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A procedure for simulating the injection of supercritical ethylene into nitrogen is used to investigate aspects of the
injection of supercritical fuels, considered to be an enabling technology in the design of hydrocarbons-fueled
scramjet engines. The method solves the compressible Navier—Stokes equations for an ethylene/nitrogen mixture,
with the thermodynamic behavior of ethylene described using the Peng—Robinson equation of state. Homogeneous
equilibrium and finite-rate phase-transition models are used to describe the growth of a condensed ethylene phase in
several axisymmetric and three-dimensional injector nozzles. Predictions are compared with shadowgraph and
direct-lighting imaging data, mass flow rate measurements, mole-fraction and temperature measurements in the jet
mixing zone, and wall pressure distributions. Qualitative trends relating to jet structure, the appearance of a
condensed phase, and the effects of back pressure and injectant temperature are in good agreement with
experimental results but indicate the need for improved characterization of the nozzle flow before injection and the
inclusion of a better turbulence model for the jet mixing zone. For conditions where both are applicable, a nucleation/
growth phase transition model provides a similar bulk fluid response as a homogeneous equilibrium model but also

yields predictions of number density and average droplet size.

Nomenclature p =  pressure, Pa
A = constant in Peng—Robinson equation R = universal gas constant [kg/(kmol-K)]
a = function in Peng-Robinson equation Se = Schmidt number
B = constant in Peng—Robinson equation S, = turbulent Schmidt number
b = constant in Peng—Robinson equation r =  temperature (K)
C, = model constant ! = ume,s ) ] ) o
D = diffusion coefficient (m2/s); also nozzle exit u; = velocity component in the jth coordinate direction
diameter (m) v = melecqlar Yolume
d = droplet diameter (m) X = ?Xlal direction
F = molecular condensation rate (molecules/s) X = Jjth coordlpate direction o
f = fugacity, Pa Y = mass frac'tlen' of a phase; also transverse dlr'ectlon
g* = number of molecules in a critical nucleus (molecules/ Z = compress1b11}ty factor; also spanwise direction
droplet) o = Volurpe f.ractlon ‘ .
h = specific enthalpy, J/kg K = function in l"engTRoblnson equation
I = nucleation rate [(number of droplets)/(m’>-s)] w = molecular viscosity kg2/ (m-—s)
k = turbulence kinetic energy v = kinematic VlSC:)Slty, m*/s
k,, =  Boltzmann’s constant P = density, kg/m’ s
M, = molecular weight (kg/kmol) p = molar den51ty, }(mol/ m
m = molecular mass (kg) o = interfacial tension (N/m)
N, = Avogadro’s number % = Kolmogorov time scale_]
n = number density [(number of droplets)/(m?)]) @ = turbulence frequency, s
) = acentric factor
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P = derivative with respect to density

T = derivative with respect to temperature

v = vapor

vap = vapor

w = wall

Y, = derivative with respect to vapor-phase mass fraction
Superscripts

l = liquid

v = vapor

Introduction

ECAUSE of the temperature limit of current aerospace

materials, U.S. Air Force high-speed propulsion systems cannot
be cooled by conventional techniques due to the temperature limit of
current aerospace materials. Regenerative fuel cooling of the
airframe and the combustor components is an option that has been
explored [1]. Endothermic fuels can be used for regenerative cooling,
because they act as a heat sink, undergoing endothermic thermal
cracking reactions at very high temperatures. These temperatures are
usually much higher than the critical temperature of hydrocarbon
fuels. The cooling system is thus responsible for the phase transition
of endothermic fuels from a liquid phase to a supercritical-fluid
phase.

It is important to understand injection processes involving
supercritical fuels, because subsequent mixing and chemical reaction
will depend on the state of the fuel as it enters the combustor. The
injection of fuels at supercritical conditions is thought to be favorable
for promoting rapid mixing and ignition, as it should be most similar
to gas-phase injection. However, condensation (the formation of
liquid-fuel droplets) may occur under certain injection conditions.
The potential impact of fuel condensation on scramjet combustion is
uncertain, and the factors that underpin condensate growth should be
determined in order to predict its occurrence and to enable its control.

In one of the more detailed experimental investigations of
supercritical injection processes, Wu et al. [2,3] studied the injection
of supercritical ethylene into nitrogen through round-hole
(axisymmetric) nozzles. The Wu et al. database considers parametric
variations of the injectant temperature, chamber temperature, and
chamber pressure and presents a rather complete picture of the effects
of these variations on the ethylene jet structure. Shadowgraph
imaging of the jet structure indicated the presence of a condensed
ethylene liquid phase under certain injection conditions. The onset of
this event, presumably driven by homogeneous or heterogeneous
nucleation, could not be determined due to difficulties in imaging the
internal structure of the round-hole injector used.

Later, Lin et al. [4,5] used a transparent, three-dimensional injector
configuration with a square exit cross section to image the onset of
condensation. Their work also considered methane/ethylene
mixtures as a more realistic surrogate for cracked JP-class fuels,
essentially repeating the Wu et al. database in the scope of their data
collection [4]. More recently, additional data involving pure ethylene
injection through round-hole (axisymmetric) nozzles at lower
injectant temperatures has been obtained, as have pressure
measurements within some of the transparent, three-dimensional
nozzles [5].

In an attempt to explain the occurrence of condensation, Lin et al.
[4,5] used perfect-gas Navier—Stokes calculations to provide a
baseline flowfield for calculating supersaturation and nucleation
rates. Onset locations (as evidenced by a large increase in nucleation
rate) were predicted to a reasonable degree, even given inaccuracies
in the thermodynamic modeling of the supercritical fluid. However,
such an approach cannot account for the effects of condensate growth
on the flowfield, nor can it give an indication of the amount of
condensate present (in terms of a volume or mass fraction). The
present work develops an improved model for the injection process
by combining a solution of the Navier—Stokes equations for the
supercritical-fluid with two different approaches for condensate
growth: one based on a homogeneous equilibrium assumption and

the other on classical nucleation/growth theory, as modified for
supercritical fluids by Kwauk and Debenedetti [6]. The remainder of
this paper describes the computational model and its solution
procedure, presents details of experimental measurements conducted
in support of this investigation, and concludes with the model’s
application in simulating the supercritical ethylene injection
experiments of Wu et al. [2,3] and Lin et al. [4,5].

Computational Model
Single-Phase State Description

The cases discussed later involve the injection of ethylene, initially
at supercritical conditions, into a chamber containing pure gaseous
nitrogen. To account for the thermodynamics of the supercritical
fluid, itis necessary to use a generalized state equation, defined by the
relations p = p(p,T) and h = h(p, T). In the present work, we use
the Peng—Robinson equation of state [7] (EOS), a cubic formulation
similar to the van der Waals equation but generally much more
accurate in the liquid phase for nonpolar molecules. The Peng—
Robinson equation for a single-component fluid is given by

p=Z(p, T)pRT )]
- 1 a(T) Ve
ZpT)=————2 0 2
T =155~ RT [1 4 265 — ()] @
In this, the function a(T) is defined as
a(T) = a(T )T, ®) (3)
with
R*T?
a(T,) = 0.45724 =< )
a(T,, @) =1+ k(1 =T 5)
k= 0.37464 + 1.542260 — 0.26992¢* 6)
T.=T/T, @)
The constant b is defined as
RT,
b =0.07780—° ®)
p(,'

and other functions used in subsequent developments are as follows:

a(T)p
R ©)
_br

These parameters are functions of the critical-point temperature 7.
and pressure p,. of the fluid and its acentric factor. For ethylene, the
following values are used: 7. =282.35K, p.=5.0418 MPa,
@ = 0.077523. The enthalpy of a real fluid can be written as the sum
of an ideal gas enthalpy and a departure function, dependent on the
specific form of the equation of state. For the Peng—Robinson EOS,

[da(T)/dT] — a(T)
2/2b

h(p,T) = h,(T) + ML [RT(Z 41

» (z+ (1+ \/5)3)}

"\z+0-v2)B (b

where h;(T) is the ideal gas description. Curve fits from McBride
et al. [8] are used to define 4, (T).

A typical isotherm (7 < T.) for the Peng—Robinson equation is
plotted in Fig. 1 on a pressure—density diagram. Clearly indicated is
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the vapor regime, where pressure varies nearly linearly with density,
and the liquid regime, where large pressure changes are required to
induce a density change. For a given pressure and temperature, the
solution of Eq. (2) returns one or three values of the compressibility
factor Z, the former corresponding to the single-phase region (either
liquid or vapor) and the latter corresponding to the two-phase region,
where vapor and liquid may coexist. The corresponding densities for
a pressure within the two-phase region are shown as points A—C. A
and C represent saturated vapor and liquid states, whereas B is
physically meaningless. For a particular temperature, the
“allowable” two-phase region is bounded by the pressure values at
D and E, which are local extrema. The loci of these pressure values
for temperatures between the triple and critical points define liquid
and vapor spinodal curves, dividing the two-phase region into
metastable vapor, unstable, and metastable liquid regions. At a
particular pressure between the liquid and vapor spinodal points, the
system is in equilibrium, with the vapor and liquid fugacities
attaining equal values. This pressure is known as the vapor pressure
Pvap @nd is calculated as a function of temperature by iteratively
solving the equation

fv.eq(zw T? pvap) = fl.eq (Zh T, pvap) (12)
where f is given by

A Z+(1+2)B
I W, T2 ﬂ"(z+(1—\/§)3) (4

The spinodal pressure and density values (points D and E in Fig. 1)
can be obtained analytically by solving the quartic equation

ap

a5, 0

T

discarding two meaningless roots that occur outside the range of
validity of the Peng—Robinson equation. The spinodal pressure
values bound the actual vapor pressure, and an appropriate linear
combination can be used as an initial guess for the iteration described
above.

Homogeneous Equilibrium Model

The Peng—Robinson equation (and similar ones) gives no useful
information in the unstable parts of the two-phase region. For
densities between the spinodal values, it can be shown that the
acoustic eigenvalues are complex, meaning that the Euler system is
not hyperbolic in time and that conventional time-marching
procedures for integrating the equations are ill posed. Itis also of note
that the liquid spinodal pressure may be negative for high molecular-
weight liquids at lower temperatures, implying that the simulated
expansion of a liquid might produce reasonable densities, but
unphysical pressures, in the metastable region.

One means of avoiding these difficulties starts with the
introduction of a void-fraction formalism for the two-phase region
and the assumption of thermodynamic and kinematic equilibrium
between the phases. For an equilibrium two-phase flow, the vapor
pressure p.,,(T) can be obtained from the equation of state as a
function of temperature only [Eq. (12)], and the density and
temperature are independent variables. Given updated values for the
density and temperature at a grid point as determined from a time-
integration method, the following procedure is performed:

1) Determine the vapor pressure at that temperature by the by the
iterative procedure described above, and compute the saturation
densities p;q(T) and p, .((T) and the saturation enthalpies £, ., (T)
and h, .o (T) using (2) and the enthalpy expression (11)

2) If the density is not between the saturation values or the
temperature is greater than the critical value, then the single-phase
description given by the Peng—Robinson equation is used to
determine the pressure and enthalpy.

3) If the fluid density is within the saturation limits, the equilibrium
equation of state for the homogeneous mixture of liquid and vapor is
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Fig. 1 Pressure—density isotherm: Peng—Robinson equation of state
(T <T,).

given by
P = Pup(T) (14

ph(p7 T) = pv,eq(T)av(/O’ T)hueq(T) + IOLeq(T)al(lov T)hl,eq(T)

(15)

P— pl,eq(T)
Ty = F et 16
AP = o )~ preg(D) (10
a,(p,T)=1-a, (17

The vapor pressure p,,, and the associated saturation-state
enthalpies and densities can be calculated directly from the equation
of state, thus defining the “vapor dome” in a self-consistent manner.

In this description, the saturation-state values are strict functions
of temperature; density dependence is introduced through the void
fractions o and latent-heat effects arise through the change in
departure enthalpy between the saturation states. The thermo-
dynamic derivatives p,, pr, (oh),, and (oh); needed in the time-
integration method and in the sound speed definition can be
computed by straightforward differentiation of the expressions
above. The above formulation neglects velocity-slip effects, with the
velocity actually solved for being a mass-weighted average velocity,
and thermal equilibrium is assumed. This system is hyperbolic in
character and is similar to the Euler system in structure but admits
such multiphase features as cavitation zones and condensation
shocks [9]. A key element is the use of density and temperature as the
“working” thermodynamic variables (i.e., the values that the flow
solver outputs directly). This choice is driven by the equilibrium
closure for the two-phase region, in which pressure and temperature
are not independent variables. In the cases presented later, gas-phase
mixing rules are used to account for interactions between ethylene
and the nitrogen gas in the test chamber. In these, Dalton’s law is used
to determine a mixture pressure, with the partial pressure of nitrogen
gas calculated from the ideal gas equation and that of ethylene
calculated using the closure relations above. The mixture enthalpy is
determined as a mass-fraction weighted sum of the species enthalpies
for ethylene and nitrogen. The nitrogen species enthalpy is obtained
from the McBride et al. [8] database. The use of gas-phase mixing
rules is believed to be adequate as by the time that the fluids interact,
the ethylene has expanded to gaseous densities.

Nucleation/Growth Model

The homogeneous equilibrium model entirely circumvents the
possibility of unstable phase transitions but does not allow prediction
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of quantities such as droplet (or bubble) number density, nucleation
rate, and average droplet (or bubble) size. One approach that can
describe nonequilibrium phase transitions is homogeneous
nucleation theory, which is strictly valid in the metastable regions
of the vapor dome. For a condensation event, the simplest
formulation (which outputs an average droplet size, rather than a size
distribution, at every mesh point [10]) requires the solution of two
additional transport equations, one for the total droplet number
density and one for the vapor-phase mass fraction:

on  d(nu;) B on
a ey T, (18)
ApY,) . 9(pY,u;) M,
R L= ————— N | F 1
% o, N, (g1 + nkF) 19)

The nucleation rate / is defined as [6,10]

20 pM,, p,a, [ 167103(112)2( 1 )2]
I=.— exp| ——— (20)
m RT p,mg/z 3 ka g"'(fu/fu,eq)

where the ethylene molecular mass m, is defined as
M,

=— 21
N4 @D

and the liquid ethylene molecular volume as

m,

v == 22)

The equilibrium value of the fugacity f, ., is determined as a function
of the saturation vapor density p, ., and the temperature through
Eq. (13). The interfacial tension o is curve-fitted as follows [11]:

0.001,0.001 x 23.23—Le—L """ 23
G—max( B , UL X . m ) ( )

The limiting value of 0.001 is chosen to avoid extremely high
nucleation rates near the critical point. In contrast to the
homogeneous equilibrium model, the finite-rate formulation requires
that the pressure be a working thermodynamic variable, so that liquid
and vapor densities p, and p; are determined directly from the
solution of the cubic equation of state (given the local pressure and
temperature). To account for real-fluid effects, the supersaturation is
defined in terms of the ratio of the vapor-phase fugacity f,, to the
saturation value f, ., rather than the more familiar ratio p/ p,p.

The mass transfer source term in Eq. (19) consists of a portion due
to the formation of critically sized nuclei and a portion due to
molecular condensation onto existing nuclei. In the former, the
number of molecules in a critical nucleus is given as [6]

. 32w (o(v))?3N? 1 3
§ ‘T( kT ) ((an, fu/fv.eq)) @4

whereas in the latter, the molecular condensation rate is defined as

o 1+ K,
F =2ndD - (p, — u 25
D P = P T 1R, 1 1Ak )
In this, the Knudsen number is defined as
2 [mwm
K == ¢ 26
" pd 2T 2o

and the diffusion coefficient D is defined by assuming a constant
Schmidt number (0.72):

@7

The coagulation rate

on
ot coag

in Eq. (18) may be affected by Brownian motion, mean shear, and
Kolmogorov-scale turbulence, among other factors [12]. An
examination of the relative effects for a related problem (rapid
expansion of supercritical carbon dioxide solutions through similar
nozzles) was conducted in Franklin [10], where it was noted that the
largest contribution to the coagulation rate is due to Kolmogorov-
scale turbulence, which increases the collision frequency of the
droplets. As such, only the model of Saffman and Turner [13], as
applied to a locally monodisperse collection of droplets, is used in

this work:
16 1 [(d\3
=——— (—) n? (28)
turb 3 Tk 2

8_n
ot

where the Kolmogorov time scale (for a k—w model) is

1 C ko
— =4/ (29)
7% v

The average droplet diameter d is related to the vapor-phase mass
fraction Y, and the number density n as follows. First, the bulk
density of the two-phase mixture is defined using Amagat’s law:

1 Y, 1-7,
- = (30)
o pp.T) - pi(p,T)
Then, the liquid-phase volume fraction ¢; is given by the definition
1-Y
o = pd-Y,) 3D
pi(p,T)

and the average droplet diameter is determined by the equivalence

7T
—nld 3
o n6 ( )

thus completing the closure. The enthalpy of the two-phase mixture
is given by

h([J,T, Yv):Yvhv(va) +(1_Yv)hl(p’T) (33)

Implementation of the homogeneous nucleation model requires
solving for the pressure, vapor-phase mass fraction, and temperature
as the working thermodynamic variables. The required thermo-
dynamic derivatives are now p,,, o, Py, , h,, hy,and hy , which again
can be obtained from the equation of state and the mixing rules. It
should be noted that the present nucleation/growth model, like the
homogeneous equilibrium model, assumes kinematic and thermal
equilibrium between the phases.

Transport Models

Viscosity and thermal-conductivity expressions for pure-
component ethylene and nitrogen are obtained from McBride [8]
and Holland [14]. In regions of two-phase flow, the viscosity and
thermal conductivity of the ethylene mixture are defined as follows:

MHe = av“v,e + all’Ll,e (34)

ke = aukv.e + alkke (35)

In regions where nominally gas-phase ethylene mixes with gaseous
nitrogen, Wilke’s law is used to provide the mixture viscosity and
thermal conductivity. Turbulent effects are modeled using two
different approaches. The axisymmetric calculations described later
use a one-equation eddy-viscosity transport model due to Menter
[15], whereas the three-dimensional calculations use Menter’s
hybrid k—€/k—w two-equation model [16]. Turbulent Prandtl and
Schmidt numbers are both set to 0.9.
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Numerical Methods

Because of the dissimilarity in the working variables needed,
calculations were performed using several different in-house
computer codes. In all codes, the Favre-averaged compressible
Navier—Stokes equations describing a mixture of real fluids are
formulated in a generalized coordinate system and are discretized
using a finite-volume method. Inviscid fluxes are discretized using
LDFSS-2001 [17], a low-diffusion upwinding technique valid for
real fluids at all flow speeds. Second-order accuracy is achieved
through Van Leer—limited variable extrapolation techniques. Time
integration is facilitated through a preconditioning strategy [18],
which reconciles the widely varying characteristic speeds present in
the system. The first code, used for the axisymmetric simulations,
uses an implicit method based on incomplete lower-upper
decomposition to advance the solution and incorporates the
homogeneous equilibrium model as well as gas-phase mixing rules
for ethylene injection into nitrogen. This code has been applied to
supercritical-fluids processing of polymeric coatings materials [10]
as well as to other applications [9]. The second code solves three-
dimensional flows and is a direct extension of the axisymmetric code
with the exception of the use of Menter’s two-equation turbulence
model in place of Menter’s one-equation model. This code uses a
planar relaxation method to advance the solution and is parallelized
using message-passing interface (MPI) for execution on NCSU’s
Linux Cluster.” The third code, used for the three-dimensional
calculations with the nucleation/growth model, is an extension of one
previously developed to simulate two-phase water/nitrogen flows
within aerated-liquid (“barbotage”) fuel injectors [19,20]. A
“mixture” model of two-phase flow is incorporated [21], and the
Peng—Robinson equation is used to provide both the liquid- and gas-
phase state descriptions. This code also uses a planar relaxation
method for time integration and is parallelized using MPIL.

Geometry and Boundary Conditions

Figure 2 shows a typical grid arrangement used for the
axisymmetric calculations in this study. Several different grids with
different dimensions were generated to correspond with configura-
tions tested in Wu et al. [2,3] and Lin et al. [4]. The grid shown
corresponds to the 1.0 mm nozzle-diameter round-hole injector
configuration used in Wu et al. [3] and Lin et al. [4]. The grid is
divided into 4 blocks, indicated by the dark lines. Block 1 contains
41 x 65 mesh points; block 2 contains 65 x 33 mesh points, block 3
contains 109 x 65 mesh points, and block 4 contains 109 x 33 mesh
points, giving a total number of interior grid cells of 14976. A finer
grid consisting of 4 times as many points in each block was also used
for selected calculations. The boundary condition for the inflow
boundary of block 1 fixes the total pressure and total enthalpy to their
reservoir values and extrapolates the axial velocity from the interior.
The outflow boundary condition for blocks 3 and 4 fixes the static
pressure to the chamber value and extrapolates the remaining flow
variables. A simple extrapolation boundary condition is used for the
top of block 4. Part of the inflow boundary of blocks 3 and 4
(extending from the nozzle exit radius to 0.00765 m away from the
centerline) is specified as a solid surface corresponding to the end of
the actual nozzle apparatus. No-slip, adiabatic wall conditions are
enforced on this surface as well as on the upper boundaries of
blocks 1 and 2. Symmetry about the centerline is also enforced. A
coflow velocity of 10 m/s is specified along the remaining part of the
inflow boundary of block 4. This was found to be necessary to ensure
a steady-state solution for most conditions. Turbulence inflow
parameters correspond to an assumed turbulence intensity of 5%,
referenced to an inflow velocity of 2 m/s. The radius of block 1 is
used as a characteristic length for completing the specification of the
eddy viscosity.

Figure 3 shows X-Y and X-Z views of the 3-D grid used to
simulate some of the transparent-injector experiments performed as
part of this study. Only the flow in one quarter of the geometry is

IWeb address www.ncsu.edu/itd/hpc [cited 28_March_2006].
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Fig. 2 Grid for axisymmetric nozzle simulations.
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Fig. 3 Grid for three-dimensional nozzle simulations.

actually simulated, as bilateral symmetry is assumed. The exit of the
nozzle tube is square in cross section with a width of 1.0 mm, and the
entrance angle is 10 deg. A separate grid block was placed outside the
domain to allow the expansion of the exiting sonic flow, but no
attempt was made to resolve the three-dimensional jet structure
external to the nozzle. The 205 x 65 x 65 domain (835,584 interior
grid cells) is divided into four blocks. Boundary conditions for the
internal flow path are the same as indicated above, except that
supersonic outflow conditions are enforced on block 4. Grid-
refinement studies were conducted in two dimensions using meshes
containing 205 x 33, 205 x 65, and 409 x 129 points.

Experimental Measurements

Pure ethylene was injected vertically downward into a high-
pressure chamber filled with room-temperature nitrogen. The
apparatus consists of a fuel tank, a heating/chilling unit, a section of
heat exchange tube, a solenoid valve, an injector, and the high-
pressure chamber, as illustrated in Fig. 4. The test fluid is first
prepared inside the fuel tank, which has an internal volume of
15 liters. The test fluid is then introduced into the heat exchange tube
to gradually reach the selected temperature. A heating/chilling unit
controls the temperature of the ethylene glycol that flows inside the
annular passage of the heat exchange tube and is used as the heat
exchange medium to control the temperature of the test fluid.

Once the test fluid reaches the desired temperature and pressure, a
solenoid valve with a response time of 150 ms is opened for about 5—
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Fig. 4 Schematic of supercritical injection test apparatus.

10 s to charge the test fluid into the test chamber. Because of the
transient behavior of the jet, as observed from the time history of a
pressure transducer placed just downstream of the solenoid valve, no
measurements were made during the first 2 s of injection. After 2 s,
the observed pressure transducer reading gradually levels off with a
relatively small variation with respect to the injection time. Before
injection is begun, the test chamber is flushed with nitrogen twice to
remove oxygen and then filled with nitrogen at a desired back
pressure for injection. The chamber has an internal diameter of
0.42 m and a height of 0.94 m, resulting in an internal volume of
about 0.12 m3. There are three rectangular quartz windows for
optical access and one round port for instrumentation.

A round nozzle with an exit diameter of 1.0 mm was used in the
present study. The nozzle passage begins with a 1.6 mm radius entry,
which is rounded to avoid flow separation. The entry is followed by a
1 deg converging section to ensure that the choke point can only
occur at the nozzle exit. The ratio of passage length to exit diameter
was maintained at 4. To study the structure of supercritical fluid
inside an injector, a transparent injector with exchangeable internal
blocks was also fabricated for the present study. One internal
configuration has a6.4 x 1.0 mm flow passage, followed by a 10 deg
converging section, and then by a 1.0-mm square passage with a
length of 4.0 mm. Two quartz windows were fitted into the
transparent injector to provide visualization of the fluid structure
inside the injector. For the measurement of pressure profiles inside
the transparent injector, one quartz block was replaced by a metal
block with pressure taps along the injector axis over the desired
spatial distribution.

Visualization of the global jet appearance and fluid appearance
within the injector was accomplished with shadowgraph and direct-
lighting imaging, respectively. Pressure profiles inside the
transparent-injector were measured using high-speed pressure
transducers. A 45-200 mm zoom lens and a CCD video camera were
used to capture the images. The images were either stored inside a
computer using a frame grabber or recorded on videotape for later
analysis. A Coriolis-type mass flow meter with a measurement range
of 2.0-37.8 g/s and an uncertainty of less than 1% was used in the
present study to measure the mass flow rate. K-type thermocouples
were used for temperature measurement in this study. The last
thermocouple in the fuel line is located at 99.5 and 88.5 cm from the
exits of the transparent and axisymmetric injectors, respectively.
This temperature measurement, along with the pressure measure-
ment at approximately the same location, defines the condition of the
injectant fluid. The thermocouples were calibrated with an ice bath
before each measurement and have an uncertainty of less than
+0.5 K. Seven pressure transducers were used for pressure
measurements inside the high-pressure chamber, fuel tank, and
various locations of the fuel line. The pressure profile along the

injector axis was measured using a pressure scanner (Scanivalve,
Model 3207). All pressure transducers and the pressure scanner were
calibrated using a digital pressure gauge (Mensor, Model 2107) and
have an uncertainty of less than 0.5%.

Results
Axisymmetric Jet Experiments

The first sequence of test cases focuses on the database of Wu et al.
[2,3], which involves injection of pure ethylene through round-hole
nozzle configurations with exit diameters of 1.0 and 0.5 mm. This
database considers parametric variations of the injectant
temperature, chamber temperature, and chamber pressure, and
presents a rather complete picture of the effects of these variations on
the ethylene jet structure. Not all of these variations are simulated,
rather, we focus on conditions that yield the greatest deviations from
perfect gas behavior and examine the ability of the hydrodynamic
models mentioned above to predict the experimental trends. All of
these cases use the homogeneous equilibrium model presented
above. Other comparisons with the Wu et al. data may be found in
Edwards et al. [22]. Comparisons of results obtained using the Peng—
Robinson equation of state with those obtained from an “exact”
equation of state for ethylene [23] have been presented in Pinto [24]
for some of the cases described in this section. No significant
differences were observed.

Figure 5 illustrates the effect of varying the chamber pressure on
the jet structure. The reservoir temperature and pressure are set to
293 K and 5.8 MPa, respectively, and the 1 mm nozzle-diameter grid
configuration with 14,976 cells is used. To indicate the degree of
condensation present and the general flow structure, the images in
Fig. 5 plot Mach number line contours superimposed on gray-scale
flood contours of liquid-phase volume fraction (ranging between 0
and 0.05) The jets are shown reflected about the centerline for clarity,
and the figures are scaled to correspond with shadowgraph images
from Wu et al. [2]. For these conditions, the opacity in the
shadowgraph images corresponds to the combination of the presence
of a condensed phase and general curvature effects in the bulk
density field (especially at the higher chamber pressures). Table 1
presents total mass flow rate and condensed liquid mass flow rate as a
function of chamber pressure. The method predicts two-phase,
choked flow within the injector nozzle, in accord with experimental
observations, with only minor deviations observed for the liquid
mass flow rate at the highest chamber pressure. For the lowest
chamber pressure of .14 MPa, the initial rapid expansion of the fluid
forces an abrupt shift to mostly gaseous flow. The rapid expansion
results in a dome-shaped jet boundary near the nozzle and is
terminated by a Mach disk. Experimental results do not indicate the

CFD Experiment

=0.14 MPa
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Pcqm = 0.41 MPa

Pchm = 1.36 MPa

Pchm = 3.40 MPa

Fig. 5 Effect of chamber pressure on jet structure.
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Table 1 Mass flow rates versus chamber pressure (1.0 mm diam
nozzle)

Chamber pressure (MPa) Mass flow rate (g/s) Liquid mass flow rate (g/s)

3.4 12.91 2.239
1.36 13.02 2.379
0.41 13.05 2.353
0.14 13.03 2.334

presence of the Mach disk due to the masking effects of fuel
condensation. At this condition, the liquid content in the core of the
jet is greatly reduced downstream of the Mach disk. This provides
one explanation of the “feathered” appearance of the jet in Fig. 5. A
weaker Mach disk is present for a chamber pressure of 0.41 MPa,
whereas for a chamber pressure of 1.36 MPa, the Mach disk is
replaced by a sequence of expansion fan/oblique shock-wave
interactions. At the highest chamber pressure of 3.4 MPa, the nozzle
flow is still choked by virtue of the lower sound speed of the two-
phase mixture but the flow expands very little external to the nozzle.
The volume fraction of ethylene liquid in the jet increases with the
increase in chamber pressure but is nowhere larger than 5%. It
appears that the extent of condensed-phase penetration is generally
larger in the calculations than indicated in the experimental data. This
could be a consequence of the homogeneous equilibrium
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Fig. 7 Temperature distributions at X/D = 112.

assumption, but turbulent dispersal of the droplets in the experiment
could also explain some of the differences. Otherwise, the predicted
jet structure for each case (quantified by the jet spreading rate,
presence/absence of a Mach disk, and amount of liquid content) is in
good qualitative agreement with the shadowgraph images.

Figures 6 and 7 correspond to the 0.5 mm nozzle exit diameter
geometry, for which radial ethylene mole fraction and temperature
profiles at X/D = 112 have been obtained for a selection of injectant
temperatures [3]. These cases serve to test the ability of the numerical
schemes to predict the far-field mixing of the ethylene jet with
entrained nitrogen and as such, are as much of a test of the turbulence
model as a test of the thermodynamic state description. Radial
profiles of ethylene mole fraction are presented in Fig. 6. The lateral
spreading of the jet at this location is reasonably well predicted, but
the peak (centerline) values of the mole fraction at the lower
temperatures are larger than the measured values. Only at the highest
injectant temperature of 358 K (a nearly gas-phase expansion) are the
predictions in good accord with the experimental data. The results at
lower injectant temperatures seem to imply insufficient mixing of the
higher-momentum ethylene jet with the surrounding nitrogen gas. A
fourfold doubling of the mesh points within the domain (from 14,976
to 59,904 interior cells) provides some slight improvements at the
lowest temperature of 293 K but does not significantly affect
predictions at the higher temperatures. In contrast, radial temperature
profiles shown in Fig. 7 indicate reasonably good agreement with
experimental data at injectant temperatures of 293 and 325 K. The
experimental results are not symmetric, indicating either a geometry
misalignment or laser-beam extinction [3]. This makes the results
somewhat difficult to interpret, as there is a 10 deg difference
between the measured far-field values on either side of the jet (the
calculation assumes a chamber temperature of 300 K). The
calculations underpredict the measured temperature deficit at the
centerline for the highest temperature, and again, the effects of grid
refinement are minimal. The use of a 10 m/s coflow to model
nitrogen entrainment probably affects these results to some degree.
Lower values for the coflow velocity led to an unacceptable level of
unsteadiness in the jet shear layer, particularly on the fine grid.

In a more recent effort, Lin et al. [4,5] have repeated many of the
axisymmetric-jet experiments of Wu et al. [2,3], focusing primarily
on the structure of methane/ethylene jets. Predictions using a
simplified treatment of methane/ethylene mixtures within the
framework of the homogeneous equilibrium model have been
presented in Lindau et al. [22]. Several imaging studies have also
been performed for pure ethylene jets, emphazing the effects of
injectant temperatures nearer the critical point on the jet structure [5].
These are used in the present study. Figure 8 compares predictions of
the jet structure with shadowgraph images for a selection of injectant
temperatures. The injectant pressure varies from 6.19 to 6.25 MPa,
and the fine grid with 55,904 interior cells was used in these
calculations. The injectant pressure is above the critical pressure of
5.018 MPa and the injectant temperatures range from 280.6 K
(0.994T,) to 311.6 K (1.103T,). As in Fig. 5, a combination of line
contours of Mach number and gray-scale flood contours of liquid
ethylene volume fraction is used to provide indications of the Mach-
disk structure, the jet spreading rate, and the amount of condensation
present. The volume-fraction contour levels range from 0 to 0.005,
and the same scale is used for all figures. The Mach-number contour
levels are adjusted for each figure. Good visual agreement in the
positioning of the Mach disk, the initial spreading rate of the jet, and
the narrowing of the condensation plume downstream of the Mach
disk is indicated for the higher temperatures of 311.3 and 300.1 K. At
the highest temperature of 311.3 K, there is little experimental
evidence of the condensed phase persisting beyond the nozzle exit,
though some liquid is predicted to be entrained into the shear layer
and carried around the Mach disk. As the temperature is lowered, the
amount of condensation present increases, leading to the complete
masking of the internal jet structure at T =294.8 deg. The
predictions show that even at this temperature, the amount of liquid
material that is maintained as the flow passes through the Mach disk
is relatively small, compared with the amount exiting the nozzle. The
initial spreading angle is visually similar to that in the experiment,
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Fig. 8 Effect of injectant temperature on jet structure.
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though the amount of liquid-droplet entrainment into the outer edges
of the shear layer appears to be underpredicted. The trend of
increasing amounts of liquid in the jet with decreasing injectant
temperatures is maintained for the lower injectant temperatures of
284.5 K and 280.6 K. The predicted liquid-phase volume fraction at
the nozzle exit is around 14% for the lowest temperature of 280.6 K,
implying that the potential for forming larger droplets that do not
immediately vaporize is high. Again, the initial spreading rate
appears to be captured reasonably well, but the calculated extent of
condensed-phase penetration towards the outer parts of the shear
layer is underpredicted. This effect is particularly noticeable for the
lowest temperature, where the calculation predicts a jet that is much
less broad in the radial direction than is indicated in the image. As the
actual Mach-disk structure cannot be seen at this temperature, it is
uncertain whether the broadening effect is due to a much larger Mach
disk or simply to the entrainment of droplets into the shear layer that
separates the free-jet expansion zone from the quiescent gas. The
equilibrium assumptions would appear to break down in this region.
Similar to the observations in Wu et al. [2,3] and Lin et al. [4], the
position of the Mach disk along the centerline is observed to be
relatively independent of the injectant temperature; however, the
diameter of the Mach disk increases with decreasing injectant
temperature.

Table 2 presents mass flow rate predictions versus experimental
data. Deviations become more significant at the lower temperatures,
which are nearer the critical point. The underprediction of the mass
flow rate at the lowest temperature of 280.6 K, as well as the
underprediction of the broadening of the jet in Fig. 8, would indicate
that the actual density of the fluid upstream of the nozzle entrance
region is higher than predicted by the Peng—Robinson equation of
state. This could imply that the temperature just upstream of the
entrance to the nozzle is actually lower than the measured value of
280.6. Doubling the number of mesh points slightly improves
agreement with the measured values.

Ethylene Injection Experiments (Transparent-Injector Geometry)

Lin et al. [4,5] report initial results for supercritical methane/
ethylene jet expansion from a selection of three-dimensional,
transparent-injector configurations. The use of nominally rectan-
gular, rather than circular, injector cross sections allows for
shadowgraph imaging of the onset of condensation within the nozzle.
The transparent injector considered in this work consists of a 10 deg
contraction followed by a 4 mm straight nozzle with a 1 mm square
exit cross section. Figure 9 compares direct-lighting imaging data for
pure-ethylene injection with liquid-phase void-fraction predictions
for injectant temperatures of 309.2, 289.0, 283.9, and 281.5 K and a
nominal injectant pressure of around 5.45 MPa. The homogeneous
equilibrium model is used in these calculations. Darker contours
indicate the formation of a condensed phase at the entrance to the
straight nozzle section for injectant temperatures of 289.0, 283.9, and
281.5 K. At the injectant temperature of 309.2 K, a condensed phase
is not formed within the nozzle, but some condensation is evident in
the predictions of the flow within the simulated expansion region
external to the nozzle. This is in good agreement with imaging
results. The relative amount of condensation is indicated by an
increase in gray-scale contrast, and again, good visual agreement
with the direct-lighting images is indicated.

Further insights into the formation of a condensed phase within the
nozzle can be found by plotting pressure versus mixture density
(along the centerline) for the different injectant temperatures
(Fig. 10). These plots are indicative of the equilibrium thermo-
dynamic process path followed during a nearly isentropic expansion
of the fluid from the nozzle reservoir conditions to the free-jet
expansion zone. The vapor dome and spinodal curves provided by
the Peng—Robinson equation of state are also shown in Fig. 10.
From the figure, one can see that the saturated-vapor line is crossed
for injectant temperatures of 309.2 and 289.9 K, whereas the
saturated liquid line is crossed for injectant temperatures of 283.9 and
281.5 K. For the higher temperatures, the process path for the two-
phase mixture is contained within the metastable vapor region,
implying that the phase transition involves the formation of a
dispersed liquid phase from a supersaturated vapor. As the process
path does not cross the vapor spinodal curve, it is probable that
homogenous nucleation theory could be used to model this phase
transition as a relaxation process through a sequence of metastable
states. The situation is different for injectant temperatures of 283.9
and 281.5 K. Here, the process path enters the metastable liquid
region then progresses into the unstable region, where the equation of
state (under nonequilibrium conditions) would not be expected to
apply. This process could be viewed as the formation of a dispersed
vapor (bubble) phase from a supersaturated liquid and could be
regarded as a cavitation event rather than a condensation event.
Homogeneous nucleation theory could be used to describe the initial

Table 2 Predicted and measured mass flow rates versus injectant temperature

Py, (MPa) Ty (K) Mass flow rate (g/s) (experiment) Mass flow (g/s) (coarse grid) Mass flow rate (g/s) (fine grid)
6.19 311.3 13.10 13.04 13.23
6.28 300.1 15.31 14.56 14.76
6.22 294.8 17.88 15.29 15.47
6.20 284.5 23.33 21.80 22.20
6.25 280.6 30.28 25.38 25.86
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Fig. 9 Effect of injectant temperature on onset of condensation in
transparent injector.

binodal (P-R EOS)
----------- spinodal (P-R EOS)

r T, = 28156 K, P,;=5.494 MPa
SE+06 r TN T,,=283.9K, P,;=5564 MPa
/..t Tm]=239.0 K, P|n|=5'642 MPa
L —_— — T,;=309.2K, P, ,=6618 MPa
4E+06 r _— TIni =289.0 K (nucleation / growth)
© [
o L
o 3E+06 N
=3
@ L
] L
e L
2 2E+06 [
1E+06
. L
%.0 200.0 400.0 600.0

density (kglms)

Fig. 10 Centerline pressure—density process paths for different
injectant temperatures.

stages of the phase transition that occur within the metastable liquid
region, but if the rate of vapor mass generation is not fast enough to
force the local pressure to equilibrate rapidly to the vapor pressure
(Fig. 1), the process path could cross the liquid spinodal curve. When
this happens, the solution of the cubic equation of state would result
in one vapor density, rather than three. This implies the spontaneous,
irreversible formation of a vapor phase, which would act rapidly to
break up the liquid media into filaments and droplets. The rate
process associated with this transition is not described by homo-
geneous nucleation theory. The equilibrium approach used in these
calculations implies an infinitely fast phase-transition rate and avoids
this difficulty entirely. Details of the transition process itself, such as
local droplet size and population, cannot be determined, however.
Figure 11 illustrates the effect of mesh refinement on two-
dimensional predictions of the centerline pressure within the injector
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for an injectant temperature of 281.5 K. A two-dimensional mesh-
refinement study was conducted to reduce computational expense;
the validity of this assumption may be assessed by comparing
Figs. 11 and 12, which presents three-dimensional predictions on the
205 x 65 x 65 mesh. The pressure distributions corresponding to the
205 x 65 and 405 x 65 meshes are virtually identical. Figure 12
compares pressure distributions at all injectant temperatures with
experimental data. Generally good agreement is observed, except for
the highest temperature of 309.2 K. As this is the case that should be
influenced the least by real-fluid effects, the discrepancy is somewhat
surprising and is as yet unexplained. The general trend with
decreasing injectant temperature is to reduce the amount of
expansion that occurs within the nozzle itself. This is consistent with
the presence of more liquid content with decreasing injectant
temperature, as evidenced in Fig. 13, a plot of centerline ethylene
liquid volume fraction versus distance away from the nozzle exit.
Reflecting observations noted above, the reservoir liquid volume
fraction is set to one for the two lowest temperatures and zero for the
two highest temperatures. The appearance of a liquid phase at the
highest temperature of 309.2 K is confined to the external expansion
region, whereas in the other cases, the phase transition is initiated at
the entrance to the straight nozzle section. The decrease in liquid
content as the flow proceeds toward the nozzle exit is significant at
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the lowest two temperatures, whereas the liquid content stays more
constant within the nozzle for the 289.0 K case.

Figures 1416 present results from the nucleation/growth model
as applied to the 289.0 K case. Figure 14 compares centerline
pressure and volume-fraction distributions as obtained from the
homogeneous equilibrium model and the nucleation/growth model.
Pressure distributions are virtually identical except near the
condensation onset region, where the nucleation/growth model
results in slightly higher pressures and slightly better agreement with
the experimental data. The pressure—density process path for the
nucleation/growth model is also shown in Fig. 10, where it can be
seen that it follows the equilibrium distribution for much of the
expansion but ventures nearer to the spinodal curve after crossing the
saturated-vapor curve. Figure 14 also shows that the rate of formation
of the liquid phase (in terms of its volume fraction) is less than
predicted by the equilibrium model and that the overall amount of
liquid produced within the nozzle is also less. Both of these trends are
as expected. Figure 15 provides contour plots of average droplet
diameter and number density within the nozzle. Though the volume
and mass-fraction distributions (not shown) are nearly homogeneous
in the Y direction, the number-density and droplet-diameter
distributions vary significantly near the wall. Figure 16 provides
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more detail, showing distributions obtained along the centerline and
within the sidewall boundary layer. Near the wall, high strain rates
resultin a decrease in the modeled Kolmogorov time scale [Eq. (29)],
effectively increasing the droplet coagulation rate. This results in a
reduction in the droplet number density in this region, and as the
volume fraction is nearly constant, the average droplet diameter
increases through Eq. (32). Super-micron-sized (3.5 pm) droplets
are eventually formed within the boundary layer, whereas submicron
sized (0.3 pm) droplets are formed nearer the centerline. Such large
droplets would tend to maintain their initial momentum and would
vaporize more slowly upon exiting the nozzle, compared with the
smaller droplets formed within the core fluid. This would provide
one explanation for the apparent presence of a significant amount of
liquid content in the outer edges of the shear layer (Fig. 5), which is
not found in the equilibrium predictions. It is straightforward to
modify the nucleation/growth model to account for bubble formation
within a supersaturated liquid. This was done, and attempts were
made to simulate the nozzle flowfields for the 283.9 and 281.5 K
injectant temperatures. In these cases, the nucleation rate was not fast
enough to induce a rapid relaxation to the equilibrium condition, and
the calculations eventually diverged due to the instantaneous
appearance of vapor regions. It is possible that the use of more ad hoc
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return-to-equilibrium rate expressions [21], if calibrated properly,
could prevent this response.

Conclusions

A computational fluid dynamics approach for the simulating the
expansion of supercritical ethylene within axisymmetric and three-
dimensional nozzle configurations has been applied to geometries
and test conditions used by Wu et al. [2,3] and Lin et al. [4,5] in their
experimental investigations. Two approaches for modeling
condensate growth, a homogeneous equilibrium model and a
finite-rate nucleation/growth model, have been implemented and
tested. Many of the qualitative observations made in the experiments
have been confirmed in the simulations, including

1) decreased amounts of condensate in the ethylene jets with
increasing injectant temperature,

2) increased amounts of condensate in the ethylene jets with
increasing chamber pressure,

3) establishment of a choked-flow state at low injectant
temperatures, even for high chamber pressures,

4) sensitivity of the position of the Mach disk with changing
injectant temperature,

5) decreasing expansion angle of the exiting jet with increasing
injectant temperature.

In addition, predictions of the onset of the phase transition within
the nozzles are in good agreement with direct-lighting imaging
results. Predictions of the pressure distributions within the injectors
and mass flow rates are also in good agreement with measured data.
Direct comparisons of the extent of condensate penetration into the
jet mixing zone indicate that the homogeneous equilibrium model
(which also implies kinematic and thermal phase equilibrium) may
be inadequate in this region, due to the presence of large droplets that
do not vaporize rapidly and may not follow the flow. Quantitative
predictions of mole fraction profiles and temperature profiles exhibit
some deviations from the experimental measurements, indicating
that further improvements in the characterization of the nozzle flow
before injection and in modeling turbulence effects in the jet mixing
Zone are necessary.

Where both are applicable, the nucleation/growth model provides
predictions similar to that of the homogeneous equilibrium model but
also yields three-dimensional droplet-diameter and number-density
distributions. The use of this model appears to be restricted to higher
injectant temperatures, where the formation of a disperse liquid-
phase from a supersaturated vapor is the expected physical response.
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