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Outline of the Peng-Robinson equation of state

The Peng-Robinson equation of state (EOS)S1 — like other cubic EOS and many other types

of equations of state — may be expressed in terms of a departure function, which is also

called a residual or a residual function. A departure function is defined as the difference in

some property of a substance, which can be either a pure component or a mixture, and that

same property of the substance if it were to exist as an ideal gas at the same conditions.

If the total number of moles of the substance is N and its volume is V so that its molar

density ρ is N/V , the Peng-Robinson equation of state’s expressionS2,S3 for the Helmholtz
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energy departure function F depart is

F depart
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Here, R is the gas constant, and T is the temperature. Intermolecular interactions and non-

zero molecular volumes are represented by the parameters a and b, respectively. In practice,

these parameters serve as adjustable variables that are fitted to experimental data. For

mixtures, a and b are computed from the pure-component parameters ai and bi using one

of a number of different mixing rules.S4–S7 In this study we use the standard van der Waals

mixing rules, which are the most commonly employed set of schemes and which compare

favorably with more complicated mixing rules even at pressures higher than 1000 bar.S5 The

van der Waals mixing rules for a mixture of c components are

a =
c∑

i=1

c∑
j=1

zizjaij, (2)

aij = (1− kij)a1/2
i a

1/2
j , (3)

b =
c∑

i=1
zibi, (4)

where zi is the mole fraction of component i, and kij is the binary interaction coefficient

between components i and j. These coefficients are defined so that kii = 0 and kij = kji is

generally non-zero for all i, j.

All of the thermodynamic property predictions of the Peng-Robinson EOS (e.g., density,

equilibrium composition, heat capacity) can be derived from (1). For the purposes of com-

pleteness and ease of reference, we present the most fundamental equations in this section.

We give expressions for other properties in the main text as needed. We start with the
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pressure P , which is related to the Helmholtz energy through

P = −
(
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)
T,n
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)
T,z
,

where z = (z1, z2, . . . , zi, . . . , zc) represents the component mole fractions, and n = Nz.

Applying the indicated derivative to (1) yields

P = ρRT

1− bρ −
aρ2

1 + 2bρ− (bρ)2 . (5)

Dividing both sides of (5) by ρRT , the compressibility factor Z = P/ρRT is given by

Z = 1
1− bρ −

1
RT

aρ

1 + 2bρ− (bρ)2 . (6)

Let us define new variables A and B that are dimensionless analogues of a and b, respectively:

A(T, P, z) = aP

R2T 2 , (7)

B(T, P, z) = bP

RT
. (8)

Combining (6)–(8), we find that Z satisfies the cubic polynomial equation

Z3 + (B − 1)Z2 + (A− 3B2 − 2B)Z +B(B2 +B − A) = 0. (9)

We substitute (7) and (8) into (1) to obtain
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Phase equilibria calculations require the computation of chemical potentials, which in

practice means the computation of fugacities.S8 Since the Peng-Robinson EOS’s expres-
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sions for the thermodynamic properties are all ultimately derived from a departure function

[either (1) or its alternative form (10)], it is more natural to work directly with fugacity

coefficients rather than with fugacities. The fugacity coefficient φi = φi(T, P, z) is defined as

the ratio fi/ziP , where fi = fi(T, P, z) is the fugacity of component i in a real (non-ideal)

mixture at the conditions (T, P, z), and ziP is the fugacity of i if the mixture were to exist as

an ideal gas at the same conditions. The chemical potential µi in the real mixture is related

to its value µigi in the hypothetical ideal gas mixture according to

µi(T, P, z) = µigi (T, P, z) +RT lnφi(T, P, z). (11)

By taking the appropriate composition derivative of (10) it can be shown (see, for exam-

ple, Elliott and LiraS2 for details on the derivation) that
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where

Bi = biP

RT
,

Aij = aijP

R2T 2 =
(1− kij)a1/2

i a
1/2
j P

R2T 2 .

For a pure component, (11) and (12) simplify to

µi(T, P ) = µigi (T, P ) +RT lnφi(T, P ), (13)

lnφi(T, P ) = − ln (Z −B) +
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(14)
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Results with temperature-dependent bi

In addition to developing a Peng-Robinson EOS model with constant bi, which is the sub-

ject of the main text, we have also developed a model with temperature-dependent bi for

solid RDX, solid TNT, and liquid TNT. We have stated in the main text that the results

between the two models are comparable; each offers its own advantages. The temperature

dependence allows for a direct fit to volumetric data at atmospheric pressure. As we discuss

later in this section, it also generally improves the heat capacity predictions depicted in

Figures 4 and 10 of the main text, but likely produces less accurate results for the liquid

RDX heat capacity (though experimental data is not available to verify this). Temperature-

dependent bi also lead to modest changes in the melting behavior of TNT at pressures above

1000 bar. This section briefly describes how we have formulated the temperature depen-

dence. We then compare the results between this model and the one with constant bi for all

compounds. For the sake of brevity, we focus only on properties where there are noticeable

differences between the two models. For example, we neglect the bulk modulus KT in this

section because the results are virtually identical to those illustrated in Figure 2.

By fitting ai and bi to vapor pressure data and atmospheric-pressure volumetric data,S9–S12

we are able to represent ai(T ) and bi(T ) for solid RDX, solid TNT, and liquid TNT as

ai(T ) = a1,iT + a0,i, (15)

bi(T ) = b3,iT
3 + b2,iT

2 + b1,iT + b0,i. (16)

Tables S1 and S2 list the values of the coefficients used in these equations. Once the critical

temperature and pressure of TNT have been accurately determined, one can employ cubic

splines to extend (15) and (16) for liquid TNT up to the critical point so that they are

compatible with Equations (1) and (2), respectively, in the main text. Figure S1 compares
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the melting behavior of pure TNT between the two models. The normal melting temperature

is slightly lower in the constant bi model (353.65 K vs. 353.66 K). At the resolution of the

figure, the difference in Tmelt becomes discernible — though still small — only for pressures

greater than 1000 bar. The two melting curves diverge by less than 2% even at 2500 bar.
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Figure S1: The melting temperature Tmelt of TNT vs. pressure. The Tmelt predicted by the
constant bi model is less than that of the temperature-dependent bi model (dotted line) at
all pressures, though the deviation remains small (less than 2%) even at 2500 bar.

Table S1: Coefficients for calculating ai in (15). The units of these coefficients are such that
ai has units of L2·bar/mole2.

Compound a1,i a0,i

Solid RDX -0.2845952 249.6884446
Solid TNT -0.3879503 258.0588946
Liquid TNT -0.2382614 217.4506615

Table S2: Coefficients for calculating bi in (16). The units of these coefficients are such that
bi has units of L/mole.

Compound b3,i × 1010 b2,i × 108 b1,i × 106 b0,i

Solid RDX -1.2225317 6.5137031 -6.2674083 0.1182848
Solid TNT 0 -0.14676838 -11.0518361 0.1346203
Liquid TNT 0 -15.1025226 153.5176465 0.1092381

Figure S2 presents constant-pressure molar heat capacity cP predictions. The temperature-

dependent bi clearly lead to better results for solid RDX, but they do not conclusively improve
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the accuracy for TNT. In fact, one could argue that the cP predictions of solid TNT are

likely to be better with the constant bi model since they lie closer to the middle, rather

than the lower edge, of the experimental range. Because the solid RDX property predic-

tions between the two formulations are a little different, the liquid RDX parameters must

be subsequently adjusted to obtain the same values for Tmelt,n, ∆v0
fus, and ∆h0

fus presented in

Table 2. By following the procedure described in the Liquid RDX Section, we match these

results if bRDX = 0.1197530 L/mole, and aRDX in units of L2·bar/mole2 is given by

aRDX(T ) = exp(a1,RDXT + a0,RDX), (17)

where a1,RDX = −1.0291542× 10−3 K−1, and a0,RDX = 5.2479336.
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Figure S2: Constant-pressure molar heat capacity cP of (a) RDX and (b) TNT vs. tem-
perature at atmospheric pressure. Representative experimental values are included for com-
parison.S13–S20 The results are non-dimensionalized by R. The average absolute deviations
(AADs) between our constant bi (temperature-dependent bi) predictions and Baytos’ linear
fits to temperatureS15 are 6.7% (1.2%), 7.0% (10.7%), and 9.8% (6.8%) for solid RDX, solid
TNT, and liquid TNT, respectively. The AADs compared to the results of Ellison et al.S19
are 1.1% (4.8%) and 1.4% (3.0%) for solid TNT and liquid TNT, respectively.

A potential drawback of this model is that the liquid RDX heat capacity is a few percent

lower than that of solid RDX at Tmelt,n (40.1R vs. 41.2R at this temperature). This is minor

compared to the 20–30% lower liquid cP values we have obtained in our earlier efforts to
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calculate aRDX and bRDX from theoretical predictions of the critical temperature (see the

Liquid RDX Section for more details), but is nonetheless physically unrealistic. We have

found that cP of the liquid is sensitive to ∆h0
fus. By selecting ∆h0

fus to be 30.0 kJ/mole (but

keeping the same Tmelt,n and ∆v0
fus/∆h0

fus ratio), which is a little below the experimental

range of 30.7–35.7 kJ/mole shown in Table 2, we obtain a liquid RDX heat capacity of

41.4R at Tmelt,n (compared to 41.2R for solid RDX). These results can be obtained if bRDX =

0.1194051 L/mole with a1,RDX = −1.1740738× 10−3 K−1 and a0,RDX = 5.3145238 in (17).

We model RDX/TNT mixtures by combining the just aforementioned liquid RDX param-

eters with parameters for the other pure components through the van der Waals mixing rules

in (2)–(4). This involves selecting the binary interaction coefficients kl
RDX-TNT and ks

RDX-TNT

to reproduce the experimental solubility measurements of Campbell and Kushnarov.S21 We

treat ks
RDX-TNT as a constant, but model kl

RDX-TNT(T ) according to

kl
RDX-TNT(T ) = k3(T − Teutectic,n)3 + k2(T − Teutectic,n)2 + k1(T − Teutectic,n) + k0, (18)

where ks
RDX-TNT and k0 are listed in Table S3, k1 = 4.413 × 10−4, k2 = −5.062 × 10−6, and

k3 = −6.958×10−9. The AAD and root mean square deviation (RMSD) between our results

and Campbell and Kushnarov’s data for the right branch of the liquidus curve are 3.89%

and 0.0106, respectively. Comparing the values in Table S3 to those in Table 3, we see that

the temperature-dependent bi model predicts higher-purity solid mixtures at the eutectic

temperature Teutectic,n. However, these differences are not significant (i.e., the phase diagram

at P = 1 bar is essentially identical to Figure 5), especially given the absence of data for the

solid-phase curves. The phase diagrams at higher pressures also appear similar to the results

presented in the main text; there are small differences due to, for example, the deviation in

the pure TNT melting curves (Figure S1), but these differences are not readily noticeable at

the resolution of Figure 6. Figure S3 shows that the temperature-dependent bi model predicts
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heat capacities for Composition B-3 (Comp B-3) that match the experimental data more

closely. At temperatures below Teutectic,n, the improved agreement is largely a consequence

of the more accurate predictions for solid RDX. Comp B-3 is at least partially liquid above

Teutectic,n (see Figure 8). Some of the behavior at these temperatures (such as the jump in

cp at Teutectic,n and the faster rise of the constant bi curve) can be reasoned from the TNT

results in Figure S2. However, since the liquid phase contains a significant amount of both

RDX and TNT so that non-ideal mixing effects may be prominent, we cannot fully explain

the Comp B-3 heat capacity results from the behavior of the pure components alone.

Table S3: Results for our temperature-dependent bi model at the eutectic temperature
Teutectic,n at P = 1 bar. The compositions of the three phases listed here are expressed
in terms of the RDX mole fraction. The value of Teutectic,n itself and the liquid composition
are obtained from Campbell and Kushnarov,S21 while the other four quantities are calculated
by solving the conditions for equilibrium in Equation (21) of the main text.

Teutectic,n (K) kl
RDX-TNT ks

RDX-TNT Liquid RDX-rich solid TNT-rich solid
351.45 -0.0115103 0.0945402 0.05107 0.99503 0.00871
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Figure S3: Comparison of our predictions for the Comp B-3 constant-pressure molar heat
capacity cP at atmospheric pressure with experimental data from Baytos.S15 He has fit his
data to linear functions of temperature in two regimes: one below the eutectic tempera-
ture Teutectic,n and the other above Teutectic,n. The average absolute deviations between his
linear fits in these two regimes and our constant bi (temperature-dependent bi) results are
8.8% (5.7%) and 10.3% (6.5%), respectively.
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Tables

Table S4: Values of Avap and Bvap selected to calculate the vapor pressure with the Clausius-
Clapeyron equation (9) of the main text. The values for solid RDX are from Östmark et
al.,S22 while those for solid and liquid TNT are from Edwards.S23 As explained in the main
text, we have slightly increased Avap for solid TNT from the value presented by Edwards
(14.34) so that the normal melting point temperature of TNT lies in the range 353–354 K
commonly cited in the literature.S21,S24–S27

Compound Avap Bvap (K) Units of P 0

Solid RDX 13.79 6637 mm Hg
Solid TNT 14.35 6180 cm Hg
Liquid TNT 10.90 4960 cm Hg

Table S5: The coefficients obtained by fitting Equation (18) of the main text to the quan-
tum calculations of Osmont et al.,S28 where the units of the ideal gas heat capacity cigP
are kJ·mole−1·K−1. This quantity is used in Equation (17) of the main text to find the
constant-pressure molar heat capacity cP .

Compound c3 × 1010 c2 × 107 c1 × 104 c0
RDX 2.0985786 -7.2921143 9.5011103 -0.0192740
TNT 1.8156981 -6.7242857 9.0248654 0.0045077
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