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Abstract

The gas dynamics of single-phase nonreacting fluids whose thermodynamic
states are close to vapor-liquid saturation, close to the vapor-liquid critical
point, or in supercritical conditions differs quantitatively and qualitatively
from the textbook gas dynamics of dilute, ideal gases. Due to nonideal fluid
thermodynamic properties, unconventional gas dynamic effects are possi-
ble, including nonclassical rarefaction shock waves and the nonmonotonic
variation of the Mach number along steady isentropic expansions. This re-
view provides a comprehensive theoretical framework of the fundamentals
of nonideal compressible fluid dynamics (NICFD). The relation between
nonideal gas dynamics and the complexity of the fluid molecules is clari-
fied. The theoretical, numerical, and experimental tools currently employed
to investigate NICFD flows and related applications are reviewed, followed
by an overview of industrial processes involving NICFD, ranging from or-
ganic Rankine and supercritical CO, cycle power systems to supercritical
processes. The future challenges facing researchers in the field are briefly
outlined.
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Polytropic ideal gas:
Pv = RT and constant
specific heats; T is the
temperature, v the
volume per unit mass,
R =TR/n with R the
universal gas constant,
and p the molar mass

Energy equipartition
principle: each fully
activated degree of
freedom contributes
R/2 to the overall
value of the isochoric
specific heat, so that
o =NR/(2p)

Molar mass u and
molecular
complexity: these are
independent
quantities; 1 depends
on the atomic species
and the number of
atoms; the complexity
on the number of
atoms and on
molecular
arrangement
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1. INTRODUCTION

Contrary to incompressible fluid flows, a distinctive feature of compressible flows is the influence
of the fluid thermodynamic state on flow evolution. For example, the propagation velocity within
the flow of small-amplitude pressure disturbances, i.e., the speed of sound ¢, is a thermodynamic

property defined as
3= (ﬂj) , 1.
ap J;

where P is the pressure, p the density, and s the entropy per unit mass. In most gas dynamics
studies, the thermodynamic properties of the fluid are computed using the polytropic ideal gas
model.

In its simplicity, the expression of the ideal gas sound speed reveals the effect of fluid prop-
erties on the speed of sound. The gas constant R is inversely proportional to the molar mass of
the substance. Hence, the speed of sound is lower for compounds made of heavier molecules. The
value of specific heat ¢, in the dilute gas limit is related to the number N of active degrees of free-
dom of a molecule according to the energy equipartition principle (Callen 1985). For a polytropic
ideal gas, y = ¢cp/c, = (1 + 2/N), with ¢, and ¢p the isochoric and isobaric specific heats. Hence,
¢ =yRT =(1+2/N)(R/m)T.

In this review, the number of the active degrees of freedom of a molecule N is used as a proxy
for molecular complexity, with increasing values of N corresponding to more complex molecular
arrangements, as discussed by Colonna & Guardone (2006).

The ideal gas region or dilute gas region features states with Z ~ 1 at low pressure (see
Figure 1). Z is the compressibility factor
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Figure 1

Exemplary fluid thermodynamic diagrams showing regions featuring varying values of the compressibility factor, Z, where P is pressure,
P is critical pressure, s is entropy, s is critical entropy, T is temperature, and 7 is critical temperature. The critical point (cp) is also

indicated.
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and it is identical to one for a fluid in the ideal gas state. States are termed supercritical if both
the pressure and temperature are greater than the vapor-liquid critical values, i.e., P > P, and
T > T, or subcritical for lower values of pressure or temperature. The dense vapor region en-
compasses vapor states at subcritical pressure featuring Z < 1. The compressible liquid region
identifies subcritical temperature states for which the density can change appreciably. Ideal liquid
states are those for which the density does not change significantly, thus at lower temperatures.
The bubble line is formed by the saturated liquid states from the triple point up to the critical
point. Conversely, the dew line encompasses all the saturated vapor states from the triple point to
the critical point. The critical region includes states near the vapor-liquid critical point. Several
thermodynamic and transport properties diverge or go to zero in the critical point region. For
example, ¢, weakly diverges to infinity, cp and the isothermal compressibility diverge to infinity,
and the thermodynamic, or zero-frequency, sound speed weakly approaches zero. In the super-
critical region, the Widom line (Banuti 2015) identifies states for which ¢p is maximum at a given
pressure. Therefore, the Widom line separates so-called liquid-like states from vapor-like states
and continues the vapor-liquid equilibrium line in the P-T thermodynamic plane (Figure 1b).
The Widom line vanishes for P > 3P,. The square of the speed of sound, ¢, is proportional to
the slope of the isentropes in the P-v plane; therefore, its value for ideal and nonideal states is
different.

The departure from the ideal gas sound speed increases with the increasing complexity of the
fluid molecules, thus often leading to the misconception that nonideal compressible fluid dynamic
(NICFD) phenomena affect only the flows of molecularly complex fluids. On the contrary, non-
ideal gas dynamic phenomena influence the flows of all fluids if their thermodynamic states are
in the nonideal thermodynamic region, including those of fluids made of the simplest molecules.
However, nonideal effects are more pronounced for molecularly complex fluids, such as heavy
hydrocarbons or fluorinated compounds used as working fluids in organic Rankine cycle (ORC)
engines or refrigeration systems.

The higher the molecular complexity of the fluid, the stronger the nonideal gas dynamic effects
in the flow, possibly to the point that flow phenomena are not only quantitatively different from
those occurring in ideal gas flows but also qualitatively different, like, e.g., nonclassical rarefaction
shock waves (Thompson & Lambrakis 1973, Menikoff & Plohr 1989, Kluwick 2001). Another
example of nonideal effect is the nonmonotonic variation of the Mach number in steady isentropic
expansions (Cramer & Best 1991), as opposed to the well-known monotonic increase of the Mach
number from rest to supersonic conditions occurring for ideal gas flows through converging-
diverging nozzles of, e.g., rocket engines.

This review concerns the gas dynamics of single-phase fluid flows if the fluid is in nonideal ther-
modynamic states, the states forming the nonideal single-phase thermodynamic region, assuming
that the fluid is a Newtonian continuum at thermodynamic and chemical (i.e., thermochemical)
equilibrium. This novel branch of fluid mechanics is termed NICFD. In the past, this type of
flow was referred to as dense gas flow (or dense vapor flow), a nomenclature that refers only to
dense vapor flows and does not include, e.g., flows of fluids in supercritical states. Moreover, the
terminology of dense gas (or dense vapor) flows has been used in the literature as a synonym
for nonclassical gas dynamic flows, which are admissible only for a subset of fluids characterized
by very high molecular complexity (HMC), the so-called Bethe-Zel’dovich-Thompson (BZT)
fluids. An analogous nomenclature problem arises in the case of so-called real gas flows. This ter-
minology historically refers to chemically reacting flows of dilute gases in either chemical and
thermal equilibrium or disequilibrium. Given the similarities of the governing equations and the
related numerical solution methodologies (see Section 3.1), the term real gas flow is often used
in the literature to refer to nonideal fluid flows, thereby possibly causing misunderstanding. For
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Nonideal
compressible fluid
dynamics (NICFD):
the gas dynamics of
fluids in
thermodynamic and
chemical equilibrium
if the thermodynamic
states of the fluid is
nonideal, i.e., if for the
states Z # 1

Rarefaction shock
waves: shock waves
across which the
density and the
pressure decrease are
physically admissible

Nonideal
single-phase
thermodynamic
region: the nonideal
thermodynamic region
encompasses all
single-phase
thermodynamic states
at thermochemical
equilibrium resulting
in the fluid being a
dense vapor, a
supercritical fluid, or a
compressible liquid
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Reduced state
variable: a state
variable is reduced if
scaled by its critical
point value, e.g.,

T, =T/T.

Principle of
corresponding states:
the P-v-T diagrams of
most fluids are similar
if expressed in reduced
variables, which allows,
to a certain extent, the
generalization of
concepts and
observations regarding
states and properties

Fundamental
derivative of gas
dynamics: I” is a fluid
thermodynamic
property whose value
is proportional to the
curvature of the
isentropes in the P-v
plane, i.e., to the
slope of ¢
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these reasons, the authors discourage using the terms dense gas, dense vapor, or real gas flows if
referring to the NICFD flows of interest here. More details about all topics treated here are in
the Supplemental Material.

2. FUNDAMENTALS
2.1. Acoustics

The simplest thermodynamic property model allowing for the calculation of vapor-liquid equi-
librium and nonideal thermodynamic states is the van der Waals model, which can be rigorously
derived using a statistical mechanics approach from an intermolecular potential (McQuarrie 1976,
Callen 1985).

Colonna & Guardone (2006) showed that the speed of sound of a polytropic van der Waals
fluid ¢ can be written as the sum of the ideal gas sound speed with ideal gas departure terms,
namely ¢ = ¢y, + 8¢, + 8¢,- The ideal gas and repulsive forces contributions ¢, and 8¢,
decrease with increasing molecular complexity. The ideal gas contribution ¢, is related to the
free motion and the elastic collisions of the molecules. Therefore, it increases with temperature
because the average molecular speed scales with /7, and it is independent of v, per the ideal gas
assumption of dimensionless (point-wise) molecules interacting only via elastic collisions. Thus,
¢} (T) is constant along isotherms. The repulsive force contribution is a positive contribution
to ¢ and depends on the fluid parameter 4, the covolume. This contribution tends to infinity as
the specific volume tends to the molecular covolume. Attractive long-range forces, depending on
the fluid parameter 4, increase the compressibility of the fluid, and therefore the attractive force

is the only negative term. Attractive van der Waals forces contributing to 8c?

0 5
contribution 8¢ attr

attr
are solely responsible for the nonmonotonic variation of the sound speed along isotherms, possi-
bly leading to the inversion of the dependence of the speed of sound on the density in isentropic
NICFD flows. Remarkably, the contribution of attractive forces is independent of N according
to the polytropic van der Waals model. The contribution of the effect of the attractive force is
somewhat masked by the two other contributions, which inversely depend on molecular com-
plexity. It follows that, at the same reduced thermodynamic state (a state identified in terms of
reduced state variables), the higher the molecular complexity of a fluid, the stronger nonideal gas-
dynamics effects are. According to the principle of corresponding states, these considerations are
general.

The local speed of propagation of a weak pressure disturbance in a fluid in uniform and possibly
nonideal conditions is given by w = u + ¢, where u is the local fluid velocity. Following Thompson
(1971), in a simple-wave flow with uniform entropy dw = du + dc = I' /(pc) dP, where I is the
fundamental derivative of gas dynamics,

c \ v/,

Upon compression (dP > 0), the local wave speed increases (dw > 0) only if I' > 0, as a re-
sult of the increase of both # and ¢, which becomes greater across an isentropic compression if
I' > 1. This is the case of, e.g., a polytropic ideal gas, for which I = (y + 1)/2 is constant and
greater than 1.If I" < 1, the local wave speed qualitatively replicates the wave speed variation in an
ideal gas, but it results from the sum of the contributions # and ¢, which have opposite signs. # in-
creases upon compression and decreases upon rarefaction, but ¢ does the opposite. The existence
of single-phase vapor thermodynamic states featuring I" < 1 depends on both the thermody-
namic state and the fluid molecular complexity (see the sidebar titled Fluid Classes and Molecular
Complexity).
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FLUID CLASSES AND MOLECULAR COMPLEXITY

The value of I depends on molecular complexity and thermodynamic state. A thermodynamic region whose states
feature I" > 1 exists regardless of the fluid molecular complexity. States with I" < 1 are possible only in the single-
phase nonideal region if the fluid is made of sufficiently complex molecules. Colonna & Guardone (2006) suggested
the following classification:

m Low molecular complexity (LMC) fluids. I" i, > 1 in the single-phase nonideal region. ¢ increases on isen-
tropic compression and decreases on isentropic rarefaction, similarly to polytropic ideal gas flows. Nitrogen,
water, carbon dioxide, and other molecularly simple fluids are LMC. LMC substances are used as working
fluids in, e.g., supercritical CO; power systems and heat pumps (see Section 4).

m High molecular complexity (HMC) fluids. Fluids featuring thermodynamic states with 0 < I < 1 in the
single-phase nonideal region [e.g., according to accurate thermodynamic models, toluene or siloxane MM
(hexamethyldisiloxane)]. If the substance is an HMC fluid, the variation of ¢ can be opposite to that occurring
in ideal gases: It can decrease upon compression and increases upon rarefaction. All other thermodynamic
properties of the fluid evolving within the flow are only quantitatively different from their corresponding
variations in dilute gas flows; therefore, the gas dynamics of LMC and HMC fluids is referred to as classical.
For example, the working fluids of high-temperature organic Rankine cycle power plants are HMC fluids
(see Section 4).

m Bethe-Zel'dovich-Thompson (BZT) fluids. Current thermodynamic models, although still insufficiently
accurate, predict that fluids made of very complex molecules such as siloxane D¢ or perfluorocarbon PP10
feature a single-phase thermodynamic region whose states are characterized by I < 0, allowing for nonclas-
sical gas dynamics (see Section 2.2). Despite several experimental attempts to verify its existence, no evidence
is available yet. BZT fluids are used in laboratory facilities for the scientific investigation of nonclassical gas
dynamics (see Section 3.3).

Exemplary T'-s diagrams of pure fluids and mixtures belonging to each of these fluid classes are reported in
Figure 2. Nonideal gas dynamic effects are not limited to flows of molecularly complex fluids. A notable example
is the supercritical flow of CO;, an LMC fluid, or flows of fluids whose thermodynamic states are close to the
vapor-liquid critical point.

2.2. Finite-Amplitude Nonlinear Waves

Considering an unsteady 1D wave, if I" > 1, the local wave speed w across a compression increases;
therefore, over a sufficiently long time, the compression profile steepens to form a compression
shock, which in turn causes the entropy to increase. On the contrary, the wave speed across a rar-
efaction diminishes, so the wavefront spreads over time and propagates isentropically. This wave
propagation mode is qualitatively the same as that occurring for ideal gas flows, while quantitative
differences exist due to nonideal thermodynamic effects. If the state of the fluid features 0 < I' < 1,
all flow variables change in the same way as in the case of a fluid with I" > 1, with the only ex-
ception of the speed of sound, which decreases upon compression and increases upon rarefaction,
a nonideal gas dynamic effect. Compressible flows of fluids whose thermodynamic states feature
I' > 0 are termed classical because waves propagate in a qualitatively similar way as they propagate
in ideal gas flows. Conversely, nonclassical gas dynamics may occur in the particular case in which
the fluid is in states for which I < 0. Wave propagation is inverted with respect to what happens
in classical compressible flows, and phenomena like rarefaction shock waves are admissible. The
wave speed diminishes across compression, leading to a wave profile spreading in space over time.

www.annualreviews.org o Nonideal Compressible Fluid Dynamics 245



a Carbon dioxide, CO, b Dy, C1,Hs36065is C Mixture of CO, and C,Hg (toluene)

1
PIP,

log(v/v,)

log(v/v,.)

01 02 03 04 05 06 07 08 09 10

Figure 2

Exemplary isolines of the fundamental derivative of gas dynamics in the pressure-volume thermodynamic plane (reduced variables),
where P is pressure, P, is critical pressure, v is volume per unit mass, v, is critical volume per unit mass, and I is the fundamental
derivative of gas dynamics. (#) Low molecular complexity fluid. (#) Bethe-Zel’dovich-Thompson fluid. (¢) Equimolar mixture that is a
high molecular complexity fluid.

These wave propagation modes are summarized in the sidebar titled From Thermodynamics to
Gas Dynamics. In the general case, due to the finite amplitude of the propagating wave, the value
of I may change as the wave evolves, and different combinations of the propagation modes may
be observed.

2.2.1. Prandtl-Meyer waves. Considering steady, adiabatic, and isentropic flows with no dis-
continuities, the total enthalpy per unit mass b, is constant along streamlines; hence, the Mach
number M = |u|/c is a function of one single variable, for example, the density. Thus, M = M(p)
and

p dM ! 1

P T~ — = JM; .
Mdp Mz J( 1ht7j)’ 4

FROM THERMODYNAMICS TO GAS DYNAMICS

Classical gas dynamics r>1 ac 0 Compression waves steepen into shock waves; rarefaction waves
9P A = extend.
r=1 dc Q Acoustic equation of state where P is a linear function of p, and
9P A = ¢ is constant.
0<I'<1 dc 0 The speed of sound decreases across an isentropic compression.
oP) =
Acoustic gas dynamics r~o0 A 0 Finite-amplitude waves propagate without distortion: No shock
aP ), waves can form.
Nonclassical gas <0 ac 0 Rarefaction waves steepen to form rarefaction shock waves;
dynamics oP ), = compression waves spread out. This is possible in the vapor
phase of Bethe-Zel’dovich-Thompson fluids.
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where both A, and s are constant parameters. For a polytropic ideal gas I > 1 and the quantity
J is thus negative, and the M monotonically increases over expansions, e.g., across a centered
Prandtl-Meyer expansion fan. If fluid thermodynamic properties are nonideal, the flow evolution
strongly depends on the upstream state, a nonideal thermodynamic effect (Wheeler & Ong
2013). Moreover, nonideal gas dynamic effects may occur. For HMC fluids, if fluid states feature
0 < I' < 1,J can be positive in the supersonic regime and M across an isentropic Prandt-Meyer
expansion wave decreases. Because M and I" vary along the process, a nonmonotonic M profile
may occur. If the fluid is BZT and if a flow occurs with the fluid featuring states with I' < 0, a
nonmonotonic variation of M along the process may occur even if the flow is subsonic (Cramer
& Best 1991, Romei et al. 2020).

2.2.2. Nonideal oblique shock waves. In addition to the nonideal dependence of the shock
polar on upstream conditions, another nonideal feature is the discontinuous increase of M across
the shock (Vimercati et al. 2018a). Weak oblique shocks from upstream states featuring J > 0 are
necessarily nonideal oblique shocks. Moreover, due to the effect of the entropy increase, nonideal
oblique shocks can occur from upstream states characterized by J < 0, although it is still required
that J > 0 along the shock adiabat connecting the upstream and downstream states. The stability
of nonideal shocks is discussed by Vimercati et al. (2018a).

2.2.3. Nonclassical gas dynamics. Flows of BZT fluids may exhibit characteristics that are
opposite to those of flows that have been termed classical. In particular, isentropic rarefaction
waves can steepen to form nonclassical rarefaction shock waves (Bethe 1942, Zel’dovich 1946,
Thompson & Lambrakis 1973, Kluwick 2001). In the literature, the portion of the thermodynamic
space of a fluid enclosing states whose I is negative is often referred to as the nonclassical gas
dynamics region or inversion region.

Moving from the general theory of Liu (1976) and Menikoff & Plohr (1989) for a sub-
stance whose thermodynamic properties are modeled with an arbitrary equation of state (EoS),
Zamfirescu et al. (2008) demonstrated the existence and uniqueness of the solution of the
Riemann problem for fluids in nonideal thermodynamic states, including for nonclassical flows.
The solution exists, and it is unique provided that the coefficient of thermal expansion is positive,
B=0v(T,P)/0T/v > 0,and provided that 0 Z(T, v)/0T > 0. This is the case in the dense vapor and
supercritical thermodynamic regions, as it can be verified using appropriately accurate thermo-
dynamic models. Note that 8 < 0 only in exceptional cases, e.g., for water at the freezing point.
Conditions for admissibility and existence of rarefaction shock waves are discussed in detail by
Thompson & Lambrakis (1973), Menikoff & Plohr (1989), Kluwick (2001), and Zamfirescu et al.
(2008), including the equilibrium within the shock layer. The stability of the multidimensional
shock front was studied by Bates & Montgomery (1999) and Vimercati et al. (2018b).

An interesting feature of nonclassical compressible flows is a consequence of the finite size of
the I < 0 region, which may result in the wave states crossing the I" = 0 locus during the wave
evolution. Crossing the I = 0 locus results in losing the genuine nonlinearity of the acoustic char-
acteristic fields (Menikoff & Plohr 1989). Loss of genuine nonlinearity results in the admissibility
of mixed wave propagation, with, e.g., a portion of a compression wave evolving as a classical shock
wave followed by a nonclassical isentropic continuous compression. Postshock sonic and preshock
sonic shock waves are also admissible, as well as double-sonic shocks with sonic conditions ahead
of and past a finite-amplitude shock wave. The nonclassical gas dynamics of mixtures was treated
by Guardone et al. (2014). Nonclassical oblique waves and wave interactions were discussed in
detail by Vimercati et al. (2018b, 2020).

2.2.4. Nonideal flows at the critical point. Nannan et al. (2014) analyzed the possibility of
observing nonideal and nonclassical gas dynamic effects in flows occurring with fluid states near
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Nonideal oblique
shock: shock that
causes an increase in
the Mach number
across the wave

Mixed wave: loss of
genuine nonlinearity
across the I' < 0
region possibly results
in mixed waves, e.g.,
triple waves composed
of two continuous
smooth rarefactions
embedding a
double-sonic
rarefaction shock wave

Sonic shocks: if flow
states cross the I' =0
curve, pre- and
postshock sonic states
are admissible; the
pre- and postshock
states are sonic in
double-sonic shocks
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Eckert number:

llz
Ec= %:‘%OC s
lso, Cp,,, Too are the
flow velocity, isobaric
specific heat, and
free-stream static
temperature; for an
ideal gas it reduces to
(y — HML,

where

Chapman-Rubesin
parameter:

— Hwpw
Cy = oyt where
Bws Pw and oo, Poo
are the density and

dynamic viscosity at

wall and free stream
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the critical point of pure substances, regardless of their molecular complexity. In the vicinity of the
vapor-liquid critical point, an analytical model cannot correctly predict the variation of thermody-
namic properties, and so-called scaling laws apply. By approaching the vapor-liquid critical point
from the single-phase vapor region, scaling laws predict I — oo for all fluids. On the contrary,
if the critical point is approached from the two-phase region, I' — —oo, theoretically allowing
for nonclassical gas dynamic effects in flows whose thermodynamic states cross the critical point
region.

2.3. Laminar Flows

NICFD effects on boundary layer quantities can be analyzed by means of the usual nondimen-
sional quantities characterizing the boundary layer equations, i.e., Re, Pr, and the Eckert number
Ec, which is related to both flow compressibility and molecular complexity. While variations of Re
and Pr with the fluid state only entail quantitative changes of the boundary layer characteristics,
variations of the Eckert number may lead to trends that are specific to a class of fluids.

Investigations about unperturbed laminar boundary layers of nonideal flows of BZT fluids on a
flat plate were first performed by Kluwick (1994). For a fluid in an arbitrary thermodynamic state,
Ec = O(M?28), where § = R/c, and My, is the free-stream Mach number. Therefore, contrary to
what holds for boundary layer flows of simple-molecule fluids in the ideal gas state, for which Ec =
(y — DM?, and Ec = O(M?2), in boundary layers of flows of fluids in nonideal thermodynamic
states, the condition Ec — 0 does not require that M2, — 0. For Ec — 0, the thermal and kinetic
flow fields are decoupled, the boundary layer is almost isochoric and isothermal, and the viscous
dissipation becomes insensitive to compressibility effects at all Mach regimes (Cramer et al. 1996,
Pini & De Servi 2020). HMC fluids are characterized by low values of 8, while, for low molecular
complexity (LMC) fluids, O(8) = 1. Remarkably, for the viscous flow of fluids made by complex
molecules, compressible effects are less relevant. Ideally, for § — 0, the specific heat is so large that
the temperature does not change within the boundary layer. Moreover, in addition to the isobaric
conditions in the normal direction, a well-known result of Prandtl’s boundary layer theory, the
variation of the density and of any other thermodynamic variable is very small.

The skin friction coefficient C and the dissipation coefficient Cp highlight distinctive features
of boundary layer flows of HMC and LMC fluids in the nonideal regime. Deviations from the
Blasius value of the skin friction occur if compressible effects come into play or, more specifically,
if the Chapman—Rubesin parameter deviates from unity (Cramer et al. 1996).

The validity of classical scaling laws for the skin friction coefficient in case of zero-pressure
gradient laminar boundary layers was investigated by Cramer et al. (1996). LMC and HMC fluids
in the dilute and dense vapor regimes were considered. Numerical calculations revealed that close
to the vapor-liquid critical point standard scaling laws do not hold due to the strong variation
of fluid thermophysical properties within the boundary layer. As expected, in the case of flows
of complex-molecule fluids, deviations are weaker because frictional heating and the associated
temperature variation across the boundary layer tend to decrease. Similar findings were obtained
by Pini & De Servi (2020), who investigated the impact of NICFD effects on the value of the
dissipation coefficient Cp related to the laminar boundary layer over a flat plate.

The effect of the adverse pressure gradient on boundary layer characteristics was examined by
Cramer etal. (1997) and Kluwick (2004). The response of a compressible boundary layer of a fluid
made of simple molecules subject to an adverse pressure gradient due to shock wave impingement
can be largely different depending on the thermodynamic conditions of the undisturbed flow.
Marginal separation can occur if the fluid is in near-critical or supercritical conditions, as opposed
to a well-developed separation in dilute gas conditions. For an HMC fluid in thermodynamic
conditions for which I < 1, boundary layer separation can also occur further downstream. For
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example, Kluwick (2004) showed that the variation of M, in the streamwise direction, which
follows the variation of I" due to the change of fluid thermodynamic state, can greatly affect the
flow characteristics and that itis possible to reduce, or even suppress, separation induced by adverse
pressure gradients for all fluids in nonideal conditions.

2.4. Instabilities in Wall-Shear and Free-Shear Laminar Flows

Atlow Mach number, the mechanism of transition is driven by viscosity and is related to Tollmien—
Schlichting instabilities above the critical Reynolds number. At higher speed, compressibility
effects dampen the growth rate of the perturbations and considerably increase the stability of the
base flow. Ren et al. (2019b) showed that, in case of flows of CO; in the supercritical state, non-
ideal thermodynamic effects enhance boundary layer stability over adiabatic walls, particularly
for high values of E, i.e., up to 0.2 (M < 2). The results of analysis based on linear stabil-
ity theory were substantially in agreement with those obtained with direct numerical simulation
(DNS). The same characteristics can be observed for flows in subcritical thermodynamic states,
where CO; is a compressible liquid. However, the CO, flow is highly unstable if the fluid is in
transcritical states close to the critical point, with the appearance of a new unstable mode. In
this case, friction heating causes large density perturbations as a result of the transition between
liquid-like and gas-like states within the boundary layer due to the thermodynamic states crossing
of the Widom line. Destabilization of laminar jet flows of fluids in transcritical thermodynamic
states as a result of the larger velocity fluctuations has also been observed by Sharan & Bellan
(2021).

If the fluid is in supercritical conditions and its states cross the Widom line, the transition from
liquid-like to gas-like states is made evident by large gradients of thermodynamic and transport
properties. These large variations have been found to promote instabilities in Rayleigh-Bénard
convection, swirling jet flows, channel flows and boundary layers of pure fluids (Ly et al. 2018,
Ren et al. 2019b), and binary mixtures (Ly & Ihme 2022). Transcritical effects also foster laminar-
to-turbulent transition in Poiseuille flows (Ren et al. 2019a). Gloerfelt et al. (2020) studied the
stability of adiabatic compressible boundary layers of fluids made of complex molecules in states
belonging to the I' < 0 and I < 1 thermodynamic regions. The authors concluded that the large
value of the specific heat is the driving factor inhibiting the thickening of the boundary layer by
friction heating, leading to a dampening of the perturbations and to the enhancing of flow stability.
For HMC fluids in the dilute gas limit, similar conclusions could be drawn. A remarkable feature
of the base flow of HMC fluids is also the absence of a generalized inflection point, which suggests
that, at least for adiabatic flows, the primary mechanism of transition is essentially viscous up to
Mach numbers featured in practical applications.

2.5. Turbulence and Heat Transfer

Turbulence kinematics and dynamics in compressible flows are much affected by variations of
fluid thermophysical properties such as dynamic viscosity, density, and speed of sound (Bradshaw
1977); thus, turbulence characteristics depend on the considered fluid class and thermodynamic
state (Tosto 2023) (see Figure 3). For example, given that the thermal energy input caused by
the dissipation of the turbulent kinetic energy (TKE) at the smallest scales has a larger impact
on the variation of thermophysical properties in LMC fluids rather than in HMC compounds,
one can expect that the most striking differences between turbulence generated in dilute gas flows
and dense-vapor flows occur if the fluid is made of simple molecules. When examining turbulence
in the context of NICFD, particular attention must be devoted to distinguishing between effects
related to fluid molecular complexity and those due to the nonideal thermodynamic state.
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Figure 3

Velocity fluctuations within the zero-pressure gradient turbulent boundary layer over a flat plate for air (fop) and siloxane
hexamethyldisiloxane in ideal (mziddle) and nonideal (bottonr) thermodynamic conditions. The calculations were performed with a direct
numerical simulation solver (Tosto 2023). Figure adapted from Tosto (2023) (public domain).
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Sciacovelli etal. (2017) and Duan etal. (2021) researched dense vapor effects on the largest and
smallest structures of homogeneous isotropic turbulence for an HMC fluid using DNS. Compared
to air, turbulence dynamics is primarily modified by effects related to molecular complexity, while
the small-scale dynamics can be significantly influenced by the local variations of the speed of
sound, i.e., it can be characterized in terms of I". Of particular relevance is the fact that global
flow kinematic properties are barely affected by the type of fluid molecules.

Vadrot et al. (2021) reported a numerical comparison of the turbulent characteristics in a com-
pressible mixing layer for air and for a dense vapor of an HMC fluid in different thermodynamic
conditions. The most remarkable outcome is that the growth rate of the mixing-layer momen-
tum thickness is similar, and it becomes larger for the HMC fluid only if strong compressibility
effects come into play. However, at the smallest scales, turbulence dynamics is substantially dif-
ferent, possibly highlighting the need for ad hoc subgrid scale models for large eddy simulation
(LES). Moreover, the change of the thermodynamic state has a negligible impact on the temporal
evolution of the mixing layer. This is possibly due to the dominant effects of molecular complexity.

In wall-bounded flows, turbulence is primarily modulated by strong wall-normal gradients of
density and viscosity, which in turn affect the speed of sound, the local Mach number, and the
local Reynolds number. Strong variations of thermophysical fluid properties can occur in LMC
fluids at supercritical or dense vapor states. Either friction heating or heat transfer can cause highly
nonlinear density and viscosity changes in these fluids, which in turn affect turbulence. The pi-
oneering studies of Pecnik & Patel (2017) demonstrated that leading-order effects of variable
properties on turbulence can be characterized in terms of semilocal Reynolds number, while the
classical law of the wall can be retrieved, albeit within a certain degree of accuracy in the log re-
gion, by applying the transformation to the velocity distribution proposed by Trettel & Larsson
(2016). The observation that the flow characteristics of an HMC fluid in dense vapor or ideal gas
states vary similarly to how they vary for incompressible flows would also apply, from a macro-
scopic viewpoint, to turbulent quantities. This has been confirmed by Sciacovelli et al. (2020) by
means of DNS, as they show that integral quantities such as Cy or the Nusselt number Nz can
be accurately predicted using correlations developed for incompressible flow even at very high
Mach numbers, as the state of the boundary layer is almost insensitive to friction heating. Correct
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scaling of the velocity distributions can be obtained for these fluids by means of, e.g., the Tret-
tel and Larsson transformation. Compressibility effects can be appreciated only by inspecting the
pressure and density fluctuations, which have been found to be of the same order of magnitude of
those occurring in air flows.

Improvements of existing eddy viscosity models applicable to wall-bounded nonideal turbulent
flows require that the effects of strong wall-normal gradients of density and viscosity are accounted
for in the TKE equation (Pecnik & Patel 2017, Otero et al. 2018). Using the semilocal Reynolds
number, Otero et al. (2018) derived an alternative formulation of the TKE equation, which can
be used in conjunction with eddy viscosity turbulence models, and adapted five eddy viscosity tur-
bulence models to account for variable thermophysical properties. The authors showed that the
original Spalart-Allmaras (SA) model provides accurate estimations of the velocity and tempera-
ture distribution also in case of variable-property turbulent flows and, as such, should be used for
simulating nonideal compressible flows. However, other common turbulence closures can provide
results that are in qualitative agreement with the results of DNS of nonideal flows of HMC fluids
and can therefore be adopted if performing Reynolds-averaged Navier-Stokes (RANS) compu-
tations (Sciacovelli et al. 2018). The recent study by Schuster et al. (2023), in which the authors
assessed density and compressibility corrections to the SA and SST-kw turbulence models, and
that of Tosto (2023) corroborate the outcome that those model improvements have a negligi-
ble impact on the results of wall-bounded simulations of HMC fluid flows. The variation of fluid
thermophysical properties can substantially affect heat transfer in supercritical fluid flows (Peeters
etal. 2016, Kawai 2019), and a proper value of the turbulent Prandtl number Pr, is needed for the
accurate modeling of heat transfer effects with RANS solvers (Sciacovelli et al. 2018).

2.6. Inviscid Nozzle Flow

Cramer & Best (1991) examined steady isentropic flows in the nonideal regime and pointed out
that the Mach number does not necessarily increase monotonically with decreasing density if the
thermodynamic states of the fluid feature I" < 1, which is possible for HMC and BZT fluids. In
nonclassical nozzle flows, the number of sonic points may increase from one to three, resulting
in the occurrence of rarefaction shocks in the convergent and divergent sections of the nozzle
(see Chandrasekar & Prasad 1991, Cramer & Fry 1993, Kluwick 1993). Thompson (1971) was
the first to investigate the role of the sign of I in these paradigmatic flows, demonstrating that an
antithroat is required to accelerate the fluid to supersonic speed.

Figure 4 depicts the variation of the area distribution and Mach number along the nozzle cen-
terline related to exemplary simulations of supersonic nozzle expansions of fluids representative
of the LMC, HMC, and BZT classes. Figure 44 shows the nozzle design for CO; operating in
nonideal and ideal conditions, together with the variation of the Mach number. Differences with
respect to ideal gas behavior are limited to nonideal thermodynamic effects, and the solution is
qualitatively similar to that obtained on the basis of the dilute gas approximation. Figure 45 dis-
plays the same chart for fluid MM (hexamethyldisiloxane). In addition to nonideal thermodynamic
effects resulting in a larger nozzle exit area for the same exit Mach number, a nonideal gas dynamic
phenomenon is apparent: the nonmonotonic Mach number profile in the divergent section of the
nozzle, where J > 0, which is possible only for HMC and BZT fluids. Figure 4¢ displays nozzle
design for a BZT fluid (D), in which, for J < 0, a nonmonotonic Mach trend in the converging
section of the nozzle can occur.

Given the dependence of I' on total conditions, the flow evolution varies if the reservoir
or total conditions are changed, a feature of nonideal flows. Qualitative changes of the sound
speed and Mach profiles quantitatively affect the variation of the density, pressure, and velocity,
which, however, all preserve the qualitative features of ideal flows. Romei et al. (2020) studied the
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Exemplary supersonic nozzle designs for fluid representative of the (#) LMC, () HMC, and () BZT classes assuming nonideal (top) and
ideal (bottom) thermodynamic models of the fluid, where H is half of the throat height and M is the Mach number. Abbreviations:

BZT, Bethe-Zel’dovich-Thompson; HMC, high molecular complexity; LMC, low molecular complexity; MM, siloxane
hexamethyldisiloxane. Figure adapted from Zocca et al. (2023).

dependence of the flow quantities on total conditions and showed that for MM, if the fluid at the
inlet is in a nonideal thermodynamic state, a larger area ratio A /Ay, is required to accommodate
the larger variation of the volume flow rate. Condi et al. (2021) showed how the critical pressure
ratio P*/P, in sonic conditions strongly depends on the thermodynamic nonideality of the fluid
states and the flow path is governed by the evolution of values and gradients of both the com-
pressibility factor Z and the fundamental derivative of gas dynamics I". For HMC fluids, P*/P;
increases with nonideality for 0.5 < Z, < 0.9. The same trend was observed experimentally by
Spinelli et al. (2018). If the nonideality of the fluid at the inlet is even stronger (Z, < 0.5), due
to considerable gradients of both Z and I', the variation is no longer monotonic, with a possible
strong reduction of the critical ratio. For simple-molecule fluids, deviations of the pressure distri-
bution with nonideality are smaller, and different fluids do not exhibit a common trend. Guardone
& Vimercati (2016) derived an exact procedure for the solution of the nozzle flow equations for
the general case of a fluid with nonideal thermodynamic properties, including shock waves, and
listed all possible solutions to the nozzle expansion problems for LMC, HMC, and BZT fluids and
their dependence on stagnation conditions. (See the sidebar titled Nonideal Compressible Fluid
Dynamic Effects.)

3. MODELS AND METHODS
3.1. Numerical Methods for Flow Simulations

The generalization of a flow solver from ideal to nonideal conditions is not trivial. The use of
complex fluid models coupled with the flow governing equations, either implemented in external
libraries or directly coded into the flow solver (see Section 3.2), significantly impacts the nu-
merical solution stability and computational cost. In ideal gas CFD solvers, the internal energy
and the enthalpy depend on temperature only and are often used interchangeably; in NICFD,
thermodynamic properties depend on two thermodynamic variables. The computational time
required by an NICFD simulation can increase by as much as two orders of magnitude with
respect to the equivalent simulation of an ideal gas flow. Acceleration techniques, including look-
up tables (LUTS), can reduce the computational effort (see Section 3.2). When selecting the
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NONIDEAL COMPRESSIBLE FLUID DYNAMIC EFFECTS

Nonideal thermodynamic effects are effects caused by nonideal thermodynamic properties that do not cause the
qualitative departure of the flow characteristics from those of ideal gas flows. However, property values and varia-
tions of flow quantities along processes are quantitatively different from those of an ideal gas flow. For example, for
a specified expansion ratio, the Mach number at the outlet of a supersonic nozzle depends on total thermodynamic
conditions, whereby it depends on the geometry and on y only if the expanding fluid is an ideal polytropic gas.

Nonideal gas dynamic effects are effects caused by nonideal thermodynamic properties that result in qualitatively
different flows if compared to ideal gas flows. Examples are the nonmonotonic variation of the Mach number
across expansions, classical nonideal oblique shocks, nonclassical rarefaction shock waves and mixed waves, and
the incompressible-like flow within the boundary layer if fluid thermodynamic states are not in the proximity of
the Widom line or the critical point. These effects, therefore, occur in both classical and nonclassical compressible
flows.

thermodynamic property model, one must also consider the specific needs of computational fluid
dynamics (CFD) software. For example, the evaluation of the advective-flux Jacobian required by
implicit CFD schemes entails the evaluation of the pressure derivatives with respect to the specific
internal energy and the density (Colonna & Silva 2003).

Several RANS solvers, including both open-source (Vitale et al. 2015, Qi et al. 2022) and com-
mercial (Romei et al. 2020) codes based on well-established finite volume schemes, are available.
Colonna & Rebay (2004) reviewed early efforts to simulate NICFD flows that relied on various
methods ranging from finite differences to finite volume schemes, including approximate Riemann
solvers generalized to so-called real gas flows. The generalization of numerical methods originally
devised for ideal gas flows must account for the different mathematical properties of the governing
equation. First, the advective flux function in the Navier-Stokes equation is no longer a homo-
geneous function of degree one, resulting in the Jacobian matrix of the fluxes dependence on the
density in addition to the velocity and total enthalpy (Rinaldi et al. 2015). This requires, e.g., the
explicit computation of an average density value in the Roe linearization process (Guardone &
Vigevano 2002) or the use of a non-Jacobian form of the Roe matrix (Cinnella 2006). The loss of
genuine nonlinearity possibly occurring in flows of BZT fluids, and the consequent occurrence of
nonclassical phenomena (Section 2.2.3), is an additional challenge that might prevent the straight-
forward application of numerical schemes devised for ideal gases. A notable example is the use of
techniques for enforcing the fulfillment of the entropy condition in shock-capturing schemes. En-
tropy fixes based on artificial viscosity, such as the Harten and Hyman fix, have been successfully
applied to the solution of NICFD computations (Guardone & Vigevano 2002). The extension to
the NICFD case of simplified flow solution methods, such as the method of characteristics (Zocca
et al. 2023), quasi-1D solvers (Vimercati & Guardone 2018), or through-flow methods (Pini et al.
2015), requires addressing similar issues. Vitale et al. (2015, 2020) reviewed boundary conditions
for the simulation of NICFD flows. It is common to experience that correctly initializing NICFD
simulations can be very time-consuming. A systematic study on strategies to set up the initial flow
field is lacking in the literature.

The discretization of advective fluxes in LES and DNS solvers for NICFD is often based on
high-order central-difference or finite-difference schemes with shock-capturing corrections. In
this case, the only modification required to adapt a high-order solver developed for ideal gas flows
is limited to implementing computationally efficient thermodynamic models. On the contrary,
weighted essentially nonoscillatory reconstruction schemes require significant modifications of
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the formulation of the numerical fluxes (Duan et al. 2021). Research on the application of LES and
DNS models to the simulation of NICFD flows to better understand detailed physical phenomena
is particularly active (Sciacovelli et al. 2017, Touber 2019, Giauque et al. 2020). For example, high-
fidelity simulations are used to investigate bypass transition and mixing of shear layers. DNS data
are instrumental in fine-tuning turbulence models suitable for the simulation of NICFD flows (see
Section 2.5). In nonideal flows, low values of the Mach number do not necessarily imply that the
flow is incompressible or quasi-incompressible. Methods for the simulation of low Mach number
NICFD flows are currently being developed (see, e.g., the study in Re & Abgrall 2022).

Optimization techniques initially developed for ideal flows have been successfully applied to
the design of components operating in the nonideal flow regime, such as, e.g., supersonic vanes
of ORC turbines (Vitale et al. 2017, Persico et al. 2019). Vitale et al. (2017) applied automatic
differentiation tools to devise adjoint NICFD solvers. The automatic differentiation process is not
straightforward if external thermodynamic property libraries are involved and proper numerical
treatment is needed (Rubino et al. 2021).

The verification and validation of NICFD solvers is a goal not yet fully accomplished due
to the scarcity of experimental data and the uncertainty of the operating conditions and models.
Uncertainty quantification techniques have been applied to quantify the uncertainty due to ther-
modynamic models (Razaaly et al. 2019). The possibility of tuning thermodynamic parameters
via Bayesian inference from experimental data is discussed by Gori et al. (2020b). The impact of
geometrical uncertainties was first assessed by Razaaly et al. (2019). Shape optimization under un-
certainty was first carried out by Cinnella & Hercus (2010), including operating conditions and
model parameters.

The first validation of a CFD code against experimental data under both numerical and ex-
perimental uncertainty was documented recently by Gori et al. (2020a), with experimental data
obtained with the test rig for organic vapors (TROVA) facility (see Section 3.3.1). Figure 5z shows

a Schlieren image with computed density isolines b Mach number measurements and
superimposed to the photograph trend obtained with CFD simulations
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Figure 5
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(@) Supersonic flow of dense MDM vapor around a diamond-shaped airfoil at the outlet of the converging-diverging nozzle of the
TROVA. I" = 0.92 upstream of the wedge. (b)) Comparison of M measurements (black filled circles) against CFD simulation results
obtained along the centerline of the divergent part of the nozzle: The orange line indicates values up to the leading edge of the
diamond-shaped airfoil; the orange x indicates single point values after the oblique shock wave and after the expansion fan.
Uncertainties of measured data are also indicated. Abbreviations: CFD, computational fluid dynamics; M, Mach number; MDM,
octamethyltrisiloxane; TROVA, test rig for organic vapors. Figure adapted from Zocca (2018) (public domain) and Zocca et al. (2019)

(CC BY 4.0).
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a schlieren image of the supersonic flow around a diamond-shaped airfoil, with superimposed den-
sity isolines from numerical simulations. The fluid is accelerated from nonideal conditions (total
conditions are T, = 277°C, P, = 8.7 bar, I, = 0.61, Z, = 0.7) to Mach 1.6. Figure 5b displays
the indirect measurements of the Mach number obtained from the angle of the Mach lines made
evident by schlieren photographs (Cammi et al. 2021). The flow field, with leading and trailing
edge oblique shocks and a Prandtl-Meyer fan at the maximum thickness point, was simulated with
a good degree of accuracy.

3.2. Modeling of Fluid Thermodynamic and Transport Properties

3.2.1. Thermodynamic property modeling. The accuracy and consistency of property models
are particularly relevant in NICFD because theoretical formulations and numerical simulations of
flows strongly depend on the accurate estimation of derivatives of primary properties (e.g., ¢ and
I"). Thermodynamic models are based on EoSs expressing relations between properties. Forms
of EoS models are explicit either in the specific Helmholtz energy, 2 = a(T, v), or in pressure, P =
P(T, v) (see, e.g., Reynolds & Colonna 2018, chapters 6 and 8). These models must be bounded
by conditions expressing limits pertaining to the existence of the molecule, like, e.g., the limit of
thermal stability of a fluid.

Helmholtz-based EoS models (Span 2000) are semiempirical: They are based on some physical
concepts and thermodynamic bounds but result from the complex constrained regression of a large
amount of accurate experimental thermodynamic property measurements (e.g., PvT data, ¢ data).
The accuracy of these multiparameter EoS models is correlated to the number of parameters:
They are classified as reference or technical models.

A large variety of cubic equation of state (CEoS) models usually expressed as P = P(T, v) are
available; also see the review by Lopez-Echeverry et al. (2017) for the accuracy of CEoSs. They
have a theoretical basis, being all derived from the van der Waals model; data exist for many fluids
and can easily be extended to compute mixture properties.

A thermodynamic model valid only for dense-vapor states is the so-called virial EoS. Such a
model, often expressed as a Taylor expansion of the compressibility factor, is rather accurate and
has a strong theoretical foundation as it can be rigorously derived from statistical thermodynamics
theory. However, it is valid only for mildly nonideal states, and fluid data are scarce.

Another family of physics-based models that is now commonly adopted is derived from sta-
tistical associating fluid theory (SAFT) (see Gross & Sadowski 2001). The Helmholtz energy is
expressed as the sum of contributions due to hard-sphere repulsive interactions, chain formation
through bonding of hard spheres, and association of molecules. These contributions are accounted
for in terms of molecular parameters, obtained from a description of the molecular potential,
whose constants are available in databases or can be obtained from measurements or molecular
simulations (so-called ab initio calculations). The accuracy of SAFT models is remarkable, given
the small number of parameters they depend on.

Statistical thermodynamics theory is also the rigorous foundation of numerical methods for
the calculation of thermodynamic properties (McQuarrie 1976). However, its use in the context of
flow simulations is impractical due to the excessive computational cost. Statistical thermodynamics
can be used to support the derivation of EoS models, albeit still limited to simple molecules.

Properties of fluid mixtures can usually be calculated with the same EoS models of pure fluids,
whereby fluid parameters are related to pure-compound constants by means of so-called mixing
rules. Mixing rules are semiempirical relations; therefore, experimental vapor-liquid-equilibrium
data are most often needed for fitting. Given the complex interaction between different
molecules, the accuracy of mixture property models is lower if compared to that of pure-fluid
models.
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Within the context of NICFD, many EoS models have been used for theoretical and numer-
ical studies. The van der Waals model has been adopted in the initial studies on nonclassical gas
dynamics and to date for the derivation of theoretical insights. This simple model correctly de-
scribes the qualitative variation of properties and allows for analytical developments, although the
calculation of properties of dense vapor states is inaccurate. In particular, it largely overpredicts
values of I'.

Colonna & Silva (2003) provided a compendium of all secondary thermodynamic proper-
ties needed by implicit RANS flow solvers and their analytical derivation from EoSs in the
P = P(v, T) form. In a series of studies, Colonna et al. (2009) demonstrated that several substances
of the siloxanes family may be BZT fluids and assessed the possible accuracy of the I" calculations
by comparing the results of evaluations performed with reference and technical EoSs for sim-
ple molecules, concluding that technical multiparameter models might more accurately estimate
secondary properties of dense vapors if compared to CEoSs, provided that they are fitted on a
sufficient number of accurate experimental data. More recently, Castier & Cabral (2012) evalu-
ated I” for the saturated vapor of approximately 1,800 substances using Peng-Robinson types of
CEoS. Especially in the case of complex organic compounds, experimental data are few and the
estimation of I is affected by large uncertainty, to the point that there cannot be confidence that
BZT fluids exist. A first attempt at measuring the speed of sound of a complex organic compound
in the dense vapor region was performed by Mercier et al. (2023), but more data for more fluids
and with reduced uncertainty would be desirable.

Many of the mentioned models are implemented in software libraries on which CFD software
often relies for the computation of needed fluid properties. All these models are based on functions
whose dependent variables—i.e., P(T, v) and a(T, v)—are different from the variables appearing in
the flow motion equations, i.e., primitive or conservative variables. The evaluation of properties
therefore requires computationally expensive iterations and, if the phase of the specified state is
unknown, also a so-called phase check with lengthy vapor-liquid equilibrium calculations. Among
the many methods that can be adopted to reduce computational time, so-called LUT algorithms
are the ones most often adopted in both commercial and open-source flow solvers. These algo-
rithms can be classified as consistent or inconsistent (Swesty 1996). Consistency may be relevant
for scale-resolved flow simulations, while in the case of RANS simulations, experience showed
that the computational performance of the two approaches is comparable. However, a rigorous
study on this matter is lacking in the literature (Rubino et al. 2018).

Machine learning techniques are a promising tool to develop computationally efficient surro-
gate thermodynamic models. Milan et al. (2021) performed a first comprehensive study on the use
of a deep feed-forward neural network with appropriate boundary information to calculate the
thermophysical properties of a multicomponent mixture for the simulation of supercritical fluid
injection. Finally, another emerging technique is based on approximating fluid thermodynamic
properties with Chebyshev expansions (Bell & Alpert 2021). So far, the method has been applied
to evaluate the vapor-equilibrium properties of pure fluids, demonstrating a very high level
of accuracy and a reduction of computational time of two orders of magnitude compared to
traditional methods. Extending the method to functions of two independent thermodynamic
variables for single-phase calculations should be possible, resulting in fast computations at the
cost of memory usage.

3.2.2. Transport property modeling. Transport properties affecting NICFD are viscosity and
thermal conductivity (see Sections 2.3 and 2.5). The relevance of the accuracy of transport prop-
erty models to the simulation of NICFD flows has not been documented yet. A well-established
reference for the fundamentals of transport properties computation is Properties of Gases and Liquids
by Poling et al. (2001) (see chapter 9 for viscosity and chapter 10 for thermal conductivity).
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For fluids in the ideal gas state, the simple Sutherland’s law for air can be extended to other
fluids with appropriate coefficients, while the assumption of constant Prandtl number, generally
valid for diluted gases, provides a way to compute the thermal conductivity. If the pressure is low,
viscosity and thermal conductivity depend only on temperature.

The effect of pressure on viscosity and thermal conductivity becomes significant for 1 < 7, <
1.5 and P > P.. At the critical point, both transport properties diverge. The viscosity of a high-
pressure vapor depends strongly on density. The pressure dependence of the thermal conductivity
of a high-pressure vapor is more complex: It increases with increasing gradient with the state
approaching the vapor-liquid critical point.

Several methods to predict dense-vapor or supercritical fluid viscosity were devised and are ex-
pressed as the sum of an ideal gas term and a departure function. Poling et al. (2001) recommend
the use of the Chung method for the calculation of high-pressure vapor viscosity of both polar
and nonpolar compounds over the transport property prediction (TRAPP) method. Errors of the
order of a few percent are to be expected, except close to the critical point and for states featur-
ing a density of the same order of magnitude of liquids, whereby the error may be higher. Both
the Chung and TRAPP methods have been extended to mixtures, whereby parameters include
the dependence on the composition (one-fluid approximation), and the accuracy decreases with
respect to pure-fluid models.

The TRAPP method was further developed into extended corresponding state models
(Chichester & Huber 2008). Extended corresponding state models can be very accurate, if mea-
surements are available, but are computationally demanding. The residual entropy scaling method
is computationally very efficient and simple to implement, and its accuracy can be comparable to
that of extended corresponding state models (Bell & Laesecke 2016).

In recent years, Novak (2011) developed an entropy scaling model for viscosity. Lotgering-Lin
& Gross (2015) further developed the concept, using the perturbed-chain polar SAFT EoS for the
estimation of the residual entropy. Variants of the entropy scaling approach are based on the use
of different EoSs, e.g., Helmholtz-based multiparameter (Bell & Laesecke 2016). Much research
is also devoted to extending entropy scaling models to calculate transport properties of mixtures
(Yang et al. 2022).

Another development in the field is the friction theory of Quifiones-Cisneros et al. (2000),
whereby a classical mechanic model of viscosity is obtained by assuming that viscosity is the result
of momentum exchange between layers moving at different velocity and interacting as van der
Waals molecules. Quifiones-Cisneros et al. (2021) very recently extended this model to compute
thermal conductivity and provide a clear summary of friction theory for viscosity, current status,
and measurement techniques for thermal conductivity.

3.3. Experimental Techniques

3.3.1. Test facilities. Arguably, the first document reporting NICFD experiments is the PhD
thesis of Duff (1966). Professor Thompson and colleagues studied liquefaction shocks in dense or-
ganic vapors of so-called retrograde fluids (Dettleff et al. 1979). Kutateladze et al. (1987) were the
first to perform experiments aimed at proving the existence of rarefaction shock waves. Their re-
sults were later confuted (see, e.g., Nannan et al. 2013). Bier et al. (1990) extended Duff’s research.
Anders et al. (1999) adopted SF; as the working fluid of a wind tunnel for transonic aerodynamics
experiments. The second attempt to detect a rarefaction shock wave was initiated by Fergason
etal. (2003) but failed due to the thermal decomposition of the working fluid. Lettieri et al. (2015)
conducted supersonic supercritical CO; expansion/condensation experiments. An inconclusive
assessment about the acceleration of rarefaction waves in the dense vapor of Dy is reported by
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a The TROVA at Politecnico di Milano b The CLOWT at Miinster University € The ORCHID at TU Delft
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(a—c) Exemplary experimental setups currently operated to investigate NICFD flows. Abbreviations: CLOWT, closed loop organic
vapor wind tunnel; NICFD, nonideal compressible fluid dynamics; ORCHID, organic Rankine cycle hybrid integrated device;
TROVA, test rig for organic vapors; TU Delft, Delft University of Technology.
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Mathijssen et al. (2015). Recent developments of this research are reported by Chandrasekaran
(2023).

Currently operated NICFD setups include those devoted to the study of fundamental fluid me-
chanics aspects [these are briefly reviewed here (see, e.g., Figure 6)] and those employed to study
specific industrial applications. The TROVA at Politecnico di Milano (Figure 64) is a blow-down
facility commissioned in 2013, while NICFD experiments started in 2015 (Spinelli et al. 2017).
Maximum operating pressure and temperature are 50 bar and 400°C. The test section can be
adjusted to obtain paradigmatic compressible flow fields, a calibration section for NICFD instru-
mentation, and used to test components of industrial interest (e.g., turbine blade cascades). The
total conditions at the inlet of the test section are time dependent, but a sequence of quasi-steady
conditions can be obtained. The test section is equipped with one-sided optical access, pressure
probes, taps for total and static pressure measurements, and miniaturized thermocouples for total
temperature measurements. The facility is designed to operate with various working fluids and can
generate flows ranging from subsonic to highly supersonic. Supersonic expansions of dense MDM
vapor through a De Laval nozzle affected by appreciable nonideal effects were studied by mea-
suring the static pressure and supersonic Mach number along the nozzle centerline (Spinelli et al.
2018). The local Mach number was obtained by numerically processing schlieren images display-
ing Mach lines that form due to the roughness of the nozzle metal surfaces (Cammi et al. 2021).
The local pressure ratio and Mach number measurements depend on the inlet total state. Succes-
sively, Zocca et al. (2019) investigated steady oblique shock waves forming due to the interaction
with a diamond-shaped airfoil. The measurements confirm the predictions of shock wave theory
for 2D steady flows if adapted to the NICFD case. Experimental data confirm the nonideal depen-
dence of the pressure ratio across the shock on stagnation conditions. A laser Doppler velocimetry
(LDV) system, including a novel seeding device, was employed for measurements of subsonic and
supersonic flows (Gallarini et al. 2021). The velocity field was compared with the result of flow
simulations and with velocities computed from pressure and temperature measurements. In both
cases, the maximum deviation between measured and computed velocities is 6.6%. MM was also
the working fluid of experiments aimed at measuring total pressure losses across shocks (Conti
et al. 2022b). A total pressure probe was inserted at various positions in the diverging part of the
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nozzle at flow conditions that are representative of the operation of the first stage of an ORC
turbine. Measured shock losses were compared with the results of numerical solutions of the con-
servation equations across a normal shock. The difference between measured and calculated values
is always lower than 2%. It was documented that flow nonideality affects shock intensity: Even
at the mildly nonideal conditions of the experiment, the shock is considerably stronger than the
shock that would form in an ideal gas flow with the same preshock Mach number.

The closed-loop organic vapor wind tunnel (Figure 6b) commissioned at Miinster Univer-
sity of Applied Sciences in 2019 is a Gottinger-type facility (closed-loop vapor cycle) aimed at
generating continuous compressible subsonic and transonic flows with low turbulence levels. A
compressor provides pressurization, while the temperature at the inlet of the test section is con-
trolled with a finned heat exchanger. The setup was designed for the working fluid Novec 649,
CF;CF,C(O)CF(CFj3),. The initial experiments were aimed at characterizing the test section in
terms of turbulence and at demonstrating the use of hot wire anemometry in organic vapor flows.
Recently, a study on a circular cylinder in the cross-flow of dense vapor and air was carried out
(Reinker et al. 2021). Two flow regimes were considered, one at almost incompressible conditions
(M < 0.4) and another in compressible subsonic conditions (0.4 < M < 0.8). The nonideality
of the flow was mild (0.87 < Z < 1). Information on the surface pressure field was obtained us-
ing time-averaged pressure measurements and was used to calculate the drag and base-pressure
drag coefficient. Comparing the organic fluid flow features with those of the airflow allowed
the assessment of the influence of nonideality, molecular complexity, and flow configuration for
these operating conditions. Data showed that nonideal gas dynamic effects have little influence
on overall drag and only influence the flow field locally.

The ORC hybrid integrated device (Head 2021) (Figure 6¢) was commissioned at Delft
University of Technology (T'U Delft) in 2018. It implements a regenerated Rankine cycle that
can feed two test sections, alternatively, with dense organic vapor. One test section is for fun-
damental studies and currently consists of a convergent-divergent nozzle with multiple optical
access. The other is a test bench for high-speed ORC turbines. The limiting operating conditions
for the organic vapor at the inlet of the test section are 7'= 400°C and P = 25 bar. The organic
vapor is heated via a thermal oil loop by an electric furnace delivering a maximum thermal power
of 400 kW. It was designed to be able to accommodate various working fluids and is explosive
atmospheres certified. The first experimental campaign (Beltrame et al. 2021) was dedicated to
the generation of data for the validation of CFD codes. Mach waves generated by the supersonic
expansion of MM and recorded in schlieren images were used to calculate the local Mach number
along the centerline. The thermodynamic state of the fluid at the nozzle inlet was close to the
critical point. The maximum deviation between the measured and the calculated Mach number is
4.4%. Recently, the angle of a shock wave generated by a 5° wedge placed at the nozzle exit was
also estimated, and the pressure profile was measured (Head et al. 2023).

A Ludwieg tube—type setup operates at Cambridge University (Baumgirtner et al. 2020). The
test section is used to perform measurements in a miniaturized annular cascade. The first study
focused on air, CO;, R134a, and argon as working fluids in ideal gas states, and the objective was
the assessment of the influence of specific heat ratio on the fluid dynamic losses in the annular
cascade. Wall static pressure measurements were compared with simulations.

Learning from the experience gained with the FAST setup, TU Delft researchers recently de-
signed the much smaller and simpler asymmetric shock tube for experiments on rarefaction waves
(Chandrasekaran 2023). The triggering mechanism is a glass diaphragm. Preliminary experiments
using Dy at thermodynamic conditions for which nonclassical effects are theoretically predicted
show that the speed of the wave, also measured in this case with a time-of-flight method, remained
constant or slightly increased. More experiments are underway.
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3.3.2. Measurement techniques. The velocity vector, pressure, temperature, possibly density,
and—in supersonic flows—Mach number can be measured directly. From them, derived measure-
ments can be obtained. Often challenges arise due to the high temperature of the fluid and/or the
risk of condensation. For P measurements the materials of sensors and lines must be chemically
compatible with the fluid and suitable for relatively high temperatures; in addition, transducers
are often sensitive to temperature and thus require combined P, T calibration. In case of remotely
mounted sensors, condensation may occur within lines, implying errors due to liquid head and
menisci formation. Moreover, the frequency response much decreases due to the very low vapor
mass flow rate feeding the line. These issues can be solved by periodically flushing the lines (Head
2021, Conti et al. 2022a). If the flow is subsonic, the total pressure can be measured directly with
a pressure probe, while for supersonic flows additional data are needed to solve the jump rela-
tion across the probe-induced bowed shock (Manfredi et al. 2023). In the case of air in ideal gas
states, P, upstream of the probe-head shock is retrieved via probe calibration, usually unavailable
for nonideal flows because a fluid- and condition-specific calibration would be required, being P,
losses depend on Z and I'. Probes must be carefully designed because they are subjected to high
mechanical loads and vibrations caused by the high density and speed of the fluid.

Velocity measurements can be obtained by means of directional (multi-hole) pressure probes,
hot wire anemometry, and—if the fluid is transparent—LDV or particle image velocimetry (PIV).
The successful use of directional multi-hole probes in NICFD flows is not documented in the
literature yet, and first attempts resulted in quite inaccurate measurements (see Schaffer et al.
2022). Two-dimensional LDV has been recently employed to measure the flow velocity of MM
vapor (Gallarini et al. 2021) by solving the challenge of seeding such a high-temperature flow. The
seeding method is also applicable to PIV. Hot wire anemometry is suitable to measure the velocity
field. Its high-frequency response may allow resolution of turbulence fluctuations. However, the
need for wire robustness limits miniaturization and hence time resolution. Preliminary work is
documented by Hake et al. (2022).

Flow temperature can be measured with thermocouple or resistance thermometers. The total
temperature measurement in high-speed flows requires calibration to retrieve the recovery fac-
tor 7, which depends on the fluid, the Mach number, and the operating conditions. Calibration
supported by CFD simulations is considered reliable due to the simple geometry of the sensing
element and its limited impact on the 7 value.

Density gradients in transparent vapor flows can be visualized by means of schlieren techniques.
In NICFD flows, sensitivity to density gradients is higher than in ideal gas flows due to the higher
density. For a given density ratio gradient, the light deviation is proportional to the total flow
density and to the Gladstone-Dale constant K (Conti et al. 2017). Background-oriented schlieren
techniques can also measure density gradients (Sundermeier et al. 2023). Density values can be
obtained by integration if a reference value can be measured. Spatial resolution may be limited by
both background pattern dimension and camera resolution. Distortions induced by high-density
gradients may result in blurred patterns. For high-temperature flows, density variation along the
optical path due to the natural convection of surrounding air may cause further errors.

4. APPLICATIONS
4.1. Fluid Machines

NICEFED effects can be relevant in supersonic and transonic turboexpanders/compressors and may
be appreciable even if the flow Mach number is lower, such as, e.g., in turbopumps operating in
the compressible liquid regime.
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Figure 7

The high-speed (100 krpm) supersonic ORC turbine being realized for the ORCHID (Figure 6c¢). The working fluid is MM.

(@) Contour plot of M at mid-span (RANS simulation with a stator/rotor mixing-plane interface). ()) Computer-aided design rendering
of the geometry designed by means of CFD and mechanical considerations. (¢) Three-dimensional printing of the stainless steel rotor.
Abbreviations: CFD, computational fluid dynamics; M, Mach number; MM, hexamethyldisiloxane; ORC, organic Rankine cycle;

ORCHID, organic Rankine cycle hybrid integrated device; RANS, Reynolds-averaged Navier-Stokes.

The stator vanes of turbines of ORC power plants often operate in the NICFD regime (Macchi
1977, Colonna et al. 2015). Figure 7 shows an exemplary high-speed ORC turbine suitable for
waste heat recovery from propulsion engines. Working fluids of ORC power plants are usually
HMC fluids. Currently, BZT fluids are not employed; however, they may be suitable for highly
miniaturized ORC systems. Although nonideal gas dynamic effects (Section 2.2) may occur in
ORC nozzle cascades for particular operating conditions (Romei et al. 2020), these conditions
have never been realized in actual machines.

Compressors of supercritical CO, (sCO;) power plants (Angelino 1968) operate with the fluid
in highly nonideal states. The working fluid at the compressor inlet is in states close to the vapor-
liquid critical point as this reduces the needed power, and in these conditions the flow is highly
nonideal and compressible.

According to nondimensional analysis, the volume ratio V', the size parameter SP, the com-
pressibility factor Z, and the isentropic pressure-volume exponent y p, (or I") are the parameters
characterizing the design and fluid dynamic performance of turbomachinery operating with the
working fluid in nonideal thermodynamic states (even partially) along the process. Durd Galiana
et al. (2016) and Giuffré & Pini (2020) found that, if NICFD effects are relevant, mixing losses
(i-e., trailing-edge and shock losses) are largely affected by the local y p, value, which in turn is
influenced by the local value of Z. This is also due to the different patterns and strengths of fans,
shocks, wakes, and secondary flows. Therefore, any engineering loss model must account for the
effect of y p,, especially on these loss sources. The influence of thermodynamic nonideality of the
fluid can also affect machine operability. For example, the stall margin can be enhanced in radial
compressors (Lettieri et al. 2014), and critical choking can occur in turbines (Tosto et al. 2022).

4.2. Heat Exchangers

Nonideal thermodynamic property effects play an important role in heat transfer if the fluid is at
supercritical pressure, while, for dense vapors, heat transfer is qualitatively the same as for ideal
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gases. Examples of heat exchangers operating at supercritical pressure are coolers, heaters, and
regenerators of sCO, power plants, condensers of supercritical heat pumps, and heaters of su-
percritical ORC turbogenerators. At supercritical pressure, forced convection mechanisms are
primarily influenced by the large gradients of thermophysical properties occurring in the proxim-
ity of the Widom line, where the peak value of heat capacity and the decrease in density, dynamic
viscosity, and thermal conductivity moving from liquid- to gas-like states are considerable. The
variation of the Prandtl number is appreciable, culminating at the pseudocritical state. The strong
density variation leads to significant streamwise flow acceleration in the frequent case of constant
area ducts. The density change may lead to significant buoyancy effects, which can trigger mixed
convection. Heat transfer can therefore be enhanced or deteriorated, and the flow can become
unstable and pulsating. Parameters that most affect convective heat transfer coefficients are the
heat flux-to-flow rate ratio, the heat flux direction (heating/cooling), the flow direction (horizon-
tal, vertical upward/downward), the cross-sectional channel shape, and the hydraulic diameter; see
Yoo (2013) and Van Nieuwenhuyse et al. (2023), which also documents empirical correlations for
supercritical pressure flows. These models express the Nusselt number as a function of the bulk
Reynolds and Prandtl numbers, the wall-to-bulk density ratio, the average-to-bulk ¢p ratio, and the
Grashof number. These relations are calibrated for specific fluids (water, CO,, and some refrig-
erants), flow directions, channel geometry, and operating conditions, while generally applicable
models are still missing. The prediction of friction losses is usually based on correlations devel-
oped for subcritical pressure flows, corrected for the effect of thermophysical properties variation
(Yoo 2013, Van Nieuwenhuyse et al. 2023).

4.3. Supercritical Fluid Injectors for Combustors

Critical processes in combustors of energy conversion systems (e.g., gas turbines, diesel and rocket
engines) are fuel injection and mixing. The increase in combustor pressure is the unchanged trend
since they were introduced because it entails better efficiency and reduced emissions. For an exten-
sive treatment of supercritical injection, see the works of Bellan (2020) and Jofre & Urzay (2021).
At such high pressures and temperatures, the thermodynamic conditions of the fuel (and possi-
bly of the oxidizer) are supercritical; therefore, nonideal thermodynamic property effects have a
relevant influence on the mixing process (see Section 2.4), which results in enhanced mixing and
diffusion, thus producing a thicker flame front that reduces NOy formation. Fuel-oxidizer mixing
occurs in the free jet zone at the nozzle outlet, to a large extent downstream of the Mach disk that
typically establishes. Thus, the prediction of flow structures and of the Mach disk location and
size is pivotal to assess the mixing process, which is influenced by nonideal effects upstream of the
Mach disk. Flow mixing can be accurately modeled via CFD (Miiller et al. 2016). For example,
Traxinger & Pfitzner (2021) simulated the injection of supercritical normal-hexane (C4H;4) in
quiescent nitrogen at subcritical dilute conditions. CFD simulations were satisfactorily compared
with experimental data by Baab et al. (2016) and Forster et al. (2018). These studies show that the
low pressure of the expanded jet is raised to the chamber pressure level by the strong disk shock;
thus, downstream of the shock, the mixing occurs almost isobarically and in dilute gas conditions.
However, nonideal thermodynamic effects ahead of the disk shock are so intense that they must be
accurately modeled to obtain, for instance, the correct temperature profile of the mixing region.

1. Research outcomes of the last two decades have been consolidated into a unitary
framework, together with suitable terminology.
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2. The differences between nonideal thermodynamic effects, nonideal gas dynamic effects,
and the role of molecular complexity have been clarified.

3. Turbulence and heat transfer models applicable to ideal gas flows are also suitable for
nonideal compressible fluid dynamic (NICFD) flows. Compressibility corrections to
turbulence models have a negligible effect on the integral quantities. NICFD flows are
less prone to instabilities except for flows evolving in the thermodynamic region of the
Widom line.

4. Numerical methods for simulations of NICFD flows are well established. The first re-
sults of higher-order simulations, automated turbomachinery shape optimization, and
uncertainty quantification methods are being documented.

5. Cubic equation of state models are almost always sufficiently accurate, except for non-
classical gas dynamics studies. Transport property models of fluids in nonideal states are
inaccurate; however, normally this is uninfluential on flow simulation results.

6. Experiments and measurement techniques are challenging because of the unconven-
tional working fluids and demanding operating conditions. Momentous experimental
work has only recently started. Initial results are satisfactory.

7. The performance of machinery and devices benefits from the recent introduction of
more accurate models and design methods that are bringing these components to the
technological level of those operating with ideal gas flows.

1. The experimental verification of most nonideal gas dynamic effects is still lacking and
activities are underway. Turbulence physics and turbulent heat transfer in canonical flows
should also be characterized experimentally.

2. Theory on the dissipation within boundary layers of nonideal flows in the presence of
pressure gradients, heat transfer, and rotational effects is still limited or absent. Knowl-
edge on instabilities in supercritical and dense vapor flows would benefit from further
direct numerical simulations.

3. Better mixture thermophysical property models are needed and are under development.
Computationally faster models and methods (e.g., equations of state in terms of energy
and specific volume or data-driven models) should be further developed.

4. The development of directional pressure probes demands robust numerical calibration
methods. The use of particle image velocimetry is within reach. Raman spectroscopy
and Rayleigh scattering methods for measuring flow temperature and density warrant
in-depth studies to assess their suitability.

5. It is desirable that the NICFD community foster current policies of open-science
and open-source software. More reference data concerning numerical simulations,
experiments, and software should be openly released in a structured manner.
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