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COVER A snapshot of a lab spore discharge. A mechanical spore capsule (situated at the
top of the image) discharges, under influence of compressed air, lab spores and a lid, which
were positioned inside the capsule before discharge. The mechanical spore capsule served
as a laboratory model for a spore capsule of a Sphagnum moss. A laser sheet illuminates the
flow.

Abstract
This study is focussed on the spore dispersal by mosses of the genus Sphagnum. A central
role in the fascinating method of dispersal is played by the spore capsule. Spores are situated in the upper half of the spore capsule and the remaining half of the capsule is filled
with air. Under influence of dry weather and sunshine the capsule walls contract and the
capsule changes from a spherical shape into a cylindrical shape. This volume reduction results in a pressure increase of the air inside the capsule. This process will continue till the
lid rips off and the spores are discharged into the air. This ”spore discharge mechanism”
and in particular the flow which is created by it, is the focus of this study. A mechanical
model of the natural spore capsule was made. The dimensions of this mechanical spore capsule are 10 times as large as in the natural case and pressure, spore volume and air volume
can be changed. By illuminating the flow by a pulsed laser sheet, PIV measurements can
be done. Besides the laboratory experiments, numerical simulations have been performed
with the commercial code AnsysFluent. A simplified model of a spore capsule is simulated.
The results of the study were that vortex rings are generated when a discharge is simulated
without particles or a lid. Vortex rings are also present in the laboratory experiments, but
are not considered as the main purveyor of the spore dispersal. This role is probably played
by a lump of spores, which is launched into the air and looses its spores along the way. This
presumption is supported by a simple experiment, in which lumps of spores were falling,
leaving a tail of spores, which resemble the natural case.
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Chapter 1

Introduction
The phrase Survival of the fittest is one of the most famous statements in science. Charles
Robert Darwin used it in his famous book On The Origin of Species from 1869, where he
explained his ideas about evolution. He used the phrase as a metaphor for natural selection:
within a population of organisms, some will adapt themselves better to their environment
than others, through genetic variation within this population. Through millions of years
of evolution many organisms have developed wonderful mechanisms, which give them an
evolutionary advantage. These mechanisms are fascinating to explore and we can learn a lot
of them.
A beautiful example is the autorotating seed of a maple. These seeds attain high lift by generating a stable leading-edge vortex as they descend (Lentink et al., 2009). The lift, generated
by the leading-edge vortex, leads to a lower terminal downward velocity whereby the wind
is able to disperse the seeds over large distances. The maple seeds are not the only organisms that make use of a leading-edge vortex to create high lift, also hovering insects, bats
and birds make use of this aerodynamic solution. This concept, founded by nature through
evolution, can be used in the design of helicopter blades.

Figure 1.1: Three mature spore capsules of a Sphagnum moss situated on short stalks. Two spherical
ones are still undehisced. Photo by Joan Edwards (2010).
The preceding example is one of the countless mechanisms which are developed by evolu1
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tion. In this study such a mechanism will be at the centre. The organisms where this study
is focussed on are mosses, in particular mosses of the genus Sphagnum. Sphagnum mosses
grow on peatland around the globe and not without success. This genus covers over 1.5
Mkm2 of ground (Rydin and Jeglum, 2006) and they contain probably more carbon than any
other plant genus (Clymo and Hayward, 1982).
Sphagnum mosses use spores in their reproductive system. It is crucial for them to disperse
their spores over an area as big as possible, because in that way they ensure the existence of
their genus. To disperse their spores Sphagnum mosses rely, just as many other moss genuses
and plants, on atmospheric turbulent wind. However, Sphagnum mosses do not reach out
into this atmospheric turbulent boundary layer, which is positioned more than 10 cm above
the ground (van Leeuwen, 2010). To get their spores into this boundary layer, Sphagnum
mosses use a unique mechanism called the ”air-gun mechanism” (Nawaschin, 1897; Ingold,
1965). A spore capsule, which is positioned on a short stalk with a height of about 1 cm (see
the three dark brown spore capsules in figure 1.1), is loaded with air and spores. The spores
are stacked against the lid, with hardly any air between them and a volume of air is situated
underneath the spores.

Lid

1 mm

Spores
2 mm
Air

Figure 1.2: Lifecycle of a spore capsule. The spherical capsule becomes cylindrical by dehydration
of the capsule wall. The internally built up air pressure and tension in the capsule wall
cause the lid to rip off, which triggers a spore discharge.
In its first stage a spore capsule has a spherical shape. In dry weather and due to sunshine,
the capsule wall will dry out and contract radially, which changes the shape of the capsule
into a cylindrical form (see figure 1.2). The volume of the cylindrical capsule Vcyl is considerably less than the volume of the spherical shape Vsphere (Vcyl = 38 Vsphere (van Leeuwen,
2010)). According to Boyle’s law, the air pressure inside the capsule will increase up to a
certain limit due to the decrease in volume (between 2 and 5·105 Pa). Presumably a combination of the force on the lid by the pressure difference between the air inside and outside
the capsule and tension in the capsule wall, cause the lid to rip off (Duckett, Pressel, P’ng,
and Renzaglia, 2009; Sundberg, 2010b; Duckett, Pressel, P’ng, and Renzaglia, 2010). Immediately after this, the air inside the capsule will force the lid and thousands of spores (20,000 to
240,000 (Sundberg and Rydin, 1998)) up into the air. During this explosive spore discharge
the spores can reach velocities up to 30 ms−1 , which are due to an acceleration up to 36,000g
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(van Leeuwen, 2010). The explosive discharge induces a cloud of spores reaching up to 20
cm above the capsule (Sundberg, 2010a), well into the turbulent boundary layer. From where
the wind can carry the spores over large distances, because of their low terminal velocities
(0.84 − 1.86 cm s−1 (Sundberg, 2010a)).
Because of its low terminal velocity, a single spore launched from the capsule and moving
through still air is unable to reach these extraordinary heights (Whitaker and Edwards, 2010).
The result can only be achieved when there is some collective mechanism. Whitaker and
Edwards (2010) discovered the emergence of a vortex ring, which may be the mechanism.
The work of Whitaker and Edwards (2010) is, as far as we know, the only study that takes
a closer look at the flow that causes the spores to be dispersed in the manner they are. This
study will present a closer look at this flow and hopes to give some clarification in this
complex mechanism. This is done by performing laboratory experiments on a self-built
mechanical spore capsule. The mechanical spore capsule is a cylinder with one open end,
which can be closed with a lid. The cylinder can be filled with particles and pressurized air.
The ”spore discharge” can be activated by a release mechanism that releases the lid. Besides
the laboratory experiments some numerical simulations on a simplified version of the spore
capsule have been performed.
More information about the spore discharge of Sphagnum mosses, based on previous research, is discussed in the next chapter (Chapter 2). The theory, underlying to this study, is
deliberated in Chapter 3. Chapter 4 is dedicated to the experimental setup and measuring
method in the laboratory experiments and Chapter 5 to the setup of the numerical simulations. The results of both the numerical simulations as the laboratory experiments are
reported in Chapter 6. The conclusions of this study can be found in Chapter 7. Finally,
in Chapter 8, some discussion points on the results and some recommendations for future
work will be given.
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Chapter 2

Into Sphagnum spore discharge
This study is not the first one in which the spore discharge of Sphagnum mosses play a central
role, the first article and book date back 110 to 150 years ago (Nawaschin, 1897; Schimper,
1858). In this chapter some – additional to the introduction – results of earlier studies, which
are important to this study, will be presented.
An example of a spore discharge of a Sphagnum moss is given in figure 2.1 (recorded by
Whitaker and Edwards (2010)). The arrow in the first snapshot indicates the spore capsule
(s.c.). After the lid comes off, a narrow spike of spores is coming out of the capsule. The
launch velocities of these spores range from 7.9 to 29.8 ms−1 with an average of 16 ± 7 ms−1
(Whitaker and Edwards, 2010). After 20 ms the cloud of spores gradually expands upwards
and sideways, but much slower. And after 0.1 s (last snapshot) a part of the spores, in the
lower part of the cloud, is already descending. The authors claim that the light blue dot is
the lid moving to the left. Another example of a spore discharge is displayed in figure 2.2
(recorded by Sundberg (2010a)).
t = 0 ms

t = 4 ms

t = 8 ms

t = 12 ms

t = 16 ms

t = 20 ms

t = 0.1 s

lid

s.c.

Figure 2.1: Snapshots of a video of a Sphagnum spore discharge recorded by Whitaker and Edwards
(2010) (MovieS1). The spore capsule (s.c.) and lid are indicated with an arrow.
5
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Single spores dominate the cloud of spores that is left behind after the explosive spore discharge. In a research done by Sundberg (2010a) 51 ± 16 % of the spores were dispersed as
singles, 25 ± 9 % as doubles, 6 ± 3 % as clusters of both three and four spores and 12 ± 11 %
as clusters containing 5 – 75 spores. In the same study the spore clouds of different spore
capsules where compared. The shape of the spore cloud is described as a candle light bulb
shape. A 3D image of it, along with the percentages of spores encountered in different parts
of the cloud, is presented in figure 3 in Sundberg (2010a, p. 296). It was found that cloud
dimensions (such as maximum height and width) were positively related to the size of the
capsule.
t=0s

t = 0.04 s

t = 0.08 s

t = 0.12 s

t = 0.16 s

t = 0.24 s

t = 0.52 s

s.c.

Figure 2.2: Snapshots of a video of a Sphagnum spore discharge recorded by Sundberg (2010a).
The actual explosive discharge is important, but the spores themselves can also play an important role in their dispersal. They have to be nicely stackable, without any air between
them. It is beneficial for the dispersal if all the compressed air is situated behind the bulk
of spores and not in between them. Besides that, spores have to be able to follow the flow
easily and after they are brought up into the air they have to descend slowly. To meet all
these requirements Sphagnum spores have a unique shape, which can be approximated as a
tetrahedron with a circular base (Whitaker and Edwards, 2010). Hereby the spores are easily
stackable and have a terminal velocity ranging from 0.84 to 1.86 cm s−1 (The same terminal
velocity theoretically expected, according to Stokes law, for spherical particles with the same
density and with 68% of the given diameter, see Sundberg (2010a)). Among species, spore
diameters range from 22 µm to 45 µm (Cao and Vitt, 1986).
There is only one study that focusses on the actual flow of a spore discharge. Whitaker and
Edwards (2010) made high-speed recordings of spore discharges and observed that a vortex
ring (containing spores) is formed just after the lid comes loose. They concluded that the
vortex ring is a crucial mechanism in the disperse of spores and that it was the solution to
the question: ’How can spores reach those heights?’. In figures 2.3 and 2.4 some snapshots
of the high-speed recordings are presented. Both are recorded with 10,000 fps, but with
different exposure times.
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t=0s

t = 0.5 ms

}

s.c.

t = 0.1 ms

t = 0.6 ms

t = 0.2 ms

t = 0.7 ms

t = 0.3 ms

t = 0.8 ms

t = 0.4 ms

t = 0.9 ms

Figure 2.3: Snapshots of a video of a Sphagnum spore discharge recorded by Whitaker and Edwards
(2010) (MovieS2). Recorded at 10,000 fps with a 0.097 ms exposure.

t=0s

t = 0.1 ms

t = 0.2 ms

t = 0.3 ms

t = 0.4 ms

t = 0.5 ms

lid

s.c.

}
Figure 2.4: Snapshots of a video of a Sphagnum spore discharge recorded by Whitaker and Edwards
(2010) (MovieS3). Recorded at 10,000 fps with a 0.020 ms exposure.
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Chapter 3

Theory
At first sight the subject of this study seems basic and easily understandable. A closer look
into the problem shows that the theory that is involved in this study is very broad and
diverse. Not all of it is evenly important and it is sometimes hard to decide which effect has
the upper hand. So the theory as explained below is not complete, but consists of theory that
is considered most important in this study.

3.1

Flow dynamical equations

In physics conservation laws are very important. A selection of them is of large importance
in fluid dynamics. One of those laws is the conservation of mass, which is also called the
continuity equation. The continuity equation is written as
1 Dρ
+ ∇ · u = 0,
ρ Dt

(3.1)

where the derivative Dρ/Dt is the rate of change of density following a fluid particle, u is
the flow velocity vector and ∇ the del operator. If a fluid or gas is called incompressible the
density of a fluid particle is not changing so (3.1) changes into
∇ · u = 0.

(3.2)

For an incompressible Newtonian fluid conservation of momentum is written as
ρ

Du
= −∇p + ρg + µ∇2 u,
Dt

(3.3)

where p is the pressure, g the gravitational acceleration and µ the dynamic viscosity. (3.3)
is also known as the Navier-Stokes equation, derived by Claude-Louis Navier and George
Gabriel Stokes. Together with the continuity equation (3.2), (3.3) forms the basis for a complete description of an incompressible flow.
An other important concept is the vorticity ω. The vorticity is defined as
ω = ∇ × u,
9

(3.4)
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and can be interpreted as a measure of the rotation of a fluid element. Besides the vorticity
the circulation Γ around a closed contour C can be calculated as follows
I
u · dr,
(3.5)
Γ=
C

which is related to ω by applying Stokes’ theorem to (3.5) and using (3.4)
ZZ

ZZ

ω · ndA.

(∇ × u) · ndA =

Γ=

(3.6)

A

A

Here A is any surface enclosed by the contour C, and n is the normal vector on this surface
pointing outward.

3.2

Laminar vs. turbulent

In 1883 Osborne Reynolds demonstrated an important property of a flow by injecting a thin
stream of dye into flowing water in a tube (Kundu and Cohen, 2008). At low flow rates
the stream of dye flows in a straight path, indicating that the fluid flows in parallel layers,
without any disruption between the layers. Such a flow is called a laminar flow. When the
flow rate was increased beyond a critical value, the stream of dye broke up and was spread
throughout the cross-section of the tube. The breaking up seems organized in the first path,
but is fast turning into a chaotic fluid motion. This chaotic fluid motion is called a turbulent
flow. An example of the breaking up of a laminar flow into a turbulent flow is presented in
figure 3.1.

Figure 3.1: A laminar jet of air ejected from a pipe, flowing into ambient air seeded with smoke. The
laminar jet becomes unstable and turns into a turbulent flow.
As mentioned, a laminar flow turns into a turbulent flow at a critical value of the velocity
of the fluid. The dimensionless Reynolds number Re, called after Osborne Reynolds, can
indicate this critical point. Re is formulated by
Re =

LU
,
ν

(3.7)

CHAPTER 3. THEORY

11

where L is a characteristic length , U a characteristic velocity of the flow and ν the kinematic
viscosity of the fluid. The Reynolds number gives a measure of the ratio of inertial forces
and viscous forces. Besides that it characterizes the two flow regimes laminar (low Re) and
turbulent (high Re).

3.3

Boussinesq approximation and Reynolds decomposition

To simplify the Navier-Stokes equation Joseph Valentin Boussinesq suggested in 1903 that
the density changes can be neglected, except in the gravity term (Kundu and Cohen, 2008).
The Boussinesq approximation replaces the continuity equation (3.1) by the incompressible
form (3.2) and changes the Navier-Stokes equations on some points. In Boussinesq approximation these two equations become
∇ · u = 0,
Du
1
ρ
= − ∇p + g + ν∇2 u,
Dt
ρ0
ρ0

(3.8)

where ρ0 is the reference density. Because density variations generate only small corrections
to the term (ρ/ρ0 )Du/Dt, this term can be neglected. In Einstein’s index notation (3.8) look
like
∂ui
= 0,
∂xi
(3.9)
1 ∂p
ρ
∂ 2 ui
Dui
=−
+ gi + ν 2 .
Dt
ρ0 ∂xi ρ0
∂uj
Turbulence can be seen as fluctuations upon the mean flow. So variables can be decomposed
into their mean part (denoted with an overbar) and a deviation from the mean (denoted with
a prime):
ui = ui + u0i ,
(3.10)
p = p + p0 .
This is called the Reynolds decomposition. The expressions (3.10) are substituted into the continuity and Navier-Stokes equation under Boussinesq approximation. Then the average is
taken of each term, which delivers equations for the mean flow that look like
∂ui
= 0,
∂xi


Dui
1 ∂p
ρ
∂
∂ui
0
0
=−
+ gi +
µ
− ρ0 ui uj .
Dt
ρ0 ∂xi ρ0
∂xj
∂xj

(3.11)

In comparison with (3.9) there is an additional stress −ρ0 ui uj acting in a mean turbulent
flow. The tensor −ρ0 ui uj is called the Reynolds stress tensor and can be interpreted as a stress
exerted by turbulent fluctuations on the mean flow (Kundu and Cohen, 2008). Because of
the tensor a closure problem arises in the Reynolds Averaged Navier Stokes equations (RANS),
there are more unknowns than equations. To close (3.11) the Reynolds stresses must be
modelled.
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Computational fluid dynamics
Computational Fluid Dynamics (CFD) is a science that, with the help of digital computers, produces quantitative predictions of fluid-flow phenomena based on those conservation laws (conservation of mass, momentum, and energy) governing fluid motion.
(Kundu and Cohen, 2008, p. 411)

CFD is used in many disciplines. From scientific research in physics, mechanical engineering and building physics to commercial companies. In this study CFD is used alongside
laboratory experiments. This choice is made because of several reasons. CFD has the ability to simulate realistic conditions, such as the dimensions of and the pressure inside the
spore capsule. These conditions were impossible to simulate in the laboratory setup. The
complete information of all relevant variables throughout the computational domain, which
CFD produces in a nonintrusive way, cannot be accomplished in the laboratory. In addition,
the parameters in a CFD model can easily be varied.
The largest drawback and pitfall of CFD is that its predictions are never completely exact;
there are uncertainties involved because of different reasons. Therefore, CFD results must
serve as a guideline to a conclusion but cannot serve as the complete truth.
It is very difficult to model turbulence with CFD. Because of the large velocity fluctuation
up to very small length scales, it takes an enormous amount of computing power to resolve
turbulence up to these smallest scales. A Direct Numerical Simulation (DNS) is a simulation
in which the Navier-Stokes equation is numerically solved from the smallest scales up to
the largest scales. This is the most correct way, but the most powerful computer currently
available does by far not have enough computing power to simulate even a small realistic
example. Therefore turbulence has to be modelled. Two methods are very popular: RANS,
which is explained in §3.3 and Large Eddy Simulation (LES).
The RANS equations (3.11) govern the transport of averaged flow quantities, which greatly
reduces computational power at the cost of a closure model. Unfortunately, there is no single
turbulence model which is universally accepted to use in all classes of problems (ANSYS,
Inc., 2009b). The choice of a turbulence model is dependent on the kind of problem and the
amount of computation power and time available. Some of the available turbulence models
can be found in ANSYS, Inc. (2009a).
In LES the Navier-Stokes equations are filtered; large eddies are explicitly computed, but turbulent eddies with a length scale below a certain threshold are filtered out. ”The rationale
behind LES is that by modelling less of turbulence (and resolving more), the error introduced by turbulence modelling can be reduced.”(ANSYS, Inc., 2009a, p. 104). The filtering
process leaves some additional unknown terms, which must be modelled. In LES there is
less modelling taken place than in RANS. Therefore it delivers more accurate results than
RANS, but costs more computational power and is only available in 3D models.

3.4.1

Wall treatment

The gross characteristics of turbulent flows are independent of viscosity. However, close to a
solid wall this is not true. The shear stress with the no-slip wall will reduce the fluid velocity
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close to the wall, which means that the viscous stress in the region close to the wall is not
negligible anymore.
A turbulent shear flow along a wall can be divided into the viscous sublayer, buffer layer,
logarithmic layer and the outer layer. In the construction of a mesh for a numerical simulation it is important to know where these layers are situated. The dimensionless wall distance
y + characterizes the different zones and is formulated as
y+ =

yu∗
,
ν

(3.12)

in which y the distance to the wall, u∗ the friction velocity and ν the kinematic viscosity. u∗
is defined as
r
τ0
u∗ =
,
(3.13)
ρf
where τ0 is the shear stress at the wall and ρf the density of the fluid.
The viscous sublayer is situated along the wall (y + < 5). In this layer viscous effects dominate, but the flow is not completely laminar. There are still velocity fluctuations due to
turbulence above the viscous sublayer (Nieuwstadt, 2008). The buffer layer is a transition
area between the viscous sublayer and the logarithmic layer (5 < y + > 30). In this layer
both viscous and turbulent stresses are important. In the logarithmic layer turbulent stresses
dominate. It is situated between the sublayer and the outer layer (y + > 30). Above the logarithmic layer the outer layer is situated, in which the flow is fully turbulent.

3.5

Vortex rings

A vortex ring is a remarkable and well-known concentrated vortex. Almost everyone is familiar with smoke rings: the rings that some people can produce while they exhale a small
slug of smoke (from a cigarette) out of their mouth (see figure 3.2). A more physical descrip-

Figure 3.2: Smoke rings created by smoker (Vargas, 2008).
tion of a vortex ring is a closed vortex tube in a torus shape, consisting out of closed circular
vortex lines. Vortex rings have fascinated researchers for a long time. Some 150 years ago
(1858) Hermann Ludwig Ferdinand Helmholtz published a seminal paper in which he elucidated the key properties of the subject vortex dynamics and, in particular, a study of vortex
rings (Meleshko, 2010). This paper laid the foundation of vortex dynamics, and vortex rings
played an important role in this. Saffman (1981) described this important role as follows
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One particular motion exemplifies the whole range of problems of vortex motion and
is also a commonly known phenomenon, namely the vortex ring or smoke ring. (...)
Their formation is a problem of vortex sheet dynamics, the steady state is a problem of
existence, their duration is a problem of stability, and if there are several we have the
problem of vortex interactions. (p. 57)

3.5.1

Characteristics of a vortex ring.

A vortex ring can be characterized by different parameters. In this section the most important parameters and how they relate to the vortex ring, are discussed.
The fluid motion inside a vortex ring is axisymmetric: the fluid is circulating along closed
streamlines encompassing the toroidal vortex core. Two typical streamline patterns of an
intersection of a vortex ring are shown in figure 3.3.
Vortex atmosphere

(a)

(b)

Figure 3.3: Two typical streamline patterns in a cross-section of a vortex ring, as seen in a co-moving
frame. The vortex atmosphere is indicated with a red line. The vortex ring in (b) is more
compact than the one in (a).
A well-formed vortex ring can be considered as a closed volume, which is called the vortex atmosphere. The fluid inside the vortex atmosphere mostly contains ejected fluid from
a vortex generator and entrained fluid, which is entrained from ambient fluid during the
formation process of the vortex ring. Within the vortex atmosphere a vortex core can be recognized. In figure 3.4 a velocity distribution along a line (green dotted line in figure 3.3a)
perpendicular to the axis of symmetry of a vortex ring is displayed. The velocity distribution
is in a co-moving frame. The centre of the core of a vortex ring is defined as the place that
has a velocity u equal to 0 in a co-moving frame. The distance from the axis of symmetry to
the centre of the core is defined as the radius of the vortex ring Rvr . The radius of the core dvr
or fatness of the vortex ring is defined as the distance between the core and the places where
|u| is the largest (see figure 3.4). About half of the total vorticity in the vortex ring is located
in the core, which occupies only 3-5% of the cross-sectional area of the vortex atmosphere
(Akhmetov, 2009).
A vortex ring has a self-induced velocity. This self-induced velocity is, according to Kelvin
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Figure 3.4: Velocity distribution of a vortex ring in a co-moving frame (Akhmetov, 2009).
(1867) (cited in Dziedzic and Leutheusser (1996)), formulated as

 

Γ
8Rvr
1
Uvr =
,
ln
−
4πRvr
dvr
4

(3.14)

where Γ is the circulation, or the strength of the vortex ring (see (3.6)). The contour C is
positioned as in figure 3.5. Equation (3.14) is only correct for circular vortex rings of small
∞

∞

C

2dvr
R vr

∞

∞

Figure 3.5: Contour C to determine the circulation of a vortex ring.
cross-section in an ideal fluid.
Saffman (1970) considered an arbitrary vorticity distribution across the core and included
also the effect of viscosity. He derived the following equation for the translational velocity:
 


Γ
8Rvr
Uvr =
ln √
− 0.558 ,
(3.15)
4πRvr
4νt
where ν is the kinematic viscosity of the medium the vortex ring is translating in and t the
time from some point where the ring was generated and the vorticity was still concentrated.
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Besides the fluid inside also some fluid outside the vortex atmosphere is set into motion as
the ring translates through the fluid, which is called the added mass (Krueger and Gharib,
2003). Some fluid in front of the ring has to be accelerated out of the way and some fluid at
the back of the ring has to be moved along to preserve continuity of the flow.

3.5.2

Laminar and turbulent vortex rings

Vortex rings can be classified on the basis of their Reynolds number. In most studies the
Reynolds number of a vortex ring is defined on the conditions during the formation process.
For example based on initial conditions Re0 , such as the diameter of the circular opening of
the vortex generator D and the velocity of the fluid coming out of the opening U0 ,
Re0 =

U0 D
.
ν

(3.16)

For low Re0 values, the flow is laminar, there occurs no lateral mixing. For high Re0 , the flow
becomes turbulent and there are velocity components in all directions. Different studies have
been searching for a critical Reynolds number, which would separate laminar from turbulent
rings. Maxworthy (1972) found the following:
• Re0 < 600, the vortex rings are stable and can be classified as laminar;
• 600 < Re0 < 1000, the rings develop azimuthal waviness;
• Re0 > 1000, upon completion of the formation process the flow breaks into turbulent
motion, from which a new ring later emerges.
Instead of three different types of vortex rings Dziedzic and Leutheusser (1996) found four
different types of vortex rings:
• Laminar;
• Wavy: azimuthal waves occur around the toroidal surface, but velocity signals in the
core and in the wake are laminar, which makes it hard to distinguish them from laminar vortex rings;
• Turbulence-producing: rings with a turbulent wake, a rough surface, but a laminar
core;
• Turbulent: rings with a turbulent core and wake.
Dziedzic and Leutheusser (1996) found that wavy vortex rings occur at approximately Re0 '
1000 and that above Re0 ' 2000 vortex rings are turbulent-producing or turbulent. They
did not find a critical Reynolds number, which would separate turbulence-producing from
turbulent rings.
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3.5.3

Vortex ring generators

A vortex ring may be formed when a certain spherical or cylindrical shaped volume is propagating through a fluid. On the edges of that volume, fluid is rolling up and vorticity is
created there. Because the edges form a circular shape, a ring is formed.
A vortex ring can be generated with a compact volume of fluid or gas, which has a density
difference with respect to the ambient. Due to the force of gravity the compact volume is
moving vertically. On the edges of that volume, fluid is rolling up thus creating the vortex
ring. An example of an apparatus to generate this is shown in figure 3.6a.

(a)

(b)

(c)

Figure 3.6: Three apparatuses to produce vortex rings. Panel (a) shows vortex ring production
by descending drops of high density fluid into fluid with a smaller density (Guébhard,
1881). Vortex ring production by impulsively pushing (b) dyed water through a small
pipe (Meleshko and Aref, 2007), or (c) air (smoke) through a circular orifice (Dolbear,
1897).
Also a circular disk can serve as vortex ring generator. At low Reynolds numbers the ring
will be situated behind the disk, but at Re ≥ 102 vortex shedding prevails, vortex ring-like
structures are shed (Miau, Leu, Liu, and Chou, 1997).
Another way of forming a vortex ring is by impulsively giving a certain compact part of a
fluid a certain momentum. There are many ways to do this. Two apparatuses are visible
in figure 3.6b and c. Another way of doing this and the most common method in studies
on vortex rings, is piston-driven. A piston pushes fluid through a circular orifice in a plane
or through an open end of a tube. This is a commonly used method because this is a very
controllable way of making a vortex ring. The geometry of the generator influences the
behaviour of the vortex ring. For example, rings ejected from an orifice entrain less ambient
fluid than those ejected from a sharp-edged tube (Dziedzic and Leutheusser, 1996).
The parameters of a vortex ring are determined by and the settings of the generator or apparatus the vortex ring is made with. The radius of the vortex ring Rvr is for example determined by the radius of the volume of fluid it is made from and in the case of a piston-like
generator, Γ is determined by Up the velocity of the piston and T the time the piston was
moving (or Up T = Lsl the stroke length of the piston).
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Figure 3.7: Vortex ring formation by a piston pushing a slug of fluid out of a cylinder.

3.5.4

Slug model

A model to compute the circulation Γ (”strength”) of a vortex ring produced by a pistoncylinder generator, is the slug model (Didden, 1979). Assume a piston propagating with
velocity Up towards the end of a cylinder (diameter D) it is mounted in. Assume further that
the fluid is incompressible. Because of incompressibility, a slug of fluid with a velocity equal
to Up is pushed out of the cylinder. Because the fluid is flowing past the non-slip wall of the
cylinder, a boundary layer with thickness δ is formed along the inner wall of the cylinder.
At the edge of the boundary layer the velocity in axial direction uz is assumed to be uz = Up ,
equal to the piston velocity, at the wall uz = 0. We further assume that uz  ur , where ur is
the velocity in radial direction.
t0

T
1
2D

_

L

C

0
L sl

Figure 3.8: A slug of fluid is pushed out of a cylinder by a piston, thereby the contour is changing in
time.
The circulation around a closed contour is computed by (3.6). When we want to compute
the rate of change of circulation around a closed time changing contour C, we first have to
look at dA from (3.6). C lies in the rz plane, so dA can be written as
dA = dr dz.

(3.17)

dz is changing in time because of the movement of the piston. Therefore it can be written as
dz = uz dt.
Substituting (3.17) and (3.18) into (3.6) gives
Z ∞
dΓ
=
ω · n uz dr.
dt
0

(3.18)

(3.19)

According to Didden (1979) there is no vorticity production outside the boundary layer so
Z 1D
2
dΓ
=
ω · n uz dr.
(3.20)
1
dt
D−δ
2
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There is only vorticity in the θ-direction so
dΓ
=
dt

Z

1
D
2
1
D−δ
2

∂ur
uz dr −
∂z

Z

1
D
2
1
D−δ
2

∂uz
uz dr.
∂r

(3.21)

The velocity in radial direction, ur , is negligible so
dΓ
=−
dt

Z

1
D
2
1
D−δ
2

∂uz
1
uz dr = − uz 2
∂r
2

uz ( 21 )
uz ( 12 D−δ)

1
= − uz 2
2

0
Up

1
= Up 2 ,
2

1
Γ = Up 2 T + constant,
2
with T the time the piston was pushing forward with a velocity Up .

(3.22)

(3.23)

The slug model is a model, which means that the circulation in experimental vortices will
deviate from the model. Shariff and Leonard (1992) noted that the data from well-developed
vortex rings, at some distance from the generator are fitted well by:
Γ
Γslug

= 1.14 + 0.32(

D
),
Lsl

(3.24)

in which Lsl the length of a slug of fluid. (3.24) is valid for Lsl /D > 0.6.

3.5.5

Formation number

A fully developed vortex ring is a very steady vortex, which according to Kelvin’s circulation
theorem does not gain or lose its ”strength”. In other words, the vorticity flux is zero
DΓ
= 0,
Dt

(3.25)

around a closed contour. But during its formation process (3.25) is not valid. During the
formation process the circulation Γ increases, a positive vorticity flux. This formation process has been beautifully visualized by Didden (1979) (see figure 3.9). They used a pistoncylinder apparatus to generate the vortex rings. During the formation process there is a
certain point called pinch-off: ”the process whereby a forming vortex ring is no longer able
to entrain additional vorticity from a vortex generator” (Dabiri, 2009, p. 19). After pinch-off
one can say that the vortex ring is fully developed, the ring does not accept the vorticity flux
anymore. Gharib, Rambod, and Shariff (1998) discovered that there is a maximum in the
time it takes a vortex ring to pinch-off. They suggested a dimensionless vortex formation
timescale, the formation time
Up T
Lsl
=
,
(3.26)
T̂f or =
D
D
in which Up the velocity of the piston, T the time the piston moves and D the diameter of the
piston-cylinder apparatus. When the fluid is incompressible, the fluid, which comes out of
the cylinder, can be considered as a slug of fluid with length Up T = Lsl . The maximum T̂f or
or the formation number that they found was approximately 4. If T̂f or . 4 a single vortex
ring is formed which has not reached its maximal strength and if T̂f or & 4 a vortex ring is
formed with maximal strength and the additional vorticity forms other smaller vortices.
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Figure 3.9: The rolling-up process of the boundary layer resulting in a fully developed vortex ring
(Didden, 1979).

3.6

Particles in a flow, two-phase flow

When a flow consists of two phases, which are not chemically related (e.g. a sandstorm or
an oil-water mixture) or of two phases of the same matter (e.g. boiling water), a flow is
called a two-phase flow. In this study we focus on gases loaded with solid particles. When
flowing, particles and gas interact. In order to understand this, Elghobashi (1994) made a
classification. This classification is based on the volume fraction of particles
Φp =

Np Vp
,
Vt

(3.27)

where Np is the number of particles, Vp is the volume of a single particle and Vt is the total
volume, occupied by particles and gas. For low values of Φp (≤ 10−6 ) the effect of the
particles on the carrier gas is negligible. This is termed as one-way coupling. At a higher
value (10−6 < Φp ≤ 10−3 ), particles start to interact with the carrier gas, which is called twoway coupling. The third regime (Φp > 10−3 ) is termed four-way coupling. Instead of only
an interaction between gas and particles, interactions (collisions) between particles become
important. With a granular flow as extremum, when Φp approaches 1.
To indicate how particles will response on the flowing gas a dimensionless number can be
used, called the Stokes number St. St is formulated as follows
St =

τp
,
τf

(3.28)

in which τp is the particle response time and τf the characteristic time of the flow field. If
St  1, the particles will be little affected by flow changes because their response time is
too long to be able to react on the fast changing flow. If St  1, the response time of the
particles is much lower than the characteristic time of the flow. So the particles have enough
time to respond to the flow changes and will follow the flow equally. For St ≈ 1, particles
will follow large flow structures or eddies, but will be unresponsive to small scale motions.
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3.6.1

Particles in a vortex ring

As noted before, a vortex ring has a vortex atmosphere: a certain volume of fluid that is
trapped within the vortex ring and is transported along with the ring. Most of the time the
trapped fluid consists of the same fluid as the ambient fluid. But what if there are particles,
with a certain mass, trapped inside the vortex ring?
Domon et al. (2000) studied the mass transport of vortex rings experimentally. They injected
some fine solid particles in a formatting vortex ring and observed to what distance particles
with a certain mass were transported by the vortex ring. They concluded that a vortex ring
with particles is translating at a lower velocity than a vortex ring without particles. The most
effective mass transport occurs with particles whose density is less than the ambient fluid.
These particles are trapped in the ring and are transported over large distances. Particles
whose density is larger than the ambient fluid are lost during the trajectory of the ring. They
are centrifuged out of the ring.
Yagami and Uchiyama (2010) did a numerical simulation on this subject. During the formation, the vortex ring was situated above a sheet with particles. The particles were glass
particles with a density of 2590 kg/m3 . The study simulates two situations in which the
Stokes numbers were different (St = 0.01 and St = 1). The Stokes number is defined as
the ratio of the particle response time τp to the characteristic time of the flow field, in this
case the vortex ring τr . In the experiment the particles were little spheres with a diameter
of St = 0.01 → 5.25 µm and St = 1 → 52.5 µm. In both situations particles are transported
along with the vortex ring, but the transport of particles in the case with St = 1 is far much
smaller than in the case with St = 0.01. ”This is caused by the fact that the particles can
not fully follow the air velocity in the vortex core, and therefore they are affected by the
centrifugal force induced with the vortex ring.” (Yagami and Uchiyama, 2010, p. 6-7).

3.7

Dimensionless numbers

In order to get a feeling for the relative importance of different variables in a problem, it is
useful to look at some dimensionless numbers. Dimensionless numbers are also essential
when the physical dimensions of an experimental setup are enlarged or reduced. In the
following all dimensionless numbers that are important in this study are discussed.
One of the most important dimensionless numbers is the Reynolds number Re. Re can be
applied on two different parts of the flow. One is the Reynolds number for the jet coming
out of the capsule Rej and the other is Revr , the Reynolds number of the vortex ring. Rej is
formulated as
UD
Rej =
,
(3.29)
ν
where U is the velocity of the air coming out of the spore capsule and D the diameter of the
capsule. Revr can be formulated in three ways as
Γ
,
ν
2dvr U
=
,
ν
UD
=
,
ν

Revr =
Revr
Revr,0

(3.30)
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where Γ is the circulation of the vortex ring as described in §3.5.1, and dvr the radius of the
vortex ring.
Another important dimensionless number is the Stokes number (3.28). To describe if particles participate in certain regimes in the flow, different Stokes numbers have to be formulated. In each regime τf is formulated differently. However, τp will be equal for all regimes.
To determine τp we follow Crowe (2006).
Particles are influenced by the flow of the fluid they are in, because they feel a drag force FD .
FD is given by
1
FD = CD ρf v 2 Af ront ,
(3.31)
2
where CD is the drag coefficient, ρf the density of the fluid, v the speed of the particle and
Af ront the frontal surface of the particle. When we assume that the particle is spherical with
2
a diameter dp (Af ront = π 12 dp ) and that it is not affected by the gravitational force, then
its equation of motion is
πd2p
dvp
1
m
= CD
ρf (vf − vp )|vf − vp |,
dt
2
4

(3.32)

where vf is the speed of the fluid and vp the speed of the particle. Crowe (2006) defines the
Reynolds number for the particle as:
Rep =

dp |vf − vp |
.
ν

(3.33)

Dividing by the particle mass mp = ρp 16 πd3p and substituting Rep leads to
18νρf CD Rep
dvp
=
(vf − vp ).
dt
ρp d2p
24

(3.34)

For a Stokes flow the factor CD Rep /24 ≈ 1. The other factor with the dimension of time, is
the expression of τp
ρp d2p
τp =
.
(3.35)
18ρf ν
The way in which the characteristic time of the flow τf is formulated, is depending on the
regime. The first regime will be the jet coming out of the capsule. To express τf we take the
diameter of the capsule D and the velocity of the flow U , so
τf =

D
.
U

(3.36)

The Stokes number for particles in the jet can now be estimated as
Stj ∝

ρp d2p U
ρp d2p
τp
=
=
Re.
τf
18ρf νD
18ρf D2

(3.37)

The second regime will be the vortex ring. For τf of the vortex ring we take the diameter of
the core of the vortex ring dvr and the velocity of the fluid U at that location
τf =

dvr
.
U

(3.38)
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The Stokes number for particles in the vortex ring can now be estimated as
Stvr ∝

ρp d2p
ρp d2p U
τp
=
=
Revr .
τf
18ρf νdvr
18ρf d2vr

(3.39)

The last regime will be the turbulent fluctuations. For τf of the turbulent fluctuations we
take the Kolmogorov time scale τκ , which can be formulated as (Nieuwstadt, 2008),
τf = τκ =

ν 1
2



,

(3.40)

in which  is the energy dissipation rate, which scales with the macrostructure of the flow
∝

U3
.
D

(3.41)

 is one of the most important results in the theory of turbulence. It can be interpreted as a
turbulent eddy with energy ∼ U 2 , loses its energy in one timescale T ∼ D/U , which breaks
the eddy into eddies which are smaller in size (Nieuwstadt, 2008, p. 48).
The Stokes number that will determine if particles can follow the turbulent fluctuations can
now be estimated as
1
ρp d2p  2
τp
=
Stt ∝
(3.42)
3 .
τf
18ρf ν 2

3.7.1

The energy of the driving gas

The dimensions of the experimental setup are scaled with respect to the natural case. To get
this scaling correct two things are important. In the first place the Reynolds number (3.29) in
the experiment has to be more or less the same as in the natural situation; the spore capsule
of the moss. When the Reynolds number in the experiment has more or less the same value
as that in the natural situation, the two flows are dynamically similar.
The dimensions of the mechanical spore capsule are 10 times as large as the dimensions
of the spore capsule of the moss. In both the experiment and the natural situation, air is
used as the driving fluid (so the same kinematic viscosity ν). To be dynamically similar
1
the initial velocity of the flow in the experiment Uex has to be 10
of the velocity that the
moss produces Unature . Uex is dependent on the pressure difference (inside capsule minus
ambient), the gravitational force and friction forces. The gravitational and frictional forces
are unchangeable. So Uex is adjustable by the pressure difference, or the air pressure inside
the capsule (ambient pressure is constant). The pressure in the capsule is adapted in such
1
Unature ). The right value for the
a way that the velocity has the correct value (Uex = 10
pressure has to be determined in the experiment. The gauge pressure inside the mechanical
spore capsule, which forces the spores and the lid closest to the right velocity (pex ≈ 0.7 · 105
Pa), is lower compared with the real over-pressure (pna ≈ 4 · 105 Pa).
A lower pressure has besides a lower velocity another effect, which has to be compensated.
When a volume of air at 5 bar (about the absolute pressure in the spore capsule of the moss)
is adiabatically expanded in ambient air with pressure 1 bar, it will expand 5 times according
to Boyle’s law
pV = constant.
(3.43)
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When the same is done with air at 1.7 bar (the experimentally tested absolute pressure),
the volume of air is only expanded 1.7 times. During the experiments it has been seen that
the jet, which develops after the lid comes off, is very important for the spore distribution.
However, when the dimensions of the mechanical spore capsule are kept the same, the jet in
the experiment is much smaller than in the case of a natural spore capsule. To get the same
dimensions of the jet in the experiment as in the natural case, the energy, stored in the air
under pressure, has to be scaled in the correct way.
The energy, which is stored in the pressurized air in the capsule can be calculated in the
following way. Suppose we have a cylinder with one end closed and a moveable massless
piston inside it. We assume the gas to be ideal, friction forces are being neglected and the
air inside the capsule cannot escape. At first, the pressure in the cylinder pc is equal to the
ambient pressure p0 (p0 = 1 bar). When the piston is pushed inside the cylinder, the volume
is decreased and according to Boyle’s law the pressure increases as:
pc = p0

V0
.
Vc

(3.44)

Here V0 is the volume of the cylinder when the pressure of the air is p0 and Vc is the volume
of air inside the cylinder when the piston is pushed into the cylinder.
The work done on the gas by the piston to compress it from V0 to a smaller volume Vc can
be calculated in the following way:
Z
Z
Z
W = F · ds = pA · ds = p · dV.
(3.45)
The force F on the piston must be equal to the force exerted by the pressure difference ∆p
between the air inside and outside the cylinder
∆p = pc − p0 .
By substituting ∆p into (3.45) , we find

Z
Z Vc 
V0
Vc
− p0 dV = p0 V0 ln
− p0 (Vc − V0 ).
W = (pc − p0 )dV =
p0
V
V0
V0

(3.46)

(3.47)

By introducing
θ=

Vc
p0
= ,
V0
pc

(3.48)

we can simplify (3.47) into



1
W = −pc lc A ln + θ − 1 ,
θ

(3.49)

where lc is the length of the cylindrical volume inside the mechanical spore capsule. The
work done on the gas is equal to the energy stored in the air by the shrinkage of the volume
inside the cylinder (W = −Ec ). Ec is highly dependent on θ. When the air in the same cylindrical volume Vc is under a lower pressure, Ec is lower. This can however be compensated
by making the cylindrical volume larger.
When the volume is increased by making D larger, Uex has to be decreased because Re in
the experiment must be equal to Re in nature. Uex cannot become too small, because of
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limitations in the experimental setup. Therefore not D but lc is used to make the volume
larger. When the energy stored in the compressed air (situation 1) is equal to the energy
stored in air which is compressed less (situation 2), the length of the cylinder in the last
situation can be calculated as follows
!
1
pc1 lc1 ln θ1 + θ1 − 1
lc2 =
.
(3.50)
pc2
ln θ12 + θ2 − 1
Herein all subscripts ”1” refer to situation 1 and the subscripts ”2” denote situation 2.
The energy stored in the compressed air in the natural case is Ec ≈ 0.27 mJ (van Leeuwen,
2010). Scaled to the experiment (Vc is 1000 larger) this would mean an ideal Ec ≈ 0.27 J.

3.8

Mass and momentum conservation

In this section, the mass and momentum conservation at a snapshot in time of a spore discharge are discussed. Suppose that the lid and a volume of spores have already left the spore
capsule and that there is still some pressurized air inside the capsule. Assume further that
air is flowing out of the capsule with a uniform velocity U . This stream of fluid separates
itself into two parts. A part of the fluid is flowing behind the lid at a uniform velocity Ulid
and the other part is flowing with a uniform velocity in a conical shape along the lid. The
fluid speed in the conical shape is equal to U , because the pressure in the conical shape is
assumed to be equal to the ambient pressure and gravity is neglected. Therefore the velocity
in cylindrical coordinates (r, θ, z) can be written as:


sin α
u = U  0 ,
(3.51)
cos α
with α the angle between the velocity direction and the z axis. Further, it is considered that
the velocity is constant during a short time. The situation is schematically drawn in figure
3.10.
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Figure 3.10: Schematic drawing of a spore discharge. A fictive box is drawn.
Mass conservation on a box G gives
RR

G ρ(n

−ρU π4 D2

+

ρUlid π4 D2

· u)dS = 0,

+ ρU π

( 12 D

+

A)2

(3.52)
−

1 2
2D



cosα = 0.

Momentum conservation in the z-direction gives
ZZ
ρu(n · u)dS = 0,

(3.53)

(3.54)

G




π
2
2
2
− U + ρU π cos2 α (D + A)2 − D2 = 0,
ρD2 Ulid
4



π
2
2
2
− U + ρU π cos2 α A2 − 2AD = 0.
ρD2 Ulid
4

(3.55)
(3.56)

Chapter 4

Experimental setup
There are different approaches to investigate the flow of an exploding spore capsule. One
possible approach could be to collect mature, undehisced spore capsules of Spagnum mosses
in the wild and bring them into the laboratory, like (Whitaker and Edwards, 2010; Sundberg,
2010a), or they can be grown. However, there are a few disadvantages of working with these
natural spore capsules. In the first place they are unable to release the spores on demand.
You can positively stimulate the process of drying, so changing shape from spherical into
cylindrical, by putting the capsules in a drying room (Sundberg, 2010a), but even then ’soonto-discharge’ capsules will discharge in a period of 1 to 30 min. Besides that, you have to
collect them in the right season, because Spagnum mosses only produce spore capsules once a
year. A second disadvantage of using natural spore capsules is the lack of changeability. One
cannot change parameters like the pressure inside the capsule or the spore volume fraction
inside the capsule. A third disadvantage is the size of the spore capsule. As can be seen in
figure 1.1 a mature cylindrical spore capsule is only 2 mm in length and has a diameter of 1
mm. These small dimensions make it hard to visualize the flow in high detail. The biggest
advantage of using a natural spore capsule is the fact that the variables in the problem are
scaled in an evolutionary ideal way, which is very hard to duplicate in an experimental
setup.
To overcome the disadvantages, a mechanical spore capsule is used. This mechanical spore
capsule is larger than a natural spore capsule and has a release mechanism, so that the release of spores can take place on any desired moment. In this chapter we will take a closer
look at the mechanical spore capsule, the different experimental setups, the visualization
techniques, the particles that were used to mimic the spores (lab spores) and a technique to
determine particle concentration in an image.

4.1

Mechanical spore capsule

In figure 4.1a the mechanical spore capsule, which is being designed for this experiment,
is displayed. The aluminium inner cylinder is the part that contains the lab spores and the
pressurized air, before release. The internal diameter of the inner cylinder is 10 mm. Plastic
cylinders, which fit seamlessly inside the inner cylinder, are used to vary the internal length
(637 – 20 mm). These filler pieces have a small hole drilled into them through which air can
27
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flow. Before release, the inner cylinder is closed on one end by a plastic lid. The combination
inner cylinder/lid is made airtight by placing an O-ring around the lid. Via a gas hose, air
can be pumped into the inner cylinder. When the gas tap is closed and the lid is fitted in the
inner cylinder, it contains a closed volume of air with a certain pressure.
Lid
Inner cylinder

Lid

Ball

Outer ring

Lcap

Gas supply

Filler piece

Gas tap
Gas hose

(a)

(b)

(c)

(d)

Figure 4.1: Mechanical spore capsule in two situations. In (a,c) with the release mechanism open and
in (b,d) with the release mechanism closed. (c,d) provide a cross-section of the mechanical
spore capule.
The lid is held on its place by a release mechanism. This release mechanism consists of a
brass outer ring and three metal balls, which lie in conical holes in the inner cylinder (see
figure 4.1c,d). The outer ring is made in such a way that when the ring is pulled back the
three metal balls are pushed inside the inner cylinder, where they obstruct the lid (see figure
4.1d). When the outer ring is pulled forward, it creates a space behind the metal balls and
the air under pressure inside the inner cylinder is able to push the balls, via the lid, inside
the outer ring: the obstruction is thus lost and the lid is released (see figure 4.1c).

4.2

Experimental setup

To get compressed air into the mechanical spore capsule, the capsule is connected via the gas
hose to a compressed air source. To regulate the pressure to a desired value, a pressure regulator is placed between the mechanical capsule and the compressed air source. To measure
the pressure more precisely a manometer is connected parallel with the capsule (see figure
4.2).
The capsule is placed upside down in a tent. In Sphagnum mosses the spores are stacked
against the lid (see figure 1.2). We were unable to mimic this in the laboratory. So the capsule had to be placed upside down, so that gravitation will force the particles against the
lid. The tent, in which the capsule was placed, was used for two reasons. It was used to
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compressed air

p
pressure regulator

manometer

Figure 4.2: The gas circuit by which compressed air is delivered with desired pressure to the mechanical spore capsule.
reduce the experimental room. This was done to prevent that particles were blown through
the entire laboratory and to keep smoke concentrated around the important area (for some
experiments smoke was used to visualize the flow). Secondly, the tent served as a safety
barrier between the strong laser and the experimenter (see next section). The release mechanism of the mechanical spore capsule must be triggered from outside the tent, because of
this safety barrier.
To get qualitative information about the flow field, a measurement technique called ”particle
image velocimetry” or ”PIV”, is used. The technique PIV, will be explained in §4.3. But the
mechanic spore capsule

tent
light sheet optics

camera

pulse generator

pulsed Nd:YAG laser

Figure 4.3: The experimental setup for particle image velocimetry of the flow. The mechanical spore
capsule is placed upside down in a tent. The flow inside the tent is illuminated by a sheet
of laser light, produced by a pulsed Nd:YAG laser and some optics. The laser is externally
triggered by a pulse generator. The pulse generator also triggers a camera, which records
the light scattered by the tracer particles.
experimental setup used in the technique is explained here. Figure 4.3 shows an overview of
this setup. To visualize the flow, tracer particles have to be added to the flow. Two different
kinds of experiments have been done. In one experiment, the mechanical spore capsule is
only filled with pressurized gas. To visualize this flow, smoke is added to the ambient air
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and serves as tracer particles. The smoke particles are supposed to be so small, that they will
follow the flow precisely. In the other experiment the mechanical spore capsule is filled with
both pressurized air and larger particles, which must simulate the spores. These lab spores
serve, besides as spores, also as tracer particles.
A plane of laser light is used to illuminate the tracer particles. The light scattered by the
tracer particles, which are in the plane of laser light, are recorded by a CCD camera, which is
placed outside the tent. (Camera: Redlake MegaPlus ES 2020 (resolution: 1600 ×1200 pixels),
lens: Nikkor 28 mm f/2 (Nikon))

4.3

Particle Image Velocimetry

To explain PIV we use the experiment where lab spores, imitating the spores, are released
from the mechanical capsule. These lab spores serve as well as tracer particles. Although
they may not follow the flow as precise as smoke particles will – because of their larger size
– the technique is the same.

Figure 4.4: Zoomed in on figure 4.3. A lid and a number of lab spores have been ejected from the
mechanical spore capsule. The flow is illuminated by a laser sheet. The light scattered by
the lid and lab spores, which are in the field of view (dashed rectangle), is recorded by a
camera.
In figure 4.4 we zoom in into figure 4.3. In figure 4.4 the lid and particles have been released
and the flow of air has been developed in a certain way. With a light sheet, a plane within the
flow is illuminated for a very short time by means of a double-pulsed Nd:YAG laser. To get
a sharp image of the tracer particles, which move with large velocities, a very short shutter
time is needed. This can be achieved by limiting the time of illumination through using a
double-pulsed Nd:YAG laser. The pulses have a time duration of about 10 nanoseconds.
Within these 10 ns, the tracer particles have propagated a distance, which is so small that it
is not visible on a still photo with the available resolution. The pulses of the laser and the
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camera are externally triggered by a pulse-generator, so that illumination and recording of
the tracer particles take place at the same time.
At time t = τ , the flow is illuminated and an image is recorded from the light scattered by
the particles in the plane (the dashed rectangle in figure 4.4 indicates the field of view of the
camera). At a time τ + ∆τ , this is done again, whereby ∆τ is very short. Because ∆τ is very
short, it is assumed that the velocity change of the tracer particles is negligible. In this way
an image pair is created.
τ

τ + Δτ

∆ζ

Figure 4.5: Corresponding sectors of two subsequent images are cross-correlated which delivers a
displacement vector.
Before the images can be used for obtaining the velocity field, the images have to be dewarped. This has to be done because the images can be slightly deformed due to a small
offset in the orientation of the camera relative to the laser sheet. The dewarping is done
with PivMap software (PIVTEC GmbH, Göttingen, Germany). Besides dewarping images,
PivMap is used to make a calibration for the setup (to determine the number of pixels per
mm).
In post-processing, the tracer particles in image fτ +∆τ are linked with the particles in image
fτ by a specific algorithm. A recorded image pair is divided in rectangular sectors. The
corresponding sectors of two subsequent images are cross-correlated. Maximum correlation
occurs when the particle-image patterns match best. This can be interpreted by sliding two
corresponding sectors over each other, just as long as they match best (see Figure 4.5). In
order to obtain an optimum cross-correlation for each image pair and to avoid out-of-plane
loss of tracer particles, the delay time ∆τ between the pulses was set to 250 µs. Out of
the displacement from sector at time τ + ∆τ compared to sector at time τ the displacement
vector ∆ζ~ of the sector is known, which is a good estimate for the local average tracer particle
displacement in the sector. By doing this for all sectors a ’snapshot’ of the velocity field is
provided. The cross-correlation is done with the software package PivView3C (also from
PIVTEC).
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PIV has some advantages. PIV is a technique, which measures velocity of the flow in a
nonintrusive way. It is a whole field technique, which is another advantage. This means
that one can measure a velocity field in the flow and not only the velocity in a single point
(for example with laser doppler velocimetry). For more information on PIV, look into Raffel,
Willert, Wereley, and Kompenhaus (2007).

4.4

Particles

In the search to the ideal lab particle for the experiment, two elements should be taken into
account. The particles have to mimic the unique properties of the Sphagnum spores (see
Chapter 2) as much as possible and they have to have an equal Stokes number as the Sphagnum spores.
The Stokes number of a particle in a natural spore discharge can be estimated in three different regimes by (3.37), (3.39) and (3.42). These Stokes numbers will lie between the following
values in the natural case: Stjet = 14.1 − 53.3, Stvr = 3.5 − 13.3 and Stt = 325 − 2378
(ρp = 1000 kgm−3 , dp = 25 µm, U = 7.9 − 29.8 ms−1 , ρf = 1.293 kgm−3 , ν = 1.5 · 10−5 m2 s−1 ,
D = 1 · 10−3 m and dvr = 4 · 10−3 m.). These values indicate that particles will not be able to
follow the turbulent fluctuations of the fluid, because Stt  1. Particles will follow the flow
of the vortex ring easier than the jet (Stvr < Stjet ), but both the Stokes numbers are > 1 so
the spores will not easily follow the jet and vortex flow.
The dimensions of the experimental setup are 10 times as large as the natural case. The
1
characteristic flow velocity is restricted by the Reynolds number and ideally needs to be 10
times the flow velocity of the natural case.√To match the Stokes number of the natural case
to the experiment, dp ideally needs to be 10 times as large as in the natural case (around
80 µm). To match these diameter requirements, polyamide seeding particles of different
diameters around the ideal value where used. However, these particles had a big drawback.
They stick too much to each other, forming large lumps of spores. Besides that, they have
a round shape, almost spherical. Therefore they do not stack as ideally as Sphagnum spores
do.
Therefore a compromise is made. The particles used in the laboratory experiment are spores
from the Lycopodium, a genus of clubmosses. These spores have a comparable shape as Sphagnum spores and have a diameter of 33 µm (Živcová, Gregorová, and Pabst, 2007). The diameter of a Lycopodium spore is not as large as the ideal diameter. However, their shape
and the fact that they do not stick together, make them the best available candidates to use
in the laboratory experiments. Because the diameter will not be large enough to match the
right Stokes number the particles in the experiment will follow the flow of the jet and vortex
ring more easily. The Stokes number of the particles in the turbulent part of the flow will be
Stt  1, so turbulent fluctuations also do not affect the Lycopodium spores that much.

4.5

Particle concentration measurement

From the recorded images also quantitative information can be extracted. When a tracer
particle is situated in the laser sheet it is recorded as a slightly larger white dot on the image
(see figure 4.6). So the white value in the image correlates with the tracer particles. A higher
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Figure 4.6: Tracer particles in a laser sheet (upper row) are recorded as a black-and-white image
(lower row). At a certain particle density the recorded image reaches maximal white
value and a further increase of particle density is not observable any more in the recorded
image.
white value per unit area corresponds with a larger tracer particle concentration. With a
program written in Matlab white values of specific parts in the image can be determined.
The white value of a specific part can be normalized with the total white value in the whole
image, which provides information about the tracer particle concentration in specific parts
of the flow.
Unfortunately, this information provides only an indication of the concentration of tracer
particles. At a certain particle concentration the white value in a sector is maximal (a sector
is completely white). If the particle concentration increases further, this is not visible in the
white value in that sector, because it has reached its maximum (see second and third image
in figure 4.6). Besides this effect, particles which were not in the light sheet, but due to
reflection turn up in the image, are recorded as well. Due to these two effects, the white
value information provides just an indication of the tracer particle concentration.
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Chapter 5

Numerical setup
Supplementary to the experiments in the laboratory, numerical simulations have been performed. These numerical simulations were based on a simplified model of the spore discharge. By simplifying the very complex problem and cancelling out some effects, it is possible to study specific effects in isolation. Besides that, it is not possible to copy the natural
spore capsule exactly.
The numerical simulations have been performed with the commercial CFD code ANSYS
Fluent 12.1.4 (ANSYS, Inc.).
In the next sections the numerical setup, the computational domain, mesh and boundary
conditions will be discussed.

5.1

Computational domain

A dehisced spore capsule has a more or less cylindrical shape and is filled with spores and
pressurized air (see figure 1.1). In the numerical model spores and also the lid have been
left out. What is left is a thin-walled cylinder with one open end, which consists out of two
regions with two different pressures: ambient pressure and p = 5 · 105 Pa. The cylinder
is placed in a cylindrical ”tank”. The length of this tank is ltank = 24lc.n. + lc.s. , with lc.n.
the length of the natural spore capsule and lc.s. the length of the capsule in the numerical
simulation. The radius of the tank is 20 times the radius of the spore capsule rc.n. . In this
way the tank is large enough so that the walls will not influence the flow. The computational
domain consists of this tank and the capsule, which is positioned in it.
In order to save computation time, not the complete computational domain is analysed, but
only a 2D half cross-section of the computational domain (see figure 5.1). The argument
for this constraining condition is that the flow is assumed to be axisymmetric, which means
that there is no velocity component in the angular direction. In order to verify this, the
results of the 2D RANS simulation are compared with the results of a 3D LES simulation.
The computational domain in the 3D situation consisted of a wedge-shaped volume with a
45°angle (see figure 5.1a).
The comparison between the results of the 3D domain and the 2D domain revealed a good
35
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tank
l c.n.
45

o

lp

2D

3D

20 rc.n.

pressurized region

ltank
capsule

Symmetry
Pressure outlet
No slip wall

(a)

(b)

Figure 5.1: (a) The complete computational domain, consisting of a cylindrical capsule and tank. The
3D wedge, which forms the 3D computational domain and the half cross-sectional plane
that forms the 2D computational domain. (b) Zoomed-in image of the 2D domain where
the colour of the wall indicates the boundary condition which is applied. A red coloured
area indicates the pressurized region.
agreement, at least for the physical parameter values studied here. Therefore the 2D computational domain is used in this study and will be discussed somewhat further.
To investigate the effect of an extended cylinder and a larger pressurized region, a number
of numerical setups have been constructed. Six cylinders have been modelled. All of them
have the same radius as a natural spore capsule (rc.s. = rc.n. ), but they differ in capsule
length lc.s. or the length of the pressurized region lp (see table 5.1).
Table 5.1: Mesh information.

mesh01
mesh02
mesh03
mesh04
mesh05
mesh06

5.2

lc (mm)
2.0
2.0
3.0
4.0
6.0
11.0

lc.s.
lc.n.

1.0
1.0
1.5
2.0
3.0
5.5

number of cells
29725
31175
33060
33785
34075
35525

Lp
1.0
2.0
3.0
4.0
6.0
11.0

Mesh and boundary conditions

The RANS-equations are solved on small cells. So the complete numerical domain is divided
into small cells, which form a mesh. The six different meshes are generated with the preprocessor Gambit 2.4.6 (Fluent, Inc.) (see table 5.1 for more information). Rectangular cells
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are chosen because they match the design of the computational domain. In figure 5.2 the
grid around the capsule is displayed. The cell density is not equal over the computational
domain. It is made finer close to the capsule wall and close to the open end of the spore
capsule and it keeps on increasing further away from the capsule. The mesh is made finer
around the capsule wall and exit, because vorticity creation in boundary and shear layers
and vortex shedding is expected at those places. To monitor this, creating a high mesh
resolution near important regions is valid.

l c.s.
rc.s.

Figure 5.2: Mesh around the spore capsule. The mesh is made more dense close to the capsule wall
and close to the open end of the capsule, because vorticity creation and vortex shedding is
expected at those places.

To resolve the near-wall region all the way down to the wall, the mesh resolution near the
wall has to be high enough. A wall-adjacent cell’s centroid should be located well inside the
viscous sublayer, which means that the y + value at the wall-adjacent cell should be ideally
in the order y + = 1 or at least y + < 4 to 5 (ANSYS, Inc., 2009b). This method is called a NearWall Model Approach. Another approach would be the Wall Function Approach, in which a
wall-adjacent cell’s centroid should be located within the logarithmic layer (30 < y + < 300).
In this approach the viscous sub-layer and the buffer layer are not resolved but modelled
with a wall function. The mesh was created in such a way that the y + value at the walladjacent cell was well within y + < 4 to 5.
In figure 5.1b a schematic drawing of the computational domain is shown. The colour of a
wall indicates the boundary condition that is used. The spore capsule wall is set to be a no
slip wall. The flow and computational domain are axisymmetric, which means that there
will be no normal (radial) velocity at the axis and there will be no gradients in normal direction in any variable at the axis. Therefore the upper wall of the computational domain,
which is in fact the axis of the 3D domain, is set to the boundary condition symmetry. The
other walls have the boundary condition pressure-outlet. This will mimic the ambient conditions outside the computational domain.
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Settings

The solver, which was used to solve the numerical problem, was a 2D Double Precision
Solver. The solver was density-based, transient and axisymmetric. Two models are used:
the realizable k- turbulence model and the energy model.

5.4

Validation of numerical results

In §3.4 it is discussed that results of numerical simulations always have to be validated. This
validation is done by performing mesh and time step refinement studies on mesh02. The
main purpose of these refinement studies is to determine the minimal number of cells in the
mesh and time steps necessary to obtain accurate solutions in the regions of interest.
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A time step refinement study is performed by solving a mesh (263 ×193 cells, in axial and
radial direction, respectively) for three different time steps ∆tnum = 1 · 10−8 , 1 · 10−9 and
1 · 10−10 s. The evolution of the gauge pressure and the vorticity at one single point (0.5 mm
from the symmetry axis and 0.5 mm from the open end) for these time steps are presented in
figure 5.3. A time step of ∆tnum = 1 · 10−9 was employed, because the parameters of interest
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Figure 5.3: Time refinement study of the gauge pressure and the vorticity at one single point.
deviate less than 1% from the parameters in a simulation resolved with the finest time step.
The mesh refinement study is performed by solving three different meshes, in which one
fixed time step is employed ∆tnum = 1 · 10−9 . The meshes consist of 180×120, 215×145
and 263×193 cells in axial and radial direction, respectively. The meshes are all based on
mesh02, but differ in mesh resolution. The evolution of the gauge pressure and the vorticity
at one single point (0.5 mm from the symmetry axis and 0.5 mm from the open end) for
these different mesh resolutions is presented in figure 5.4. The parameters resulting from
the medium mesh deviate not that much from those from the finest mesh, therefore the
medium mesh was employed.
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Figure 5.4: Mesh refinement study of the gauge pressure and the vorticity at one single point.
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Chapter 6

Results
In this chapter the results will be discussed. This chapter is divided in three sections, in
which respectively the results of the laboratory experiments, numerical simulations and a
complementary experiment are presented. The results of the laboratory experiments and
the numerical simulations are often presented in images from the capsule and discharge. In
these images the capsule is always located at the left, with its open end directed to the right.
The images from the laboratory experiments are thus rotated 90◦ to the left, with respect to
the experimental setup.

6.1

Laboratory experiments

In this section the results of the experimental work will be presented. A large number of
spore discharges, under different circumstances, have been performed and recorded. ’Different circumstances’ implies that some parameters have been varied. In this setup three
parameters were varied:
• the (over) pressure pc inside the mechanical spore capsule;
• the volume Vair,c of air inside the mechanical spore capsule;
• the volume Vspore,c of spores inside the mechanical spore capsule.
In order to investigate what effect the different parameters have on the spore discharge and
the development of the flow after discharge, parameters were varied or were kept constant
in different ways.
The images, which were recorded during a spore discharge, are used to derive quantitative
and qualitative information. The qualitative results are derived from:
• the images themselves;
• the velocity field derived by two subsequent images by a PIV measurement.
The quantitative results are derived from:
• the white value of different parts of the image.
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Velocity fields

Comparing two subsequent images provides a global impression of the displacement of the
tracer particles and by them the flow field. The propagation of the lid or the swirling of
the flow can be observed in this way. A PIV measurement of two subsequent images can
confirm this. It generates a velocity field in which each vector represents the magnitude and
direction of the average velocity in the corresponding sector (see §4.3).
An example of a velocity field, which is generated by a PIV measurement, is presented in
figure 6.1. The colour and size of a vector corresponds to its magnitude. The vectors are

distance (mm)

8
50

7

100

6
5

150

4
200

3

250

2

300

1

50

100

150

200 250 300
distance (mm)

350

400

v
(m/s)

0

Figure 6.1: Velocity field generated out of two subsequent images by a PIV measurement.
drawn only around the horizontal axis and for example not in the corners of figure 6.1. This
is due to the absence of visible flow in for example the corners, or due to the absence of tracer
particles. Besides this a masking function is used to prevent that PIV measurements are done
on sectors which are not interesting. The masking function is based the recorded image pair.
On large areas (> the area of one sector) without tracer particles, the PIV program compares
background noise of the first image with background noise of the subsequent one. So, the
resulting vector is not based on the flow, but on noise and therefore not correct. The masking
function prevents this effect.
When the vector field is superimposed on one of the images it was generated from, the
combined image provides more information. A combined image of the vector field in figure
6.1 and its corresponding image is presented in figure 6.2a.
Zooming in on the most important parts makes the vectors more visible. In figure 6.2b &
c two zoomed-in velocity fields are presented, both derived from figure 6.2a. Figure 6.2b
shows an intersection of a complete vortex ring, while figure 6.2c shows a half vortex ring.
A sequence of a velocity field superimposed on one of its images and two zoomed-in velocity
fields from another discharge, are presented in Appendix B.
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Figure 6.2: Panel (a) shows a velocity field represented by vectors superimposed on one of its corresponding images. Panels (b), (c) show two zoomed-in versions of (a).
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Discharge without lab spores

When a discharge is performed without the presence of any lab spores inside the mechanical
spore capsule, vortex rings can be observed. An example is displayed in figure 6.3. On the

Figure 6.3: A vortex ring, propagating to the right (encircled with blue), has overtaken the lid
(T̂f or ≈ 35). The vortex ring is visualized by smoke, which serves as tracer particle.
left side of the image, the mechanical spore capsule is situated. The white line that runs over
the open end of the capsule originates from the laser sheet. Somewhat to the right of the
centre of the picture, the lid is observed. It was ejected from the capsule and propagates
to the right. The dark stroke above the lid is its shadow (the laser is situated below the
image). The flow is visualized by smoke. It is never distributed evenly over the experimental
space (which can be seen as the strokes and patterns in figure 6.3), but this is generally not
a problem for the PIV measurement. Smoke consists of small drops of liquid, which can be
affected by the centrifugal force. In the vortex core of the recorded vortex ring, the smoke
particles are centrifuged out. Because of the absence of smoke (tracer) particles in the core, it
turns out black. The self-induced velocity of the vortex ring is so large that it has overtaken
the lid. This is probably due to a large formation number T̂f or ≈ 35 (vortex rings generated
with T̂f or ≤ 6.3 were not able to overtake the lid) and because of the inertia of the lid. The
vortex ring in figure 6.3 is not propagating straight on, but its path is curving upwards.
Vortex rings, which were well formed, were very stable. They propagated out of the field of
view with hardly any velocity loss. Some examples are included in Appendix B.

6.1.3

Lab spore discharge; discharge cycle

When a discharge with lab spores is performed an other, more complex, situation arises. To
study such a lab spore discharge a shortcoming of the experimental setup appears. As the
laser is only able to pulse at a frequency of 30 Hz or at an operating frequency of 15 Hz (PIV
measurement), it is not possible to record the whole cycle (spore discharge followed by a
flow development). So information about the flow evolution in time can only be gathered
from a number of recordings of multiple discharges.
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Unfortunately, two cycles are never exactly the same, although parameters are kept constant.
In other words, the experiment is not exactly reproducible. Despite this fact several stages
can be observed in most spore discharge cycles with Ec ≈ 0.27 J and with a formation time
which is comparable with the natural case (∼ 3). In figure 6.4 the schematic drawings of
five different stages in a cycle are displayed, while figure 6.5 displays the corresponding
recorded images.

(a)

(b)

(c)

(d)

(e)

Figure 6.4: Schematic drawings of five subsequent stages in a spore discharge cycle.
A spore discharge cycle starts when the release mechanism is closed. During the first stage,
directly after closing the release mechanism (figures 6.4a and 6.5a), the lid and lab spores are
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.5: Six recorded images of five different stages in a lab spore discharge. Images (e) and (f)
were taken in the same experiment, while the other images were shot in different discharge
experiments.
pushed out the mechanical spore capsule, whereby the lab spores are ejected in the form of
a compact volume. When the compact volume of lab spores has almost completely left the
capsule, the pressurized air behind the spore volume can flow along the rear edges of the
spore volume because of the blocking function of the spore volume and lid. The spores that
were situated at those rear edges are dragged by the flow into the outward radial direction.
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This ”explosive” stage is the second stage (see figure 6.4b and 6.5b). After the ”explosive”
stage, a growing vortex ring is visible. Whether this vortex ring is shed from the lid, the
spore volume, or due to rolling up of the jet is unclear at this moment.
At some point the vortex ring seems to be superimposed on the spores that were dragged
into the outward radial direction, while the lid is propagating out of the cloud of lab spores.
This stage is visible in figures 6.4c and 6.5c. At a certain moment the vortex ring separates itself of the spores that were dragged into the outward radial direction, due to its self-induced
velocity. The separation of the vortex ring is recognized as the fourth stage (see figure 6.4d
and 6.5d). After the ”separation stage” the vortex ring is propagating further and the spores
that were dragged into the outward radial direction are only influenced by gravity and descend with their terminal velocity, whereby the lab spore density of this cloud starts to reduce. This is the last observable stage, which is drawn in figure 6.4e. The recorded image in
figure 6.5e represents this last stage and 6.5f is one time step further (∆t = 67 ms).
The role of the lid in the generation of the vortex ring is unclear. A fact is that the lid is
always ahead of the flow, if it is released evenly. The kinetic energy, which the lid has gained
during the release, is probably a larger part of the total available energy than in the natural
case. This is due to the larger mass ratio M̂
M̂ =

mlid
,
mspore,c

(6.1)

where mlid is the mass of the lid and mspore,c the mass of the volume of spores. We were
unable to produce a lighter lid.
Besides the vortex ring also the lid has a lab spore transporting property. In the wake of the
lid, lab spores are transported away from the capsule (see figure 6.5c, d and figure 6.6). The
lab spores are gradually released, probably due to vortex shedding behind the moving lid.
The patterns which are visible in the spore cloud behind the lid, resemble the photos taken
by Miau et al. (1997, figure 2 on p. 227).

Figure 6.6: A zoomed-in image of a trailing wake behind the lid containing tracer particles. The
pattern of tracer particles that is left behind is due to vortex shedding behind the lid.
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Lab spore discharge; changing conditions

When Ec is varied (0.02−1.03 J) and pc is kept constant (by varying the capsule length lc ) one
important aspect is observed. When Ec < 0.06 the lid and tracer particles are ejected of the
capsule, but the remaining energy is too low to generate a vortex ring. The tracer particles
and lid will fall due to gravity, but no vortex ring is observed. When 0.06 < Ec < 0.27 J
one single vortex ring can be observed, when all conditions are ideal (like figure 6.5d and
e). When Ec > 0.39 J, not one but multiple vortex rings can be observed. This is probably
due to excess vorticity. When a vortex ring is generated it reaches its maximum strength at
a formation time of T̂f or ≈ 4. Around this formation time the vortex ring has its pinch-off
and the remaining vorticity forms smaller vortices, for example a second vortex ring like
observed in figure 6.7.

Figure 6.7: Two vortex rings are generated because of excess vorticity. The first ring (encircled with
blue) is followed by a second vortex ring (encircled with yellow). The second ring has a
oblique trajectory, probably because of a small distortion.
When Ec is kept constant at 0.27 J (by varying lc ) and pc is varied from 1.65 · 105 − 4.50 · 105
Pa, no big differences were observed. Also varying the volume of tracer particles keeping lc
and pc constant delivered no observable difference.

6.1.5

White values

The normalized white value of the cross-section of the vortex ring wvr will give an indication
of the part of tracer particles, which were in the vortex ring at the moment of the recording
of the image. wrs will do the same for particles that were dragged along with the radial
outward flow. No correlation is found between wvr and pc , Ec or T̂f or . The same for wrs .
In all experiments where both a vortex ring and a radial outward flow could be observed,
wrs was considerably larger than wvr (wvr = 0.195 ± 0.067 (43 experiments) and wrs =
0.434 ± 0.102 (41 experiments)). This would indicate that a larger part of the lab spores are
dragged along into the radial outward direction, than the part that is included in the vortex
ring. This observation was positively correlated with pc .
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6.2

Numerical results

In this section the results of the numerical simulations are presented. A simplified model is
constructed that consists of a cylinder filled with air under pressure, which can expand at
t > 0, so when the simulation starts. The pressurized air in the capsule is not obstructed by
solid particles or a lid, as is the case in the laboratory experiment and the natural case. Six
different numerical setups were constructed. They differ in capsule length and the length of
the pressurized area (see table 5.1). The numerical setup mesh01, resembles the natural case
the most. The dimensions of the cylindrical capsule in mesh01, were the same as those in the
natural case. The lowest half of the capsule (against the closed end) was filled with air under
pressure pc = 5 · 105 Pa (same pressure as in the natural case).
Because of these similarities, the results from this numerical setup will be discussed first.

6.2.1

Results mesh01

Figure 6.8 displays snapshots of the pressure distribution at different moments in time. The
static situation at t = 0 s is shown in Figure 6.8a. There is not a sharp separation visible
between the region with air at gauge pressure 4 · 105 Pa and the region with ambient air,
because the software interpolates between two adjacent cells. At the position of the separation between the two regions, the mesh is not that fine. The minimum value in the colour
bar along each image reaches out to a negative value of -101325 Pa, because all pressures reported or computed by ANSYS FLUENT are gauge pressures. So ambient pressure is set to
0 instead of 101325 Pa. When t > 0 s, a pressure wave starts to propagate towards the open
end of the capsule and an expansion wave starts to propagate towards the closed end of the
cylinder (see figure 6.8b). When the pressure wave is propagated beyond the capsule opening the wave is not only propagating in axial direction but also in radial direction (figure 6.8c
and d). While air moves from the high-pressured capsule towards the lower-pressured tank,
it will gain momentum. Because air will not be added at the backside of the capsule, the
pressure will start to decrease until it has reached a negative value (figure 6.8e). Ultimately,
this will cause a backflow into the capsule.
In figure 6.9 snapshots of the vorticity distribution are presented at different moments in
time. Figure 6.9a shows the beginning of the rolling-up process. This process continues,
resulting in an increasing vortex ring (figures 6.9b and c). After some time the vortex ring
propagates, due to its self-induced velocity, in the axial direction away from the capsule
(figure 6.9d).
In figure 6.10 a complete cross-section of the generated vortex ring is displayed. This image
is formed by combining an image with a mirror image. The mirror image is reflected in the
symmetry axis.
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Figure 6.8: Snapshots of the pressure distribution around a spore capsule at different times during a
discharge. The numerical simulation is performed on a half cross-section of the numerical
domain with time step ∆t = 1.0 · 10−9 s. The snapshots displayed are at: (a) t = 0 s, (b)
t = 1.25 µs, (c) t = 2.50 µs, (d) t = 3.50 µs and (e) t = 15.25 µs.

CHAPTER 6. RESULTS

1.50 .10 7

1.10 .10 7

1.20 .10 7

8.82 .10 6

0.93 .10 7

6.83 .10 6

0.66 .10 7

4.85 .10 6

0.39 .10 7

2.87 .10 6

vorticity (s -1)

vorticity (s -1)

51

0.12 .10 7
0.00
-0.15 .107
-0.42.10 7

-3.09 .10 6

-0.69 .10 7

-5.07 .10 6

-0.96 .107

-7.05 .10 6

(a)

-1.23 .107
-1.50 .107

-9.04 .10 6
-1.10 .10 7
2.70 .10 6

4.32 .10 6

2.16 .10 6

3.35 .10 6

1.67 .10 6

6

1.18 .10 6

1.40 .10 6

0.70 .10 6

vorticity (s -1)

5.40 .10 6

2.38 .10

vorticity (s -1)

5

0.88 .10
0.00
-1.10 .10 5

0.43 .10 6
0.00
-0.54 .106
-1.51 .106

(b)

0.21 .10 6
0.00
-0.28 .106
-0.77 .106
-1.26 .106

-2.48 .106

(c)

-3.46 .106

-1.74 .106

-4.43 .106

-2.23 .106

-5.40 .106

-2.72 .106

(d)

vorticity (s-1)

Figure 6.9: Snapshots of the vorticity distribution around a spore capsule at different times during a
discharge. The numerical simulation is carried out on a half cross-section of the numerical
domain with time step ∆t = 1.0 · 10−9 s. The snapshots displayed are at: (a) t = 3.75
µs, (b) t = 5.00 µs, (c) t = 7.50 µs and (d) t = 15.00 µs (mesh01).
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Figure 6.10: Snapshot of the vorticity distribution at time t = 25 µs (mesh01).
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Formation time

The gross flow characteristics of the other numerical setups are comparable with those in
mesh01. The rolling-up process is nearly the same and in all numerical setups a vortex ring is
generated that, at a certain moment, starts to propagate away from the capsule. The difference between the numerical setups is the length of the capsule and the length of the section
with pressurized air (see table 5.1). A longer section with pressurized gas results in a larger
value of Ec and a larger slug of fluid Lsl that leaves the capsule. This slug of fluid will generate vorticity due to shear stresses from the no-slip capsule wall and the stationary ambient
air (see §3.5.4). When Lsl is large enough to exceed the formation number T̂f or = LDsl & 4,
the vortex ring is pinched-off and additional vorticity forms other smaller vortices (Gharib
et al., 1998).
The vortex ring generated in numerical setup mesh01 does not reach pinch-off. Namely, after
pinch-off a vortex ring is not longer able to entrain additional vorticity from a generator (see
§3.5.5). In mesh01 there is not enough driving gas to get a vortex ring at maximum strength.
This is shown in figure 6.11.
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Figure 6.11: The formation time T̂f or as function of the time for three different numerical setups.

To determine the formation time, the length of the slug of fluid is determined by Lsl =
Rt
0 uw.a. dt, in which uw.a the weighted averaged velocity at the capsule opening and t the
sample time. The formation time in mesh01 reaches a maximal value of T̂f or = 2.4 (see
figure 6.11), which is too small to generate a vortex ring at maximum strength. In mesh05,
T̂f or amply exceeds the formation number. Too much vorticity is generated for one single
vortex ring, so a vortex ring is formed with maximal strength and the additional vorticity
forms other smaller vortices. The vortex ring in mesh02 will be at maximal strength, because
T̂f or = 4.
Lsl and therefore T̂f or is not growing immediately in mesh01, because this is the only mesh
where, at t = 0, there is some distance between the pressurized region and the open end of
the capsule. So it takes some time before the front of the slug of gas reaches the open end of
the capsule.
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6.2.3

Results mesh05

In figure 6.11 it was shown that in the numerical setup mesh02 a vortex ring of maximum
strength was generated. The numerical setups mesh03-mesh06 all produce longer Lsl as
mesh02, so T̂f or > 4. The additional vorticity in these four numerical setups will therefore
generate vortex structures. The results are comparable, so only the results of mesh05 will be
presented.

vorticity (s-1)

The generation of additional vortex structures, besides the vortex ring, is displayed in figure
6.12. This figure shows a snapshot of the vorticity distribution. A vortex ring has been
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Figure 6.12: Snapshot of the vorticity distribution at time t = 25 µs and T̂f or = 7.3 (mesh05).
generated and the additional vorticity has formed a secondary vortex structure. Because of
visualization purposes the colour scale is made dynamical.
Figure 6.13 displays a snapshot of the axial velocity distribution. The vortex ring is visible
by the two patches of opposite velocity and it is visible that the slug of fluid is still growing,
because at this stage fluid is still flowing out of the capsule.
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Figure 6.13: Snapshot of the axial velocity distribution at time t = 25 µs (mesh05).
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Simple falling experiment lump of spores

In the laboratory experiments on the mechanical spore capsule, a remarkable phenomenon
was observed. When filling the mechanical spore capsule with Lycopodium spores, some
lumps of spores fell off the little spoon, which was used to fill up the capsule. During their
fall they accelerated as one would expect, but at a certain point they decelerated. This led to a
small, simple, but very illustrative experiment. A pipet was mounted at one end of a piece of
gas hose. The other end of the hose was filled with a small amount of Lycopodium spores. By
tapping on the pipet small lumps of spores came out of the gas hose. These lumps of spores
had hardly any velocity when coming out of the hose. A camera recorded the trajectory of
the lump of spores, and some snapshot out of the recorded video are presented in figure
6.14. In each snapshot the open end of the green gas hose is visible.
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t = 0.8 s

t = 0.83 s

Figure 6.14: Snapshots of a video recording of a lump of Lycopodium spores falling to the ground.
What happens is that the lump loses spores while falling. The spores are ripped off the lump
by the shear stress, which are visible as the trace of spores that is left behind. This trace
of spores is rich on vortex structures of rolling-up processes. Due to spore loss the lump’s
radius decreases until it has fallen completely apart into a cloud of single spores. The height
of the lump with respect to the gas hose is plotted against the time and is shown in figure
6.15.

CHAPTER 6. RESULTS

55
-0.1
-0.2

heigth (m)

-0.3
-0.4
-0.5
-0.6
-0.7
0

0.1

0.2

0.3

0.4 0.5
time (s)

0.6

0.7

0.8

Figure 6.15: Height of the lump with respect to the gas hose, plotted against the time.
Due to drag, the terminal velocity of a single spore is smaller than the terminal velocity of a
lump of spores. This can be illustrated by simulating different lumps of spores falling from
rest. The lumps are considered as perfect spheres with different radii. The smallest radius
corresponds to the radius of a single spore. The drag force, which is applied in the model, is
formulated as
1
FD = − πr2 ρf v 2 CD ,
(6.2)
2
in which CD the drag coefficient for a rigid spherical volume. CD is dependent on the
Reynolds number of the flow. Unfortunately, there is not one single equation that predicts
the right CD for every Re. Therefore the recommendations of Clift, Grace, and Weber (1978)
have been followed. The whole range of Re has been divided into 10 subintervals, each with
its own formulation of CD (for more information see Appendix C). In figure 6.16 the height
of the spores as function of the time is displayed. The lumps of spores are affected by gravitation and the drag force (6.2). The larger the radius of the lump, the larger the terminal
velocity.
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Figure 6.16: The height of lumps of spores in relation to the time. The lumps are modeled and have
different radii.
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Chapter 7

Conclusion
The numerical simulations have demonstrated that a pressurized one open-end cylinder,
not obstructed by particles or lid, can serve as a vortex ring generator. The 2D RANS model
of the natural case has revealed that vorticity that is created in the boundary layer along
the cylinder wall, rolls up at the open end of the cylinder into a vortex ring (just like the
rolling-up process recorded by Didden (1979)). The vortex ring in numerical setup mesh01
continues to grow in strength by gaining circulation, until there is no driving gas left (the
gas outflow at the capsule end has stopped). The maximal formation time that is reached
is T̂f or = 2.4, which is lower than the formation number T̂f or ≈ 4 found by Gharib et al.
(1998). In the other numerical setups (mesh02-mesh06), the formation number is reached or
exceeded. When T̂f or > 4 the additional vorticity formed a secondary vortex structure. Due
to inertia of the ejected gas it is possible that some under-pressure is created in the capsule
and that air is driven back into the capsule, creating some opposite directed vorticity.
With a self-built mechanical spore capsule and lab spores (Lycopodium spores), it was tried
to model the natural Sphagnum moss capsule. The inner diameter of the mechanical spore
capsule was 10 times as large as the inner diameter of the natural spore capsule. With PIV
measurements, recorded images of a spore discharge could be provided with an accompanying velocity field. This velocity field can confirm observation based on solely the images.
A lid that is used to close the open end of the capsule at t < 0 is no impediment for the
generation of a vortex ring. It is demonstrated in laboratory experiments without lab spores,
that vortex rings are generated with a self-build mechanical spore capsule. The self-induced
velocities of these vortex rings are sometimes larger than the lid and will overtake it.
The experimental setup had drawbacks. Because the pulsed laser, which was used to illuminate the tracer particles, could only pulsate at 15 Hz, it was impossible to record a whole
spore discharge cycle with a small enough time step. Therefore information from different
parts of the cycle must be obtained out of several measurements under the same conditions.
From the series of recorded images of spore discharges with an Ec ≈ 0.27 J, five different
stages in a spore discharge cycle can be determined. These five stages are displayed as a
schematic drawing in figure 6.4 and characteristic recorded images are displayed in figure
6.5. To summarise, a vortex ring is generated along a conical spread of lab spores, which
were blown in axial direction when the volume of lab spores has just left the open end of the
mechanical spore capsule. The lid is ejected along with the lab spores. In the wake of the
lid, lab spores are taken and they are gradually thrown out and form a trace of lab spores.
57
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The vortex ring does not overtake the lid, as was observed in some discharges without lab
spores. It can be concluded that the lab spores have a decelerating effect on the vortex ring,
when included in it. Domon et al. (2000) also concluded this.
The spore discharge cycle as described is not exclusively for discharges with Ec ≈ 0.27 J.
Also for Ec < 0.27 and > 0.27 J comparable cycles have been observed. Differences can be
observed when Ec > 0.39; not one but multiple vortex rings can occur. This is probably due
to an excess of vorticity, because the formation number is exceeded. And for Ec < 0.06 J the
ejected slug of fluid is too small to generate a vortex ring.
Comparing the results of the laboratory experiments with the natural case, a few similarities
and a few differences can be observed. The most important similarity is that a vortex ring is
generated, which transports particles. However, in the laboratory experiment a substantial
portion of the lab spores are dragged along in a radial outward direction and not straight on
or entrained in a vortex ring. Besides that, the lid plays a role in the transport of particles,
which is not the case in Sphagnum mosses.
The differences can be explained as follows. The lab spores in the experiment are not as well
packed together as in the Sphagnum moss. It is tried to pack them as closely as possible by
gently tapping on the mechanical spore capsule, when it is loaded with spores and pressurized air. In this way it is hoped that the Lycopodium spores are packed as good as possible,
without too much air between them. It is however impossible to pack the Lycopodium spores
in such a way that there is hardly any to none air between them. Besides this, the moving lid
will disrupt the closely packed volume of spores when it is released. When the lid is released
in the experiment it has to propagate a small distance (8.6 mm) before it leaves the circular
orifice of the capsule. Along the way the O-ring will drag along the inside of the capsule,
and this will inevitably cause the lid jerking along the way. This movement will shake up
the volume of spores, which is situated on the lid, allowing air to creep between the spores.
Once the volume of spores is outside the capsule the ”closely” packed volume will expand
by the pressure difference of the air between the spores and the ambient air. The volume of
spores will not propagate as a compact volume anymore, but more as a cloud.
The lid in the experiment plays a role in the transportation of particles, by taking them along
in the wake behind it. The lid is able to play a more important role, because it is made more
robust than the lid in the natural case. This means that the mass ratio M̂ is larger in the
experiment than in the natural case. Therefore more energy is put into the heavier lid and
the air friction force will have less effect on the lid in the experiment.
The rings generated in the laboratory experiments lose their strength over a small distance.
They had the tendency to propagate along an oblique trajectory and fell apart over a small
distance. This observation is also supported by the work of Domon et al. (2000), who studied
the mass transport of vortex rings. They concluded that particles with a specific gravity
larger than the fluid, are centrifuged out of the vortex ring, but particles whose specific
gravity is less than the fluid are trapped in a vortex core and are carried for a long distance
by a vortex ring. The density of the spores and lab spores is much larger than the air density,
so according to the work of Domon et al. (2000) they should not be carried for long distances
by a vortex ring.
The numerical results and the results of the laboratory experiments without lab spores support the conclusion of Whitaker and Edwards (2010): Sphagnum moss disperses spores with
vortex rings. However, the results of the laboratory experiments with lab spores were not
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convincing enough and the simple falling experiment of a lump of spores provided an other
vision on the dispersal method. The trace of lab spores behind the lid in the laboratory experiment and in particular the snapshots of the simple falling experiment, are comparable
with the available recorded media of spore discharges (see Chapter 2). Therefore a different
hypotheses on the manner of dispersal is formed: dispersal by a lump of spores. This manner of dispersal can be explained as follows. When the lid is ripped-off, the spores are ejected
as a compact volume. While propagating up into the sky, the lump of spores is ”stripped” by
the shear stress. Due to the shear stress, particles are ripped-off the lump of spores while this
is going upward, leaving a trail of ripped-off spores. This is the same argumentation used in
the simple falling experiment. The similarities between recorded movie of the simple falling
experiments and the recorded movie of a Sphagnum’s spore discharge are remarkable. Besides that, it is not obvious to see the swirling around in figures 2.3 and 2.4, which would
mean that a vortex ring is undoubtedly present.
A small feasibility study was carried out into the dispersal by a lump of spores. A model was
made in which four different manners of dispersal are tested on their possibility as beneficial
manner of spore dispersal. These four were:
1. spores will be launched at a certain velocity u0 as singles;
2. a spherical volume of spores is launched with initial velocity u0 ;
3. a spherical volume of spores is launched with u0 , but loses mass along the way up
until only one single spore is left;
4. a vortex ring is formed with a starting velocity u0 .
The results of the model are shown in figure 7.1. The model is based on physically realistic
parameters. The parameters, the model and the assumptions that have been made, can be
found in Appendix C.
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Figure 7.1: The result of the ballistic spore volume model. The height as function of the time is drawn
for four different dispersal methods.
It is clearly visible that a single spore is unable to reach heights above 3 mm and would therefore be unable to reach the turbulent boundary layer (see Whitaker and Edwards (2010)). A
spherical volume of spores that does not loose mass, follows a parabolic trajectory with a
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maximum height of ≈1.5 m. But its terminal velocity is around 2.9 ms−1 , much too large to
be taken along with the wind for long distances. The mass-losing spore volume reaches a
height of ≈ 17.3 cm, which is well into the turbulent boundary layer. The vortex ring is the
best manner of dispersal. The conclusion of this mini feasibility study is that a mass losing
lump of spores can be an option of a dispersal manner.
The two distribution effects (lump of spores and vortex ring) could also occur together. This
is the most plausible solution, reviewing all the results and data. The lump of spores is
launched into the air by the spore discharge and a starting vortex due to the rapid launch
of the lump of spores is generated. Further on, vortex structures are shed off the upward
going lump of spores. These vortex structures may become a vortex ring. This means that
the lump of spores is the main purveyor of the spore dispersal and the vortex rings are byproducts. Evidence supporting this idea can be found in the movies recorded by Whitaker
and Edwards (2010) and Sundberg (2010a). In figure 7.2a, the lump of spores ejected from the
spore capsule is clearly visible. The cloud around this lump may be the remnant of a vortex
ring. In figure 7.2b, a vortex ring, containing ripped-off spores, is shed from the upgoing
lump of spores.

lump of spores

vortex ring

vortex ring left over

(a)

(b)

Figure 7.2: In panel (a) the first phase of a spore discharge is shown. A lump of spores is ejected
from the capsule and the remnants of a starting vortex ring are visible. The image is a
snapshot from a movie recorded by Whitaker and Edwards (2010). In panel (b) a vortex
ring is shed from the upgoing ripped-off spores. The image is a snapshot from a movie
recorded by Sundberg (2010a).
No scientific assertion is ever considered strictly certain as science accepts the concept of
fallibilism. Although the target is aimed at final results, it appears nevertheless that science
never takes a final form or content, but is still susceptible to widening, extending, deepening, correction or even for radical turns (Kuypers, 1977). The conclusion of this study is an
example of this. The observations challenge the idea of Whitaker and Edwards (2010) that
a vortex ring performs the dispersal of spores of Sphagnum mosses. The study did not provide enough convincing results to reject their idea, but it gives rise to doubt and introduces
an alternative manner of dispersal. Even after many years researchers can doubt long-held
hypotheses. An example of this is the air-gun principle itself. Duckett et al. (2009) raised
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questions by the unchallenged hypotheses of pressurized air. An answer to this article came
from Sundberg (2010b), which again was refuted by Duckett et al. (2010). The critical eye
with which researchers look towards their own and each other’s work, the act to prove their
ideas and the discussion between them is what brings science closer to a final form. This
never-ending path towards the final form may be called ”the evolution of science”.
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Chapter 8

Discussion & recommendation for
future work
The numerical simulation is, due to the absence of the lid and a volume of particles (spores),
a simplified model of a natural spore capsule. We chose to model the spore discharge without lid and particles because of complexity. Modelling a four-way coupling between particles and air, the lid with its vortex shedding and the pressurized driving gas would be too
complex. Besides this, the setup used in the numerical simulation is unable to construct in a
laboratory. Something is needed to separate the pressurized region from the ambient, which
disappears at t > 0 without leaving any trace. This is impossible to build mechanically and
therefore the numerical simulations provided a very illustrative insight. However, the focus
in this study was on the laboratory experiments and the numerical work served as a support.
It was difficult to construct a mechanical spore capsule that matches the natural version
completely. Most crucial and most difficult to mimic were the lid and the release mechanism
that would control it. The constructed lid was too heavy. The mass ratio M̂ was probably
larger than in the natural case. The lid has to slide trough the mechanical spore capsule
without flipping over, because it must be ejected evenly. Therefore, it has to had a cylindrical
shape instead of a disk shape, which would reduce the mass of the lid. The cylindrical shape
gives guidance and prevents flipping over. The lid could not be scooped out, because a flat
front-, and backside may be essential for the flow properties.
The chosen release mechanism (see §4.1) is the least intrusive method we could think of. The
only drawback is that the lid is not situated directly at the end of the capsule, but somewhat
inside the capsule. This means that the lid has to travel a bit inside the capsule before it is
released freely. The jerking along the capsule wall ensures that the lab spores, when ejected,
will not be as densely packed, as we would want them to be. Besides this, it is impossible to
pack the particles as close as the spores are in Sphagnum mosses. In the moss the spores will
grow against each other. While growing, they will form each other and be stacked ideally
with hardly any air between them. These two facts make it harder to eject a lump of spores
with this experimental setup. The lid could be seen as a lump of spores (having a comparable
density 1300 kgm−3 ), which loses hardly any spores. The lab spores, which were transported
in the wake of the lid, left a comparable trace of ripped-off lab spores.
Another drawback of the lid situated somewhat inside the capsule before discharge, is the
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static friction force it experiences. Due to this force a minimal air pressure was needed to pry
the lid. Under a certain pressure, the force from the air on the lid is smaller than the friction
force from the inside of the capsule wall on the O-ring. This minimal air pressure gave the
lid and spores a starting velocity that was too high, causing the Reynolds numbers to be too
large. Ideally the velocity in the experiment was 10 times smaller than in the natural case
(u ≈ 3 ms−1 ), but in reality u ≈ 8 ms−1 . This would increase the Reynolds number from
Re = 2000 to Re = 5333, both in the turbulent regime (Dziedzic and Leutheusser, 1996).
This means that the rings generated in the experiment are more turbulent.
The Stokes numbers in the experiment and the natural case do not fully correspond (see
§4.4). The particles in the experiment would follow the flow better than the spores in the
natural case. But, the velocities in the experiments were higher than wished for. Therefore,
the Stokes number in the experiment will approach the Stokes number in the natural case
somewhat more (Stjet = 2.5 and Stjet = 0.6). Nevertheless, the particles in the experiment
will follow the flow better than in the natural case.
In the end it is not clear after this study whether Sphagnum moss disperse their spores with
vortex rings. It is clear that vortex rings play a part in the dispersal, but whether this is the
most important mechanism is unclear. To solve this question extra studies are needed. A
recommendation from our side would be to go back to ”nature”. It is very hard to mimic the
actual spore capsule completely. Not only the spores or the launch mechanism are hard to
mimic, but also ”smaller” contributions like ”(...) the tension caused by differential shrinkage of the drying capsule walls, and the breaking of the cells around the lid, is enough for
discharge to occur.” (Sundberg, 2010b, p. 887). Therefore, it is our opinion that it is more beneficial to overcome the problems of working with natural spores. Ideally one would need a
laser sheet with a thickness of < 0.5 mm, to do a PIV measurement. In this way the swirling
and eventually a vortex ring can be substantiated. When this is not possible high-speed
video recording like in Whitaker and Edwards (2010) would do the job. In both observation
methods it is important that the entire trajectory is recorded at close, perhaps by a vertical
setup of multiple cameras along the trajectory.
After all it is not so easy to beat millions of years of evolution with one study. The deeper
you dive into a mechanism like the distribution of spores of Sphagnum mosses, the more
complex it becomes and the more respect and fascination you will get for all the aspects that
have been optimized due to evolution. The mechanism of spore dispersal definitely explains
in part the success of Sphagnum, existing for a very long time (at least 400 million years) and
still covering 1 % of Earth’s land surface (Rydin and Jeglum, 2006). The mechanism is so
successful that other organisms use it for their own benefit. ”Developing Sphagnum capsules
are occasionally parasitized by a fungus (Bryophytomyces). Although the mature capsule may
appear perfect, the small spores of the fungus replace those of the host.” (Bell and Hemsley,
2000, p.119).
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Appendix A

List of symbols
Af ront
CD
dp
dvr
D
Ec
F
FD
g
lc
lc.n.
lc.s.
lp
ltank
Lsl
m
mlid
mspore,c
M̂
Np
p
p0
pc
pex
pna
rc.n.
rc.s.
Rvr
Re
Re0
Rej
Rep

Frontal surface of a particle
Drag coefficient
Diameter of particle
Radius of the core of a vortex ring
Diameter circular opening of vortex generator or capsule
Energy of pressurized air in capsule
Force
Drag force
Gravitational acceleration
Length of cylindrical volume inside mechanical spore capsule
Length of natural spore capsule
Length of capsule in numerical simulation
Length of the pressurized region
Length of cylindrical ”tank” in numerical simulation
Stroke / slug length
Mass
Mass of the lid
Mass of volume of spores
lid
Mass ratio = mm
spore,c
Number of particles
Pressure
Ambient pressure
Pressure inside capsule
Over pressure in the capsule in the experiment
Over pressure in the capsule in the natural case
Length of the natural spore capsule
Radius of capsule in the numerical simulation
Radius of vortex ring
Reynolds number
Reynolds number based on initial conditions
Reynolds number for the jet coming out of the capsule
Reynolds number for a particle
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Revr
St
Stj
Stt
Stvr
t
T
T̂f or
u
u∗
U
U0
Uex
Unature
Uvr
Up
vf
vp
V0
Vair,c
Vc
Vcyl
Vp
Vsphere
Vspore,c
Vt
wrs
wvr
W
y
y+
∆tnum
Γ

θ
µ
ν
ρ
ρ0
ρf
ρp
τ0
τf
τκ
τp
Φp
ω
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Reynolds number of the vortex ring
Stokes number
Stokes number for particles in the jet
Stokes number for particles in turbulent flow
Stokes number for particles in a vortex ring
Time
Time that piston was moving
Formation time
Fluid velocity
Friction velocity
Velocity of the flow
Fluid velocity at the open end of a circular vortex generator
Initial flow in the experiment
Initial fluid velocity that the moss produces
Self-induced velocity of vortex ring
Piston velocity
Speed of the fluid
Speed of a particle
Volume of cylinder when pressure is p0
Volume of air inside the mechanical spore capsule
Volume of cylinder when piston is pushed inside
Volume of the cylindrical natural spore capsule
Volume of a single particle
Volume of the spherical natural spore capsule
Volume of spores inside the mechanical spore capsule
Totale volume
Normalized white value for particles that were dragged in the radial direction
Normalized white value of the cross-section of a vortex ring
Work
Distance to the wall
Dimensionless wall distance
Time step numerical simulation
Circulation
Energy dissipation rate
p0
Vc
V0 = pc
Dynamic viscosity
Kinematic viscosity
Density
Reference density
Fluid density
Density of particle
Shear stress
Characteristic time of the flow field
Kolmogorov time scale
Particle response time
Volume fraction of particles
Vorticity

Appendix B

Some more examples of discharges
Some more examples of discharges will be presented in this Appendix. The presented selection of images provides a visual supplement to the text in the report.
A combined image of a vector field and its corresponding image is presented in figure B.1a.
Zooming in on the most important parts makes the vectors more visible. In figure B.1b &
c two zoomed-in velocity fields are presented, both derived out of figure B.1a. Figure B.1b
shows an intersection of a complete and figure B.1c a half vortex ring.
In figure B.2a & b two subsequent images (∆t = 67 ms) of a discharge without lab spores are
displayed. In figure B.2a the lid and generated vortex ring (encircled with blue) are visible.
Smoke particles are centrifuged out of the vortex core. Due to the absence of smoke particles
in the core, the core of the vortex ring shows up as two adjacent black circles. In B.2b the lid
is propagated out of the field of view and the vortex ring has propagated to the upper right
corner. Figure B.2c shows the velocity field around the vortex ring from figure B.2b. The
velocity field is the result of a PIV measurement.
In figure B.3 two subsequent images (∆t = 67 ms) of a discharge without lab spores are
displayed. In figure B.3a the lid and generated vortex ring are visible. The vortex ring
(encircled with yellow) has overtaken the lid. In B.3b the lid is propagated out of the field of
view and the vortex ring has propagated to the upper right corner.
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Figure B.1: Frame (a) shows a velocity field represented by vectors superimposed on one of its corresponding images. In frames (b), (c) two zoomed-in versions of (a) are presented.
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Figure B.2: In frames (a), (b) two subsequent images of a discharge without lab spores (T̂f or ≈ 2.5)
are presented. The vortex ring is encircled with blue. In frame (c), the velocity field
superimposed on one of its corresponding images on a zoomed-in version of (b) is shown.
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(a)

(b)

Figure B.3: Two subsequent images of a discharge without lab spores (T̂f or ≈ 6.5). The vortex ring
is encircled with yellow.

Appendix C

Ballistic spore volume model
A small feasibility study was performed of the dispersal by a lump of spores. A model is
made in which four different manners of dispersal are tested on their possibility as beneficial
manner of spore dispersal. These four were:
1. spores launched at a certain velocity u0 as singles;
2. a spherical volume of spores is launched with initial velocity u0 ;
3. a spherical volume of spores is launched with u0 , but loses mass along the way up
until only one single spore is left;
4. a vortex ring is formed with a starting velocity u0 .
The results of the model are shown in figure 7.1. Realistic physical parameters are the input
in the model, which are based on literature. These parameters and the assumptions that have
been made will be explained in the following. At the end, the Matlab model is presented.
The drag force FD is dependent on the Reynolds number of the flow, in a certain mode and
at a certain time. The drag force is formulated as
1
FD = ρf u2 CD A,
2

(C.1)

in which CD the drag coefficient for a rigid spherical volume. CD is dependent on the
Reynolds number of the flow. Unfortunately, there is not one single equation which predicts the correct value of CD for every Re. Therefore, the recommendations of Clift et al.
(1978) have been followed. The whole range of Re is divided into 10 subintervals, each with
its own formulation of CD . In this way CD agrees closely with experimental and numerical
data. The first four subintervals are according to Clift et al. (1978):
Re < 0.01
0.01 < Re ≤ 20
20 ≤ Re ≤ 260
260 ≤ Re ≤ 1500

3
24
+
,
16  Re

24
CD =
1 + 0.1315Re(0.82−0.05ψ) ,
Re

24
CD =
1 + 0.1935Re0.6305 ,
Re
2
CD = 10(1.6435−1.1242ψ+0.1558ψ ) ,
CD =
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(C.2)
(C.3)
(C.4)
(C.5)
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in which ψ = log10 Re. The first four subintervals are sufficient, because the Re-value in
the model will not exceed the value Re = 1500. The drag coefficient for a vortex ring is
CDvr = 0.17 (seeWhitaker and Edwards (2010)).
It is assumed that the mass loss of a spherical volume is dependent on the surface area of the
volume. The mass loss is formulated as
∆m = Cm 4πr2 udt,

(C.6)

where Cm is the mass loss per area per second per ms−1 .
A list of realistic physical parameters can be found in table C.1.
Table C.1: Physical parameters used in the ballistic spore volume model.
dt
g
Cm
ρf
ρs
µ
r
A
m
a
ass
anm
avr
u0
uss
unm
uvr
Γ
rvr
CD,vr

Description
Time step in model
Gravitational acceleration
Mass loss per area per time
Air density
Density of the spores
Dynamic viscosity of air
Starting radius the ball of spores
Starting projected frontal area
Starting mass of ball of spores
Starting acceleration Spore Losing
mode
Starting acceleration Single Spore
(ss) mode
Starting acceleration None Mass
Losing (nm) mode
Starting acceleration due to
buoyancy Vortex Ring (vr) mode
Starting velocity Spore Losing mode
Starting velocity Single Spore (ss)
mode
Starting velocity None Mass Losing
(nm) mode
Starting velocity due to buoyancy
Vortex Ring (vr) mode
Circulation vortex ring with velocity
10 ms−1
Radius of vortex ring
Drag coefficient of vortex ring

Value
10 µs
-9.81 ms−2
-3 kgm−2 s−1
1.293 kgm−3
1000 kgm−3
18.2 µkgs−1 m−1
0.5 mm
A = πr2
m = ρs 43 πr3
g

Source
–
–
–
–
(Ingold, 1965)
–
(van Leeuwen, 2010)
–
–
–

g

–

g

–

0.16g

(Whitaker and Edwards, 2010)

10 ms−1
10 ms−1

(Whitaker and Edwards, 2010)
(Whitaker and Edwards, 2010)

10 ms−1

(Whitaker and Edwards, 2010)

0 ms−1

–

0.183 m2 s−1

see (3.15)

0.5 mm
0.17

(Whitaker and Edwards, 2010)
(Whitaker and Edwards, 2010)

In the following the Matlab model is presented
clear all
dt=0.00001;
g=-9.81;
Cm=[-3 0];
rhol=1.293;
rhos=1000;
mu=18.2e-6;
r(1)=0.5e-3;
A(1)=pi*r(1)ˆ2;

%Time step
%Gravitational accelaration
%Mass loss per area per time
%Air density
%Density of the spores
%Dynamic viscosity
%Radius of the ball of spores
%Starting projected frontal area
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m(1)=6.283185e-7;
%Starting mass of ball of spores
a(1)=g;
%Starting acceleration SpLo (Spore Losing) mode
ass(1)=a(1);
%Starting acceleration SiSp (Single Spore) mode
anm(1)=a(1);
%Starting acceleration NoSpLo (None Spore Losing) mode
avr(1)=0.16*g;
%Starting acceleration VR mode (found in Whitaker and
.................. %Edwards, 2010))
v(1)=10;
%Starting velocity SpLo mode
vss(1)=v(1);
%Starting velocity SiSp mode
vnm(1)=v(1);
%Starting velocity NoSpLo mode
vvr(1)=0;
%Starting velocity Vr mode
y(1)=0;
%Starting position
yss(1)=y(1);
%Starting position SiSp mode
ynm(1)=y(1);
%Starting position NoSpLo mode
yvr(1)=y(1);
%Starting position VR mode
t(1)=0;
%Starting time
Cmt=Cm.*dt;
%Mass loss per area
te=0.05;
%End time of simulation
Gamma=0.183;
%Based on VR going 10m/s with equation (3.18)
Rvr=5e-3;
%Radis of VR
Cdvr=0.17;
%Drag coefficient VR (found in Whitaker and Edwards, 2010)
%%% Mass losing spore volume mode %%%
for i=1:te/dt
t(i+1)=t(i)+dt;
r(i+1)=(m(i)*3/(rhos*4*pi))ˆ(1/3);
if r(i+1)>1e-5;
m(i+1)=m(i)+v(i)*Cmt(1)*4*pi*abs(r(i+1))*r(i+1);
else m(i+1)=m(i);
end
A(i+1)=pi*(r(i+1))ˆ2;
Re=abs(v(i))*r(i)/(mu/rhol);
if Re<0.01
Cd=3/16+24/Re;
else if Re<20
Cd=24/Re*(1+0.1315*Reˆ(0.82-0.05*log10(Re)));
else if Re<260
Cd=24/Re*(1+0.1935*Reˆ(0.6305));
else Cd=10ˆ(1.6435-1.1242*log10(Re)+0.1558*(log10(Re))ˆ2);
end
end
end
Fd(i+1)=-0.5*v(i)*abs(v(i))*A(i+1)*rhol*Cd;
a(i+1)=g+Fd(i+1)/m(i+1);
if v(i)>0
v(i+1)=v(i)+a(i+1)*dt;
else v(i+1)=-1.35e-2;
% terminal velocity found in Sundberg (2010)
end
y(i+1)=y(i)+v(i+1)*dt;
end
%%% Single spore mode %%%
for j=1:te/dt
rss=(4.0212e-11*3/(rhos*4*pi))ˆ(1/3);
A(j+1)=pi*(rss)ˆ2;
Ress=abs(vss(j))*rss/(mu/rhol);
if Ress<0.01
Cdss=3/16+24/Ress;
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else if Ress<20
Cdss=24/Ress*(1+0.1315*Ressˆ(0.82-0.05*log10(Ress)));
else if Renm<260
Cdss=24/Ress*(1+0.1935*Ressˆ(0.6305));
else Cdss=10ˆ(1.6435-1.1242*log10(Ress)+0.1558*(log10(Ress))ˆ2);
end
end
end
Fd(j+1)=-0.5*vss(j)*abs(vss(j))*A(j+1)*rhol*Cdss;
ass(j+1)=g+Fd(j+1)/4.0212e-11;
if vss(j)>0
vss(j+1)=vss(j)+ass(j+1)*dt;
else vss(j+1)=-1.35e-2;
% terminal velocity found in Sundberg (2010)
end
yss(j+1)=yss(j)+vss(j+1)*dt;
end
%%% None mass losing spore volume mode %%%
for k=1:te/dt
rnm=(m(1)*3/(rhos*4*pi))ˆ(1/3);
Anm=pi*(rnm)ˆ2;
Renm=abs(vnm(k))*rnm/(mu/rhol);
if Renm<0.01
Cdnm=3/16+24/Renm;
else if Renm<20
Cdnm=24/Renm*(1+0.1315*Renmˆ(0.82-0.05*log10(Renm)));
else if Renm<260
Cdnm=24/Renm*(1+0.1935*Renmˆ(0.6305));
else Cdnm=10ˆ(1.6435-1.1242*log10(Renm)+0.1558*(log10(Renm))ˆ2);
end
end
end
Fd(k+1)=-0.5*vnm(k)*abs(vnm(k))*Anm*rhol*Cdnm;
anm(k+1)=g+Fd(k+1)/m(1);
vnm(k+1)=vnm(k)+anm(k+1)*dt;
ynm(k+1)=ynm(k)+vnm(k+1)*dt;
end
%%% VR mode %%%
for l=1:te/dt
t(l+1)=t(l)+dt;
Fd(l+1)=1/2*Cdvr*rhol*pi*Rvrˆ2*vss(l)*abs(vss(l));
avr(l+1)=avr(1)+Fd(l+1)/(4/3*pi*Rvrˆ3*(0.27*rhos+0.71*rhol));
vvr(l+1)=Gamma/(4*pi*Rvr)*(log(8*Rvr/sqrt(4*mu*t(l+1)))-0.558)+avr(l+1)
% Self-induced velocity of vortex ring (3.18)
*dt;
yvr(l+1)=yvr(l)+vvr(l+1)*dt;
end

%%% Plotting of different variables %%%
plot(t,y,t,yss,t,ynm,t,yvr,’LineWidth’,1)
axis([0 te 0 0.5])
hleg1 = legend(’y’,’yss’,’ynm’,’yvr’);
ylabel(’height (m)’)
xlabel(’time (s)’)

