btu/lb;
PETROLEUM FRACTION # of pts. Phase H(calc)=-H(exptl)
High-boiling naphtha 47 Vapor | 3.6
2 Critical 3.0
California kerosine 48 Liguid 1.7
35 Qaporl 3.1
0 Critical -
Fuel oil 39 Liquid 3.2
o} Vapor_ -
0 Critical -
Gas oil 72 Liquid 2.6
o] ﬁépor“ -
0 britical -
Averages ‘a48 Liquid 3.1
307 Vapor 4.1

104 Critical 11.2



76

T-1913

w O O H O © O O wWw

T

sjqutod Jo # =

N

g(/z(J0aag)z) = sny

Z\noapmw = 88Tg

N/ |aodag|z = °*3Ay

pﬁ\spm ¢£dTeygue TBnN398B = hmﬂmsuﬂo,@ouaaﬁvﬂwo = X0 I

g'e €'l
6°'0 L°00
g3 6°TL
1°3 LOT=
6°3 9°'g~
ey g1~
g'a LT~
2%e 6°T~
¥y L°3-
b.n 1=

.ﬂ\ﬁm OL< SHY ®elg
.pﬁ\nam Ul sJodday

9*'ag

L°0
1°*s
8°T
9°3
1°¢
8°T
|
0%
geg
*3Ay

Lega-
g'¢g

T 9
g9
0°9=
Lo g3-
g -
vy
1°1T
1°0T

* X8|l

2e9
S3
9
g8
193]
oL
(0} 4
68
Ll

bmﬂz
*sqd Jo %

sT890]
10 §8)

110 Tong

PUos0adY

mﬂw&gmz wcﬂﬁaonaawﬂm
Bygydeu BUuj110q~mor]
Bygydsu gep

sysydsu ofgsBUWOLY
syjydeu BYSBIY

syqydsu BTUIOJTTBY

*6
°g
*L
9
°g
*p
.om...
*3
°T

NOILOVHd WNATOULAd

(41)349queg pus 3usny - QOHpmmomSou

eTdmyg Buisp LdTeygum pInbyT 40J UOTFBTOIION vnzOQEOOOﬁSomw;mau Jo sjrusey

R
b,

K

VT

e bl

L
et e

B
4
R s R

TN Y )

N

IUR PEFe-

WL
LN

LOXJIDO SCHOOL of 5 IvE:

BRT
o
e

H

N
19



77

T-1913

8 L°e  T°0-
0 6°s 9°g
0 ¢z  ¥°T
¢ L' L°T-
0 ¢z T
0 g°T  6°0-
1 0°c  4°0-
v 0% g°o-

*qr/n3ig OT <°®3d SWH  BBIg

8°2
9°g
bt
L*3
0°3
T°1
9°1T
1°¢
*3ay

*qr/nig Ul sdoaay

931~
0°8
LG
1°31-
2%
0°2-
3*at-
93T~

*xe

Te¢ ST830],
6T Quasodasy °/
1¢  =yjudsu Buprioq-ysty °9
68 sygydsu mzﬂaﬂop-gou °q
83 syjydeu 3o °%
9 w&p&&w: 2T 3BWOAY °¢Q
12 syjydsu BASBIY °3
LeT syqqdeu BTUIOJTTED °T
s3d Jgo # NOILOVH WNATOULAd

(4T p1equeq pus wcwsm - uoggrsodumon

ordutg Bugspn Adyeyauy Jodsp J0J UOTEBTOII0) vnsoaaooovﬁmnm ey3 Jo BgInsey



T-1913

78

Deviation of Kesler and Lee Correlation for Ideal Gas State

Heat Capacities (12)

1) TUsing equation(43) in appendix E

SUBSTANCE
neﬁexane
n~Decane
neHexadecane
n-Eicosane
I-Decene
I-Eicocene
Benzene
Ethylbenzene
m-Xylene
n~-Heptylbenzene
Cyclohexane
Ethylcyclohexane
n-Decyclcylohexane
Cyclohexane
n-Octane
n-Hexadeaane
trans-Decalin
Calif. naphtha
Alaske naphtha
Jet naphtha

# of pts.

7

I . T B e B A e B B

o
M O ®

14

Temp.,oF
0-1200
0-1200
0-1200
0-1200
0-1200
0-1200
0-1200
0-1200
0-1200
0-1200
0~1200
0-1200
0-1200

320-660

400-880

420-640

480~-600

320-580

440-600

420-580

Avg.
1.3
1.5
3.5
5.1
3.8

6.2

=
00]

0N
.
o

[ ] L] 1] [ ]

. . N . .
® O = N O v +=# O M U -, o

(I R\ BV N o TG R N Y
L ]

% deviations

Max,
2.7
3.2
5.8
7.4
6.3
8.9
3.2
3¢5
5.2
6.8
10.6
7.4
2.4
7¢8
0.8
4,5
4.5
4,0
2,7

5"7
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% deviations
SUBSTANCE # of pts. Temp. , °F Avg. Max.
Aromatic naphtha 5 .. . 420=500 0.7 1.0
Low-boiling naphtha 8 480-620 1.2 3e4
High-boiling naphtha 4 500~560 3.6 5.8
Kerosine 5 500-580 37 5.0
Naphtha C 13 413-893 2.0 3.3
Refined oil 19 Lor- 0. B60=920 1.4 3.6
Gas oil 8 675-815 2.9 5.0
Ref. gas oil 12 758«-978 7.2 10.1

2) Using equation(42) in appendix E
the} over a tempefatdre range from 0-1200°Fﬂwith 200°F interval
4 deviations “

éUBSTANCE Avg. Max.
n-Hexane 1.3 2.0
n-Octane 1.8 2.1
n-Decane 1.4 1.7
n-Tridécane 0.2 0.5
n-Hexadecane 1.1 1.5
n-Eicosane 2.7 3.4
l-Hexene 3.1 4,2
1-Octene 1.2 1.9
1-Decene 0.7 1.3
1-Tridecene 1.3 2,0
1-Hexadecene 2.4 3.0
1-Eicosene 3.8 441

Benzene 1.1 1.9
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SUBSTANCE

Toluene
Ethylbenzene
M-Xylene
aneptylbenzene
n-Tetradecylbenzene
Cyclohexane
Methylecyclohexane
Ethylcyclohexane
1,1-Dimethylcyclohexane
n-Deéylcyclohexane

n-ﬁexadecylcyclohexane

% deviations

Avg.
1,1

0.8.

1.9
0.8
3.6
0.7
0.7
2.4
1.4
2.8

1.6

Max,
1.6
2.0
2.7
2.2
5.3
2.1
1.5
Sad
2.0
4.0
5.6
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Deviations of calculated enthalples from literature data

for Kesler-Lee ,
Deviations, Btu/lb.

PETROLEUM FRACTION # of pts t,°F p, psia Avg. Max,
Calif. naphtha 64 300-600 0-500 3.7 5.9
Alaska " 56 420-620 0-400 1.4 8.3
Jet " 44 389-600 0-200 2.4 5.2
Aromatic " 37 324-600 0-300 2.7 3.8
Low-boiling ™ 47 368-640 0-400 0.9 1,9
High-boiling " 25 390-600 0-200 2,1 4,9
Kerosine " 22 480-600 0-50 4.2 6.4
VAPOR TOTAL 295 2.4 8.3

Liquid
Calif. naphtha 36 120-600 100-1400 3.4 7.0
Alaska " 54 75-626 30-1400 2.4  10.2
Jet " 32 75600 30-1400 0.7 2.3
Aromatic " 45 75-600 20-1400 1.3 2,9
Low-boiling " 33 75-600 30-1000 3.1 4.8
High-boiling " 33 75-600 30-1400 3,2 5.7
Kerosine | 24 75-600 20-1400 0.9 2,7
Fuel oil ‘24 75-600 20~1400 0.7 1.5
Gas oil 39 75-600 40-1400 0.8 2.0
LIQUID TOTAL 320 . 1,91 10.2
PRTHUD bl oo

COLORATO SCHOOL of M.
COLDEN, T 00 D0d:
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APPENDIX C
The Lenoir Data Set used for the comparison for deviation
of the calculated enthalpy from experimental enthalpy 1is
presented. This Data Set was uged for the pseudocompound

and Johnson-Grayson eorrelations! deviations.(17)
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The Lenoir Data Set for Enthalpies 8f Petroleum Fractions

Used for Pseudocompound and Johnson=Grayson Correlations

PETROLEUM FRACTIONS

Range of Conditions
P, (psia)

T,°F

l. California naphtha 120-600

2.

Se

4.

Se

6.

e

8.
9.

L=
V=

T = Two-phase region

Alaska naphtha

Aromatic naphtha

Jet naphtha

275=625
160=-600

155-600

Low-boiling naphtha 270-645

High=boiling naphtha220=645

Kerosene
Fuel oll
éas oil

Liquid

Vapor

300=605

300=600
75-600

25-1400

50~1400

30=1400

20-1400

30=1400

50-1400

50-1400

20-1400
40-1400

# of pts.
128(L), 138(V),
70(T)
85(L), 21(Vv),
43(T)
89(L), 6(V),
24(T)
46(L), 28(V),
som
77(L),89(V),
s7(T)
62(L), 31(V),
39(T)
90(L), 19(V),
8(%)
79(L), 4(T)
73 (L) ”
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APPENDIX D
This appendix contains results from an analysis of a
synthoil from West Virginla coal from an ERDA installation

in Bartlesville Energy Research Center,(18)

ERTHUR CAKES LIBRARY]
COLORADO SCHOOL of MINES
BOLDEN, COLORADO 8L
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Comparison of distillates of similar boiling ranges from

three syncrudes on a weight=percent

of distillate basis

W.Va. W.Ky. Utah W.VB;. w.Ky. Utah

2079~ 205 204%~ 36305  380° 3819

3630 3809 381° 531
Saturates 16.0  25.0 27.8 9.7 23.8  25.8
Monoaromatics 27.8 42,0 25,1 4,7 25.1 14,4
Disromatics 21.8 13.0 17.5 22.6 24,3 i8.4
Polyaromatics 7.9 5.4 7.1 41,1. 20.0 25,1
Heteroaromatics -

22,2 4.4 15.2 1536- 4,5 704
Distillate weight-
% of syncrude 42.6 54.2 45,4 27.3 24,2 40.53

Note: Temperature in degrees centigrade,
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APPENDIX E
The program based on Kesler and Lee's correlation(1ll),
(12) is presented., A sample calculation is performed on the
California naphtha correlated in appendix A.
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Equations Used by Kesler and Lee:(1l),(12)
Physical properties: A‘ ”
T, = 341.7 + 811#SG + (0.4244 T0.1174%SG)Ty, + (0,4669-3.26234SG)
#109/T}, (36)
1n P, = 8.3634 - 0.0566/5G - (0.24244 +2.2898/SG + 0.11857/SG%)
10-3*Tb+ (1.4685+ 3,648/SG + 0.47227/562)10°71% -
(0.42089 +1.6977/56%) 107107, 3 (37)
= =12272.6 +9486.4%SG +(4.6523 = 3.3287:#SG)Ty,+ (1=0.77084#5G
- 0.,02058%#3G%)#(1.3437 - 720.,79/T,) 107/Tp+ (1 -
0.80882%SG + 0,02226%3G%)#(1.8828 - 181.98/T,) 10%2/7,° (38)
w = =7.904 +0.1352#K - 0,007465%K% + 8.3594T, . +(1.408 -
0.01063%K) /Ty, (for Ty, > 0.8) (39)

otherwise, ”Tb£'=reduqed'n.b.p.

- 1n1=s'~ﬁ - 5,92714 + 6,09648/T;, .+ 1,28862#1nTy, . = 0.169347%T5, . (40)
@ = 35,2508 = 15,607 Tpp = 15.2521*1n Tbr-+0o2g577*T5br o

If fhig,acentric factor is used:

the specific heat capaclty of 1deal gas is

Cpy™ = =0.33886+ 0.02827#K = (0.9291 - 1,1543%K + 0.0368%K)10~4T
-1.6658%10"7T% = CF(0.26105 = 0.59332w =(4.56 = 9.48w)
#1074T - (0.536 - 0.6828 w)10™772) " (41)

where CF is ((12.8 - K)(10 = K)/(10w))2 (42)
If Tpp” 0.8: ’
cpv%, -0.32646 + 0,02648%K - (1.3892 - 1.2122#K + 0.03803#K2)
10747 - 1.5393%10"7T° - CF(0.084773 - 0.080809%SG -

(2.1773 - 2,0826%SG)10=4T +(0.78649 = 0.70423%3G)10~7T2)
(43)
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where CF is (12.8/K-1)(10/K-1)%100)%2

a 90

(44)

Cp1*= (0.35 + 0.055%K) (06811 = 0.308%3G + (.000815+ »000306%3G)t)

where:

the enthalpy departure is calculated by:

-:1 B+C D 24

.—ﬁ -1 r V a2t vrs + Tr-sv-.z—-r (
where B = by = by/T, = bg/T,.2 = b,/T,%

. Cc = cy - cg/’l‘r + OS/TI'S
D= dy +dp/T

Enthalpy departuré:

RT,.

d + 3B )
+ ——————
, 5Tr2""5vr

where E:ca Y'(3+1-(3+1.+ G’r) exp(

r ~

H - HO _ Tr(Z-l- +2b%L'.[_‘-t3b4L
: e

(45)

¥ exp[=- _J&
fat) o 42)
Vr Vr

(46)
(47)
(48)
(49)
- 3c./T.°
" e
(50)
- ¥
__,v_z_)) (51)

H - HO _ ((H - HO)ART, )0 + w((H - H )/RT )T - <(H - H°)/RT )0)

c w’”

~ r represents reference fluid
O represents simple fluid

Steps in program:

(52)

1) Determine V, and 29 for the simple fluid at the

Tr and P,. Calculate gﬂfg'HO) for the simple fiuid,

RT,

2) Repeat the previous step..etcépt for the reference

3) Determine the overall enthalpy departure term for
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isothermal pressure effects.

4) Calculate ideal gas enthalpy.

5) Add isothermal pressure enthalpy departure term
to find enthalpy.

See the flow diagram on the next page.

CAKES LIBRARY.
OL of MINES
COLORADO SCHO '
ggumnkcxnaaﬁmaamxm
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Read ASTM dats,
temperature,

pressure

|

Calculate bolling

point, K, molecu=-

lar weight, criti-
pDroperv:

1Is
Rraction
Liquid

Initial V,
Yes— is V/V, for
density of

.8 gm/ce

Initial Vr

is ideal gas

v (T./Pp)

AV
L}
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Solve for Vr
from BWR equation

by Newton-Raphson

Calculate enthalpy
departure for pres-

sure

|

Calculate ideal

gas enthalpy:

1) Hyaz=H'=H RTg

RT, M

at ref. of 759
liquid.

2) Integrate Cp to
temperature

3

Calculate enthalpy
by adding ideal
gas enthalpy and
isothermal pressure

enthalpy term

4

Print

Results

93
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Documentation
The program currently exists on disk, under the file
name DAVE.F;O. The input parameters and readout wvalues are
in real free-field format.
READING PARAMETERS INTO THE PROGRAM
Read(4,11) P1,T1,T10,T30,T50,T70,T90,SG,TB
where: R -
P1l™ system pressure, psia
T1 = system temperature, °F
T10-T90 = ASTM Distillation Volumetric Boiling
Points, °F, used to estimate 2 mix=-
ture's boiling point. If the mixture's
boiling point has already been deter=
mined, read in 5 O.'s for these values
SG = specific grévity
TB = if the mixture's boiling point has al-
ready been detérmined, it is fed in
by this parameter; if the mixture's
bolling point has to be esttmated>by
ASTM data, read iIn a O, for this value
Read(4,12) ALIQ
where : -
ALIQ= indlcates whether the fraction exists

as a vapor or liquids A O. indicates

that the fraction is a vapor, a 1.
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indicates it 1s a liquid.
OUTPUT
The following values are output:
211 FORMAT (1X, 'ENTHALPY=',F,5X, 'MW =!,F,5X, 'TC =!,5X, 'PC=",F,/
l ,X,'ACENTRIC FACTOR=',F,5X,'IDEAL’VAPOR=*,F)

where:

ENTHALPY = enthalpy of fraction at

system's temperature and pres-

sure in Btu/1lb referenced to

liquid, 75°F

MW = molecular weight, 1lb/lb-mole
TC = eritical temperature, °R
PC =

= opritical pressure, psia

ACENTRIC FACTOR acentric factor, dimensionless

IDEAL VAPOR

ideal gas enthalpy at system's

temperature
SAMPLE CALCULATIONS

Performed on the California naphtha used for sample caluulations
in appendix A, having a specific gravity of 0.7365,

Conditlons: vapor at 500°F and 300 psia; the experimentally

determined enﬁhalpy value referenced to 75°F 1is
332.8 Btu/1b,
READ-IN 4

j0

/
300,,500,,174.,184,,196,,231.,.7365,0,
O.
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OUTPUT

ENTHALPY = 339,2547500 MW = 99,0607910 TC = 981.9159300
PC = 468.2372700 | o

ACENTRIC FACTOR = 0.3056040 IDEAL VAPOR= 361.8919300

COMMENTS
More ffé@tiohsfﬁgééiﬁoﬁgégﬁeétad,,and at a wide range

of conditions; Tﬁe program 1s capable of predicting liquid

enthalples but needs to be tested. Problems are encountered

near the pseudocritical point, as liquid volumes and vapor

volumes approach one another; values which are calculated

in the program by the BWR equation of state. A better way

of estimating the mixture's boiling point can be incorporated.

& listing of the program follows.

cxﬁggﬁgRE“KESanan
GOLDEN %éiog% of MINEg
' KD&MD,
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913, _AKm=(TB)®e(1,./3,)/S6G

o

T-1913

. B1(2)=,2026579

1 #,11357/5G502,)310,08(=3,)%T8

o ~ Sa
DIMENSION E(2),C02).,811(2),B82(2),83(2),B4(2).8¢2),0ELH(2)
DIMENSTION 61(2;.C2<?>,63(2),C4(2)

OI“ENSION VR(2),012),02(2),BET(2),6AM(2),D0(2),2(2)
READ(4,11) P1,T1,742,738,750,77¢,79¢, sc T8

READ(4,42) ALIQ

T=T1
P=py
IF(T5.67.2.) 60 TO 941

CALCULATE BOLILING POINT o
TBE(T10eT30+753+T70+797)/5.+468.
CALCULATE WATSON FACTOR

READ N SIMPLE AND REFERENGE FLUID CONSTANTS
B1(4)=,4181193

B2(1)=,265728
B2(2)=,331511
_B3(1):.154792

B3(2)=,227655
B4(1)=,0328323
__B4(2)=2,203488  _
C1(4)=,2236744
C1(2)=,8313385
_C2{1)=,0186984

C2(2)=,05083618
C3(11=2,0
€3(2)=,016921

C4ly)=.042724
C4(2)=,841577

01(2) .48736'12 ¢g4,
02(1)= .623689/13.9n4
. 02(2)=,2740336/18.,094,

TBET(1)=,65392
e£7(2> 1.226
GAM(1)=z,060167

GAM(2)=2,283754 . -
CALCJLATz CRITICAL PROPERTIES
TC2341,7+4811.8S5G#(,4244+,1174a5G)+#T8
T TCaTC+(B.4669-3,2623u5G)210,%05,/78
PC2EXP(8.3634~,2566/56Gm(, 24244*2.2898/56

c

—_—k

1 *(1,4685+3,848/856+,47227/5G582,)s10,98(=~7,)
1 ®73e78-(0,42019+4.6977/5G/SC)#10,»»(=17,)

1 _-8TBaTgeTB)

CALCULATE. MOLECULAR WEIGHT
AMA==12272.£%94586,495G4(4.6523-3,3287956)#T8
#(3,-,772848550,2205R25Ga82, )e(1,3437-

1 723,79/78)#13,287./7R+{4.,~, 84882556+, agggéﬂsGiéz.Jm__“m’w"”M"““W"

1 -°t1.8325-181.98/faa-iz:»uxz.zfaxraxra

J=1
T=Teds0,
TRaT/T1C

- PR=P/pC _
VR{{)aTR/PR
IFLALINEQ.L,) VR(L)zaMWN7,122L0 82 {~4,)
VR(Z)-x]ﬁ(l)
CALCULATE ENTHALPY DEPARTURE FRON IﬂfAL GAS
00 2 1=4,2
B(l)agil1)~82(1)/TR~B3(])/TR/TR~84(]1)/TRa=3,
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Cll)eCL(1)-C2¢1)/TR*C3t])/TRe83,

O(1)=ap1{1)+32(1)/TR
BB3mPR+TR/VR(I)+B(1)aTR/VR(1)#82,+C(1)aTR/VR(])#a3,
*0(1)aTR/VR(])5ab,

+C4(1)/TR222,/VR{1)#a3, o(BET(I)*GAM(I)/VR(I)°¢2 YREXP(-GAM(])
/VR(1)se2,) S e
AAsC4(1)/TRes2, %VQ(I}»ﬂ(aS YA(BET(1)+GAM(I)#VR(I)ma(~2,))
'EXP(-GAM(I)“VR(I)““( 2.3)%

(2,%GAM(1)eVYR(])Ra(~3, )>¢04(I)/TR=°2 *VR<I3°*(~3 >*EXP R
(~GAM(1)aVR(])aa({-2,))

0(=2,0GAM(I)OVR(1)®»(~3))~3, D(BET(I)*GAH(I)*VR(I)’G( 2.1

“EXP( GAM(I)#VR(1)#a(a2,))

i

#C4L1)/TR#%2,5VR(1)0a(nd,)
ABawTRAVR(1)®a(=2,)-2, *B(I)“TR*VR(I)“°{~3 )
23,9C(1)9TRaVR(]) ## (=4, )=6.°D(I)*TR¢VR(I)**(=7 )

. , :
e Ll s e SN o

ABzAB+AA
VR(I3=VR(I)~BB/AB
1FtABS(8B).LE,,20091) 60 TC 3

GO TO 4
ECI)2Cd(1)/2,/TR#83, /GAMI T4 (BET(])+1,m
1 (BET(I1)+1,+5AMCI)/VR(]) %02, )SEXP (~GAM(1)/VR(I)8%2,))

S USRS SRRV

2(1)=VR(1)#PR/TR
DELH(I)S(ZE(])~ 1.?(82!I)*2.*B3(1)/TR*3 aB4(])/TR
1 %82,)/TR/VRI1)=(C2(]1)=3,#C3(])/TR/TR)Y/ (2, 2TReVR()a¥2, ) ~ :

1 *thx)/s /TR/VR(]1)aus5 43, *Efx))°TR
CONTINUE
WR=,3078 .

PBR=z14,7/PC
TBR=TH/TC
IF{T3R,67.2.8) GO 0 s

CALCULATE AC’NTR!u FACTOR'”
W=(ALOGC(PBR)=5,92714+5,09648/TBR«1, 28862a
4 ALOG(TRR)=.169347=TBRa26,)/(45,2518~15,4875/T8R

"1 ®13,4271%AL0G(TBR),43577%TBR#26,)
T 60704 ;
Wam?, 984+ . 13530 hK= 10074652 AK2AK+8 , 3598 TBR

1 (1, 4nsa.01963an>/TBR
”ENTH QELH(L) s W/ WRe(DELH(2)=DELH(LY)
1IF(J, Ea.i) ENTHL=ENTH

IF{J,€Q,2) ENTH2ZENTH
xch.zQ.za GO 70 .3
CALCULATE HEAT_OF VAPQRIZATION

1=75,+460,
PR=,01
TR=T/TC e — : e

TVR(1)=AMWS7 12010 88 =4,) ,
VR(2)=VR(1) .

J=2 o

G0 10 7

CFa({(12,8/AK=1,)8(10./AK=1,)2120, 1a®2,.”

IF(TBRLE..8) GJ TO 18 . , // .
T= 714463. .
CALCULATE VAPQR ENTHALPY ABOVE 75 DEGREES .

VAFz=,306460T+,02678aAKeT~{1.,3892~1,21220AK _
*3 ,B38330AKe»2 1810, 88 (~4,)0T8T/2,-1,5393¢12 %0 (-7 )aTun3, /3,
~C?¢(.984773ﬂ7~.GSBBQQrSG»T—(2-1773-2,0826*SG)°T¢T/2.
C#1),ea(mb,)e{ 78649~ 7242385G) 01, a0 ( 7, )nTA83,/3,)
IF(M,20,1) GO TO 811
VAP{=VAP
_I=75.*4620

’-AHH
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g9
Mey -
GO T0 19
GO Yo 81y o i
18 CFe((12,8~AK)a (18, =AK)/ (10, QaW) ) nu2,
o T=T1+460,
119 VAP=~, 33886%T+,028278AKaT~(, 9291~1.,1543#AK e
1 *.33684AKa92,)8T8T/2 10, ,08(md,)=1,6658010,8%(n7,)
1 oTaTav1/3,~CFay(, 261@5.T~.59332¢N°T (4,56~9,488W)
1 %17,80(=4,)8TaT/2,-(, ‘534e,68280W) 010, B0 (a7,)0Te03,/3,)
IF(M,EQ,1) GO T0 8114
VAPi:VAP .
1275,2460, —
M=1
B GO T0 119
811 AlsVAPL=aVAP
" R= 1:9869
RTC=RaTC
C CALCULATE IDEAL GAS ENTHALPY
VIDEAL==ENTH28RTE/AMUW AL
. ENTHAL=VIDEALSENTHLISORTC/ZAMKW
211 FORMAT(AX, "ENTHALPY=1,F,5X, 'MWET,F, 5Xs'TC=',F,8X,'PC=,F,
1 s X 'ACENTRIC FACYQR=1,F .SXo'IDEAL VAPOR=':F)
o WRITE(4,211) ENTHAL,AMW,TC,PC,H,VIDEAL
14 .__FORMAT(9F) -
12 . FORMAT(F)
STOP

END
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