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ABSTRACT

Advanced engine design and alternative fuels bring the
possibility of fuel injection at purely supercritical conditions in
diesel engines and gas turbines. The complex interactions that
govern this phenomenon still need significant research for
reliable modeling efforts. Boundary conditions for fuel injection
are critical to accurate simulation. However, the flow inside the
injector itself is often omitted to reduce the computational
efforts, and thus, velocity or total pressure are specified at the
injector exit, often with an assumed top hat profile and assumed
turbulence levels. Past studies have shown that such simplified
inlet boundary treatment has minimal effects on the results,
although they apply mainly to fuel injection in the compressed
liquid phase. However, validity of this approach at supercritical
fuel injection conditions has not been assessed so far.

In this study, comprehensive real-gas and binary fluid
mixing models have been implemented for computational fluid
dynamic (CFD) analysis of fuel-air mixing at supercritical
conditions. The model is verified using prior CFD results from
the literature. Next, the model is used to investigate the effect of
including the shape of axial velocity and mass fraction profiles
at the inlet boundary condition with the goal to improve the
predictions compared with experimental data. Results show that
boundary conditions have a significant effect on the predictions,
and none of the cases match precisely with experimental data.
The study reveals that the experimental data could be difficult to
infer correct boundary conditions for simulations and highlights
the need for high-quality repeatable measurements at
supercritical conditions to support the development of relevant

high-fidelity models for fuel-air mixing.
Keywords: Supercritical mixing, real-gas models,

1. INTRODUCTION

Fluid injection into the ambient can be described by two
extreme phenomena. At low ambient pressures, typically below
the thermodynamic critical condition of the working fluid, a
classical situation exists where a well-defined interface separates
the injected liquid fluid from surrounding gaseous fluids due to
the presence of surface tension. Under these conditions, surface

tension forces form a discontinuous interface that promotes
primary atomization, secondary breakup, and the resultant spray
phenomenon that has been well characterized and is widely
assumed. As the ambient pressure exceeds the critical pressure
of the injected fluid, a distinct gas-liquid interface might not exist
depending upon the fluid temperature Instead, the injected fluid
undergoes a continuous change in density as it mixes with
surrounding gas if its temperature exceeds the supercritical
temperature. In this case, effects of surface tension become
diminished, and the relative minimization of these inter-
molecular forces does not promote the formation of drops, and
instead diffusion dominated mixing processes without
atomization occur. Fluid injected at such conditions has been
observed to evolve in the presence of large (but continuous)
thermo-physical gradients, with no drops present in the flow.
However, the transition of classical spray atomization processes
to single-phase continuous dense-fluid mixing dynamics with
diminished surface tension forces has not been fully understood.
Advanced engine design and alternative fuels bring the
possibility of fuel injection at purely supercritical conditions in
diesel-like applications and gas turbines, as is already the case in
the field of rocket engines. Oefelein identified seven topics in
need of basic research to develop advanced predictive
capabilities in high pressure, multiphase reactive flows [1].
Among these, the topic of ‘Supercritical fluid mixing and
combustion” includes “Real-fluid non-ideal thermodynamics”,
“State equation correlations and closure”, and “Pressure
dilatation and compressibility effects” [1]. Many simulations of
supercritical fuel injection have been carried out and presented
in the literature, but the majority of these assumed one of the
cubic equations of state and the associated mixing law instead of
comparing and choosing between competing formulations [2-9].
Proper treatment of the injector boundary conditions is another
important aspect of modelling that requires further attention.
For traditional liquid fuel injection into a gaseous ambient,
the two phases are treated separately in the Lagragian-Eulerian
approach. Thus, liquid droplets are treated as a discrete phase,
and their trajectories are tracked in the Lagragian frame, while
the surrounding gas is treated as continuum, and is governed by
the conservation laws in the Eulerian reference fame. Drag force
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and heat flux source terms associated with each frame account
for momentum and energy transfer between the discrete and
continuum phases [10-12]. The Lagrangian-Eulerian
formulation is adequate for mixing with two distinct phases,
where liquid fuel breakup into evaporating droplets is driven by
the surface tension, and the vapor phase is nearly an ideal gas
because of the high ambient temperature compared to the
temperature of the injected liquid.

For supercritical injection, a purely Eulerian approach can
be used, where all the associated fluids are treated as a
continuum, and all of the transport phenomena are described by
the conservation laws in the Eulerian reference frame, where
each local mixture has homogeneous properties calculated by the
equation of state and fluid mixing law. This approach is effective
and well justified when the conditions throughout the domain
remain above the critical pressure and/or temperature of the
injected fluid throughout the injection process, such that surface
tension forces no longer form a discontinuous phase transition.
In such a framework, no momentum and temperature coupling
between different working fluids must be considered, and their
mixing is controlled by convection, as well as molecular and
turbulent diffusion.

For Eulerian simulation of fuel at supercritical conditions, a
real gas equation of state must be used to account for
compressibility effects that occur inside and directly after the
injector. The most popular real gas equations of state for CFD
are the cubic equations of state, which comprise a family of
equations based on specific properties for gasses at their
respective critical points. Cubic equations of state provide
limited accuracy because they assume a uniform behavior among
all fluids, accounting for differences between fluids with
between two and five constant property values. Because of their
simplifying assumptions, some degree of error is inherent in any
cubic equation of state formulation, and that error is
compounded with mixing of multiple fluids. With mixing, the
cubic equations require that the mixture be treated as a single
pseudo-fluid, with critical properties calculated as a function of
the mixture fraction and of the critical properties of the
respective fluids. Although they have inherent limitations to
accuracy, cubic equations of state are popular in CFD because
they are relatively efficient to compute, and are usually
sufficiently accurate, particularly if no species mixing occurs in
the domain. More accurate equations of state, such as the
Benedict-Webb-Rubin equation, can account for non-idealities
introduced by mixing of fluids, and can be tuned to fit the
experimental data [13]. These equations have been used in CFD
simulations of fuel injection, but they increase the required
computational time dramatically [14].

Boundary conditions for fuel injection are critical to
accurate simulation. Even so, the internal geometry of the
injector itself is sometimes omitted in favor of assumed nozzle
exit boundary conditions of velocity or mass flux, with a
prescribed top hat profile, temperature, and turbulence levels.
However, the effect of different boundary conditions on CFD
predictions has not been well documented in the literature. The
primary objective of this study is to implement comprehensive

real-gas and fluid mixing models to predict fuel-air mixing at
purely supercritical conditions. Thus, the fuel at supercritical
pressure and temperature is injected into an ambient at
supercritical pressure and temperature, to ensure no surface
forces are present and the mixing process is determined only by
convection and diffusion calculated using the Eulerian approach.
First, results are compared with CFD predictions of Qiu and Reiz
[9] to verify the present implementation of real-gas and fluid
mixing models. Next, experimental data presented by Roy et al.
[15] are used to investigate the effect of boundary conditions,
and to show how the prediction could be improved by the
knowledge of the correct inlet boundary conditions.

2. TECHNICAL APPROACH

In this study, Reynolds-average Navier-Stokes (RANS)
equations for unsteady, compressible flow are used, and are
given in equations 1-3.

Xy v(pV) =V (pDV (%)) (1)
2L +v(pVV) = -vP -V G pk) +VJ Q)
X0 + V(puV) = —PVV — VF + pe 3)

Where p; is the relative density of species i, V is the velocity
vector, D is the species diffusion coefficient, P is the pressure, u
is the specific internal energy, k is the turbulent kinetic energy,
and € is the turbulent kinetic energy dissipation rate. J is the
viscous stress tensor, calculated as:

J=n(V+ (VV)T) _AIVV 4)

where p is the dynamic viscosity and F is the heat flux from
species diffusion and heat conduction, calculated as:

F=—KVT — pD ¥, b,V (%) (5)

where T is the temperature, K is the conductive heat transfer
coefficient, and h; is the specific enthalpy of species 1i.
Following Qiu and Reiz [9], density is calculated from the

Peng-Robinson equation of state given in equations (6 — 17) [16].
P= RT _ am 6
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a2 =1+k(1-TY? (16)
Kk =0.37464 + 1.54226w — 0.26992w>  (17)

Where P is the absolute pressure, T is the absolute temperature,
R is the universal gas constant, v is specific volume, T. and P
are critical temperature and pressure, T is reduced temperature,
and w is the acentric factor [16].

The governing equations are solved in an axisymmetric
computational domain to match the domain used by Qiu and
Reitz [9]. Fig. 1 displays the domain, the boundary surfaces, and
the mesh. The domain has a radius of 40 mm and length of 120
mm. The fluid is injected at the center through a 1 mm radius
nozzle, or in the second case in this work, a 2 mm radius pseudo-
nozzle. A constant pressure is specified at the outlet boundary,
and all other surfaces of the chamber are insulated, no-slip walls.
The injector radius is represented by 45 uniform grids, and 200
divisions span the remaining chamber radius, resulting in a total
of 245 grids in the radial direction. The axial direction is
represented by 200 division, resulting in a total of 98,000 grids
as compared to 2,100 grids used by Qiu and Reiz, with 10 grids
across the injector radius, 32 grids spanning the rest of the radius,
and 50 grids representing the axial direction, which they found
to provide sufficiently grid independent results [9].

Nozzle Location
0
Axis =p Wall
10

N
o

w
o

i
o

A
o

~
o

oo
o

©
o

Distance from the nozzle [mm]
D
o

100

110

120O 10 20 30 40<-Outlet

R [mm]
FIGURE 1: AXISYMMETRIC COMPUTATIONAL DOMAIN

Qiu and Reiz [9] sought to replicate the experimental results
of Roy et. al. [15], who used Planar Laser Induced Fluorescence
in an optically accessible pressure chamber to study supercritical
mixing of fluoroketone (C6F120) into a quiescent nitrogen
environment. In the selected case from Roy et. al., the reduced
temperature (temperature normalized by the critical temperature
of fluoroketone) at the injector exit and chamber is 1.08 and the
reduced pressure (pressure normalized by the critical pressure of
fluoroketone) is 1.5 at the injector exit, and 1.41 in the chamber
[15]. The thermodynamic and flow properties of fluoroketone
are not available in the literature. Thus, Qiu and Reitz [9] used
perfluorohexane (C6F14) as surrogate fluid, noting that previous
work had identified the critical point, latent heat, and surface
tension at normal conditions as similar for perfluorohexane and
fluoroketone [17].

In this study, perfluorohexane is used as a surrogate, as it
was by Qiu and Reiz [9]. The parameters for perfluorohexane,
critical temperature, critical pressure, acentric factor, and
molecular weight, required for the Peng-Robinson equation of
state were set to the values reported by Qiu and Reiz [9].
However, the critical specific volume was not reported, and so
was obtained from Refprop 10.0 [18]. Likewise, the transport
properties and the specific heat of perfluorohexane were
obtained from Refprop for a range of temperatures at the relevant
pressure, and curves were fitted to that data [18]. A similar
procedure was also performed for N2, using the same Peng
Robinson parameters as reported by Qiu and Reiz, although
transport properties and specific heat were set to default
correlations instead of Refprop-derived correlations [9, 18].
Mixing rules for transport properties and specific heat were set
to the default kinetic theory-based mixing laws, and the rules for
determining the Peng-Robinson pseudo-fluid properties for a
given mixture fraction were set to the one fluid van der Waals
mixing law. Fig. 2 is a pressure-temperature diagram of density
for perfluorohexane, created in Refprop [18].

Figure 2 shows the density contours for perfluorohexane
with respect to pressure and temperature. Each successive line
represents an increase of 50 kg/m”3, but some labels are skipped
to avoid clutter. The saturation curve is shown starting from the
lower left and extending up into a high concentration of lines,
where to the right, perfluorohexane is a vapor, and to the left, it
is a liquid. The end of the saturation line represents the critical
point, where the density is highly sensitive to the changes in the
pressure and temperature, as expected. Similar curves showing
sharp gradients in the region adjacent to saturation line and
critical point were obtained for other thermophysical properties
including specific heat, thermal conductivity, and viscosity.

3. RESULTS AND DISCUSSION

Qiu and Reiz assumed top hat profiles for velocity (14.47
m/s) and temperature at the injector exit. Using critical properties
of the surrogate perfluorohexane based on the reduced
temperature of 1.08 and reduced pressure of 1.41, the chamber
temperature and pressure were 485.5 K and 2.468 MPa,
respectively, and the fuel temperature was the same at 485.5 K
[9, 15]. Figure 3 depicts that the predictions by Qiu and Reiz [9]
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FIGURE 2: PERFLUOROHEXANE DENSITY CONTOURS

had large deviations from experimental measurements of density.
Qiu and Reiz noted that some shortcomings of their formulation
include the RANS model’s inadequacy for capturing wavy
structures, and the smaller spreading angle relative to the
experiment [9]. However, a detailed explanation of these large
deviations remains unknown.

In this work, the difficulty in accurately replicating
experimental data on supercritical mixing is examined using a
two-step approach. First, real gas and fluid mixing models
implemented in this study are used to replicate the CFD results,
and to ensure that the present models are consistent with those of
Qiu and Reiz [9]. Next, the developed models are used to assess
the applicability of different boundary conditions in reducing
discrepancies with experimental data. Finally, it is hypothesized
that the experimental data itself is subject to measurement
uncertainties.

3.1 Verification Of CFD

Simulations were performed for pressure and temperature at
the injector exit and chamber taken from Qiu and Reiz [9]. First,
for the verification of the CFD models, a top hat velocity profile
was used at the injector exit. Qiu and Reiz [9] report a Reynolds
number of 8.1e+05, which would indicate a turbulent intensity
of 2 to 3%. In this study, the turbulence intensity at the injector
exit was fixed at 2.5%, and the length scale was assumed to be
the diameter at the injector exit. Each simulation was run for
injection duration of 10 ms, matching Qiu and Reiz [9]. Mass
flow rate for the final case was calculated as 0.01761 kg/s, which
is within 1.5% of the reported value of 0.01735 kg/s from Roy
et. al. [15].

Figure 4 presents the computed density contours and reveals
the similarity of these results with those by Qiu and Reiz [9]
shown on the right side of Fig. 3. Although the present results
match those by Qiu and Reiz [9], neither replicates the
experimental results shown on the left side of Fig. 3. Turbulence
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FIGURE 3: EXPERIMENTAL [15] AND COMPUTED [9]
DENSITY CONTOUR FOR MIXING AT SUPERCRITICAL
CONDITIONS, REPRODUCED FROM RESPECTIVE
REFERENCES

Density
370

320
280
230
190
140
90

50

Distance from the nozzle [mm]

FIGURE 4: DENSITY CONTOUR ASSUMING TOP
HAT VELOCITY PROFILE AT THE INLET

4 © 2020 by ASME



450
400 |-
r o~
350 |~ " Top Hat Profile 2.5% Turbulent Intensity
P-4\ — — — - Top Hat Profile 0% Turbulent Intensity
=300 \\k — - — - - Roy Et. Al. Experiment [15]
<E E I Qiu and Reiz Top Hat [9]
Hh250
x r
£ 200
7 B
s I
o 150
100 |-
50 |
» ~
B T TN N e
- W e R,
oo v 0 v b 1)
0 1 2 3 4 5 6
R [mm]

Density (kg/m#3)

350
L
'\
300 \
N ' Top Hat Profile 2.5% Turbulent Intensity
50k 1 — — — - Top Hat Profile 0% Turbulent Intensity
R — - — - = Roy Et. Al. Experiment [15]
F Qiu and Reiz Top Hat [9]
A
200 Fln
\
NSRS BRI RIS RV I R |
00 1 2 4 5 6

3
R [mm]

FIGURE 5: RADIAL PROFILES OF DENSITY AT X = 15 mm (LEFT) AND X = 35 mm (RIGHT)

intensity could be one source of error, as hypothesized by Qiu
and Reiz [9]. In this study, low and high turbulence intensity
levels were investigated. For a quantitative comparison, radial
profiles of density are compared in Fig. 5 at two axial locations
x =15 and x = 35 mm for four cases. The first two cases pertain
to this study with turbulence intensity of 2.5% and zero percent,
respectively. The third case is the result from Qiu and Reiz [9],
and the fourth case is the experimental data from Roy et. al., as
presented by Qiu and Reiz [9, 15].

Figure 5 shows that without turbulence at the inlet, the
density is significantly overpredicted at the centerline,
particularly at the selected downstream locations. The choice of
2.5% for turbulent intensity is seen to be reasonable, because the
centerline density is slightly overpredicted at x = 15 mm, and
slightly underpredicted at x = 35 mm. For higher turbulence
intensity at the inlet, the density would clearly drop too quickly
along the centerline. At x = 15 mm axially, the density from Qiu
and Reiz [9] is significantly higher at the centerline than either
of the top hat profile cases from this work, but by x = 35 mm, the
centerline density from Qiu and Reiz [9] is lower than the case
from this work with no turbulence at the injector exit [9]. From
this information, we infer that Qiu and Reiz [9] assumed a
turbulence level at the inlet. The higher density at the inlet for
Qiu and Reiz [9] is attributed to the differences in the method to
calculate the critical specific volume: an unknown source for Qiu
and Reiz [9], and Refprop in this work [18]. Nevertheless, the
general trends of the present results match well with the previous
work, and thus, they can be used for parametric analysis
presented in the next section.

3.2 Effect of Boundary Condition

With the computational framework and domain validated as
such, the second case is introduced to improve upon the results
relative to the experimental data. The experimental data given in
Roy et. al. [15] apparently do not start at the injector exit, and
instead start somewhere downstream, presumably due to optical
limitations of the experimental setup. For this reason, direct

comparison with CFD is difficult as the exact axial location for
the inlet boundary is unknown. The Planar Laser Induced
Fluorescence (PLIF) method used by Roy et. al. [15] is also
subject to uncertainties, as evidenced by the fact that, near the
nozzle exit, radial profiles of the reported density are non-
monotonic, with values at the centerline being lower than the
immediately surrounding mixture density, which is clearly not
physical.

To replicate the experimental results as closely as possible,
the experimental density data from Roy et. al. [15] is used to
determine the mass fraction of fuel as a function of radial
location at the earliest reported axial location, and a velocity
profile is determined by assuming that the velocity and mass
fraction profiles are similar. The radius at the inlet boundary
(downstream of the injector exit as explained above) is adjusted
to encompass the width of the profile to supply the known mass
flow rate. The mass fraction at the center point is assumed to be
1.0 to rectify the experimentally presented non-physical density
at center being lesser than that of the surroundings. Away from
the center, after the point where the density monotonically
decreases in the radial direction, the density is matched by
assuming a mass fraction profile at the temperature and pressure
given in the boundary condition, and this profile is connected to
the value of 1.0 at the centerline by a simple spline.

The experimental data is asymmetrical, and the center of the
jet is not at the centerline of the presented graph (Fig 3). Thus,
the density profile at the inlet is obtained by locating the true
centerline and averaging the density profiles on either side.
Because the simulation inlet is located downstream of the
physical injector exit, a constant total inlet mass flow rate is used
instead of a velocity profile, and the profile shape of the mass
flux is determined by assuming that the axial velocity and mass
fraction profiles are similar. This approach results in a mass flux
profile equivalent to the profile obtained from the product of
experimentally measured density and imposed mass fraction at
the inlet, and also fixes the velocity profile to be equivalent in
shape to the mass fraction profile of the injected fluid. As before,
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the turbulence intensity at the inlet is set to 2.5%, with length
scale equal to the original injector diameter. With these modified
boundary conditions, the results in Fig. 6 are obtained.

The boundary condition with a gradual mass fraction profile
derived from the experimental data creates a well-developed
density profile at the inlet. In Fig. 6, the spreading angle of the

0
E 10 Density
[t 370
o
H 15 320
g 280
o
: o
-
o 25 140
3}
= 90
S
=230 50
0
35

6-4-202 46
R [mm]

FIGURE 6: DENSITY CONTOURS USING
EXPERIMENTALLY DETERMINED INLET PROFILES
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jet is not apparently significantly wider, but the overall profile
matches the experimental results in Fig. 3 (left) much better at
almost every point than the previous test cases [9, 15]. Qiu and
Reiz noted that the spreading angle in their simulation appeared
to be too shallow, but the fact that the spreading angle is not
significantly increased in the corrected profile case, while the
density contour profile matches more closely in overall shape,
indicates that the problem is not so much under-prediction of the
spreading angle, as Qiu and Reiz theorized, as it is imposing a
boundary inconsistent with the width at the leading edge of the
experimentally observed window of data to properly replicate
the short range of experimental data. For a quantitative
comparison, Fig. 7 shows radial profiles of density for the top
hat profile case with 2.5% turbulence, the experimentally
corrected inlet profile case (as described in this section), the
experimental data [15], and the top hat case from Qiu and Reiz
[9] at x = 15 mm and x = 35 mm.

The radial profiles of density shown in Fig. 7 at x = 15 mm
demonstrate the advantage in accuracy and profile shape of
obtaining the boundary condition as directly as possible from the
experimental data. The shape of the profile in both top hat cases
is too narrow, overpredicting density significantly at the
centerline, and then underpredicting density after approximately
0.8 mm radially. In contrast, the profile predicted by corrected
boundary conditions closely matches the downstream density at
the centerline. Although it still underpredicts density for most of
the remaining mixing layer, the prediction is much closer to the
experimental result than either top hat case.

At x = 35 mm, all CFD cases underpredict density, except
for the Qiu and Reiz top hat case, which significantly
overpredicts near the centerline [9]. While none of the CFD
results match the experimental data well, the case with the
corrected inlet profile of this section provides a significantly

250

Top Hat Profile
— — — - Corrected Profile

200 — - —- - Roy Et. Al.[15]
f? Qiu and Reiz [9]
E
g 150
2
2
8 100

50

0\\|||\\l\\|||\\|\||\|\\\||

3 4 5 6
R [mm]

FIGURE 7: RADIAL PROFILES OF DENSITY AT X = 15 mm (LEFT) AND X =35 mm (RIGHT)
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closer match with experimental data. The density at the
centerline for both axial locations shown has a much better match
with the experiment, indicating that the rate at which density
decreases along the centerline is consistent, unlike the two top
hat profile cases.

The centerline density for the top hat profile case from this
effort first overpredicts at x = 15 mm and then underpredicts at
x =35 mm, clearly indicating that the rate of decrease is too high.
This discrepancy in rate of decrease could be reduced by
decreasing the turbulent intensity at the injector exit, but it would
also make the overall agreement worse. Further, the turbulent
intensity is already less than the predicted intensity based on the
experimental Reynolds Number. For all cases, this discrepancy
in the rate at which the centerline density decreases is also clear
in the contour plots.

The experimental data and the corrected profile case both
apparently decrease more quickly at first, up to around x = 30
mm, while the dense core of the top hat cases is still at a higher
density up to that point. Further downstream, the centerline
density in the top hat cases decreases significantly and quicker
than the experimental data, whereas the experimental profile
case matches relatively well in the whole domain. It is
hypothesized that the reason the corrected profile has a similar
behavior in density drop along the centerline is its wider,
shallower mass fraction profile relative to the top hat cases,
which slows the relative mixing rate of nitrogen into the fuel. To
corroborate this hypothesis, Fig. 8 shows radial profiles of
C6F14 mass fraction for the two CFD cases conducted for this
work at x = 15 mm and x = 35 mm. Indeed, the mass fraction of
the corrected profile has both a wider profile and a shallower
slope at both locations, lending to a lower mixing rate for a given
effective viscosity, velocity, and rate of shear in the flow.

At x = 35 mm, the mass fraction of the corrected profile case
appears to be the same at the centerline as in the top hat profile
case despite the density in Fig. 7, being higher at the centerline
for the corrected profile case than for the top hat profile case. To
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illustrate this apparent discrepancy, Fig. 9 shows radial profiles
of temperature at X = 15 mm and x = 35 mm.

The higher centerline density of the corrected profile case at
x = 35 mm relative to the top hat case would indicate a lower
temperature, all else being equal. However, the top hat profile
case has a lower centerline temperature than the corrected profile
case, which is unexpected given their apparently equal mass
fractions. In the Peng-Robinson equation of state, a lower
temperature, because it is closer to the critical point, should lead
to a higher density, all else being equal. The differences in
pressure at this point in the simulation are negligible. The reason
for the difference in density lies in the small difference in mass
fraction between the cases. At the centerline, the corrected
profile case has a mass fraction of 0.974, and the top hat profile
case has a mass fraction of 0.971. These two states result in a
difference of 7.5 kg/m”3, very similar to the observed difference
of 6.5 kg/m”3 [18]. This clearly demonstrates the sensitivity of
density to mass fraction near the critical point and shows how a
slightly slower mixing rate of nitrogen into the fuel might lead
to a dramatically reduced drop rate in density at the centerline
after the first nitrogen reaches the centerline as is observed in the
density contours.

The velocity also plays an important role in determining the
shape of the density contour, and Fig. 10 shows radial profiles of
axial velocity at x = 15 mm and x = 35 mm. Because the velocity
must be reduced in the corrected profile case to maintain the
mass flow rate specified in the original experiment, due to the
wider area of the jet at the inlet boundary, the centerline velocity
is slightly more than half of the centerline velocity in the top hat
case. Even so, the penetration of the jet in the experimental
profile case is approximately the same, if not farther, after the
same 10 ms of simulation time, even with only half of the axial
velocity at the inlet. The jet penetration is apparent in the density
contours. Because the experimental profile density contour
matches the original experimental density contour so well, the
halved velocity at the boundary relative to the originally reported
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FIGURE 8: RADIAL PROFILES OF MASS FRACTION AT X = 15 mm (LEFT) AND X = 35 mm (RIGHT)
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FIGURE 10: RADIAL PROFILES OF AXIAL VELOCITY AT X = 15 mm (LEFT) AND X = 35 mm (RIGHT)

velocity from Roy et. al. [15] is taken as likely to be physically
representative of the true condition at the plane where the
experimental data is reported as “zero” in the axial direction,
highlighting the necessity of choosing the correct variable to
match in boundary conditions when replicating experimental
results. A derived variable like velocity, based on an assumed
density and mass flow rate, might be less accurate to match than
the more primitive variable (in this case) of mass flow rate, and
these results show that accuracy of penetration depth at a given
simulation time is not a reliable indication of accurate boundary
velocity.

4. CONCLUSIONS

Supercritical fuel injection is an increasingly relevant field
of study and presents new challenges to simulation efforts. This
work implemented real gas models and introduced two simple
CFD cases as a starting point for development of robust

computational frameworks, and as a study demonstrating the
value of matching experimental data in correctly specifying the
inlet boundary conditions. The cases were designed to replicate
experimental data for supercritical fluid injection by Roy et. al.
[15]. The first case was similar to a previous effort to replicate
the experimental data by Qiu and Reiz and showed reasonable
agreement with the previous CFD results [9]. The second case
improved upon the boundary conditions to more closely match
the experimental data, as given, by adjusting the mass fraction
profile at the inlet to match the experimentally obtained density.
This second case matched the experimental density profile more
closely than either of the top hat CFD cases and serves to
corroborate the methodology of taking boundary conditions
directly from experimental results. For supercritical injection the
strong dependency between temperature, density, mixture
fraction, and velocity in a Eulerian frame requires careful
consideration of boundary conditions and conventional methods
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are not appropriate. Future work will include a study of propane
fuel injection and the effects of decoupling the fuel injector from
its internal geometry at the nozzle exit.
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