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ABSTRACT

The modeling of fluids in the supercritical regime is addressed at conditions characteristic of liquid-propelled
rocket engines, whose increasing performance demands paved the way for supercritical conditions. In the
present document, nitrogen is used as a surrogate for the commonly encountered oxygen-hydrogen mixture
so that turbulence mixing can be looked into without influences from combustion and chemically reacting
effects. The temperature field validation on nitrogen coaxial injection at supercritical conditions, with high-
velocity ratios (outer-to-inner), where the main (inner) stream is recessed relative to the outer stream, is of
paramount importance in the flame stabilization operation of liquid rocket motors. The temperature field is
analyzed taking into account varying momentum and velocity ratios, whose increased leads to a reduction
of potential core lengths, increasing jet spreading. The results also depict a fundamental influence of thermal
effects, dominating over the transport of momentum. The experimental data and large eddy simulation solvers
from the literature agree with the estimate of injection velocities at several conditions and comparable to the

space shuttle main engine pre-burner.

1. Introduction

Working fluids’ critical temperature and pressure are often exceeded
in the pursuit of higher efficiencies in propulsive systems [1-3]. In
conditions labeled supercritical, fluids exhibit distinct behaviors than
subcritical ones. For instance, the critical point marks the end of the
gas-liquid discontinuity and is characterized by the critical divergence
of thermal conductivity and specific heat [4], while other properties
such as latent heat and surface tension go to zero. Consequently, these
fluids exhibit characteristics intermediate between those of liquids and
gases, whereas mass diffusivity replaces vaporization as the governing
parameter over jet atomization [5].

The seeming homogeneity of the supercritical regime has been
disproved since the coexistence line between liquid and gas phases
extends into the supercritical regime, denoting a fundamental change
from liquid-like conditions into gas-like ones, being the division called
Widom or pseudo-critical line [6]. The transition process can be traced
back to the temperature where the isobaric specific heat is maximum, a
process called pseudo-boiling occurring in a narrow temperature range
and relevant for pressure up to three times that of the critical point [6].
At supercritical conditions, the energy a fluid receives has different
impacts on jet evolution depending on liquid- or gas-like conditions [7].
At liquid-like conditions, the jet mechanical breakup description is

used [7]. Here the steepest thermophysical property gradients are
encountered, and the energy received by the jet primarily contributes
to its expansion instead of its heating [8]. On the other hand, at su-
percritical gas-like conditions, thermal effects play a preponderant role,
the term "thermal breakup’ coined [7] and used to explain discrepancies
between experiments and simulations in a canonical nitrogen injection
experiment [9].

Canonical quantitative experimental data [9-11] remain the go-to
studies for validating numerical efforts attempting to model the non-
linear behavior of fluid flows under supercritical conditions. Several
numerical studies [1,12-20] have dealt with the subject of supercritical
fluid flow modeling, resorting to computational techniques ranging
from Reynolds-averaged Navier-Stokes (RANS) and Large Eddy Simu-
lation (LES) to fundamental studies in the context of Direct Numerical
Simulation. While representing essential steps toward a deeper under-
standing of the flow physics governing supercritical flows, there is still
a lack of consensus about which mechanism governs jet disintegration.

Moreover, the focus has been mostly [1,7,12-16,18-20] on single
injection, mainly looking into the density field evolution. Studies on
coaxial injection at supercritical conditions have been few and far
between. For instance, a hybrid RANS/LES [21] was employed to
assess how the non-linearity thermophysical parameters are coupled
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with turbulence mixing and its enhancement at supercritical conditions.
Further, LES studies [22] detailed injector geometry and operating con-
ditions that influence the re-circulation in the near field. At the same
time, the formation of finger-like structures [23] on the jet breakup and
its connection to pseudo-boiling was also looked into. On a more funda-
mental nature, DNS [24] focusing on acoustic excitation effect showed
good agreement at velocity and momentum ratios representative of the
space shuttle pre-burner.

The typical operation of liquid rocket engines (LREs) requires the
coaxial injection of a mixture of propellants. Due to the development of
Kelvin-Helmholtz instabilities, coaxial injection is initially governed by
the outer shear layer growth. Then, as the injection process continues
to take place, the low-speed jet discharged from the central orifice
entrains into the faster coaxial one, forming the inner shear layer
through a mass transfer process acting as a separation between inner
potential core and shear layer [25,26]. Furthermore, a re-circulation is
expected in the near field due to the momentum ratio between the outer
and inner jets. At low-pressure coaxial injection conditions, the re-
circulation region development is highly affected by the velocity profile
shape [27]. In contrast, at supercritical conditions, the temperature
profile will play a preponderant role both at gas-like [7] and liquid-like
conditions [20].

Given that coaxial injection under supercritical conditions is a sub-
ject that has been sparingly explored in the literature, except very few
studies [21-24], mainly focusing on a single injection condition, in the
present work we propose to look into several injection conditions [11]
at varying outer-to-inner jet velocity and momentum ratios to be able
to draw a bigger picture regarding the behavior of the fluid flows under
consideration.

The remaining manuscript is organized as follows: the mathe-
matical, physical, and numerical methods and models used are dis-
cussed in 2, starting with the governing equations, turbulence modeling
choices, and the thermophysical parameter non-linear behavior, de-
tailed the Equation of State and the transport properties. Then a
summary of their discretization is undertaken. Next, the computational
domain is discussed in 3, while a grid sensitivity analysis is described
in 4. Finally, numerical results detailing several outer-to-inner jet
velocity and momentum ratios are depicted in 5, and the main findings
are summarized in 6.

2. Thermophysical and numerical models
2.1. Governing equations

Egs. (1), (2) and (3), express the conservation principles of mass,
momentum, and energy, respectively, where Favre averages detail
the variable density nature of the flow under consideration. In the
equations, p is the density, u; the velocity in the ith direction, x; the
direction, p the pressure, 7;; the viscous stress tensor, H the total
enthalpy and g¢; the heat flux. While the flow behavior in a rocket
combustor is an inherently oscillatory 3-D process [28-30], a 2-D
axisymmetric configuration is followed in the present study as high-
lighted in Egs. (1) to (3). The justification comes from the conditions
in which quantitative experimental measurements of supercritical fluid
flows are carried out [9-11,31]. Typically, a cool-down period allows
establishing steady state conditions [11] in the experimental setup,
particularly between the chamber and the injector.
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The Reynolds stress tensor —pu)’ u;.’ is given following equation (4),

Following Boussinesq’s hypothesis, where « is the turbulence kinetic
energy, §;; Kronecker’s delta and 4, the eddy viscosity.

)

The turbulence heat flux pu’/h” is described in Eq. (5), being Pr,
the turbulent Prandtl number, T' the temperature and c, the isobaric
specific heat.
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Eddy viscosity is evaluated according to Eq. (6), where ¢ is the
turbulence kinetic energy dissipation. Turbulence kinetic energy and
its dissipation are evaluated from Egs. (7) and (8), respectively [32].
The remaining terms in the equations are constants defined as o,
10,0, =1.3,C, =0.09, C,; = 1.35, C,, = 1.8 and £, = 1.0.
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2.2. Equation of state and transport properties

Cubic equations of state, whose general formulation is given accord-
ing to Eq. (9), are an attractive choice due to the compromise between
their simplistic formulation, accuracy, and computational cost. R is
the gas constant, v the specific volume, b the inter-molecular repulse
potential, a the inter-molecular attractive potential, while §, and 6, are
parameters that depend on the equation of state used. The present work
uses the Peng—Robinson [33] since earlier studies [34] showed its good
accuracy at supercritical conditions. It is obtained by taking &, to be
1+v2and 6, =1- 2.

RT a(m)
v=b  (v+6b) (v+6,b)

p= €)

The various coefficients arising from this formulation, namely the
attractive potential, correlation function, and molecular volume, are
presented in Egs. (10) to (13), where subscripts ¢ and r represent critical
point and reduced conditions, respectively and w is the acentric factor
to account for the non-sphericity of the molecules.
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a(T,,0) = [1+ (037464 + 1542260 - 0269927 (1- VT, )| (12)
RT,
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pC
Thermodynamic properties are evaluated with the departure func-
tion formalism, where ideal property values are added corrections to
account for real gas and compressibility effects. Examples are given in
Egs. (14) and (15) for the internal energy and enthalpy, respectively.
These correspond to exact representations owing to Maxwellian and
thermodynamic potential definitions [35].
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The ideal gas enthalpy (hy(T)) component is calculated with the 7
coefficient NASA polynomials [36] of Eq. (16), being the coefficients
a; to ag tabulated constants [36].
hy (T)

rRT O

At this point, the integral of the right-hand side of Egs. (14) and
(15) is evaluated, taking into account the equation of state used and
converting it to an explicit thermal formulation [35], as detailed in
Egs. (17) and (18), with Z being the compressibility factor. Lastly the
partial derivative % s evaluated from Eq. (19).

oT
" <2u+2b— \/8b2>
204 2b+ V82

— 2
ln<20+2b V/8b )—1+Z

T T2 T3 T* 1

+025+H3T+G4T+05?+067 (16)

e(p.T)—ey(T) aMa (T,.0) -T5

=T a7)

RT/8b%

h(p.T) = hy () _ aT)a (T,.0) + T 5
@

RT V82 20 +2b+ V8b?
18)
da (0.37464 + 1542260 — 0.26992* ) a(T,) 19
oT TcTrl 2

Transport properties such as dynamic viscosity and thermal con-
ductivity are evaluated similarly with the departure function formal-
ism [37].

w= 1o + ' p,, T,) (20)

Ideal gas dynamic viscosity is evaluated according to Eq. (21),
where M is the molar mass, o the Lennard-Jones size parameter and
Q is the collision integral, described in Eq. (22), while the residual dy-
namic viscosity component is calculated from Eq. (23). The remaining
variables in Egs. (22) to (23) are tabulated constants for nitrogen [37].
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Similarly, thermal conductivity’s evaluation follows the same prin-
ciple as dynamic viscosity with one mild exception. Due to thermal con-
ductivity’s critical divergence [4], an additional term is included [38]
to improve the accuracy. In this regard, thermal conductivity is eval-
uated from Eq. (24), taking into account ideal gas component [37]
(A%(T)), real gas effects [37] (A (p,,T,)) and critical divergence [38]
(4°(p,,T,)). Ideal gas thermal conductivity is evaluated from Eq. (25),
dependent on ideal gas viscosity, while the departure function is given
by Eq. (25), being the remaining parameters tabulated constants [37].
Eq. (27) details the critical divergence component [38], where 2 and
0, are dependent on the isobaric and isochoric specific heats, being the
remaining parameters tabulated constants [38].
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2.3. Numerical discretization

Diffusive fluxes in the governing equations are discretized using
the second-order accurate central scheme, whereas advective fluxes are
discretized using the third-order accurate QUICK scheme [39]. It is
documented in the literature [40] that a RANS-based strategy is ade-
quate to avoid the formation of non-physical pressure oscillations [40]
when the Péclet cell-based number is more than two and a transition
over the Widom line occurs. Four nodal points are required, assuming
that the normal component of velocity has the same sign for each two
opposite walls [39]. It may also be interpreted as a linear interpolation,
with a term proportional to the upstream curvature, given that for
a parabola, the slope halfway between two points is equal to the
chord joining these points. While grid refinement could, in principle,
alleviate the problem, its required level would be impracticable for
most engineering applications. While dissipation is recognized as the
key to controlling oscillatory numerics, high-order schemes are not the
only way of introducing it to the computations since sensors of localized
artificial viscosity can alternatively be used [41].

A pressure-based method is employed [42], to assure mass conser-
vation using a pressure-based continuity equation. The pressure and
velocity fields are then produced concurrently using a staggered grid
arrangement owing to the significant coupling of the related phenom-
ena. Finally, significant amounts of under-relaxation aid in achieving a
balance between computational burden and accuracy. For steady state
simulations, it is recommended to use the highest possible levels of
under-relaxation since it accelerates the solution’s convergence. Fur-
thermore, it is practical since it can help avoid the divergence of the
iterative solution in the presence of strongly non-linear equations. First,
however, it is necessary to verify if the converged solution is affected
by the values of the under-relaxation factors used. As such, 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
restarted for about 100-200 iterations. If the lower under-relaxation
has no significant influence on the residuals, the solution is independent
of the under-relaxation factors used.

3. Computational domain

The coaxial injection of nitrogen into a nitrogen-quiescent environ-
ment is explored in this paper, with an emphasis on temperature field
validation using quantitative experimental data [11].

The computational domain is shown in Fig. 1, where the main
stream measures 50 mm in length and has an inner diameter d; of 0.508
mm and an outer diameter d, of 1.59mm. Furthermore, the coaxial
stream has an inner diameter of 2.42mm and an outside diameter
of 3.18 mm. The main stream is recessed with respect to the coaxial one
by half of d,, a characteristic widely known in liquid rocket propulsion
as a means of flame stabilization [43]. Furthermore, the combustion
chamber measures 59.4 mm in length and 76 mm in width, with a depth
of 12.7 mm. Following prior studies [20], the injector and chamber walls
are represented as isothermal, with the injector faceplate modeled as
an adiabatic wall. A constant axial velocity is imposed at the main and
coaxial inlets [11], while the radial component is zero. At the adiabatic
and isothermal walls the no-slip condition is imposed, while a gauge
pressure of 0 MPa is imposed at the domain’s outlet. Heat flux at the
walls is modeled following equation (28), where ¢ is the heat flux,
h, the heat transfer coefficient and T,, the temperature at the wall.
A zero heat flux is imposed in the case of the adiabatic wall and a
Dirichlet boundary conditions for the isothermal ones, in accordance
to the temperature in the chamber [11].

q= hf <Tw_Too)

A wall function is needed since the x — e [32] is not valid up
to the solid wall. As such a y* value of 11.63 is maintaining in

28)
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Table 1
Experimental test matrix [11].

Case Do [MPa] T, [K] T, [K] T, [K] v; [ms™'] v, [ms™'] VR [-] M []

9 4.97 240 128 188 2.9 4.4 1.5 0.5

10 4.95 237 129 190 3.0 10.9 3.6 2.7

11 4.94 228 133 185 3.9 16.8 4.3 5.1

12 4.94 233 132 191 3.6 22.5 6.3 9.6

SSME 4.94 233 132 191 32 120 3.75 3.44

16 3.54 228 121 136 2.6 4.1 1.5 0.6

17 3.53 202 120 140 2.6 11.0 4.2 3.9

18 3.52 197 119 135 2.5 15.6 6.1 9.4

19 3.54 197 125 134 3.1 18.5 5.9 11.2

20 4.97 218 128 137 2.9 3.6 1.2 0.8

21 4.88 203 127 139 2.9 10.5 3.7 6.3

At
coaxial —
main
Stream - o o S S S S S S O O T EE O O O e e e Ew mm mm o mod el
k T >
0 x/d,

Fig. 1. Representation of the computational domain.

the first cells close to the solid walls, above which the flow is fully
turbulent. Moreover, around 20 cells are ensured to be located inside
the boundary layer so that it is properly resolved. In terms of initial
conditions, the turbulence kinetic energy and its dissipation are set
according to Egs. (29) and (30), respectively, where / is a characteristic
length scale, taken to be the injector diameter and I the turbulence
intensity taken as 5% from a sensitivity analysis.

ko = % (1u?) (29)
C2/4,(3/2 50
0= 00141 G0

A type-E thermocouple set on a traverse is used to monitor radial
temperature profiles. Because the thermocouple’s dimensions are of the
same order of magnitude as the injector — its bead has a diameter
of 1.10mm, and it is positioned 0.14 mm from the injector’s exit plane
- flow blockage is expected, which affects the measurements and
the expected re-circulation regions, due to the large outer-to-inner jet
velocity and momentum ratios.

Table 1 represents the experimental test conditions [11] replicated
in the present study. Quasi-isobaric conditions have a pressure ranging
from 3.52 to 4.97 MPa, considering inner jet temperature below and
above the critical point. In contrast, chamber and outer jet tempera-
tures remain above nitrogen’s critical point. Higher outer jet injection
velocities lead to fast atomization of the inner jet nitrogen at varying
velocity and momentum ratios.

4. Validation

Grid independence studies are depicted in Figs. 2 and 4 for cases
16 and 21, respectively. The radial temperature profiles obtained with
the three meshes considered — 3.88 x 10°, 7.5 x 10° and 1.5 x 10° points
— are depicted in the figures, being the ratio of the radial distance, r
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Fig. 2. Grid Independence Study, corresponding to case 16.

to the inner stream radius, r; given as a function of the temperature
T. The chamber temperature of each experimental configuration [11]
is also highlighted, T,,. Two sets of experimental measurements [11]
are depicted as positive and negative, corresponding to temperature
profiles measured radially [44] from the jet centerline.

Computational error is analyzed through Richardson’s extrapola-
tion [45] as the grid is progressively refined in Figs. 3 and 5. The
figures depict the numerical error as a function of the grid convergence
index [45], showcasing a slope intermediate between the first and
second order.
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Fig. 3. Error propagation, corresponding to case 16.
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Fig. 4. Grid Independence Study, corresponding to case 21.
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Fig. 5. Error propagation, corresponding to case 21.
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Fig. 6. Supercritical high-temperature case distribution.
5. Results

Fig. 6 depicts the inner and outer jet conditions of cases 16, 17,
18, and 19 concerning the critical point, where p, and T, represent
reduced pressure and temperature, respectively. The inner jet, denoted
by i, is injected under transcritical conditions, meaning a two-phase
flow exists. In contrast, the outer jet, denoted by o, is injected under
supercritical conditions close to the critical point, as indicated by the
reduced temperature range of 1.07 to 1.11.

Figs. 7, 8, 9 and 10 detail the radial temperature profiles for cases
16,17, 18 and 19 of Table 1. The radial distance measured from the jet,
r axis is divided by the main stream radius r,. It is possible to observe
in the figures that due to the thermal stratification taking place in the
injector at supercritical liquid- and gas-like conditions [7,20], the tem-
perature starts to vary at r/r; = 0, in accordance to the experimental
data [11], both in the positive and negative directions. Furthermore,
it contrasts with the LES results of [23] for case 16 in Fig. 7, where
a potential core is depicted. This is explained due to neglecting the
heat transfer inside the injector, with the imposition of plug flow
profiles of velocity and temperature following a purely mechanical
description of supercritical jet breakup [7]. Moreover, given the range
of momentum and velocity ratios considered (Table 1), leading to
the entrainment of high speed nitrogen from the coaxial stream into
the lower speed stream, two counter-rotating vortices are formed in
the post tip between both streams, corresponding to the region 2 <
r/ry < 4 in Figs. 7 to 10 where there is some discrepancy between
the experimental data the present numerical computations. This is
attributed to the thermocouple’s bead [11], whose diameter (0.1 mm)
is of the same order of magnitude as the injector diameter (0.508 mm
for the inner stream inner diameter), which perturbs the flow and the
re-circulations formation.

Another set of experimental conditions from Table 1 is summarized
in Fig. 11, increasing chamber pressure to around 5MPa and the inner
jet injection temperature above nitrogen’s critical point values. The
obtained radial temperature profiles of the two test cases (20 and 21)
are depicted in Figs. 12 and 13.

From Fig. 12, it is possible to observe an experimental temperature
at the jet axis lower than the inner jet injection temperature (128K in
Table 1). Given that out of all the cases in the experimental dataset,
this was attributed to some typo and a new computation was per-
formed with the injection temperature depicted by the experimental
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Fig. 9. Case 18 temperature profile (radial).
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Fig. 10. Case 19 temperature profile (radial).
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Fig. 11. Supercritical high-temperature case distribution.

profile at the jet axis (119K, lower than nitrogen’s critical temper-
ature at 126.8K). As depicted in the figure, the fitted temperature
constitutes a closer approximation to the experimental profile. The
higher momentum ratio effect is seen in Figs. 12 and 13 While in case
20, the outer-to-inner jet momentum ratio is of 0.8, smaller counter-
rotating re-circulation regions are anchored to the injector post tip
between 2 < r/r; < 4, leading to a smaller degree of intrusion by the
thermocouple to the flow, in case 21 the momentum ratio increases
to 6.3, augmenting the size of the re-circulation region, where the
thermocouple’s intrusive behavior will be more relevant as indicated
by the numerical temperature profile in Fig. 13.

The last set of experimental test cases considered in this study is
depicted in Fig. 14 for cases 9, 10, 11, and 12. Here the temperature
of the outer jet is increased to a range of reduced values between 1.47
and 1.58, while inner jet injection conditions are of the same order of
magnitude as those for cases 20 and 21.

Figs. 15, 16, 17 and 18 depict the results for cases 9, 10, 11 and
12, respectively. As the outer-to-inner jet momentum ratio increases
from 0.5 in case 9 to 9.6 in case 12, the size of the re-circulation
region increases in the same way as for cases 16-19. However, the
temperature range in which the outer jet is injected increased from a
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I

! reduced temperature range between 1.07 and 1.11 in the previously
: . described test cases to a range between 1.47 to 1.58 in cases 9 through
| ' S 039 12. At these gas-like supercritical conditions, the energy received by
! ' 10 o10 the jet does not mainly contribute to its expansion since the thermal
: i11 oll shield [8] in the form of the peak in the isobaric specific heat does not
1 i12 ol2 need to be overcome by increasing mixing efficiency, where thermal
! effects assume a more preponderant role than momentum transfer.
1fp----=-=-=-=--- + ——————————— The re-circulation region anchoring to the injector post tip is high-
| lighted in Figs. 19 and 20 for cases 10 and 11, respectively. Fig. 19
! depicts the velocity field for case 10, with an outer-to-inner jet velocity
: ratio of 3.6 and momentum ratio of 2.7, following Table 1, where it is
| possible to observe the presence of two counter-rotating re-circulations
! at the injector post tip and Fig. 20 details the velocity field of case 11,
: for a momentum ratio of 5.1 and a velocity ratio of 4.3. The figures
| show that the increase in velocity ratio contributed to a change in the

T T > re-circulation axial positioning from 2.5 to 3 inner injector diameters.

0 1 147 158 T In general, when the outer stream velocity rises, mixing improves,

lowering potential core length and enhancing jet spreading, which is

Fig. 14. Supercritical high-temperature case distribution. more obvious for temperature than for density [20], suggesting that
heat propagation is more important than momentum transmission.

Fig. 21 depicts a comparison between a fitted case 12, where the

velocity of the inner jet was increased to 32ms~! and the outer one
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Fig. 20. Case 11 velocity field and re-circulation.

to 120 ms~!, to match the space shuttle main engine (SSME) pre burner,
following previous LES studies in the literature [46]. Since the outer
and inner jet injection velocities were increased tenfold, the axial
distance in which the radial temperature profile was extracted was also
increased by the same scale [46]. This allows us to perform some sort of
comparison in a region of the jet further downstream without the influ-
ence of the re-circulation region and the thermocouple’s disturbance. In
the figure, the experimental temperature profiles for cases 9 through 12
are also included for comparison, and it is possible to observe a very
similar radial profile between the present computations and the LES
technique.

6. Conclusions

Nitrogen under supercritical conditions is modeled following a co-
axial configuration at varying outer-to-inner velocity and momentum
ratios characteristic of those encountered in the typical operation of
liquid-propelled rocket engines. Two counter-rotating re-circulation
regions are formed at the injector post tip, characterized by the forma-
tion of two shear layers. As the momentum ratio increases, mixing is
enhanced, increasing jet spreading, which is more pronounced in terms
of temperature than for momentum, further validating previous works.

A comparison with canonical experiments highlights a good agree-
ment with the present computations. A vigorous mixing in the shear
layer is reported due to the high outer-to-inner jet momentum ratios
considered. Moreover, the similar dimensions of the injector diameter
and the thermocouple’s head are responsible for a degree of departure
between experimental and numerical data in the re-circulation region.

The consideration of injector flow in the computations proved to be
paramount to retrieve more realistic inflow conditions at the chamber’s
inlet in terms of velocity and temperature, which led to radial temper-
ature profiles exhibiting a temperature increase starting from the jet
axis, conversely to what was previously reported in the literature for
density.

Lastly, further comparisons with more sophisticated techniques,
such as LES, showed good agreement for the nitrogen jet radial tem-
perature profiles, highlighting the current approach’s suitability for
evaluating mean quantities. In the future, multi-species mixing will
be considered, and fundamental research at the DNS level will be
carried out to broaden the knowledge regarding supercritical injection
phenomena.
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