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Abstract: This contribution presents an application of the computational fluid dynamics (CFD)
method in control-oriented modeling of a draft tube baffle (DTB) crystallizer’s hydrodynamics.
First, a CFD simulation of the overall system is performed. In a second step, the results of
this simulation serve as basis for the comparison of partial DTB configurations with parts
of our developed model, which is based on transport and transport-like partial differential
equations (PDEs). Comparing the results of the PDE models with those of the transient CFD
simulations allows an improvement of the developed hydrodynamic model and an assessment
of the approximation quality. It is shown that the developed PDE models can represent the

complex flow inside the DTB sufficiently well.
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1. INTRODUCTION

Computational fluid dynamics (CFD) is a common method
for the analysis and system design in many areas of science
and industry. Besides the classical fields of application,
CFD methods are also used for control-engineering pur-
poses. Examples for the application in modeling include
the estimation of model parameters of

e gray- and white-box models of air and water crafts
(de Barros et al. (2004), Ramirez-Macfas et al. (2016))

e black-box models of process engineering systems
(Huisman (2005), Wu et al. (2019)), air crafts (Liu
et al. (2015)), heating, ventilation and air condition-
ing systems (Zerihun Desta et al. (2004)) and flow
control (Rizzo et al. (2006)).

Moreover, there are approaches for the direct use of CFD
for controller design and testing in the fields of

e baking processes in Ousegui et al. (2012)
e civil engineering in Xiao et al. (2013)
e wind power plants in Fleming et al. (2016).

The authors are currently working on a control-oriented
model of industrial-scale draft tube baffle (DTB) crystal-
lizers, which shall serve as basis for the development of
model-based controllers as demonstrated for other crys-
tallizer types by Kleinert et al. (2010). Thus, in a first
step a model of the hydrodynamics, accounting for the
transport processes inside the plant, is developed. The
model incorporating results of CFD simulations, published
by ten Cate et al. (2000) and Wantha and Flood (2008),
is based on transport and transport-like partial differ-
ential equations (PDEs), where by the latter we denote

* The authors acknowledge support by the state of Baden-
Wiirttemberg through bwHPC.

inhomogeneous transport PDEs. In this contribution, we
present a comparison between the simulation results of our
developed model and a conducted CFD study to asses the
approximation quality and further improve our model. We
use CFD for two main reasons. First, measurement of ve-
locity and concentration distributions is difficult especially
for large-scale industrial plants. Second, the determination
of model parameters based on input-output measurement
data is particularly challenging for crystallization pro-
cesses as it is difficult to obtain representative and accurate
measurement data due to internal segregation caused by
particle-size dependent slip velocity (Eek (1995)). More-
over, plant-integrated online measurement devices for crys-
tal size distributions are expensive, which is why many in-
dustrial plants are not equipped with such a device (Larsen
et al. (2006)). Hence, identification is challenging and the
evaluation of the control-oriented model using high-fidelity
models, like ones based on CFD, is advantageous for the
reduction of the size and/or dimension of the search space.

We first give a brief description of the DTB crystallization
process in Section 2 and of our modeling approach in
Section 3. Then, the CFD simulation results of the overall
system are presented in Section 4. In Section 5, we com-
pare the simulation results of our transport PDE models
with those of CFD simulations of partial DTB configu-
rations, derive improvements and draw conclusions about
the model’s applicability. The comparison is shown for two
zones that have particularly complex hydrodynamics.

2. PROCESS DESCRIPTION

DTBs are used in various areas like the fertilizer industry
and are built in different sizes up to several hundred cubic
meters (Larsen et al. (2006), Beckmann (2013)). Inside
the DTB a slurry, consisting of solvent, solute and solid
crystals, circulates around a draft tube, as depicted in
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Fig. 1. Scheme of a DTB crystallizer and its internal (blue
arrows) as well as external flows (black arrows) on the
left and its segmentation for modeling on the right,
impeller highlighted in red

the left half of Fig. 1. By shifting the thermodynamic
equilibrium of the slurry’s components, crystal growth
and shrinkage can be achieved. When exceeding a certain
level of supersaturation, which is generated through the
evaporation of solvent, primary nucleation can occur,
i.e., the formation of new crystals from solution. Besides
primary nucleation, attrition and crystal breakage, e.g. due
to collisions with the impeller, are an important source
of nuclei (Mitrovié¢ (2002)). Due to a size-dependent slip
velocity, crystals do not follow the liquid ideally. This
is exploited in the settling zone, denoted by F in the
right side of Fig. 1, so that small crystals leave the
crystallizer towards the heat exchanger, where they partly
dissolve (Eek (1995)). However, the large crystals remain
inside the crystallizer and become increasingly bigger.
Under operating conditions that aim to maximize the
crystal size, a persistent oscillation of the size distribution
occurs, which has been reported by numerous authors (Eek
(1995), Mitrovi¢ (2002), Bermingham (2003)).

3. MODELING APPROACH

For the detailed modeling of flows, the Navier-Stokes
equation is usually applied. However, this approach cannot
be used with common model-based analysis and synthesis
methods of control engineering. Thus, we use transport
and transport-like PDEs as a compromise since they are
of manageable complexity but also match the infinite
dimensional nature of the system. To further simplify the
modeling, we consider the flow inside the crystallizer to
be symmetrical and divide the plant into several zones
according to spatially occurring effects. These zones are
shown on the right side of Fig. 1, where the different colors
indicate zones with comparable behavior. Novel transport
models are developed for the brown, orange and blue
zones, whereas the well-known one-dimensional transport
PDE is used for the green zones. The PDEs are coupled
at their boundaries via mass flows. A detailed description
will be published in Schafiberger and Groll (2022).

4. CFD MODEL OF THE OVERALL PROCESS

As a first step, a CFD simulation of the overall DTB is
performed. For this the geometry data published in Wan-

tha and Flood (2008) of a DTB, which is approximately
one cubic meter in size. A saturated ammonium sulfate-
water solution at 80°C with a volume weighted mixing
law for the density, but otherwise constant properties, is
considered. The material parameters and process condi-
tions are summarized in Table 1, where the latter are
based on Wantha and Flood (2008). Since no data for
the viscosity of saturated ammonium sulfate within the
relevant temperature range was found in literature, the
viscosity of 42% solution published in Eek (1995) is used,
as the viscosity only depends slightly on the dissolved
amount of ammonium sulfate. Similar to ten Cate et al.
(2000) and Song et al. (2010), a marine-type impeller is
used. Its geometry corresponds to Bermingham (2003),
although in this study a scaled version is used due to the
smaller diameter of the draft tube. For simulation, we use a
multiple reference frame (MRF) approach combined with
the widely-used standard k-¢ model. The combination of
both is common in the simulation of DTBs (Song et al.
(2010), Pan et al. (2016)) and stirred baffled tanks (Vakili
and Nasr Esfahany (2009), Li and Xu (2017)). Moreover,
we use scalable wall functions and do not consider the
gaseous phase, which is a frequently made assumption (ten
Cate et al. (2000), Song et al. (2010)). The overall model
consists of approximately 6.5 million cells. Ansys® Aca-
demic Research Fluent, Release 20.2 is used for simulation.

Fig. 2 shows the velocity magnitude inside the DTB.
The interval of the velocity is truncated to 1.5m-s!
to increase the visibility of details in the flow around
the draft tube. We generally observe good agreement
with the results published in ten Cate et al. (2000),
where a DTB of a similar size and substance-system
was simulated. The results in Wantha and Flood (2008)
cannot be used as a reference since they approximated
the impeller by a momentum source, which yields a much
more homogeneous flow. Due to the good agreement with
the results in ten Cate et al. (2000), the simulation results
are considered to be plausible.

5. MODEL COMPARISON

In the following, our models of the hydrodynamics are
compared with results of transient CFD simulations. We
focus on Zone A in Section 5.1 and Zone B in Section 5.2,
as these have the most complex and inhomogeneous flow.
Previously published literature, regarding the use of CFD

Table 1. Material and process parameters,
1: Eek (1995), 2: Bermingham (2003), 3: Wan-
tha and Flood (2008).

Material parameter Value Unit Reference
Density water 1103 kg-m™3 -
Density ammonium sulfate  2.5-103 kg-m™3 1
Viscosity solution 3.5:1072  Pass 1
Process parameter Value Unit Reference
Number of fine outlets 2 - 3
Speed of rotation (w) 320 rpm 2
Temperature of solution 80 °C -
Mass share of solute 0.4848 - 2
Vorod 0.18 kg-st 3
Voump (per outlet) 0.5 kg-st 3
Vieed 1.18 kg-s! 3
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Fig. 2. Velocity magnitude inside the DTB (interval of
velocity truncated to 1.5m-s!)

for control-oriented modeling, usually utilizes the overall
system input/output response for comparison and iden-
tification. Unfortunately, this approach is not promising
in this application since the size of the plant and the
process conditions would lead to high computational effort.
Thus, we consider partial DTB configurations, which are
initialized with velocity profiles obtained from the overall
CFD simulation. This allows for a more time-efficient and
detailed analysis of the model equations. As a consequence,
the simulation results of the partial DTB simulations do
not exactly match those of the overall simulation. How-
ever, from our point of view the accuracy is sufficient for
evaluating the suitability of our PDE models as the partial
configurations reflect the main characteristics of the flow.

5.1 Zone A - Flow Inside the Draft Tube

For modeling of zone A, an one-dimensional transport
PDE of the volume fraction of the solute (4(¢, ) is used.
At the input boundary, {4 in(t) is calculated from

md,in(t)yd + mw,in(t)l/w ’
where v denotes the specific volume of solvent (index w)

and solute (index d) and r(t) their mass flows. The
transport PDE is given by

9Cq (t, x) 9q (t, SC)
ot +o(t) ox
IC: Ca(to, ) = Ca0(x),
BC: (a(t,0) = Ca,in(t),
where t > tg, x € [0, £], v(t) denotes the velocity of the
solution and ¢ the vertical length of zone A. The mass

flow of both components at the output boundary can be
calculated from

My (t) = ApwCw(t, O)u(t), (3a)
ma(t) = ApaCa(t, O)v(t). (3b)
Here, A denotes the cross sectional area of the draft tube

and p the component’s densities. For comparison of the
CFD simulations and the developed models, the mass

Ca,in(t) =

=0, (2)

share of ammonium sulfate wq(t) is considered, which can
be calculated from
Mg (t’ 6)

wq(t,l) = T (£, €) + g (,0)

(4)

When developing the segmentation of the DTB, the entire
volume inside the draft tube was considered as one zone.
However, the overall CFD simulation shows that there is a
vortex above the impeller as depicted in Fig. 3. Thus, the
initial segmentation needs to be reconsidered. As the flow
above the vortex is quite homogeneous, the original model
is applied for the flow starting 15cm above the impeller,
as illustrated by A’ in Fig. 1. In the following, we limit our
considerations to this area. A better approximation of the
volume including the impeller and the vortex in the first
15 cm might be an ideally mixed volume, but this needs to
be confirmed by further analysis.

In Fig. 4, the CFD simulation of the overall plant and that
of the partial DTB configuration are compared. The latter
are obtained from a transient simulation using a compara-
ble mesh size and otherwise unchanged conditions. There is
a good overall agreement between both velocity contours.
Only the velocity in the center of the draft tube is slightly
smaller for the partial DTB configuration.

For comparing our approach of zone A, given by (1-3),
and the CFD simulation of the partial DTB configuration,
a five percent decrease in concentration of ammonium
sulfate at t = 0s is considered. For the transport PDEs, an
averaged fluid velocity v(t) = V(t)/A is used, where V (t)
is the volume flow of solution and A the cross sectional
area. In this simulation, however, the volume flow is kept
constant. In Fig. 5 the mass share of ammonium sulfate at
the output boundary is shown for both models. One can
see that the non-homogeneous velocity profile, included in
the CFD simulation, leads to a softening of the change in
concentration at the input boundary, while the transport
PDE model preserves the step-like change. The maximum
relative error is about six percent.

To achieve a more accurate approximation of the flow, a
radius-dependent velocity distribution v(¢,r) = arv(t)+vg
with vg, @ > 0 seems promising. The related PDE is given
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Fig. 3. Tangential projection of the velocity vectors, posi-
tion indication relative to the impeller
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Fig. 4. Comparison of the velocity profile of the overall
CFD simulation (left) and that of the partial DTB
configuration (right), position indication relative to
the impeller

for t > tg, r € [0, 1], x € [0, £] by

A (t,r,x) AC(t,r,x)
B Te— +v(t,r) B

IC: Ca(to,r z) = Cao(r, z),

BC: Cd(t, r, 0) = Cd,in(t)a
where (1) again is used for the calculation of (4n(t). The
mass flows at the output boundary are determined by

My (t) = /0 lQWTpWCW(t,T,f)U(t,T)dT,

-1

T in m

Velocity magnitude in ms

0.151

(6a)

Ti
a(t) = / 2rrpala(t,r, L)v(t, r) dr, (6b)
0
where r; denotes the inner diameter of the draft tube.
Using this approach, much better agreement with the
results of the CFD simulation can be found as shown in
Fig. 5. The parameters of the velocity distribution a, vy are
determined by a parameter optimization using a quadratic
cost function of the difference in solute concentration wq(t)
at the output boundary. The maximum relative error is
less than two percent. Despite the better agreement of this
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Fig. 5. Comparison of the mass share of ammonium
sulfate at zone A’s output boundary of the transient
CFD simulation and the transport PDE models for a
decrease in concentration by 5% at ¢t = 0s.

model, we currently prefer the simpler one (1-3) in view
of the future development of the model by considering an
additional solid phase.

5.2 Zone B - Flow Above the Draft Tube

For zone B, we developed a novel transport-like PDE
with time- and radius-dependent length £(¢, 7). This should
describe the flow redirection and the fact that a particle
starting in zone B close to the draft tube’s edge leaves the
zone earlier compared to a particle close to the draft tube’s
center, as this particle has to travel a longer distance. The
states of the PDEs are the mass of the components per
radius and length denoted by & (¢, 7, z) and &4(¢, 7, x). At
the input boundary, &y in(t,7) and &4 in (¢, ) are calculated
from the following equations

- 27‘mw7in(t)
w,in(t,7) = T 2u(t) (7a)
- 27‘md,in(t)
gd,m (ta 7‘) - ’/‘?’U(t) (7b)
The PDE of the local solvent density & (¢, r, x) is given by
6£W t7 T7x 6£W t’ T‘)“" .
Oullern®) iy P CnD) ), (s

IC: & (t07 T, x) = gw,O (7“, x) s
BC: &, (t,7,0) =&y n (t,7),
and that of the solute’s density &4(¢, 7, x) by
0&a(t,r,x) 0&q(t,r,x)
-~ ' 7 t =~ T 7
at () =5,
IC: &q (to, ) = a0 (1,2) ,
BC : gd (tv r, 0) = fd,in (ta T) 9
where ¢ > to, 7 € [0, ], & € [0, £(t,7)]. The term f1,(t)
represents the evaporation of solvent close to the liquid
surface and is considered to be zero in the following, as
is the derivative of the zone’s length £(t,r). Due to the
radius-dependent length, the mass flows at the output
boundary are given by

(e 0t = | " (vl0) e
Ew(t,r L(t,r)) dr,

ma(t, L(t,r)) = /0“ (v(t) —é(t,r))
~&a(t,r, L(t, 7)) dr.

In this contribution, a linear relation of the length £(t,r)
is considered. The parameters of this length distribution
need to be determined in such a way that the volume re-
lated to the domain of the PDE matches the physical liquid
volume even with changes in the liquid level (Schaflberger
and Groll (2022)). However, according to the model idea,
the parameters should be chosen such that £(¢,r) is a
positive, monotonically decreasing function w.r.t. r.

(9a)

(9b)

Fig. 6 shows the result of the overall CFD simulation
and that of the partial DTB configuration. Clearly, one
can see deviations between the velocity contours. In case
of the overall simulation, the flow velocity significantly
decreases while deflection, whereas the velocity remains
comparatively high in case of the approximation. However,
the qualitative behavior like the formation of a vortex at
the outer edge of the draft tube and the inhomogeneous
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Fig. 6. Comparison of the velocity contours of the overall CFD simulation (a), the partial DTB configuration (b) and
the partial DTB configuration with reduced liquid level (c), position indication relative to the impeller

velocity in the deflection and at the interface of the zones
is reproduced well by the partial DTB configuration.

To compare the CFD simulation and the transport PDE
model, we again consider a reduction of the ammonium
sulfate’s mass share of 5% at ¢ = 0s and use the same
approach to calculate the velocity of the transport models.
For determination of the free parameter of £(t,r), again a
parameter optimization based on the mass share of the
solute at the output boundary is performed. The results
are shown in Fig. 7. One can see good overall agreement
between the results of the CFD simulation of the partial
DTB configuration and that of the proposed transport
PDE model. When taking a closer look at the velocity
vector field, shown in Fig. 8, we identify two issues

(1) A significant share of zone B’s volume hardly interacts
with the entering fluid. This causes the concentration
at zone B’s output to remain slightly above the new
input concentration for a long time after an initial
rapid drop. This can be observed in Fig. 7.

(2) A vortex at the zone B’s outlet continuously car-
ries higher concentrated solution over the boundary,
which falsifies the results obtained from the CFD
simulation.

—CFD
- - -Transport PDE (8) ]

40 50

tins

Fig. 7. Comparison of the mass share of ammonium
sulfate at zone B’s output boundary of the transient
CFD simulation and the transport PDE model for a
decrease in concentration by 5% at t = 0s

Based on these observations, we conclude that the zone’s
boundary needs to be relocated to include the vortex.
Moreover, we expect better agreement of our approach
for DTBs with a smaller liquid column above the draft
tube as the volume behaves more homogeneously. To verify
these conclusions, a new CFD simulation of a partial DTB
configuration with a reduced liquid column but otherwise
unchanged conditions is performed. The resulting velocity
contour is depicted in Fig. 6¢c. Comparing these results
with Fig. 6b, it can be seen that the velocity contour
changes only slightly despite the reduced liquid level.

When comparing the mass share of ammonium sulfate
at the output boundary for the reduced liquid level, as
shown in Fig. 9, with that in Fig. 7, one can see that
the shape of the graph for ¢ € [0s, 10s] changes and the
decay of the change in concentration is achieved much
faster although the zone’s boundary is moved and thus
the distance between the input and output is increased.
Also in this case, the results of the transport PDEs show
good agreement with that of the CFD simulation and the
maximum relative error is less than one percent.

One possibility to reproduce the slow decay of the concen-
tration in case of a high liquid level could be the division
of zone B into two subzones. The flow diversion close to
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Fig. 8. Tangential projection of the velocity vectors in
Zone B, position indication relative to the impeller
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Fig. 9. Comparison of the mass share of ammonium
sulfate at the zone’s output boundary of the transient
CFD simulation and the transport PDE model for
zone B with reduced liquid level and a decrease in
concentration by 5% at t = 0s

the draft tube could be described by the developed model,
while the resting liquid could be described by an ideally
mixed volume coupled with the transport PDE via sink
and source terms.

6. CONCLUSION

In the contribution, we have performed a CFD simulation
of a DTB crystallizer. The results of the overall simulation
have been used for the closer analysis of partial DTB
configurations and their comparison with a developed
hydrodynamics model based on transport and transport-
like PDEs. Due to the comparison, we have been able to
improve the segmentation of our control-oriented model
and show good overall agreement between the adapted
transport PDE models and the CFD results.
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