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A B S T R A C T

While increased pressure and temperature contribute to an overall efficiency gain in the mixing of propellants
and oxidizers, characteristic of conditions in the combustion chambers of liquid rocket engines, they also
propel mixtures to trans- and supercritical conditions. In these conditions, the engine flow exhibits a gas jet-
like behavior that may be described using an approach developed for variable density incompressible flows.
The present study focuses on an approach using the Reynolds-averaged Navier–Stokes equations to evaluate
the jet topology for different injectors’ conditions. Based on the so-called ’thermal breakup mechanism concept’
proposed in the literature, the axial density decay in supercritical nitrogen jets is predicted for a wide range
of conditions. The results show the influence of thermal breakup, providing a better insight of the available
experimental data.
1. Introduction

The increasing performance demands of rocket engines have led to
conditions in the combustion chamber that exceed the critical point of
both the fuels and oxidizers, entering the domain of supercritical fluids.
The critical point delimits the supercritical regime and is characterized
by pressure and temperature values that become identifiers in the case
of pure fluids. Thermodynamic singularities, which refer to the singular
behavior of thermodynamic properties at the critical point, need to be
accurately replicated in any numerical effort dedicated to the successful
description of supercritical fluid behavior. When the isobaric specific
heat becomes infinite, the surface tension and latent heat become zero.
Besides, the discontinuity between the liquid and gas phases observed
at subcritical conditions disappears, resulting in single-phase behavior
under supercritical conditions [1]. However, single phase behavior
does not imply a uniform behavior across the supercritical regime.
In fact, Banuti and Hannemann [2] introduce the concept of thermal
disintegration, as complementary to the pure mechanical description
of supercritical jet disintegration. The research carried out in this
manuscript is built upon the mechanical and thermal disintegration
concepts [2].

As a result of the surface tension being zero, finger-like structures
would dissolve into the flow [3,4], instead of breaking into several
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droplets and ligaments. The exact mechanism responsible for the for-
mation of these finger-like structures is not yet understood [5]. Energy
dissipation becomes dominant at this point due to the decrease in
density, with LES studies [6] demonstrating that the large density
gradients between the jet and the chamber environment hinder the
development of Kelvin–Helmholtz vortical structures, thus delaying the
breakup.

After the critical point is reached, further increases in pressure
and temperature may result in the fluid entering the so-called Widom
region [7], separating supercritical liquid- and gas-like behavior. Here,
several Widom lines have been studied [7–9] as consequences of sin-
gularities in different thermodynamic response functions. These can be
characterized by a local maxima or an inflection point, as depicted
in Fig. 1 for isobaric specific heat (𝑐𝑝) and density (𝜌), respectively.
In particular, the response functions associated with the maxima in
isobaric specific heat and compressibility are of particular interest [9],
as seen in this manuscript.

The Widom region, also labeled as pseudo-boiling in the litera-
ture [3,7,10] can be defined as the region where a slight pressure or
temperature variation yields a significant response (Fig. 1). Crossing the
Widom region from liquid- to gas-like conditions is a similar process
to a phase change at subcritical conditions, albeit without the phase
change and with the temperature change taking place at a narrow tem-
perature range [10]. The nature of the response was studied by Gorelli
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et al. [8], who confirmed the relationship between the dynamic and
thermodynamic behavior of supercritical fluids at a point well past
the influence of the 𝑐𝑝-Widom line. Given that the 𝑐𝑝-Widom line is
only visible up to 𝑇𝑟 ≈ 3, the authors consider the minima of thermal
diffusivity and kinematic shear viscosity, whose effects are observed
for the considered temperature range (𝑇𝑟 = 4.64). In this way, Gorelli
t al. [8] extend their molecular dynamics computations past the region
here the 𝑐𝑝-Widom line effects stop being visible, indicating that a su-
ercritical jet is affected by thermodynamic and dynamic factors.On the
ther hand, Banuti [10] proposes the transition across the Widom line
o be a purely thermodynamic concept, where a pseudo-phase change
akes place similar to boiling at subcritical conditions. Between these
wo interpretations on the nature of the Widom line crossover, Gorelli
t al. [8] thermodynamic-dynamic, based on the dynamic response to
erturbations and Banuti [10] purely thermodynamic, based on the
oncept of pseudo-boiling, we follow the theory of pseudo-boiling [10]
nd is in light of this theory that the results hereby presented should
e interpreted.

The effectiveness of a computational method to replicate the behav-
or of flows under supercritical conditions is dependent upon several
actors, ranging from physical models that accurately capture the non-
inear behavior of the various thermophysical parameters, especially in
he Widom region, to relevant experimental data for its validation and
athematical models with the ability to simulate the flow behavior.

n this way, Reynolds–averaged Navier–Stokes (RANS) and large eddy
imulation are validated using the relatively small number of available
uantitative experimental data sets [9,11–17]. While the density is
etrieved using a real gas equation of state (EoS), the description of
erived caloric properties makes use of the departure function for-
alism. The highly nonlinear behavior [18] in both thermodynamic

nd transport properties can lead to distinct coupling mechanisms than
hose observed at subcritical conditions: the inclusion of the Soret and
ufour effects [19–21] in the computations, or of the filtered density

n the scope of the EoS [22], may play an additional role. On the
ther hand, low-pressure turbulence models [23,24] continue to be
sed [25–27].

Despite the complexities associated to the description of supercriti-
al fluid flows, several advancements have been made in their numeri-
al simulations. Either by considering the flow as compressible [28,29]
r taking a variable density but incompressible approach [30], the
redictive capabilities of computational methodologies have increased.
spects of the modeling such as the EoS and the Widom region intro-
uce non-physical pressure oscillations into the flow which need to be
ealt with [31–33]. Consequently, entropy stable schemes have been
ntroduced with the objective of improving numerical stability [28],
hile the production of entropy is used for the flow description [34–
6].

RANS [2,27,30,37–40], LES [6,41–44] and direct numerical sim-
lation (DNS) [35,45,46] studies have demonstrated their ability in
redicting several features of supercritical jets such as the spreading
ate (the importance of which was demonstrated by Chehroudi et al.
47]), mean flow, and thermodynamic properties. The different in-
rinsic nature of the various numerical and modeling approaches, the
efinition of grid requirements, as well as difficulties in defining com-
on initial and boundary conditions associated to the interpretation of

xperimental data [12] remain challenging [48].
Mayer et al. [12] experiments on the injection of single species

itrogen at supercritical conditions remain one of the most compre-
ensive sources of experimental data for the characterization of su-
ercritical flow behavior. Indeed, Mayer et al. [12] experiments are
sed extensively for the validation of numerical solvers [2,5,6,25–
9,35,37,38,41–45]. While the focus has been on demonstrating models
uitability for the description of liquid- and gas-like supercritical behav-
or, generally, only cases 3 and 4 (Fig. 1) are computed. Moreover, the
xperimentally measured temperature values [12] seemed to indicate
252

onsiderable heat transfer from the injection system would affect the
able 1
xperimental conditions (Mayer et al. [12]).
Case Calculated

velocity (ms−1)
Measured chamber
pressure (MPa)

Measured
temperature 𝑇 (K)

3 4.9 3.97 126.9
4 5.4 3.98 137.0
7 4.5 5.01 126.2
8 4.9 5.00 135.7

jet development. However, heat transfer inside the injector is usually
neglected in the computations [5,28,41,43,45].

Banuti and Hannemann [2], introduce the concept of thermal dis-
integration, to complement the mechanical description of supercritical
jets. In this way, the authors are able to demonstrate the amount of
energy a supercritical jet receives [10] in the injector will determine if
a change from liquid- to gas-like conditions takes place, influencing the
jet development. With the introduction of thermal disintegration [2],
it was possible to evolve from the purely mechanical description of
supercritical jets, where a potential core would always be recovered as
the jet discharged into the chamber to the retrieval of a disintegrated
core (case 4 in Fig. 1), given the pseudo-boiling power, as computed
by Banuti and Hannemann [2]. These results were later confirmed
by Lapenna [49] with DNS.

In the present work, we aim at extending Banuti and Hannemann
[2] conceptualization to a broader range of conditions. Several ex-
perimental test cases are considered to validate the computational
approach, where it is possible to observe the effect of heat transfer in
the injector as the trigger for the pseudo-phase change.

The remainder of this manuscript is organized as follows. First, the
test conditions for which there are experimental data available are
presented, and previous computational studies using different methods
are reviewed, allowing us to position our choices in terms of the state
of the art. The mathematical/physical models that constitute the back-
bone of the RANS approach are reviewed and explained to ascertain
their performance, advantages and disadvantages and the role they play
in the overall process. Numerical results are presented for liquid- and
gas-like injection configurations, detailing the effect of pressure on the
phenomena associated with pseudo-boiling. Finally, the main findings
are summarized in the conclusions.

2. Review of the experimental conditions

The experimental conditions of Mayer et al. [12] have become
the canonical case for validating computational methods that aim at
predicting supercritical fluid behavior. To date, it remains the most
comprehensive database for single-species injection at supercritical
conditions. The injection of a single supercritical liquid nitrogen jet into
a chamber filled with gaseous nitrogen is considered, according to the
conditions of Table 1.

The experimental study used Raman scattering to measure the axial
evolution of density and to evaluate the spread of variable-density jets.

The experimental test conditions are graphically represented in
Fig. 1. Variations of density, 𝜌, and isobaric specific heat capacity,
𝑐𝑝, with temperature, 𝑇 , are represented for nitrogen, with the ex-
perimental data available from the National Institute of Standards
and Technology (NIST) database [50]. The test cases correspond to
pressures of 4 and 5MPa and the measured temperatures of Table 1.

Uncertainties in the measured values of the injection tempera-
ture [12] need to be discussed, since they have a profound impact
on the jet evolution at the considered conditions. The experimental
temperature in Mayer et al. [12] experiment was not controlled in
an accurate way, due to the complexity of the piping system. For
example, the temperature at the injector’s exit was measured during
a separate measurement campaign. In addition, the heat transfer from

the injection system (particularly in the injector) is usually neglected
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Fig. 1. Experimental data distribution in relation to the pseudo-boiling point.
e
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in the computations, despite indications of its importance. Banuti and
Hannemann [2] critically reviewed the influence of temperature un-
certainty measurement in several cryogenic experiments, focusing on
the neglected injector heat transfer. However, it is still necessary to
define an injection temperature and its influence on the results. In
Fig. 1, considering the density decay for nitrogen for the 4 and 5MPa
it is possible to observe that a small variation in the injection tem-
perature will result in a large variation in density, especially for case
3, where the steepest slope of density is registered. Given the uncer-
tainties surrounding the injection temperature, any numerical results
comparison an absolute match with experiments cannot be sought.
Instead a qualitative description, and comparison with the experiments
is desired.

In what the injection temperature concerns, this is not the only
interpretation. For example, Müller et al. [44], use the density val-
ues close to the injector are used for the determination of injection
temperature of case 3.

In the present work the inclusion of injector heat transfer, as intro-
duced by Banuti and Hannemann [2] is considered.

The computational domain corresponding to the experimental setup
of Mayer et al. [12] is represented in Fig. 2, detailing the boundary con-
ditions (BCs). The chamber and the injector have diameters of 122mm
and 2.2mm and lengths of 250mm and 90mm, respectively. A constant
axial velocity profile is set at the inlet, while the radial component is
set to zero. At the chamber and injector walls, both the normal and
tangential components of velocity are set to zero. A pressure outlet
is defined with a gauge pressure of 0MPa. For comparison purposes,
adiabatic and isothermal injector wall configurations are tested. For
the adiabatic configuration, along the face-plate, the heat flux is zero,
while for the isothermal walls of the injector and chamber, a constant
temperature of 298K is applied [2].

3. Mathematical and physical models

This section presents the conservation of mass, momentum, and
energy, and a suitable formulation for a turbulence model. Real gas
behavior is accounted for with the inclusion of a real gas EoS and a suit-
able model for describing the transport properties. Finally, the system
of partial differential equations is discretized following a finite volume
method, and the solution algorithm is introduced with emphasis on its
range of validity and limitations.

3.1. Governing equations and turbulence modeling

An incompressible but variable-density approach is used. The sim-
253

plification of incompressible but variable-density jet was an hypothesis
that came out from the similarity of visualization data and tested for
supercritical conditions [30].

The Favre-averaged conservation principles of mass, momentum,
and energy are represented in Eqs. (1), (2), and (3), respectively.
In these equations, 𝑥𝑗 represents the Cartesian coordinates, 𝜌 is the
density, 𝑢𝑖 and 𝑢𝑗 are the velocity components in directions 𝑖 and 𝑗,
ℎ is the enthalpy, 𝑝 is the pressure, 𝜏𝑖𝑗 is the viscous stress tensor, and
𝑞𝑗 is the heat flux.

𝜕𝜌
𝜕𝑡

+
𝜕𝜌𝑢̃𝑖
𝜕𝑥𝑖

= 0 (1)

𝜕
𝜕𝑡

(

𝜌𝑢̃𝑖
)

+ 𝜕
𝜕𝑥𝑗

(

𝜌𝑢̃𝑖𝑢̃𝑗
)

= −
𝜕𝑝
𝜕𝑥𝑖

+
𝜕𝜏𝑖𝑗
𝜕𝑥𝑗

−
𝜕𝜌𝑢′′𝑖 𝑢

′′
𝑗

𝜕𝑥𝑗
(2)

𝜕𝜌𝑢𝑗𝐻̃
𝜕𝑥𝑗

=
𝜕𝜏𝑖𝑗𝑢𝑖
𝜕𝑥𝑗

−
𝜕𝑢𝑖𝜌𝑢′′𝑖 𝑢

′′
𝑗

𝜕𝑥𝑗
−

𝜕
(

𝑞𝑗 + 𝜌𝑢′′𝑗 ℎ′′
)

𝜕𝑥𝑗
(3)

The Reynolds stress tensor, resulting from the averaging process,
is given by Eq. (4), as approximated by the Boussinesq hypothesis
of Eq. (5), where 𝜅 is the turbulence kinetic energy, 𝜇𝑡 is the eddy
viscosity, and 𝛿𝑖𝑗 is Kronecker’s delta function.

𝜏𝑖𝑗 = −𝜌𝑢′′𝑖 𝑢
′′
𝑗 (4)

− 𝜌𝑢′′𝑖 𝑢
′′
𝑗 = −2

3
𝜌𝑘𝛿𝑖𝑗 + 𝜇𝑡

(

𝜕𝑢̃𝑖
𝜕𝑥𝑗

+
𝜕𝑢̃𝑗
𝜕𝑥𝑖

− 2
3
𝜕𝑢̃𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗

)

(5)

The turbulence heat flux, 𝜌𝑢′′𝑗 ℎ′′, is modeled according to Eq. (6),
where Pr𝑡 is the turbulent Prandtl number expressing the ratio of the
ddy diffusivity of momentum to the eddy diffusivity of heat.

𝜌𝑢′′𝑗 ℎ′′ = −
𝑐𝑝𝜇𝑡
Pr𝑡

𝜕𝑇̃
𝜕𝑥𝑗

= −
𝜇𝑡
Pr𝑡

𝜕ℎ̃
𝜕𝑥𝑗

(6)

The system is closed by the standard 𝜅–𝜖 turbulence model of
Ref. [51], where the velocity and length scales are determined from
field equations. Eddy viscosity is evaluated from Eq. (7), where 𝜅
Eq. (8)) represents the turbulence kinetic energy and 𝜖 (Eq. (9)) its

dissipation. The turbulence model constants are defined as 𝜎𝜅 = 1.0,
𝜖 = 1.3, 𝐶𝜇 = 0.09, 𝐶𝜖1 = 1.44 and 𝐶𝜖2 = 1.92.

𝑡 = 𝐶𝜇
𝜌𝜅2

𝜖
(7)

𝜕
𝜕𝑥𝑖

(

𝜌𝑢̃𝑖𝜅
)

= 𝜏𝑖𝑗
𝜕𝑢̃𝑗
𝜕𝑥𝑖

− 𝜌𝜖 + 𝜕
𝜕𝑥𝑗

[(

𝜇 +
𝜇𝑡
𝜎𝜅

)

𝜕𝜅
𝜕𝑥𝑗

]

(8)

𝜕
𝜕𝑥𝑖

(

𝜌𝑢̃𝑖𝜖
)

= 𝐶𝜖1
𝜖
𝜅
𝜏𝑖𝑗

𝜕𝑢̃𝑗
𝜕𝑥𝑖

− 𝐶𝜖2𝜌
𝜖2

𝜅
+ 𝜕

𝜕𝑥𝑗

[(

𝜇 +
𝜇𝑡
𝜎𝜖

)

𝜕𝜖
𝜕𝑥𝑗

]

(9)

The turbulence closure used in our formulation corresponds to the
standard version of the 𝜅–𝜖 model from Ref. [51]. As this is not valid
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Fig. 2. Boundary conditions.
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𝜆

up to the solid wall, the turbulence model needs to be calibrated
according to the wall functions to ensure that the boundary layer is
properly resolved. Consequently, wall function modeling bridges the
gap between the region affected by viscosity and the fully turbulent
region, in which the 𝜅–𝜖 model can be applied. Therefore, a 𝑦+ value
of 11.63 was considered for the first cells adjacent to the walls. Below
this value, the flow was assumed to be purely viscous; above this value,
it was considered to be purely turbulent. As well as the 𝑦+ value, there
is a need to define a minimum number of points in the mesh that are
located inside the boundary layer. Typically, around 20 points are taken
to be inside the boundary layer, and so this value was employed in our
study.

Both the 𝑦+ restrictions and the minimum number of grid points
in the boundary layer are fixed parameters that need to be main-
tained during the mesh refinement process and the testing of different
grid configurations. Other regions will experience higher gradients of
thermophysical properties, or will be more influenced by the BCs. In
this sense, the injector region and the jet centerline require a higher
concentration of cells than the rest of the computational domain during
the refinement process.

The initial conditions for 𝜅 and 𝜖 are set according to Eqs. (10) and
(11), where 𝑙 is the characteristic length scale, taken to be equal to
the injector diameter, and 𝐼 is the turbulence intensity, set to 5% in
accordance with a preliminary study.

𝜅0 =
3
2
(

𝐼𝑢2
)

(10)

𝜖0 =
𝑐3∕4𝜇 𝜅3∕2

0.014𝑙
(11)

.2. Equation of state

The departure from ideal gas behavior paves the way for imple-
enting a real gas EoS. These can be cubic EoSs or more complex

ormulations explicit in the Helmholtz energy. Cubic EoSs such as the
eng–Robinson (PR) [52] or Soave–Redlich–Kwong [53] expression are
ften used due to the compromise they represent between accuracy
nd simplicity. More complex multi-parameter EoSs have also been
mployed [54], using a modified Benedict–Webb–Rubin equation [2]
r formulations based on the Helmholtz energy [27]. In these last
wo EoS groups, the EoS is solved before the computations, effectively
emoving the associated computational load on the numerical solver.
ables are then compiled, from which the values of interest can be
etrieved during the iterative procedure.

For the present study, the PR [52] EoS [Eq. (12)] is selected.

= 𝑅𝑇
𝑣 − 𝑏

−
𝑎 (𝑇 )

𝑣 (𝑣 + 𝑏) + 𝑏 (𝑣 − 𝑏)
(12)

where 𝑅 represents the gas constant and 𝑣 is the specific volume, while
𝑎 and 𝑏 account for the effects of intermolecular forces.
254
3.3. Transport properties

The evaluations of thermal conductivity and dynamic viscosity take
into account the particular behavior of these quantities at the critical
point [55].

The dynamic viscosity of Eq. (13) results from a dilute gas contribu-
tion and a residual component, representing a departure from an ideal
gas. The dilute gas contribution, 𝜇0, is given by Eq. (14), while the
residual component of viscosity, 𝜇𝑟, is represented in Eq. (16). 𝛺 rep-
resents the collision integral [Eq. (15)], 𝑀 is the molar mass, and 𝜎 is
the Lennard–Jones size parameter, while 𝜏 and 𝛿 represent the reduced
density and temperature, respectively. The remaining parameters are
tabulated constants [55].

𝜇 = 𝜇0(𝑇 ) + 𝜇𝑟(𝜏, 𝛿) (13)

𝜇0(𝑡) =
0.0266958

√

𝑀𝑇
𝜎2𝛺(𝑇 ∗)

(14)

(𝑇 ∗) = exp

( 4
∑

𝑖=0
𝑏𝑖
[

ln(𝑇 ∗)
]𝑖
)

(15)

𝑟(𝜏, 𝛿) =
𝑛
∑

𝑖=1
𝑁𝑖𝜏

𝑡𝑖𝛿𝑑𝑖 exp
(

−𝛾𝑖𝛿𝑙𝑖
)

(16)

The variation of viscosity at pressure levels corresponding to the
target experimental conditions [12] is shown in Fig. 3. It can be seen
that the pressure level of 4MPa (the critical point of nitrogen) still holds
some influence, although this becomes less pronounced as the pressure
increases further.

The thermal conductivity of Eq. (17) results from a dilute gas
contribution representing ideal gas (𝜆0), a residual contribution (𝜆𝑟),
and a third component representing the singular behavior of thermal
conductivity in the vicinity of the critical point, designated ‘‘critical en-
hancement.’’ (𝜆𝑐) While the first two components are defined similarly
to the dynamic viscosity [55], the critical enhancement is introduced
to deal with the critical point singularity [56].

𝜆 = 𝜆0(𝑇 ) + 𝜆𝑟(𝜏, 𝛿) + 𝜆𝑐 (𝜏, 𝛿) (17)

In Eqs. (18) and (19), the additional parameters represent tabulated
constants,[55] while in Eq. (20), 𝛺 is a consequence of the specific heat
at constant pressure and volume.

𝜆0(𝑇 ) = 𝑁1

[

𝜇0(𝑇 )
1μPa ⋅ s

]

+𝑁2𝜏
𝑡2 +𝑁3𝜏

𝑡3 (18)

𝑟(𝜏, 𝛿) =
𝑛
∑

𝑖=1
𝑁𝑖𝜏

𝑡𝑖𝛿𝑑𝑖 exp
(

−𝛾𝑖𝛿𝑙𝑖
)

(19)

𝜆𝑐 = 𝜌𝑐𝑝
𝜅𝑅0𝑇 (

𝛺̃ − 𝛺̃0
)

(20)

6𝜋𝜉𝜇(𝑇 , 𝜌)
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Fig. 3. Plots of viscosity for nitrogen from 1MPa to 10MPa, with data from the NIST database [50] (dashed lines represent liquid–vapor discontinuity).
Fig. 4. Plots of thermal conductivity for nitrogen from 1MPa to 10MPa, with data from the NIST database (dashed lines represent liquid–vapor discontinuity).
Fig. 4 depicts the evolution of thermal conductivity for the pressure
evels considered. It can be seen that the effect of the critical point
s much more pronounced than for the viscosity, as indicated by
he 4MPa line. As such, the computational model could benefit from the
nclusion of a critical enhancement component to predict the thermal
onductivity.

The evaluation of thermodynamic properties such as enthalpy re-
orts t the departure function formalism, i.e., calculating an ideal
ow-pressure state and correcting with a departure function to account
or high-pressure effects dependent upon the EoS used.

.4. Numerical algorithm

A finite volume method is used to store scalar values at the cell
enters. Diffusive terms in the governing equations are discretized
ollowing a second-order central scheme, while advective terms are dis-
retized using the QUICK scheme [57]. In this way, the appearance of
on-physical spurious pressure oscillations is mitigated by the inclusion
f first-order upwinding. This is especially true when a second-order
entral scheme is applied to the description of advective fluxes when
he grid Péclet number is greater than two, i.e., advection has twice
he magnitude of diffusion. The QUICK scheme allows the combination
f high-order accuracy with the direction behavior of upwind schemes,
roviding additional stability for the advective terms in coarser meshes.

A staggered grid configuration is used to ensure that the well-
nown odd–even decoupling of pressure and velocity does not happen,
.e., that pressure and velocity do not affect each other. Velocity and
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pressure values are stored in different positions for which the control
volumes are no longer equal. Ultimately, the pressure values are cal-
culated directly for the cell face, and no interpolation is needed. This
eliminates the decoupling of the pressure and velocity fields, along with
any possible oscillations.

High levels of explicit under-relaxation are also used, for which the
solutions must be independent. Under-relaxation is applied as follows:
first, a high level of under-relaxation is applied to the variables that
have reached convergence. A lower level of under-relaxation is then
applied, and the iterative solver is re-started for about 100–200 itera-
tions. If the lower under-relaxation has no significant influence on the
residuals, the solution is considered independent.

A pressure-based algorithm is implemented in which conservation
of mass is implicitly achieved through a pressure-based continuity
equation, due to the divergence of momentum and the introduction
of 𝜕𝜌𝑢̃𝑖

𝜕𝑥𝑖
= 0. The rationale for this algorithm is discussed in the

introductory section or in Ref. [43]. Velocity and pressure fields are
then obtained simultaneously, followed by energy conservation and the
transport of turbulence variables until convergence is reached.

4. Results

4.1. Liquid-like injection

Eventually, both the thermodynamic behavior and the breakup
mechanism will play a role in determining the jet structure [2].
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Fig. 5. Axial density distribution for case 3 with adiabatic and isothermal injector wall configurations.
For the liquid-like injection configurations replicated here, the mea-
sured injection temperature of the experiments is below the peak in 𝑐𝑝,
and so the heating process of the potential core experiences a large
density gradient. This is visible in Fig. 1, where small temperature
variations produce large density variations. A further indication of the
large gradients that occur when crossing the Widom line can be seen
through the transport properties of nitrogen, as depicted in Fig. 3 and 4
Fig. 4.

Fig. 5 depicts the results for case 3. Adiabatic and isothermal
injector configurations are compared based on their effect on the axial
density distribution in the combustion chamber. The experimental data
of Mayer et al. [12] are presented for validation purposes, and the axial
distance from the injector is normalized by the injector’s diameter.

The stabilizing effect of the large density gradient for the liquid-like
injection configurations is in accord with more sophisticated LES and
DNS solvers [58,59].

In agreement to the mechanical breakup theory, the prediction of a
dense potential core is evident in the results. Although the adiabatic
injector breakup occurs earlier (𝑥∕𝑑 ≈ 8), for the isothermal [2]
BCs, a denser core is observed (𝑥∕𝑑 ≈ 11). In terms of the core’s
breakup, we can observe a sharper decrease for the isothermal condi-
tion than for the adiabatic case. However, the obtained mean density
of 437 kgm−3 represents an overprediction with respect to the average
of the experimental data. This can be justified by the Raman scattering
technique used [12], which leads to underpredicted values for large
density values.

The results of Fig. 5 indicate a difference in the mean axial decay
between the adiabatic and isothermal injector wall configurations.
The difference between both configurations confirms that the thermal
breakup introduced by Banuti and Hannemann [2] plays a role in the
jet evolution, even though the jet does not receive enough energy to
transition across the 𝑐𝑝-Widom line, as it happens in other cases studied.

Another possible interpretation for the longer potential core ob-
tained in the isothermal configuration could be related with the struc-
tural nature of eddy viscosity models. Attempts to quantify the struc-
tural uncertainty of turbulence models, either by performing sensitivity
studies on the calibration constants [23], attempting to develop ad-
ditional formulations with improved performance [60], or explicitly
quantifying the uncertainty levels [61,62], is a research topic that is
of increasing interest.

Eddy viscosity models produce an initial low mixing rate [60],
which leads to the formation of a longer potential core, something
that is visible in Fig. 5. Further downstream, the mixing rate is higher,
underpredicting the experimental data. Magalhães et al. [27] compared
the performance of several eddy viscosity models, but employed a
second-order closure that is not based on Boussinesq’s eddy viscosity
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Fig. 6. Density field for case 3 with adiabatic (top) and isothermal (bottom) injector
wall configurations.

concept. Under these experimental conditions, we observed that the
second-order closure led to an even longer potential core than with
the turbulence model of Launder and Spalding [51]. However, in the
downstream region, some underprediction of the experimental data
was corrected by the second-order closure. This means that the longer
potential core does not result from the uncertainties associated with
eddy viscosity models, but as a consequence of the level of pseudo-
boiling, which requires the system to receive more energy in order to
increase the temperature [2,10].

The influence of the thermal effects can be further visualized in
Fig. 6 in terms of the dimensionless axial and radial distribution of
density, where 𝑟 is the radial distance taken from the jet’s centerline.
The small influence of thermal effects leads to different breakup times
for the potential core of the jet.

Fig. 7 compares cases 3 and 7 in the isothermal injector configura-
tion. According to Table 1, the difference between these cases is that
case 7 occurs at a higher pressure, with less influence from pseudo-
boiling (Fig. 1). The results indicate better agreement between the
experimental data and our numerical predictions than for case 3. The
better performance of the model is visible when comparing cases 3
and 7 in terms of the length of the potential core and the downstream
mixing rates. While turbulence model uncertainty plays a role in the
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Fig. 7. Axial density distributions for cases 3 and 7 with isothermal injector wall configurations.
Fig. 8. Axial density distribution for case 4 with adiabatic and isothermal injector wall configurations.
Fig. 9. Axial density distribution for case 4 with adiabatic (top) and isothermal
(bottom) injector wall configurations.
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interpretation of the results, the key is the ability to accurately capture
the effects of pseudo-boiling.

Generally, a closer agreement between experimental data is found
for case 7 than for case 3. Looking to Fig. 1, it is possible to observe that
case 3 would be the one most affected by uncertainties in the injection
temperature, given the steepest slope of the density curve in this region
(4MPa). In comparison uncertainties in the injection temperature for
case 7 would play a less preponderant role, given that the slope in
density is not as steep.

4.2. Gas-like injection

As previously described, there are structural differences between
jets in liquid- and gas-like conditions.

Fig. 8 presents a comparison between adiabatic and isothermal
injector wall configurations for experimental case 4 under gas-like
injection, therefore taking place after the Widom line has been crossed.

The grid independence was studied with three different refinement
levels to ensure that the grid resolution did not influence the results. As
depicted in Fig. 8, the axial density distribution, corresponding to the
experimental case 4 from Ref. [12], was selected for the independence
study.

Fig. 8 depicts the grid independence results for a coarse mesh
with 180 000 points, an intermediate mesh with 280 000 nodes, and
a refined mesh with 495 000 nodes. As no variation in the slope of the
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Fig. 10. Axial density distributions for cases 4 and 8 with isothermal injector wall configurations.
results can be distinguished, we concluded that grid independence had
been achieved with the intermediate grid.

For the case of the adiabatic injector walls, a potential core can
be observed until 𝑥∕𝑑 ≈ 8, in contrast to the experimental data.
Experimentally, no potential core exists; instead, a disintegrated core is
present. Nevertheless, there is good agreement between the numerical
predictions and the experiment after 𝑥∕𝑑 ≈ 10.

The disintegrated core is only present when isothermal conditions
are considered at the injector walls [2]. A transitional region can be
observed at 𝑥∕𝑑 ≈ 8, after which the jet evolution is dominated by the
conditions present inside the combustion chamber. Comparing these
results with the liquid-like injection considered in the previous section,
we can see that the jet evolution is dominated by the conditions in the
chamber to a greater and faster degree under gas-like conditions, since
enough energy has already been supplied to the system for a transition
across the 𝑐𝑝-Widom line.

By analyzing the density contours for case 4 in Fig. 9, differences
in the cases of adiabatic and isothermal BCs are clearly visible. The
stratification of density is only seen in the isothermal configuration,
resulting in lower density values along the jet’s centerline. This is why
the density values are different, even at 𝑥∕𝑑 = 0 (Fig. 8), as such
plug-flow profiles of density cannot be used at the entrance to the
combustion chamber. These profiles contribute to an altered jet state
at both liquid- and gas-like, with a more profound impact on gas-like
injection phenomena. Through these results, we are able to support and
extend the conclusions reached by Banuti and Hannemann [2] for a
broad range of experimental conditions.

Even though closer agreement is achieved for the initial gas-like
configuration than for the liquid-like case, a comparison is also per-
formed for higher-pressure conditions at a supercritical state. Fig. 10
compares experimental cases 4 and 8. Once again, there is a striking
difference between the higher pressure of case 8 in comparison to case
4. The increased pressure results in higher density values for case 8,
and as such, the same problem of underpredictions of the experimental
results, arising from the Raman scattering technique, is observed in the
comparison of the disintegrated core. For the remaining jet evolution,
starting at 𝑥∕𝑑 ≈ 10 until the end of the available experimental data at
𝑥∕𝑑 ≈ 30, the numerical predictions match the experimental data.

The numerical results over-prediction in relation to the experiments
observed in Fig. 10 for case 8 until 𝑥∕𝑑 = 10 could be related to
the compressibility Widom line [7], mentioned in the introduction.
Similarly to Soret and Dufour effects, compressibility effects [63] not
encountered in low-pressure jets could lead to different coupling mech-
anisms in the Widom region. However, the inclusion of additional terms
in the turbulence model is not a straightforward process [23], made
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more difficult due to the restricted amount of experimental data.
Overall, from the agreement found in the numerical results pre-
sented here, the numerical solver proposed in this paper is suitable
for describing liquid- and gas-like supercritical injection phenomena.
Future work will investigate how to better incorporate and more accu-
rately replicate pseudo-boiling effects.

5. Conclusions

This paper describes the use of a RANS method to predict trans- and
supercritical fluid behavior. Liquid- and gas-like injection conditions
were analyzed, accounting for both adiabatic and isothermal injector
wall BCs. Both the injector and combustion chamber were considered
in the computational domain.

The accurate description of supercritical fluid behavior relies on
both mechanical and thermal breakup mechanisms. For liquid-like in-
jection configurations, corresponding to transcritical conditions, dense
potential cores are retrieved, whereas disintegrated cores provide a
stronger evidence of the thermal breakup under gas-like conditions.
The concept of thermal breakup proposed in the literature is of central
importance, and through it insights into supercritical jet behavior
were achieved. As a result, the plug-flow profiles that are sometimes
considered provide an incorrect representation of the flow physics, as
shown in the density contours at the chamber entrance.

Furthermore, it was demonstrated that isothermal BCs are in accord
with the experimental values for jet behavior. Considering different
levels of pseudo-boiling, it was possible to demonstrate the influence
of this phenomenon on the jet evolution.

The results suggest that the liquid-like configurations are similar
in terms of jet stabilization. However, the isothermal injector con-
tributes to a longer stabilization of the potential core under transcritical
conditions.
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