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Abstract

Nowadays, the evaluation of the transport and thermodynamic properties in computational fluid dynamics
(CFD) analysis is based on common real gas equations (such as Redlich-Kwong and Peng-Robinson equations
of state) and polynomial models. Such quantities are not always accurate: very large pressure ranges, working
conditions close to the critical point or phase change could introduce an error during the computation of
the thermophysical properties of interest. Moreover, the computational effort of numerical simulations is
strongly affected by the evaluation of such properties. In light of these considerations, and to extend the
modeling capabilities of CFD software suites, a fluid thermophysical property library can be included in
the computation of the quantities required for the solution of the flow field. The focus of this work is the
coupling of an open source CFD tool (OpenFOAM) with the open source CoolProp library. The proposed
wrapper is intended to provide a connection between the most popular open-source thermophysical library
and one of the most used open-source CFD software. CoolFOAM extends the thermophysical modelling
possibilities of OpenFOAM. The formal implementation of this library follows the coding standards of the
CFD suite.

Keywords: CoolProp, OpenFOAM, Helmholtz, 64.10.+h, 47.11.-j

1. Introduction

The evaluation of thermophysical properties of
working fluids is a fundamental step in computa-
tional fluid dynamics (CFD) simulations. For ex-
ample, it is quite common to operate with com-
pressible fluids that exhibit real gas behavior: in
this case, cubic equations of state (EoS) are fre-
quently used to predict fluids properties in both
single-phase and two-phase region. These EoS rep-
resent a good compromise between the simplicity of
the formulation and the uncertainty in the determi-
nation of such quantities. Cubic EoS are frequently
adopted to characterize phase equilibria. Moreover,
for these kind of equations, different approaches to
model mixtures exist.[1] Nevertheless, the critical
region is an area characterized by significant de-
viations from experimental data, because the cu-
bic models do not account for critical phenomena.
Furthermore, these models lack accuracy in the cal-
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culation of thermodynamic properties, in particu-
lar at dense homogeneous states.[2] These kind of
inaccuracy sources can be relevant during the nu-
merical simulation of systems operating in different
fields, such as refrigeration (e.g., vapor compression
cycles), cogeneration (e.g., organic Rankine cycles)
and energy production (e.g., supercritical CO2 cy-
cles) [3, 4, 5, 6, 7, 8].

Recently, more accurate models for the thermo-
dynamic properties calculation have been devel-
oped: modern equations are often formulated in
terms of the reduced Helmholtz energy, which is
split up into one ideal gas part and a second resid-
ual part. The first one defines the nature of the
hypothetical ideal gas at given values of tempera-
ture and density, while the second one characterizes
the residual behavior of the real fluid. The result-
ing equation of state is explicit in temperature and
density normalized by the fluid’s critical values. [9].
Multi-parameter equations of state can characterize
experimental measurements in Helmholtz-explicit
relations. Using these equations of state, thermo-
dynamic properties can be then calculated using
thermodynamic relationships, through the differen-
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tiation of the equations. The range of applicability
of these models includes the liquid phase, differ-
ently from the cubic equations, and the behavior in
the critical region is represented with a reasonable
error [10].

There are various libraries and databases that
have implemented Helmholtz-explicit equations of
state for different fluids [11, 12, 13, 14]. In addi-
tion to thermodynamic models, high accuracy for-
mulations for transport properties are included in
these utilities. The state of the art of transport
properties modeling is less mature than the thermo-
dynamic properties one: one of the causes is that
an accurate formulation of thermodynamic proper-
ties is needed to develop a high-accuracy transport
properties model. For this reason, a natural delay
between the publication of an equation of state and
the related transport properties model occurs [12].
The CoolProp library represents the most used li-
brary in the open-source scenario for the evaluation
of thermo-physical properties [12]. The code is writ-
ten in C++, and several high-level and low-level
interfaces have been developed to couple CoolProp
with different software (e.g. Labview, Microsoft Ex-
cel, MATLAB).

This article concerns the development of a wrap-
per of CoolProp for OpenFOAM. OpenFOAM [15]
is a widely used open-source C++ toolbox for the
numerical simulation of a wide series of CFD prob-
lems. This package contains several libraries and
applications to pre-process, solve and post-process
cases from different fields of application (e.g, incom-
pressible flow, compressible flow, multiphase flow
and conjugate heat transfer problems). The struc-
ture of OpenFOAM enables users to modify existing
solvers and libraries, or to create new ones with a
reasonable effort. As a consequence, a great num-
ber of personalized solvers and libraries have been
developed by the scientific community. The expo-
nential growth of this open-source software’s capa-
bilities in modeling real world problems is recog-
nizable in several fields. The range of applications
varies from incompressible flows with heat transfer
[16] to density-based solvers for low and high Mach
number [17]. Moreover, wall modelling in LES sim-
ulations [18] and mass-transfer in solid oxide fuel
cells [19] are recently treated in literature works.
In such a wide framework, the CoolFOAM wrap-
per intends to fill a gap in the OpenFOAM capa-
bilities of modelling the thermophysical properties.
Similar tools have already been developed in the
field of commercial CFD software (e.g., the link be-

tween ANSYS fluent and REFPROP [11]). This
work extends the applicability of one of the most
widespread open-source CFD software, eliminating
this gap.

The need for an extension of the OpenFOAM ca-
pabilities in modeling the thermophysical proper-
ties has been satisfied with the possibility of obtain-
ing directly the required values from the CoolProp
library. A C++ shared library has been written,
starting from the OpenFOAM templates. The li-
brary has been developed to facilitate its use in a
similar fashion with two of the OpenFOAM solvers,
rhoPimpleFoam and rhoSimpleFoam, which are a
transient and steady state solver for compressible
flow cases, respectively. Alternatively, other solvers
within OpenFOAM have to be slightly modified to
adapt them to the new thermo-physical properties
package. The conformity of the library to the Open-
FOAM coding standards allows easy adoption of
the new feature in a wide series of cases. Once the
new library and applications are compiled, the user
only needs to add the correct textual inputs in a
configuration file to use the CoolProp library.

2. Theory

2.1. OpenFOAM thermophysical models

The computation of thermophysical properties in
an OpenFOAM simulation is based on a pressure-
temperature system. These variables are the in-
dependent variables, from which other properties
are determined. Frequently, the user has to evalu-
ate thermophysical properties in applications where
the ideal gas approximation is not usable with rea-
sonable accuracy. In such cases, the most accurate
model for the evaluation of the fluid density is the
Peng-Robinson (PR) equation of state, one of the
most common cubic models:

p =
RT

ν − b −
acα(TR, ω)

ν(ν + b) + b(ν − b) (1)

with the parameters:

ac = 0.45724

(
R2T 2

C

PC

)

b = 0.07780

(
RTC
PC

)

α(TR, ω) =
[
1 +m(ω)

(
1−

√
TR

)]2

m(ω) = 0.37464 + 1.54226ω − 0.26992ω2
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where ν is the molar volume, TR is the reduced tem-
perature, ω is the acentric factor, R is the gas con-
stant, and TC and PC are the critical values of tem-
perature and pressure, respectively. PR is quite ac-
curate in different conditions, but for saturated liq-
uid densities, conditions close to critical point and
caloric properties in the homogeneous region the er-
ror increases [20, 21]. Nevertheless, PR and other
cubic equations of state are frequently adopted for
the evaluation of vapor pressures and equilibrium-
phase compositions of mixtures. In such cases,
these equations of state need less computational re-
sources than multiparameter equations of state [2],
yielding relatively accurate results. In CFD analy-
sis, the computational overhead has to be taken into
account, evaluating different fluid property models
on a case-by-case basis. Cubic EOS may represent
an effective trade-off between accuracy and compu-
tational load, as pointed out by Abdelli et al. [22].

It is also possible to adopt a polynomial model,
where the density trend is fitted with constant pres-
sure and the temperature as the independent vari-
able. Polynomial functions inherently lack accuracy
in the presence of wide pressure ranges and phase
change, as well as density trends difficult to shape.
Polynomials are usable also for the specific heat and
transport properties (viscosity, thermal conductiv-
ity and thermal diffusivity). Thermodynamic prop-
erties, which are derived from the specific heat, can
be also evaluated from the JANAF tables of ther-
modynamics [23]. In addition to that, the Suther-
land model for the transport properties calcula-
tion is available. Again, wide pressure ranges and
complex trends of the variables can be significant
sources of inaccuracy.

2.2. CoolProp thermophysical models

The determination of thermodynamic proper-
ties of all the fluids included in the CoolProp li-
brary is based on equations of state explicit in the
Helmholtz energy. This formulation is a common
denominator for all the high-accuracy equations of
state currently available in the literature. In this
formulation the sum of a residual part (αr) and of
an ideal gas part (α0) gives the expression for the
nondimensionalized Helmholtz-energy:

α = α0 + αr (2)

The most fascinating aspect of this model is the fact
that all the other thermodynamic properties can be
found through analytic derivatives of the two just

mentioned terms. As an example, the equation for
the pressure is:

Z =
p

ρRT
= 1 + δ

(
∂αr

∂δ

)

τ

(3)

where Z is the compressibility factor, p is the pres-
sure, R is the mass specific gas constant, ρ is the
density, T is the temperature, δ is the reduced den-
sity given by δ = ρ/ρred and the reciprocal reduced
temperature is τ = Tred/T . Generally the reducing
variables ρred and Tred correspond to the critical
values. For some fluids, such as R134a, these re-
ducing parameters have to be determined during
the fitting process. The pressure example is fol-
lowed by several other derivatives, which can be
found in literature works of authors like Thorade
and Sadat [24], Span [25] and Lemmon [26]. The in-
dependent variables of the Helmholtz-energy equa-
tions are temperature and density. If there is the
availability of different state variables, it is neces-
sary to use numerical solvers in order to calculate
the independent variables. Various state variables
inputs are analyzed in Span [27], and a solver for
enthalpy/entropy is included in Coolprop.

For the transport properties the state of the art
is more confused. There is a higher quantity of
methods available in the literature for the deter-
mination of these properties. It is possible to find
high-accuracy methodologies for some fluids, but
for others the possibilities are definitely scarce. The
viscosity is usually divided in two terms: the first
considers the viscosity in relation to temperature
in the condition of dilute-gas, while the second
includes the temperature and density-dependent
residual viscosity:

η = η(0)(τ) + η(r)(τ, δ) (4)

The critical enhancement of viscosity represents a
divergence of transport properties of fluids close to
the critical point [28]. Usually this phenomenon is
not taken into account, but for a small number of
fluids it is considerable. This is possible if enough
information about viscosity in the critical region
is provided. In CoolProp the only fluids having
this phenomenon modeled are water [29] and car-
bon dioxide [30]. On the contrary, for the thermal
conductivity the critical enhancement term is not
negligible in areas distant from the critical point.
For this reason, three terms are considered for the
thermal conductivity:

λ = λ(0)(τ) + λ(r)(τ, δ) + +λ(c)(τ, δ) (5)

3
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Some of the fluids included in CoolProp do not
have high-accuracy correlations for the transport
properties. For these less-studied fluids it is neces-
sary to find a method which can substitute these
correlations: one of the most used choices is the
extended corresponding states (ECS) methodology.
It allows for the obtainment of the properties for
the fluid of interest starting from a well-known ref-
erence fluid: this reference should have a similar
p-v-T surface and an accurate estimation of trans-
port properties. The extended corresponding states
method proposed in CoolProp follows the work pro-
posed by Huber et al. [31], which has already been
implemented in REFPROP[11].

3. The CoolProp-OpenFOAM wrapper

3.1. OpenFOAM thermophysical classes

The core of the OpenFOAM code is a large li-
brary containing its basic capabilities. In addi-
tion to differential equations, tensor operations and
other basic functionality, dynamic meshing and sev-
eral physical models have been implemented. The
library is the starting point for the development
of applications, which can be distinguished into
two categories: solvers and utilities. Solvers carry
on the calculations in order to deal with a wide
range of problems: starting from the simple po-
tential flow solver (potentialFoam), it is possible
to use dynamic mesh (icoDyMFoam) solvers and
compressible transient solvers, such as rhoPimple-
Foam. More complex applications are conjugate
heat transfer solvers, like chtMultiRegionFoam, and
supersonic turbulent (sonicTurbFoam) solvers. The
operations different from actually solving the case
(meshing, pre-processing, post-processing, etc.) are
performed by the utilities.

OpenFOAM has two main thermophysical model
classes for fixed composition fluids: the first is based
on density, rhoThermo, and the other on compress-
ibility, psiThermo. Every solver that needs ther-
mophysical properties constructs an object of one
of these classes.

The rhoThermo class is constituted by two source
files, rhoThermo.C and rhoThermos.C, and one
header file, rhoThermo.H. The header file is in-
cluded in the related OpenFOAM solvers in order
to have access to the functions needed to determine
the thermodynamic properties. Three main objects
are created in this class: the density rho, the com-
pressibility psi and the dynamic viscosity mu. This

model calculates the basic thermodynamic proper-
ties in relation to density variation of the fluid. It
is applied particularly to heat transfer cases, where
changes of temperature imply variations of den-
sity. The psiThermo class has basically the same
structure as the one described above (psiThermo.C,
psiThermos.C and psiThermo.H ). The main differ-
ence is related to the density definition: this model
is based on compressibility, which gives the density
if multiplied by pressure. Moreover, there is a flu-
idThermo model which makes it possible to choose
the thermophysical models at run-time. The ob-
jects of this class are currently constructed only by
the rhoSimpleFoam and rhoPimpleFoam solvers.

3.2. The CoolProp library

More than one hundred equations of state and
transport properties correlations for pure and
pseudo-pure fluids are stored in the C++ Cool-
Prop library. Moreover, this library implements
mixtures, incompressible fluids and brines proper-
ties, high accuracy psychrometric routines and cu-
bic equations of state. The code is based on an ab-
stract base class (AbstractState) which delineates
a protocol that must be implemented by the prop-
erty backends. It is possible to have access to the
fluid properties through two different interfaces of
CoolProp:

• The high-level interface allows for the obtain-
ment of the required fluid property with a sim-
ple call to the PropsSI function. As an exam-
ple, the line of code for specific heat at con-
stant pressure (”C”) of R134a at temperature
(”T”) and pressure (”P”) of respectively 273.15
K and 2 MPa is:

Cp = PropsSI ( ’C ’ , ’T ’ , 273 .15 , ’P ’ ,2 e06 , ’R134a ’ )

• The low-level interface provides access to
deeper levels of the CoolProp code. This solu-
tion is definitely faster: actually, the low-level
interface is always internally called by the high-
level one. The low-level interface operates with
enumerated values and floating point numbers,
avoiding the strings usage. This obviously in-
creases the efficiency and speeds-up the execu-
tion. In order to maximize the efficiency of the
low-level interface, it is necessary to instantiate
an instance of the backend for each fluid, call-
ing then methods within the instance. Calling
the constructor for the backend instance is not
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computationally insignificant, so it is better to
only do it one time.

3.3. The CoolFOAM library

The main contribution of this work is a new
C++ shared library for the determination of ther-
mophysical properties in OpenFOAM: libCool-
PropThermophysical.so. It contains two new
thermophysical model classes for fixed composition
fluids, psiThermoCool and rhoThermoCool. These
new classes are very similar to the OpenFOAM’s
original ones, described in section 2.1. The main
difference is the inclusion of three new classes, the
first containing the new equation of state, the sec-
ond for the thermodynamic properties and the last
one for the transport properties.

The rhoCoolProp class allows the evaluation of
the fluid density directly from the CoolProp library:
firstly, a shared pointer rhoFluid to a new-allocated
instance of one of the AbstractState backends is in-
stantiated. The density value is returned by an ap-
propriate member function, which updates initially
the pressure and the temperature of the instance,
and then calculates the requested property.

Thermodynamic and transport properties are
evaluated respectively as objects of the hCoolProp
and CoolPropTransport classes. The basic princi-
ple of these classes is the same as the rhoCoolProp
class, described above.

For what concerns the numerical simulations of
two-phase flows, OpenFOAM handles the thermo-
physical properties of the two phases separately.
For this reason, the calculation of such properties
inside the saturation dome has not been imple-
mented in the CoolFOAM library.

4. Compiling and using the library

The compilation of the CoolFOAM library does
not require additional operations than the ones re-
quired for OpenFOAM standard libraries. The only
action required is building the CoolProp database
as a shared library, in order to be able to link it
with OpenFOAM. In order to correctly perform
the compilation, it is necessary to include the Cool-
Prop shared library and all the directories related to
it. Detailed instructions for the installation of the
product of this work are included in a text file at-
tached to the library itself, which is available upon
request. The present work has been developed for
OpenFOAM 6, but it is simply adaptable to differ-
ent versions of the software.

Listing 1 thermophysicalProperties

thermoType
{
type hePsiThermo;
mixture pureMixture;
transport CoolProp;
thermo hCoolProp;
equationOfState rhoCoolProp;
specie specie;
energy sensibleEnthalpy;
}

mixture
{

equationOfState
{

Fluid ”R134a”;
EOS ”HEOS”;

}

specie
{

nMoles 1;
molWeight 102.03;

}

thermodynamics
{

Fluid ”R134a”;
EOS ”HEOS”;
Hf 0;
Sf 0;

}

equationOfState
{

Fluid ”R134a”;
EOS ”HEOS”;

}
}

In order to use the wrapper, the new thermo-
physical models have to be added to OpenFOAM
solvers. It is necessary to compile the new appli-
cations including the new library, with opportune
and simple modifications to some files. More pre-
cisely, it is necessary to replace the references to
the original classes (e.g., rhoThermo, psiThermo)
with the references to the new ones (rhoThermo-
Cool and psiThermoCool). Only the solvers with
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the generalized fluidThermo class (rhoPimpleFoam
and rhoSimpleFoam) can work as they are. In this
case, it is only necessary to include the correct ther-
mophysical library in the controlDict, a setup file
required in every OpenFOAM case.

The CoolFOAM library definitely enhances the
user-friendliness of OpenFOAM during the set up of
the thermophysical models. The only action needed
is the specification of the fluid name and of the
equation of state, checking the CoolProp database
to select between the different possibilities, accord-
ing to the library terminology. A small portion of
the thermophysicalProperties dictionary, which is
the setup file for thermophysical properties in an
OpenFOAM case, is reported in listing 1.

The original OpenFOAM models, such as the
polynomials or the Peng-Robinson equation, re-
quire several coefficients that have to be fitted from
curves or sourced in literature, and then inserted in
the dictionary. Furthermore, the PR equation im-
plemented in OpenFOAM is not able to calculate
density for liquids.

The computational time of the CoolFOAM li-
brary has been deeply analyzed for the R134a fluid.
The tests have been conducted in a pressure range
from 0.1 bar to 2000 bar and in a temperature range
from 215 K to 415 K. The results of this investi-
gation are reported in figure 1.The duration of a
single call to the CoolFOAM library for the com-
putation of the density has been normalized to the
maximum value of 35 µs. Such call has to be done
for each cell of the computational domain and for
each time step of the numerical simulation. The
highest computational effort appears to be in the
region close to the critical point and in the nearby
of the critical isothermal line. On the contrary, the
fastest calculation are performed in the very right
of the pressure-enthalpy diagram. The results here
presented are relative to the low-level interface of
CoolProp. Tests with the high-level interface have
shown a computational effort 10-30 times higher.
Therefore, the first approach has been implemented
in CoolFOAM.

A single call to the CoolProp library for the eval-
uation of density requires a time approximately
twenty times bigger than the PR equation. The
polynomial models calculate the density values five
times faster if compared to PR. When running sim-
ulations, the physical duration of a computational
time step using the CoolFOAM library is increased
from 500% to 1500% with respect to polynomial
models. The variability of the duration is related

Figure 1: Computational time: density of R134a.

to the solver employed. The best way to run a case
with the new thermophysical models is to initial-
ize the solution with a first simulation using Open-
FOAM native models, switching then to the Cool-
Prop library for having the best accuracy. Next
steps in this track will regard the implementation
of CoolProp lookup tables, in order to reduce the
computational effort related to the library.

5. Validation

This section contains three validation cases based
on experimental studies available in literature. The
first case concerns the investigation of natural con-
vection of air in a heat cavity, originally performed
by Betts and Bokhari [32]. The other test cases
have been carried out on two different nozzles at
the Test Rig for Organic VApors (TROVA) of Po-
litecnico di Milano [33].

5.1. Buoyant cavity

The first comparison is based on the experimen-
tal investigation of the turbulent buoyant flow of air
in a rectangular box-shaped cavity. The turbulent
nature of the flow depends on the geometric propor-
tions of the cavity, as well as the Rayleigh number.
The cavity internal geometry is schematized in fig-
ure 2: the thickness (W) of the box is 0.076 m, the
height (H) and the width (D) are respectively 0.52
and 2.18 m. A temperature difference of 19.2 K is
maintained between the two y-z surfaces, while the
remaining walls are considered as adiabatic. The
computational domain has been discretized with a
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Figure 2: Buoyant cavity: geometry scheme.

structured mesh, taking advantage of the rectangu-
lar shape of the system. After a grid convergence
analysis, the simulation has been carried out with
approximately 80,000 cells.

The ideal gas approximation is more than ten-
able for the operative temperature and pressure
ranges investigated in this first analysis. Moreover,
the specific heat, viscosity and thermal conductiv-
ity maximum variations are less than 5% in these
conditions. For these reasons, the results obtained
with the new library are very similar to the ones
calculated with the original OpenFOAM thermo-
physical models. In fact, the absolute variations of
temperature and vertical velocity, Uy, are in the or-
der of 0.01 K and 1× 10−4 m s−1 respectively. As a
consequence, it has been chosen to include in the
following graphs only the solutions obtained with
the CoolFOAM library.
In particular, the figures 3 and 4 display the trends
of temperature and vertical velocity in the x direc-
tion at y/H = 0.5, compared with experimental
values.

The purpose of this case is to demonstrate the
correct implementation of the CoolProp functional-
ities in OpenFOAM, using a verification case widely
used in the community.

5.2. Convergent-divergent nozzle

The first experimental case of the TROVA test
rig regards the expansion of octamethyltrisiloxane
(MDM) in a convergent-divergent nozzle. The work
by Spinelli et al. investigates two nozzles, charac-
terized by downstream Mach numbers close to 1.5

Figure 3: Buoyant cavity: temperature trends at y/H = 0.5.

Figure 4: Buoyant cavity: vertical velocity trends at y/H =
0.5.

and 2. The first nozzle’s results are considered in
this section: particularly, the case with upstream
compressibility Z of approximately 0.81 is the ob-
ject of the numerical analysis. The considered gas is
then strongly non-ideal: this allows the full demon-
stration of the CoolFOAM interface potentialities.
The experimental data available include static pres-
sure measurements and Mach number evaluations.
The pressure has been detected through pressure
transducers connected to up to nine pressure taps
located on the nozzle symmetry axis. The Mach
number has been directly evaluated through the es-
timation of the Mach waves slope, identified from
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schlieren images.
The computational domain has been discretized

with a structured two-dimensional mesh, repre-
sented in figure 5. The independence of the so-
lution to the dimension of the mesh elements has
been reached with approximately 60,000 cells. The
good quality of the mesh, characterized by a non-
orthogonality of less than 30◦ and by a skewness
minor of 0.3, has allowed the adoption of accurate
numerical schemes. More precisely, the simulation,
performed with the rhoPimpleFoam solver, has
been executed with a second order discretization ac-
curacy for the advective and Laplacian terms. Since

Figure 5: Convergent-divergent nozzle: computational do-
main.

the fluid reaches supersonic velocities, there is no
need of boundary conditions at the outlet section.
At the inlet, a total pressure of 4.59 bar and a total
temperature of 512.6 K have been imposed. The
solution has been firstly initialized with ideal gas
conditions, switching then to the Helmholtz equa-
tion of state. After this first step, the hypothesis
of inviscid flow has been considered valid for this
kind of fluid, characterized by a very low viscosity.
The simulation with zero viscosity and laminar ap-
proximation has produced very good results when
compared to the experimental data, as shown in
figure 6

Looking for a higher level of accuracy, the nu-
merical analysis has been improved with polyno-
mial correlations for the viscosity and the thermal
conductivity. The reason of adopting polynomi-
als instead of the CoolProp interface stands in the
absence of correlations for these properties of the
MDM fluid in the CoolProp library. In addition to
that, a turbulence k-epsilon model has been imple-
mented, in order to obtain a better representation
of the real case’s physics. The pressure trend along
the symmetry axis for the turbulent-viscous simu-
lation fits better the experimental values, as rep-
resented in figure 7. It has to be noticed that the
inviscid simulation’s results are still fairly close to

Figure 6: Convergent-divergent nozzle: pressure values on
the symmetry axis, inviscid flow.

.

Figure 7: Convergent-divergent nozzle: pressure values on
the symmetry axis, viscous and inviscid flow.

the experimental values: the possibility to adopt
this hypothesis remains a valid possibility for the
siloxane fluid analyzed, if there is the will of reduc-
ing the general level of complexity of the simulation.

The results of the viscous-turbulent simulation
have been compared also with the experimental
evaluation of the Mach number along the symmetry
axis. The graph represented in figure 8 represents
this comparison in the region close to the outlet
section, where experimental data are available.

A very high accuracy can be noticed in the fi-
nal part of the nozzle, where the Mach number
values are well replicated by the numerical anal-
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Figure 8: Convergent-divergent nozzle: Mach number values
on the symmetry axis, viscous and inviscid flow.

ysis. For lower values of the x coordinate, both
the viscous and inviscid models underestimate the
dynamic contribution of the flow, if compared to
experimental evidences. It is interesting to notice
how the inviscid model better fits these references:
the dissipating action of viscous effect has a reduc-
ing effect on the Mach number.

5.3. Compressible turbulent flow over a Backward-
Facing Step

The last validation case reported in this paper
is based on a nozzle similar to the one described
in section 5.2. The main difference is the pres-
ence of a backward facing step in correspondence of
the throat section of the duct. The consequence is
the generation of an oblique shock at the reattach-
ment point after the flow separation originated by
the wall discontinuity. This phenomenon and the
deriving shock-waves system is highlighted in the
schlieren image of the flow: the complex behavior
of the flow has been extensively described in [34].
A detail of the mesh close to the discontinuity has
been represented in figure 9. The structured grid
has been refined in proximity of the shock-waves
system according to the experimental reference. In
addition, the cells faces have been aligned with the
shocks, trying to capture the first pressure discon-
tinuity as accurately as possible. This approach
has allowed the maintenance of a very good quality
of the mesh with a reasonable number of elements
(less than 100,000).

Figure 9: Backward Facing Step: detail of the computational
domain.

The boundary conditions required for this CFD
analysis are the inlet total pressure and total
temperature, respectively of 4.58 bar and 520.1 K.
These conditions correspond to a compressibility
factor of 0.82 at the inlet section. The outlet con-
ditions are not required, because of the univocal
behavior of the supersonic flow.

Figure 10: Backward Facing Step: pressure values on the
symmetry axis, viscous flow.

The pressure trend along the symmetry axis gives
a very accurate representation of the experimental
values, as represented in figure 10. The shock is
captured with a reasonable accuracy from the vis-
cous numerical simulation. In this case, no exper-
imental data for the Mach number have been re-
leased, but the results of the numerical simulation
are shown in figure 11. It is interesting to notice
how the design Mach number at the outlet (ap-
proximately 2.0) has been confirmed from the CFD
analysis.
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Figure 11: Backward Facing Step: Mach number values on
the symmetry axis, viscous flow.

6. Conclusions

A new library for the determination of thermo-
physical properties in OpenFOAM has been devel-
oped. The work presented in this article is based on
the direct evaluation of the fluid properties through
the open-source C++ library CoolProp. Moreover,
one of the OpenFOAM solvers, buoyantSimpleFoam
has been slightly modified in order to include the
CoolFOAM library. The final result, buoyantSim-
pleFoamCP, is an example of how an OpenFOAM
solver can be adapted to use the main product of
this paper.

The consistency of the developed models has
been compared with experimental data for three
validation cases. For the first test case, regarding
a buoyant cavity, a typical OpenFOAM verification
case has been solved in order to check the correct
implementation of the two models. In the second
and third cases, compressible flows with strongly
non ideal behavior have been investigated. The re-
sults obtained from the numerical analysis present a
very good level of agreement with the experimental
references.
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