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Liquid injection in systems such as liquid rockets where the working fluid exceeds the thermo-
dynamic critical condition of the liquid phase is not well understood. Under some conditions when
operating pressures exceed the liquid phase critical pressure, surface tension forces become dimin-
ished when the classical low-pressure gas-liquid interface is replaced by a diffusion-dominated mixing
layer. Modern theory, however, still lacks a physically-based model to explain the conditions under
which this transition occurs. In this paper, we derive a coupled model to obtain a theoretical analysis
that quantifies these conditions for general multicomponent liquid injection processes. Our model
applies a modified 32-term Benedict-Webb-Rubin equation of state along with corresponding com-
bining and mixing rules that accounts for the relevant thermodynamic non-ideal multicomponent
mixture states in the system. This framework is combined with Linear Gradient Theory, which fa-
cilitates the calculation of the vapor-liquid molecular structure. Dependent on oxygen and hydrogen
injection temperatures, our model shows interfaces with substantially increased thicknesses in com-
parison to interfaces resulting from lower injection temperatures. Contrary to conventional wisdom,
our analysis reveals that LOX-H2 molecular interfaces break down not necessarily because of van-
ishing surface tension forces, but because of the combination of broadened interfaces and a reduction
in mean free molecular path at high pressures. Then, these interfaces enter the continuum length
scale regime where, instead of inter-molecular forces, transport processes dominate. Based on this
theory, a regime diagram for LOX-H2 mixtures is introduced that quantifies the conditions under
which classical sprays transition to dense-fluid jets.

I. Introduction

NJECTION of liquid fuel in systems where the working fluid exceeds the thermodynamic critical pressure of the
liquid phase is not well understood. Depending on pressure, injected jets can exhibit two distinctly different sets
of evolutionary processes. At low subcritical pressures, the classical situation exists where a well-defined molecular
interface separates the injected liquid from ambient gases and causes the presence of surface tension. Interactions
between dynamic shear forces and surface tension promote primary atomization, secondary breakup, and evaporation
processes. As ambient pressures approach or exceed the critical pressure of the liquid, however, the situation may
become quite different. Under these conditions, interfacial diffusion layers can develop, apparently as a consequence
of both vanishing surface tension forces and locally diminishing gas-liquid interfaces. The lack of inter-molecular
forces and a distinct interfacial structure promotes diffusion dominated mixing processes prior to atomization. As a
consequence, injected jets evolve in the presence of exceedingly large but continuous thermo-physical gradients in a
manner that is markedly different from the classical assumptions.

Mayer et al.,'-> were one of the first to show the distinct changes described above. The flow visualization studies
conducted by Mayer and Tamura,” for example, have illustrated these trends for the case of a LOX-H, shear-coaxial
injector element. The two extremes are shown in Fig. 1. When LOX and LN2 are injected at low-subcritical pressures,
atomization occurs forming a distinct spray as described above. Ligaments are detached from the jet surface forming
spherical drops that subsequently breakup and vaporize. As the chamber pressure approaches the thermodynamic
critical pressure of the LOX, the number of drops present diminishes.

Research performed since has provided additional insights related to the structure and dynamics of multiphase
flows at high pressures. Chehroudi, Talley and Coy? performed a wide range of visualizations. Cryogenic liquids at
subcritical temperatures were injected into an environment at supercritical temperatures and various pressures ranging
from subcritical to supercritical values. Pure nitrogen and oxygen were injected into environments composed of
nitrogen, helium, argon and various mixtures of carbon-monoxide and nitrogen. At low subcritical chamber pressures,
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Figure 1. Nonreacting shear-coaxial liquid-nitrogen-helium injector operating at (a) 1.0 MPa and (b) 6.0 MPa.
Tn2=97 K, Tg.=280 K into GHe at T=300 K. From Mayer et al'.

the jets showed surface irregularities that amplified downstream, exhibiting intact, shiny, but wavy surface features that
eventually broke up. A further increase of chamber pressure at constant jet initial and ambient temperatures caused
the formation of many small drops. As the chamber pressure was further increased, the transition to a full atomization
regime was inhibited near but slightly below the critical pressure. The jet structure at this point changed and began
to resemble a turbulent gas jet with no detectable drops. The reason was attributed to the reduction of surface tension
and enthalpy of vaporization as the critical pressure of the injectant is approached. The initial divergence angle of
the jet was measured at the jet exit and compared with the divergence angle of a large number of other mixing layer
flows, including atomized liquid sprays, turbulent incompressible gaseous jets, supersonic jets, and incompressible
but variable density jets. Chehroudi et al.® also plotted the divergence angle for the cases described above over four
orders of magnitude in the gas-to-liquid density ratio. This was the first time such a plot has been reported over this
large a range of density ratios. At and above the critical pressure of the injected liquid, jet growth rate measurements
agreed quantitatively with the theory for incompressible but variable density gaseous mixing layers. This provides
a quantitative parameter to demonstrate that the similarity between the two flows extends beyond a mere qualitative
physical appearance. Finally, as the pressure is reduced to progressively more subcritical values, the spreading rate
approaches that measured by others for liquid sprays.

Many other works have served to corroborate these observations.*"'# The absence of surface tension forces un-
der some high-pressure conditions still poses many fundamental questions. For a pure fluid, basic theory dictates
that surface tension forces become diminished when the pressure of the liquid phase exceeds its critical value. For
multicomponent liquid injection in modern propulsion and power systems, however, modern theory still lacks a first
principle explanation for the observed phenomena. According to fundamental physics, surface tension forces diminish
when the temperature of the liquid phase exceeds its critical value. Under many conditions in modern propulsion and
power systems, however, this mechanism has to be ruled out as a possible explanation for diminishing surface tension
forces. As shown in this paper, the temperature of hot unburnt ambient gases is not sufficient to heat up the gas-liquid
interface to its critical temperature. Additionally, elevated pressure alone does also not provide the physical explana-
tion for the obtained observations. In contrast to pure fluids, surface tension forces in multicomponent mixtures do not
diminish only because the critical pressure of the liquid or the “mixture critical pressure”, as defined by Faeth,!>1¢ is
exceeded. Experimental evidence of substantial surface tension forces in various binary hydrocarbon/nitrogen mix-

American Institute of Aeronautics and Astronautics



tures at high pressures (p>>pc,1, p>400 bar) is provided in the literature.!”~!?

In this paper, we present some of the first fundamentally based theories to explain and quantify the change in the
interfacial dynamics that leads to the transition between non-continuum jump conditions associated with classical two
phase flows and continuous diffusion dominated mixing processes widely observed at high pressures. Based on the
previous work by Dahms et al.,° a comprehensive real-fluid multicomponent thermodynamic model is derived to ob-
tain representative detailed gas-liquid interfacial profiles during the fuel injection process. This theoretical framework
is then applied to LOX-H2 mixtures and conditions, representative for liquid rockets. Our analysis shows that, under
certain high-pressure conditions, gas-liquid interfacial phenomena are not determined by vapor-liquid equilibrium and
the presence of surface tension forces anymore. Instead, the interface enters the continuum length scale regime due to
a combination of reduced mean free molecular pathways and broadened interfaces. Based on this fundamental theory,
a regime diagram for liquid injection is introduced that quantifies the conditions where this transition can occur, coin-
cidentally, at operating pressures comparable to that of the pure oxygen critical pressure. It also shows the conditions
under which classical spray and droplet formation can still occur at liquid-phase supercritical pressures.

I1. Model Formulation

The starting point of our model is based on the theoretical-numerical framework developed by Oefelein,?!-?> which
provides a generalized treatment of the thermodynamics and transport processes for any arbitrary hydrocarbon mixture
at near-critical and supercritical conditions. The thermodynamic and transport property scheme is comprehensive and
intricate, thus only a skeletal description can be given here. This framework is combined with real-fluid vapor-liquid
equilibrium and Linear Gradient Theory,>>?* which allows us to reconstruct the gas-liquid interface structure to cal-
culate its surface tension and interface thickness.

A. Thermodynamic and Transport Properties

The extended corresponding states model>>?° is employed using a Benedict-Webb-Rubin (BWR) equation of state

to evaluate the p-v-T behavior of the inherent dense multicomponent mixtures. Use of modified BWR equations of
state in conjunction with the extended corresponding states principle has been shown to provide consistently accurate
results over the widest range of pressures, temperatures and mixture states, especially at saturated conditions. Having
established an analytical representation for real mixture p-v-T behavior, thermodynamic properties are obtained in two
steps. First, respective component properties are combined at a fixed temperature using the extended corresponding
states methodology to obtain the mixture state at a given reference pressure. A pressure correction is then applied using
departure functions of the form given by Reid ef al. [27, Chapter 5]. These functions are exact relations derived using
Maxwell’s relations (see for example VanWylen and Sonntag [28, Chapter 10]) and make full use of the real mixture
p-v-T path dependencies dictated by the equation of state. Standard state properties are obtained using the databases
developed by Gordon and McBride? and Kee et al.>® Chemical potentials and fugacity coefficients are obtained in
a similar manner. Likewise, viscosity and thermal conductivity are obtained using the extended corresponding states
methodologies developed by Ely and Hanley.’":3> Mass and thermal diffusion coefficients are obtained using the
methodologies outlined by Bird et al.>* and Hirschfelder et al.3* in conjunction with the corresponding states method-
ology of Takahashi.?

B. Linear Gradient Theory for Gas-Liquid Interface Structures

Gradient Theory provides a widely accepted methodology to calculate detailed interface structures between gases and
liquids.%37 Gradient Theory presents a thermo-mechanical model of continuous fluid media and converts statistical
mechanics of inhomogeneous fluids into non-linear boundary value problems. At equilibrium, as applied in this pa-
per, the model has been shown in detail to be equivalent to mean-field molecular theories of capillarity. The solid
foundations of this theory were established by van der Waals in 1893 and reformulated later by Cahn and Hilliard in
1958. Over past decades, Gradient Theory has been successfully applied to a wide variety of fluids: hydrocarbons
and their mixtures, polar compounds and their mixtures, polymer and polymer melts, vapor-liquid and liquid-liquid
interfaces. Recently, Gradient Theory has even been successfully compared to Monte Carlo molecular simulations of
vapor-liquid and liquid-liquid interfaces.*®*" There, Gradient Theory proved successful in capturing both surface ten-
sion and details of subcritical vapor-liquid molecular interfacial structures. Linear Gradient Theory has been derived
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from Gradient Theory by assuming a linearized minimization function of the Helmholtz free energy density distribu-
tion across the vapor-liquid interface for the calculation of the interfacial density profiles. Linear Gradient Theory has
proven successful in calculating binary and multicomponent interface states of the kind considered here.>2*

The interfacial profile of a planar multicomponent gas-liquid interface is obtained by minimizing the Helmholtz
free energy, which is expanded as a Taylor series and truncated at lower spatial derivatives according to the following
equation’®37

dpy i d i i
ZZ P EPM) — &(pu) — (1)

l
Tdn dn

Here x;; is the influence parameter, assumed to be density-independent,*! with p,; as the molar density, n as the normal
interface direction and ®@; = —pjy as the equilibrium pressure. The grand thermodynamic potential energy density is
defined as

®(pu) = folpm) ZpM,y, 2)

with fj as the Helmholtz free energy density of the homogeneous fluid and g; as the chemical potential. Using Gradient
Theory, the surface tension ¢ and spatial interface dimension z can then be calculated once the species density profiles
within the interface are known:
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with subscripts I as the reference component (fuel) and with the mixture influence parameter K calculated following

_ dpl dpj
K_;; Vdpydp; ©)

The term k;; results from the pure component influence parameter calculated according to Lin et al.’® The boundary
conditions of the bulk vapor and liquid phases, referred to by indices V and L in Eq.(3), are obtained from real-fluid
multicomponent vapor-liquid equilibrium calculations. In Gradient Theory, the species density profiles in the reference
space py of Eqs.(3) and (4) are obtained from non-linear equations, derived from Eq.(1). They prescribe the species
density change with respect to the reference (fuel) component. In contrast to Gradient Theory, Linear Gradient Theory
applies linear equations. Then, the characteristic interface thickness £, is calculated following the criterion from

Lekner and Henderson*2
idp;
P1,0.9 ZZ i dp apj
dp; dps
boy = dp; (6)
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II1. Results and Discussion

To obtain a comprehensive analysis of the liquid injection process, the mixture fraction variable is introduced as
Z =m1/(m+my) , with m as the hydrogen fuel (H,) stream mass and m; as the oxidizer (LOX) stream mass, respectively.
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Results of real-fluid multicomponent vapor-liquid equilibrium (VLE) calculations, obtained using the 32-term BWR

mixture state equation, are shown in Fig. 2. Corresponding thermodynamic equilibrium conditions read:

with T as the temperature, p as the pressure, and y; as

TV = Tt
p’ = pt
W=

®)

the chemical potential of species i. Figure 2 shows vapor

liquid equilibrium compositions for the LOX-H2 binary system at different chamber pressures. The calculations show
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Figure 2. Temperature and mixture composition conditions at various pressures using real-fluid LOX-H2 vapor

liquid equilibrium calculations.

that the critical temperature, above which vapor-liquid equilibrium cannot exist anymore, decreases with increasing
pressure due to an increase of dissolved hydrogen into the liquid phase. As shown in Fig. 3, this decrease in critical
temperature scales linearly with pressure. After having established a framework to compute two-phase states, the
envelope of single-phase conditions is calculated using adiabatic mixing temperatures.

Such temperatures are computed assuming
an enthalpy distribution linear in mixture
fraction space. The modified 32-term BWR
equation of state is then applied to calculate
the temperature for each composition deter-
mined by the mixture fraction in order to
match the prescribed linear enthalpy distri-
bution. In Fig. 4, the adiabatic mixture tem-
perature is presented for a constant chamber
pressure of p=60 bar and liquid oxygen and
gaseous hydrogen coaxial injection tempera-
tures of T ox=100 K and Tgy2=300 K, re-
spectively. This temperature distribution is
combined with prior calculations of vapor-
liquid equilibrium. The chamber pressure
defines the envelope of temperature/mixture
conditions under which a vapor-liquid equi-
librium is possible. Likewise, the adiabatic
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Figure 3. Saturation and critical mixture temperature of oxygen-

hydrogen mixtures at various pressures.

mixing temperatures define the envelope of representative temperature conditions under which a vapor state (if it
exists), which mixes with the ambient gas, is possible. Therefore, the representative interface state is found at the
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Figure 4. Adiabatic mixing temperature for a LOX-H2 systems at p=80 bar.

temperature intersection points between adiabatic mixing and vapor equilibrium state temperatures as shown in Fig. 5.
The pressure of the interface is assumed to be equal to the chamber pressure. This analysis suggests a saturated mix-
ture condition at a temperature of Ta133 K. The analysis also shows that the temperature of the unburnt ambient
mixture is not sufficient to heat up the temperature of the liquid to its critical value. A required mixing line to actually
obtain such critical conditions is also illustrated in Fig. 5 which shows its nonphysical nature. This result implies the
existence of a distinct two-phase interface with surface tension forces for almost all operating conditions when the
liquid is injected at subcritical temperatures. This, however, appears to be in conflict with experimental evidence of
vanishing two-phase interfaces at such conditions.! Vapor-liquid equilibrium calculations do provide the compositions
and mixture states of the respective vapor and liquid phases at given temperature and pressure conditions. However,
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Figure 5. Representative two-phase interface state for a LOX-H2 systems at p=80 bar obtained from the temper-
ature intersection point between adiabatic mixing and vapor-liquid equilibrium temperatures. The adiabatic
mixing temperature cannot heat up the liquid to its critical temperature.

such calculations do not provide information about the spatial distribution of these compositions or the value of sur-
face tension. Therefore, Linear Gradient Theory is applied to reconstruct the detailed density profile and the strength
of surface tension forces. The equilibrium phase states provide the boundary conditions for the interfacial profile
calculation. Figure 6 presents the calculated vapor-liquid interfacial mixture density profiles for two interface states
using Linear Gradient Theory. At the high-temperature condition, the interface shows substantially reduced values
of density differences between vapor and liquid states and is distinctively thicker than at the corresponding lower
temperature condition. The relevance of this thickness for interface phenomena is highlighted by comparing it to the
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Figure 6. Density profiles across vapor-liquid interfaces computed from Linear Gradient Theory.

mean free pathway, also shown in Fig. 6 for reference. Fluid particles equilibrate over distances comparable to the
molecular length scales, represented by such mean free pathways. As the mean free pathway at the low-temperature
interface is comparable to the interface thickness, the temperature of the vapor equilibrates with the temperature of
the liquid (T =T%) and their interfacial processes are governed by molecular dynamics, thereby justifying the applied
vapor-liquid equilibrium assumptions. This interface exhibits surface tension forces, supports evaporation and heat
of vaporization phenomena, and is therefore expected to lead to the classical spray phenomena as two-phase theory
applies. At the high-temperature interface, however, the situation is reversed. The mean free pathway has become
more than an order of magnitude shorter than the interface thickness. Then, vapor-liquid interfacial processes are not
governed by molecular dynamics anymore as this interface enters the continuum regime. Under the conditions here,
the heat flux across the interface becomes linearly related to the temperature gradient. As the ambient gas temperature
is substantially higher than the liquid temperature, the temperature equilibrium assumption between vapor and liquid,
compare Eq. (8), also breaks down (TV# T%). Vapor-liquid equilibrium assumptions and classical two-phase theory
do not apply. The calculated vapor-liquid equilibrium value of surface tension forces therefore diminishes as the thick-
ness of this interface substantially increases. Such interfaces cannot support atomization and evaporation phenomena.
These two distinctively different two-phase interfacial phenomena are classified using a Knudsen-number criterion:

A
Kn = 7 < 0.1 — Continuum Regime 9)

with A as the representative mean free pathway of the interface. It is calculated at the corresponding vapor equilibrium
condition as the most conservative mixture state within the interface. Assuming the validity of ideal gas laws, the
mean free pathway A, conditioned on the vapor state x”, reads

kgT
V2rpd?

with kp as the Boltzmann constant, 7" as the interface temperature, p as the interface pressure, and d as the hard sphere
diameter of the average molecule. The average molecule size is calculated as

d=Y Xd; (11

<A >= (10)

with X; as the species mole fractions provided by the vapor equilibrium composition and d; as the respective
molecular size of each species. The vapor-liquid equilibrium interface thickness ¢ is calculated from Eq. (6).
Knudsen numbers less than Kn < 0.1 characterize interfaces which will enter the continuum regime governed
by the Navier-Stokes equations. Knudsen numbers greater than Kn > 0.1 characterize non-continuum flows.
As shown in Fig. 6, this Knudsen number criterion confirms for the low-temperature interface state (Kn =~
0.3 > 0.1) that classical two-phase theory applies, while the same criterion for the high-temperature interface
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shows (Kn ~ 0.03 < 0.1), that continuum assumptions including the definition of the mixture fraction become
valid across the interface. The significance of the temperature in the broadening of vapor-liquid interfaces is
shown in Figure 7. The analysis shows that the interface thickness increases exponentially with temperature.
Surface tension forces, on the other hand, are known to decrease only linearly with temperature.

The high-temperature case, where the continuum
fluid mechanic assumptions have been shown to ap-
ply across the whole mixture fraction space, is fur-
ther analyzed. The envelope of thermodynamic mix-
ture state conditions during the fuel injection process is
considered by extending the classical P-V-T phase dia-
gram of pure components to a 4D pressure-temperature-
density-mixture fraction (P-T-p-Z) phase diagram of ox-
idizer and fuel streams. As a homogeneous phase prop-
erty model, the equation of state computes pseudo-pure
fluid vapor-liquid phase transitions without a composi-
tion change (x' = x”; x’: Liquid mole fraction; x”: Va-
por mole fraction). The resulting pseudo-pure satura-
tion points are processed for each mixture state Z and are
shown in Fig. 8. This allows the definition of the critical
line of the mixture as the envelope of critical tempera-
tures T = T¢yiy(Z) and critical pressures p = pcyi(Z) for
each mixture state Z. These properties are calculated us-
ing the 32-term BWR mixture state equation using the
theory of extended corresponding states. The implicitly
applied pseudo-pure fluid model assumption x' = x” is
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Figure 7. LOX-H2 interface thickness of as a function
of the reduced temperature.

fulfilled at the critical point of a multicomponent mixture. Then, the thermodynamic regimes of liquid, compressed
liquid, vapor, ideal gas, and the supercritical state can be defined as shown in Fig. 8. The critical pressure of the mix-
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Figure 8. Visualization of the homogeneous-fluid saturation surface in PTZ space of a LOX-H2 system using the theory
of extended corresponding states. Then, the critical line of the mixture can be defined as the envelope of pressures and

temperatures, critical for each mixture state.
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pcrit(Z) as a function of mixture fraction.

ture pcri(Z) and critical temperature of the mixture T, (Z) are presented in Fig. 9, showing that the critical point of
each mixture state is determined by non-linear combinations of the pure component critical properties. The adiabatic
mixing temperature, already defined in Fig. 4, exceeds the critical temperature for all mixture states Z > Z* ~ 0.022.
Informed by this analysis, a thermodynamic mixture state regime diagram is defined and used to analyze the en-
velope of the liquid injection mixture preparation process, as shown in Fig. 10. The reduced critical pressure of the
MixXture pcpamper/ Perir(Z) as a function of the mixture fraction variable is shown. The constant chamber pressure is
denoted by pcpamper = 80 bar and the critical pressure of the mixture, taken from Fig. 9, is denoted by p¢,i(Z), respec-
tively. Supercritical mixture pressures are then defined as pepamper/ perie(Z) > 1.0. Supercritical mixture temperatures
are found for mixture states above Z* ~ 0.022, compare Fig. 9. Under the conditions here, the mixture preparation pro-
cess consists of a continuous phase transition from liquid to gaseous states as the mixing pathway does only cross the
compressed liquid and supercritical, but not the two-phase regime. Compressibility factors are also presented for all

Thermodynamic 10
Mixture Conditions :

PChamber
PCrit(Z)

i Supereritical

} Mixture

=)
[8)]
Compressihility

|

Supereritical Pressure
| Mixture
| Temperature

02 04 06 08
H2 Mixture Fraction

Figure 10. Resultant envelope of thermodynamic mixture state conditions for LOX (T=100 K) and coaxial H2 (T=300 K)
injection. The constant chamber pressure (p = 80 bar) exceeds the critical pressure pc,;;, shown in Fig. 6, for all mixture
states. For mixtures above Z* ~ 0.022, the adiabatic mixing temperature exceeds the critical temperature of the mixture.
Then, the regimes of compressed liquid (a), mixture saturation (b), supercritical state (c), and ideal gas (d) can be defined.

regime conditions. They emphasize the relevance of the real-fluid property model for mixtures Z < 0.06 and validate
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the ideal-gas mean free path calculation and the Knudsen-number criterion, defined in Eqs.(10) and (9), respectively,
which have been applied for the high-temperature interface vapor state at Z ~ 0.07 > 0.06, compare Fig. 5, where this
ideal-gas assumption is valid.
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Figure 11. Liquid injection regime diagram for a LOX-H2 system. The oxidizer is injected at T=100 K.

Based on this analysis, a liquid injection regime diagram, which quantifies the conditions under which surface
tension forces diminish in multicomponent mixtures, can be defined and is presented in Fig. 11. Regimes of classi-
cal sprays (highlighted in grey) and diffusion dominated mixing due to diminished vapor-liquid interfaces are found
based on the Knudsen-number criterion, defined in Eq. (9). Figure 11 presents the regime diagram for liquid oxygen
injected at a temperature of T ox=100 K into gaseous hydrogen at varying ambient pressures and temperatures. For a
hydrogen coaxial injection temperature of T=300 K, the liquid injection regime diagram suggests that classical spray
phenomena do not occur, consistent with experimental observations,” at system pressures above the critical pressure
of pure oxygen. Instead, the oxygen is injected as a continuous liquid jet with diminished surface tension forces. Then,
interfacial convection-diffusion layers develop between the injected liquid and the ambient gas. Such layers are largely
affected by non-ideal thermal and transport processes and cannot support evaporation phenomena or the formation of
liquid ligaments or droplets. The regime diagram also suggests that, under low-temperature coaxial injection hydrogen
temperature, classical spray and droplet formation can still occur at liquid-phase supercritical pressures.

IV. Summary and Conclusions

Past works have suggested that two extremes exist with regard to liquid injection in high-pressure systems. At
lower pressures, typically subcritical with respect to the liquid phase, the classical situation exists where a well de-
fined interface separates the injected liquid from ambient gases and causes the presence of surface tension. Under
these conditions, surface tension forces form a discontinuous (non-continuum) interface that promotes primary atom-
ization, secondary breakup and the resultant spray phenomena that have been well recognized and is widely assumed.
At high-pressure conditions, the situation can become quite different. Under some conditions, a distinct gas-liquid
interface may not exist. Instead, injected jets undergo a continuous change of state. Effects of surface tension become
diminished and the lack of these inter-molecular forces minimizes or eliminates the formation of drops and promote
diffusion dominated mixing processes prior to atomization. Injected jets at such conditions have been observed to
evolve in the presence of exceedingly large (but continuous) thermophysical gradients, with no drops present in the
flow. In this paper, we have presented a theoretical analysis that explains and quantifies the change in the interfa-
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cial dynamics that leads to the transition between the classical non-continuum “jump” conditions associated with two
phase flows and the continuous gas-liquid interfacial diffusion layers.

We developed a real-fluid model, that accounts for multicomponent vapor-liquid equilibrium, the presence of sur-
face tension, and the interface states for the two investigated chamber conditions. Within this framework, Linear Gra-
dient Theory was applied to reconstruct the detailed interface structure. The interface resulting from high-temperature
hydrogen injection showed a substantially wider interface thickness compared to the low-temperature hydrogen in-
terface. An applied Knudsen-number criterion then revealed a major finding. Contrary to conventional wisdom,
continuous gas-liquid interfacial diffusion layers develop not necessarily because of vanishing surface tension forces,
but because of the combination of a reduction in mean free molecular path and broadening interfaces, which then enter
the continuum length scale regime. Thus, independent of any residual surface tension forces that might be present, the
Navier-Stokes equations apply across the high-temperature vapor-liquid interface if the viscous stress term is modified
appropriately. Similarly, Fick’s diffusion law applies across the vapor-liquid interface resulting in a continuous phase
transition during the mixture preparation process.

Based on this finding, the resulting diffusion pathway was studied by developing a thermodynamic regime diagram
in mixture fraction space. The envelope of this pathway showed a continuous phase transition from compressed-liquid
to gaseous states. Therefore, under the conditions here, subcritical phenomena like primary and secondary breakup
processes and evaporation are found not to substantially affect the mixture preparation process. Instead, a dense-
fluid-approximation that accounts for the substantial thermodynamic non-idealities and transport anomalies during the
liquid injection process is required.
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