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Abstract

In this paper we study the impact of density ratio on the liquid jet in crossflow penetration, deformation, and
atomization if all other characteristic parameters, i.e. momentum flux ratio, jet and crossflow Weber and
Reynolds numbers, are maintained constant. We perform detailed simulations of the primary atomization
region using the refined level set grid method to track the motion of the liquid/gas phase interface. We employ
a balanced force, interface projected curvature method to ensure high accuracy of the surface tension forces,
use a multi-scale approach to transfer broken off, small scale nearly spherical drops into a Lagrangian point
particle description allowing for full two-way coupling and continued secondary atomization, and employ
a dynamic Smagorinsky large eddy simulation approach in the single phase regions of the flow to describe
turbulence. We compare simulation results obtained previously using a liquid to gas density ratio of 10
for a momentum flux ratio 6.6, Weber number 330, and Reynolds number 14000 liquid jet injected into
a Reynolds number 740,000 gaseous crossflow to those at a density ratio of 100, a value typical for gas
turbine combustors. The results show that the increase in density ratio results in a noticeable increase in jet
penetration and decrease in liquid core deformation in the transverse direction.
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Introduction

The atomization of turbulent liquid jets injected
into fast moving, subsonic gaseous crossflows is an
important application for example in gas turbines,
ramjets, and augmentors. It is a highly complex
process, that has been extensively studied experi-
mentally over the past decades. Early studies of the
atomization of non-turbulent liquid jets in crossflows
have recently been reviewed in [1], whereas newer
studies of this case include the work reported in
[2, 3,4, 5,6, 7, 8,9, 10, 11, 12]. Most experimen-
tal work has focused on jet penetration, including
both the column trajectory and the resulting spray
penetration under ambient, atmospheric conditions.
Some recent jet penetration correlations under these
conditions can be found in [3, 10, 11, 12]. Under
non-atmospheric conditions, jet penetration corre-
lations have been derived in [2, 13]. The identi-
fied characteristic parameters determining jet pen-
etration from these studies are the momentum flux
ratio [12], momentum flux ratio and crossflow We-
ber number [11], momentum flux ratio and water
to injected liquid viscosity ratio [3], momentum flux
ratio, crossflow Weber number, and water to in-
jected liquid viscosity ratio [10], momentum flux ra-
tio, crossflow Weber and Reynolds numbers [2], and
momentum flux ratio, crossflow Weber number, and
channel pressure [13]. Since gaseous density is pro-
portional to channel pressure, only the latter corre-
lation contains the impact of density ratio on liquid
jet penetration directly. However, although momen-
tum flux ratio and crossflow and jet Weber numbers
were approximately held constant, at least one of the
Reynolds numbers could not have been maintained,
thus potentially overlapping two separate effects. It
should be pointed out that some other studies exist
that vary the channel pressure from its atmospheric
value, however, these studies consider modified con-
figurations, for example airblast assisted atomiza-
tion [14], or did not result in modifications to the
liquid jet core penetration correlations [15].

All the above studies at non-atmospheric condi-
tions use as a starting point correlations obtained at
atmospheric conditions, since their is an abundance
of data there. Density ratios found in applications
like gas turbine combustors are thus approached
from above, i.e. atmospheric conditions result in
too large density ratios and non-atmospheric exper-
iments analyze the effect of increasing the crossflow
channel pressure and thereby reducing the density
ratio in steps to those values representative of gas
turbine combustors [13]. One question addressed is
thus how representative are experiments at atmo-
spheric conditions of the actual application?

Detailed numerical simulations of turbulent at-
omization processes, on the other hand, are typi-
cally performed at density ratios smaller than those
found in gas turbine combustors due to often times
encountered numerical instabilities associated with
the density discontinuity on highly deformed inter-
faces. The question we thus aim to address here
is how representative are those simulations at lower
density ratio conditions of the actual application in
terms of jet penetration?

The outline of this paper is the following: after
summarizing the governing equations, the numerical
methods employed to solve them are briefly outlined.
Then, simulation results are presented and the im-
pact of density ratio on jet penetration is discussed.

Governing equations
The equations governing the motion of an un-
steady, incompressible, immiscible, two-fluid system
are the Navier-Stokes equations,
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where u is the velocity, p the density, p the pres-
sure, u the dynamic viscosity, and T, the surface
tension force which is non-zero only at the location
of the phase interface & ;. Furthermore, the conti-
nuity equation results in a divergence-free constraint
on the velocity field, V-« = 0. The phase interface
location x; between the two fluids is described by a
level set scalar G, with G(xf,t) = 0 at the interface,
G(z,t) > 0 in fluid 1, and G(z,t) < 0 in fluid 2.
Differentiating this with respect to time yields,
oG
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Assuming material properties to be constant within
each fluid, they can be calculated at any point x
from

a(x) = HG)ag + (1 — H(G))as (3)
where « is either density or viscosity, indices 1 and
2 denote values in fluid 1, respectively 2, and H is
the Heaviside function. From the definition of the
level set scalar G it follows that

oz —xf) = 0(G)|VG| (4)

with § the Dirac delta function. Furthermore, the in-
terface normal vector n and the interface curvature
K can be expressed in terms of the level set scalar as
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Using Egs. (4) and (5), the surface tension force T,
can thus be expressed as

T,(x) =0ckd(x —x5)n =0kd(G)|VGn, (6)

with o the surface tension coefficient.

Numerical methods

To keep track of the position and motion of the
phase interface, we solve all level set related equa-
tions using the Refined Level Set Grid (RLSG) on
a separate, equidistant Cartesian grid using a dual-
narrow band methodology for efficiency. This so-
called G-grid is overlaid onto the flow solver grid on
which the Navier-Stokes equations are solved and
can be independently refined, providing high reso-
lution of the tracked phase interface geometry. De-
tails of the method and the resulting level set solver
LIT, i.e. narrow band generation, level set trans-
port, re-initialization, curvature evaluation, as well
as its performance compared to other interface track-
ing methods in generic advection test cases can be
found in [16].

In the Navier-Stokes equations, the position of
the phase interface influences two different terms.
The first term is due to Eq. (3), since H(G) is a
function of the position of the phase interface. For
finite volume formulations, the volume fraction .,
of a control volume is defined as

cv

with V., the volume of the control volume cv. In
the RLSG method, the above integral is evaluated
using the high-resolution G-grid [16]. Then control
volume material properties are simply

ey = wcval + (1 - ’(/JCU)O‘Q . (8)

The second term that is a function of the in-
terface position is the surface tension force term,
Eq. (6). Here it is critical for stability and accu-
racy, that the surface tension force can be balanced
by the pressure gradient (jump) across the phase in-
terface exactly on the discrete level. This is ensured
by the balanced force approach [16, 17] based on the
Continuum Surface Force (CSF) model [18]. The
phase interface curvature « is calculated on the high-
resolution G-grid, using a second order accurate in-
terface projected curvature calculation method [16].

The flow solver used to solve the incompressible
two-phase Navier-Stokes equations on unstructured
grids using the finite volume balanced force algo-
rithm is Cascade Technologies’ CDP. In the single
phase regions, the employed scheme conserves the

kinetic energy discretely and turbulence is modeled
using a dynamic Smagorinsky LES model. However,
none of the terms arising from filtering the phase in-
terface are modeled. The approach instead relies on
resolving all relevant scales at the phase interface,
thus ideally reverting to a DNS at the phase inter-
face. As such, the current simulation approach is a
combination of LES in the single phase regions and
ideally DNS at the phase interface [19].

The flow solver CDP and the interface tracking
software LIT are coupled using the parallel multi-
code coupling library CHIMPS [16, 20]. In order to
couple the level set equation to the Navier-Stokes
equation, u in Eq. (2) is calculated from the flow
solver velocity by tri-linear interpolation. To achieve
overall second-order accuracy in time, the level set
equation is solved staggered in time with respect to
the Navier-Stokes equations.

Finally, resolving the entire phase interface ge-
ometry by tracking the phase interface associated
with each atomized drop quickly becomes pro-
hibitively expensive. Instead, we follow a multi-scale
coupled Eulerian/Lagrangian procedure in that we
track the phase interface by the Eulerian level set
method in the near injector primary atomization
region and transfer broken-off, nearly spherical lig-
uid structures into a Lagrangian point particle de-
scription [21]. In the Lagrangian description, full
two-way momentum coupling between the drop and
continuous phase is used [22], including a stochas-
tic secondary atomization model [23]. However, the
cell volume occupied by the Lagrangian drops is not
explicitly taken into account and neither drop/drop
nor drop/tracked phase interface collisions are mod-
eled. But, as long as liquid structures have not been
transferred into the Lagrangian description, i.e. they
are still tracked by the level set scalar, secondary
breakup, cell volume effects, and all collisions are
fully captured.

Computational Domain and Operating Con-
ditions

The case analyzed in this paper is one stud-
ied experimentally by Brown & McDonell [4]. Ta-
ble 1 summarizes the operating conditions and re-
sulting characteristic numbers. Results obtained for
the density ratio 10 case were reported previously in
[19, 24].

The computational domain (—25D...50D x
0...25D x —10D...10D) is smaller than the chan-
nel used in the experiment (—77D...127D X
0...54D x —27D...27D). However, simulations
using the full experimental channel geometry were
conducted to verify that the reduced computational



sim. 1 sim. 2
density ratio R = p;/pc 10 100
jet exit diameter D [mm] 1.3 1.3
crossflow density p. [kg/m®]  1.225 1.225
jet density p; [kg/m®]  12.25  122.25
crossflow velocity u. [m/s] 1 120.4 120.4
jet velocity u; [m/s] 197.84  30.94
crossflow viscosity p. [kg/ms] 1.82e-5 1.82e-5
jet viscosity p; [kg/ms] 1.1le-4  3.5e-4
surface tension coeff. o [N/m] 0.07 0.07
momentum flux ratio ¢ 6.6 6.6
crossflow Weber number We, 330 330
jet Weber number We; 2178 2178
crossflow Reynolds number Re. 5.7eb 5.7e5
jet Reynolds number Re; 14079 14079

Table 1. Operating conditions and characteristic
numbers.

domain does not impact the reported results. Fur-
thermore, the details of the injector geometry are
taken into account by performing at a constant mo-
mentum flux ratio a turbulent single phase LES of
the full geometry and storing the resulting velocities
in a database for use as the injector exit-plane inflow
boundary condition in the atomization simulations
[19, 24].

We previously reported on a grid refinement
study for the p;/p. = 10 case using three different
grid resolutions [19, 24]. The obtained results indi-
cate that jet penetration can be well predicted even
on the coarsest grid, column and surface breakup
modes can be observed on all three grids, and that
grid independent drops resulting from primary at-
omization can be obtained for drops resolved by at
least 2 grid nodes of the RLSG grid. Thus, in the
following, we will limit ourselves to only one grid
resolution, the medium resolution grid c¢12 used in
[19, 24]. It resolves the injector diameter by 32 con-
trol volumes using a static mesh refinement strategy
in the injector region in the flow solver, see Fig. 1
and 64 grid nodes in the RLSG solver. The result-
ing mesh sizes are 21 million control volumes for the
flow solver and 13 million active RLSG grid nodes.
At t = 0, the liquid jet is initialized in the com-
putational domain by a small cylindrical section of
length D capped by a half-sphere, protruding into
the crossflow channel.

In the following, unless otherwise indicated, re-
sults are reported in dimensionless quantities, with
u; and D being the reference velocity and length.
Thus, non-dimensional coordinates are the same in
both density cases, whereas non-dimensional times
and velocities are different by a factor 3.16.

Figure 1. Mesh detail near the injector.

Results and Discussion

Figure 2 compares instantaneous snapshots of
the surface geometry for the two different density
ratios. Jet penetration appears different, with the
higher density case being less bent in the crossflow
direction, and the liquid core not extending as far in
that direction.

Figure 2. Side view snapshots of jet in crossflow at-
omization at t=20 (top) and 30 (bottom) time units,
p;/pe =10 (left) and 100 (right).

To allow for a detailed quantitative analysis of
the mean jet penetration, the following procedure is
adopted to extract such data from time snapshots
of the level set solution field. Since the interest here
is on time averaged data, it should be pointed out
that a simple time averaging of the level set scalar is
doomed to fail and give inaccurate results, since such
an approach violates the inherent symmetries of the
level set equation [25]. Instead, we base our aver-
aging tool on the spatial filters for level set scalars
proposed in [26], applied to temporal filtering in-
stead of spatial filtering. The idea in this approach
is to perform the averaging on a Heaviside transform
of the level set scalar instead of on the level set scalar



Figure 3. Impact of density ratio on probability
threshold of finding liquid, 10% probability (top)
and 50%, probability (bottom) for p;/p. = 10 (left)
and 100 (right).

itself. This, in essence, results in a scalar that de-
scribes the threshold probability of finding liquid at
a given location (the probability is x% or greater).
Additionally, this scalar is consistent with a mean
liquid volume fraction. In principle, any value of
the resulting scalar can be used to identify the po-
sition of the mean surface. A natural choice would
be the 50% probability iso-surface, but any other
value can be used as well. Figure 3 shows the prob-
ability iso-surfaces of 10% and 50% for finding the
liquid core for the two density ratios. The lower
density ratio case exhibits significantly more expan-
sion in the transverse direction, whereas the higher
density ratio results in a more upright, compact lig-
uid core. This observation is supported by Fig. 4,
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Figure 4. Center of mass, windward and lee side
50% probability isoline in the injector midplane.
Symbols are power law fits. p;/p. = 10 (left) and
100 (right).

which presents the position of the liquid core’s center

of mass and windward and lee-side 50% probability
iso-lines in the injector’s center plane. The center of
mass position was determined by an iterative pro-
cedure evaluating the center of mass in planes nor-
mal to its trajectory. Also shown are power law fits,
where y/D = 3.3(x/D)"33 and y/D = 3.8(x/D)%4°
fit the center of mass trajectory in the low and high
density ratio case, respectively. The 50% probability
leading edge can be fitted by y/D = 3.18(z/D)%*9,
respectively y/D = 3.4(z/D)%*5. The power law fits
obtained from experiments are y/D = 3.5(z/D)%5°
[12] and y/D = 3.6(x/ D)3 [27].
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Figure 5. 20% probability surface at y/D = 0
(thin black), 0.5 (top, black), 1.0 (top, black dot-
ted), 1.5 (top, gray), 2.0 (top, gray dotted), 2.5
(bottom, black), 3.0 (bottom, black dotted), 3.5
(bottom, gray), and 4.0 (bottom, gray dotted) for
p;/pe =10 (left) and 100 (right).

Figure 5 shows the 20% probability iso-lines of
finding liquid in different cut planes normal to the
jet’s center of mass trajectory at varying heights
above the injector exit. The origin in these plots
corresponds to the jet’s center of mass. It has been
hypothesized in the recent past that a non-turbulent
liquid jet in a uniform crossflow deforms and breaks
similar to the secondary breakup of drops subjected
to shock wave disturbances [8, 12, 28]. Simulation
results based on this premise have been reported in
[1]. Our simulation results show that the lower den-
sity ratio case leads to a quick deformation of the
initially circular cross section at the injector exit ex-
hibiting small deformations on the sides reminiscent
of a drop stripping mode. Starting at y/D = 2.0 the
jet indeed shows deformation characteristics typical
of drops subjected to crossflows.

In the higher density ratio case, the jet is prone



to much less deformation. No bending of the profiles
in the crossflow direction near the jet’s sides is ob-
served as in the low density ratio case. This result
is in disagreement with the model results reported
in [1]. There, an increase in density ratio results in
an increase in deformation which is contrary to our
observation. This seeming discrepancy might be due
to the difference in Weber numbers used, We = 4 [1]
versus We = 330 used here, or due to the presence
of turbulence and/or three-dimensional effects.
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