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Transient, near-field mixing of a supercritical fluid injected into supercritical and subcrit-

ical environments is investigated experimentally. Fuel (propane) from a 100 micron di-

ameter Bosch diesel injector is injected into a high pressure test rig with a steady flow of

heated, low-velocity nitrogen to control the ambient pressure and temperature. The fuel

supply pressure is approximately 190 bar allowing short injections lasting 3-4 millisecond

to be performed in quick succession to acquire statistically significant data sets to represent

the unsteady fuel-air mixing. Two test cases with the same ambient density and injector in-

let pressure and temperature were chosen in an attempt to isolate effects of mixture phase

behavior. Microscopic rainbow schlieren deflectometry (RSD) is used for visualization

and quantitative data acquisition. In case of the supercritical ambient, the injector inlet

and exit and ambient conditions are all supercritical. The RSD analysis reveals a mixing

process similar to the single phase fluid mixing, though condensation is also observed lo-

cally, and can be explained by the adiabatic mixing theory presented in the paper. For the

subcritical ambient case, the injector inlet is supercritical, but the injector exit and ambient

conditions are both subcritical. Results show rapid expansion in the near field promoting

mixing between propane and nitrogen. At downstream locations, significant condensation

is also observed as predicted by the adiabatic mixing theory. The supercritical ambient case

exhibited longer and narrower jet penetration compared to the subcritical ambient case.
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I. INTRODUCTION

In diesel engines, gas turbines, and rockets, the liquid fuel is injected and mixed with the oxi-

dizer in a combustion chamber at high pressures and high temperatures. Thermodynamic analysis

reveals that increasing the chamber pressure increases the power density and efficiency in diesel

engines, and similarly, the specific impulse in rocket engines. Therefore, fuel injection, mix-

ing, and combustion at higher chamber pressures is desirable. The increased chamber pressure

can change the thermodynamic phase of the injected fuel to a supercritical state. For pure flu-

ids, the supercritical state is achieved by exceeding the critical pressure, critical temperature, or

both properties of the fluid1. For mixtures of two of more fluids, the supercritical state depends

upon the mixture properties including temperature, pressure, and mole fraction1. At supercriti-

cal conditions, the mechanism of fuel-oxidizer mixing are different from those of a conventional

evaporating liquid fuel spray. Thus, a greater understanding of fuel-oxidizer mixing at supercrit-

ical conditions (or supercritical mixing) is needed to optimize and implement into high pressure

combustion systems.

The interest in supercritical mixing was first motivated by liquid rocket engines2,3. Chehroudi

et al. performed a systematic study of nitrogen injected into nitrogen to determine the visual

appearance of the injected fluid jet as a function of its reduced pressure, Pr = P/Pc, where Pc

is the critical pressure of the injected fluid4. At low Pr, the jet showed surface instabilities which

amplified downstream and eventually broke up. As Pr increased, the jet transitioned into secondary

breakup where many droplets were formed. For Pr slightly below unity, full atomization was

inhibited because of a decrease in the surface tension. For Pr > 1, the jet resembled a turbulent gas

jet with no visual droplets, and the jet growth rate measurements agreed quantitatively with the

theory for incompressible but variable density fluids. However, in case of a jet undergoing binary

mixing, Pr > 1 is not a sufficient criteria to determine the mixing behavior since it can also depend

on the reduce temperature, Tr
5. Chehroudi performed an extensive review of the experimental

studies of cryogenic liquid jets injected into supercritical environments and potential linkages of

supercritical mixing to production engines6. Note that the terms "subcritical" and "supercritical"

refer to the conditions with respect to the injected fluid.

Segal and others investigated supercritical behavior in jet mixing for steady injection applications7–12.

In these studies, three different scenarios were observed. Fully supercritical mixing was observed

in situations where the local conditions are supercritical everywhere. This type of mixing is in-
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dicated by the absence of the droplet formation in the jet. The transcritical mixing occurs if the

local conditions are not supercritical everywhere and is manifested in two ways. Subcritical liquid

is injected into a supercritical (with respect to the injected fluid) environment whereupon the de-

creased surface tension leads to ligaments with a "fingerlike" appearance. In the other situation, a

supercritical fluid is injected into a subcritical environment to produce a locally subcritical mixture

to reestablish the surface tension.

Segal et al. observed several phenomena in their studies. First, a shortening of the unmixed

core occurred as the mixing process changed from subcritical to transcritical to fully supercrit-

ical mixing7. Roy and Segal investigated the core length for injection of (1) a subcritical fluid

into a subcritical environment, (2) subcritical fluid into a supercritical environment, and (3) su-

percritical fluid into a supercritical environment8 . The effect of density ratio on the core length

indicated negligible effect for case (1), strong variation with no distinguishable trend for case (2),

and decrease with increasing density ratio for case (3). The experimental results were combined

with linear stability analysis to explain the jet breakup mechanisms in subcritical and supercritical

environments9. Roy and Segal also observed that a fluid injected into a supercritical environ-

ment behaves similar to a gas-gas turbulent jet, with regards to the global parameters measured

in the study, irrespective of whether the jet is initially sub- or supercritical11. Sub- and super-

critical jets injected into sub- and supercritical environments were also investigated to understand

the conditions when the surface tension is reestablished10,12. These results showed that for fully

supercritical mixing to occur (without droplets), both the temperature and pressure of the ambient

must exceed the critical values of the injected fluid.

In recent years, supercritical mixing has sparked interest in the diesel engine community. Sev-

eral experimental and theoretical studies have suggested that the chamber pressure and temperature

in modern diesel engines can exceed the supercritical conditions of the fuel or fuel-air mixture in

the near field of the fuel jet to challenge the idea of the conventional approach to the mixture

formation in diesel engines5,13–19. Recent computational studies have sought to describe and un-

derstand the turbulent mixing process at supercritical conditions using large eddy simulations, as

well as machine learning techniques20–23. The experimental, theoretical, and computational ev-

idence from these works have indicated that the diesel sprays exhibit transcritical mixing where

the two-phase interface gradually disappears. These well-accepted and frequently cited articles

offer much insight as well as raise additional questions about the complicated nature of the fully

supercritical and/or transcritical mixing in diesel engines.
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The intermittent injections in diesel engines introduces additional complexities compared to the

steady injections in rocket applications. First, modern diesel injectors inject fuel at high supply

pressures through openings on the order of 100-200 µm. Thus, the near field jet evolution and

mixing are governed by the phenomena at the microscopic scale, requiring diagnostics with a

high spatial resolution. Second, diesel injections occur at fast time scales (a few milliseconds)

and require high sampling rates to resolve the transient injection event. Third, the cyclical nature

of diesel engines, and the resulting cyclic fluctuations in the chamber and injection conditions

can cause significant cycle-to-cycle variations of the fuel injection event24. Finally, the critical

temperature of diesel fuels is much higher compared to the hydrogen or methane fuels employed

for rocket applications. In published studies of supercritical mixing, little to no information is

available in several of these areas, let alone addressing them altogether. The present experimental

study examines supercritical mixing at the microscopic level during intermittent, transient fuel

injections into a high-pressure, high-temperature environment. However, several complexities

associated with diesel engines are removed by utilizing propane, an alkane with a low critical

temperature, at a relatively low supply pressure of 190 bar injected into a non-reacting environment

of nitrogen. While these test conditions do not represent a typical diesel engine, they do provide

an important first step to understand the supercritical mixing in a diesel-like environment.

The objective of this work is to provide insight into the transient, microscopic mixing phenom-

ena when a supercritical fluid is injected into sub- and supercritical environments. The first case

is a supercritical fluid injected into a supercritical environment. The second case is a supercritical

fluid injected into a subcritical environment. Both cases are examined on a statistical basis by

performing 120 experiments (injections) and evaluating global mixing parameters such as tip pen-

etration, tip speed, and spreading angle as well as spatial variation in the observed condensation

behavior. Finally, the two cases are compared with each other to identify the key differences in the

mixing behavior. The presentation is divided into three sections: The first section describes the

experimental setup. The next section provides the details of the selected cases studied as well as

the experimental findings. Lastly, the conclusions of this work are summarized.

II. EXPERIMENTAL SETUP

In this section the optically accessible constant pressure flow rig (CPFR) is first discussed

followed by a description of the optical diagnostic by rainbow schlieren deflectometry (RSD).
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A. Constant Pressure Flow Rig (CPFR)

The test apparatus illustrated in Fig. 1 provides a continuous, low-speed (0.01-0.1 m/s) flow of

nitrogen in the vertical direction and line-of-sight optical access to the fuel (propane) injection and

mixing with nitrogen in a the nearly quiescent environment to generate large experimental datasets

(>100 injections). The CFPR is brought to the desired temperature using preheated airflow before

switching to the nitrogen supply from the high pressure gas storage cylinders. Owning to the

design of the optical windows, the maximum operating pressure of the CPFR is limited to 50 bar.

Prior to entering the CPFR, the pressurized gas (air or nitrogen) is preheated to up to 1100 K by

an electrical preheater. For the minimum mass flow rate required by the heater, the average gas

speed in the CPFR is approximately <0.01 m/s (super-sub case) and 0.1 m/s (super-super case).

The preheated gas enters through a flow conditioning section consisting of six 0.5 mm thick, 100

micron mesh elements followed by a diffuser to uniformly distribute the flow across the CPFR.

The gas exits at the top of the CFPR through four 3 mm diameter holes spaced symmetrically in

an annulus around the injector cooling jacket. The supply pressure of the ambient gas is controlled

by an upstream dome regulator and the gas flow rate is regulated by a downstream control valve.

FIG. 1: Illustration of the constant pressure flow rig (CPFR).

Fuel is injected by a Bosch CRIN3-18 injector modified to have a single 104 µm hole at the tip

to create a spray along the axis of the rig. The injector body is maintained at a nominal temperature

of 400 K by a temperature controlled coolant jacket; this temperature is the maximum operating

temperature of the Bosch injector above which apparent thermal expansion within the injector
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body results in no injection when triggered regardless of the injection pressure. The coolant jacket

temperature is feedback controlled by an externally heated coolant reservoir using thermocouples

on the inlet and exit of the injector jacket. The injector pressure is controlled by a pneumatic

pressure multiplying fuel cart with a 300 to 1 pressure ratio. The fuel cart is capable of injecting

conventional liquid fuels as well as propane, which is gaseous at the ambient conditions. A back

pressure nitrogen tank is used to pressurize and liquefy the supply side of the fuel, and enable

it to be pumped through the system. The modifications allow for propane injections at supply

pressures of up to 1500 bar. However, the injection pressure in this study is 190 bar - the lowest

realizable injection pressure for the injector - as per the recommendations in the next section. The

fuel is injected for a duration of 3.8 ms. The experiment begins by preheating the CPFR to the

desired temperature using the preheated airflow. Preheating the CPFR to a steady temperature

of 500 K required approximately 2.5 hours. After steady state was reached, the supply gas was

switched from air to nitrogen. Data acquisition started after a wait time of 5-10 minutes to ensure

adequate purging of any remaining air. Once nitrogen is flowing through the chamber, the fuel cart

is enabled to pressurize the injector to the set pressure of 190 bar and data collection ensues. The

experimental run time is about 3 ms. Thus, the time scales of heat transfer during the experiment

are negligible compared to the time to reach steady chamber conditions.

B. Optical Diagnostics

Fuel-air mixing inside the CPFR is visualized by the RSD system shown in Fig. 2. An Energetiq

EQ-99X fiber coupled broadband light source collected and focused broadband light onto a 3 mm

high x 150 µm wide rectangular aperture placed at the focal point of a 75 mm diameter, 250

mm focal length achromatic doublet lens. The collimated light enters the left window and exits

from the right window of the CPFR. As light rays propagate through the test media, they are

either deflected by density gradients (blue line) or are scattered by the liquid droplets (red line)

or are absorbed by the dense fluid (also red line). In RSD, the ray deflection can be quantified

by a color filter to obtain a color coded image serving as a fine ruler25. Recently, Wanstall et

al. have demonstrated that, in RSD, the rays attenuated from scattering can also be detected

by the intensity signal to quantify the liquid regime in multi-phase fuel sprays26,27. In RSD,

color signifies deflection of light rays via density gradients in the media while the intensity signal

signifies light attenuation via absorption and/or scattering. In black and white schlieren, the dark
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regions represent the combined effects of absorption and/or scattering as well as the deflection of

light rays by the test media. In color schlieren, these two effects are segregated. Thus, liquid or

dense regions can be differentiated from the gaseous regions, However, prior information would be

required to differentiate between the light scattering and light absorption. After exiting the CPFR,

the light rays are decollimated by a matching achromatic doublet lens and then, focused onto a

5 mm wide asymmetric rainbow filter with a hue range of 20◦ to 340◦ placed at the focal point of

the decollimating lens. The color images are acquired by a Photron Nova S9 color camera. The

camera can be outfitted with different lens setups depending upon the desired spatial resolution and

field of view (FOV), far-field or near-field. The far-field FOV is used for global visualization while

the near-field FOV is used for quantitative analysis. The two different optical arrangements are

implemented by swapping the camera lens and adding extension tubes as shown in Fig. 2. The far-

field provides a full field visualization of the fuel injection at a spatial resolution of 38 µm/px using

a Nikon AF FX DC-NIKKOR 135 mm lens. The near-field provides a zoomed-in visualization at

a spatial resolution of 8 µm per pixel using a Nikon AF-S NIKKOR 300 mm lens coupled with an

extension tube arrangement of 470 mm length.

FIG. 2: Illustration of the RSD system.
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III. RESULTS

A. Case Selection

The focus of this work is to study the transient mixing in the near field of an initially super-

critical fuel injected into a supercritical (super-super) or subcritical (super-sub) environment with

respect to the injected fluid. A perfect one-to-one comparison between the cases is impossible

because of the interdependent nature of the thermodynamic properties. In this study, injector inlet

temperature and pressure and the ambient density are kept the same for the two test cases. Thus,

the disparity in global parameters such as the jet spreading angle and the tip penetration rate can

be attributed to the thermodynamic effects on the mixing process.

The two test cases were selected based on the constraints of the experimental hardware: a

maximum pressure of 50 bar for the optical windows on chamber and a maximum temperature

of 401 K to operate the injector. Propane’s critical pressure is 42.5 bar and critical temperature

is 369.9 K. To ensure supercritical conditions with respect to propane, the maximum chamber

pressure of 50 bar is used. For the first case (super-super), the ambient temperature and pressure

are 500 K and 50 bar, respectively. For the second case (super-sub), the ambient density is kept

the same by using temperature of 300 K and pressure of 30 bar. The operating pressure are

sufficiently high, but less than the operating pressure (> 150 bar) of modern diesel engines. In

both cases, supercritical propane is supplied to the injector at 401 K and 190 bar. A lower supply

pressure compared to the typical diesel injection pressures of > 1000 bar was used to prevent

the supercritical fluid from choking within the injector28. At these conditions, the injector exit

velocities are low (<10 m/s), the kinetic energy is negligible, and the flow across the injector can

be approximated as isenthalpic.

Figure 3 shows the thermodynamic path of the injected fuel for the two cases on a pressure-

enthalpy diagram; REFPROP software was used to evaluate the thermodynamic properties29. For

the super-super case, propane expands across the injector to reach the ambient pressure of 50 bar

and temperature of 378 K or slightly above the critical temperature at the injector exit. However,

for the super-sub case, propane expands across the injector to reach the ambient pressure of 30 bar

and temperature of 351 K, i.e., in the two-phase mixture region with a quality of 0.63. Thus, even

though the injector supply conditions are the same, the propane for the super-super case exits the

injector as a supercritical fluid but as a two-phase mixture for the super-sub case. Table I shows
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FIG. 3: Pressure-enthalpy phase diagram for propane including density (red), temperature (green)

isolines, phase boundary (black) and critical point (black dot). The thermodynamic states at the

injector inlet and exit for the two case are shown in the figure.

TABLE I: Air flow and fuel injection conditions in the CPFR.

Case Tamb (K) Pamb (bar) Tin j (K) Pin j (bar)

Super-Super 505.9±0.6 49.90±0.10 401.0±1.7 193.0±4.5

Super-Sub 305.2±0.2 30.17±0.09 400.8±2.1 192.2±4.8

that both injection and chamber test conditions are highly stable during the 16 minute experiment

to record the 120 injection events.

B. Far-field Analysis

First, the two test cases are examined with a larger FOV at a spatial resolution of 38 µ m/px.

Figure 4 shows the raw RSD images for a sample injection of super-super case (left) and super-

sub case (right) at t = 3.8 ms after the start of injection (ASOI), which is also the end of injection

(EOI). The colors or hues in the RSD images represent the light ray deflections caused by the

density gradients in the test media. The color asymmetry in the images is a manifestation of

the asymmetric filter (shown in Fig. 2) used for the experiments. For the super-super case, the

background has been subtracted for clarity. Moving forward, the background subtraction will be
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FIG. 4: Far-field RSD images for injections at super-super (left) and super-sub (right) cases. The

background subtraction is demonstrated for the super-super case.

applied to all raw RSD images. The two test cases show significant differences even though the

ambient density and propane supply conditions are the same. The jet penetration for the super-

super case is ≈ 30% greater than that for the super-sub case supporting the hypothesis that the jet

mixing is affected by the thermodynamic effects in the near field. Thus, the long range microscopy

setup discussed in Section II is employed to examine the mixing in the near-field in detail for each

case.

C. Microscopic Analysis of the Super-Super Test Case

Figure 5 shows the RSD images to visualize the temporal evolution of a sample injection in

the near field. Images before 0.4 mm are not shown as a thermal boundary layer between injector

cooling jacket and ambient creates strong refractive index gradients that obscure the spray due to

the line-of-sight nature of the RSD imaging; the injector tip must be recessed slightly (≈ 10 µ

m) into the cooling jacket to protect it from overheating. The results shows that at t = 0.5 ms,

the injected fluid has penetrated downstream to about z = 1.5 mm. The jet spreads throughout the

test until it reaches the EOI at t = 3.8 ms, and its nominally linear growth rate is consistent with

the macroscopic observations for fully supercritical jet mixing in4,8. The instantaneous images

illustrate the corrugated turbulent structures along the shear layer resulting from the entrainment

process.
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FIG. 5: RSD images depicting the temporal evolution in the near field for the super-super case.

The low intensity signal in the near field (darker, less clear color region) of the jet in Figure 5

results from light attenuation either by surface scattering (e.g., liquid droplets) and/or absorption

by an optically thick (or high density) test media. Recognizing that the propane emerges from

the injector in the supercritical state (see Fig. 3), the attenuated signal at the jet exit can be at-

tributed to the high density supercritical propane. The signal intensity increases axially along the

jet indicating that the jet spreading or mixing of the dense supercritical propane with the ambient

nitrogen decreases the optical thickness. Overall, the RSD images provide a direct evidence of the

transient, supercritical jet-like mixing at a microscopic scale.

The fuel injection process is inherently stochastic despite the stable global test conditions ex-

plored in detail in Reggeti et al.. Injection experiments are different likely because of the injector

dynamics and turbulent mixing, both real but somewhat non-repeatable phenomena. Slight varia-

tions in the needle lift inside the injector are exaggerated at the relatively low injection pressures

utilized this study. An outlier test was performed to discount ‘bad’ injections in the data analysis.

Figure 6 illustrates the variations observed at a single time step (t = 3.8 ms) for four out of a total

of 120 injection experiments. The images reveal large shot-to-shot variations in the flow field. For

example, in injections 18 and 48, the jet extends beyond the FOV, while it reaches z = 5 mm for

11



FIG. 6: RSD images for the super-super case showing shot-to-shot variations at 3.8 ms (EOI).

injection 74 and only z = 3.4 mm for injection 108. In some cases, small localized regions of light

attenuation are also observed along the jet. For example, in injection 108, the near-field is darker

along the right side of the shear layer. In injection 74, a dark region is observed on the left side at

around z = 3.5 mm.

Recently, the authors presented a method to quantify light attenuation in the RSD images in

terms of the liquid (or dense region) probability in jet sprays26,27. Based on prior work, these

dark regions suggest the possibility of condensation on a consistent basis. Figure 7 was obtained

using this procedure and it shows the contours of liquid (or dense region) probability and the outer

vapor boundary at different times. The region from z = 0 to 0.4 mm is excluded because of the

refractive index gradients in boundary layer around injector coolant jacket. Figure 7 shows that the

method identified the dark region at the injector exit as a liquid with a high probability. However,

with the a priori knowledge of Fig. 3, this so-called "liquid" regions should be interpreted as the

optically thick supercritical region. Figure 7 also shows localized dense region(s) downstream of

the jet with modest liquid probability of 20% at t = 1.5 ms increasing to around 30% at t = 3.8 ms.

We hypothesise that these regions represent the liquid formation via condensation. The adiabatic

mixing analysis presented next explores this topic further to explain the condensation phenomena
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FIG. 7: Temporal evolution of liquid probability for the super-super case. The white dashed line

represents the vapor boundary.

observed in this case.

The mixture phase behavior at the thermal equilibrium can be described by the adiabatic, iso-

baric mixing of two fluids initially at different temperatures similar to the analysis by Yang and

by Oschwald et al.30,31. In adiabatic mixing, the mixture enthalpy can be determined as a linear

combination of each fluid’s initial enthalpy weighted by the respective mole fractions or mixture

fractions13,32–34. Then, the thermodynamic properties, e.g., mixture temperature for a given mix-

ture enthalpy and pressure can be calculated using the reduced mixture Helmholtz equation of

state (EOS). Prior work by the authors provide the details of the adiabatic mixing principle and

the implemented EOS35. Figure 8 shows the adiabatic mixing line (red) superimposed upon the

phase diagram of propane-nitrogen mixtures in the mole fraction (x f ) space for a fixed pressure

of 50 bar. In Fig. 8, the area under the curves represents the two-phase mixture region and the

intersection of the saturated liquid and saturated vapor curves is the critical point (black dot) of

the mixture at 50 bar (temperature of 371 K and mole fraction of 0.97). For details about mix-

ture’s critical point at different pressures see work by Dahms et al.13. While the mixture EOS

implementation provides high accuracy in single phase regions, the data in the two-phase region

has uncertainty due to sparse bubble and dew point information36. Thus, while there is confidence

in the mixture phase, the specific curve in the two-phase region should be considered qualitative
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FIG. 8: Path across the injector and adiabatic mixing line (red line) for the super-super case. The

saturation curve for 50 bar is shown in black.

rather than quantitative.

Propane expands from 190 bar and 401 K to 50 bar and 378 K across the injector (vertical red

line), and then mixes with the nitrogen to decrease the local mole fraction. The propane-nitrogen

mixture remains supercritical until about x f = 0.97 when the adiabatic mixing line intersects with

the two-phase dome and remains close to the saturated vapor curve. Figure 8 illustrates that al-

though both propane and nitrogen are initially supercritical, condensation could occur in rich mix-

tures, i.e., 0.65 < x f < 0.95, where the adiabatic mixing line deviates from the saturation curve. In

this scenario, the liquid forms because of the mixing induced condensation. The adiabatic mixing

analysis is consistent with the experimental findings discussed above, whereby mild condensation

is observed at the downstream locations of the jet. Further, condensation would only be expected

to occur around the jet radius where x f > 0.65. Liquid would not form in the dilute regions with

x f < 0.65 as observed experimentally. Overall, these observations are different from typical liquid

phase injection where liquid probability in the near field will decrease monotonically to zero both

axially and radially.

Related work by Roy et al. studied droplet formation in supercritical fluid injections10. In their

study, both the ambient pressure and injection pressure were supercritical and droplet formation

was investigated as a function of fuel and ambient temperature. They developed an empirical
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criterion, "no drop parameter" or NDP given by Eq. 1

NDP = Tf Tamb/T 2
cr, f (1)

where Tf , Tamb, Tcr, f are the temperature of the injectant, ambient, and critical temperature of the

injectant, respectively. In their work, they found that the liquid is not formed if NDP > 0.975. In

the present study, NDP = 1.4 for the super-super case, which is far greater than the condensation

threshold reported by Roy et al.10. However, in the current work, a spatial resolution of 8 µm/px

was necessary to detect the condensation associated with microscopic droplets while the far-field

analysis at the same conditions with spatial resoulton of 38 µm/pxin Fig. 4 could not identify regions

with the droplet formation. The spatial resolution in the study by Roy et al. was 44 µm/px, which

might have been inadequate to detect the condensation associated with the expected small droplets

forming a shell around the jet.

D. Microscopic Analysis of the Super-Sub Test Case

Figure 9 shows the RSD images to visualize the temporal evolution of the jet in the near field.

The jet has penetrated to z = 0.5 mm at t = 0.5 ms and to z = 2.0 mm at t = 1.5 ms. The near-field

appears darker compared to the downstream region at 1.5 ms. At t = 1.5 ms, most of the jet is

translucent except for a thin dark region along the shear layer from z = 1.0 to 1.5 mm. The radial

and axial extant of the dark region increases at later times, i.e., t = 2.5 ms and 3.8 ms. For all

time steps, Fig. 9 shows a rapid expansion immediately as the fluid emerges from the injector.

For example, the jet width at z = 0.2 mm is about 0.4 mm, i.e., four times the diameter of the

injector orifice. Next, Fig. 10 shows shot to shot variations in the flow field despite the steady

test conditions per Table I. These variations are likely caused by the low injection pressure and

the turbulent flow mixing. The jet tip penetration and the location and extent of the dark regions

varies from injection to injection. The jet tip penetrates between z = 2.4 mm to 5.0 mm in the

four selected injections in Fig. 10. The disparity in the dark zones is evident from injection 71

showing very little light attenuation to injection 38 displaying significant attenuation along the left

side from z = 0 to 4 mm. Each injection shows differing levels of asymmetry, overall jet shape,

and turbulent features.

The liquid probability analysis is performed for all 120 injection experiments using the method-

ology of Wanstall et al.26,27 to obtain the contours of liquid (or dense region) probability presented
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FIG. 9: RSD images depicting the temporal evolution in the near-field for the super-sub case.

FIG. 10: RSD images showing shot-to-shot variations at 3.8 ms (EOI) for the super-sub case.
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in Fig. 11. At t = 0.5 ms, the two-phase propane emerging out of the injector is observed as pre-

dicted by Fig. 3. The liquid probability at the injector exit is about 50%. Interestingly, at this

early time step, the detected liquid extends only to 0.5 mm or so and is not apparent at downstream

locations where the outer vapor boundary (shown in white) has reached z = 1.5 mm. At t = 0.9 ms,

liquid is still present at the injector exit and it has reappeared along the shear layer as the jet bound-

ary reaches z = 2.2 mm. The probability contours show a bias of condensation on the left side as

also observed in the RSD images. This asymmetry is believed to be unique to this injector and is

likely caused by minor manufacturing tolerances during the machining process that produced the

customized injector tip.

Note that as the results are based on 120 separate injections, the liquid region appears broader

than observed in an individual injection because of the stochastic nature of the jet boundary. At t

= 1.5 ms, the outer jet boundary has reached z = 3.2 mm, and the liquid is observed across a wider

apparent mixing/shear layer region and up to z = 2.5 mm. At t = 3.8 ms, the extent and probability

of liquid have both increased considerably. All frames show a bell-like expansion after the initial

emergence of the jet. The shear layer in the jet exists along the edge of the 3-D jet cone. Thus,

condensation is occurring at the outer periphery of the jet cone. However, due to either small

droplet sizes and/or the low droplet density, a complete light occlusion occurs only in the optically

thick regions, i.e., along the 2-D jet image periphery. If condensation resulted in droplets much

larger than the spatial resolution of the diagnostics, then dark spots would be visualized throughout

the image of the jet. Therefore, it is likely that majority of the droplets are smaller than the pixel

resolution, that is, 8 µm. In this case the NDP is 0.77, which is consistent with cases that predict

condensation10.

Next, Fig. 12 presents the adiabatic mixing line superimposed on the phase diagram of the

propane-nitrogen mixture at a pressure of 30 bar (note the similar but still significant difference

in the shape compared to the ambient at 50 bar in Fig. 8). In Fig. 12, the intersection of the

saturated liquid and vapor lines (bottom red dot) is the boiling point of the mixture (T = 351 K)

at 30 bar. The vertical line at x f = 1.0 represents the expansion process across the injector. The

middle red dot on this line demarcates the single and two-phase regimes inside the injector, also

shown in Fig. 3. Even though propane was supplied at supercritical conditions, it exits the injector

as a two-phase mixture. Upon emerging from the injector, the two-phase propane mixes with the

ambient nitrogen to decrease the fuel mole fraction from unity. Figure 12 shows that once mixing

ensues, the fluid quickly transitions from a two-phase propane (as shown in Fig. 3) to saturated
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FIG. 11: Temporal evolution of liquid probability for the super-sub case. The white dashed line

represents the vapor boundary.

vapor mixture - as the adiabatic mixing line is initially indistinguishable from the saturated vapor

line - and remains saturated vapor between x f = 0.95 and 1. This explains why the liquid emerging

from the injector in Fig. 11 quickly disappears as it mixes with the nitrogen to form a saturated

vapor mixture. Figure 12 shows that further dilution with nitrogen dips the adiabatic mixing line

into the two-phase region until about x f = 0.3. Thus, condensation is expected for 0.3 < x f <

0.95. These conditions are most likely to exist in the shear layer, which is consistent with the

observations in Fig. 11. The change in mole fraction in Figure 12 can be associated with time

during the jet evolution as a individual parcel of injectant mixes with ambient. Initially, the jet is

injected at x f = 1. As time increases, the jet mixes with the surrounding fluid thereby decreasing

f. The time associated with mixing promoted condensation requires x f to decrease to about 0.8

before the mixing line dips significantly into the two-phase region in Fig. 12. Following adiabatic

mixing theory, condensation ceases along the shear layer at t = 3.8 ms and z = 2.5 mm. Thus, we

can infer from Fig. 12 that the mixture has seemingly returned to the gas phase (x f = 0.0 to 0.3).
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FIG. 12: Path across the injector and adiabatic mixing line (red line) for the super-sub case. The

saturation curve for 30 bar is shown in black.

E. Comparison

In this section, global characteristics of each jet are compared to delineate the phenomenologi-

cal differences between the two cases. Figure 13a compares the average jet width at the EOI where

the average is taken over all 120 injections. The black dash line through each data set represents a

linear least square fit in two different regions: z <2 mm and z >2 mm. Results show that the jet for

the super-super case is narrower than that for the super-sub case. The primary difference occurs at

the injector exit where the super-sub jet undergoes sudden expansion. A possible explanation for

this phenomena could be the local mixing of the two-phase propane and nitrogen at the injector

exit to produce the saturated vapor mixture as discussed earlier, inducing flash evaporation typi-

cally accompanied with rapid, bell-shaped expansion. Figure 13a shows that the spreading angle

decreases with axial distance, and is consistent with the previous studies of diesel-like sprays27,37.

Next, Fig. 13b compares the average tip penetration and the average tip velocity for the two

cases computed using the methodology described in previous work26,27 with slight customization

for these test cases. The data are truncated at t = 2.2 ms because individual injections reached the

end of the FOV in the super-super case. The tip penetration (and velocity) has been corrected to

account for the different relative velocities of the nitrogen counter-flow in the chamber; 0.1 m/s

for super-super case and 0.01 m/s for the super-sub case. The tip velocity is shown as the square

symbols and a least square polynomial fit is illustrated as the dashed lines. Results demonstrate
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(a) (b)

FIG. 13: (a) Jet width versus axial distance at EOI. The black dashed line represents a least

square linear fit of the data. The data are split at 2 mm by the black dashed line. (b) Transient tip

penetration and speed. The dotted red and green lines are the incipient times at condensation. The

black dashed line represents a breakup model by Neal and Rothamer38 and the black dot is the

break-up time for the model.

that despite demonstrated shot-to-shot variations, the average jet tip penetration for both cases

converges to less than ±0.1 mm after 120 injections as shown by the standard error bars of the

mean value (sx̄ = s/
√

n) in Fig. 13b. Results clearly show that the super-super jet penetrates farther

downstream compared to the super-sub jet. For example, at t = 2.2 ms, the tip penetration for the

super-super case is (≈40%) greater than that for the super-sub case. Tip velocity data also exhibit

higher velocities for the super-super case at all times. The onset of condensation is marked by the

vertical dotted lines. Figure 13b shows the condensation begins later for the super-super case.

For the super-super case, the tip velocity in Fig. 13b shows an initial phase of acceleration

followed by a gradual decrease towards the quasi-steady state. However, the super-sub case shows

a transition stage in-between the acceleration and quasi-stage states, similar to the observations in

jet sprays with the liquid break-up. For reference, the black dashed line in Fig. 13b represents the

predictions from the 1-D transient jet model incorporating the jet break-up physics by Neal and

Rothamer38. The model predicts the tip velocity as if the injectant originated as a liquid jet that

undergoes the break-up. The black dot in Fig. 13b represents the so called ’break-up’ time when
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the complete disintegration of the potential core has occurred38. The break-up time occurs shortly

after the initial transition period characterized by the drag on the surrounding droplets to inhibit the

jet penetration38. Figure 13b shows that the super-sub case behaves similar to the jet spray break-

up model with three distinct stages including nearly identical quasi-steady velocity behavior. The

initial acceleration for both the model and the super-sub case are nearly equivalent. The transition

stage shows comparable characteristics in both peak velocity and deceleration suggesting that the

initial condensation is akin to the break-up process in liquid sprays. In both cases, the jet tip slows

when droplets are initially formed. However, the transition period is absent for the super-super

case presumably due to the sparser condensation. Figure 13b illustrates that the deceleration event

during condensation is analogous to a liquid jet undergoing breakup, that is, the droplets formed

by condensation introduce the drag forces. Thus, if condensation never occurs, i.e., in case of

supercritical mixing, the jet penetration and mixing will not be inhibited by the drag forces.

The seminal work of Chehroudi shows that the spreading angle increases with increasing ratio

of the ambient density and the injectant density, i.e.,
(

ρamb
ρ f

)4. Oschwald et al.31 applied a curve fit

to the N2-N2 mixing data given in Ref.4 to determine the spreading angle (half) from Eq. 2.

F
(ρamb

ρ f

)
=5.325

ρamb

ρ f
+0.0288 for

ρamb

ρ f
< 0.0885

=0.5 for
ρamb

ρ f
≥ 0.0885

Θ f ull =0.27[F
(ρamb

ρ f

)
+
(ρamb

ρ f

)0.5
]

(2)

In the present study, the density ratios are 0.43 and 0.13 for the super-sub (vapor phase density)

and super-super case, respectively. The half spreading angle computed from Eq. 2 is 8.9◦ for the

super-sub case and 8.3◦ for the super-super case. These values compare well with the measured

half angles of 8.7◦ and 7.9◦, respectively, for the super-sub and super-super cases in this study. The

comparison is very good and is consistent with the decreasing half angle with decreasing density

ratio, also observed for supercritical binary jet mixing in Roy and Segal11.

IV. CONCLUSIONS

Transient near-field mixing of a supercritical fluid (propane) injected into super- and sub-

critical environments was investigated using the RSD imaging. A Bosch diesel fuel injector was

used to inject the fuel into a constant pressure flow rig to acquire a large set of repeated injections
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at steady ambient conditions of high pressures and temperatures. The injectant supply temperature

and pressure (and density) and ambient density were the same for the two cases. Thermodynamic

analysis revealed that the initially supercritical propane for the super-super case remained super-

critical throughout the injector but it transitioned to a two-phase mixture for the super-sub case.

The following are the key conclusions from this study.

• The far-field RSD images revealed distinct differences in the mixing behavior between the

two cases: longer and narrower jet penetration for the super-super case as compared to the

super-sub case.

• Significant injection to injection variations in the mixing and jet penetration were observed

for both cases. These variations can be attributed to the relatively low fuel supply pressure

and the highly turbulent nature of the flow field.

• For the super-super case, the liquid probability maps obtained from the RSD image analysis

showed sparse liquid zones along the shear layer at the downstream locations indicating

condensation. The liquid zones were detected only when the RSD images were acquired

at a high spatial resolution indicating small droplets with diameters on the order of a few

microns.

• For the super-super case, the adiabatic mixing analysis revealed a two-phase mixture re-

gion for mole fractions between 0.65 and 0.95 which explains the condensation observed

experimentally.

• For the super-sub case, liquid was detected at the injector exit and more significantly in the

downstream shear layer region. These observations are consistent with the adiabatic mixing

theory predicting a two-phase regime for fuel mole fractions between 0.3 and 0.95.

• For the super-sub case, the initial two-phase mixture exiting the injector quickly turned into

vapor, likely by mixing induced flash vaporization accompanied with a bell-shape expan-

sion. This behavior is consistent with the adiabatic mixing theory predicting vapor mixtures

for mole fractions between 0.95 and 0.98.

• The super-super case exhibited consistently faster jet tip velocities resulting in greater jet

penetration at all realizable times. The super-super case also showed narrower jet widths

and/or spreading angles compared the super-sub counterpart.
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• The super-sub case behaved similarly to the conventional liquid injection undergoing the jet

breakup process that forms the droplets. In both cases, the initial jet penetration is impeded

by the drag forces on the droplets. These observed trends were accurately predicted by an

existing 1D transient jet model employed in the study.

Finally, at fully supercritical conditions the mixing is not impeded by the drag on the droplets

present otherwise.

ACKNOWLEDGMENTS

This work was performed with support by the Department of Energy, Office of Energy Effi-

ciency and Renewable Energy (EERE) and the Department of Defense, Tank and Automotive Re-

search, Development, and Engineering Center (TARDEC), under Award Number DE-EE0007301.

REFERENCES

1W. C. Reynolds and P. Colonna, Thermodynamics (Cambridge University Press, 2018).
2W. Mayer and H. Tamura, Journal of Propulsion and Power 12, 1137 (1996).
3W. Mayer, A. Schik, M. Schaf fler, and H. Tamura, Journal of Propulsion and Power 16, 823

(2000).
4B. Chehroudi, D. Talley, and E. Coy, Physics of Fluids 14, 850 (2002).
5C. Crua, J. Manin, and L. M. Pickett, Fuel 208, 535 (2017).
6B. Chehroudi, International Journal of Aerospace Engineering 2012 (2012).
7C. Segal and S. Polikhov, Physics of Fluids 20, 052101 (2008).
8A. Roy and C. Segal, Journal of Propulsion and Power 26, 1205 (2010).
9A. Roy and C. Segal, Physics of Fluids 24, 034104 (2012).

10A. Roy, C. Joly, and C. Segal, Journal of Fluid Mechanics 717, 193 (2013).
11A. Roy, C. Segal, and C. Joly, AIAA journal 51, 2009 (2013).
12S. DeSouza and C. Segal, Physics of Fluids 29, 047107 (2017).
13R. N. Dahms and J. C. Oefelein, Physics of Fluids 25, 092103 (2013).
14R. N. Dahms, J. Manin, L. M. Pickett, and J. C. Oefelein, Proceedings of the Combustion Insti-

tute 34, 1667 (2013).
15R. N. Dahms and J. C. Oefelein, Proceedings of the Combustion Institute 35, 1587 (2015).

23



16R. N. Dahms, Physics of Fluids 28, 042108 (2016).
17Z. Falgout, M. Rahm, Z. Wang, and M. Linne, Proceedings of the Combustion Institute 35, 1579

(2015).
18Z. Falgout, M. Rahm, D. Sedarsky, and M. Linne, Fuel 168, 14 (2016).
19T. C. Klima, A. Peter, S. Riess, M. Wensing, and A. S. Braeuer, The Journal of Supercritical

Fluids 159, 104777 (2020).
20P. Koukouvinis, C. Rodriguez, J. Hwang, I. Karathanassis, M. Gavaises, and L. Pickett, Interna-

tional Journal of Engine Research , 14680874211020292 (2021).
21F. Ries and A. Sadiki, Atomization and Sprays 31 (2021).
22C. Lagarza-Cortés, J. Ramírez-Cruz, M. Salinas-Vázquez, W. Vicente-Rodríguez, and J. M.

Cubos-Ramírez, Physics of Fluids 31, 025104 (2019).
23F. Ries, Numerical modeling and prediction of irreversibilities in sub-and supercritical turbulent

near-wall flows, Ph.D. thesis, Darmstadt Technische Universität (2019).
24S. A. Reggeti, A. Parker, C. T. Wanstall, A. K. Agrawal, and J. A. Bittle, Journal of Engineering

for Gas Turbines and Power 143, 091018 (2021).
25A. Agrawal and C. T. Wanstall, Journal of Flow Visualization and Image Processing 25 (2018).
26C. T. Wanstall, A. K. Agrawal, and J. A. Bittle, Applied optics 56, 8385 (2017).
27C. T. Wanstall, A. K. Agrawal, and J. A. Bittle, Applied optics 58, 6791 (2019).
28S. Baab, G. Lamanna, and B. Weigand, International Journal of Multiphase Flow 107, 116

(2018).
29E. Lemmon, I. H. Bell, M. Huber, and M. McLinden, Standard Reference Data Program,

Gaithersburg (2018).
30V. Yang, Proceedings of the Combustion Institute 28, 925 (2000).
31M. Oschwald*, J. Smith, R. Branam, J. Hussong, A. Schik, B. Chehroudi, and D. Talley, Com-

bustion science and technology 178, 49 (2006).
32D. L. Siebers, SAE transactions , 1205 (1998).
33D. L. Siebers, SAE transactions , 703 (1999).
34L. Qiu and R. D. Reitz, International Journal of Multiphase Flow 72, 24 (2015).
35C. T. Wanstall, A. K. Agrawal, and J. A. Bittle, Combustion and Flame 214, 47 (2020).
36E. Lemmon, M. Huber, and M. McLinden, NIST standard reference database 23 (2013).
37L. M. Pickett, J. Manin, R. Payri, M. Bardi, and J. Gimeno, Transient rate of injection effects on

spray development, Tech. Rep. (SAE Technical Paper, 2013).

24



38N. Neal and D. Rothamer, International Journal of Engine Research 18, 909 (2017).

25


