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Experiment:  Jets/Spheres in Stratified Fluids  

Fresh water: 
 

Mixed Layer <1cm 

.25cm radius 

Salt Water: 

           45 cm    
30 cm 

23cm 



Internal Splash 

•  1.0396 g/
cc 

•  Stratified  
•  Sphere 

heavier 
than fluid 
at all 
depths 

•  Fast 
Playback 

•  Re=300 

1.0385g/cc Abaid,Adalsteinsson,Agyapong,McL Phys of Fluids 2004 
Srdic-Mitrovic, Mohamed,Fernando, JFM 1999 (no bounce) 

For keynote with movies:  See
 pink-lady.amath.unc.edu/~rmm/sost
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Left: low speed untreated oil, right: high speed+dispersant
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Integral Models:  Morton, Taylor, Turner, 1953

TRACK SINGULARITY

CHUNG-NAN TZOU

The hight where the oil got trapped is determined by the location where w0 goes
to 0, which is the singular point of the speed function w(z). and the system of
equations is:

d(b2w)

dz
= 2αbw,(1)

d(b2w2)

dz
= 2gλ2b2θ,(2)

d(b2wθ)

dz
= −1 + λ2

λ2

d�

dz
b2w.(3)

The parameters used are:

g (cm/sec2) λ α ρb ρt ρj b0 w0 θ0
980 1.2 0.0833 1.03 1 0.9 0.17

1.414 10 (1 + ( 1
λ2 ))(

ρb−ρj
ρb

)

The ambient density is approximated by ρa(z) = (ρb+ρt
2 )+(ρt−ρb

2 ) tanh( z−L
σ ),

hence �(z) is defined to be �(z) = 1− ρa(z)
ρb

.

Equation (3) becomes

(4)
d(b2wθ)

dz
=

1 + λ2

λ2
(
ρt − ρb
2ρbσ

) sech2(
z − L

σ
)b2w.

The numerical experiments suggests that the point z∗ where w0(z∗) =
0 is growing as σ gets smaller, as figure (1) indicates. Figure (2) is the
corresponding ρa profile as σ = 1. Note that in Figure (4), as σ = 0.1,
z∗ is around 42.58414, which is much greater than the case of σ near
to 1, with z∗ around 1.89. The ambient density function as σ = 0.1 is
more like a sharply stratified case, as shown in figure (3).

Date: October 4, 2011.
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-- ambient stratification

b, w,
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-- jet radius, center speed, density 

--entrainment, mixing coefficients
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Miscible Limit:  Critical Escape Height For Buoyant Jets
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Adalsteinnson. Camassa, Falcon, Lin, McLaughlin, Mertens, Nenon, Smith, Walsh, Watson, White,
                   to appear: “Monitoring and Modeling the Deepwater Horizon Oil Spill: 

                               A Record-Breaking Enterprise, AGU Monograph Series

Asymptotics-- Camassa, McL, Tzou, Zhao, in prep



Current Events:  Ocean Carbon Pump



X - 14 ADALSTEINSSON ET AL.: SUBSURFACE TRAPPING OF OIL PLUMES IN STRATIFICATION

Figure 3. Time series showing timescale of plume instability. Top: OSW 4:3:2, t = 30,

450, 870, 900, 1800, 3600, 7200 sec. Bottom: OSW 4:3:17, t = 30, 450, 900, 1800, 3600, 7200,

14400 sec. Notice the onset of instability in the top row, first evident at t = 870 sec.

D R A F T September 3, 2011, 5:31pm D R A F T

Plume Destabilization











Top:  48 cm travel, Bottom 15cm
 Left to right:  increasing flow rate
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DNS:  Varden (A. Almgren LBL Code)
modified by Claudio Viotti

                                               mesh:256x256x1024, 
                                               parallel on 256 processors
                                               run time:  6 hours
                                               periodic x-y, slip wall velocity lids
                                               no flux bc for scalar
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Figure 3: Critical length scale for total trapping of miscible buoyant jets and vortex rings: Left
panel, buoyant jet data, (un-fit) scaling prediction, and exact hypergeometric formula, length scale
normalized by nozzle radius. Right panel, vortex ring critical length for trapping normalized by
average droplet radius, also shown in black is the length of travel on which vortex ring becomes
unstable, as well as 2/3 scaling law prediction fit, which ignores the outlier who’s critical length
falls within the density transition thickness.

explored as the droplet evolves into a vortex ring9–11. We next describe a simplified experiment
involving a dense vortex ring impinging upon a sharp background density transition, with the
ring’s density initially exceeding all ambient fluid densities. Two broad classes of behaviors are
observed in this setup: one in which the dense ring is completely trapped, and a second in which
a sizable portion of the vortex ring “escapes” to the tank bottom. Shown in Figure 4 are two time
series showing the interaction of a sinking dense vortex ring with the sharply stratified background
fluids, with the top time series corresponding to a slightly thinner upper layer fluid while all other
parameters are fixed. In both instances the ring penetrates through the transition layer carrying
an entrained bubble of upper layer fluid which subsequently rebounds upward. In the top time
series, the rebounding bubble does not carry the entire contents of the vortex ring, a portion of
which continues to propagate into the bottom layer. However, for the bottom time series, the
entrainment bubble succeeds in completely trapping the vortex ring within the density transition
layer. See Online Supplementary Information for additional details regarding these measurements.

Similar to the trapping length for buoyant jets, experimental data measuring the critical dis-
tance for descending dense vortex rings is plotted in the right panel of Figure 3 depicting the
complete trapping condition over a range of droplet densities and upper layer thicknesses (with
fresh water upper fluid, and 1.02g/cc salt water lower fluid). We emphasize the distinction between
this novel entrainment trapping phenomena and known homogeneous vortex ring instabilities10,11

by directly measuring the length scale (here denoted: instability scale) at which the dense vortex
ring becomes unstable in the upper layer. This scale is shown in Figure 3 to be substantially larger
than the trapping threshold. See Online Supplementary Information for discussion of additional
types of possible behavior and further information on this diagram.

A rough theoretical prediction for this critical length scale emphasizing the importance of
entrainment can be seen through a simple scaling argument. Vortex rings in homogeneous en-
vironments are known to grow linearly in time with propagation distance through the action of
viscosity12. Similar to the jet calculation above, the density of the conglomerate mixture, ρmix,
of droplet fluid and ambient fluid may be estimated as a ratio of total mass to total volume,

4
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Conclusions and Future:

Buoyant plume formation in stratification
Trapping timescales vary with mixture
Plume destabilization may occur
Internal waves-- larger scale experiments
Inflow full DNS CFD marginally resolvable
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