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Abstract: In the present work, the saturated liquid and vapor densities of normal heptane are
investigated based on a previously formulated global equation of state in the vicinity of the critical
point. In particular, a crossover thermodynamic potential is used to represent accurately the liquid
and the vapor experimental data of normal heptane reported by Abdulagatov and co-workers and
those measured by Artyukhovskaya and coworkers as well as for information purposes for those
generated from NIST REFPROP package.
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1. Introduction

The thermodynamic properties of fluid systems near the critical point has been thor-
oughly studied for several years [1-3], and conducted in analogy with 3 dimensional Ising
systems [4] . Universality of critical behavior of both systems results from the existence
of large fluctuations in the order parameter related with the critical phase transitio n in
density in one component fluids. The range of these fluctuations becomes much more
significant than any microscopic scale. Therefore, the thermodynamic behavior of fluids
can be characterized by scaling laws with universal critical exponents and unive rsal scaling
functions of three dimensional (3D) Ising like systems [4]. Furthermore, contrary to the 3
dimensional Ising like systems coexistence curve symmetry, fluid systems demonstrate a
vapor liquid asymmetry in the shape of their coexistenc e curve.

It is well established that an empirical analytic equation of state does not describe the
correct thermodynamic behaviour of fluids in the critical region. In addition, an equation of
state that is valid in the critical region cannot be easily ext rapolated into the classical region.
Therefore, an integrated equation of state can be considered so that the thermodynamic
properties of fluids over a wide range of temperatures and densities, in the critical region as
well as in the classical region, far away from the critical point can be reproduced with good
agreement with experimental data. An equation of state based on the crossover model
formalism is already available Abbaci [5], Abbaci [6], Wilson and Kogut [7], Nicoll and
Albright [8], Nicoll [9], Bagnuls and Bervillier [10], Patashinskii and Potrovskii [11].

The objective of this work is to predict the liquid and vapor densities of fluids near
the critical point as well as the coexistence curve diameter of fluids. In particular, the
coexistence curve diameter of n heptane will be investigated and it will be shown that
we can reproduce the liquid vapor coexistence curve diameter, only by using the already
formulated equation of state based on the crossover mo del for as was the case for argon
Ladjama and Abbaci [12], sulfur hexafluoride Abbaci [13], ethane Abbaci, Berrezeg and
Samar [14].

2. Theory

The modern theoretical description of systems close to the critical point is based on
the renormalization group theory (RG) [8]. Specifically, different physical systems with
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the same space dimensionality d , a nd the same number n of components of the order
parameter can be grouped within the same universality class. Based on earlier work of
Nicoll J. F.,, and Albright [8], and Bagnuls and Bervillier [10], a crossover model based on
the renormalization group theory of critical phenomena has been developed to represent
the thermodynamic properties of fluids in the critical region [5,13].

Let p be the density, T the temperature, P the pressure, y the chemical potential and A
V the Helmholtz free energy per unit volume. We make these properties dimensionless
with the aid of the critical parameters [5,13].

In addition, define
p=p—1, AT=T+1,  Aji=ijic—fi, 2)
and y ~ o
AA = pjig(T) — Ao(T). 3)

Here, the terms fig(T) and Ay(T) are analytic backgrounds of functions of T subjects
to the conditions that at the critical temperature, Afi(T = T,) = 0, AA(T = T,) = —1. The
equation of state used here is expressed in the form of a reduced Helmholtz energy which
can be written as [5,13]:

1
AA, =5 IMETD + 20 MADAU + 502 MDY/ 2Vl + 50 Mo

+ %4 EMAT D22 4 % PM2T2DU 1% — % I, (4)

where t and M are temperature-like and density-like variables respectively related to AT

and Ap defined by:
t = ctATJrc(aAA) )
dAA
M=c (Aﬁ—dlAﬁ)—i—c( ) ©6)
e oM /,

with the corresponding transformation:

_ N JAA dAA
AA AAr—c(at>M(aM)t ()

where, ct, ¢, and d; are system-dependent constants. The coefficient c arises because of
the vapor-liquid asymmetry of fluids. Thus, the coefficient c is also system-dependent
parameter that mixes the field variables t and M. The coefficients ags, aos, 414, 22 are
system-dependent parameters and uy = u/, where A is a dimensionless cutoff wave
number and u is defined below, whilst the crossover functions 7, D, U, V and K are

defined by:
T = y(Zfl/l/)/w, D= yfn/w, U= yl/w/ (8)
_ y(QRw,-1)/w _ v —u/(vw)
N .

In terms of a crossover function, ) to be determined from

A2\ 172
1—(1—a)y=u<1+1{2) yle, (10)
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with 1
K2 =T + 5 uAM?*DU, (11)

with # = u/u*. In these expressions v, #, w and w, are universal critical exponents, u* is
another universal constant, called the fixed-point coupling constant found elsewhere [5,13].
The values of the critical exponents that will be used in this work are presented in Table 1.

2.1. Coexistence curve diameter

The mixing of the field variables t and M results in an asymmetry as well as in a
presence of a singularity the coexistence curve diameter of fluids. The deduction of the
density is straightforwardly in verted from Eq. (6). Therefore, the densities on the liquid
and vapor can be deduced from the present work as [12]:

1 IAA "
Pliq.,vap. = Pc |:1 +— {M N C< ot ”) } + dlAT] . (]2)
‘o M lig.,vap.
Near the critical point and along the along the coexistence curve p = pcxc, the

renormalization-group theory predicts that [12,13]:

Pliq + Pvap

% =14+ d AT +dg ATOY 4 goATA-a+8) o (13)
c

where p¢, is the critical density and AT is the reduced temperature. The constant dq, d;
and dy; are the linear term, the (1 — «), and the (1 — a« 4+ A) terms respectively, while the
constant « is the critical exponent that characterizes the divergence of the specific heat at
constant volume, f, A, are other critical exponents given in Table 1.

Table 1. Universal critical-region constant

Constant | Value
o 0.11

7 0.033
v 0.63
A 0.51
w=A/v | 0.80952
Wy 2.1
u* 0.472

Since coefficient (1 — &) is close to unity, which makes the singularity in the coexistence-
curve diameter Eq. (12) very hard to spot. Whereas, previous experiments carried-out by
Weiner, Langley and Ford on sulfurhexafluoride [15] whose data were later assessed by
Ley-Koo and Green [16], suggest the existence of the singular term in Eq. (12). Afterward,
other experiments carried-out by Pestak et al. [17] on nitrogen, neon, and on ethane
and ethylene [17] have also validated the presence of the hook in the rectilinear diameter
identified by the weak singular term corresponding to the exponent (1 — «). The crossover
model reproduces this expansion with the coefficients d,; and ds; given by the following
expressions, with a new exponent A = wv:

dy = —9.547 1Y (Aa)*?’(ZV*l)Ci, (14)
14
dy = 8.820c A (1 - a)(Aa)*?’(Z”*l)*Mci. (15)
P
The coexisting liquid and vapor densities are represented by the relation:

Pliq — Pvap

~‘B
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The value of critical exponent f is listed on Table 1. The coefficient A can be deter-
mined from the model or by fitting the experimental data to Eq. (16). The expression of
the most dominant coefficient in Eq. (16) as calculated from the crossover model and is
presented as follow:

N —2(2—1/v)B— 1/2 B
Ap = Z(Hx)((/m) — ”)1 G (17)

x2p u* Co !

with

b 2(3v —1) — /4 —54v +9(9 — u* )12
n 10 — 3v(5 — u*) '

(18)

2.2. Application to normal heptane

Although n-heptane is relatively inadequate as a fuel, it is largely used as a solvent. Itis
a major component of rubber cement and is sold commercially for use in paints and for fast-
drying lacquers and glues. In this latter application, n-heptane acts to dissolve pigments
and make its coloration uniformly. It is also used in pneumatic paint sprayers. In calibration
applications, n-heptane is used as a reference fluid for saturated liquid heat capacities and
liquid densities around 700 kg m 2 [18] because of the industrial importance of n-heptane;
this work sheds more light on the importance of its thermodynamic properties.

For a comparison of our crossover model with experimental data of n-heptane, we
consider the coexistence-curve diameter of n-heptane and the saturated liquid and vapor
densities of n-heptane based on an equation of state in the critical region previously
formulated by Ladjama [19]. The system-dependent constants in the crossover model
[1,3] were determined from a fit to the P-p-T data of Kurumov [20] with temperature and
density ranges of 550 K < T < 530 K, and 128 kgm 3 < p < 270 kg m~3 respectively. The
critical parameters adopted in this work for n-heptane are those measured by Kurumov
[20] and adopted by Ladjama [19]; they are as follows:

T, =540.13K, P, =2376MPa, p.=232kg/m°, (19)
p &

The fixed system-dependent parameters [19] used to compute the liquid and vapor
densities of n-heptane are presented in Table 2. A comparison of the the saturated vapor
and liquid densities computed from the crossover model equation of state [19] with those
generated by the REFPROP package [21] with the experimental rectilinear diameter data
of n-heptane as a function of reduced temperature reported by Abdulagatov et al. [22]
with the saturated temperatures and the saturated densities on the coexistence curve
derived from the isochoric heat capacity measurements of n-heptane and those measured
by Artyukhovskaya et al. [23] is shown in Figure 1. In addition, we show the reduced
densities of the coexisting vapor and liquid phases of n-heptane as a function of reduced
temperature reported by Abdulagatov et al. [22] and Artyukhovskaya et al. [23] in Figure 2
and Figure 3, with more details are presented in Figure 4 in the region very near the critical
point. The data reported by Abdulagatov et al. [22] and Artyukhovskaya et al. [23] are in a
quite satisfactory agreement when compared to the crossover model and with those data
generated from REFPROP [21].

It is worth to notice that the offset of the Artyukhovskaya et al. [23] data at higher
temperature with respect to the curve predicted from the crossover model equation is
probably due to the fact that these density-data were obtained from optical and microfloat
measurements of the density in thin layers of matter near the critical point. The agreement
of the Abdulagatov et al. [22] and Artyukhovskaya et al. [23] sets of data with the predicted
coexistence curves are typically measured on the level of a few tenths % uncertainties (No
experimental uncertainties were reported for the data measured by Abdulagatov et al.
[22], while those measured by Artyukhovskaya et al. [23] the experimental uncertainties
for temperatures and densities are quoted to be or = 0.001, 0, = 5-10* g/cm?) and
because Figure 5 is too roughly scaled to make any conclusions about the goodness of
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the comparison, especially very close to the critical point, it is therefore, more adequate
and even more revealing to show deviation plots. Figure 5 shows the deviation plots of
Abdulagatov et al. [22] and Artyukhovskaya et al. [23] experimental data with respect to
the values calculated from the crossover model of Eq. (16).

Table 2. System-dependent parameters in the crossover model of n-heptane

Critical parameters T, =540.13K, P, =2.736 MPa, p. = 232.00 kg/ m3
Crossover parameters it =0464, A =1734
Scaling-field parameters ¢t = 2.541, ¢y = 2.259, ¢ = —0.009
Pressure background parameters | Ag = —1, A; = —7.15, A; =10.12, A3 =5.582, Ay = —1.340, d; = —0.964
Classical parameters ags = —0.035, agg = 0.313, a4 = 1.562, ar, = 1.481
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Figure 1. Rectili n ear diameter of n heptane as a function of reduced temperature. The circles repre-
sent the experimental data of Abdulagatov et al. [22] and the triangles are those of Artyukhovskaya
et al. [23], the dashes are those generated form REFPROP [21] and the line represents the prediction
of the crossover model

2.0
1.8 4
1.6 4
1.4 4
1 This work
1.2 4

m  Abdulagatov et al.
4 Artyukhovskaya et al.
— — REFPROP

Py Pyap

AT
Figure 2. Density temperature phase diagram of n heptane as as function of the reduced temperature
The triangles represent the experimental data of Abdulagatov et al. [22] and the squares are those of

Artyukhovskaya et al. [23], the dashes are those generated form REFPROP [21] and the line represents
the prediction of the crossover model
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Figure 3. Difference in the ¢ oexistence liquid and vapor densities of n heptane as a function of
reduced temperature. The circles represent the experimental data of Abdulagatov et al. [22] and the
tr iangles are those of Artyukhovskaya et al. [23], the dashes are those generated form REFPROP [21]
and the line represents the prediction of the crossover model
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Figure 4. A zoomed area of the d ensity temperature phase diagram of n heptane as a function of
the reduced temperature close to the critical point The triangles represent the experimental data of
Abdulagatov et al. [22]. T he squares are those of Artyukhovskaya et al. [23], the dashes are those
generated form REFPROP [21] and the line represents the prediction of the crossover model
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Figure 5. Percent deviation Plot as a function of the reduced temperature vs. reduced temperature of

the experimental coexistence curve diameter of Abdulagatov et al. [22] and those of Artyukhovskaya
et al. [23] for n heptane from its calculated values from the crossover model

3. Discussion and conclusion

The present work compares the computed liquid and vapor densities of normal
heptane from the EOS crossover model, without any fitting to the liquid-vapor phase exper-
imental data reported by Abdulagatov et al. [22] and those measured by Artyukhovskaya
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et al. [23] or the with the generated saturated densities from the REFPROP package [21]. In
addition, it is worth noticing that the crossover model implies a value of the specific-heat-
amplitude ratio A*/A~, which is about 5% below the theoretical value, that is the best
ratio as obtained from renormalization-group calculations for the Ising model [7,8], and
because the amplitude of the hook of the coexistence-curve diameter is firmly related to the
specific-heat amplitude A™. Therefore, it is sometimes very difficult to make any statement
about the magnitude of this hook as long as the amplitude ratio is not determined with
great certainty.
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