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Introduction




What is a vortex ring?

e Torus-shaped vortex in fluid

e Poloidal flow

e Fluid spins around imaginary axis
that forms a closed loop




Purpose

1. Understand the properties and
dynamics of vortex rings

2. Detect a mean flow generated by the
movement of the rings in the “west”
direction




Bigger Picture

The experiment models cloud convection at the equator in the
presence of the Coriolis force. The vortex rings represent air
parcels that tilt to the west as they rise in the atmosphere due to
the vertical component of the Coriolis force. By detecting a mean
flow, we would confirm the theory that the vertical component
of the Coriolis force plays a relevant role in equatorial
atmospheric dynamics.



The Experiment - Orientation







The Experiment - Overview

e The system includes two vortex cannons, which are launched using
Python code
e (annons filled with water dyed with methylene blue
e Parameters:
o Duration, Wait, Repeat (in launching code)
o Pressure, Valve (in physical setting)
e These parameters, along with our observations are recorded in an
Excel sheet



The Experiment - Overview

Still tank experiments
Rotating tank
experiments

e Detecting mean flow
(rheoscopic fluid)



https://docs.google.com/file/d/1MVrMMdoMDErkBI8YSAJesv_5ohISGULL/preview

Videos





https://docs.google.com/file/d/1rFbe_d3bFC93iIpJZ5QGJm2UN2HfuWdT/preview



https://docs.google.com/file/d/1GEjfiX5mL_oP2qYvI170lEyZoHbovqkJ/preview



https://docs.google.com/file/d/1qGX8MIQpjSKB9NB8BDeEQwUKbtNrqQi6/preview



https://docs.google.com/file/d/1h8vi-aVmMLFBOhag6PkvWRNt8npIlNuT/preview



https://docs.google.com/file/d/1lUcv0LNuKX0pM7ybN1jzBAZuK9Ppcskk/preview

Emerging Trends




Emerging Trends

e Vortex rings are more stable at higher
pressures (90-95 psi)

e Setting a higher duration increases the
velocity of the rings

e Setting a higher valve increases the
velocity of the rings

e I[deal conditions for rotation



https://docs.google.com/file/d/180aS0j8YAqP0n_2UbyJAxF3BEIBq_WrV/preview

Further Study

e Understanding how the individual vortex rings scale to clouds in the
atmosphere

e Studying the deformation of vortex rings

e Visualizing and quantifying the mean flow generated by the vortices
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Prezley Content

Incompressible Fluid Dynamics
o Mass continuity equation
o Navier-Stokes momentum equation + terms
o Stream functions

Rotating Frames of Reference
o Coriolis Force

Overview of Igel and Biello’s 2020 paper
o Non-traditional Coriolis terms
o DoNUT model of convection
o Coriolis shear force

Lab Talk



Lagrangian/material view - analysis of fluid motion in terms of positions, momenta of particular
fluid elements.

Eulerian/field view - concerns time evolution of the fluid field from a particular frame of ref-
erence; how the field evolves in space and time
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Incompressible Flow

Mass Continuity Equation:

E‘f‘V-(pu):O

Incompressible -density remains constant (%’,3 = () within a parcel of fluid that moves with the
flow, i.e the fluid’s velocity field

88—€+V-(pﬁ):0 — V-i=0

-good approximation for fluids with little density variation, where Mach number < 0.3

-ii can be expressed as the curl of a potential ¥, =V x ¥



The Momentum Equation of Fluids

-a PDE describing how the velocity or momentum of a fluid responds to internal and imposed
forces

let m(x,y,z,t) be the momentum-density field of the fluid
— m = pii, and the total momentum of a volume of fluid = [, mdV

The rate of change of m of a fluid mass is given by the material derivative, and is equal to the
forces acting upon it
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The control volume is arbitrary, so the integrand must vanish — pg—? =F

Expanding the material derivative gives the general momentum equation:

dii
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Inserting the pressure gradient and viscosity term (contact forces), w/ the assumption that V- =0
gives the incompressible Navier-Stokes equations:
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Vorticity- measures the local rotation of a fluid at some point

Taking the curl of the Navier-Stokes momentum equation, applying several vector identities, and
using the assumption that V- = 0

— Vorticity Equation:

-2nd term on LHS represents vorticity transport by the velocity

-3rd term on LHS represents vortex stretching and rotation

-RHS term accounts for viscous diffusion of the vorticity distribution



Stream Functions

Consider i = ui+vj
Define stream functiony/:u:—%—‘)’f, V= %,_li, .
dy,. Jy. oy, Oy,
— i=——1i+—-Jj, V —tiga b
u ayl+ ax], v 8xl+ By

-y satisfies continuity of mass (incompressibility): V- = — . A gjl” =)

-y is constant along the streamline of the flow

-the difference between y at any two points gives the volumetric flow rate through a line connect-
ing the points



Combining @ = V2 with the vorticity equation gives the Stream function and vorticity formula-
tion of the Navier-Stokes equations




Rotating Reference Frames

let Q = 0,V=2x
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In a rotating reference frame, the direction of basis vectors change over time
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(‘é‘t‘) 7 represents the time derivative of # in the stationary reference frame, and ( ) R Tepresents

the time derivative in the rotating frame



Now consider position vector 7 : (Z—f)]:(‘é—f)R-l—Qx? = VI=Vr+QX7F

Plug v; into general expression (1) :

dvy dvy ~ d ~ ~

= (E)I:-(Z)R—F.va]:(E(VR—}—er))R—I—Qx(vR+Q><r)
. L o d 2 L =2 2 o dig 2 o
ﬁa1=aR+E(Q+rR)+Q><vR+Q><(er) — aR+Q><—t+Q><vR+Q><(Q><r)
. dr=dg+ (2Q x Vg) + (Q x (Q x 7)) 2)

Multiply (2) by arbitrary mass, m:

Fr = Fr+2m(Q x ¥g) + mQ x (Q x 7) (3)

Coriolis Force term: 2m(fz X VR)

Centrifugal Force term: mQ x (€ x 7)



A
; = local north

h <P o
k = local up .
A = latitude North Pole

fl rotation vector

Q = Qo(cosA j + sinAk)
Q) = rotation rate




Momentum equation for inviscid fluid in a rotating frame of reference: g—‘f +Vp = Qi F
where ii = ui +vj+ wk

— 2Q x i = 2Qq[(wcosA — vsinA )i+ (usin) ] — (ucosA )]

Momentum equation in component form with non-traditional Coriolis terms underlined,

% 4 @ = 2QqvsinA — 2QowcosA
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Assuming the fluid is incompressible,

du dv 8w_
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The DoNUT Model of Convection (Igel)
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Convection- the transfer of heat between two areas through the movement of fluids



How to determine the effect of NCT?

(Igel and Biello) Define:
F;lef — F}()r — VpC — _Zé KU~ VPC
with V-F,e; =0
-In general, F;m has a net divergence, which would in turn force a divergence on the velocity field

-V pc serves to maintain a non-divergent net force, satisfying our incompressibility condition



A Leray projection is then used to diagnose the pressure field and subsequently find a general ex-
pression for the net, nondivergent force required to maintain a non-divergent flow #

F_ =20, {cos(d))vL[xp sin(6)] + sin(qﬁ)gé}

Applying this Leray projection to the DONUT model with a prescribed vector potential, ¥, associ-
ated with the poloidal flow

F(0,2) = —2Q, cos(¢) %i = —Q, cos($p) w(2)i

-Fcs points westward in the ascending part of the convective flow

-F is proportional to the strength of vertical velocity along central axis



Poloidal Convection
(at the equator)
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https://docs.google.com/file/d/1ZdLorsbHq9d5MeDPANoSVK3OJqTSbP-_/preview



https://docs.google.com/file/d/1-HX4PIUCDcPo43un1YlR-GUSK2J2FO9J/preview

Slide of
Appreciation



