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ABSTRACT

Energy consumption is a key issue in paper making due to its high
costs and for ecological reasons. In this paper, we focus on the simu-
lation of the drying section, with a special emphasis on the heat
transfer inside a steam-heated drying cylinder, accounting for the
sloshing of condensate water inside the cylinder. It is known that the
condensate creates a barrier reducing the efficiency of heat transfer
through the cylinder surface, a shortcoming that can be overcome by
the addition of turbulator bars that increase the convective heat
transfer through the water layer. In this study, we simulate the fluid
flow and heat transfer in the drying roll for both the water and steam
phase, but for simplicity, neglect the phase change. The Particle Finite
Element Method with a fixed mesh (PFEM-2) is used to compute the
numerical solution. Our aim is to show the capability of this method
for solving complex sloshing phenomena with adequate qualitative
accuracy and computational efficiency.
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1 INTRODUCTION

As is well known, the traditional way of drying paper during its production
process is to use heated cylinders. It is a convenient, reliable and economical
process, because in the production of pulp, parts of the raw material have been
extracted and can be burnt as a source of energy. In the process, hot steam under
pressure is conducted to the inside of each drying cylinder. The main idea is that
the phase change of steam into liquid water releases heat to the inner surface of
the cylinder, increasing its temperature. This heat is then transferred to the wet
paper by conduction through the cylinder, thereby drying the product in contact
with the outer surface.

However, there are practical issues associated with this approach, one of which
this study concentrates on. Condensed water accumulates inside the cylinder, and
the viscous forces inside the liquid phase during the rolling cause the water to rise
around the rim of the cylinder; see the schematic in Figure 2.1. At high rotational
speeds, the water develops a heat-insulating barrier layer around the inner rim of
the cylinder in a phenomenon known as rimming, making the heat transfer process
inefficient. To reduce this layer, turbulator bars are installed along the inner rim
of the cylinder, helping to increase the mixing and sloshing of the fluid, thus
improving the heat transfer by introducing convection in the condensate layer.

With turbulator bars installed, most of the water becomes restricted in conden-
sate pools, the size of which can be adjusted by choosing the distance between
adjacent bars when the cylinder is designed. Moreover, one can choose this
distance so that the wave’s eigenfrequency inside the pool is equal to the rota-
tional frequency of the cylinder. In that case, wave energy increases rapidly,
making the sloshing more turbulent. The mixing of water increases, therefore
improving the efficiency of heat transfer due to the increase in convection through
the thickness of the water layer.

Previously, studies into the sloshing dynamics and the heat transfer rate of the
condensate layer have been made using various methods, for example, in [1, 2, 3,
4,5,6,7,8,9].In[6, 7], the case of a cylinder with a scraper has been studied both
experimentally and analytically. The installation of turbulator bars inside the
cylinder dramatically improves the heat transfer rate from the steam to the shell of
the cylinder, and provides a more uniform heat profile on the cylinder shell [10].
However, the situation becomes difficult to analyze without experimentation, due
to the complicated motion of the water sloshing between the bars. Numerous
studies have been made in the more general case of water sloshing inside a container
concerning its dynamics, see e.g. [11, 12, 13, 14]. The points of interest are usually
the shape of the free surface, and the mechanical load experienced by the walls.

Beside [6, 7], and a study into the effect of oscillation on the heat transfer rate
of liquid [15], little progress has been reported in deriving accurate heat transfer
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rates in analytical and/or numerical studies applicable to the case at hand. In [16],
heat transfer with rotating bars has been studied, but only in the outside region.

The aim of the present study is to evaluate the usability of a second-generation
Particle Finite Element Method (PFEM) on this kind of problems, and to gain a
first insight about the transient behavior of the system. PFEM is extension of
traditional Lagrangian FEM (finite element method), but with more flexibility to
handle free-boundary problems and discontinuities between multi-phase flows,
both of which may be crucial in later stages of this study.

Fluid flows are commonly considered in an Eulerian setting, i.e. the physical
quantities such as the flow velocity and pressure are mathematically considered as
properties of points in the laboratory coordinate system. However, Lagrangian
formulations, traditionally used in solid mechanics, offer a better choice for
simulations where deformations cannot be neglected, such as in multi-phase
problems [17].

Lagrangian formulations provide the great advantage that each particle or node
has its own properties and advects (transports) them through the domain, therefore
reducing or almost eliminating numerical diffusion [17]. PFEM consists of
using a set of particles that define the nodes of a FEM mesh. Since fluids have no
deformation limit, remeshing must be done at each time step, creating new
connectivities and possibly new nodes. Otherwise the elements can become too
distorted or even inverted [17]. As an example, in [18] PFEM was used to simulate
several interacting fluids with temperature coupling for the analysis of magmatic
chambers. Thermally coupled PFEM has been employed also for the simulation
of industrial applications; see e.g. [19, 20]. An advantage of PFEM is that
since there is no need to define a function to track the interface, the number of
phases is unlimited without any modifications; each particle simply carries the
properties of the associated material. For example, it is possible to analyze
the wave generation caused by a landslide in dams [21], using as many phases
as needed.

Algorithms combining both Eulerian and Lagrangian approaches have proved to
be a good alternative to pure methods. A recent enhancement of the PIC (particle-
in-cell) method is the so called Particle Finite Element Method second generation
(PFEM-2) with fixed mesh [22]. This method consists of using a fixed FEM mesh,
and particles that are used to estimate the solution, by integrating along the stream-
lines defined by the fixed mesh. The corrections needed are minimal and the accu-
racy of the solver is excellent for a given mesh size. Moreover, since streamlines
are followed in a Lagrangian fashion, there is no limitation on the time step. The
length of the time step is only limited by the required precision.

In this work, we investigate the sloshing phenomenon from a fundamental
academic perspective, focusing on a two-dimensional model. We restrict our
study to the movement and sloshing of the condensate and to the heat transfer. We
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do not consider the renewal of the steam, the phase change between steam and
water, or the heat transfer through the cylinder into the paper web. Results for
different initial configurations will be analyzed.

The model employs the PFEM-2 particles to store and convect all the properties,
both thermal and mechanical (fluid). For the temperature problem, the heat transfer
equation is split into two unknowns, namely the water and steam temperature.
This splitting allows to have better control on the details of the model (see section 4.1),
and reduces the error in a problem that is particularly challenging due to the
moving phase interface and the high density difference between the liquid water and
the steam.

The fluid flow problem is solved using an enhanced implementation of the
PFEM-2 fluid solver. In this work, we solve the flow equations using a fictitious
force approach based on a non-inertial frame co-rotating with the cylinder.

2 PROBLEM SETUP

In a classical cylinder-based dryer section of a paper machine, hot pressurized
steam is led into horizontally rotating cylinders. The steam heats the inner surface
of each cylinder. The heat transfers by conduction through the cylinder shell, and
the outer surface of the cylinder heats the paper web travelling on the outside, in
order to help remove moisture. The cooling steam forms condensate (liquid
water), which, as the cylinder rotates, is driven by friction and centrifugal forces
to form a layer on the inner surface of the cylinder, greatly reducing the heat
transfer rate between the steam and the metal shell.

To improve the heat transfer, turbulator bars have been installed onto the inner
surface of the cylinder. The bars are high enough so that the water does not freely
flow over them, breaking the layer of condensate into smaller pools separated by
the bars. As the cylinder rotates, the periodic change in the relative direction of
gravity causes the water to slosh inside the pools. The spacing of the bars is chosen
such that the sloshing occurs near the natural sloshing frequency regardless of the
running speed of the cylinder. This resonance causes the sloshing to be violent,
leading to chaotic behavior and turbulence. The resultant efficient mixing of water
improves the heat transfer rate.

The aim of this research is to develop a simplified numerical model that simu-
lates the transfer of heat inside a drying cylinder. Specifically, we investigate the
transfer rate from the steam to the inner shell of the cylinder. To achieve this, the
sloshing behavior of the condensate must be captured.

In the present study, it is assumed that steam is not renewed, and therefore it
will cool down as the simulation advances in time. The level of condensate is
assumed to be constant; in an actual cylinder, condensate is removed by a siphon
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and new condensate is continuously formed. For simplicity, both of these effects
are neglected here.

Let us consider the problem in detail. As heat is released from the steam inside
the cylinder, the steam will cool down, and begin condensing on the inner surface,
releasing the latent heat involved in the phase change, thus contributing to the heat
transfer. However, as was already mentioned, the condensate water forms a layer
on the inner shell of cylinder. Water is a poor conductor of heat, and an unbroken
layer of water decreases the heat transfer rate between the steam and the cylinder
shell significantly.

Consider a simple drying cylinder without turbulator bars. As the cylinder
starts up from rest, the water condensing from the steam initially forms a puddle
at the bottom, as shown in Figure 2.1. This is called the ponding phase. As the
cylinder begins to rotate, friction drives water to follow the rising inner wall of the
cylinder, with some of the water completing the rotation and some falling back
down again. This is known as the cascading phase. It is characterized by violent
and unpredictable behaviour of the water. As the rotational speed increases, even-
tually all the water completes the rotation. The water now completely covers the
inside of the cylinder. In this rimming phase (also shown in Figure 2.2), the
surface of the water is relatively undisturbed. In the study [23], these different
phases and the timing of their appearance has been analyzed with several different
condensate layer thicknesses, via a signal collected from the power source of
rotating machinery.

In the ponding phase, the upper parts of the cylinder are mostly uncovered by
condensate, resulting in a good heat transfer rate. In the cascading phase, the heat
transfer is also improved by the turbulent behavior of the water. In the rimming
phase, the surface of the water does not break, and the flow becomes laminar.
Initially there is a gravity-driven sloshing motion associated with the water losing
kinetic energy while climbing the wall, and gaining it while descending. This is
prominent right as the phase shifts from cascading to rimming (at a speed known
as the rimming speed). As the rotational speed of the cylinder increases, the flow
becomes more and more dominated by centrifugal forces, and the depth of the
water layer varies very little over a full rotation. The result is a flow in which the
velocity component normal to the surface is very small, and thus forced convec-
tion from the free surface to the bottom practically vanishes. The heat transfer is
now dominated by heat conduction.

Unfortunately, given the typical axial speed of a paper machine and the radius
of a drying cylinder, steady operation occurs at a rotational speed that is above the
rimming speed. Thus engineering solutions to significantly increase the heat
transfer rate in rimming conditions are needed in practice.

A typical solution is to install bars onto the inner surface of the cylinder shell,
their primary purpose being that they break up the water surface, and force the
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motion of the water to become turbulent. The bars form open containers, which
confine the water into separate small pools, rather than allowing it to flow freely
around the perimeter of the cylinder. The periodic change in the direction of
gravity that the water inside each container experiences causes the water to slosh
between the bars, running up against one side as the container is rising, and up
against the other side as it is descending.

Intuitively, as violent a sloshing as possible is desired, due to the increased
turbulence it entails. Thus one wishes to set the bars at such a distance from each
other that the sloshing occurs as close to the natural frequency of the container as
possible. It turns out that the desired spacing is possible regardless of the opera-
tional speed of the cylinder, as the optimal distance only depends on the cylinder
radius R and the depth ¢ of the (undisturbed) condensate.

Let us assume that in each pool, the situation can be simplified to that of a
partially filled rectangular container. This assumption is justified if the bar spacing
s is much less than the cylinder circumference 2zR. Then the natural angular
frequency of the sloshing is

= ,/gk tanh (k6), 2.1

where g is the gravitational acceleration (SI unit [m/s?]), k is the wavenumber (in
radians per meter, i.e., [1/m]), and 6 [m] is the depth of the undisturbed
condensate.

The wavenumber of is a function of the pool length, width, and mode of oscilla-
tion. In the first oscillatory mode, the wavelength of the antisymmetric wave is twice
the length of the container; then k = /s (where the unit of s is [m]), see e.g. [11].

In practice, the difficulty lies in achieving the condensate depth J for a given
installation. The depth depends not only on the condensing load, but also on
the installation itself, namely the number of bars and their geometry. For details,
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Figure 2.1. Condensate behavior at different rolling speeds.
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Figure 2.2. Condensate film inside of rolling dryer cylinder without turbulator bars.

3 GOVERNING EQUATIONS

3.1 Fluid flow

We have developed a strategy for the analysis of flows inside a rotating cylinder
by solving the Navier — Stokes equations formulated with respect to a non-inertial
reference frame (see section 4.3). The governing equations contain additional
force terms respect to the standard Navier—Stokes equations, but the boundary
conditions at rigid walls remain as simple no-slip conditions. A viscous fluid must
move with the solid boundary, and hence the relative velocity of the fluid with
respect to the contained must vanish at the container walls [9].

The equations of motion of an incompressible Newtonian liquid inside a
rotating cylinder are (see e.g. [24])

V-u=0 in Q, (3.1)
ou 1
—+=V(@uu)+(Vxu)xu+2Qxu
ar 2
+Qx(9xr)+aa—gxr=—le—EVx(qu)+F in Q, 3.2)
z p p

where Q is the angular velocity of the rotating frame (with direction given by the
right-hand rule), and all other quantities are given with respect to the rotating
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frame. Here u is the fluid particle velocity [m/s], r the position [m], p the
fluid density [kg/m®], x4 the dynamic viscosity [kg/(ms)], and F the body force
vector [N].

It is possible to characterize the situation inside of the cylinder using the dimen-
sionless similarity number K and the Reynolds number Re,

2 2
P S
g 1%

(3.3)

where Re characterizes the viscosity, and K the ratio of gravitational to rotational
effects. Here R [m] is the radius of the cylinder, and v = u/p ([m?/s]) denotes the
kinematic viscosity of the liquid, where u is the dynamic viscosity as above.

Experimental tests of fluid behaviour in drying cylinders can be found in [25].
The qualitative behavior of the simulations can be compared to these results. In
practical applications, the interest is mainly on the high values of the K, because
it dominates the process time.

From a purely mechanical point of view, the liquid water dominates over the
steam due to its much higher density. In fact, in many applications with high density
ratios such as this one, the gaseous phase can often be completely neglected without
sacrificing accuracy. However, it must be noted that one of the main goals of this
simulation is to evaluate the heat transfer between the hot steam and the condensate
layer. With this in mind, in this work the liquid and gas phases will be simulated
simultaneously, using a two-phase fluid solver. This allows to capture correctly the
movement of both phases, and therefore the heat transferred by convection.

Finally, in order to correctly model the problem, the density variation due to
temperature changes must be taken into account. A variable density is particularly
important in the steam phase, since it has a direct effect in the convection due to
buoyancy. Given the relatively small range of temperatures analyzed, and for the
sake of simplicity, in this work two assumptions will be made:

» The gaseous phase will be modelled as superheated dry steam. This allows to
use the ideal gas law to obtain the steam properties, without the need of tables
or further variables such as saturation.

* The steam will be modelled using the Boussinesq approximation; the volume
will be considered constant, but the density will be computed using the ideal
gas model.

Under these assumptions, both the liquid and gas phases will be modeled as
incompressible fluids, but with variable density. This allows to capture the
convection produced by the combination of the variable density and the move-
ment of the drying cylinder.
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3.2 Thermal convection and conduction

It is known that the increase of the thickness of the condensate rim inside the
cylinder adversely affects heat transfer to the cylinder shell, reducing efficiency.
In [26], experimental results of various water loads in a single 60-in diameter
dryer are reported, at speeds up to 610 m/min. In [27], and later in [28], experi-
mental evaluations of condensate effects have been made at speeds up to 1220
m/min, also including the effect of the turbulator bars added to improve the
heat transfer during operation. Based on the findings from these studies, it is clear
that the removal of the condensate is a critical part of the operation, affecting
both the torque drive requirements during startup, and the heat transfer during
operation. [25]

In the simulations, we have used the linear advection—diffusion equation to
model the thermal convection and conduction:

cpp%zv' (DVT)—CPPV-(“T) nQ, (3.4)

where T is the temperature [K], D the thermal diffusivity [m?s], ¢, [J/(kg K)] the
specific heat at constant pressure, and p the density [kg/m®]. The specific heat and
diffusion coefficients for both phases are considered constant due to the small
temperature variations. On the other hand, the densities computed for the solution
of the fluid problem are used in this step.

It must be noted that our model does not currently allow for phase change. This
means that in order to stay in the range of validity of the simulation, the tempera-
ture of the steam must always be above the boiling point of water at the conditions
inside the drum.

4 PARTICLE FEM 2nd GENERATION (PFEM-2)

In the PFEM-2 strategy, problems are solved by splitting the equations into two
steps. To begin with, all the properties are stored in particles without connectivi-
ties. The first step consists of computing the new position of the particles by using
an explicit, high order spatial approximation by integrating the velocity in space.
The main difference between PFEM-2 and other splitting methods is that while
performing the advection, contributions to the main unknown can also computed
and added continuously in space [22]. This technique is known as explicit stream-
line integration. For example, as particles are being advected, the velocity of the
particle can be modified due to viscosity.

Having advected and added the explicit contributions to the particles, results
are projected onto a fixed mesh, and the remaining part of the equation is solved.

16th Fundamental Research Symposium, Oxford, September 2017 391



Tero Tuovinen, Juha Jeronen and Pablo Becker

After this step the splitting algorithm is complete, requiring only to send the infor-
mation back to the particles to finish the time step.

For stability purposes, in this work a first-order splitting PFEM-2 will be used
for both the heat transfer and fluid problems. This is due to the very high density
ratio between the phases. Diffusive terms computed for the water phase on the
fixed mesh would not represent the correct physical behavior in the steam phase,
leading to unstable results. Therefore all the results presented in this work were
simulated using the streamlines only to compute the new position, while the mesh
is used to compute all the other terms using a backward Euler scheme.

Then the algorithm at each step becomes:

Advect the particles using streamlines computed on the mesh,
Project information onto the mesh,

Compute steam and water density,

Detect interface elements,

Assemble and solve fluid system of equations,

Assemble and solve thermal system of equations,

Update particles’ velocity and temperature,

Reseed particles in empty elements of the mesh.

XN B LD =

4.1 The thermal problem

Using the PFEM-2 strategy, the position and temperature of a particle p can be
expressed as

-+ n Lyt

xpl:xp+fn VI (x)dr, (4.1)
n+ n "+l f
T =T+ f" (d7/dz ) (x! )dr. (4.2)

Using the PFEM-2 first order splitting described in the previous section, the
strategy will consist on first advecting the particles and then computing the diffu-
sive terms in the final configuration (on the finite element mesh):

ml o _n n+l n i
X =t [TV (), (4.3)

p
ml _ on . nl n+l
T =T"+At- (dT/de )™ (x™). (4.4)
The use of particles for the convection eliminates the advective term from (3.4),

thus obtaining a transient pure diffusion equation to be solved in the mesh at each
time step:
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cppaa—?v.(DVT) in Q. (4.5)

At this stage it must be highlighted that there are two distinct phases in the
simulation. Given the high density and diffusion difference between the steam
and the condensate, the information exchange between the mesh and the particles
must guarantee that energy is conserved. Furthermore, a single element of the
mesh can contain both water and steam particles without a clear interface defini-
tion, thus making it difficult to define a single temperature on each node or
element.

In order to overcome these limitations, two distinct temperatures will be defined
on the mesh: the water temperature and steam temperature. This allows to solve
two heat transfer equations, with good control on the properties of each phase.
Moreover, writing the two equations separately allows to control and monitor the
heat transfer at the interfaces between them. The equations to be solved become

or
€ Pl 5=V DV )+Q in Q,

T, .
¢, P ==V-(DVT) - 0 in Q, (4.6)

where the subscript w corresponds to the properties of the water phase, and s to
those of the steam phase.

When a sharp interface is detected inside an element, an exact integration is
performed by partitioning the element into sub-elements and assigning the corre-
sponding density on each side of the interface; see [29, 30]. However, when the
particle distribution does not present a defined interface, the element will be
considered as a homogeneous continuum, in which, for a phase 7, the density is
computed as P =p n where 7, is the volume fraction of i within the element and
n, +n,=1.

The term QO [W/kg] controls the heat flow between the two phases. In this work,
we use a simple model of the shape

O=CUT -T) (4.7

where C (unit [W / (kg K m)]) is the heat transfer coefficient between the water
and steam phases, and / [m] is the length of the interface. For sharp interfaces,
[ can be computed exactly, while in diffuse mixture elements it will be set as
= \/n— v, where n,,;,, = min {n,, n,} and V, is the volume of the element. In other

min e

words, we assume there is a square shaped interface inside the element.
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4.2 The fluid problem for a general case

Using again the PFEM-2 framework, the position and the velocity of a particle p
can be expressed as

ml o on i+l t t
ot =xt s [TV, (4.8)
nl _ xon nl ‘
VA=V [Tal () dr (4.9)

The previous equations are strongly coupled, since the accelerations depend on
the position of each particle, and vice versa. Instead of solving both equations
monolithically, we use the explicit approximation of PFEM-2 to compute x;"". On
the other hand, the velocity will be approximated using only the acceleration in
the updated configuration x;"'. Therefore, the new position and velocity of a
particle become

ml o on i+l n t
X —xp+fn VI(x!)dz, (4.10)

n+l n .ot n+l
Vp —Vp +At a; (xp ). (4.11)

This combination of explicit computation of the position together with an implicit
strategy for the velocity automatically yields a segregated strategy. We use the
particles to advect the unknowns and the required material properties. Having
done this, the results are transferred into a continous domain, discretized using
linear finite elements, and in this domain the velocity equation is solved. The fluid
momentum equation equation is closed with a mass conservation equation,
together yielding the non-stationary Stokes equations. Then the algorithm for
incompressible fluids can be expressed as:

1. Advect particles (equation (4.10)),
2. Transfer data to mesh,
3. Solve the Stokes equations with additional non-inertial terms.

Once the change in velocity is computed by solving the Stokes equations, the
particles’ velocities are updated and the fluid flow problem is finished for this time
step.

It must be noted that there is a single set of particles, which store both the fluid
and thermal variables. Therefore, the advection of the particles (step 1) is
performed only once per time step, and then the remaining parts of the heat
transfer problem and the fluid problem are solved separately.
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4.3 Fictious force approach

The rotating motion of the cylinder can be treated by introducing a non-inertial
reference frame, whose origin stays fixed at all times ¢, but the frame undergoes
an imposed rotating motion around the origin. For the sake of clarity, let us briefly
review the details.

A non-inertial frame can be otherwise treated in the same manner as an inertial
frame, except that we add some extra force terms to describe the inertial effects
that arise from the accelerating motion (including rotational motion) of the non-
inertial coordinate system (see e.g. [31]). These added terms represent a fictitious
force. The name comes from the fact that this is not a true force in the sense of
Newton’s third law. Because the fictitious force arises purely due to geometry
(kinematics), it has no equal and opposite reaction.

The rotation of the non-inertial frame is described by the vector Q, pointing
along the axis of rotation, with orientation given by the right-hand rule, and with
magnitude (in radians per second, i.e., [1/s])

Q| = w(?). (4.12)

For our application, we will concentrate mostly on the special case of rotation
around the z axis,

Q=(€,8,,€2)=(0,0,w). (4.13)

The function w(?) is considered given, describing the angular velocity of the cylinder.
Consider the true physical acceleration experienced by a material point. In the
inertial coordinate system (let us denote it as frame A), this is written simply as

dx (o] 92
aE—=—2 Exje/ =Eajej’ (414)

because the standard Cartesian basis vectors é, representing the axes of frame A,
remain constant in time. The tilde reminds us that the components X; and &; are
expressed in frame A.

On the other hand, we may also write this same acceleration in the non-inertial,
rotating coordinate system (frame B). Let us denote the unit vector describing the
Jjthaxis (j =1, 2, 3) of frame B by #,. Due to the rotating motion of frame B, these
basis vectors are time-dependent, & = i1(¢). We have (see e.g. [32])

2

:(‘11722(2 ) j j j 4.15)

— j=

&)
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where the components a;, v; and x; are expressed in frame B. The last form is
obtained in the straightforward manner by applying d/dr twice. The time deriva-
tive of &, (¢) is [33]

“=xa,. (4.16)
dt

Recall that in Cartesian component form, the cross product of any 3D vectors u
and v is

Ux V=1V, =WV, UV, — UV, UV, —U,V,). (4.17)

The second time derivative of #; (¢) is obtained by applying the operator d/d¢ to
both sides of (4.16), and then rewriting the d#i/dz term on the right-hand side of
the result using (4.16). We have

" N
d'y :Exaj cox 3 dgxit +Qx[QxL,]. (4.18)
FERRT dt dr

Inserting equations (4.16) and (4.18) for the time derivatives of the unit vectors of
frame B into equation (4.15), we obtain that the true physical acceleration is
represented as

3 3 3
E a,, + E Ei%“}j‘* X Qx[Qxa ]

3 3 R dg 3
,2 EV,-"/*—,XE’?

Considering ourselves a co-moving observer rotating along with frame B (i.e. a
corotating observer), let us define the apparent acceleration, velocity and position
of the material point as

3 3 3
aB=zal.ul., vB=zvj u, xB=2x/.ul_, (4.20)

Because the origins (0, 0) of the frames A and B coincide at all times ¢, for the
position it holds that x5 = x; these are the same vector (just expanded using
different sets of basis vectors).

However, due to the rotating motion of frame B, for the velocity and the accelera-
tion this is not the case. The apparent velocity (respectively, apparent acceleration) is
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defined precisely to ignore the rotating motion of the frame, in order to give us the
instantaneous velocity (resp. instantaneous acceleration) with respect to frame B as
if frame B was stationary. In other words, vy (resp. a;) represents the velocity (resp.
acceleration), as seen by the co-rotating observer.

From equation (4.19), by inserting the definitions (4.20) and rearranging
terms, we see that the apparent acceleration ay is related to the true physical
acceleration a by

aB=a—29va—Qx(9xxB)—(iT?xxB. 4.21)

Let us denote the mass of the material point by m. Multiplying both sides of (4.21)
by m and applying Newton’s second law, we have

F =F+F. . 4.22)
B fict

On the left-hand side, Fj = may is the apparent total force that, for the co-rotating
observer, appears to act on the material point. On the right-hand side, F = ma
is the true physical force acting on the material point, and Fy,, is the fictitious
force,

fict

F, =—2m£2va—mQx(QxxB)—m(iT?xxB. (4.23)

To explain, in the sense of Newton’s second law, the behaviour of the material
point in frame B, the co-rotating observer (considering his frame as stationary)
must introduce this additional force.

In equation (4.23), on the right-hand side the first term represents the Coriolis
effect, the second term the centrifugal effect, and the third term the Euler effect.
Splitting Fy,, into these three contributions, we thus define

F_=F +F +F

fict cor Euler *

(4.24)

For the purposes of practical implementation of the drying cylinder problem, it
is useful to obtain explicit component expressions for the three contributions to
the fictitious force for the case of rotation around the z axis. First, let us consider
the centrifugal term. We have

F=-mQ x (Q x xp) =: —ma, (4.25)

where a, represents the centrifugal acceleration, to be determined. Let
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Q= (Q,, ,, Qy), (4.26)
Xp = (Xpy» Xp2» Xp3), 4.27)
S :=Q xxj. (4.28)

We have

S=(S,, S5, 55) = (Quxg; — Qyxpy, Qixp; — Qxp5, Qg — Qoxgy).  (4.29)
and
A, =Qx(Qxxp)=QXx8=(,8-Q; 5,5 -Q,5,Q,5,-9,5). (4.30)
Inserting (4.28) into (4.30), we obtain the result

_(Qi + Q§ )XBI + ngszz + Q[QSXB3
a;= (a;f’a;f’ajf) = QIQZXBI - (912 + Qi )XBZ + ng3x33 - (4.31)
ng3x31 + 9293)632 - (le + Qi )xB3
In the special case of rotation around the z axis, i.e. Q = (0, 0, ®), we have
a.=Q x (Q X xp) = (~0’xg;, —WXg,, 0). (4.32)
Hence, by (4.25), in this case the centrifugal fictitious force is
F..=-ma= (mo’xg,, mw* xg,, 0), (4.33)
which is seen to accelerate the object outward from the origin in the (x, y) plane
(in frame B).

Next, consider the Coriolis force

F, ,=-2mQ X v, =:—2ma (4.34)

cor*

Let

vy i = (Vs Vias Vis)- (4.35)

Using (4.17), (4.26) and (4.35), we have
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Ao = Q X vy = (Qyvp; — Qyvy, Quvg) — Qvgs, Qv — Qyvg)), (4.36)

whence
Q,vg; — Qv -y,
cor cor cor
acor = (ax ’ay ’az )= QSVBI _leBS = val ‘ (437)
Q,vg, —Q, vy, 0

The last form refers to the special case of rotation around the z axis. In that case,
the Coriolis contribution to the fictitious force is thus

F..=-2ma.,= 2mwvy,, —2mawvg,, 0). (4.38)
It acts at a right angle (for @ > 0, rotated clockwise) to the apparent velocity vector

of the material point in frame B.
Finally, consider the Euler force, related to the angular acceleration of frame B:

d
F,,  =-m——xx, =-ma

4.39
Euler dt ( )

Euler *

Let @ := dQ/dr (unit [1/s%]), and denote its component representation by ® =
(1, #5, ¢5). Similarly to the above,

Py Xp3 — P3 Xy, Xy,
I
gy = (axEmer 7afu “ ’afmer) = (]53)631 - ¢1 Xpy |= (PXBI . (4'40)
P Xgy = Py X, 0

Again, the last form refers to the case of rotation around the z axis, and ¢ := ¢,.
The Euler contribution to the fictitious force is obtained as

FEuler = Magyee = (m¢xB23 _m¢xBla O) (441)

Mathematically the expression is similar to that of the Coriolis force, equation
(4.38), but here the magnitude depends on ¢, the angular acceleration of the
cylinder, and the apparent velocity v has been replaced by the position x;. For
steady-state operation, where « remains constant in time (for any given cylinder),
the Euler force vanishes.

To summarize, in the case of rotation around the z axis, equations (4.33), (4.38)
and (4.41) provide the centrifugal, Coriolis and Euler contributions to the
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fictitious force (4.24), which describes inertial effects in the rotating coordinate
system. By adding this fictitious force to the physical external forces, the rotating
coordinate system can be in all other respects treated as if it was an inertial one.

5 NUMERICAL RESULTS

In the simulations, we have considered two cases. First, we will look at the quali-
tative behaviour of the liquid water in an accelerating rotating cylinder starting
from rest. Then, will we separately consider steady operation at the final speed of
rotation, and investigate the effect of the thickness of the condensate layer on the
heat absorbed from the steam by the liquid water.

5.1 Case with zero initial velocity

To begin with, we will show the capability of PFEM-2 for tracking the behaviour
of the condensate in all the phases of an accelerating drying cylinder: starting
from the puddle, moving through the cascade phase, and finally rimming. The
domain consists on a cylinder with diameter d =2 m and 30 turbulators, each with
length » =4 cm and height 2 =2 cm.

In the initial state, the temperature of the water is 90 °C and the superheated
steam 200 °C. The pressure inside the dryer is of 3 bar. The parameters of dry
superheated steam have been used, and as was explained before, for the sake of
simplicity, we neglect any phase changes from steam to condensate. Given these
conditions, the steam must remain above 132 °C to avoid condensation.

We have chosen to smoothly increase the angular velocity of the simulated
drying cylinder, using 5

o(t)=—CQ __ arctan(St). (5.1)
7

The corresponding angular acceleration is

1

— (5.2)
L S

00="2 =250
t T

where Q,,,. is the maximum (target) angular velocity (in radians per second), and
S is a smoothing factor (unit [1/s]) affecting the slope of the curve. Figure 5.1(e)
shows the acceleration function with different smoothing factors S € [0, 2]. In
practice, there are many constraints in accelerating a paper machine to its full
running speed, and the process can take significantly more time to complete than
in this simulation.
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Under these assumptions, heat conduction and convection have been solved. In
the PFEM-2 method, as most FEM multiphase solvers, there are some challenges
for conservation of mass, and a mass correction factor has been used in the compu-
tations to ensure that the total condensate mass remains constant throughout the
simulation.

Figure 5.1 shows the behaviour of the condensate in the simulation as the
cylinder accelerates. The behaviour follows what is known from the literature (see
e.g. the schematic in Figure 2.1) and experiments. At the beginning of the simula-
tion there is 20 cm of water at the bottom of the cylinder. The cylinder rotates
counterclockwise, and accelerates based on equations (5.1) and (5.2), with the
parameter values chosen as Q. = 10 [1/s] and S=1 [1/s].

It is known that heat exchange is efficient in the cascading phase (Fig. 5.1 (b)),
but decreases rapidly in the rimming phase (Fig. 5.1 (c)). In Fig. 5.1 (d), we see
the stable sloshing effect that occurs due to the combination of the centrifugal
effect and gravity. Compared to videos from experiments, the qualitative behavior
is captured correctly.

In Figure 5.2, one can observe the steam temperature evolution at different
time steps. It is interesting to note that, while in the beginning of the process
there is hot steam in contact with the water and therefore good heat transfer,
in the latter stages a stratified field is observed with poor mixing between
layers.

This result is in accordance with the physics of the problem. Due to the high
angular velocity, the body forces are mostly oriented in the local radial direction at
each point. The steam in direct contact with the condensate cools down, and
therefore increases its density and thus reduces its buoyancy. These heavier struc-
tures shown in Figure 5.2(d) move and rotate slowly while always remaining close
to the walls. On the other hand, the layers close to the center of the cylinder remain
hotter, due to the low conductivity of the steam and negligible convective heat
transfer.

The time evolution of the average water temperature at the dryer walls is shown
in Figure 5.3. As expected, the temperature increase is initially high, when the
pool is in contact with the hot steam, but later sees a reduction in the gradient. In
order to determine if this inefficient heat transfer was caused by the colder steam
or by low perturbations inside the condensate, we analyzed the temperature distri-
bution along the depth of the condensate. Interestingly, we did not find a clear
trend in the temperature distribution, showing only minor, random variations.
This evidence, combined with the vigorous sloshing detected when the interface
movement is observed, shows that the turbulators are effectively allowing an
adequate heat transfer between the steam and the walls of the cylinder. It follows
that the poor behaviour observed in the stable stage is mostly caused by the lack
of mixing observed within the steam phase.
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[ ——

c)

)

Figure 5.1. Phases of the accelerating drying cylinder. (a) Puddle phase (z= 0.0025 s). (b)

Cascade phase (1 =1.2 s). (c) Rimming phase (# = 3 s). (d) Stable rimming phase, zoomed

(¢=20s). (e) Angular velocity of the drying cylinder, as prescribed by equation (5.1), as a

function of the smoother parameter S € [0, 2] [1/s] and time ¢ € [0, 10] [s]. The maximum
angular velocity Q,,, is chosen to be 10 [1/s].

5.2 Measuring the effect of the condensate thickness

In order to assess the influence of the thickness of the condensate layer on the heat
transfer process, two simulations were run with a different amount of liquid water.
In order to avoid the long computational time required to reach the stationary
state, the simulation starts directly at a constant angular velocity in the drum, and
the condensate is homogeneously distributed in all the condensate pools using a
constant thickness. A thickness of d = 2.5 cm is first simulated to evaluate normal
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B Rigi
c) |d)

Figure 5.2. Temperature evolution of the accelerating drying cylinder. (a) Puddle phase
(¢=0.0025 s). (b) Cascade phase (= 0.5 s). (c) Rimming phase (=3 s). (d) Stable rimming
phase (=20 s).

90.05
90.04
90.03

90.02

Temperature [°C]

90.01

90 & a

Time [s]

Figure 5.3. Time evolution of the average temperature at the cylinder walls.
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a) = mb)

Figure 5.4. Snapshots at # = 15 s for different condensate thicknesses. (a) = 2.5 cm
(b)0=5.0cm.

working conditions. To test the same geometry under excessive condensate condi-
tions, a thickness of 6 = 5 cm is also simulated.

Unlike in the previous example, there is no startup phase for the rotation, and
therefore there are less initial perturbations. This means that the steam phase
disturbances are mostly caused by the sloshing within the condensate pools.

Snapshots at time ¢ = 15 s are shown in Figure 5.4. The case of 6 = 2.5 cm
shows several structures (Figure 5.4(a)) in the temperature distribution, caused
by the sloshing produced between the turbulators. On the other hand, the case of
0 =5 cm (Figure 5.4(b)) shows a stratified temperature field without important
disturbances. This is due to the condensate layer being thicker than the turbula-
tors, therefore severely reducing the sloshing.

In order to evaluate quantitatively the effect of the condensate thickness, Figure
5.5 shows the total heat absorbed by the liquid water phase in both cases. As it
can be observed, both simulations show initially the same gradient. But, as the
simulation advances and the steam layers become stratified, the case with 2 =5
cm sees a dramatical reduction in the slope due to the lack of convection between
layers.

6 CONCLUSIONS

In this article, we have presented the PFEM-2 method for solving a complex
thermal problem in a rotating drying cylinder with a sloshing condensate barrier.
We have shown that the simulation qualitatively captures the main behavior
adequately, and the results are comparable to common knowledge of the case and
videos from experiments. These simulations are only preliminary studies of the
topic, and more precise analysis is still needed for quantitative reliable results. For
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Figure 5.5. Heat absorbed by the water phase.

example, the phase change from steam to condensate was excluded, and only dry
steam was considered. However, even with these simplifications, the qualitative
behavior of the model is correct.

One of the main outcomes of the simulations was finding that it is important not
only to ensure efficient mixing inside the condensate pools, but also within the
steam, to ensure that an adequate heat flow occurs at the interface. This was a
surprising result, given the fact that we were expecting the condensate to be the
main limiting factor for an efficient heat transfer.

Finally, we estimated the thermal exchange out of the cylinder boundary using
time-dependent analysis for two different thicknesses of the condensate layer. We
found that the condensate layer smooths out the temperature profile at the outer
boundary, and the effect is stronger for thicker layers. Also, as was expected, a
thicker water barrier decreases the heat transfer significantly (40-60%). We also
noticed that the sloshing effect, based on the interplay between gravity and the
centrifugal effect in the rotating cylinder, is quite stable, at least when the thick-
ness of the condensate layer is around 25 mm.

As a direction for future development, phase change and wet steam should be
implemented into the algorithm. This would allow for a more realistic simulation
of real drying cylinders. On the other hand, in our simulations we detected poor
heat transfer due to the lack of renewal of steam, whereas in a real environment,
steam would be constantly injected in the perpendicular direction, thus adding
turbulence and possibly breaking the insulating steam layers close to the walls.
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For this reason, 3D cases should be tested in order to correctly asses the mixing
within the steam layer.
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CONDENSATE WATER INSIDE
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PARTICLE FINITE ELEMENT
METHOD

Tero Tuovinen, Juha Jeronen and Pablo Becker

University of Jyvaskyld, Mattilannniemi 2, Jyvéskyld 40014, Finland

Daniel Soderberg KTH Royal Institute of Technology

This is a two-dimensional simulation. So, what are the implications of 3-D simu-
lation, it’s a turbulent case thus flows are typically three dimensional?

Juha Jeronen University of Jyvaskyla

It is true that flows typically are three-dimensional. We have not yet moved into
the 3-D case, what we wanted to do here was basically to set up a 2-D model and
see how far that takes us. As you could see in the numerical results, this can
already reproduce the qualitative stages of the behavior of the liquid water.
However, you are right that there might be something interesting that could be
seen by going into 3-D, that’s maybe something for a future study.

Jean-Claude Roux Grenoble Institute of Engineering.

I was wondering if you have modelled a typical drying cylinder, with bars inside.
I am not sure if you have bars inside your scheme, and my question is, did you
simulate without bars and with bars, and what was the difference?
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Juha Jeronen

It is possible to do both, it just requires a change in the geometry. My co-author,
Tero Tuovinen, did the simulations here. I am not sure if we did it without the
bars, at least we simulated it with the bars.

Tero Tuovinen University of Jyviaskyla

Yes. Let me comment about this. I tested this also without bars, but it was much
more realistic looking with the bars.

Torbjorn Wahlstrom Stora Enso

I was taught many years ago that the turbulence bar, is one of those things where
nature actually works with and not against us, in the way that they break up the
formed ring [of condensate]. If we imagine that this ring just goes around the
same speed as the cylinder, then the bars would not work once there are no rela-
tive motion between bar and water. However, I was told that the ring actually goes
into an oscillating mode, creating a relative motion, and that is why the bars work.
Furthermore, this oscillation is not dependent on the speed, which it can’t be,
because then the spacing would need to change, with the changed speed of the
machine. Have you seen anything of this in your simulations?

Juha Jeronen

Yes, actually, and it is also in our full paper. As you said, the spacing of the bars
does not depend on the rotational speed, it only depends on the thickness of the
condensate layer that the cylinder is designed for. The cause behind this oscilla-
tion is that, as the cylinder rotates, effectively if you go into a co-rotating frame
that rotates with the cylinder, then you will see that the gravity vector changes its
direction all the time, and this is what causes the oscillation. Also there are inertial
effects that must be taken into account. The condensate layer on the rim is formed
because of the centrifugal effect, but the oscillation, I think it comes from the
change in direction of the gravity vector as the cylinder rotates. Does this answer
your question?

Torbjorn Wahlstrom

Yes, and you can confirm that the spacing of the bars does not depend on the
speed of the machine?
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Juha Jeronen

Yes, I confirm.

Wolfgang Bauer Graz University of Technology

If you look at your simulations, on the top of the turbulator bar it always appeared
that the layer of water was thicker, or did I see this wrong?

Juha Jeronen

Actually, I didn’t have any pictures here without bars. Do you mean this one?
That is mostly the steam, whose temperature you can see here? The water layer is,
as we can see here, at the bottom, and these are the bars. So the water layer may
be slightly thicker than the bar height, but not that much. So the temperature field
you can see in this picture mostly belongs to the stream.

Jose Iribarne WestRock

It is known that with nonlinear equations such as Navier-Stokes, the boundary
conditions are very important, the so-called butterfly effect. So how much did you
have to manipulate your boundary conditions to get stable results?

Juha Jeronen

My co-author did the simulation, but if I recall correctly we just used no-slip
conditions. From a numerical standpoint, the advantage of using the co-rotating
frame approach and fictitious forces is, that effectively your computational geom-
etry is stationary. It is just like computing in a stationary geometry, but you just
have some additional force terms and that makes the computation much simpler.

Tero Tuovinen

I confirm this.
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