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Abstract
The injection of nitrogen under supercritical and transcritical conditions, where the injection temperature is below nitrogen’s 
critical point, but the pressure is above it, is considered in this paper. While the scientific community recognizes that the 
sharp gradients of the different thermophysical parameters make it inappropriate to employ a two-phase flow modeling at 
conditions above the critical point, the issue is not restrained to the mere representation of turbulence for a mono-phase flow. 
Instead, a quantitative similarity with gas-jet-like behavior led to proposing an incompressible but variable density hypothesis 
suitable for describing supercritical and sub/near-critical conditions. Presently, such an approach is extended and assessed 
for a configuration including injector heat transfer. As such, axial density and temperature decay rates and jet spreading rates 
of density and temperature are evaluated, indicating a higher mixing efficiency in the supercritical regime and an overall 
dominance of heat propagation over momentum transport, with a greater preponderance in the supercritical regime.

Keywords  Transcritical mixing · Supercritical mixing · Liquid rocket engines

1  Introduction

The efficiency of any given rocket engine can be estimated 
from the specific impulse as defined in equation (1), where 
Isp is the specific impulse, g the gravitational acceleration, � 
the adiabatic index, R the ideal gas constant, pe the nozzle 
exit pressure and T∞ and p∞ the chamber temperature and 
pressure, respectively.

Liquid rocket engine (LRE) performance is greatly influ-
enced by propellant mixing near the injectors [1–7]. Equa-
tion (1) indicates that besides adjusting the fuel-to-oxidizer 
ratio (which leads to a change in temperature and isotropic 
coefficient), the only option remaining to increase the spe-
cific impulse is to raise the engine operating pressure and 
temperature, leading mixtures to transcritical and supercriti-
cal regimes. Also, in turbine engines, the increase in inlet 
temperature and operating pressure, with a given exit pres-
sure, lead to improvements in engine performance [8]. The 
application of supercritical fluids in propulsive systems such 
as rockets or jet engines is not restricted to the pursuit of 
higher power conversion rates since the high thermal loads 
need to be mitigated through regenerative cooling systems 
[9–11].

The supercritical regime is defined by pressure and tem-
perature above their critical point values, as depicted in 
Fig. 1. It is a thermodynamic singularity where mass diffu-
sivity, surface tension, and latent heat are zero. In contrast, 
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isentropic compressibility, specific heat, and thermal con-
ductivity tend to infinity. Moreover, the distinction between 
liquid and gas phases disappears due to the absence of sur-
face tension. In the case of pure fluids, critical pressure and 
temperatures work as identifiers of the fluid. In contrast, in 
the case of multi-species mixtures, the critical point assumes 
a dynamic nature depending on the amount of each species 
in the mixture at any given moment, and critical mixing lines 
are instead defined [12]. Due to the non-linear behavior of 
the different thermophysical parameters at and around the 
critical point, the fluid will have liquid-like density and gas-
like properties [13]; mass diffusion will replace vaporization 
as the governing parameter, and diffusion will dominate over 
the jet atomization process.

By combining pressure and temperature values above and 
below the critical point, in Fig. 1, three more regimes can be 
defined: subcritical, transcritical, and superheated. Since the 
transcritical regime is characterized by temperatures lower 
than the critical value, the formation of two-phase flow 
and phase separation is a reality. Considering pressure and 
temperature values below the critical point, the subcritical 
regime is defined, where the commonly known primary and 
secondary breakup occurs, and the liquid–gas discontinu-
ity happens. While the coexistence line ends at the critical 
point, the Widom line extends in the supercritical regime, 
separating supercritical liquid-like from gas-like regimes 
[14], assuming the moniker Widom or pseudocritical line. 

This continuous non-equilibrium process occurs within a 
narrow temperature range in opposition to transition at sub-
critical conditions. Later, it would be demonstrated [15] that 
the Widom line denotes a fundamental change in jet breakup 
from the dominance of mechanical breakup to a thermal 
breakup process which could even happen inside the injector 
[15] provided that the flow received enough heat to trigger 
the pseudo phase change. Then the role of thermal breakup 
introduced by Banuti and Hannemann [15] would be con-
firmed through direct numerical simulation (DNS) [16] and 
the comparison extended to a broader range of conditions 
[17].

While the distinction between liquid and transcritical 
states is not based on any physical arguments [18], the 
term transcritical commonly refers in the literature to a 
fluid with a temperature below the critical point condi-
tion and pressure above it, leaving the moniker subcritical 
reserved for the description of fluid with pressure and tem-
perature below critical point values. As a result, it is natu-
ral to hypothesize that similarities can be found between 
both regimes. In this sense, several experimental measure-
ments [1, 19–21] provide quantitative arguments in favor 
of the variable-density nature of supercritical jets, being 
similar descriptions encountered for diesel injection [22]. 
Typically these experiments are conducted at relatively 
constant pressure, resulting in the dependency of the den-
sity gradient solely on temperature, effectively consider-
ing density incompressible or weakly compressible. Here, 
compressibility effects are understood as changes in pres-
sure induced by volumetric changes. Studies on the effects 
of compressibility on high-pressure injection systems [23] 
indicate how fuel density affects jet evolution [7, 24]. Fur-
thermore, the low injection velocity at which the experi-
ments are conducted, allied with considering real gas 
properties, allows for employing incompressible solution 
schemes while considering the variable-density behavior 
of supercritical fluids. Recently the incompressible but 
variable density approach was used to model supercritical 
injection [17], leaving its suitability to the description of 
transcritical injection as an open question. In the same 
way as in Magalhães et al. [17], the mechanical versus 
thermal breakup proposed by Banuti and Hannemann [15] 
is used to evaluate the role of injector heat transfer, par-
ticularly in the transcritical regime. In the present work, an 
incompressible but variable density approach [25] is used 
to model the mixing behavior of a fluid injected at super-
critical and transcritical conditions into a quiescent super-
critical environment [20] as representative of the pressure 
and temperature conditions in the combustion chamber of 
a liquid rocket engine. Here the term liquid rocket engine 
refers to rocket engines using fuel and oxidizers stored at 
very low temperatures. While the scientific community 
recognizes that employing two-phase flow approaches is 
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unsuitable for describing flows at supercritical conditions, 
the issue is open to more than just a single-phase represen-
tation of turbulence. Chehroudi et al.[26] measurements 
highlighted a quantitative similarity between supercritical 
and gas-jet-like jet behavior. This led to the hypothesis 
that computational methods used for gaseous jets could 
be extended to the supercritical regime [25].

Interestingly, no droplets and ligaments are observed, 
and transition cannot be easily predicted since the criti-
cal points of the species in the mixture cannot be used 
directly [27]. Additional experiments conducted by Segal 
and Polikhov [28] corroborate the decreased importance of 
surface tension at transcritical conditions and jet breakup 
in the form of detached finger-like structures. As described 
by Oschwald and Schik [20], the importance of surface 
tension lies in the fact that in rocket combustors, there is 
no thermal equilibrium, and surface tension varies locally, 
as does the mixture critical point. Given the highly cou-
pled phenomena, traditional experimental techniques 
experience difficulty reporting the characteristic of dense 
sprays due to the variable density conditions.

The question then becomes how to model the behavior 
of fluids under the influence of such highly coupled phe-
nomena. Recent extensive reviews on transcritical flows 
were put together by Jofre and Urzay [29] and Ries and 
Sadiki [30]. Concepts such as partial-mass and partial-
density were proposed [31] to be used to treat a fluid 
flow over the relevant thermodynamic states. Moreover, 
Sierra-Pallares et al.[32] analyzed nitrogen mixing layers 
at transcritical and supercritical conditions through Reyn-
olds-averaged Navier–Stokes (RANS), following a mix-
ture fraction formulation, while  Tao et al. [33] proposed 
a low-Reynolds turbulence model correction to replicate 
supercritical hydrocarbon behavior in a round pipe. These 
studies present important insights to the field, but do not 
indicate the effect injector heat transfer has on transcritical 
jets. So, in the present work, the incompressible but vari-
able approach is further used to improve the knowledge 
of the supercritical and transcritical jet characteristics in 
a quiescent supercritical environment as representative of 
the pressure and temperayuye conditions in the combus-
tion chamber of a liquid rocket engine. In the present work 
such an approach is extended and assessed for a configu-
ration including injector heat transfer with application to 
rocket engines.

The remainder of this paper is divided into four sections: 
first, the incompressible but variable density formulation 
is summarized with the methods employed to describe the 
thermophysical parameters. Then the experimental test cases 
are presented and discussed. Results are finally discussed, 
focusing on axial density, temperature decay, and injection 
spreading rates. Lastly, the main findings are reported in the 
conclusions.

2 � Mathematical formulation

The flow is modeled through an incompressible but variable 
density approach as described by Magalhães [34], where all 
the employed models are fully described, being only a gen-
eral description of the flow modeling is given here.

The Favre-averaged conservation equations for mass, 
momentum, and energy are given by equations (2) to (4), 
respectively, where i and j are the directional vectors, � is 
the density, u the velocity, p the pressure, � the viscous stress 
tensor, q the heat flux and h the enthalpy.

The Reynolds stress tensor and turbulence heat flux are 
evaluated from equations (5) and (6), respectively, where k 
represents the turbulence kinetic energy, � the Kronecker’s 
delta function, �t the eddy viscosity, cp the isobaric-specific 
heat, T the temperature and Prt the turbulent Prandtl number.

The system of partial differential equations (PDE) is closed 
with the standard k-� turbulence model [35] introducing two 
new field equations, one for the turbulence kinetic energy 
and another for its dissipation. Eddy viscosity is evaluated 
from equation (7), while turbulence kinetic energy and its 
dissipation rate are evaluated from equations (8) and (9), 
respectively. The model constants used are �� = 1.0, �� = 
1.3, C� = 0.09, C�1 = 1.35, C�2 = 1.8 and f1 = 1.0. The tur-
bulence closure choice arose from a previous study [36], 
where several RANS-based closure formulations were com-
pared, ranging from simple eddy viscosity to second-order 

(2)𝜌
𝜕ũi
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closures. Similar comparisons were carried out in the con-
text of LES [37] to assess the suitability of sub-grid scale 
(SGS) models, yielding similar conclusions.

The Peng-Robinson [38] equation of state was used to com-
promise computational affordability and result accuracy 
[39]. It is given following equation (10), with v being the 
specific volume and a and b representing attractive (equa-
tion (11)) and repulsive potentials (equation (12)). Parameter 
� is retrieved following equations (13) and (14) dependent 
upon the acentric factor ( � ), where subscript c respects criti-
cal point property and r a reduced property.

The representation of any given thermodynamic property 
could be derived for a thermodynamic potential such as 
enthalpy as a sum of ideal gas properties added to a depar-
ture function to account for the real gas behavior in what is 
commonly referred to as a thermal equation of state, given 
according to equation (15). The ideal gas enthalpy is given 
by the seven-coefficient NASA polynomials [40]. In con-
trast, the real gas contribution is derived from the Peng and 
Robinson [38] equation of state (equation (10)), explicitly 
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defined in equation (16), with parameter � variation with 
temperature defined in equation (17).

Similarly, transport properties such as thermal conductivity 
and dynamic viscosity are represented following the depar-
ture function formalism [41] where a departure function 
is added to account for the real gas effect to the ideal gas 
property.

From a numerical standpoint, a finite volume method 
is used where diffusive terms are discretized following the 
second-order central schemes. In contrast, advective ones 
follow the third-order accurate QUICK scheme [42], which 
helps mitigate the appearance of spurious pressure oscilla-
tions due to the equation of state solving and the transition 
across the Widom line. Following  Jarczyk and Pfitzner [43], 
a pressure evolution equation is used, obtained from the 
divergence in the momentum (equation (3)). As detailed by  
Müller et al.[44], pressure- and density-based formulation 
yielded similar predictions in terms of mean axial density 
decays for supercritical nitrogen mixing layers.

3 � Review of the experiment

The experiment carried out by Oschwald and Schik [20], at 
quasi-isobaric conditions of nitrogen’s injection under super-
critical and transcritical conditions is used to validate the 
numerical results hereby presented. Table 1 details param-
eters such as injection velocity and temperature for pressures 
of 4 and 6 MPa, depicted in Fig. 2.

The velocity at injection, vinj , varies from 5 m s−1 , for 
cases A and B to 20 m s−1 in cases C. This variable is calcu-
lated from the measured mass flux. Moreover, the injection 
temperature of cases A4 and A6 is 140 K for, while in cases 
B4 and B6 it assumes the value of 118 K. In contrast, an 
even lower temperature of 100 K is taken for transcritical jet 
cases C4 and C6. The temperature inside the chamber is kept 
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constant at 298 K through the use of electrical heating [20]. 
Increasing the pressure in the flow channel from 4 to 6 MPa 
increases the density of the reservoir gas and, simultane-
ously, significantly alters the thermodynamic behavior of 
the cryogenic nitrogen.

Table 2 shows reduced pressure and temperature, and the 
density ratio between the injection condition and the com-
bustion chamber, making it possible to easily identify which 
condition does one particular jet configuration corresponds 
to – transcritical or supercritical.

The experimental setup is represented in Fig. 3. The injec-
tor and chamber have diameters of 1.9 mm and 100 mm, 
respectively. While the chamber has a total length of 1 m, 
only 250 mm are considered in order to decrease the com-
putational cost while ensuring the domain is large enough so 

that the outlet conditions do not affect the region of interest. 
Lastly, the length of the injector is considered to be 90 mm.

Velocities and temperatures are imposed at the inlet, 
according to Table  1, with a gauge pressure of  0  MPa 
imposed at the outlet. In addition, isothermal wall boundary 
conditions are applied to the injector with imposed values 
of 298 K [15] and chamber walls. Finally, an adiabatic con-
dition is used for the chamber faceplate.

4 � Validation

Figures 4 and 5 depict grid sensitivity analysis for test 
cases A4 and B4, representing the two distinct regimes 
considered – transcritical and supercritical injection 
conditions. As can be observed minimal slope variation 
was encountered for the mean axial density decay of the 
each considered mesh: a refined mesh with 480 537, an 
intermediate one having 252 459 points and a coarse one 
with 182 988 points. Moreover wall functions are used, 
due to the standard � − � turbulence model employment. 
As such a y+ value of 11.63 is ensured for the first grid 
cell close to the solid boundaries. Density is depicted as 
the ratio between the axial density decay and the initial 

Table 1   Summary of the 
experimental conditions [20]

case p∞ [MPa] vinj [m s−1] Tinj [K] T∞ [K] �inj [kg m−3] �∞ [kg m−3]

A4 4.0 5.0 140 298 150.06 45.39
B4 4.0 5.0 118 298 583.02 45.39
C4 4.0 20.0 100 298 706.82 45.39
A6 6.0 5.0 140 298 338.13 68.03
B6 6.0 5.0 118 298 608.94 68.03
C6 6.0 20.0 100 298 716.43 68.03

Fig. 2   Location of the experi-
mental test cases concerning the 
critical point of nitrogen

Table 2   Non-dimensional 
evaluations [20]

case p∞∕pc Tinj∕Tc �inj∕�∞

A4 1.17 1.11 3.34
B4 1.17 0.94 12.5
C4 1.17 0.79 15.7
A6 1.76 1.11 5.01
B6 1.76 0.84 8.99
C6 1.76 0.79 10.6
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density as a function of the normalized axial distance to 
the injector diameter.

In Fig. 6, a representation of the error as a function of 
the grid convergence index [45] (CGI) indicates how the 
numerical error decreases as the grids are progressively 
refined, exhibiting a slope steeper than second-order.

5 � Results

Figure 7 compares the computations and the experimen-
tal data [20]. In the top figure, nitrogen’s non-dimensional 
axial density decay ( �∗ ) is represented, defined according to 
equation (18). The middle figure represents the full width 
at half maximum (FWHM) of density, which measures the 
jet spreading rate. Since the shear layer’s edge is difficult 
to obtain from Raman scattering [46], the FWHM is calcu-
lated instead. Lastly, the bottom figure represents the shape 
parameter, n� for density, evaluated from equation (19) [47], 
giving a measure of the axial density shape profile. Axial 
density, FWHM of density, and shape parameter are evalu-
ated as a function of the non-dimensional distance from the 
injector exit plane, x/d. In (19), the n describes the depend-
ence with the radial velocity component, while rm is the 
radial position at which the profile reaches its half-value.

Furthermore, Oschwald and Schik [20] use the NIST [48] 
database to convert the density profiles into temperature 
ones, which can be achieved, for instance, through Fig. 2. 
Accordingly, Fig. 8 depicts the axial temperature decay, 
FWHM of temperature, and the temperature shape param-
eter, being the non-dimensional temperature ( T∗ ) defined 
following equation (20).

From Fig. 2, it is easy to identify case A4, depicted in Figs. 7 
and 8 for density- and temperature-related parameters as cor-
responding to supercritical gas-like conditions, exhibiting 
the subsided core identified in Banuti and Hannemann [15] 
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2
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Fig. 3   Boundary Conditions 
corresponding to the experi-
mental conditions of Oschwald 
and Schik[20]
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Fig. 4   Grid independence study for supercritical case A4

Fig. 5   Grid independence study for transcritical case B4
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up to an axial distance of 7 injector diameters. Then, entrain-
ment from the lower-density chamber nitrogen into the jet 
increases the axial decay rate.

Looking at the axial temperature distribution, it is pos-
sible to observe a similar trend as the one found for the axial 
density distribution. A low rate of temperature decay is seen 
until x∕d ≈ 7 , after which it increases to x∕d ≈ 18 . After this 

point, a higher temperature value is retrieved concerning the 
one obtained by Oschwald and Schik [20].

A similar behavior is encountered in the higher pres-
sure configuration case A6 (Figs. 9 and 10). Here the sub-
sided core extends up to a distance of 8 injector diameters 
owing to the large density gradients between injection and 

Fig. 6   Comparison of grid inde-
pendence study with Richard-
son’s interpolation
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chamber conditions. Then, axial density starts to decay 
faster due to nitrogen entrainment into the jet.

Worthy of note is also the fact that case A6 is located 
very close to the peak in isobaric-specific heat (Fig. 2), 
which according to the analysis carried out in Banuti and 
Hannemann [15] would correspond to the appearance of 
a plateau-type core. However, it is not the case since a 
slopped core is depicted. For convenience, the position 

of case A6 concerning the peak in isobaric-specific heat 
is reminded in Fig. 11, alongside cases 5, 6, 9, and 10 
from Mayer et al.[21], while experimental chamber and 
injection conditions are compared in Table  3. Here, 
chamber pressure conditions and the measured injection 
temperatures are comparable between the different cases. 
However, the injection velocities are not.
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Fig. 10   Comparison between numerical results and experimental results for case A6 (top: axial temperature distribution; middle: FWHM of tem-
perature; bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]

Fig. 11   Location of several 
experimental test cases about 
the peak in isobaric-specific 
heat. Cases 5, 6, 9, and 10 
from Mayer et al. [21] and 
case A6 from Oschwald and 
Schik [20]
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Compared to  Mayer et al. [21] cases, in A6 [20], the 
injection velocity is more than twice that of the other cases, 
which can be responsible for the formation of a subsided 
core instead of a plateau-type core. It is therefore hypoth-
esized that in proximity to the maxima in isobaric-specific 
heat, the nitrogen jet is more easily entrained by the chamber 
fluid in the cases of lower injection velocities, leading to 
intermediate regions forming constant density until entrain-
ment is so vigorous that the core breaks down completely. 
Here more experimental data would be needed to validate 
the proposed hypothesis and unravel the limits in which each 
core type is formed.

As depicted in Fig. 12, a comparison between cases A4 
and A6 density fields, highlighting the injection and the near 
field region, indicates that both jets have similar develop-
ments, albeit with distinct values of injection density. Fun-
damentally, in the injection portion of the field, it is possible 
to observe the density stratification leading to the subsided 
core [15] appearance in the axial decay rate.

Mean axial centerline decay rates of density and tem-
perature are depicted in Figs. 13 and 14, respectively, for 

experimental test case B4. Here, the experimental jet exhib-
its a fluctuating behavior up to an axial distance from the 
injector’s exit plane of 10 diameters, promoting entrainment. 
In terms of temperature, a closer agreement is observed with 
the experimental data due to the lower gradients in relation 
to density. On the other hand, numerically, the jet develops 
at a much lower density decay rate to a distance of approxi-
mately 9.8 injector diameters. Then the critical temperature 
value is reached for a normalized density of �∗ = 0.9544 . 
Comparing the experimental and numerical results in terms 
of the mean quantities decay rates, it is observed that the 
experimental trend is not numerically replicated. None-
theless, looking at the FWHM values, a good approxima-
tion of the experimental data is obtained. It increases at an 
x∕d ≈ 10 , consistent with the higher mixing ratio character-
istic supercritical conditions.

Similarly to case B4, density- and temperature-related 
parameters of case B6 in Figs. 15 and 16 exhibit the same 
trends albeit at a higher density ratio between injection and 
chamber conditions. The distinct initial behavior between 
experiments and numerical computations is evident until the 
transcritical jet reaches nitrogen’s critical temperature.

At transcritical conditions (cases B4 and B6), future 
work will look into how transcritical (temperature below 
the critical point and pressure above it) jet behavior can be 
incorporated into the proposed computational framework. 
Nevertheless, jet growth rates at supercritical and tran-
scritical conditions are satisfactorily replicated in terms of 
density and temperature, indicating higher mixing rates at 
supercritical conditions and a preponderance of temperature 
effects. Accordingly, Fig. 17 depicts higher density stratifica-
tion inside the injector for case B4 than B6, which verifies 
the existence of more significant density gradients closer to 
nitrogen’s critical pressure. To the author’s best knowledge, 
it is the first time thermal stratification has been shown to 
affect transcritical jet conditions. This observation is accord 
with the pioneering work carried out by Banuti and Hanne-
mann [15] and seems to suggest that jets at transcritical and 
supercritical liquid-like conditions are subjected to the same 
mechanical breakup mechanism. While thermal breakup 
[15] dictates supercritical gas-like jet breakup. Moreover, 
thermal stratification directly impacts the operation of LRE 
due to the role potential core length has in the development 
of combustion instabilities [49, 50].

Progressively increasing the computational injec-
tion temperature of case B4 from the experimental value 
of 118 K, to 125 K and 128 K several different features can 
be observed in Fig. 18. In reduced temperature these injec-
tion conditions are evaluated from Table 4.

Approaching the critical temperature, we can observe, 
by taking into account injection temperatures of 118 K 
and 125 K, density’s rate of decay decreases even further 
for the first section ( x∕d ≈ 9.8 ) for both conditions, while 

Table 3   Location of several experimental test cases concerning the 
peak in isobaric-specific heat. Cases 5, 6, 9, and 10 from Mayer et al.
[21] and case A6 from Oschwald and Schik [20]

Case Calculated Veloc-
ity [m s−1]

Measured Chamber 
Pressure [MPa]

Measured 
Temperature 
[K]

5 2.0 4.90 131.0
6 1.9 4.90 140.0
9 2.0 5.85 135.0
10 1.9 5.88 140.5
A6 5.0 6.00 140.0

Fig. 12   Comparison of density field between cases A4 and A6
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Fig. 13   Comparison between numerical results and experimental results for case B4 (top: axial density distribution; middle: FWHM of density; 
bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]
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Fig. 15   Comparison between numerical results and experimental results for case B6 (top: axial density distribution; middle: FWHM of density; 
bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]
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in the 125 K jet after the critical temperature is crossed, the 
pockets of liquid-like nitrogen start to break from the jet 
sooner ( x∕d ≈ 14 ) than for the 118 K one at x∕d ≈ 18 . On 
the other hand, by considering the injection to take place 
under supercritical conditions ( Tinj=128 K), it is possible to 
observe the characteristic feature of a mixture under liquid-
like conditions, with the formation of a dense potential core 
replacing the slow rate of decay of the axial density until 
x∕d ≈ 9.8 , registered for the transcritical injection condi-
tions. The core formation is related to the effect of pseudo-
boiling and the eventual transition across the Widom line 
into supercritical gas-like conditions.

Considering a lower injection temperature (100  K), 
and a greater injection velocity (20 m s−1 ), the axial den-
sity decay of case C4 is retrieved in Fig. 19 and the axial 
temperature evolution in Fig. 20. Here, it is possible to 

observe an experimental region of minor density varia-
tion until x∕d ≈ 2 , which numerically extends to x∕d ≈ 9 . 
This potential core is formed in the transcritical portion of 
the jet, which for cases C4 and C6 correspond to a value 
of �∗ = 0.8677 . After the critical temperature is crossed, 
the liquid-like nitrogen jet will continue to develop until 
entrained by chamber fluid, until breaking.

Increasing the pressure from 4 MPa in case C4 to 6 MPa 
in case C6, several differences can be observed. Figures 21 
and 22 the same initial numerical dense core registered for 
case C4. However, the experimental data no longer displays 
the same initial region of relatively constant density. Further 
away from the critical pressure of nitrogen, it is possible 
to observe a closer agreement with the experimental data, 
starting from x/d of about 15, where the conditions in the 
chamber start to dominate over the jet evolution.

As depicted in Fig. 23, comparing the density fields of 
cases C4 and C6, the heat transfer exchange between the 
injector walls and the transcritical jets is not sufficient to 
reach the jet centerline and influence the axial evolution of 
density, to result in the formation of a dense potential core, 
leading to minor differences on the jet inside the chamber.

While differences between the experiments and the 
numerical predictions are observed for cases B and C in 
terms of the axial density decay rate, the proposed incom-
pressible but variable density approach can predict the jet 
spreading rates in terms of density and temperature for 
all experimental test cases, showcasing the ability of the 

Fig. 17   Comparison of density field between cases B4 and B6

Fig. 18   Axial density distribu-
tion for case B4
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Fig. 19   Comparison between numerical results and experimental results for case C4 (top: axial density distribution; middle: FWHM of density; 
bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]
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Fig. 21   Comparison between numerical results and experimental results for case C6 (top: axial density distribution; middle: FWHM of density; 
bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]
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Fig. 22   Comparison between numerical results and experimental results for case C6 (top: axial temperature distribution; middle: FWHM of tem-
perature; bottom: shape parameter). Lines and star symbols correspond to numerical results, while open circles represent experimental data [20]
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incompressible but variable density approach in replicating 
turbulent mixing and account for the real gas effects. The 
ability to predict transcritical behavior through compressible 
or incompressible but variable density formulations lies with 
including phase separation into the models to account for the 
possible formation of multiphase flow. Moreover, the experi-
ments put forth by Oschwald and Schik [20] rely on a highly 
complex Raman spectroscopy experimental setup [51] where 
it is explained that the experimental transcritical jet configu-
rations can be under-predicted. Accordingly, Oschwald and 
Schik [20] report a value of 30% for cases C4 and C6. On 
the other hand, the assumption of a constant Raman cross-
section does not affect the supercritical jets (A4 and A6). 
Moreover, Oschwald and Schik [20] point out that only the 
absolute density values are affected by the constant Raman 
cross-section, which means that the FWHM and the shape 
parameters for density and temperature are not affected by 
this issue.

Lastly, the shape parameters for density and temperature 
indicate that no self-similar state is reached since the param-
eters always exhibit values higher than one.

6 � Conclusion

This manuscript extends the heat transfer injector effect to 
nitrogen injection at transcritical conditions into a quiescent 
environment. In addition to assessing axial density decay, 
jet spreading rates in terms of density and temperature are 
also looked into, which serve as a measure of mixing effi-
ciency. These indicate that heat propagation is dominant 
over momentum transport. Moreover, the formation of the 
previously identified and computed transitional supercritical 
regime is hypothesized to be derived from the low injection 

velocities. Good confidence is obtained from the results, 
indicating that phase separation occurs at transcritical injec-
tion conditions. Surface tension and interface formation may 
have a role in this plethora of highly coupled phenomena.

The results seem to be in line with previous literature 
regarding mechanical and thermal breakup jet mechanisms. 
In light of these results, it seems reasonable to consider the 
pseudo-critical point as denoting a fundamental change in jet 
behavior instead of the critical point. Lastly, the influence of 
these two mechanisms in the potential core length directly 
impacts the operation of liquid rocket engines, in regards to 
the development of combustion instabilities.
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