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1 Abstract

Three different experiments were performed at rest and under rotation: the horizontal jet, the
vertical jet and the vertical plume. In order to visualize the motions, top and side views were
recorded. The horizontal jet under rotation showed the formation of a dipolar vortex that slowly
propagates through the tank. The vertical jet under rotation shows a cyclonic vortex at the free
surface, above an anticyclonic vortex at the bottom of the tank. At later times, a tripole is formed
with the cyclonic vortex at the centre. Finally, the vertical plume shows a similar pattern, with a
cyclonic vortex at the free surface and a geostrophic anticyclonic vortex at the bottom. As fluid
injection continues, the conical structure of dyed fluid becomes unstable, and an eddy is formed
that transports fluid away from the centre of the tank. Throughout the experiments, columnar
structures of dyed fluid are formed, as per the Taylor-Proudman theorem.
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2 Introduction

The purpose of this Bachelor End Project (BEP) is to visualize, analyze and explain the motion
of jets and plumes in a rotating fluid. In a rotating frame of reference, the Coriolis force and
conservation of angular momentum will lead to motions that are decidedly different from their non-
rotating counterparts. The basic principles behind these effects are mostly well understood, but
the effects themselves have, as far as we are aware, not been visualized together with the relevant
explanation (at least not with recent technology). Some relevant experiments have been carried out
[1, 2, 3], but the visualizations leave room for improvement. To ensure that the contrast between the
injected and ambient fluids is well-defined, a fluorescent dye will be used in the experiments.

This BEP aims to perform these tasks for several experiments. Using several cameras, a top and
side view of the motion will be recorded, upon which the motion can be analyzed. Where possible,
an oblique view will also be recorded in order to show certain effects more clearly. All experiments
will be performed within a container filled with water, rotating around a vertical axis at a constant
angular velocity Ω = 0.50± 0.01 rad/s. The experiments will also be performed for Ω = 0, to make
the difference the rotation causes more clear. The following experiments will be performed:

Experiment 1: Horizontal jet
Experiment 2: Vertical jet
Experiment 3: Vertical plume

The first experiment involves shooting a coloured jet from the container wall horizontally towards
the axis of rotation. This will be done using a continuous jet.

The second experiment involves shooting a jet vertically down from near the free surface at the
middle of the container. This jet will also be continuous.

For the last experiment, experiment two is repeated, but now using a plume instead of a jet. The
plume from the top will consist of a fluid with a density higher than that of water, and will thus
propagate downwards. Hence, buoyancy is the driving factor instead of momentum. The plume
will be continued for a longer amount of time than the jet, and will again be continuous.
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3 Theory

*Note: in sections 3.1 to 3.4, the lecture notes ”Geophysical Fluid Dynamics” by van Heijst [4]
were used as a basis throughout, and the relevant contents summarized.

3.1 General equations of motion

To understand the effects of rotation on the evolution of a jet or plume, first the equation of motion
must be derived for a rotating system. The following definitions are used: Ω is the angular velocity
of the rotating plane, r = (x,y,z) and r’ = (x’,y’,z’) are the relative and absolute position vectors
with respect to the origin of the rotating plane, respectively. Then, v(r) and v’(r’) are the velocity
relative to the rotating plane and the absolute velocity, respectively. The absolute velocity can be
written as the sum of the relative velocity and the velocity caused by the rotating plane,

v’ = v + Ω× r = ( d
dt

+ Ω×)(r). (1)

The acceleration in the inertial frame is then

a’ = dv’
dt

= ( d
dt

+ Ω×)( d
dt

+ Ω×)(r) = d2r
dt2

+ 2Ω× dr
dt

+ Ω×Ω× r. (2)

In this equation, the second term 2Ω× dr
dt represents the Coriolis acceleration, and the third term

Ω×Ω× r the centrifugal acceleration. For cleaner equations later on, we will use the fact that this
centrifugal acceleration can be written as −∇(1

2Ω2r2).

Now, focusing on the relative motion, including viscosity effects, the Euler equations of motion
become

Dv
Dt

+ 2Ω× v−∇(1
2Ω2r2) = −1

ρ
∇p−∇Φgr + ν∇2v, (3)

with Φgr the gravitational potential and ν the kinematic viscosity.

This equation can be rewritten by defining several relations. Firstly, the total potential is the sum
of the gravitational and accelerational potentials Φ = Φgr− 1

2Ω2r2. Secondly, the reduced pressure,
defined as the overall pressure minus the pressure at v = 0, is P = p− pstat = p+ ρΦ. This gives
the Navier-Stokes equations for the relative motion:

Dv
Dt

+ 2Ω× v = −1
ρ
∇P + ν∇2v. (4)

Finally, to simplify differentiating between motions governed by different effects, (4) are made di-
mensionless using L and U , the length and velocity scales typical to the problem being considered.
The equations’ variables are rewritten as

v = U ṽ , r = Lr̃ , t = t̃
Ω , P = ρULΩP̃ ,
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where the new dimensionless variables are indicated with a tilde.

After filling in these variables and some rewriting of terms, the following dimensionless Navier-
Stokes equation is obtained:

∂ṽ
∂t̃

+Ro(ṽ · ∇̃)ṽ + 2k× ṽ = −∇̃P̃ + E∇̃2ṽ. (5)

where

Ro = U
ΩL and E = ν

ΩL2

are the Rossby and Ekman numbers, respectively.

The Rossby number represents the ratio between the Coriolis force and the the inertial forces, while
the Ekman number represents the relative importance of viscous forces.

3.2 The Taylor-Proudman theorem

For the purposes of this report, it will often suffice to assume stationary flows, so Ro is small.
Assuming viscous effects are also small, E also goes to 0. Putting this into (5), the motion is
apparently governed by

2k× ṽ = −∇P̃ , (6)

where k = Ω
|Ω| is the unit vector pointing in the direction of Ω. This equation expresses the so-

called geostrophic balance between the pressure gradient and Coriolis force. Since both are then
perpendicular to v, the motion takes place along isobars.

By taking the curl of (6), one obtains

∇× 2k× ṽ = ∇× (−∇P̃ ) = 0,

or

∇× k× ṽ = (ṽ · ∇)k− (k · ∇)ṽ + k(∇ · ṽ)− ṽ(∇ · k) = 0. (7)

Since ∇ · ṽ = 0 for an incompressible flow, and k is a unit vector, (7) is simplified as

(k · ∇)ṽ = 0, or ∂ṽ
∂z

= 0, (8)

since k only has a z-component. This means that any flow conforming to the assumptions formu-
lated before will not vary with z, the axial coordinate. This result is known as the Taylor-Proudman
theorem, and should be observed in experiments as vertical columns of coloured fluid.
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3.3 Potential vorticity

For the purposes of this project, it can be assumed that the large-scale motion is independent of z.
Assuming the well-known hydrostatic balance:

∂p

∂z
= −ρg, (9)

an expression for the pressure can be derived:

p(x, y, z, t) = ρg(H − z), (10)

where
H = H(x, y, t) = H0 + η(x, y, t), (11)

where in turn H0 is a constant reference depth and η(x, y, t) represents surface fluctuations at the
top and/or bottom of the setup.

Using (10), equations for the x- and y-derivatives are derived:

∂p

∂x
= −ρg ∂η

∂x
,

∂p

∂y
= −ρg∂η

∂y
. (12)

These pressure equations can be inserted into the equations of inviscid motion for a rotating sphere
(Earth). In the equations, localized Cartesian coordinates are used, where the x-coordinate points
in the eastern direction, and the y-coordinate in the northern direction. This results in

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
− fv = −g ∂η

∂x

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ fu = −g∂η

∂y
.

(13)

Here, f is the Coriolis parameter or planetary vorticity, given by f = 2Ω sin(φ), where φ is the
latitude on the sphere. Since the flows considered in this project take place on a small scale, φ, and
thus f , are taken to be constant.

The (v ·∇)v acceleration term can be written as ω×v+∇(1
2 |v|

2), so (13) can be rewritten as

∂u

∂t
− (f + υ)v = − ∂

∂x
(1
2(u2 + v2) + gη)

∂v

∂t
+ (f + υ)u = − ∂

∂y
(1
2(u2 + v2) + gη),

(14)

where ζ = ωz is the vertical component of the relative vorticity, so that (f + ωz) is the absolute
vorticity.

Since the term being derived on the right is the same for both equations, it can be eliminated by
differentiating (14a,b) with respect to y and x, respectively. By subtracting the two equations the
following equation is obtained:
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∂

∂t
(∂v
∂x
− ∂u

∂y
) + u

∂

∂x
(f + ζ) + v

∂

∂y
(f + ζ) + (f + ζ)(∂v

∂y
+ ∂u

∂x
) = 0. (15)

Since ∂v
∂x −

∂u
∂y = ∇× v = f + ζ, this can be simplified to

D

Dt
(f + ζ) + (f + ζ)(∂v

∂y
+ ∂u

∂x
) = 0. (16)

To derive a relation between the vorticity and the layer height H, first a relation between the
divergence (the second term in (16) and H is derived. This can be done by taking a test volume of
size Hdxdy, and setting the requirement that the rate of change of the mass is equal to the inflow
of mass through all sides, so that

∂

∂t
(ρHdxdy) = ρ((uHdy)x−(uHdy)x+dx+(vHdx)y−(vHdx)y+dy) = −ρ ∂

∂x
(Hu)dxdy−ρ ∂

∂y
(Hv)dxdy.

(17)

After working out the derivatives and rewriting some terms, the following relation between the
divergence and layer height is found:

1
H

DH

Dt
+ (∂v

∂y
+ ∂u

∂x
) = 0, (18)

so that (16) becomes

1
(f+ζ)

D
Dt(f + ζ)− 1

H
DH
Dt = 0,

which can in turn be written as

D

Dt
(f + ζ

H
) = 0. (19)

This equation is exceedingly useful in geophysical fluid dynamics where vorticity plays a large
role, since it implies that the term in the brackets is constant. It is called the potential vorticity,
and implies that as a the fluid layer in a flow becomes less high, the relative vorticity must also
decrease in order to keep the potential vorticity constant. For a uniformly rotating fluid, the Coriolis
parameter is f = 2Ω, assumed constant within the bounds of the performed experiments.

3.4 The Ekman boundary layer

So far, inviscid flow has been assumed, but near the bottom and walls of the setup viscous effects
can no longer be neglected. Hence, it becomes necassary to analyze the boundary layers that arise
at these locations. (5) and the continuity equation still hold for the relative flow, and assuming
quasi-stationary flow ∂/∂t can be neglected. For Ro << 1, (5) becomes

2k× v = −∇p+ E∇2v, (20)

Department of Applied Physics 7
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where the tildes will be left out from now on, for notational convenience.

Consider a fluid between two disks rotating at slightly different angular velocities:

z = 0 : Ω, z = H : Ω(1 + ε)

Since the boundary layer thickness ∂ is much smaller that the horizontal length scale, ∂/∂z ∼
1/δ >> 1, and ∇2 ' ∂2/∂z2. Now, (20) can be rewritten as

−2vE = −∂pE
∂x

+ E
∂2uE
∂z2 (21a)

2uE = −∂pE
∂y

+ E
∂2vE
∂z2 (21b)

0 = −∂pE
∂z

+ E
∂2wE
∂z2 (21c)

∂uE
∂x

+ ∂vE
∂y

+ ∂wE
∂z

= 0, (21d)

where the subscript E refers to the Ekman layer.

Now, it is generally assumed that all derivatives, velocities and pressures in the x and y directions
are of the order O(1). This goes for both velocities and pressures in the Ekman layer as well as
the ’interior’ of the fluid (subscript I), since the orders must match where they meet. In this
assumption, it follows from (21d) that wE = O(δ)� 1. Accordingly, the second term in (21c) can
be neglected, and the equation reduces to ∂pE/∂z = 0. This means that the pressures are equal in
the Ekman layer and outside it. Calling on the equation for geostrophic motion (6), we can rewrite
(21a), (21b) as

−2vE = −2vI + E
∂2uE
∂z2 (22a)

2uE = 2uI + E
∂2vE
∂z2 . (22b)

These equations can be solved for uE and vE , using the initial conditions

z = 0 : uE = vE = 0, z/δ → inf : uE = uI , vE = vI .

For this project, we will further simplify the analysis by setting the inital condition z = 0 : uI 6=
0, vI = 0. The result is as follows:

uE = uI(1− exp(−z/δ)cos(z/δ)) (23a)
vE = uIexp(−z/δ)sin(z/δ). (23b)

Using (21d), the axial velocity wE can be calculated:

−∂wE
∂z

= ∂uE
∂x

+∂vE
∂y

= (∂uI
∂x

+∂vI
∂y

)(1−exp(−z/δ)cos(z/δ)−(∂vI
∂x
−∂uI
∂y

)exp(−z/δ)sin(z/δ), (24)

Department of Applied Physics 8
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where δ = E
1
2 is the typical thickness of the Ekman layer.

Since (21d) also holds in the interior domain, and the Taylor-Proudman theorem (8) holds as well,
the first term in brackets is zero, while the term in brackets in the second term is the z-component
of the interior vorticity ωI . Integrating this over z for z >> δ gives

wE(z >> δ) = 1
2δ

2ωI = 1
2E

1
2ωI = wI(x, y). (25)

Now, the bottom plate was at rest in the defined rotating frame of reference (the rest of the system
rotated slightly faster due to the top plate), but that does not have to be the case. In general, the
difference between the interior and boundary vorticities should be taken into consideration. Doing
this, the result is

wI(x, y) = 1
2E

1
2 (ωI − ωB). (26)

A similar derivation can be done for the top boundary, and by combining the two results the axial
velocity can be more conveniently expressed in the vorticities of the top (subscript T ) and bottom
boundaries alone:

wI(x, y) = 1
4E

1
2 (ωT − ωB). (27)

An interesting result is that, apparently, if ωT < ωB, wI < 0 and fluid is sucked into the Ekman
layer from the interior, and vice versa.

3.5 Properties of jets and plumes

Next, some basic properties of jets and plumes are discussed. For simplicity’s sake, these properties
are discussed for a jet/plume entering a non-stratified, stationary fluid. First, it is important to
define the difference between what is called a jet and a plume. The motion of a jet is driven
by the momentum in the jet, while the motion of a plume is driven by the buoyancy caused by
the difference in density. As such, to have a plume, there must be a density difference with the
surrounding fluid.

For a jet entering a fluid through a sufficiently small opening, it has been experimentally verified
that the injected fluid takes on a nearly conical shape. This implies that the radius of the jet
front R grows linearly with the travelled distance from the virtual source, x. The virtual source is
defined as the point where the cone originates, and lies inside the conduit which release the fluid.
The defining half-cone angle has been observed to be independent of fluid type, exit velocity or
nozzle radius, and is roughly equal to 11.8° [5].

As the jet propagates, the surrounding fluid is pulled into the jet from the side of the cone at the
boundary layer. This process is called entrainment. If the injected fluid has a contaminant, this
inflow from the side is what causes dilution.

The velocity distribution of both jet fronts and plume fronts have been found to be Gaussian,
meaning fluid parcels at the centre of the front have the highest velocity, and this velocity decreases
when moving to the edges of the front. A sketch of a jet or plume is shown in Fig. 1.
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Figure 1: The conical jet/plume structure with a Gaussian velocity distribution at the front. Entrainment
happens from the side.

Plumes are formed when a fluid source releases a fluid with a density that differs from the sur-
rounding fluid (ρ′ = ρ0 + ∆ρ). This density difference causes a local buoyancy in the plume, also
called a reduced gravity. This buoyancy is given by

g′ = g
ρ′

ρ0
. (28)

The density difference is often caused by temperature differences in nature, but in this project a
saline solution will be used to achieve similar effects.

As it turns out, plumes also propagate in a conical shape, and as with jets, the angle of the cone
is independent of the type of fluid or nozzle radius. This half-cone angle has also been observed in
the past, and roughly equals 8.9° [5].

Department of Applied Physics 10
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4 Experimental setup

The setup used to obtain the visuals is similar for all experiments. The main component is a
rotating table, where the speed of rotation can be adjusted. A rectangular perspex tank with inner
dimensions 100x151x30 cm is placed on top of the table. A cilindrical perspex tank is placed inside
the first, with an inner diameter of 92 cm, and a height of 35 cm. Both tanks are filled with water
to a level of 23 cm. The actual experiments are performed in the cilindrical tank, while the outer
rectangular tank is also filled to ensure that no optical lensing occurs when observing from the
side. The setup is visible in Fig. 2. A black plate is placed inside the cilindrical tank, as well
as against one of the sides of the outer tank, to use as a background. Using two cameras, a top
and side view of the motion will be recorded, upon which the motion can be analyzed. The used
cameras are of the type Nikon AF NIKKOR. All experiments under rotation will be performed
with a constant angular velocity Ω = 0.5 rad/s. For all experiments, a fluorescein solution is used
in order to provide contrast with the black background. Two fluorescent tubes are places against
the long side of the rectangular tank to provide lighting. All experiments are performed at room
temperature (293 K) and atmospheric pressure. The temperature of both the ambient fluid and the
injected fluid is kept equal to prevent flow due to temperature differences. However, the fluorescent
tubes heat up during the experiment, so some temperature difference cannot be avoided.

The first experiment, with the horizontal jet, is performed by placing a syringe with a bent tube
(taken from a syphon bottle) inside the inner tank and ejecting the fluorescein solution by hand.
To prevent the syringe from moving around, it is placed in a perspex bar, which in turn lies on top
of the cylindrical tank.

For the second experiment, with the vertical downward jet, the same syringe and solution is used,
now with a tube with a diameter of 3 mm put in the centre of the inner tank. Again, the perspex
bar is used to keep the tube at a fixed position.

For the last experiment, with a vertically downward plume, another fluorescein solution is made,
now with a saline solution instead of water. To create a plume instead of a jet, the saline fluorescein
solution is siphoned from a container placed at a higher position to the centre of the water surface. A
clamp on the tube is used to increase or decrease the flow rate as necessary to create a plume.

Figure 2: The used setup. A camera was attached to the protrusing beam, as well as to the top of the frame.
The fluerescent tubes can be seen on the sides of the tank.
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5 Results and discussion

5.1 The horizontal jet

To start with, the horizontal jet experiment will be discussed. When the tank itself is at rest, the
jet behaves as expected based on section 3.5, as can be seen in Fig. 3.

(a) t = 5 s (b) t = 5 s

Figure 3: The horizontal jet at rest in side and top view, revealing the conical shape of the jet.

In Fig. 3a and 3b it can clearly be seen that the jet propagates in a conical shape, where the jet
front expands linearly with the distance travelled. The edges of the cone are turbulent, and due to
the entrainment process the fluorescent dye is diluted as it propagates. After fluid injection is cut
off, the jet slowly stops propagating as its momentum is passed on to the ambient fluid.

More interesting is the horizontal jet under rotation, which can be seen in top view in Fig. 4. Fluid
was injected for a duration of 8 seconds, at a velocity of roughly 9 cm/s. In Fig. 4a, the initial
deflection of the jet to the right due to the Coriolis force is clearly visible. In Fig. 4b, the beginnings
of an anticyclonic vortex are formed, which continues in later figures. This effect can be explained
by looking at the initial conical shape of the jet. Observing along the axis of propagation, the right
half of the half contains anticyclonic vorticity, while the left half contains cyclonic vorticity. This
is an effect of the Gaussian velocity distribution. As the jet bends to the right, the anticyclonic
vorticity on the right side of the jet instigates the formation of a strong anticyclonic vortex. A
cyclonic vortex is formed later by the left side of the jet, but this vortex is weakened by the right
turn. An additional effect that aids in the formation of the anticyclonic vortex is conservation
of potential vorticity (See section 3.3). Due to the centrifugal forces caused by rotation, the free
surface of the fluid in the tank takes on a parabolic shape. This means that as the jet moves from
the wall to the centre of the tank, the fluid height H decreases. Referring to 19, this implies that
an anticyclonic vortex must be formed to adhere to the equation. This effect is only minor though,
the the height differences are quite small. From Fig. 4b onwards, a cyclonic vortex becomes visible.
This is an effect of the fluid parcels on the outside of the curved jet perturbing other neighboring
fluid parcels in the same direction, resulting in a pull which instigates the forming of the cyclonic
vortex. All of these processes combined result in a dipolar vortex that as a whole slowly spirals
through the tank. The final result is visible in Fig. 4d.
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(a) t = 4 s (b) t = 22 s

(c) t = 34 s (d) t = 76 s

Figure 4: The horizontal jet under rotation in top view, showing the formation of a dipolar vortex.

Another interesting effect is the amount of fluorescent dye in each vortex. The anticyclonic vortex
is clearly brighter than the cyclonic vortex. This is due to the fact that most the the injected fluid
stays inside the cloud that is formed by the deflection. The cyclonic vortex, on the other hand,
mostly consists of undyed entrained ambient fluid, so it is not nearly as bright. Going deeper into
theory, another reason for this effect is the Ekman boundary layer, which causes an inflow from
the bottom of the vortex (there is also inflow from the boundary layer at the free surface). This
mass influx must be compensated by a mass outflux in the interior of the vortex, which moves the
dye to the edge of the vortex [6]. The opposite goes for the anticyclonic vortex, which loses fluid at
the boundary layers, and has a mass influx from the edges into the vortex. Thus, the anticyclonic
vortex stays fluorescent throughout. Since this process is quite slow, however, it will not have a
large effect within the recorded time frame.
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(a) t = 8 s (b) t = 46 s

Figure 5: The horizontal jet under rotation in side view, revealing the formation of columnar structures.

The side view is also interesting, but for a different reason. Looking at Fig 6, the jet propagates to
the centre of the tank at first, but soon deflects towards the camera. The jet is initially turbulent,
but after a while the fluid rearranges itself in columnar structures. This is what was expected
according to the Taylor-Proudman theorem, and is a result of (8).
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5.2 The vertical jet

Secondly, the vertically downward jet will be discussed. Again, the irrotational situation shows
that the jet takes on a conical structure as it propagates. In this case, however, the jet encounters
the bottom of the tank, upon which the fluid can only move horizontally outward. The side view
is visible in Fig. 6. It can also be seen that the fluid at the edges of the bottom is pushed upward
slightly by the fluid coming from behind. This occurs because the fluid loses momentum due to
friction with the bottom as it propagates. This means that the fluid coming from behind moves
faster than the fluid at the edges, so the fluid is forced upwards. This effect is visible as curling
protrusions along the outer edge. As time goes on, the momentum of the jet is slowly dispersed
into the ambient liquid and dilution takes place.

(a) t = 7 s (b) t = 15 s

Figure 6: The vertical jet at rest in side view, revealing the conical shape as well as curls at the edge of the
fluid.

Under rotation the motion of the vertical jet changes dramatically. Fluid was injected for a duration
of 13 seconds, at a velocity of roughly 6 cm/s. As the jet attemps to spread out into a conical
shape, it starts to propagate in a slight anticyclonic fashion to adhere to conservation of angular
momentum. At a certain radius, this outward motion is impeded by the rotational ambient fluid.
Because of the rotation, ambient fluid at a larger radius cannot be entrained as easily. In Fig.
7 it can be seen that as the jet hits the bottom of the tank and deflects, an anticyclonic motion
occurs. (Refer to Appendix A for the top view). This can be easily explained by conservation
of angular momentum. Since rvθ must be constant, and r increases, vθ must necessarily decrease
as the fluid spreads out, resulting in the anticyclonic motion in the rotating frame of reference.
At the same time, the fluid starts to move back upwards through the fluid due to the decreased
bottom vorticity (As per (27)). There are several smaller columns visible aside from the large centre
column, which arise for the same reason. Fig. 7d shows that a cyclonic vortex is formed above
the anticyclonic one as the fluid moves back upwards. This is an aftereffect of the injection of the
jet, where initially entrainment still took place. The ambient fluid that moved radially inward thus
generates a cyclonic vortex due to conservation of angular momentum. The columnar structure of
the fluid is again explained by the Taylor-Proudman theorem.
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(a) t = 4 s (b) t = 12 s

(c) t = 22 s (d) t = 44 s

Figure 7: The vertical jet under rotation in top view, showing the upward flow of fluid due to vortices, as
well as columnar structure.

Interesting is the formation of two anticyclonic vortices from the main cyclonic vortex, resulting in
a tripole, which can be seen in Fig. 8. The reason for this effect is likely that, after the injection of
fluid was stopped, the upward flow was large enough to require a downward flow to be formed to
further spread the fluid over a wider area. The anticyclonic vortices at the top would indeed result
in a downward flow according to (27), and succeed in widening the column of dye fluid.

Figure 8: t = 79 s. A tripolar vortex is formed.
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5.3 The downward plume

Finally, the vertical downward plume experiment is discussed. In an irrotational frame of reference,
the plume behaves as expected, taking on a conical shape as it propagates downwards due to its
relatively higher density, as can be seen in Fig. 9. The plume also moves radially outward as it
reaches the bottom of the tank, and also shows the same curl along the edge that the irrotational
jet showed. The motion is similar in many ways, but the driving force here is buoyancy instead of
momentum.

(a) t = 7 s (b) t = 15 s

Figure 9: The vertical plume at rest in side view, revealing the conical shape as well as curls at the edge of
the fluid.

Regarding the plume under rotation, a multitude of experiments were performed, but only one
behaved as expected. The other experiments all showed a similar effect, so it is likely that the
conditions for the experiment were slightly off in all experiments except one. However, since the
effects are still interesting, both situations will be discussed.

First is the experiment that followed predictions. Fluid was continually injected for a duration of
53 seconds at a velocity of roughly 4 cm/s. As the plume is initiated, the fluid starts to spread
out in the familiar conical shape, but the entrainment is soon impeded by the ambient fluid due
to the rotation. Fig. B.1 shows that as the plume hits the bottom of the tank, the fluid starts
to show clear anticyclonic motion due to conservation of angular momentum (Again, an increase
in r necessitates a decrease in vθ). The high density fluid accumulates in a conical shape at the
bottom, and the inward Coriolis force balances with the outward pressure gradient, creating a stable
geostrophic vortex. Also, the entrainment that still takes place near the top of the tank causes the
attracted fluid to form a cyclonic vortex, as visible in 10c. As a side note, the Ekman boundary layer
can be clearly seen in the small layer of saline solution at the bottom, which moves outward over
time through the layer. As more fluid continues to enter the tank, the conical structure becomes
unstable, and a second cyclonic vortex detaches itself from the main vortex. This vortex absorbs
a portion of the injected fluid and slowly moves away from the centre. As time goes on, more of
these vortices are formed, as can be seen in the top view in Appendix Bf.
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(a) t = 6 s (b) t = 26 s

(c) t = 40 s (d) t = 105 s

Figure 10: The stable experiment. The vertical plume under rotation in side view, showing the formation
of a geostrophic anticyclonic vortex at the bottom, and a cyclonic vortex at the top. As time goes on, a
secondary cyclonic vortex is formed, which is visible in (d).

Now it is time to discuss the experiments which behaved differently from the first. In these exper-
iments, the dyed saline solution did not move vertically downwards, as was expected, but instead
descended at an angle. This caused the conical shape to lose axisymmetry and become unstable
much more rapidly. In hindsight, this might have been because of the fluid not fully being in steady
rotation yet. Another possibility is a bent tube, but the copper tube is not easily bent, and if it had
been it would not have been possible to perform the experiment where stable motion was observed.
The bent tube possibility is further disproved by the fact that the direction of the angled descent
seemed to change randomly during the same experiment without touching the tube.

In any case, Fig. 11 shows one of these experiments. Indeed, the fluid descends at an angle with
the vertical, but similar effects are seen as with the stable experiment. The inhibition of the conical
shape cannot be seen clearly due to the angled descent, but as the fluid reaches the bottom, it
again takes on an anticyclonic motion. In this case however, the front at the bottom is no longer
axisymmetric. The cyclonic vortex in the upper half of the tank is still formed, but it is not
placed along the axis of rotation with the tube, but above the centre of the anticyclonic bottom
layer. After some time the ’conical’ vortex becomes unstable, and additional cyclonic vortices are
formed again. The vortex in this experiment is far larger, which is likely due to the unstable centre
structure being less effective at containing the injected fluid. See the vortex in Fig. 11f.
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(a) t = 14 s (b) t = 14 s

(c) t = 35 s (d) t = 35 s

(e) t = 60 s (f) t = 60 s

Figure 11: The experiment which lost stability. The vertical plume under rotation in side and view, showing
the formation of an asymmetrical anticyclonic cyclonic vortex that quickly loses stability. Several more
cyclonic vortices detach themselves from the main structure as time goes on.
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6 Conclusion

Three experiments were performed: the horizontal jet, the vertical jet and the vertical plume.
The horizontal jet under rotation showed the formation of a dipolar vortex that slowly propagates
through the tank. The vertical jet under rotation shows a cyclonic vortex at the free surface, above
an anticyclonic vortex at the bottom of the tank. These vortices combined transport fluid back up
through the ambient fluid, since lateral motion is impeded. The anticyclonic vortex is only formed
once the Ekman boundary layer is reached. At later times, a tripole is formed with the cyclonic
vortex at the centre. Finally, the vertical plume shows a similar pattern, with a cyclonic vortex
at the free surface and a (now geostrophic) anticyclonic votex at the bottom. As fluid injection
continues, the conical structure of dyed fluid becomes unstable, and a second vortex is formed
that transports some fluid away from the centre of the tank. In another plume experiment, with
angled injection, the conical structure becomes unstable more quickly, and much larger vortices
are formed. Throughout the experiments, columnar structures of dyed fluid are formed, as per the
Taylor-Proudman theorem.
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A The vertical jet: Top view

(a) t = 6 s (b) t = 16 s

(c) t = 28 s (d) t = 46 s

(e) t = 62 s (f) t = 79 s

Figure A.1: The vertical jet under rotation in top view, showing the formation of an anticyclonic vortex at
the bottom, as well as a cyclonic vortex at the top layer, which later turns into a tripole.
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B The vertical plume: Top view

(a) t = 8 s (b) t = 24 s

(c) t = 38 s (d) t = 65 s

(e) t = 105 s (f) t = 155 s

Figure B.1: The stable experiment. The vertical plume under rotation in top view, showing the formation of
a geostrophic anticyclonic vortex at the bottom, and a cyclonic vortex at the top. Additional vortices detach
as time goes on. At t = 53 s, fluid injection was stopped.
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