International Journal of Heat and Fluid Flow 85 (2020) 108634

Contents lists available at ScienceDirect

International Journal of Heat and Fluid Flow
journal homepage: www.elsevier.com/locate/ijhff

Hydrodynamics and dilution of an oil jet in crossflow: The role of small-scale
motions from laboratory experiment and large eddy simulations

T

Cosan Daskirana, Fangda Cuia, Michel C. Boufadela, , Lin Zhaob,1, Scott A. Socolofskyc,
Tamay Ozgokmend, Brian Robinsone, Thomas Kinge
⁎

a

Center for Natural Resources, Civil and Environmental Engineering Department, New Jersey Institute of Technology, Newark, NJ 07102, United States
ExxonMobil Upstream Research Company, Houston, TX 77389, United States
c
Zachry Department of Civil Engineering, Texas A&M University, College Station, TX 77843, United States
d
Department of Ocean Sciences, University of Miami, Miami, FL 33149, United States
e
Bedford Institute of Oceanography, Department of Fisheries and Oceans, Dartmouth, Canada
b

ARTICLE INFO

ABSTRACT

Keywords:
Jet in crossflow
Large eddy simulation
Oil jet
Counter rotating vortex pair
Wake vortices

Experimental results were presented for the release of diesel oil from a one-inch (2.5 cm) vertical pipe in a
crossflow at 0.27 m/s. The ratio of jet velocity to crossflow speed was 5.0 and the Reynolds number based on jet
velocity and pipe diameter was 7.1 × 103 . In the experiments, the plume shape was photographed, and the oil
droplets were measured at two vertical locations on the center axis of the plume. Acoustic Doppler velocimetry
(ADV) data was also obtained and compared to numerical predictions. The plume was simulated using large
eddy simulation (LES), and the mixture multiphase model. The impact of the oil buoyancy was captured by
adding a transport term to the volume fraction equation. Using the rise velocity based on d50 (volume-median)
droplet size in the lower part of the plume allowed us to capture the lower boundary of the plume, but the
estimated upper boundary of the plume penetrated less into the crossflow as compared to the experimental
findings. However, using the rise velocity of the d50 at the upper part of the plume allowed one to estimate the
upper boundary of the plume. As the droplets are too small to be resolved by the LES, we could not use a
systematic approach to allow the multiphase plume to spread to mimic the observations. Based on the simulation
results, the interaction between the jet and crossflow yielded small-sized flow structures near the upper
boundary of the plume. The wake vortices initiated from the leeward side of the plume showed an alternating
vorticity pattern in the wake. The shear layer vortices were induced by Kevin-Helmholtz instabilities mostly on
the windward side of the plume. The formation of counter rotating vortex pair (CVP) altered greatly the hydrodynamics of the jet from that of a vertical jet to manifest flow reversals in all directions. The formation of CVP
is likely to enhance the mixing of chemicals and droplets within the plume.

1. Introduction
The hydrodynamics of miscible jets (i.e. water in water) has been
extensively studied since the work of Morton et al. (1956), and the
applications are varied (Fischer et al., 1979), including outfalls of
manufacturing plants, sewage plants discharges, release of exhaust
plumes and fire plumes (McGrattan et al., 1998, Ma and Quintiere,
2003, Hunt and Van den Bremer, 2011). Immiscible jets of liquid in air
have also received wide attention to the interest in combustion where
liquid fuel is released into air chambers (Sallam and Faeth, 2003, Shinjo
et al., 2009, Som and Aggarwal, 2010, Shinjo and Umemura, 2011).
Immiscible jets of gas in water (bubbles) have also received wide

attention due the interest of using air flow to mix fluids (Lima Neto
et al., 2008) and the release of natural gas from underwater vents
(MacDonald et al., 2002, Leifer et al., 2015). But there is much less
work on the release of immiscible liquids in liquid. Salient works include that of Socolofsky and Adams (2002) who documented the separation of individual droplets and bubbles from multiphase plumes.
The study of immiscible jets received renewed interest following the
Deepwater Horizon (DWH) spill which released estimated amounts of
450,000 to 700,000 tons of oil (McNutt et al., 2011) and 500,000 tons
of gaseous hydrocarbons into the Gulf of Mexico (Joye et al., 2011).
Socolofsky et al. (2011) investigated the general transport of the DWH
multiphase plume using dimensional arguments, and their results

Corresponding author.
E-mail address: boufadel@gmail.com (M.C. Boufadel).
1
Work was completed while the author was a Postdoc at New Jersey Institute of Technology.
⁎

https://doi.org/10.1016/j.ijheatfluidflow.2020.108634
Received 19 December 2019; Received in revised form 16 March 2020; Accepted 1 June 2020
Available online 23 June 2020
0142-727X/ © 2020 Elsevier Inc. All rights reserved.

International Journal of Heat and Fluid Flow 85 (2020) 108634

C. Daskiran, et al.

matched closely observations in terms of the formation of an intrusion
layer due to seawater stratification.
Simulation studies of plumes have also gained interest. Fabregat
et al. (2015, 2016)) used a hybrid approach of miscible fluid with a rise
velocity for the bubbles to capture the behavior of the DWH plume.
Yang et al. (2016) used Large Eddy Simulation (LES) to investigate the
mechanisms of buoyancy and trap height in the DWH. The DWH plume
was in a stratified environment due to the large release flow with respect to crossflow and due to ocean stratification. However, there are
numerous situations where crossflow is dominant causing the bending
of the plume, and the separation of oil droplets (Socolofsky and Adams,
2002, Murphy et al., 2016) and gas bubbles (Socolofsky et al., 2002)
from the plume. We present herein the results of an experimental study
and a numerical investigation, with a focus on the latter. For this
reason, we provide below a brief review on the simulation of jets/
plumes in crossflows.
The hydrodynamics and vortical structures for a jet in crossflow
were studied by several researchers (Yuan et al., 1999, Gopalan et al.,
2004, Muppidi and Mahesh, 2007, Mahesh, 2013, Behzad et al., 2016).
Yuan et al. (1999) revealed spanwise rollers on leading and trailing
edges of the jet which are induced by Kelvin-Helmholtz (K-H) instabilities and primarily responsible for the near-field turbulent kinetic
energy (t.k.e.) production. PIV techniques were used by Gopalan et al.
(2004) to investigate the flow structures at low jet-to-crossflow velocity
ratios (r) varying from 0.5 to 2.5. At r < 2, the positive K-H vortices
along the leading edge of the jet was suppressed due to the interaction
with negative crossflow boundary layer vortices. A reverse flow was
observed behind the jet inside a semi-cylindrical vortical layer. For
r > 2, reverse flow was not observed, instead vortices similar to
Karman vortex street was obtained. The jet in crossflow promotes
mixing as compared against the jet into stationary fluid. For jet in
crossflow, the interactions between the jet fluid and the crossflow yields
different types of coherent vortical structures (Fric and Roshko, 1994)
such as counter rotating vortex pair (CVP) and wake vortices. Muppidi
and Mahesh (2007) performed single phase direct numerical simulation
(DNS) of a jet in crossflow. They computed t.k.e. budgets through the
fluctuating velocity component and its derivatives. In the near field, the
t.k.e. production made peak along the leading edge of the jet while the
peak t.k.e. dissipation was obtained along the trailing edge of the jet.
However, due to the formation of CVP vortices in the far field, the
maximum production was near the leeward side of the plume and the
maximum dissipation was located toward the upper surface of the
plume.
Several studies investigated the turbulent mixing for a jet in crossflow (Muldoon and Acharya, 2006, Bodart et al., 2013, Coletti et al.,
2013, Galeazzo et al., 2013, Ling et al., 2017, Ryan et al., 2017). Most
of them are focused on film cooling applications in gas turbines in
which the coolant jet was injected into a crossflow. Muldoon and
Acharya (2006) computed all the exact terms in k
model through
direct numerical simulations (DNS) and compared against the modelled
turbulence model. Although, they observed
terms in standard k
reasonable agreement for many of the terms, the eddy diffusivity
modelled in standard k
turbulence model provided significant discrepancy. Bodart et al. (2013) conducted large eddy simulations of an
inclined jet in crossflow for film cooling systems. They reported that the
misalignment between the scalar flux term and the concentration gradient term was reasonable on vertical and spanwise directions, however

they observed large misalignment in streamwise direction which was
related to the large coherent structures in the jet. Galeazzo et al. (2013)
compared measured Reynolds stress and scalar flux components against
the numerical simulation results predicted through LES and Reynoldsaveraged Navier–Stokes (RANS) modeling. The LES results of mean
variables and fluctuating components agreed well with the measurements. However, the predicted turbulent Schmidt number, Sct in
crossflow direction along the center plane did not agreed well with the
Sct from the measurements. They argued that the equations used to
compute the Sct was derived assuming the turbulence only source of
fluctuation which is not the case in regions where the coherent structures developed.
In this work, multiphase liquid jet in liquid crossflow including
surface tension forces among the phases were considered. High-fidelity
large eddy simulation coupled with mixture model was conducted. The
trajectory of the plume and the dilution of oil along the jet path were
compared against our experiments and integral solution by Jirka
(2004), respectively. Initially, the standard solver was used, however
the comparison of predicted plume trajectory to the one observed in our
experiments revealed that the predicted plume penetrated less into the
crossflow. The solver was modified to include an additional advection
term due to the rise velocity of droplets and a good agreement was
obtained. The hydrodynamics and mixing induced by different vortical
structures for an oil jet in crossflow were presented and discussed.
2. Methods and materials
2.1. Experimental setup
The experimental facility is the Ohmsett tank (www.ohmsett.com)
in Leonardo, New Jersey. The tank is 203 m in length, 20 m in width
and 2.4 m in depth. The oil jet was released vertically and the whole
system was towed in the tank at the speed of 0.27 m/s, which mimicked
the crossflow. The towing started prior to the release of the oil. The
inside diameter of the pipe was 2.5 cm (1-inch) with a vertical length of
50 cm. Fuel Oil #2 was used as the jet fluid, and the properties of the oil
are reported in Table 1. The oil flow rate was 40 L/min and the velocity
inside the pipe was 1.36 m/s, this resulted in jet-to-crossflow velocity
ratio (r = uoil u ) of 5.0. The velocity ratio has been used by several
researchers to characterize the hydrodynamics of a jet in crossflow
(Friedman and Katz, 2002, Muppidi and Mahesh, 2007, Milanovic
et al., 2012, Mahesh, 2013).
The time series of velocity at different positions was measured using
Acoustic Doppler Velocimetry (ADV). The photograph of the metallic
frame with all instruments installed is shown in Fig. 1. Four ADVs
(Nortek AS) numbered in Fig. 1 were used to measure the time series of
velocity in three-dimensions. The frequency of ADV1 and ADV2 (Vectrino Vector, Nortek Inc.) which are designed for field experiments was
8 Hz. The frequency of ADV3 (Vectrino Profiler, Nortek Inc.) and ADV4
(Vectrino Probe, Nortek Inc.) was 100 Hz and 200 Hz, respectively. The
signal to noise ratio (SNR) and correlation coefficient are two major
parameters to evaluate the accuracy of ADV data. The SNR varies based
on particle seeding concentration. The correlation coefficient is related
to the uncertainty in the velocity. The correlation coefficient of 60% or
higher was suggested by McLelland and Nicholas (2000). The SNR
higher than 5.0 provides mean velocity components while the SNR
higher than 15.0 is required for instant velocity measurement (Nortek,

Table 1
The parameters used in experiment and simulation.
Parameter-Value-Unit

Qoil
oil
seawater

40
840
1025

[liter/min]
[kg/m3]
[kg/m3]

uoil
µoil
µsea

water

1.36
4.0 × 10−3
1.1 × 10−3

2

[m/s]
[kg/ms]
[kg/ms]

u
din

0.27
0.0256
0.025

[m/s]
[N/m]
[m]
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where the flow regime changes from weakly deflected to strongly deflected and it is given by:

Mo
u

Lm =

(2b)

The plume-to-crossflow transition length scale Lb defines the length
of the plume penetration beyond which the plume is deflected highly by
the crossflow and it is given by:

Lb =

Jo
where Jo = uo ao g
u3

(2c)

Here, Jo is the buoyancy flux at orifice and g is the reduced gravity

given by g =

( c

d)

g where c and d is the density of continuous and
dispersed phase, respectively, and g is the acceleration of gravity.
The jet-to-plume transition length scale LM differentiate the region
dominated by initial momentum of the flow (jet-like) from buoyancy
dominant region (plume-like) and it is given by:
Fig. 1. Metallic frame used to hold all instruments including four ADVs and two
shadowgraph cameras. The metallic frame was towed with the pipe. The horizontal distance between the pipe and the metallic frame was around 2 m.

LM =

ADV1
ADV2
ADV3
ADV4

Sc =

y [m]

z [m]

1.39
1.46
1.55
1.47

−0.48
−0.25
0.34
0.65

1.24
0.81
1.29
0.88

Mo3 4
Jo

(2d)

And the centerline dilution is given by:

Table 2
Position of the velocity measurement relative to the center of pipe exit.
x [m]

c

co
cc

(2e)

Here, co is the centerline concentration at the orifice and cc is the
centerline concentration along the plume. Of interest is the normalized
centerline dilution, Sc LQ Lm Lb2 as a function of normalized vertical
distance, z Lb .
2.2. Simulation setup

1998, McLelland and Nicholas, 2000). In this work, the velocity data
acquired from the ADVs with SNR < 15 and the correlation coefficient
lower than 60% were excluded. The position of the velocity measurement is provided in Table 2 relative to the origin placed at the center of
the pipe exit. The oil droplet size distribution was measured using two
shadowgraph cameras to reveal the droplet size near the upper and
lower boundaries of the plume (Fig. 1).
The Reynolds numbers (Re) at the pipe entrance and the crossflow
inlet are defined as follows:

Reoil =

Re =

oil uoil d

(1a)

µoil
seawater u

The upstream and side views of the computational domain with
geometric details are shown in Fig. 2. The crossflow is in the x-direction, and the jet is in the z-direction. The origin was placed at the center
of the pipe orifice (jet exit). The pipe entrance was placed 0.2 m above
the channel bottom to make it closer to our experiments in which the
pipe was towed. The horizontal distance between the crossflow inlet
and the pipe was set to be 4.0 m while the outlet was placed 6.0 m away
from the pipe. The distance between the orifice and the water free
surface was 1.7 m.
At the pipe inlet, a top-hat velocity profile was defined in the vertical direction. The uniform water velocity of 0.27 m/s in the horizontal
direction was assigned as upstream boundary condition for the domain.
No velocity perturbations were imposed on either the upstream side of
the domain nor on the oil flow inlet (Fig. 2b). In the experiments, as the
pipe was towed into a quiescent water body, the leading edge of the jet
and the upper boundary of the plume was exposed to nearly no-perturbed flow which was mimicked in the simulation by assuming noperturbation at the crossflow inlet. The Reynolds number (Re) at the
pipe entrance and the crossflow inlet were computed to be 7.1 × 103 and
6.5 × 103 , respectively (Eq. (1)). The parameters used in the simulation
set up and their values are listed in Table 1. At the outlet, zero-gradient
condition was assigned for the velocity and gauge pressure of 0 Pa was
assigned for the pressure. No-slip condition was adopted inside and
outside the pipe surfaces and the bottom surface of the computational
domain. Zero-shear (free-slip), no penetration boundary condition was
applied for the side boundaries of the domain to prevent the effects of
boundary layer in the flow. The top boundary was also set to zero-shear
condition, as there was no major wind blowing on the water surface
during the experiment, and thus the stress is expected to be minimal.
Initially, a top hat velocity profile was assigned in the pipe. Outside
of the pipe, the crossflow velocity of 0.27 m/s was set in crossflow-wise
direction. The oil holdup was set to be unity inside the pipe and zero
outside the pipe. The time-averaging was started after the flow evolved
for 10.35 s, which stands for 112 characteristics time units, d u . The

d
(1b)

µseawater

Here, is density, µ is dynamic viscosity, uoil is the velocity at pipe
entrance with top hat profile, u is the upstream velocity (or crossflow
speed) and d is the pipe diameter.
Jet in crossflow hydrodynamics of miscible fluids has been addressed in various works (Cheung, 1991, Tian and Roberts, 2003,
Muppidi and Mahesh, 2007), and Jirka (2004) developed an integral
model. As we will be comparing our numerical results to that model,
some fundamental properties of the model are introduced herein. They
are based on various works in the literature (Wright, 1977, Jirka and
Domeker, 1991, Jirka, 2004):
The discharge length scale LQ is given by:

LQ =

Qo
Mo

(2a)

where Qo = uo ao and Mo =
Here, Qo is the volumetric flux and Mo is the momentum flux. The
term uo is the velocity at the orifice and ao is the cross-sectional area of
the pipe.
The jet-to-crossflow transition length scale Lm defines the region

uo2 ao

3
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Fig. 2. Front and side view of the computational domain with geometric details for oil jet in crossflow. The pipe diameter is one-inch (2.5 cm) and the pipe length
was 50 cm.

mean flow variables presented in this paper were then computed over
another 100-time units between 10.35 s and 19.5 s.
The contours of cell size along the center plane and at different
cross-sections (y-z plane) are shown in Fig. 3. The mesh was refined for
the region where oil plume was expected based on the experimental
results (Fig. 4). The mesh near the pipe surface, and the top and bottom
surfaces of the computational domain were also refined. The mean cell
size (called filter size, ) was computed as = 1 3 where is the cell
volume. The mean cell size in the plume region was in the range of

2 mm to 8 mm (Fig. 3). The mesh spacing outside of the expected region
of the oil plume was increased to 32 mm and then 64 mm near the
domain boundaries. The mesh elements were mainly hexahedral, and
the whole domain was discretized using 20 million cells. The computational domain was divided into subdomains to reduce the cell size
away from the region of interest. Non-conformal mesh interfaces were
used to couple the subdomains. The flow field variables were exchanged among the subdomains during the transient, iterative solution.

Fig. 3. Contours of cell size along (a) the center plane and (b) different cross-sections of the computational domain labeled as P1 (x/d = 8), P2 (x/d = 20), P3 (x/
d = 32) and P4 (x/d = 48). The black lines on the center plane indicate the location of the cross-sections in (b).
4
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kinematic viscosity of the mixture. For incompressible flow, the time
derivative of density in the original form of Eq. (3) drops out. The terms
on the left-hand side of Eq. (4) is called the inertial term including the
time derivative of velocity which disappears in steady state solutions
and the advection term, respectively. The first term on the right-hand
side represents the acceleration due to pressure gradient, the second
term is the acceleration due to viscous forces (shear stress) and the third
term represents the sub-grid scale stress tensor which will be detailed
later. The external force term, Fst represents the surface tension forces
between the two phases. It was modeled herein using the continuum
surface force (CSF) approach proposed by Brackbill et al. (1992), which
converts the surface forces to volume forces using the Green theorem
(Francois et al., 2007). The last term is the buoyancy term in the vertical direction where e3 represents the unit vector in the vertical direction. The mixture density and dynamic viscosity was computed using
the phase volume fraction as follows:

=

m

µm = µd

prgh +

m

2u

·

r

+ Fst

m
m

ge3

(5b)

c

r
kk ij

=

2vSGS Sij

(6)

where
is the isotropic part of the SGS stress which can be neglected
or added to the filtered pressure in incompressible flows (Erlebacher
et al., 1992), ij is the Kronecker delta, vSGS is the SGS eddy viscosity,
and Sij =

1
2

(

ui
xj

+

uj
xi

) is the strain-rate tensor. In this work, the Sma-

gorinsky SGS model (Smagorinsky, 1963) was employed to predict SGS
eddy viscosity, given by:

(7)

vSGS = (CS )2 |S|

where S = 2Sij Sij and CS is the Smagorinsky constant, taken as 0.168
in the present study and is the local grid size.
In the standard solver, an advection equation for the volume fraction is solved to track the interface between the phases. However, to
account for the slip velocity between oil and water (due to the rise of oil
droplets in water), and the diffusion of oil in water, the volume fraction
equation was modified as follows (Fabregat et al., 2016, Yang et al.,
2016):
d

t

+

.(

d u)

+

.(

d (1

d ) uc )

= (Db + DSGS )

2(

d)

wr

d

z
(8)

(3)

m

+ µc

r
kk

In this study, the open source software package of OpenFOAM was
utilized. The modified solver was based on the mixture multiphase
model (Manninen et al., 1996, Qu et al., 2011, Yousefi-Lafouraki et al.,
2016) in which continuity and momentum equations are solved for the
mixture. A transport equation for the volume fraction was also solved to
predict the spatial and temporal distribution of the two phases (oil and
water). The turbulent flow was modeled using a high-fidelity large eddy
simulation (LES) turbulence model (Yuan et al., 1999, Bodart et al.,
2013, Galeazzo et al., 2013, Ruiz et al., 2015, Ryan et al., 2017) in
which the eddies larger than the filter size are resolved and the smaller
ones are modelled through sub-grid scale (SGS) models. The filtered
form of the incompressible Navier-Stokes equations is:

1

1
3

r
ij

3. Mathematical model and numerical approach

u
+ u· u =
t

d

(5a)

c

c

where d is the volume fraction of oil (thus a value of 1.0 implies 100%
oil) and c is the volume fraction of water. The subscripts d and c represent the discrete (oil) and continuous (water) phases, respectively.
Note that d + c = 1.0 . Although the mixture density varies based on
the volume fraction and densities of each fluid, the incompressible flow
and Bousinesq approximation were adopted herein since the density
variation is small. The oil and water densities are close to each other
and oil is diluted quickly due to water entrainment which makes the
mixture density close to the water (ambient fluid) density by x/d = 20.
Moreover, the density of oil and water phases were taken to be constant. It must be noted here that the buoyancy forces induced by the
density difference was considered by following the Bousinesq approximation.
The sub-grid scale stress tensor, ijr = ui uj ui uj occurred due to the
filtering operation was computed through SGS modeling. The devia1 r
toric part of SGS stress, ijr
, can be modeled based on the strain
3 kk ij
rate tensor, Sij by following the Boussinesq hypothesis (Pope 2000):

Fig. 4. (a) Snapshot of the oil plume during the experiment, the red line denotes
the plume boundaries and re-plotted in (b). Note the clearance (small amount of
oil) between the oil clouds shown by white dashed lines at x/d = 14, x/d = 32,
x/d = 42 and x/d = 54, (b) instantaneous iso-surfaces of oil holdup at 0.05
predicted by the simulation with rise velocity of 5 cm/s. The dashed lines in (b)
show estimated upper boundary of the plume based on the rise velocity of
11 cm/s (Friedman and Katz, 2002) using the droplet size measured by the
upper shadowgraph camera. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

.u=0

+

d d

Here, uc is the compression velocity, which is an artificial term introduced by Rusche (2003) to counteract the numerical diffusion at the
interface. The compression velocity represents the maximum velocity in
the transition region perpendicular to the interface. The first term on
the right-hand side represents the diffusion of oil in water which is
induced by the gradient of the discrete phase volume fraction. The

(4)

Here, u is the mixture velocity, prgh is the resolved pressure excluding hydrostatic pressure, m is the mixture density and vm is the
5
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Fig. 5. Time series of median diameter, d50 from (a) top and (b) bottom shadowgraph cameras. The d50 varies over the time. The standard deviation is the deviation
of d50 from the image at given time to prior image. The frequency of top camera is 24 fps while it is 8 fps for bottom camera. Time-averaged d50 from top and bottom
cameras was 4.4 mm and 1.6 mm, respectively. Time-averaged d50 from bottom camera was used in the simulation as the rise velocity of droplets.

molecular diffusion coefficient of oil in water Db at 20 °C was taken to
be 1.12 × 10 8 m2/s (Hamam, 1987). The sub-grid scale diffusion
coefficient DSGS was computed based on sub-grid Schmidt number
(ScSGS = 0.7 ) and sub-grid eddy viscosity vSGS in Eq. (7). The last term
on the right-hand side represents the convection term induced by the oil
rise velocity in vertical direction, wr . The terminal rise velocity of
droplets was computed based on the experimental measurements by
Friedman and Katz (2002). Once the d is computed by Eq. (8), the
volume fraction of the water ( c ) can be determined as (1
d ) as
mentioned earlier.
The Navier-Stokes equations (Eqs. (3) and (4)) were solved through
the combination of two algorithms: Pressure Implicit with Splitting of
Operators (PISO) and Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE). The divergence and laplacian terms in Eqs. (3), (4)
and (8) were discretized using second order discretization schemes. The
first order, Euler discretization scheme was used for time since it was
stable. The adjustable time step size was selected based on the Courant–Friedrichs–Lewy condition (CFL) number less than unity which
yielded time step size of nearly 7 × 10−5 s after the flow reached quasisteady behavior.
The resolved turbulent kinetic energy is computed as follows:

1 ¯ 2
(u i )
2

kres =

ui = ui

top and bottom of the plume, x/d = 32 at the bottom part of the plume,
x/d = 42 throughout the plume and x/d = 54 at the bottom part of the
plume). These clearances are most likely due to both variability in the
oil discharge (experimental errors) and the fact that the velocity ratio
was not too large r = uoil u = 5.0. Ghosh and Hunt (1998) identified
the velocity ratio smaller than 10.0 as a strong crossflow. In the experiments of Kohli and Bogard (2005) for film cooling applications, the
velocity ratio was 0.38. Morton and Ibbetson (1996) conducted experiments in a wide range of velocity ratio from unity to 100. Davidson
and Pun (1999) compared vertical jet (no crossflow) and weakly advected jet in their experiments with velocity ratio of 238.
The predicted oil trajectory was compared to the experimental one
in Fig. 4. The upper and lower boundaries of the plume (colored red)
obtained from the snapshot in the experiment were superimposed on
the instantaneous iso-surface of oil holdup predicted by modified solver
(Fig. 4b). Before modifying the solver to add the rise velocity of droplets, large eddy simulation was conducted using standard solver and
compared to the plume trajectory observed in the experiment. However, the plume deflected more in crossflow direction with slower rise
and the plume trajectory was not captured. For the sake of brevity, the
results without adding the rise velocity were not shown here. After
adding rise velocity of 5 cm/s, the trajectory of the lower boundary of
the plume matched well with the experiment (Fig. 4b). The meandering
behavior which is clear along the upper boundary of the plume were
also captured in the simulation. However, the upper boundary of the
plume rose slower in the simulation. The large droplets which rise faster
determine the position of the upper boundary of the plume. The droplet
rise velocity was computed based on the d50 diameter obtained from the
experiments near the lower boundary of the plume. The time series of
d50 diameter with standard deviation obtained from the top and bottom
shadowgraph cameras are shown in Fig. 5. The mean d50 diameter was
computed to be 1.6 mm near the lower boundary of the plume and
4.4 mm near the upper boundary of the plume.
Larger droplets rise faster than smaller ones due to their higher
buoyancy. The terminal rise velocity of a spherical oil droplet with a
diameter of 1.6 mm is 5 cm/s, while that of a diameter 4.4 mm is
11 cm/s based on the experiments by Friedman and Katz (2002). In the
numerical simulation, the constant rise velocity of 5 cm/s was used in
the whole domain, therefore, the upper boundary of the plume was not
captured well. In reality, the droplet rise velocity must be assigned to
each individual droplet locally after each time step based on their size,
and as the simulation did not resolve the droplets, there was no way to
assign a value for each cell. Therefore, a constant rise velocity of 5 cm/s
was assigned to each droplet in this work. This allowed capturing the
lower boundary of the plume as seen in Fig. 4b. However, the upper
boundary was underestimated by the numerical solution. In order to
estimate the upper boundary of the plume with rise velocity of 11 cm/s,

(9)
(10)

ui

Here, ui is the turbulent component of velocity, ui is the resolved
velocity by LES and ui is the time-averaged velocity. A measure of
turbulence resolution can be evaluated by the ratio of resolved turbulent kinetic energy to total turbulent kinetic energy as follows (Pope,
2004, Wegner et al., 2004):

M=

kres
kres + kSGS

(11)

The value of M varies between 0 and 1. M = 0 corresponds to RANS
while M = 1 corresponds to DNS. The higher values of M represent the
resolution of more of the eddies in the flow field. The sub-grid kinetic
energy, kSGS is computed as follows (Pope, 2000):

kSGS =

vSGS
Ck

2

where Ck = 0.094

(12)

4. Results
Fig. 4a shows the oil plume after the plume reached quasi periodic
behavior. The plume is opaque within x/d < 14, but then one notes
large clearances (see for example the dashed lines at x/d = 14 at the
6
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the vertical position of the plume without rise velocity (estimated by
LES simulation) was compared against the vertical position of the
plume with rise velocity of 5 cm/s (estimated by LES simulation) and
the relative vertical motion of the plume was revealed for the rise velocity of 5 cm/s. Based on the comparison, the plume centerline moves
vertically 4.1d at x/d = 16 and 10.9d at x/d = 48 with rise velocity of
5 cm/s. Applying linear proportion based on this observation, the
plume centerline with rise velocity of 11 cm/s was expected to rise 9.0d
at x/d = 16 and 24.0d at x/d = 48 relative to the plume centerline
without rise velocity. The location of the upper boundary based on the
rise velocity of 11 cm/s was plotted as dashed line in Fig. 4b. The estimated and observed upper boundaries of the plume match well in
Fig. 4b.
The current approach is not able to account for the varying rise
velocity across droplets of different size present in the physical experiment. In wastewater applications dealing with sludge settling, the
settling velocity of sludge flocs can be empirically estimated as a
function of local sludge concentration (Takács et al., 1991, Lakehal
et al., 1999). However, this may not be an option for the present work
which involves buoyant droplets within complex flow field with coherent structures. Moreover, assigning varying rise velocity for different-sized droplets cannot be an ultimate solution for the near field of
the jet since the droplet size distribution keep changing due to breakage
and coalescence of the droplets. The distribution of different-sized
droplets across the whole plume and the boundaries of the plume can
be estimated through Eulerian or Lagrangian approaches by considering
breakage and coalescence of droplets through population balance
model. Recently, Aiyer et al. (2019) adopted Eulerian approach and
estimated overall droplet size distribution across an oil plume in
crossflow by solving concentration equation for each size bin with
breakage term. The present authors, Cui et al. (2020a,b) coupled Lagrangian particle tracking method (Cui et al., 2018) with population
balance model called VDROP (Zhao et al., 2014) and computed ultimate DSD for breaking waves by considering both breakage and coalescence effects.

which was induced by the motion of counter-rotating vortex pair.
The decrease in the oil concentration in vertical direction was
compared against prior experimental measurements conducted by
Cheung (1991) and the integral model results by Jirka (2004). The
normalized centerline dilution, Sc LQ Lm Lb2 (see Eq. (2)) of the numerical results is reported as a function of normalized vertical distance,
z Lb in Fig. 7. In the integral model of Jirka (2004), the Gaussian
profiles were assumed for the velocity and the concentration yielding
the highest velocity and concentration along the jet centerline. However, in this work, the maximum concentration was not observed along
the centerline (Fig. 6b). For this reason, we selected the maximum oil
concentration at each cross-section in the plume regardless of the location of that maximum, as done in Cheung (1991). For our simulation,
the quantities LQ (Eq. (2a)), Lm (Eq. (2b)) and Lb (Eq. (2c)) were
computed to be 0.022 m, 0.111 m and 0.060 m, respectively.
In the integral model of Jirka (2004), the normalized dilution was
always smaller than the measurements of Cheung (1991) which indicates that the dilution rate according to the integral model is slower
than reality. In this work, before z Lb = 1.2 , the dilution is almost unity
since the jet did not start to dilute. In the range of 1.2 < z Lb < 1.9, the
numerical predictions are close to the measurements. In the range of
1.9 < z Lb < 3.0 , the dilution was predicted close to the integral model
results, and at z Lb = 2.4 , the estimated dilution rate matched with the
integral model. Beyond z Lb = 2.4 , the predicted normalized dilution
followed the same trend with prior studies. The normalized vertical
distance z Lb = 2.4 corresponds to z = 0.14 m which is close to the jetto-plume transition length scale, LM (0.15 m) (Eq. (2d)), beyond which
the buoyancy plays a major role. In contrast to the experiments of
Cheung (1991) in which hot water was injected into water, immiscible
oil which remains as discrete droplets inside the water was injected
herein. The discrete droplets are expected to separate from the entrained water due to their individual buoyancy (Socolofsky et al.,
2002). Therefore, the plume rises higher in immiscible jets in crossflow
due to the discrete phase separation which was observed by Murphy
et al. (2016) by comparing miscible and immiscible jets in crossflow.
The transition observed at z Lb = 2.4 in Fig. 7 can be related to this
behavior. At the same vertical distance of two plumes with different
rising height (penetration to the crossflow), the dilution was expected
to be lower for the plume rising faster since the distance taken along the
plume path will be shorter, which justifies the lower dilution after
z Lb = 2.4 in this work with immiscible fluids.

4.1. Oil holdup from the simulation
Instantaneous and time-averaged contours of oil holdup along the
central plane are shown in Fig. 6. The contour plot near the orifice was
magnified and inserted in (a). The oil jet moves vertically with a slight
bending up to z/d = 3. Following z/d = 3, the vertical oil jet started to
bend over in the crossflow direction continuously until z/d = 12. The
angle between the crossflow and the jet path became almost constant as
of ~30° beyond z/d = 12. In the magnified image, continuous wavy
pattern was observed along the upstream surface of the jet up to z/
d = 8 which was broken down due to axial disturbances. Oil ligaments
and oil pockets formed near the orifice downstream due to the surface
breakup induced by azimuthal disturbances. The axial and azimuthal
disturbances were also reported for liquid jet in gaseous crossflow by
Behzad et al. (2016). The oil pockets are tightly-spaced near field of the
orifice and separated more in the far field which can be considered as
the nature of expanding and diluting oil jet. Many of the oil pockets
above z/d = 20 were elongated perpendicular to the jet path which is
probably due to the shearing effect of crossflow on oil pockets. The
time-averaged oil holdup contours in Fig. 6b reveals the dilution rate of
oil along the jet path. The oil holdup decreased from unity (at orifice) to
0.1 within only 14d vertical distance from the orifice and kept decreasing along the jet path. Around z/d = 40, the oil concentration
decreased to 1% of the initial concentration. It is also clear that the
highest oil holdup was predicted to be closer to the upper boundary of
the plume near the orifice. The time-averaged contours of oil holdup at
different cross-sections were shown in Fig. 6(c–f). It is clear at P1 and
P2 that higher oil concentration was obtained closer to the upper
boundary of the plume. The dilution of oil was also clear along the jet
path. Kidney-shaped oil distribution was observed at the cross-sections

4.2. Flow field from the simulation
Contours of horizontal (crossflow-wise) and vertical (jet-wise) velocity components are reported in Fig. 8 with velocity details at specific
points. In (a) and (b), instantaneous and time-averaged contours of
horizontal velocity are shown, respectively. The portion of the pipe and
the pipe orifice are pointed out in (a). Upstream of the pipe, the uniform
crossflow speed of 0.27 m/s was observed. The horizontal velocity
decreased gradually along the upstream side of the jet near the orifice
due to crossflow-jet interaction. The crossflow changed its direction
towards -x direction just behind the orifice where the wake vortices
started to occur. The reverse flow near the orifice with velocity of
−0.15 m/s was pointed out in (b). The reverse flow was also observed
downstream of the pipe which was induced through the vortex shedding from the solid pipe surface. The highest horizontal velocity of
nearly 0.54 m/s was estimated to be at z/d = 8 above the orifice locally. The maximum horizontal velocity kept decreasing along the jet
path due to the water entrainment and became similar to the crossflow
speed after x/d 80 . The instantaneous and time-averaged contours of
vertical velocity are shown in Fig. 8(c,d). The zoom-in image showing
the shear layer vortices just above the orifice was inserted in (c). The
shear layer vortices were highly unsteady and were not observed in the
time-averaged contours. Negative vertical velocity towards the orifice
was observed in the regions occupied by the shear layer vortices in the
7
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Fig. 6. (a) Instantaneous and (b) time-averaged contours of oil holdup at center plane, and time-averaged oil holdup contours at different cross-sections P1-P4
looking downstream. The instantaneous contours were acquired at t = 12 s through large eddy simulation. Note that the axes at cross-section plots have different
scales.

transition zone. Prior to the transition zone (jet dominated zone), it is
clear in (b) and (d) that the highest horizontal and vertical velocity
were obtained closer to the upper boundary of the plume which contradicts the assumption of the highest velocity along the jet centerline
in the integral model (Jirka, 2004) for the jet-in-crossflow.
Time-averaged contours of spanwise velocity in y direction and
velocity vectors are shown at different cross-sections in Fig. 9. At each
cross-section, positive spanwise velocity was observed in the top-right
and bottom-left while the negative spanwise velocity was observed in
the top-left and bottom-right. The magnitude of the spanwise velocity
was around 0.05 m/s which is < 20% of the crossflow velocity. The
spanwise velocity kept decreasing as the jet moved further downstream.
By noting velocity vectors, it is fair to conclude that the spanwise velocity was induced through the CVP (discussed later). The spanwise
velocity contours reveal four subzones with high-velocity as two rows
and two columns (2 × 2). The spanwise velocity between these subzones was almost zero at all cross-sections. At P1 (near field of the jet),
the regions occupied with positive and negative velocities ordered
smoothly and resemble ellipsoid shapes. The high-velocity regions expand 12d in spanwise direction and 15d in jet-wise direction. At P2 and
further, the positive–negative velocity regions in the second row kept
their smoothly-curved shapes while the ones in the upper row were
disturbed due to crossflow-plume interaction. The high-velocity regions
expanded more in spanwise and jet-wise directions as the jet moves
further downstream. At P4, the high-velocity regions expand 26d in
both spanwise and jet-wise directions.
The numerical predictions were compared against ADV data. The
location of each ADV is listed in Table 2. ADV1 is outside of the plume
and its elevation is close to the upper boundary of the plume estimated
in the numerical simulation. Since the upper boundary of the plume
was not captured well in the simulation by employing the constant rise
velocity of 5 cm/s, the comparison to the data acquired by ADV1 cannot
be made. ADV3 is also near the upper boundary of the plume, however

Fig. 7. Normalized centerline dilution Sc LQ Lm Lb 2 (Eq. (2)) as a function of
normalized vertical distance, z Lb . Here, LQ is the discharge length scale, Lm is
the jet-to-crossflow length scale and Lb is the plume-to-crossflow length scale.

upstream and downstream side of the jet with a magnitude of 0.1 m/s.
At the orifice, sheared velocity profile was observed due to pipe entrance, and a maximum velocity of ~2.0 m/s was observed along the
centerline. At z/d = 8, the maximum vertical velocity decreased to
0.5 m/s. The sudden decrease in vertical velocity from 1.9 m/s to
0.5 m/s was observed in the range of 4 < z/d < 8. At x/d = 16 and
z/d = 16 which is beyond the jet-to-plume transition length scale, the
vertical velocity decreased suddenly and kept its level around 0.1 m/s
to 0.2 m/s after that region. Therefore, we consider the vertical flow
was mainly dominated by the buoyancy forces and the secondary flows
induced by counter-rotating vortex pair for the region beyond that
8
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Fig. 8. Instantaneous and time-averaged contours of (a,b) horizontal velocity and (c,d) vertical velocity at the central x-z plane. The instant contours were acquired at
t = 12 s and time averaging were carried out between the simulation time of 10 s and 19.5 s through large eddy simulation. The left column shows the instantaneous
contours while the right column shows the time-averaged contours.

not exactly outside of the plume (at the edge of the plume). Although an
agreement was not expected for ADV3, it is presented to elaborate the
experimental results. All the velocity data provided by ADV4 had
signal-to-noise ratio lower than 15.0, therefore only the velocity components acquired by ADV2 and ADV3 are shown in Fig. 10 along with
the numerical predictions. ADV2 is on the left-hand side of the plume
while looking downstream and near the lower boundary of the plume
while the ADV3 was on right-hand side of the plume and closer to the
upper boundary of the plume. To make the images clearer and to avoid
the darkness, only one out of eight data points were presented for
ADV3. The horizontal streamwise velocity “u” was in the range from 0.1
to 0.2 m/s at ADV2, and from 0.1 to 0.3 m/s at ADV3 which covers the
towing speed of 0.27 m/s. The simulation provided velocity values of
0.27 m/s at both locations since constant velocity was applied in the
crossflow direction, however the pipe was towed in the experiment
which resulted in velocity reduction outside of the plume. The spanwise
velocity alternated between −0.1 m/s and −0.3 m/s at ADV2 and
between −0.1 and 0.1 m/s at ADV3. The negative spanwise velocity
acquired by ADV2 most probably indicates the negative velocity induced by CVP vortex (discussed later) along the top-left side of the
plume (Fig. 9). The change in the velocity direction at ADV3 can be
related to the meandering behavior of the plume. The spanwise velocity
at both ADVs was predicted to be around zero in the simulation. The
vertical velocity was estimated and measured to be around zero at
ADV2. At ADV3, the vertical velocity was measured to be around
0.1 m/s which is close to the rise velocity of the upper boundary of the
plume (11 cm/s) based on the droplet size acquired from the upper
shadowgraph camera (Figs. 1, 4 and 5).
The time-averaged contour lines of oil holdup and horizontal velocity are superimposed on the flooding contours of vertical velocity at
the central x-z plane and shown in Fig. 11. The transverse jet trajectory
can be defined based on the local maximums of (i) velocity, (ii)

vorticity, (iii) scalar or (iv) the stream line trajectory initiated from the
center of jet exit (Mahesh, 2013). The local maximums of vorticity were
obtained near the center of CVP which grows in spanwise direction and
deviates from the center plane. Therefore, the jet trajectory of vorticity
was not presented herein for consistency. The contour lines of oil
holdup at 0.001 and horizontal velocity at 0.27 m/s in the far-field were
assumed to present the boundaries of the plume based on the oil holdup
and horizontal velocity, respectively. The jet trajectory based on oil
holdup penetrates deeper into the crossflow as compared to the trajectory based on horizontal velocity. The primary reason of this difference is the separation of oil droplets from the plume due to their
additional rise velocity in vertical direction. The contours of vertical
velocity were shown at the center plane and the cross-section. The
vertical shifting between the contours of horizontal and vertical velocity might be related to the formation of counter-rotating vortex pair
which induced upward velocity near the lower boundary of plume
shown in Fig. 11b with velocity vectors. Outside of the centerline where
the CVP occurs, the vertical velocity decreased suddenly. The jet trajectory based on local maximum of oil holdup, horizontal velocity and
vertical velocity are shown in Fig. 11c. All were showing almost linear
behavior in the far-field, therefore linear fit of the data was presented to
remove the noisy. Besides, the central streamline originated from the
origin of the jet exit was also plotted for comparison purposes. All the
jet trajectories except for the jet trajectory based on vertical velocity
followed the same path up to x/d = 15. After x/d = 15 and z/d = 15,
the vertical distance between the oil holdup trajectory and the center
streamline increased along the jet path. At x/d = 70, the difference
between the trajectories became 14d. The trajectories of the center
streamline, and the horizontal velocity was almost similar up to x/
d = 30 where the center streamline started to deviate by bending more
in crossflow direction. The distance between the trajectories increased
gradually and became almost 4d at x/d = 70. The lower penetration of
9
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Fig. 9. Time-averaged contours of spanwise velocity and velocity vectors along the cross-sections P1–P4 looking downstream (Fig. 6). The results are acquired
through large eddy simulation. Note that the axes have different scales.

the center streamline into the crossflow can be related to the occurrence
of the highest vertical velocity along the lower boundary of the plume.
Following x/d = 30, the trajectories based on vertical velocity and the
center streamline were almost parallel with a deviation of 8d at x/
d = 70. The maximum rise of the jet trajectory was observed within the
order of oil holdup, horizontal velocity, center streamline and vertical
velocity as 47d, 36d, 33d and 25d at the horizontal distance of 70d.

the vorticity along the plane decreased far-wake of the jet due to the
plume rise and the blending of the jet with the crossflow.
The counter-rotating vortex pair are shown in Fig. 13 along the y-z
plane at different distances from the orifice: (a) P1, x/d = 8, (b) P2, x/
d = 20, (c) P3, x/d = 32 and (d) P4, x/d = 48. The velocity vectors
were also superimposed on the vorticity contours to reveal the vertical
motion induced by CVP along the centerline. As compared to other
vortices, the CVP persisted further downstream as observed by Mahesh
(2013) too. At P1, the CVP were obtained along −5 < y/d < 5 in
spanwise direction and 4 < z/d < 16 in jet-wise direction. Higher
vorticity was obtained in larger space in jet-wise direction. The mean
jet centerline passes through the y/d = 0 as expected due to the axisymmetric flow domain. The flow moves in clockwise direction on the
right side of the jet centerline while moving counter-clockwise direction
on the left side of the jet centerline. Along the lateral sides of the plume,
the flow moves downward in −z direction. The highest vertical velocity
was observed along the centerline in upward +z direction. The vorticity outside of the plume was predicted to be almost zero due to lack of
velocity gradients. At P2, the plume expanded in both directions and
was obtained along −8 < y/d < 8 in spanwise direction and 8 < z/
d < 24 in jet-wise direction. The localized CVP at P1 started to dissipate in both directions. The lateral distance between the vortices was
increased as compared to the CVP at P1. The positive vortex on the
right-hand side at P2 tilted in clockwise direction while the negative
vortex on the left hand-side tilted in counter-clockwise direction. Smallsized vortices were observed above the vortex pair rotating in both
positive and negative directions. At P3 and P4, the vortex pair were
obtained closer to the leeward side of the plume. The strength of the
CVP decreased in crossflow-wise direction due to the jet expansion
induced by water entrainment and blending of the plume with the

4.3. Vortical structures from the simulation
Jet flows injected into a crossflow from a wall is characterized with
four different types of vortical structures (Fric and Roshko 1994): (i) jet
shear layer vortices, (ii) horseshoe vortices, (iii) wake vortices and (iv)
counter-rotating vortex pair (CVP). Fig. 12 shows the vortical structures
using the Q-criterion (Hunt and Wray, 1988). The horseshoe vortices
are usually induced through the interaction between the wall boundary
layer at the bottom and the jet flow (Kelso and Smits, 1995). As the pipe
orifice was placed 0.7 m above the bottom-wall boundary (Fig. 2), this
likely prevented the formation of the horseshoe vortices near the orifice. The shear layer vortices induced by Kelvin Helmholtz (K-H) instabilities started to occur at z/d = 2 and were observed clearly along
the perimeter of the jet near field. The z-vorticity contours were presented along the x-y plane at z/d = 2 to show the rotation direction of
the wake vortices. As shown in Fig. 12, the alternating vortices near the
jet wake was induced by elongated vortical structures beneath the
plume. One side of the wake vortices were connected to the leeward
side of the plume. The wake vortices numbered in Fig. 12 reveals that
the positive and the negative vortices created a regular sequential
pattern. The wake vortices (1), (3) and (5) rotates in -z direction while
the wake vortices (2) and (4) rotates in + z direction. The strength of
10
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Fig. 10. Time series of velocity components acquired by ADV2 (left column) and ADV3 (right column): (a,b) u velocity (crossflow direction), (c,d) v velocity
(spanwise direction) and (e,f) w velocity (jet-wise direction).

crossflow with lower turbulence.

t.k.e was predicted to be almost 0.1 just above the jet exit. The interaction between the crossflow and the oil jet induced higher t.k.e. along
the leading and trailing edges of the jet which collided later near the
center streamline at s/d = 3 where s is the direction along the jet path.
The variation of the resolved t.k.e. along the center streamline was
plotted in Fig. 14b. At the center of the jet exit, the t.k.e. was almost
zero until the collapsing of high-t.k.e. zones at the leading and trailing
edges of the jet. The zero t.k.e. at the jet exit (s/d = 0) is directly
related to the almost zero t.k.e. along the pipe centerline. In contrast to
our observations, the normalized t.k.e. at the jet exit was predicted to
be < 0.01 in Muppidi and Mahesh (2007) which is 6% of the maximum
t.k.e. observed in their direct numerical simulation. Almost zero t.k.e.
along the pipe centerline in our work can be related to the no-perturbation condition at pipe entrance. The mean t.k.e. reached its maximum

4.4. Turbulent kinetic energy (t.k.e.) from the simulation
The resolved t.k.e. was computed based on Eq. (9). Time-averaged
contours of the normalized turbulent kinetic energy with the mean
center streamline are shown on the center plane in Fig. 14a. The resolved turbulent kinetic energy was normalized based on upstream
velocity and velocity ratio as k2res2 . Yuan et al. (1999), and Muppidi and
u r

Mahesh (2007) presented similar contours of resolved t.k.e. which were
obtained through LES and DNS, respectively. The maximum normalized
t.k.e was reported to be around 0.1 and 0.135 by Yuan et al. (1999)
(r = 3.3), and Muppidi and Mahesh (2007) (r = 5.7), respectively. In
this work in which the velocity ratio is 5.0, the maximum normalized
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Fig. 11. (a) Time-averaged contour lines of oil holdup (colored red) and horizontal velocity (colored black) which are superimposed on the contours of vertical
velocity at the central x-z plane, and (b) the contours of vertical velocity and velocity vectors at y-z plane at x/d = 70 (cross-section A-A in (a)). (c) The jet trajectory
based on oil holdup, horizontal velocity, vertical velocity and center streamline. The results are acquired through large eddy simulation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

at s/d = 5 and decreased gradually to 6% of its maximum at s/d = 25.
The location of the maximum t.k.e. and the characteristics of the t.k.e.
variation curve presented herein mainly concur with DNS results of
Muppidi and Mahesh (2007) (Fig. 12 in their paper).
To judge the quality of LES, the ratio of resolved t.k.e. to total t.k.e.
was computed based on Eq. (11) and shown in Fig. 15 along vertical
lines at different horizontal distances from the pipe orifice. The other
component of total t.k.e., the sub-grid (residual) t.k.e., was computed
based on Eq. (12). The resolved part of the t.k.e. was found to exceed
80% of the total t.k.e. in the most portion of the plume cross-section at
the central plane. The ratio became around 0.75 in a small region near
the lower boundary of the plume where the CVP vortices were observed
(Fig. 13). Based on the criteria established by Pope, (2000), as the
contribution of resolved part (energy containing motions) is 80%, the
accuracy of LES can be justified.

standard multiphase model undershot the whole plume trajectory. The
solver was modified to include the transport term due to the rise velocity of oil droplets. Using d50 (volume-median) droplet size near the
lower boundary of the plume (Fig. 5) enabled us to capture lower
boundary of the plume however, the estimated upper boundary of the
plume penetrated less into the crossflow (Fig. 4). Comparing the plume
trajectory obtained by the standard and the modified solvers allowed us
to estimate the plume elevation based on the rise velocity. The upper
boundary of the plume was estimated using the rise velocity of the d50
obtained by upper shadowgraph camera with a good agreement
(Fig. 4). The droplets were too small to resolve therefore, we could not
use a systematic approach to allow the upper boundary of the plume to
spread more to mimic the observations.
The oil holdup was estimated to be unity up to z = 3d and decreased suddenly to 0.1 at z = 14d (Fig. 6). Near field of the jet, oil
holdup was higher close to the upper boundary of the plume. Kidneyshaped oil holdup was observed at the cross-section of the plume due to
the CVP vortices. The predicted oil dilution rate along the jet trajectory
was compared to integral model by Jirka (2004) (Fig. 7). The horizontal
velocity was doubled locally near the upper boundary of the plume at
z = 8d and reverse flow was observed along the trailing edge near the
orifice (Fig. 8 (a-b)). The shear layer vortices created negative vertical
(downward) velocity along the leading and trailing edges of the jet up
to z = 8d (Fig. 8(c,d)). The jet trajectory based on oil holdup penetrated
more into the crossflow as compared to the center streamline trajectory
due to the separation of discrete oil phase from entrained water due to

5. Conclusions
Large eddy simulation coupled with mixture multiphase model was
performed for an oil jet in crossflow. Experimental results obtained by
towing the pipe horizontally in Ohmsett wave tank were presented. The
oil jet velocity was 1.36 m/s in vertical direction while the crossflow
(towing) velocity was 0.27 m/s in horizontal direction which yielded
velocity ratio of 5.0. The pictures of the droplets were taken using
shadowgraph camera near the upper and lower boundaries of the plume
at a horizontal distance of 2 m from the orifice (Figs. 1 and 4). Using
12
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Fig. 12. Instantaneous iso-surface of Q-criterion at a
value of 1.0 1/s2 at t = 10.3 s showing two types of
vortical structures: shear-layer vortices and wake
vortices (tornado-like). The contours of z-vorticity
(rotation in horizontal plane) are provided in the
horizontal plane (x-y plane) at z/d = 2.0. The
streamlines initiated on the x-y plane upstream of
the jet was presented to reveal the flow motion before and after the jet. The results are acquired
through large eddy simulation.

Fig. 13. Contours of x-vorticity (rotation in vertical crossflow plane) computed using time-averaged velocity at cross-sections P1-P4 looking downstream (Fig. 6). The
time-averaged velocity vectors are also shown. The kidney-shaped counter-rotating vortex pair (CVP) was observed clearly at each cross-section presented herein.
The results are acquired through large eddy simulation. Note that the axes have different scales.
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Fig. 14. (a) Normalized resolved turbulent kinetic energy at center plane and the mean center streamline, (b) the variation of normalized turbulent kinetic energy
along the center streamline up to s/d = 25.

Fig. 15. The ratio of resolved turbulent kinetic energy to total turbulent kinetic energy along the vertical lines (at center plane) at (a) x/d = 8, (b) x/d = 20 and (c)
x/d = 32. The initial position of each vertical line was decided based on the lower boundary of the vertical velocity contour in Fig. 11a while the end of each vertical
line was decided based on the upper boundary of oil holdup contour in Fig. 11a to cover the whole region including oil or high-velocity gradient.

their buoyancy (Socolofsky et al., 2002) (Fig. 11).
The CVP covered almost the whole cross-section of the plume and
played a major role in the jet hydrodynamics (Fig. 13). Small-sized
eddies were observed above the CVP vortices created due to the interaction between the jet and the crossflow. The CVP created upward
velocity along the plume centerline near the lower boundary of the
plume (Fig. 8d and 11b) and relatively smaller downward velocity near
the lateral sides of the plume (Fig. 9). Elongated wake vortices were
created from the leeward side of the plume and showed an alternating
vorticity pattern without expanding in spanwise direction as much as
the CVP (Fig. 13). The formation of CVP is expected to promote the
mixing of chemicals and droplets within the plume.
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