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A Novel Dry Hopping Technology: Kinematic
Modelling of a Planetary Rotating Bed Reactor

Dry hopping can be described as a heterogeneous solid-liquid reaction, calling for high mass transfer rates,
low resource consumption, and effective phase separation. This work presents a model-based feasibility
analysis of a novel approach to dry hopping that addresses these requirements: the planetary rotating

bed reactor (PRBR). This solid-liquid reactor is kinematically enhanced by a planetary gear derivate. The
superposition of two rotary motions results in an oscillating acceleration that generates a push-back effect
on the hop solids contained in the reactor chamber. Clogging of the retaining filter mesh can thereby be
prevented while maintaining high relative flow velocities between hop solids and the circulating beer to
promote the desired mass transfer. In this work, a 2D simulation model of the system kinematics is
implemented in MATLAB®. The model is governed by a set of analytical equations, allowing for high
accuracy and low computational effort. Trajectories and accelerations of relevant reactor segments are
calculated, considering design and process variables like gear diameter and rotation speed of the input
shafts. The existence of the underlying push-back effect and its technical viability are verified and evaluated
by appropriate performance indicators in consideration of the fluid throughput. As a result, the PRBR
promises to be a fast, hop-saving and fully scalable solution for dry hopping and other heterogeneous

reactions.
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1 Introduction

With its unique flavour and aroma profile, dry hopping has become
widely established in the brewing industry over the last years. Dur-
ing dry hopping, hop cones or pellets are brought into contact with
the beer in order to extract different aroma components. Due to the
low temperatures of 1 to 20 °C this is known as cold extraction [1].

The typical hop aroma in beer is mainly caused by volatile hop
oils, accounting for 0,5 — 3 % of the dry matter of hops [2]. The oil
consists of hydrocarbons (mainly terpenes and aliphatic hydrocar-
bons), oxygenated hydrocarbons (mainly terpenoids like geraniol or
linalool) and sulphur compounds [3, 4]. This variety of ingredients
leads to the distinct hop aroma intensity in beer and especially in
dry hopped beers [5].

1.1 Dry hopping from a process engineering perspec-
tive

The extraction rate of hop volatiles is influenced by multiple factors
like processtype[6], tank geometry and scale [7], beertemperature
[8], particle size distribution of hop solids [9], varietal differences
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of hops [10] and yeasts biotransformations [11]. Furthermore, the
contact time and reaction surface of the hop solids are of critical
importance to the external mass transfer of flavour compounds since
low process temperature limits the diffusion rate. At present, there
is no unified method for dry hopping [6]. Likewise, there is very little
literature on respective process technologies. However, one can
distinguish between static and dynamic extraction. Static extrac-
tion refers to the placing of hops in the storage tank without high
technical effort [12]. The deposition of insoluble hop components
in beer can be prevented by using fine-mesh bags, however this
reduces extraction efficiency [12]. Moreover, in static extraction the
temporal decrease of local concentration gradients increases the
process time to a few days [13]. Dynamic extraction approaches
aim to enhance the mass transfer, e.g. by pre-dissolving pellets
in beer or water and then pumping them into the tank [12, 13].
Alternatively, pellets are shot into the beer by CO, overpressure for
quick dissolution[14]. Again, in most continuous processes, pellets
are placed in an external CO, pressurized tank being percolated
by the beer. This setup allows to supress oxygenation but also
calls for the removal of the finely distributed particles afterwards
[6, 12].

From a process engineering perspective dry hopping can be de-
scribed as a heterogeneous solid-liquid reaction that is strongly
aided by convective flow of the fluid. To increase the external
mass transfer rate one can maximize the reaction surface by
using smaller hop particles and provide a high relative veloc-
ity between the particles and the beer. Basically, there are two
processual approaches for heterogeneous reactions: the stirred
reactor (STR) and the (rotating) fixed-bed reactor (FBR) [15]. In
an STR, the phases are mixed or evenly distributed in the liquid
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phase while in the FBR, the solids are encapsulated in a reaction
chamber and transited by the reaction medium. The STR allows
the use of smaller particles, yet facing the challenge of the follow-
ing solid—liquid separation. Moreover, the particles tend to move
along with the stirring flow resulting in low relative velocities. In
contrast, in an FBR a higher relative velocity can be achieved.
However, smaller particles will cause a dense filter cake, lower
flow velocities, increased pressure drop and as a result reduced
mass transfer [16]. Hop pellets are comprised of small and deform-
able particles, which form an unfavourable cake with very poor
hydraulic properties leading to mesh or filter clogging. Hence,
dry hopping exhibits a particular need for a device providing high
convective flow while coping with small and unstable solids. At
this point we introduce the planetary rotating bed reactor (PRBR)
for considerably increased mass transfer.

1.2 Description of the PRBR

The PRBR consists of multiple rotating bed reactors mounted to
a respective number of gearwheels, representing the planets of a
modified planetary gear. Figure 1 shows a virtual 3D model of an
exemplary setup containing three planet gearwheels (green) and
therefore three reactor chambers. These reactor chambers are
comprised of an outer perforated wall which retains afilter mesh, as
well as top and bottom walls with fluid inlets [15]. The sun gearwheel
(orange) and the planetary carrier (blue) are rotated by respec-
tive drive units (not shown). The mechanical power is transmitted
by two shafts whereby the first sun-shaft (orange) is born within
the hollow shaft of the planetary carrier (blue). The coordination
of both rotational speeds allows the well-defined adjustment of
the planet gearwheels, and therefore reactor chambers, motions.
Hence, every reactor chamber experiences a rotation around its
own axis, as well as the rotation around the principal axis defined
by the central sun shaft. This resembles the manner the earth
rotates around the sun. The two centripetal accelerations arising
from the two rotary motions can be combined in a way that their
total vector sum forms an acceleration vector which periodically
changes its direction relative to the centre of the chamber.

For dry hopping this effect can be exploited as follows: the reac-
tor chambers, that each are divided in circular sector shaped
compartments by radial barriers, are filled with hops. This load-
ing process can take place manually or automatically via fluid
transport. The whole device is submerged in the beer meant to
be hopped. After the sun and the planetary carrier have started to
spin with their assigned angular velocities, two effects come into
operation. Due to the rotation around its own axis each reactor
chamber functions like a centrifugal pump, conveying the beer
radially outwards through the bed of hops. This creates suction
within the chamber such that beer is drawn in through the top
and bottom inlets, resulting in continuous percolation (see Fig. 1).
This percolation also allows automatic loading of hops into the
chamber; hops are simply added to the tank, then flushed into
the reactor chamber and trapped by the filter mesh. The oscillat-
ing acceleration described earlier provides a push-back effect on
hop particles at the mesh surface of the outer reactor wall. They
are thereby lifted from the reactor wall periodically, resulting in
disruption of the filter cake and prevention of clogging by the fine
and deformable hop particles. This maintains a high flow rate of

Fig. 1

Virtual 3D model of the planetary rotating bed reactor
(PRBR) with insightinto the reactor chamber and indicated
flow pattern

beer through the reactor compartments. By enforcing high relative
velocities between hops and beer the external mass transfer rate
of sensory relevant substances is promoted.

In this work we implemented a 2D simulation model of the system
kinematics to perform a feasibility analysis regarding the PRBR and
its underlying push-back effect on particles at the mesh surface.
The model is governed by a set of analytical motion equations,
allowing for high accuracy and low computational effort. The tra-
jectory and acceleration components of a representative point P
on the inner peripheral wall of the reactor chamber are calculated
to evaluate the mechanical interaction between the hops and the
reactor wall (filter mesh). The extent of the push-back effect as well
as arelative measure for the beer through-put are considered with
respect to crucial design and process variables like gear diameter
and rotation speed of the input shafts. Dimensionless assessment
parameters were applied where possible in the simulation setup
to generate scalable results.

2 Materials and methods

In this section we discuss the methodological framework of the
kinematic simulation model carried out in the present study. Kin-
ematics denote the mathematical description of motions by means
of geometric quantities leaving the effecting forces and torques
unconsidered. After a generic description of the underlying geo-
metric architecture and nomenclature, we present a forward model
of the system and use it to predict the kinematics of one defined
configuration. The model is then extended with the introduction of
a nested loop routine to calculate and compare the performance
of different parameter configurations. Finally, the set parameter




BrewingScience

May / June 2020 (Vol. 73) 70

planetary gears

planetary carrier

Fig. 2

evant geometric and kinematic quantities

values, and the software packages and functions applied, as well
as the reasoning behind these selections, are presented.

2.1 System and parameter identification

Before designing andimplementing a mathematical description, we
firstidentify the relevant design- and process parameters, required
coordinates as well as the respective system boundaries. Focussing
on the planetary gear drive as the functional core of the system we
can identify three rotational subsystems as shown in figure 2: the
central sun gearwheel (orange, #1), the coaxial planetary carrier
(blue, #2), the planet gearwheels (green, #3) co-rotating with the

Table 1 Overview of system parameters referring to Figure 2

Design parameters

r Effective radius of sun gearwheel

- Ra_dius of planetary carrier = circle radius of reactor axis
2 trajectory

I Effective radius of planet gearwheels (planets)

R Radius of reactor chamber

Process parameters

reactor chambers

Model sketch as 2D top view projection of the PRBR, showing the three rotational
subsystems with their respective coordinate systems (frames) including the rel-

0, Rotation angle of sun gearwheel
0, Rotation angle of planetary carrier
Rotation angle of planet gearwheel relative to planetary
5 carrier
w, Angular velocity of sun gearwheel

w, Angular velocity of planetary carrier

Angular velocity of planet gearwheels relative to planetary
3 carrier

reactor chambers (grey, #3). At this point we
alsointroduce the respective body-fixed coor-
dinate systems (1-3) from now on denoted
as frames. Furthermore, we define aninertial
coordinate system (black) referred to as the
global frame, which is centered on the main
rotation axis and not subject to any agitation.

As a spatial reference spot forthe subsequent
modelling process, we setthe point P, located
at the intersection between the x-axis of the
body fixed planet (x,) and the chamber walll.
That way, the crucial mechanical interaction
between the chamber wall and the hops can
be investigated. Table 1 gives an overview of
alldesign and process parameters introduced
infigure 2, consisting of geometricdimensions
aswell asrotation angles and their respective
angular velocities.

For the purpose of this study, it is negligible
whether the three planets shown in figure 2
are interpreted as three different planets or
one particular planet in different positions.
Duetothe discrete rotational symmetry of the
system, all planets can be expected to show
the same kinematic behaviour, regardless of
how many of them are present.

2.2 Constitution of the forward model

In this section, we derive the kinematic equations required to simu-
late the motion of all subsystems, particularly the reactor chamber
represented by point P. Since we have identified three rotational
systems driven by two input shafts and therefore two degrees of
freedom, there must be one kinematic constraint between those
rotations. This constraint can be identified at the point of interac-
tion between the sun gear and the planet, where both tangential
velocities match due to teeth engagement:

%1 (rl) = I73,abs(7'3)
v, (1) can be found via

v1(r) = Wy

while for V3,qps, we take that w, is defined as being relative to
the planetary system. Taking the correct rotational directions into
account, it follows that

v3,abs(r3) = Wy — W3T3

which describes the superposition of the speed induced by the
planetary carrier and the own rotation of the planet. Thereby we
can derive the constraint in question, namely
Wy — Wq
W3 =1 ———

3 1 r,—n
In order to quantify and evaluate the push-back effect on the hop
solids, itis necessary to properly model the accelerations occurring
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at point P. The position vector of P in cartesian coordinates with
respect to the global frame is given by

xp) _ <r2 cos ¢, + R cos(¢p, + (p3))

Top(¢2 ¢2) = (}’p 75 sin @, + R sin(¢@, + ¢3)

Since we investigate a stationary-state process, for constant
angular velocities dw,/dt = 0, time dependency can be added for
temporal differentiation by

©) = <r2 cos(w,t) + R cos((w, + wg)t)>
Torlt) = 1y sin(w,t) + R sin((w2 + w3)t)

The second time derivative leads to the acceleration vector of P

ap(t) = (ax,P) d’r (—wzzrz cos(w,t) — R cos(t (w, + w3))(w, + w3)2)

ayp)  dt? T\ —w,?r, sin(wyt) — R sin(t (W, + w3)) (W, + w3)?

Now for both the position and acceleration vector the explicit
time can be eliminated again by substituting the time ¢ = ¢, /w, to
make the model a function of the angle ¢,, which is the param-
eter representing one full revolution of the reactor relative to the
planetary carrier.

w w, + w
T, COS (—2%) + R cos <—(p3( 2 3)>
w3 w3

rop(@3) =
orPs . (‘Ps(wz + w3)> ) (‘UZ‘P3)
R sin| ————=) + 1, sin —

w3 3

—w,?r, cos (

(1)2403) — R cos @3(w; + w3)
w3

2
0y ) (w2 + w3)
wz‘Ps) — Rsin (4’3(‘02 + ws3)

w3

ap(p3) =

—wy?%r, sin

) (w, + (U3)2

w3

Note that for w, = 0, adivision by zero is created, however this does
not hinder the algorithm, since this case is not a feasible setting
regarding the push-back effect. The acceleration vector of P in the
global frame needs to be transformed into the body-fixed reactor
frame RF by multiplication with the respective rotational matrices.

(a’z‘Ps) . (a’z‘Ps)
. cos sin
cos(ps)  sin(gs) w3 w3

present model, we can identify the absolute angular velocity of
the reactor as a proportional quantity to describe the flowrate in a
relative sense. It can be determined by

W3 gps = Wy + W3

To provide a dimensionless performance indicator, considering
both the magnitude of the push-back effect as well as the implied
convective flow, we introduce 7, defined as

n= PBE |w3,abs|

|wiw,|

In accordance with the scalable approach of this work we further
declare two dimensionless quantities representing the design- and
process parameters as simulation input. The rpm ratio describes
that of the rotation speed of the two input shafts (planet carrier
and sun) and is given by:

W2

S0 =10
The gear ratio describes that of the diameters of the planets and
the sun gear and is given by:

£
$g = "

The input-output structure of all model variables is listed in table 2.

Table 2 Overview of the forward model parameters

Input: Fixed model parameters

r,=1 Planetary carrier radius
o, =1 Angular velocity of sun gear
R=ar,=0,7 | Radius of reactor chamber
Input: Variable model parameters
é, Rpm ratio
&, Gear ratio

Input: Simulation parameters

Ry, (p3) = —sin(p;) cos(ps) Roa(92) = —sin (%) cos (wz</J3)
a)

aff(py) = Ry, (93)Ry, (93)ap(@3)

The x-component of this acceleration afp is isolated, since it
describes the radial component of the acceleration concerning
P within the reactor frame (see Fig. 2). By expressing the ratio
between the maximum and minimum acceleration as below, we
derive a dimensionless measure which holds solely when the two
accelerations have different signs. Therefore, the presence of the
push-back effect can be validated or invalidated for a given con-
figuration, while expressing its magnitude as a relative quantity.

max(aZ%
(0,5 sgn (_(—;’}f) — 0,5)
mm(ax,P

In addition to the description of the push-back effect, a sufficient
convective flow of beer must also be ensured. Although an abso-
lute quantification of the fluid throughput is not possible with the

max(afh
PBE = ———2<
min(akh

Ps.start Lower bound of ¢,
P3end Upper bound of ¢4
ng,, Number of discrete simulation steps

Calculated auxiliary parameters

w; Relative angular velocity of planet gearwheel / reactor
3 Effective radius of planet gearwheel
r, Effective radius of sun gearwheel

Output parameters

Angular velocity of planet gearwheel / reactor relative

@3abs to global frame
PBE Push-back effect index
r.(0) Position coordinates of point P in global frame
Acceleration vector of P in global frame with respect
2,0, to ¢,
Acceleration vector of P in reactor frame with respect
a, (9 to ¢,
n Overall performance index
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{:(u (1) = fm,sr.art

Since the modelrelies on analytical relations,
the step size does not influence the precision
of the results through numerical deviations
e.g. by time integration. Therefore, the step
sizes are chosen to deliver data for smooth

+

A 4

fg M= {g,start

»>

r

Core
function

j=j+1 ng) < ‘fg,end
false
true L.
- i=i+1
false
Fig.3  Program flow chart of the nested loop routine, looping over rpm ratio and gear

ratio

The main simulation parameter ¢, is defined by a lower and upper
bound as well as the number of discrete steps in between. This is
appropriate, sincefor(p3 equidistant spacing is applied. The forward
model generates a video-file containing an animation of the rotating
system including point P with its respective acceleration vectors.
For easier scalability, the planetary carrier radius is set to one and
the angular velocity of the sun gear to minus one. The radius of
the reactor chamber is set to 0,7 as a compromise between high
containing volume and high flow rates on the one hand and enough
space between the reactor chambers on the other.

2.3 Constitution of the nested loop model

In order to generate and investigate a cluster of different solutions
based on a given range of input parameters we implemented an
additional routine containing anested loop. The loop parameters are
the rpm ratio fw (outer loop) and the gear ratio fg (inner loop). The
structure of the routine is shown as program flow chart in figure 3.

The nested loop allows the calculation of the push-back effect
PBE, the global reactor speed w; ,, and the overall performance
indicator » as functions of rpm ratio and gear ratio to assess dif-
ferent combinations of design and process setups. The additional
parameters required for this routine are listed in table 3.

2.4 Parameter setting / assignment
After introducing all parameters relevant for the model, we now can

assign them with values for the aspired simulation of this study.
These are listed in table 4.

visualization. Basically, the parameter set-
ting of the forward model also applies for
the nested loop since the same core func-
tion as in the forward model is called. Due
to the looping, rpm ratio and gear ratio are
each defined as vectors, thus the forward
parameters ¢ and fg are obsolete for the
nested loop. Due to the low computational
effort and the insignificant calculation times,
their ranges can be broad to evaluate the full
spectrum of possible solutions.

2.5 Simulation software and func-
tions

The simulationis implemented in MathWorks

MATLAB® Version R2020a and consists of
two script files, one for the forward model
and another one for the nested loop. Both
call the same core function file delivering the
calculated values for position and acceleration
at point P. Another Live Script is dedicated
to the symbolic time differentiation of the
position vector for gathering the acceleration
equations as introduced before plus the coordinate transformation
in terms of the rotational matrices. The following toolboxes and
non-standard functions were used:

Table 3 Additional simulation parameters for the nested loop

model

Input: simulation parameters

Eostart Lower bound rpm ratio
Corend Upper bound rpm ratio
nf¢,] Number of discretization steps for rpm ratio
Costart Lower bound gear ratio
Coond Upper bound gear ratio
nf&,] Number of discretization steps for gear ratio

Output parameters as functions of rpm- and gear ratio

W3 s (5(/)’6;')

Absolute reactor rpm

PBE(£,¢,) | Push-back effect index
n(€,<,) Overall performance index
Table 4 Selected parameter setting for the present study

Both models Forward model Nested loop model

D50 = 0 £, =095 Eopstarn = 0,01

Ps.ena = 2T &, =8 Eyena = 0,98

n;,, = 1000 nf&,] = 2500
Epan=0,1
Coena= 10
nf&,] = 2500
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Fig. 4  Global trajectory of point P (blue) with respective reactor poses at 0y = 0 (left) and Q;=m (right) for é’m =0,95/ é‘g =8/R=0,7

B Symbolic Math Toolbox® for analytical derivation of governing
equations

B Image Processing Toolbox® to draw scale independent circles
in the animation

B Function arrow.m from Matlab file exchange server to draw
decent acceleration vectors

B Function filledCircle.m from Matlab file exchange server to
draw circles with filled area

3 Results and discussion

All calculations and therefore all results refer to the prior defined
point P as representative geometric location due to the given ro-
tational symmetries of the system. First, we will discuss the results
of one single forward simulation run with the defined set of input
parameters. This includes both the 2D-trajectory as well as the
acceleration characteristics of the reactor. To assess the behaviour
and performance of different design and process setups, the results
of the nested loop model are shown and discussed considering
the push-back effect and the reactor's absolute rotational speed
as relative index for the conveyed through-put. Finally, we transfer
the findings to a technical implementation example.

3.1 Forward model

The forward model covers the reactor kinematics for one repre-
sentative revolution relative to the planetary carrier.

p3€[0;2m|

The calculated output data refers to a rpm ratio of fw =0,95,agear
ratio of é"g = 8 and a reactor radius R = 0,7. (see Table 4)

3.1.1 Global trajectory of point P

For abetter understanding and evaluation of the systemkinematics,

the 2D-trajectory of point P has been calculated with respect to the
spatial pose of the reactor chamber and within the global frame.
Figure 4 shows that trajectory for two decisive simulation steps
combined with the respective reactor positions: the first step, where
@, =0 as well as an in between step which exactly describes half
of a representative revolution (¢, = m) of the reactor. Regarding
figure 2 the revolution starts with the planetary frame and reactor
frame being aligned and therefor point P at the radial outbound
position. We observe, that for both steps the trajectory (blue) runs
tangentially to the reactor edge at P, already allowing the conclu-
sion that the resulting acceleration vector of P is perpendicular to
the reactor edge, consisting therefore only of a radial component
within a body-fixed reactor frame. This is because at both steps
point P does not move towards or away from the rotation axis of
the planetary carrier and thereby no Coriolis acceleration can be
induced. An even more important finding for the purpose of the
PRBR concept is the counter-oriented curvature of the trajectory

057} 1
0
w o
& 3
©
-05¢ 1
F i
-1.5
0 /2 T 3/2m 2T
¥3
Fig. 5 Radial acceleration component in P within reactor frame

over angle ¢, for  =0,95/ g"g =8/R=0,7
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relative to the reactor at ¢, = 7 in comparison with the initial posi-
tion ¢, = 0. This suggests that it is de-facto possible to configure
the system parameters for a directional change of the resulting
acceleration (push-back effect) at P observing from the reactor
chamber.

3.1.2 Acceleration of point P

Figure 5 indicates that the radial acceleration of point P with
respect to the reactor displays a sinusoidal characteristic over
a representative revolution. The oscillation occurs between a
positive maximum and a negative minimum, whose ratio defines
the PBE as introduced before. The absolute value of the positive
maximum acceleration is smaller than the absolute value of the
negative minimum. This makes sense, since at ¢, = 0 the two rotary
movements of the planetary carrier and the planet/reactor each
cause an equal oriented overlap and therefor summation of their
centripetal accelerations and in contrast a subtractive overlap at ¢,
=7. We further observe, that during one cycle the period of positive
acceleration is shorter than the negative one. This is expected to
be favourable since the negative one delivers the driving force for
the fluid pumping through the reaction chambers and the positive
one the counter force for the push-back of the hop particles away
from the mesh of the chamber wall.

Figure 6 shows 12 rotational reactor poses of one full cycle typified
by the respective positions of P relative to the planetary carrier
and thereby according to ¢,. The circular area corresponds to the
reactor'stop surface. The acceleration vectors relatively oriented to
the planetary carrier are plotted for each position of P. Positions ¢,
=0and ¢, = w exhibit solely radial acceleration components, while
in all other positions there is an additional tangential component
observing from the reactor frame. One might wonder, if the line
extensions of the vectors are crossing each other in one certain
point within the planetary carrier frame. We found that this is the

‘I L
P(ps =1/2 )
0.5¢r
=0 P(ip3 = 0)
051
P(ps =3/2 )
At
-1 -0.5 0 0.5 1

Fig. 6  Acceleration vector in point P for different rotational reac-

tor poses ¢, displayed in the planetary carrier frame
?3

08
08
0.6 06
=
o
04
0.2 04
0
10
2
1 0
0.8
4 0.6
gear ratio £g 02 - rpm ratio Ew,
0 0 0

Fig.7 PBE with respect to rpm- and gear ratio

case, although this point does not match the main rotation axis
(origin of global frame). Remember that this figure or rather its
axis refer to the frame of the planetary carrier. Hence, the point of
crossing is moving along a circle within the global frame underlin-
ing the occurrence of Coriolis accelerations, additionally to the
centripetal accelerations.

3.1.3 PBE and performance indicator

As shown in the last section, for the given setup we obtain a posi-
tive maximum acceleration of af» = 0,69 and a negative minimum
acceleration of af’h = -1,11, by definition, leading to a push-back
effect of PBE = 0,62. The reactor's absolute (relative to global
frame) angular velocity is @; ,,, = 0,55. This results in a perfor-
mance indicator of # = 0,33. At this point we may solely conclude
that there is a significant push-back effect regarding the directional
change of accelerations. The numerical assessment is dependent
from the comparison of different configurations as carried out in

the following sections.
3.2 Nested loop model
3.2.1 Push-back effect

Turning to the nested loop model we first consider the push-back
effect PBE with respect to the rpm- and gear ratio as shown in
figure 7. We observe a curved ridge of maxima with PBE being
equal to one. For increasing gear ratios this ridge approximates
asymptotically the rpm ratio of one. This is reasonable, since
for fw = 1 the planetary carrier and the sun system each spin at
same speed leading thereby to a relative angular velocity of zero
regarding the planets. In this case the reactor and thereby point
P display no movement relative to the planetary carrier and as a
result no push-back effect is possible. Proceeding from the ridge
towards higher gear ratios and lower rpm ratios we find a plane of
PBE being equal to zero. These setups do not show a directional
change of the acceleration vector in P and hence are algebraically
sort out (set to zero) as defined in section 2.
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Beyond fw =1there is no further rise of PBE to be found for higher
rpm ratios. We conclude, that for a given process a particular or a
minimum required value of PBE lies within a limited range of pa-
rameter combinations regarding rpm- and gear ratio. Fortunately,
this range appears to be technically feasible with respect to the
design limits of gearwheel pairs as well as electric engine setups.

3.2.2 Global rotational speed

In order to add a factual value to the process, it is crucial to like-
wise ensure an appropriate magnitude of flow rate. Latter can
be assessed by determining the reactor's angular velocity with
respect to the global frame w; . Figure 8 considers w; ,, with
respect to rpm- and gear ratio. For better illustration, the plane
given by w; ,. = 0 is highlighted in transparent grey. We found
that the line of intersection (highlighted red) between this plane
and the function @; ,, (£, ¢, ) — constituting all the setups with
no global rector rotation — has the same course as the ridge of
the PBE maxima in figure 7. By setting w; ,,, = 0 we identified the
regarding equation as follows:

&y o

T1+¢,

We concluded that maximizing PBE and w; ,, is to some extent
mutual exclusive. At first view, that might seem unfavourable, but
one should also consider the relative duration of the acceleration
periods described before. Higher PBE comes with partially shorter
periods of “pumping” accelerations within one cycle compared to
the push-back periods. However, at this point we are not yet able
to evaluate the impact of this factor on the real process.

3.2.3 Overall performance indicator n

To provide a framework for further analysis as well as a best
guess from the current perspective and state of investigation we
introduced 7 as overall performance indicator. Figure 9 shows 7 as
a function of our design- and process parameters fw and fg. The
calculated structure confirms our earlier conclusion of oppositeness
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Fig. 8 Reactor‘s angular velocity relative to the global frame and
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regarding PBE and w; . Instead of one ridge like with the PBE
in figure 7 we find two of them separated by a canyon following
the course of the prior ridge. The ridge towards higher rpm ratios
exhibits slightly higher values for 7 and represents positive values
of w; ., while the other one is characterized by setups leading to
a counter oriented reactor rotation. In summary higher gear ratios
and rpm ratios close to one seem favourable in terms of . We
also conclude that there are setups allowing for simultaneously
taking advantage of the push-back effect and a significant global
rotation of the reactor for fluid transport.

3.3 Technical implementation

In this section, we embed the previous findings in a simplified
parametric design process and thus arrive at a concrete design
example. Letus assume, we already have the empiricknowledge to
quantify the geometric dimensions and number of reactor chambers
required for a particular dry hopping process, mainly defined by a
given batch size of beer and its properties. Therefore, the radius
of the reactor chamber is known as R = 100 mm.

1. The known radius R implies a possible range of global reac-
tor speeds. According to state-of-the-art reactors we thereby
choose w; = 200 rpm

2. From R we also can derive the radius of the planetary carrier
from the known relation r, = R Using o = 0,7 we obtain r, =
143 mm “

3. Empirical findings also allow to determine the desired mag-
nitude of the push-back effect PBE. We choose PBE = 0,62
and obtain a characteristic implicit numerical function f(C , fg)
= 0 from the simulation model defined by the projection of the
respective isoline on the PBE surface.

4. The model is now used as an optimization routine to iteratively
find absolute design- and process values alongﬂéw, ég )=0
while also fulfilling the condition @; ,, = 200 rpm. This leads
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tor, =127 mm, r, =16 mm, v, = 364 rom and @, = 345 rpm

Among this dimensioning, the design can be further extended. One
of the key advantages of the PRBR is the combination of heteroge-
neous reaction and filtration in one device. To enhance the filtration
function, at least one of the chambers can be equipped with a finer
membrane in place of the filter mesh. This would ensure that even
small particles that get into the beer are separated.

Furthermore, flow baffles can be mounted to the sun system (radi-
ally outside of the reactor chambers) to decrease the rotational
movement of the beer and thereby to increase the flow rate. This
construction element makes use of the two given rotational sub-
systems at different speeds.

4 Summary and conclusions

In this contribution, we presented a feasibility analysis regarding
use of a planetary rotating bed reactor (PRBR) as novel technology
fordry hopping. The PRBR consists of a rotating solid-liquid reactor
kinematically enhanced by a planetary gear derivate generating
a push-back effect to prevent hop clogging of the peripheral filter
mesh. This effect is based on the superposition of two rotary mo-
tions and thereby a directional change of the acting accelerations.
We introduced a 2D simulation framework to model the kinematics
of the PRBR, implemented in MATLAB®. Therewith we proved the
existence of the underlying push-back effect and reached a better
understanding for the acceleration behaviour atthe contactinterface
between the hop solids and the reactor. The model allowed us to
verify the technical viability as well as to quantify the sensitivity of
the system to the selected process variables. With the approach of
dimensionless parametrization, we demonstrated that the kinematic
concept of the PRBR holds in all scales.

The PRBR promises to be a fast, hop-saving and fully scalable
technology for dry hopping and other heterogeneous reactions,
since it combines efficient mass transfer and filtration in one
device. In future we aim to further develop this concept together
with broad-minded industry partners. Based on the findings of the
present work the next step should be the design of a prototype for
experimental investigation on the process. This would allow the
quantification of extraction efficiency as well as the degree of solid
retention with respect to the generated flow rates. Furthermore,
the process behaviour regarding oxygen input and foam formation
are to be addressed. The gathered experimental data will help to
extend and optimize the present simulation model.
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