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Abstract. Fluid blends as working fluids in solar thermal power cycles have been shown to
promise an even higher efficiency than pure fluids. Rather than exploring specific blends, we
propose an approach in which we directly optimize for a working fluid characterized in terms
of the fluid critical point following the fundamental corresponding states principle. This direct
approach allows to identify the optimal fluid one would require for given cycle boundary
conditions. The approach can be applied to any given cycle; the suitable fluid selection is then
performed in a second step after the desired optimal properties are identified.
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1. Introduction

Using different working fluids in cycle optimization provides an additional parameter that can
be used to improve cycle efficiency. In the past, different fluids have been used, such as steam
[1], carbon dioxide [2], or organic compounds [3]. Particularly for thermal solar power
applications based on molten salt energy storage, working fluid choice is an active topic of
research [3,4]. More recently, mixtures as working fluids are being explored [6-8] for solar
power applications. Valencia-Chapi [6] explored a wider range of mixtures, including
hydrocarbons and noble gases. Crespi et al. [5] investigated blends of CO, with CeFs and TiCls,
where the additive takes up mole fractions of 10, 15, or 20%. Crespi et al.’s study concluded
that super CO; (sCO2) mixtures performed better than a conventional sCO; power cycle for
the same boundary conditions. Their study had a thermal efficiency increase of 4-5%.
Moreover, Crespi’'s team confirmed thermal efficiencies greater than 50%. The cycle they
investigated had minimum temperatures ranging from 50-C to 55-C. Ultimately, the impact of
the mixture is to change the critical point of the working fluid, which affects the efficiency of the
cycle. While these studies shed a crucial light on the direction of future power cycle technology,
the question arises, ‘how can we optimally decide which fluid mixture will provide the most
thermally efficient power cycle?” So far, optimization of these blended working fluids is
exploratory, in which different fixed compositions are compared [5], or binary mixtures with
variable compositions are evaluated [6]. Both approaches rely on a restriction of the
optimization space to preselected fluids.

In the present paper, we propose an inverse approach instead: rather than choosing
specific components of a blended working fluid, an optimal critical point of a virtual working
fluid can directly be optimized for, with a choice of blends that fulfill that property as a second,
independent step. More specifically, this method has the ability to take a documented cycle
that has well-defined cycle constraints, i.e. a fixed higher and lower operating pressure, and a
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fixed temperature into the turbine (TIT), and determine a virtual working fluid with a critical
temperature and pressure that produces the optimal thermal efficiency.

2. Method

Thermodynamically, our approach is based on the corresponding states principle [1], in which
fluid properties are similar between different fluids when normalized to the respective reduced
values, e.g. the reduced pressure pr is pressure p normalized with the critical pressure, pc:. i.e.,
we are not restricted to using fluid properties of certain (existing) species.

Studying molecular behavior from a molecular interactions point of view reveals that
molecules can be grouped into classes. Within each of these classes, there are similarities
between molecular interactions. Similarities among the dipole-dipole interactions, dispersion
forces, and hydrogen bonding exist between these molecules. Furthermore, a number of
different molecules that belong to the same class may be represented by a common volumetric
equation of state [8]. The van der Waal’s equation of state extends the ideal gas law to account
for the intermolecular forces between the molecules and the finite size of the molecules. The

ideal gas law is represented by, p % = RT, where p is the pressure, V is the volume, n is the
amount of moles, R is the gas constant, and T is the temperature. To account for finite volume
that is associated with the molecules, % is replaced with V,, — b. V,, represents the molar
volume and b represents a constant that was proposed by J.D. van der Waals [8]. To account
for the intermolecular forces between the molecules, the term ‘% was added to the pressure.
Similar to b, the a term is a constant that was proposed by vanmder Waals. These constants

depend on the type of molecule that is being considered. The van der Waals equation of state
is now [8]:

(@ +37)Vm —b) = RT (1)

The van der Waals coefficient a can be expressed as, a = 3 p,. V2. The b coefficient can be
expressed as, b = %.The reduced parameters are expressed as: T, = Tl pr = pﬂ, andV, =

VK , and substituting these reduced parameters along with the van de Waals coefficients into
equation (1) yields:

@r +32) (% = 1) = 8T, )

The van der Waals equation of state is not universally applicable. In reality, not all fluids have
a similar shape and intermolecular forces. Rather, the sphericity and intermolecular interaction
of fluids can differ significantly. Hence, Pitzer et al. [9] proposed an additional independent
variable to the corresponding states principle, the acentric factor. The acentric factor is denoted
with w. Pitzer et al. claimed that fluids that have similar acentric factors may adhere to the
corresponding states principle and be represented by the same equation of state. As an
example, the compressibility, Z, of two fluids with similar acentric factors will be plotted as a
demonstration of the corresponding states principle. Nitrogen has an acentric factor of 0.04
and Oxygen has an acentric factor of 0.021.
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Figure 1. The compressibility factor, Z, of Oxygen and Nitrogen are plotted as a function of
the reduced pressure, p:.

The acentric factors for Oz and N2 are small and close in value; therefore, they can be arranged
together into the same class. The compressibility factor for both fluids closely resemble each
other. The compressibility factor is the ratio of molar volume of a fluid to the molar volume of
an ideal gas. It is important because it describes the divergence of the real gas from ideal gas
behavior. Figure 1 illustrates how, at a reduced state, both of these fluids deviate from ideal
gas behavior in a similar manner which demonstrates the corresponding states principle. The
concept of the corresponding states principle is a key connection within the project idea
because it argues that fluids can behave similarly to a certain extent.

Now, the evaluation is carried out by extending the open source CoolProp fluid property
library [7] with our generalized fluids method using variable critical points. The goal is to
develop a method that characterizes a virtual fluid by an equation of state. In doing so, the key
features that CoolProp uses to characterize a fluid will be determined and a method that makes
thermal efficiency become a function of T, and p. will arise. The Soave-Redlich-Kwong
equation of state was chosen to work with and it is defined as [10],

RT aa

p= F ®)

Vin—b Vi (Vm+b)

22
In this equation of state, a = 0'427‘;&, b= % ,a= (1+(0.48508+ 1.55171w —

0.15613 w?)(1 — T,%))2 . The Soave-Redlich-Kwong equation of state is a useful tool that
relates the pressure, temperature, and volume of a fluid. Although this is helpful, the objective
is to generate values of specific entropy and enthalpy that will be used to calculate the thermal
efficiency of the cycle. The relationship between the equation of state and specific entropy and
enthalpy values lies within Helmholtz energy. CoolProp uses the equation of state that is
explicit in the reduced Helmholtz energy. The other thermodynamic properties are calculated
through derivatives of the Helmholtz energy [11]. Thus, it is important to consider the Helmholtz
energy term and its components. When discussing the Helmholtz energy term, the reduced
temperature will be denoted as t, the Helmholtz energy as «a, the reduced density as §, the
enthalpy as h, the entropy as s, the isobaric heat capacity as c,, the internal energy as u, and

the molecular partition function as q.
o = T(( )5+(—)5) + 5( )T+ 1 (4)

S= (@5 + E)g) — @~ a” (5)

Equations (4) and (5) illustrate the relationship between the Helmholtz energy term and the
specific enthalpy and entropy. A major objective of the project is to fully characterize a virtual
fluid in a way that adjusting T. and p. will cause a change in the thermal efficiency. In order to
meet the goal, the ideal gas reference term, a° needs to be determined. The ideal gas
reference term is defined as:
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a® = h® —RT —Ts° (6)

0
In equation (6), h® = hJ + sz cpdT and s° = s + szCdeT — Rln pp;. Substituting these
oo

definitions into equation (6) and using the reduced variables results in the Helmholtz energy
being expressed as,

0 - Mr_ s _ 10 _ T (TP 1re
a® = e % 1+1n50T RfT0T2d7:+RfT0TdT (7)
The heat capacity term, c{} , is defined as:
% _ 5, 4 p2dng
R_2+dT(T dT) (8)

The following equation has been determined to calculate values within 0.01% when compared
to equation (8) [11].

c 2
Epz a0+a1T+a2T2 +a3T3+a4% (9)

Substituting equation (9) into equation (7), the following simplified equation emerges [11]:
a®=Ind+a;Int+a,+azt+a,77 +ast7 2+ agt™3 + a; In(1 — exp(—agr)) (10)
For the purposes of this project, the heat capacity will be considered constant and not a

0
function of T. Thus, equation (8) becomes %” = g . Also, a constant heat capacity incorporated

0 0 0 0
Bot _ % _ 14— %frizdt +%f%dr. Taking the integral of

) . . 0 _ fo
into equation (7) yields, =R R 50T

this equation results in,

0 0 0 0
at =20 _%_ g pS_ 24 By, (11)
RT. R 7T R R
Simplifying equation (11) results in,
a’®=Ind+a;Int+a, +ast (12)

0
Where a, is %’ which is 2.5, and a, and a; are determined by experimental data [11]. This

section reduces the relatively long and specific a® function to three terms, making it simpler
and more general. Now, the virtual fluid can be fully characterized in CoolProp, and the
entropies and enthalpies are a function of T; and p..

3. Results

To verify that the simplified and generalized a® function returns accurate entropies and
enthalpies, a virtual fluid will be created and compared to NIST [12] reference data. The virtual
fluid will be constructed based on characteristics of a low acentric fluid, nitrogen. For
verification purposes, the virtual fluid will be defined with a T. of 126.2 and a p.of 3.39 MPa,
which aligns with the critical parameters of nitrogen. After the virtual fluid has been constructed
with the aforementioned critical parameters, the values of specific entropy and enthalpy of that
fluid will be compared to reference data.
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Figure 2. Validation of the method by comparing the virtual fluid (red solid line) to reference
data (symbols) of nitrogen for subcritical (a) and supercritical (b) pressures.
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Figure 3. Validation of the method by comparing the virtual fluid (red solid line) to reference
data (symbols) of nitrogen for subcritical (a) and supercritical (b) pressures.

Figures 2 and 3 validate the concept by demonstrating that the generalized fluid properties
accurately match real fluid reference data. To demonstrate that adjusting the critical
parameters causes a shift in the thermal efficiency of the cycle, the specific entropy and
enthalpy of a virtual fluid with different T.and p. values will be plotted against each other.
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Figure 4. Proof of concept showing specific entropy and enthalpy changes when comparing
the virtual fluid with a T; of 1000 K (red symbols) to a virtual fluid with a T. of 4 K (black

symbols).
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Figure 5. Proof of concept showing specific entropy and enthalpy changes when comparing
the virtual fluid with a pc of 25 MPa (red symboils) to a virtual fluid with a p. of 0.1 MPa (black
symbols).

Figures 4 and 5 illustrate the variance of the specific entropy and enthalpy when T; and p. are
modified. The thermal efficiency of a Rankine cycle is determined by dividing the net work of
the system by the heat added into the system. The net work can be determined by finding the
enthalpy differences across the turbine and pump and subtracting these numbers, (hyef exp —
haft exp) — (Raft comp — Rbef comp)- The @mount of heat added into the system can be
determined by finding the enthalpy difference across the heat addition device, hgf¢ heat ada —
Rpef heat aaa- Finally, the thermal efficiency of the cycle is determined by taking the ratio of
these two quantities. Therefore, demonstrating a difference in specific entropy and enthalpy
values verifies that there will be a difference in cycle thermal efficiencies when adjusting T.
and p.. Now, the method will be applied on an actual Rankine cycle with pressure and
temperature boundary conditions. The Rankine cycle of interest consists of a higher pressure
limit of 8 MPa, and a lower pressure limit of 0.008 MPa. The temperature into the turbine is
fixed at 568.16 K, and after heat has been rejected causing the working fluid to get condensed,
the fluid will be at a saturated liquid state [13].
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Fig. 6: Application of the method to the optimization of a Rankine cycle with a higher working
pressure of 8 MPa, a lower working pressure of 0.008 MPa, and a TIT of 568.16 K. For this
demonstration, the critical temperature of the generalized working fluid is fixed at 600 K.

Figure 6 illustrates the application of the method towards the optimization of a working
fluid for a Rankine cycle. The distribution of the thermal efficiency, Fig. 6a, provides two distinct
features: A distinct jump of the efficiency from 0.36 to 0.41 is visible at p.- ~ 11 MPa, which can
be associated with an expansion at supercritical entropies, as seen between Figs. 6b and 6¢.
A maximum is visible for a working fluid critical pressure of ~ 15 MPa. The method can be used
to simultaneously optimize for the critical temperature, critical pressure, and the acentric factor.
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Another system configuration that is considered is one where there are upper and lower
limits for both the operating temperatures and pressures. The upper operating temperature for
this configuration is the TIT and the lower operating temperature is the temperature into the
pump. In this system configuration, the cycle is able to interchange between a Rankine cycle
and a Brayton cycle, which depends on the selection of T and p.. The system that will be used
is a hybrid parabolic solar dish power plant [14], which has solar applications. The solar dish
consists of a TIT of 823.15 K, and a temperature of 313.15 K prior to entering the pump. The
upper limit of the operating pressure is 1.2 MPa, and the lower limit of the operating pressure
is 0.05 MPa.
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Figure 7. Application of the method to the optimization of a hybrid parabolic solar dish power
plant. The thermal efficiency plotted as a function of p. (a). Ts diagram illustrating the
Rankine cycle when the virtual working fluid has p. of 10 MPa (b). For this demonstration,
the critical temperature of the generalized working fluid is fixed at 620 K.
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Figure 8. Application of the method to the optimization of a hybrid parabolic solar dish power
plant. Ts diagram illustrating the Brayton cycle when the virtual working fluid has a p. of 15
MPa (a). Zoomed in Ts diagram demonstrating the Brayton cycle when the virtual working

fluid has a p. of 15 MPa (b). For this demonstration, the critical temperature of the
generalized working fluid is fixed at 620 K.

Figures 7 and 8 illustrate the application of the method towards the optimization of a working
fluid for a hybrid parabolic solar dish power plant. The distribution of the thermal efficiency, Fig.
7a, provides an interesting feature: A distinct jump of the efficiency from 0.3 to 0.6 is visible at
per ~ 12.5 MPa, which can be associated with the transition from a Rankine cycle to a Brayton
cycle, as seen between Figs. 7b, 8a, and 8b. Another key feature of Fig. 7a is that once the
cycle transitions from a Rankine to a Brayton, the thermal efficiency of the cycle doesn’t
significantly change. When the cycle transition occurs, thermal efficiencies of about 0.6 are
achieved.
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4. Conclusions

We demonstrated a new approach to identify optimal fluids and fluid blends for power cycle
working fluids, with applications in solar thermal cycles. Our direct approach, using a
generalized fluid representation, allows for the optimization of a thermodynamically optimal
working fluid given cycle boundary conditions, rather than relying on specific preselected
mixture components.
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