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(Dated: 29 August 2022)

In this paper we present a numerical approach to solve the Navier-Stokes equations for arbitrary vessel
geometries by combining a Fourier-Spectral method with a direct forcing Immersed Boundary method which
allows to consider solid-fluid interactions. The approach is applied to a paradigmatic setup motivated by
the precession dynamo experiment currently under construction at Helmholtz- Zentrum Dresden-Rossendorf
(HZDR). The experiment consists of a fluid filled cylinder rotating about 2 axes which induces a precession
driven flow inside the cavity. The cylinder is also equipped with baffles at the end caps with adjustable
penetration depth to impact the flow. The numerical details as well as simulation results for the spin-up and
precession driven flow in a circular cylinder with additional baffles are presented. The results provide a first
confirmation that the use of such baffles in the precession dynamo experiment is a useful way of influencing
the flow, allowing more efficient driving without changing the known flow structure too much.

I. INTRODUCTION

Precession is a well known phenomenon that describes
the temporal change of the orientation of the spin axis of
rotating objects. In a precessing body filled with a liq-
uid, the fluid interior experiences a volumetric force that
directly drives a nontrivial three-dimensional flow. Tech-
nical realizations of precessing flows are interesting for
their efficiency to mix a passive scalar, which has been
realized for example in bladeless mixers to homogenize
viscous fluids or used in bioreactors for the growth of mi-
cro algae or stem cells1. In a spheroidal geometry, the
primary flow, directly forced by precession, is called the
spin-over mode2, which is subject to instabilities3,4 lead-
ing to complex three-dimensional velocity structures5–7.
Such phenomena have been found in experiments and
simulations5,7–9, corroborating the idea that precession
is capable of producing strong and complex flow struc-
tures in the liquid part of planets2,10. For this rea-
son precession is often proposed as an alternative source
for powering the geodynamo11–13 or the ancient lunar
dynamo14–16.

Indeed, simulations in various geometries have shown
that precession driven dynamos are possible with a crit-
ical magnetic Reynolds number Rmc ∼ O(103)13,17–21,
which has motivated the experimental realization of
a precession dynamo experiment within the project
DRESDYN22 (Fig. 1). This precession dynamo exper-
iment is currently under construction23 and will provide
a flow of liquid sodium in a cylindrical cavity with a mag-
netic Reynolds number of up to Rm=ΩcR

2/η≈700 (de-
fined with the achievable angular velocity of the cylin-
der Ωc = 63 s−1, the radius R= 1 m, and the magnetic

a)Electronic mail: mike.wilbert@ruhr-uni-bochum.de

diffusivity of liquid sodium η = 0.09m2/s). The device
represents a considerably enlarged version of the 1970ies
experiments conducted by Gans24,25. These experiments
utilized a rather small container so that it had not been
feasible to cross the critical magnetic Reynolds number
required for the onset of dynamo action. However, it was
already possible to observe an amplification of an applied
magnetic field by a factor of 3.

Recently, it could be shown by means of kinematic dy-
namo models combined with scaling properties of a small
scale precession water experiment that in the planned
precession experiment dynamo action is best possible in
a parameter regime where the flow structure is deter-
mined by a combination of the nonaxisymmetric directly
forced flow and an axisymmetric double roll26,27. Such
a flow pattern occurs within a narrow regime of preces-
sion ratios immediately before the (subcritical) transition
into a turbulent state28. Although the parameter range
at which these models showed dynamos will be achiev-
able in the planned experiments, it is reasonable to think
about additional measures, which allow a further impact
of the fluid flow. The goal of such modifications is to sig-
nificantly extend the parameter range with dynamo ac-
tion, but also to allow dynamos with other characteristic
properties, such as other spatial symmetries or dynamic
temporal evolution of the magnetic field (like oscillating,
bursting or even reversing magnetic fields).

In the present study we realize such an influence by
considering radial baffles mounted onto the inner side of
the lids of the cylindrical container as originally recom-
mended by Léorat29,30. Such an installation enhances
the azimuthal circulation so that the shear between the
bulk flow and the lateral boundaries is reduced. As a re-
sult, the transition into the turbulent regime, caused by
instabilities in the boundary layers31 or by an hierarchi-
cal emergence of triadic resonances32, is supposed to be
shifted to larger precession ratios, so that a more power-
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ful large scale flow, roughly scaling with the precession
ratio Po, can be maintained.

The application of internal baffles in a precessing flow
has been examined experimentally by33 in order to sup-
press turbulence in a precessing system. However, the re-
sult was ambiguous, because parameter regimes emerged
showing a reduction of energy dissipation as well as
regimes with an increased degree of turbulence. Internal
baffles are also been used in other dynamo experiments to
affect the fluid flow. In the 3m spherical Couette experi-
ment at Maryland34, for example, it is planned to attach
bended baffles on the inner sphere in order to mimic an
increase of the surface roughness, since it was shown nu-
merically that this may allow an onset of dynamo action
at experimentally achievable parameters35.

Baffles were also an essential part of the flow driving
in the von Kármán-Sodium (VKS) dynamo36. In that
experiment a large number of different dynamo states
was observed37, but only if the driving impellers, con-
sisting of a disc and radial baffles attached to this disk,

(a)

(b)

FIG. 1: Sketch of the precession dynamo experiment
consisting of turntable, frame rack, cylindrical container
and motors for driving the double rotation. (a) Exterior

View. (b) Cross Section.

were made of soft iron with a permeability µr ≈ 60.
First mean field models considered idealized distributions
of permeability that mimic the shape of the disks and
blades and showed that the localized ferromagnetic ma-
terial causes a reordering of the magnetic eigenmodes
with an axisymmetric purely toroidal mode becoming
the leading eigenmode38,39. But only more sophisticated
models were able to explain the exclusive observation of
dynamo action in the presence of impellers having high
magnetic permeability and the dominant axisymmetric
structure40–42.

To perform numerical experiments on the precession
driven flow in a cylindrical cavity and especially to study
the impact of the baffles on the flow, a new code named
SpecDyn was developed by the authors which combines
the notorious speed of pseudo-spectral methods with the
geometrical flexibility of mesh based methods by incor-
porating a direct forcing Immersed Boundary method.

The paper is organized as follows. First, we give an
overview of the applied numerical method, which allows
a very fast and well scaling solution of the Navier-Stokes
equations due to the highly parallelized algorithm. The
interactions between fluid and mechanical structures, i.e.
the cylinder walls and the baffles, are calculated by an
immersed boundary method with second order accuracy.
The reliability of the numerical framework is then
demonstrated by simulations of the well known spin-up
problem and by comparison with existing numerical so-
lutions of precession driven flows in cylindrical geometry
obtained with the finite spectral spectral element code
SEMTEX

43,44.

Finally, we present extensive numerical studies on pre-
cession driven flows in a circular cylinder and discuss the
impact of baffles of different lengths on the flow with
an emphasis on increasing the flow’s potential to drive a
self-exciting fluid dynamo.

II. GOVERNING EQUATIONS

The Problem at hand is to solve for the motion of a
Newtonian non-conducting fluid in a precessing vessel.
To do so we solve the incompressible Navier-Stokes equa-
tions (1) & (2) with no-slip boundary conditions (3).

∂tu = u× (∇× u)
︸ ︷︷ ︸

self advection

+
1

Re
∆u

︸ ︷︷ ︸

diffusion

− ∇p
︸︷︷︸

modified pressure

+ 2u×Ω
︸ ︷︷ ︸

Coriolis force

+ r× Ω̇
︸ ︷︷ ︸

Poincaré force

(1)

∇ · u = 0 (2)

u|Γ = 0 (3)

The equations are presented in dimensionless form. U

is the fluid velocity, Γ represents the boundary of the
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fluid domain and Re the Reynolds number defined as
Re = R2 ΩS /ν. With cylinder radius R = 1 and an-
gular velocity along the axis of symmetry ΩS = 1. For
computational purposes the self advection term is for-
mulated in rotational form. The frame of reference is
set so that the bounding vessel is at rest, which makes
treating the boundary conditions less complicated. This
introduces 3 additional fictitious forces, namely the cen-
trifugal, Coriolis and Poincaré force. Ω is the angular
velocity of the container, which is time dependent as the
precession changes the axis of rotation. For the special
case of precession with a right angle between the two ro-
tation axes the angular velocity reads Ω = ΩS +ΩP =
êx+(Po cos(t) êy +Po sin(t) êz) (c.f. figure 2). The sim-
ulation time is normalized to the rotation time of the
spin axis which is aligned with the symmetry axis of the
cylinder. Po denotes the Poincaré number which is the
ratio between the spin and the precession time.
For the incompressible Navier-Stokes equations the pres-
sure acts only as a Lagrangian multiplier to ensure the
divergence free condition (2). Since gradient terms only
contribute divergence, the actual physical pressure as
well as the centrifugal force and the gradient part of the
rotational form of the self advection term are combined
into the modified pressure gradient ∇p.
Additionally, the plain cylinder bounding geometry can
be extended by four baffles at the end caps penetrating
into the fluid volume. The depth d of the baffles can be
varied smoothly in the DRESDYN experiment up to a
maximum of d0 = 65mm. Further details on the baffle
geometry are given in the caption of figure 2.

ΩP

ΩS

FIG. 2: Schematic drawing of the precessing cylinder
with (fully extended) baffles at the end caps. It spins
around the symmetry axis with the angular velocity ΩS

and is simultaneously in orthogonal precession with an-
gular velocity ΩP . The maximum penetration depth
of the baffles is d0 = 0.065R. They have a width of
w = 0.04R and their inner and outer radius is ri = 0.49R
and ro = 0.645R.

The relevant dimensionless numbers representing a
scale of the force ratios in the Navier-Stokes equa-

tion are the Reynolds number Re = V L/ν (advec-
tion/diffusion), the Ekman number Ek = ν/ΩL2 (dif-
fusion/Coriolis force), the Rossby number Ro = V/ΩSL
(advection/Coriolis force) and the Poincaré number Po =
ΩP /ΩS (Poincaré force/Coriolis force). ν denotes the
kinematic viscosity of the fluid.
With the choice of the characteristic velocity to be that
of the cylinder mantle V = ΩS R and to pick the radius
of the cylinder as the characteristic length scale L = R,
this results in Ro = 1 and Ek = Re−1.

III. NUMERICAL METHODS

In this section we introduce the numerical methods
implemented in the simulation code SpecDyn. First, the
basic Fourier pseudo-spectral method is discussed as it
is applied. Next we present the details of the immersed
boundary method in use which makes it possible to treat
the Navier-Stokes equations with no-slip boundary con-
ditions on arbitrarily shaped boundaries and still solve
it on a simple Cartesian grid. Eventually, the applied
pressure corrector method is discussed, which is neces-
sary after imposing the boundary conditions to ensure
the solenoidality of the flow.

A. Pseudo-Spectral Method

To begin with, we consider the Navier-Stokes equa-
tion (1) with periodic boundary conditions and neglect
the pressure and consequently the solenoidality of the
velocity field. The simulation domain is the cubic box
[−L/2, L/2)

3
and it is uniformly discretized by N points

in each Cartesian coordinate direction. The objective of
the Fourier spectral method is to compute spatial deriva-
tives on that grid.
Assuming periodic boundary conditions, the velocity field
can be transformed into discrete Fourier space by the Fast
Fourier Transform (FFT ) in a very efficient manner with
O(Nlog(N)) operations for each direction45. The con-
cept of the method is now to use the fact that spatial
derivatives in real space reduce to multiplications of the
modes with its wave number in Fourier space. This can
be easily shown for the one dimensional case:

∂xui =



∂x




1

L

N/2−1
∑

j=−N/2

ûj exp(ikjx)









x=xi

=
1

L

N/2−1
∑

j=−N/2

(ikj ûj) exp(ikjxi) = DFT −1 (ikû)x=xi

(4)

ui and ûk are the velocity in discrete space and the dis-
crete Fourier modes respectively. x is the space coor-
dinate and k the wave number. The one dimensional
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consideration can be trivially extended to three dimen-
sional vector calculus.
The disadvantage of the representation in Fourier space is
that multiplications of two spatial dependent quantities
in real space become convolutions in Fourier space, which
are expensive in terms of computation time (O(N2) per
dimension) compared to the FFT . This case occurs
in our special case of the Navier-Stokes equation in the
self advection term. The concept of the pseudo-spectral
Fourier method is to compute the spatial derivatives of
a PDE in Fourier space, calculate its spatial dependent
multiplications in real space and transform between those
two representations whenever necessary by an FFT.
A well known problem inherent to pseudo-spectral meth-
ods is the aliasing error46,47. That is, a multiplication of
two space dependent quantities in real space can produce
higher Fourier modes in the result than can be resolved
by the discretization. This induces an error especially
in the higher modes when the result is transformed to
Fourier space where the not resolvable frequencies are
falsely interpreted and as a result reflected back into the
resolvable spectrum. To minimize or even avoid this er-
ror it is common to apply some sort of a low pass filter
before and after the multiplications.
A very common method, which is also applied in Spec-

Dyn, is the 2/3-rule48. Here the Fourier representation of
the multipliers are padded with zeros in the upper third
of the spectrum. As a result their product contains the
reflected modes in the upper third and the frequencies of
interest are purely separated in the rest of the spectrum.
The erroneous modes can therefore be easily removed by
again padding the upper third of the results spectrum
by zeros. The 2/3-method thus completely removes the
aliasing error at the expense of a decrease in resolution.
After the r.h.s. of the Navier-Stokes equation (with-
out the pressure gradient) is evaluated the remaining
problem is to solve an ordinary differential equation
in time. For this purpose we use the strong stability
preserving Runge-Kutta scheme of convergence order 3
(SSPRK3)49.
Since the Runge-Kutta scheme in use is an explicit
method its stability is restricted by the size of the time
step ∆t. For the Navier-Stokes equation the advection as
well as the diffusion term impose a cfl condition respec-
tively:

∆t ≤ C
∆x

umax
(5)

∆t ≤ C Re (∆x)2 (6)

∆x denotes the distance between neighbored grid points,
umax is the maximum value of the velocity and C is the
cfl number which is equal to 1 for the SSPRK3 scheme50.
The condition arising from the diffusion term (6) is far
more restrictive when the spatial resolution is increased.
Hence it is common practice to treat the diffusion term
by an implicit scheme.
Since the diffusion equation can be easily solved in
Fourier space we make the following ansatz to treat the

diffusion analytically:

∂tuk(t) =: ũk(t) exp

(

−
k2

Re
t

)

(7)

uk denotes the velocity in discrete Fourier space associ-
ated with the wavenumber k.
Inserting this into the Navier-Stokes equation (1) we re-
ceive a new PDE for ũk

∂tũk = RHS(uk, t) exp

(

+
k2

Re
t

)

(8)

RHS stands for all r.h.s. terms of the Navier-Stokes
equation excluding the diffusion term.
So the process is to integrate (8) to advance the auxiliary
velocity ũ in time and thereafter compute the the actual
velocity u from (7). This is done in each Runge-Kutta
sub-step.
So far we have ignored the pressure gradient in the
Navier-Stokes equation. At this point we describe the
pressure correction scheme proposed by Chorin51 &
Temam52 sufficient if no boundary conditions other than
periodic boundary conditions are imposed in a pseudo-
spectral code. The method is an equation splitting
scheme which we will deduce heuristically by means of
the simple explicit Euler scheme. First we expand the
Euler step by an auxiliary velocity ū

u
n+1 − ū

n+1 + ū
n+1 − u

n

∆t
= RHS(un, tn)−∇pn+1

(9)
RHS denotes the r.h.s. of the Navier-Stokes equation ex-
cluding the pressure gradient and the superscript n refers
to the discrete time value tn = n∆t.
The Euler step (9) can now be split into two separate
equations. First the time integration is performed with-
out the pressure gradient and in the second step the di-
vergence of the auxiliary velocity ū is removed.

ū
n+1 − u

n

∆t
= RHS(un, tn) (10)

u
n+1 − ū

n+1

∆t
= −∇pn+1 (11)

The pressure can be calculated by taking the divergence
of (11) and using the solenoidality of the final velocity
u
n+1.

∇ū
n+1

∆t
= ∆pn+1 (12)

Solving this Poisson equation takes usually up a great
amount of computing time e.g. in a finite difference code.
However, (12) can be simply reversed in Fourier space.
(11) & (12) can consequently be combined to a single
projection step in Fourier space

u
n+1 = Pū

n+1 := ū
n+1 − k ·

k · ūn+1

|k|2
(13)
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This is also known as Leray projection53.
In a later section we will cover an advanced pressure cor-
rection method to consistently combine the solenoidality
condition with the no-slip boundary condition under con-
sideration of a tolerable splitting error.

B. Immersed Boundary Method

The Immersed Boundary Method (IBM ) was originally
proposed by Peskin54 in the context of fluid-structure in-
teractions in the field of biological fluid dynamics. This
particular problem involves elastically moving bound-
aries and the fluid as well as the boundaries produce
feedback forces on one another. The original method
is based on the idea to describe the boundary of a La-
grangian mesh but to treat the fluid on an Eulerian grid
and change between those two views by means of a dis-
crete Dirac function. This was the basis for the develop-
ment of a range of IBM methods in the context of elastic
boundary flows55.
The advantage of the IBM to treat arbitrary bounding
geometries but restrict the main computations to a sim-
ple (e.g. Cartesian) grid is also appealing for fluid sim-
ulations with solid boundaries. The IBM of Peskin was
adapted by Goldstein et al.56,57 to treat rigid boundaries.
The method inherits the concept that the fluid solely rec-
ognizes the solid boundary by forces acting on the flow.
Hence they computed the fluid on a Cartesian grid with
an additional force representing the boundary which was
modeled by

FIB = α

∫ t

0

[U−VIB ] dt+ β [U−VIB ] (14)

with two adjustable negative parameters α and β. VIB

denotes the velocity imposed on the boundary and U

the actual velocity field without a boundary condition.
The force then is only applied to grid points near the
boundaries and consequently smoothed out. Neglecting
all other forces in the Navier-Stokes equation the IB forc-
ing term results in a damped harmonic oscillation in the
difference between the real and the demanded velocity on
the boundary56. Goldstein et al. used a pseudo-spectral
method and realized the smoothing by a sharp Gauss
distribution to simulate the flow over a riblet covered
surface, the flow over an accelerated cylinder and other
problems56,57. Saiki and Biringen58 used the same forc-
ing in a finite-difference code with a different interpola-
tion procedure for the smoothing. Peskin and Lai59 used
the approach by Saiki and Biringen but with a spectral
method and slightly moving boundary points.
The two main drawbacks of this method are on the
one hand that by the smoothing the boundary is not
sharply represented which reduces the accuracy60 and
on the other hand the two parameters inherent in the
forcing have to be determined by numerical experiments
and can cause instabilities and therefore restrict the time
step60,61.

Another feedback forcing IB method was proposed by Ar-
quis & Caltagirone62 by treating the solid as porous me-
dia and hence introduce an additional force term which
models the Darcy drag63. This penalization term comes
with the permeability η as a free parameter. The pe-
nalized version of the equation converges to the origi-
nal problem of the Navier-Stokes equation with no-slip
boundary conditions with an error of order O(η1/2).
Therefore the penalization parameter η is chosen usu-
ally as small as possible. Unfortunately the drag term
introduces a time scale which has to be resolved and the
stability is only ensured for η ≥ ∆t/2 64. This restric-
tion on the stability can be circumvented by treating the
drag term implicit in the time stepping64. Nevertheless,
a temporal not well resolved drag force just sets the solid
velocity to zero which correlates to the zeroth order di-
rect forcing IB method discussed by Fadlun et al.65 An-
other disadvantage of the method is that the drag term
produces a boundary layer inside the solid63 and hence
smears out the border. The method can formally be re-
duced to the forcing of Goldstein et at. by setting α = 0
and β = 1/η 61. The method was applied successfully
to various phenomena as the flow inside an IC piston66,
insect flight67 and magnetohydrodynamic flows68–70.
An alternative to the above-mentioned IB methods is the
direct forcing approach introduced by Mohd-Yusof71. In
this method the forcing is directly applied to the flow
to ensure the boundary conditions and therefore neither
introduces a stability criterion on the time step nor is
there any free parameter to be chosen60. The method
was shortly after successfully applied to the flow inside a
motored piston65,72 in an LES simulation.
For the explicit Euler time stepping the force FIB can be
formally defined as follows

V − u
n

∆t
−RHS =: FIB (15)

V denotes the imposed solid velocity and RHS incorpo-
rates all r.h.s. terms of the Navier-Stokes equation. The
IB force is only applied to the grid nodes coinciding with
the boundary and the only effect of this force is to im-
pose the boundary condition on those nodes. In practice
the force is rarely computed and instead the velocity is
directly set to some desired value at the boundary60. It
should be mentioned that the forcing in this method acts
as a Lagrangian multiplier to ensure the boundary con-
ditions in the same way as the pressure gradient simply
guarantees the incompressibility.
Since the boundary points are very unlikely to coincide
with the computational grid an interpolation procedure is
required. Fadlun et al.65 have presented three different
kinds of possible interpolation procedures, which they
found to be zeroth, first and second order accurate re-
spectively. First we will discuss these in one spatial di-
mension with the aid of figure 3.
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FIG. 3: Schematic drawing of the three direct forcing
interpolation methods proposed by Fadlun et al.
red: zeroth order, yellow: first order, green: second order

• 0th order: The velocity on the nodes closest to the
boundary is simply set to the demanded boundary
value (red circle in the figure)

• 1st order: The velocity on the nodes closest to the
boundary is the weighted average between its own
velocity computed without the boundaries and the
solid velocity. For the weighting the cell around the
specific node is considered and the weighting coeffi-
cients are computed dependent on how far the cell
extends into the solid. In three dimensions this be-
comes a volume weighting. This method can be eas-
ily implemented with a Monte-Carlo approach73.
(yellow circle in the figure)

• 2nd order: The velocity is interpolated on all nodes
in the fluid adjacent to the solid. The interpolation
is performed linearly between the closest fluid node
and the exact location of the boundary (green circle
in the figure)

We use the second order approach, since in a pseudo-
spectral code the error of the Fourier interpolation
scales with the smoothness of the fields46, although the
first order approach is easier to implement for complex
geometries. We will classify points on the grid as fluid
and solid nodes. Additionally we define IB nodes as all
fluid nodes with at least one neighbored solid node.
Another point to consider is how to represent the
boundaries. For simple 2D geometries a Lagrangian grid
can be used and the nodes on that grid can then e.g.
be interpolated by a b-spline74. Iaccarino & Verzicco60

discussed the use of meshes generated by CAD programs
and Sotiropoulos et al.75–78 based a series of papers on
the idea of combining the direct forcing IBM method
with triangular meshes usually used for finite element
simulations. We also employ this approach and use the
parametric 3D CAD modeler FreeCAD79 to construct
the models of the fluid vessel and utilize the finite
element mesh generator gmesh80 to transform the model
into a triangular mesh. Those meshes saved in the .ply

format (Stanford Triangle Format) can then directly be
read by SpecDyn.
After the triangular grid is imported to the simulation
program a routine is required to decide which of the
Cartesian grid points are located inside the solid and
which in the fluid. To do so we act on the suggestion by
Sotiropoulos et al.78 to employ a ray-tracing algorithm.
The method originally used by Sotiropoulos et al.81

was found not to be sufficient for our purposes and
created errors by rays slipping through gaps between
the triangles due to finite floating point precision. We
therefore choose the ’watertight’ ray-tracing algorithm
presented by Woop et al.82

When we expand our previous considerations to three
dimensions the question naturally arises in which di-
rection the linear interpolation is carried out. Fadlun
et al.65 originally used an arbitrary direction along the
Cartesian coordinate lines. On the other hand Balaras74

suggested to perform the interpolation normal to the
boundary. In the latter procedure different realizations
have to be considered since here no fluid node is usually
reached by the normal close to the surface. Therefore
some interpolation of the surrounding fluid nodes has
to be performed. Additionally some of the nodes in the
fluid are marked as IB nodes, which can not be used
for the interpolation. The latter also led us to discard
the interpolation along the normal after some numerical
testing. In very concave areas of the bounding surface
most of the nodes in the fluid are actually IB nodes.
Therefore extending the normal until enough fluid nodes
surround the tip of the normal, as done by Balaras74 and
later by Sotiropoulos et al., is in some cases not feasible
since the distance from the surface to the considered
point is too large (see figure 4b). In fact, Balaras and
Sotiropoulos et al.75–78 mostly considered convex shaped
boundaries. Finally we decided to choose the concept of
Fadlun et al.
In SpecDyn for every IB node all 6 neighboring cells
are perused. If one is a fluid node and the neighbor
on the other side of the IB cell on the same coordinate
line is a solid node, this line is chosen to perform the
interpolation on (see figure 4a). If the condition is not
fulfilled for all 3 directions, then the nodes reachable
from the IB node by going a node distance ∆x in
two coordinate directions respectively are considered.
Again, if one of these nodes is a fluid node and its
counterpart on the other side of the IB node is a solid
node, it is chosen as the interpolation line (see figure 4b).
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(a) Interpolation for a convex surface.
The velocity on the IB node (1) can be
interpolated in two different directions
(horizontally and vertically). Whereas
the velocity on IB node (2) can only
be computed by interpolation in the
horizontal direction.

(b) For the concave corner an interpo-
lation along the surface normal would
not be possible since all nodes on that
normal in the fluid are marked as IB
nodes. For the same reason an inter-
polation along a coordinate line is not
feasible. For those cases the line con-
necting the diagonal neighbors of the
IB node is chosen as the interpolation
path.

FIG. 4: Schematic drawing presenting the linear inter-
polation of the immersed boundary to the IB nodes in
two dimensions for a convex surface (a) and a concave
corner (b). Shown are the three different types of nodes:
fluid (blue), solid (red) and IB (black). The boundary is
represented by a thick black line.

If also this case is false, nodes reached from the IB
nodes by going one node distance ∆x in all three coordi-
nate directions respectively is considered with the same
procedure as for the other cases mentioned above. The
solid nodes are set in every case to the desired value.
The direct forcing IBM has been successfully applied to
the flow through a bileaflet mechanical heart valve77, in
a nuclear rod-bundle83 and to the flow past an in-line
oscillating cylinder84, just to name a few applications.

C. Pressure Predictor Method

Both the pressure and the IB force act as Lagrangian
multipliers to impose the incompressibility (2) and the
no-slip boundary condition (3) respectively. Unfortu-
nately the operations of imposing each condition do not
commute and therefore by enforcing one of the two we
introduce an inaccuracy in the other. If we take for
instance the pressure projection scheme by Chorin &
Temam discussed in section III A and enforce the bound-
ary condition between the time step (10) and the pro-
jection step (11) this introduces an error in the velocity
ǫu ∼ O(∆t) and an error in the pressure ǫp ∼ O(∆t1/2)85.
A class which applies oneself to this issue are the so called
pressure-correction schemes86.
Van Kahn87 developed a scheme based on the idea by
Goda88 in which first the divergence of the velocity is ap-
proximately removed by applying the pressure gradient
of the previous time step before enforcing the boundary
condition and thereafter projecting it to divergence free
space. This scheme will be denoted as the incremental
pressure-correction scheme. It has improved convergence
properties compared to the projection scheme by Chorin
& Temam and the errors in velocity and pressure are of
order ǫu ∼ O(∆t2) and ǫp ∼ O(∆t).86 The scheme can
be heuristically derived as follows for the simple explicit
Euler time stepping by expanding it by the pressure gra-
dient of the last time step ∇pn:

u
n+1 − ū

n+1 + ū
n+1 − u

n

∆t

= RHS(un, tn)−∇pn+1 +∇ (pn − pn)

(16)

and splitting this time step into

ū
n+1 − u

n

∆t
= RHS(un, tn)−∇pn (17)

u
n+1 − ū

n+1

∆t
= −∇qn, qn := pn+1 − pn (18)

The boundary condition is then enforced in between
those two steps. The auxiliary field qn can, like in the
Chorin & Temam method, be computed by taking the
divergence of equation (18) and utilizing the solenoidal-
ity of the final velocity u

n+1.
Although the incremental pressure-correction scheme is
an improvement over the Chorin & Temam projection
method it is only converging linearly in the pressure.
This is caused by a numerical boundary layer produced
by the scheme86. Timmermans et al.89 further im-
proved the method to reduce the error in the pressure
to ǫp ∼ O(∆t3/2) 90. The critical point can be seen if we
extract the diffusion term from RHSn. Since we treat
the diffusion term analytically the first step in the incre-
mental pressure-correction scheme (17) can be written
as

ū
n+1 − u

n

∆t
= RHS(un, tn) +

1

Re
∆ū

n+1 −∇pn (19)
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Notice that in this step the diffusion is carried out with
the auxiliary field ũ

n+1 instead of the actual velocity
u
n+1. This discrepancy can be rectified by extending

the time step before the splitting (16) by the undesired
diffusion term (1/Re ∆ū

n+1).

u
n+1 − ū

n+1 + ū
n+1 − u

n

∆t
= RHS(un, tn) +

1

Re
∆u

n+1

−∇pn+1 +∇ (pn − pn) +
1

Re
∆
(
ū
n+1 − ū

n+1
)

(20)

RHS denotes the r.h.s. of the Navier-Stokes equation
without the pressure gradient and the diffusion term. No-
tice that in this form the diffusion is executed with the
appropriate velocity u

n+1 and the step can be splitted as
follows

ū
n+1 − u

n

∆t
= RHS(un, tn) +

1

Re
∆ū

n+1 −∇pn (21)

u
n+1 − ū

n+1

∆t
= −∇(pn+1 − pn) +

1

Re
∆
(
u
n+1 − ū

n+1
)

(22)

Next we consider the vector identity ∆v = ∇(∇·v)−∇×
(∇×v), which represents a Helmholtz decomposition for
∆v. Since un+1 is generated from ũ

n+1 by the projection
to the divergence free space ∆u

n+1 and ∆ũ
n+1 only differ

by their divergence. So the second part in the vector
identity is equal for both quantities and the first part
vanishes for u

n+1 for it is divergence free. Therefore the
projection step (22) can also be written as

u
n+1 − ū

n+1

∆t
= ∇Φn, Φn := pn+1 − pn +

1

Re
∇ · ūn+1

(23)
The auxiliary field Φn can be obtained as before by tak-
ing the divergence of (23) and this method will be de-
noted as the rotational incremental pressure-correction
scheme. It overcomes the issue of the incremental
pressure-correction scheme and only produces an error at
the boundary in the tangential direction89. This scheme
is applied in the code SpecDyn.

IV. PARALLELIZATION & CODE PERFORMANCE

To obtain the necessary resolution in three dimensions
with feasible computing time a massive parallelization
of the code is mandatory to perform on modern super
computers.
The only global operation in our pseudo-spectral code is
the FFT. There exist several libraries to perform parallel
FFT s such as the P3DFFT 91, 2DECOMP&FFT92

and the PFFT 93, which all in general follow the same
procedure. The three dimensional discrete domain of
interest is divided among a Cartesian processor grid
either in one (slab decomposition) or two dimensions
(pencil decomposition). Thus in every case at least one

dimension is fully available on each process. Along this
direct a regular 1D FFT can be performed. To cover the
other directions, the processor grid is then transposed so
that another directions is fully available on each process.
This sequence of 1D FFT s and processor grid transposi-
tions is performed until all directions are transformed to
discrete Fourier space. For a 3D pencil decomposition
this makes three 1D FFT s and two processor grid
transpositions. Our simulations are carried out in the
reference frame of the cylinder but the experimental
data is obtained in the reference frame of the turntable.
Since the baffles make the cylindrical vessel no more
rotational symmetric it is necessary to rotate the velocity
field for the transformation to maintain the right angle
of the vessel in the turntable frame of reference. This is
especially required to generate time averaged fields. For
that purpose we use the method proposed by Larkin et
al.94 who utilize the Fourier shift theorem to perform
the rotation by three shear transforms. To apply this
method one has to be able to perform 1D FFT s in
arbitrary directions. This feature is, to the best of
the authors knowledge, not supported by the available
parallel C++/FORTRAN FFT libraries. Hence, we
implemented the parallel FFT in slab decomposition by
ourselves after the procedure proposed by Mortensen et
al.95.

23 25 27

# Nodes

100

101

ex
ec

ut
io

n 
tim

e 
[s

]

P3DFFT
DIYFFT
ideal

FIG. 5: DIYFFT vs. P3DFFT. Scaling of 100 real-to-
complex/complex-to-real FFTs with pencil decomposi-
tion on a grid of size 5123. The computation was per-
formed on the JUWELS CPU cluster with 48 CPUs per
node. The 1D FFT s were carried out by the FFTW li-
brary for both cases.

They realize the parallelization with the aid of the
Message Passing Interface (MPI)96 and deploy MPI data-
types and the MPI API-routine MPI_all2allw to provide
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an efficient and easy to implement parallel FFT. Our im-
plementation will be denoted as DIYFFT and we uti-
lize the widely used FFTW library97 to perform the 1D
FFT s. The scaling of our parallel FFT implementation
compared to the P3DFFT is shown in figure 5 and the
performance of the complete code SpecDyn is depicted
in figure 6. All computations carried out with the code
SpecDyn presented in this paper were performed on the
JUWELS CPU cluster module located at Forschungszen-
trum Jülich in Germany.98

23 25 27

# Nodes

100

101

sp
ee

d 
up

N= 5123

N= 10243

ideal

FIG. 6: Scaling of SpecDyn for 100 time steps on a grid
of size 5123 and 10243. The computation was performed
on the JUWELS CPU cluster with 48 CPUs per node.
The speed up is normalized to 3 nodes for N = 5123 and
to 12 nodes for N = 10243.

V. RESULTS AND DISCUSSION

In this section we present numerical experiments con-
cerning the DRESDYN dynamo experiment. The geo-
metrical setup is given in section II.
We investigate the influence of the baffles on the flow in
two different setups: First the spin-up is studied, i.e. the
abrupt increase of the angular velocity of the container.
Especially the time needed by the spin-up process is of
interest for the real world experiment. Next we extend
the setup so that the cylinder additionally rotates about
an axis perpendicular to the symmetry axis. This preces-
sion driven flow and its potential as a source for dynamo
action is the main object of interest in this paper.

A. Spin-Up

In this section we discuss the impact of baffles at the
end caps of a circular cylinder on the spin-up flow.

Consider a fluid contained in a cylinder, both rigidly
rotating about the symmetry axis of the cylinder with
angular velocity Ω. Then suddenly the velocity of the
vessel is increased by an amount ∆Ω. Spin-up refers to
the adjustment of the fluid flow to the new boundary
condition and its transition to a solid body rotation
identical to that of the cylinder.

0.0 0.2 0.4 0.6 0.8 1.0

radius r

0.0

0.2

0.4

0.6

0.8

1.0

U

✁

/
Ω
r

0.018

0.16
0.40

0.73

1.06

1.52

1.95

2.43

3.03

3.83

6.81

FIG. 7: Profile of the azimuthal velocity divided by the
solid body rotation in the meridional plane in the plain
cylinder geometry at Re = 6400. The numbers on the
lines denote the respective time measured in the unit of
the spin-up time tE .

The spin-up is a widely studied problem99–101.
A milestone in the theory was the paper by Greenspan
& Howard102 who developed a linear theory for small
Ekman Ek and Rossby number Ro flows between two
similarly rotating infinitely extended disks. Because
of the relation Ek = Re−1 due to the choice of the
characteristic scales, we will present our results in terms
of Re, whereas the general spin-up theory uses Ek as a
measure of scale. The process behind the linear spin-up
can be roughly sketched as follows: The higher angular
velocity at the disks forms a shear layer which after a
short time evolves into an Ekman boundary layer due to
viscous effects. In this layer the fluid is pushed radially
outwards and has to be compensated for the sake of
incompressibility by fluid flowing from the inner region
to the Ekman layer. The same argument of mass-flux
conservation leads to the formation of a circular motion
between the disks and the bulk transporting fluid from
the practically inviscid inner region into the Ekman
layer, where its angular velocity is increased.103 This
process is also known as Ekman pumping. The time
scale for the spin-up was proposed by Greenspan &
Howard to tE = Ek−1/2Ω−1, which is much shorter than
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the spin-up solely due to diffusion of the boundary layer
(∼ Ek−1).102

0 1 2 3 4 5
t / tE

0.0

0.2

0.4

0.6

0.8

1.0
co

nf
or

m
an

ce
 C

d= 2.0d0
d= 1.0d0
d= 0.5d0
d= 0.0d0

FIG. 8: Conformance C of the azimuthal velocity with
the solid body rotation at Re = 6400 for different baffle
depths d. The dashed lines mark the values of 0.95 and
1.

If the fluid is enclosed in a cylindrical vessel, the
no-slip boundary condition forces Stewartson layers to
form at the cylinder mantle. Although they are not of
relevance for the linear spin-up99, they are essential to
the non-linear model developed by Wedemeyer104 for
Ro = 1. This model was later modified by Venezian105

to treat Rossby numbers in the range of 0 < Ro ≤ 1.
The new feature introduced in the case of non-linear
spin-up is the Stewartson layer propagating into the
fluid towards the symmetry axis. This shear layer
divides the flow into two regions. The flow between
that shear layer and the cylinder mantle is spun-up
whereas the angular velocity in the inner region is
unaffected. This mechanism takes a few spin-up times
to fully spin-up the fluid.99 In this paper we invest the
non-linear spin-up from rest (Ro = 1). The theoretical
predicted mechanism is also observed in our numerical
investigations as depicted in figure 7
To study the impact of the baffles on the spin-up we
consider the azimuthal velocity Uφ divided by the solid
body rotation Ω r on a line in the equatorial plane of
the cylinder reaching from the center radially outward
to the wall. To quantify the adaption of the flow to the
solid body rotation we integrate over this line, obtaining

C(t) =
∫ 1

0
Uφ(t) /Ωr dr as a measure of the conformance

of the flow. The temporal development of the flow is
depicted in figure 8 for Re = 6400 and different baffle
depths.

FIG. 9: Number of rotations to reach 95% of the solid
body rotation for different Reynolds numbers and blade
depths.

Since the spin-up is adopted asymptotically we con-
sidered the time t95 when the confirmation C reaches a
value of 95%. t95 was measured for different Reynolds
numbers Re and four different blade depth d. The result
of this examination is presented in figure 9.
First of all it is to notice that the theoretical predicted
scale of the spin-up time proportional to Ek−1/2 for the
plain cylinder geometry is not strictly presented by our
results. This lies in the fact that the condition of low dif-
fusion relative to the Coriolis force (Ek ≪ 1 or Re ≫ 1
for our setup) is not given for the presented range of
Re values. Whereas in the case of dominant diffusion
(Re ≈ 1), the spin-up time is given as the diffusion time
Re. The presented results are based on Re values lying
in between those two assumptions.
Further the immersion of the baffles drastically reduces
the spin-up time, although the baffles produce addi-
tional oscillations. These are, however, almost com-
pletely damped as t95 is reached. The influence of the
baffles extended to half the maximum penetration depths
d0 is only small. However, the extension to full or double
the maximum penetration depths has a perceptible influ-
ence on the spin-up time. As for Re = 6400 it reduces
t95 to nearly 75% for baffle length d0 and to even nearly
50% for baffles lengths of 2 d0. As the Reynolds number
increases, the influence of the baffles becomes more dom-
inant. This trend could lead to an even greater reduction
of the spin-up time in the real world experiment by fully
extended baffles, since in it values of Re will be reach-
able orders of magnitude greater than those which were
feasible to treat by our simulations.
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B. Precession Driven Flow

FIG. 10: Kinetic energy development over time with
plain cylinder geometry for Po = 0.1 and Re = 6500.
Shown are the total kinetic energy Etot as well as
the components in the cylindrical coordinate directions
(Er, Eφ, Ez). The solid lines refer to results from Spec-

Dyn whereas the dotted lines belong to simulations pro-
duced by SEMTEX.

In this section we present results concerning precession
driven flows in a circular cylinder and the impact of
baffles at the end caps on the flow. The parameters
to be varied to influence the flow are particular the
Reynolds number Re, the Poincaré number Po and
the overall geometry of the vessel. The aspect ratio of
the cylindrical container in the real world experiment
is fixed to Γ = H/R = 2 (height equals diameter),
which is close to Γ = 1.98982, the first resonance of the
primary response to precesional forcing106. A variation
of the geometry only arises from different length of the
baffles at the end caps reaching into the fluid. Here we
restricted the baffle lengths to 0.5, 1, 1.5 and 2 times
the maximum penetration lengths d0 concerning the
DRESDYN experiment.
In precession experiments with plain cylindrical vessels
the fluid traverses laminar, non-linear and turbulent
behavior with increasing forcing in terms of Po. The
critical thresholds for these transitions depend on the
Reynolds number Re in a nontrivial manner although
experiments suggest that for sufficiently large Re an
asymptotic behavior occurs27.
As the focus of this study lies on flows suitable for
the onset of dynamo action, the laminar phase is of
minor interest. Therefore a sufficiently high Re has
to be chosen. At the same time the thickness of the
boundary layer, that has to be resolved in the numerical
simulations, decreases with the Reynolds number as

∼ Re−1/243. As a compromise we choose a Reynolds
number of Re = 6500 for all of the simulations presented
in the remainder of this paper. At this value the laminar
regime is already overcome and the boundary layer is
resolved with 2 grid nodes for the chosen resolution of
N = 256 in each coordinate direction.

0.05 0.10 0.15 0.20
Po

0.00 0.00

0.05 0.05
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er
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FIG. 11: Total energy as a fraction of the energy of a
solid body rotation partitioned into axisymmetric and
non-axisymmetric energy as a function of the Poincaré
number Po. The solid lines present the results produced
by SpecDyn and the dashed lines refer to those computed
by SEMTEX.

1. Validation of SpecDyn

Our results obtained with SpecDyn are in good
agreement with the results obtained previously with
the code SEMTEX as presented e.g. in Pizzi et al.43.
SEMTEX is a spectral element code which was already
successfully applied to study precession driven flows. As
a result of its numerical procedures it is solely capable
to treat plain cylindrical vessels so that we restrict the
comparison to a setup without baffles. We initialize the
fluid with zero velocity in the reference frame of the
cylinder mantle, i.e. with two superimposed solid body
rotations of ratio Po in the laboratory frame.
After an initial growth phase the energy goes into
saturation. Figure 10 depicts this process for a Poincaré
number of Po = 0.1 and compares our results with those
produced with SEMTEX The energy components as
well as the strength and frequency of the fluctuations
take on comparable values.
We now consider the time-averaged energy partitioned
into its axialsymmetric and non-axisymmetric fraction.
The energy dependence on Po is depicted in Fig.

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
1
0
1
5
3



Accepted to Phys. Fluids 10.1063/5.0110153

12

11 for the plain cylinder and again compared to the
computations produced by SEMTEX. In the region just
below Po ≈ 0.1 we observe a change from a linear trend
to a rapid drop in the axialsymmetric energy as well
as a maximum in the non-axisymmetric energy. In this
region it is known from previous studies27,43 that the
forced mode breaks down and feeds an intermediate
double roll structure as well as higher modes. For
even higher Poincaré numbers the energy components
again take on a nearly linear dependence on Po. The
energy components produced by both codes are in good
agreement although the non-axisymmetric energies differ
by a small offset.

FIG. 12: Time averaged axial velocity Vz along the axial
line which passes through the maximum (solid line)/ min-
imum (dashed line) of the axial velocity in the centered
equatorial plane. The frame of reference is is that of the
turntable and the velocity is compared to that produced
by SEMTEX.

A more detailed comparison of the structure of the ax-
ial flow component is given in figure 12. Here the axial
velocity is plotted over two lines along the axial direc-
tion. The position of the lines is chosen so that they
pass through the point of maximum/minimum axial ve-
locity respectively in the equatorial plane centered in the
cylinder. The dominating feature to observe here is the
forced mode produced by the precession. Again we com-
pare our results with those produced both the code. The
overall behavior of both plots is in good agreement al-
though the result produced by SpecDyn exhibits mostly
slightly smaller values and the velocity profile features
little more asymmetry.

2. Impact of baffles

FIG. 13: Streamlines in meridional plane. Baffle length
= 1×d0, time = 283×2π, ǫ = 0.1. The azimuthal velocity
Vφ is color coded whereas the the streamlines relate to
the velocity projected to the meridional plane. The green
lines indicate the solid boundary.

In the following we discuss and analyze the results
obtained when adding baffles with various height. For
these results only data from simulations with SpecDyn

are used. We consider the time averaged velocity field in
the frame of reference of the turntable over the interval
of 153 to 183 rotations around the axis of symmetry. In
that time regime we can be sure that the fluid flow is al-
ready saturated. The main qualitative result from these
simulations is that adding baffles does not dramatically
change the general behavior of the flow.
The most dominant mode occurring is the forced mode,
a non-axisymmetric mode forced by the precession (∼
cos(φ)). This mode enforces a recirculation of the fluid
as a results of the permanent change of the rotation axis.
This mode can be seen in figure 13. The figure also de-
picts the flow around the edges of the baffles and the
forming of eddies in the edges of the cylinder. Addi-
tionally we observe a negative solid body rotation, the
so called “geostrophic mode”, which results in a nearly
standing fluid in the laboratory frame but is only of rel-
evant magnitude for sufficiently high Po values.
Furthermore, the axisymmetric double roll structure,
which is considered to be the most important flow contri-
bution in the context of potential dynamo action26 can
also be identified. This mode only appears is a narrow
range roughly about Po = 0.1. In figure 14 we present an
isosurface of the time averaged axial velocity field in the
mantle frame of reference. The time averaging mostly
cancels out the non-axisymmetric flow and only close to
the end caps in the vicinity of the baffles some struc-
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tures remain. In the bulk, however, the time averaged
axial flow is dominated by the double roll structure. The
observed flow structure and especially the occurrence of
the double roll structure at a certain range of Po values
is consistent with previous studies on precession driven
flows in a plain cylinder26,107.

FIG. 14: Time averaged axial velocity Vz in the mantle
frame of the cylinder. Contours at Vz = +1.5 × 10−3

(red) and Vz = −1.5 × 10−3 (blue). This corresponds
to about 7% of the maximum axial velocity. The baf-
fles are extended to maximum blade depth d0 and the
Poincaré number is Po = 0.1. The time averaged flow is
dominated by the double roll structure.

In the following we analyze the quantitative impact
of the baffles in dependence on Po and the immersion
depth d of the baffles for d = 0, 0.5, 1, 1.5, 2 d0.
In figure 15 the non-axialsymmetric part of the total
energy is shown for different baffle depths. Although
for baffle length d = 0.5d0 only a minor change is
noticeable the deeper immersed baffles show a clear shift
in the critical Poincaré number PocE . This behavior is
congruent with the suggestions made by Leorat30as the
baffles at the end caps indeed shift the transition to
higher Poincaré numbers. Also the maximum value and
especially the non-axialsymmetric energy for Po > PocE
are raised by the baffles of greater penetration depth.
As a measure for PocE we chose the Po just before the
non-axialsymmetric energy drops as indicated by a black
marker in the figure.

FIG. 15: The non-axialsymmetric energy as a function
of Po in the vicinity of the critical Poincaré number PocE
for different baffle lengths d.

FIG. 16: The root-mean square velocity URMS as a func-
tion of Po in the vicinity of the critical Poincaré number
PocU for different baffle lengths d..

Besides the maximum of the non-axialsymmetric
energy a weakly pronounced bump is present in the
region between Po = 0.1 and 0.12, which resembles
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the ’plateau-like’ behavior in previous studies without
baffles.
As another characteristic quantity we consider
the total root-mean-squared velocity Urms =
[∫ (

U2 − U
2
)

dV/V
]1/2

which is connected to the

turbulent kinetic energy as T = 1/2U2
rms. The bar indi-

cates the time average and V is the total fluid volume.
Urms as a function of Po is shown in figure 16. Here also
a maximum for all baffle depths is present which again
is shifted to higher values of Po for deeper baffles. This
maximum in the turbulent energy correlates with the
bump observed in the non-axialsymmetric energies. For
Urms we define a second critical Poincaré number PocU
as the first value after the sharp transition to the peak
again marked black in the respective figure. Between
PocE and PocU Urms shows a nearly linear behavior
with comparable values for each baffle length. After the
maximum the values of Urms differ strongly, with deeper
baffles producing higher turbulence. Further at PocE the
curves of Urms show an inflection point.
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FIG. 17: Axial velocity along a line in axial direction
at r = 0.5 for the cylinder with fully extended baffles
(d = d0).

To illustrate the development of the double roll
structure we introduce a third critical Poincaré number
Pocz, which is defined by the abrupt change of the
structure of the axial velocity taken over a line in the
axial direction with (r, φ) = (0.5, 0). The structure is
depicted for the cylinder with baffles extended to the
maximum immersion depth d0 in figure 17. The profile
looks nearly sinusoidal and grows with rising Po and at
some critical point declines again.
As a quantitative measure for the strength of the
double roll we chose the maximum/minimum value of

that velocity profile V
min/max
line . Its dependence on the

Poincaré number is shown in figure 18 for the plain
cylinder and baffles extended to 2d0.
For both setups shown in the figure as well as for baffle
depths of d = 1/2d0 and d = 1 d0 a clear maximum

minimum of v
min/max
line is observed. The critical Poincaré

number regarding the double roll structure PocDR is
taken as the mean value of the Poincaré numbers at
which the minimum and the maximum value appear
respectively. For the plain cylinder the Poincaré num-
ber of the extremum coincides with previous studies,
whereas higher baffle lengths shift the extremum further
to higher values of Po. Contrary to what the increase of
the maximum energy of the directly forced flow with the
addition of the baffles suggests (see fig. 15), the strength
of the double roll structure remains nearly unaffected by
the baffles. However, for Po > PocDR the amplitude of
the double roll structure is drastically increased by the
baffles. For small values of Po the baffles do not have an
significant impact on the double roll strength.

FIG. 18: The maximum (solid) / minimum (dashed) of
the axial velocity over a line in axial direction at r = 0.5
for the plain cylinder and baffles extended to twice the
maximum immersion depths d0.

The results for the various critical Poinacaré num-
bers in dependence of the penetration depth of the baf-
fles are summarized in figure 19 with an accuracy of
∆Po = 0.00125.
Although the three different critical Poincaré numbers
differ for each baffle length, they undergo a nearly similar
trend as the baffle length is increased. The immersion of
half extended blades just has a slight impact on all three
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quantities but as the immersion depth increases all criti-
cal Poincaré numbers shift linearly with the baffle length.
Fitting linear curves results in the following dependen-
cies: PocE ∝ 8.3× 10−3 d0, PocDR ∝ 8.30× 10−3 d0 and
PocU ∝ 1× 10−2 d0, valid for blade lengths between 0.5 d0
and 2 d0.

FIG. 19: Critical Poincaré numbers as defined above as
functions of the Poincaré number (markers connected by
dashed lines). The values for each critical Poincaré num-
ber are fitted by a linear curve for baffle lengths ≥ 0.5 d0
(solid lines).

3. Symmetry Properties

Besides the shift of the critical Poincaré numbers a
symmetrization of the flow is induced by the baffles. This
is illustrated exemplarily by means of the time and az-
imuthal averaged velocity field in the turntable frame (see
fig. 20).
As the time averaging procedure in the frame of the
turntable averages out the forced mode, we obtain the
double roll structure as the dominant mode. The baffles
enforce the flow to a more symmetric form, thus sup-
pressing higher modes with odd axial wave numbers. To
quantify the symmetrization we consider the antisym-
metric energy with respect to the cylinder center defined

as Ea =
1

2V

∫
uadV with ua = 1

2
(u(r) + u(−r)). u de-

notes the time averaged velocity field in the turntable
frame.
As is evident from figure 21, Ea decreases rapidly with
increasing baffle length and for d = d0 the flow is already
near completely symmetric. Also a slight shift of the peak
of Ea to higher Po values can be observed. That shift
reflects well the trend discussed above for other charac-

teristic flow quantities. However, the decline of the peak
with increasing baffle length is too dominant as that this
shift has any practical relevance.
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FIG. 20: Azimuthal averaged velocity field in the
turntable frame. The azimuthal velocity is color coded
whereas the meridional velocity is visualized by the ar-
rows. The field is shown for two different baffle length:
(a) d = 0, (b) d = d0. Note the increased symmetry for
the case of immersed baffles.
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FIG. 21: Antisymmetric energy Ea scaled by the total
kinetic energy Etot for different penetration depths of the
baffles.

VI. CONCLUSION

In this paper we present the newly developed pseudo-
spectral code SpecDyn based on a direct forcing Im-
mersed Boundary Method that allows simulations of hy-
drodynamic flows in arbitrary vessel geometries. We de-
ployed the code to study the flow in a cylinder impacted
by a particular set-up of four baffles mounted symmet-
rically on the inner side of each end cap. This design
corresponds to the geometry of the planned precession
dynamo experiment at HZDR where a fluid flow of liq-
uid sodium contained in a precessing cylinder will be used
to excite and sustain a magnetohydrodynamic dynamo.
In that experiment such a configuration of baffles may
be used in order to have another possibility to adjust the
fluid flow. Although, the construction of the experiment
is already too far advanced for the results to force any
changes to the design, the results are beneficial for the
planning of experimental campaigns and the very control
of the experiment. Furthermore, the simulations with
baffles confirm previous, more hand-waving assumptions
about the transition of flow regimes in the planned pre-
cession dynamo experiment.

To prove the reliability and robustness of the code, we
started with a simple model of the spin-up in the cylin-
der. The behavior of the spin-up time is in agreement
with the scaling as expected from theoretical considera-
tions (see e.g.103) and shows a plausible acceleration of
the spin-up when inserting baffles into the fluid flow. We
found the spin-up time to decrease with increasing baf-
fle length, especially for larger Re, with the Reynolds
number ranging up to Re = 6400 in the numerical ex-

periments. Similar behavior was found in experiments of
Burmann & Noir108 who used bumps at the bottom of a
spinning cylinder to increase the viscous coupling at the
boundary. However, since the configuration examined in
this study is a unique for the precession dynamo experi-
ment planned at HZDR a direct comparison of outcome
is not possible.

When considering the impact of baffles on the preces-
sion driven flow we find a remarkable small impact on the
the main characteristic features of the flow, i.e. the am-
plitude of the forced mode as well as the emergence of the
double roll structure, which anticipates the transition to
the turbulent regime, behave in a similar way. To quan-
tify the impact of the baffles we considered three charac-
teristic values of the Poincaré number Po that mark the
transition of the flow. Specifically, these are the abrupt
drop of the non-axisymmetric energy, the maximum of
the amplitude of the double roll structure, and the maxi-
mum of the root-mean-square velocity Urms as a measure
for the turbulent kinetic energy. We observe an increase
of the strength of the considered quantities, which can be
explained by the increase of the flow forcing due to the
baffles. Furthermore, and as expected, by increasing the
penetration depth of the baffles, the flow transitions are
shifted to larger Poincaré numbers.

In the present study we focus on the large scale struc-
ture of the flow and mostly on time-averaged quantities,
because it is supposed that these features are most im-
portant for the dynamo. However, we also included sta-
tistical features of turbulence, like the root mean square
velocity, which shows that the presence of baffles indeed
increases the level of fluctuations. Nevertheless, within
the parameters examined in our study the large scale fea-
tures of the flow are only slightly altered so that we may
conclude that the presence of blades does not trigger any
novel instability or transition of the flow. An important
result, and so not necessarily predictable, is the fact that
above the critical Poincaré numbers characteristic quan-
tities, like flow amplitudes or turbulence intensity (U2

rms),
remain on a higher level when comparing with the case
without baffles. Thus, with the help of the baffles it is
possible to inject a larger amount of kinetic energy into
the flow, even if the overall effect remains small, which is
not surprising given the rather small penetration depth
of the baffles.

Regarding the influence of the baffles on the ability
of the flow to drive a dynamo, the results remain am-
biguous. On the one hand, baffles give a higher flow
energy in the large scale flow modes, which should be
beneficial for a dynamo. On the other hand, an increased
contribution of disordered small-scale turbulence usually
hampers the dynamo process due to the increased effec-
tive magnetic diffusivity. Based on the results of simula-
tions of precession-driven dynamos in spherical geometry
Tilgner13 suggested, that symmetry breaking of the flow
is necessary to obtain a dynamo at all . Our simula-
tions, however, reveal a clear symmetrization of the flow
field due to the presence of the baffles, which is equiv-
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alent to the suppression of flow components with odd
axial wavenumber. Thus when transferring the results
of Tilgner13 to our case, it may be that the presence of
baffles is counter-effective for the dynamo. How robust
this effect is, and whether the opposite, i.e. an advantage
due to symmetrization because of a more distinct shape
and a larger amplitude of the double-roll structure, will
only become clear in future models that take into account
magnetic fields by means of the induction equation in the
next expansion stage of the SpecDyn code.
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