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Mixing in low-density polyethylene (LDPE) reactors is crucial regarding process safety as well as process efficiency. The

extreme process conditions of pressures up to 3000 bar make it difficult to get an insight into LDPE reactors. This problem

is tackled by a combined experimental and modeling approach. A poly(methylmethacrylate) duplicate of a laboratory

high-pressure reactor is set up to measure residence times and visualize flow lines. Experimental results are then compared

to a computational fluid dynamics model.
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1 Introduction

Polymers are a widespread product and present in our
everyday lives as packaging, piping, or wire insulation.
About 17.4% of the European total polymer demand falls
on low-density polyethylene (LDPE) and linear low-density
polyethylene (LLDPE) [1]. LDPE is produced by free-radi-
cal polymerization in tubular or autoclave reactors at
temperatures up to 300°C and pressures up to 3000 bar.
The polymerization is started by a thermal initiator like an
organic peroxide. By stepwise adding monomer to the
resulting peroxide radical, a polymer is built. The polymer-
ization can terminate by a reaction between two radical spe-
cies. Transfer reactions lead to the characteristic long- and
short-chain branches of LDPE. [2]

Knowledge on mixing in LDPE reactors is crucial of
multiple reasons. At the operating pressure of a LDPE
plant, the decomposition limit of ethylene is around 300 °C.
Above that temperature ethylene exothermically decom-
poses into solid carbon, methane, and hydrogen [3]. There-
fore, the formation of hot spots due to inefficient mixing is
a major safety risk. In tubular reactors, imperfect mixing in
radial direction leads to a formation of a polymer-rich
boundary layer, the so-called fouling layer. Fouling layers
reduce the heat transfer from the reactor to the cooling
water and hence the conversion in the reactor. Fouling can
also be responsible for a high-molecular weight shoulder in
the products’ molecular weight distribution that can influ-
ence the processability of the polymer. Another important
topic is the efficient feed mixing especially of the peroxide
initiator. Peroxide initiators have an optimum in the initiat-
or consumption (mg initiator per kg LDPE) depending on
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the polymerization temperature. Above that minimum, the
initiator efficiency is reduced by an increase in chain termi-
nation due to imperfect mixing. [4]

The extreme reaction conditions of the LDPE process
and the associated heavy reactor walls make it difficult to
gain insight into the process. A cross-section of a high-pres-
sure laboratory reactor is shown in Fig.1a and illustrates
the relation between reactor wall and reaction chamber. To
overcome that issue and evaluate the mixing behavior of
high-pressure polymerization reactors, two complementary
approaches are followed. A poly(methylmethacrylate)
(PMMA) duplicate of the high-pressure reactor is con-
structed to carry out tracer experiments. The experimental
setup allows a quantitative analysis of the residence time
distribution of the reactor as well as a visualization of flow
lines with blue ink. In parallel a CFD (computational fluid
dynamics) model is set up and validated with the experi-
mental setup. Fig. 1 depicts the polymerization reactor as
well as the PMMA reactor and the geometry of the CFD
simulation.

The determination of residence time distributions is a
common analysis method in chemical engineering [5] and
with increasing computer power became also subject of
simulation studies [5-16]. Li et al. present different methods
to access the residence time via CFD simulations including
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Figure 1. High-pressure laboratory reactor for polymerization
experiments (a), PMMA reaction for tracer experiments (b) and
geometry for CFD simulations (c). The feed is a small ring gap
around the stirrer shaft.

Lagrangian particle tracking as well as solving a transport
equation for a tracer species or the average residence time
[6]. A comparison between experimental and simulated
residence time distributions for stirred vessels can be found
in literature for different applications as single-phase vessels
[7,8], gas-liquid systems [9,10] or electrochemical reactors
[11]. Besides stirred vessel, the method is also

2 Experimental

Residence time distribution and mixing behavior experi-
ments are performed with a self-constructed measuring
device. The setup is constructed for performing pulse
experiments with water as fluid. For these measurements, a
tracer is required. A substance is appropriate as a tracer if
its concentration is determinable by simple measurement
techniques. Thus, dyes, electrolytes or radioactive substan-
ces can be chosen for example. The tracer is further
required to be chemically inert and non-adsorbable at the
reactor interior walls. It should exhibit a similar density and
viscosity in comparison to the reaction medium and should
be non-toxic. [17, 18]

Since water is used as fluid and there is the availability of
a color sensor, blue ink is used as tracer. Density and rheo-
logical properties of the ink can be assumed to be identical
to these of pure water as the used ink consists of 99 % water
and aqueous ingredients.

The measuring device is characterized by the flexibility in
change of reactor types, reactor, and stirrer geometries and
even baffles. Furthermore, a variation of volume flows up to
160 mL min ", stirring frequencies up to 3000 rpm, viscosi-
ties up to 30 mPas and different feeding points can be real-
ized for investigations.

The flowsheet of the experimental setup is depicted in
Fig.2. The dosing of the fluids is realized by two pumps,
Ritmo R15 and Carino 09, from Fink Chem + Tec GmbH.
Thereby, the discontinuous Ritmo R15 conduces the high-
volume flows, whereas the continuous double piston pump
Carino 09 guarantees with its maximum 10 mL min™" a pul-
sation-free injection. For ensuring defined and reproducible
injection of tracers a sample loop valve MXP 7900-000 by
IDEX Health & Science is used. The reactor is a PMMA
mimic of the original steel autoclave. Additionally, the steel

applied to, e.g., membrane reactors [12], jet mix-
ing [13] or pump-mixer units [14]. In the field
of polymerization, Gamba et al. analyzed the
mixing in a styrene reactor by CFD simulation
as well as tracer experiments measuring the con-
ductivity of an injected salt solution [15]. Ingles
et al. applied the planar laser induced fluores-
cence (PLIF) technique to the geometry of a po-
lymerization reactor using a fluorescent tracer
[16]. The present work puts the topic of resi-
dence time distribution in the context of high-
pressure polymerization by showing how tracer
experiments at ambient conditions can give
quantitative information on high-pressure reac-
tors despite significantly different operating con-
ditions.

tracer

> e |

> | waste

Figure 2. Flowsheet of the experimental setup. Dosing of fluids is realized by
two pumps. The tracer is injected via a sample loop valve into the reactor and
its concentration is measured by a color sensor directly below the reactor.
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stirrer is replaced by a 3D-printed transparent version. The
stirrer is powered by a Cyclone 075 from biichiglasuster,
exhibiting a magnetic coupling with an electrical motor. For
detecting the tracer concentration, a highly sensitive optical
color sensor TCS3472 EVM by the company AMS is
directly positioned below the reactor. The visual tracking of
the experiments is achieved through the industrial camera
uEye UI-6240RE-C-HQ R.2 by IDS Imaging Development
Systems GmbH.

The introduction of a determined amount of tracer at the
reactor inlet is ensured by the used sample loop valve. Here,
the connection to a LabView control by National Instru-
ments guarantees a defined pulse with a pulse time of 1s.
The objective is to obtain an input signal that can be
assumed to have an infinite height in comparison to the
reactor function and a width of zero. The input signal com-
pared to the reactor function is depicted in Fig. 3.
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Figure 3. Comparison of input and output signal of the tracer.
The input pulse is comparably narrow in contrast to the reactor
function.

3 Modeling

CFD simulations are carried out with the commercial soft-
ware Ansys® Fluent (Release 2021 R1). The geometry con-
sists of a cylindrical stirred vessel as shown in Fig. 1. The
stirrer rotation is modeled with a rotating reference frame.
For turbulence modeling, the standard k-e-model is used.
First, a steady-state velocity field is calculated by solving the
continuity and momentum equation, as well as an equation
for the turbulent kinetic energy k and the turbulent dissipa-
tion rate &. The temperature is assumed to be constant.
After reaching a steady state the velocity field is frozen and
a transient simulation is carried out to solve a transport
equation of the tracer specie according to Eq. (1). Here p is
the density, v the velocity vector, Y the tracer mass fraction,
D the mass diffusion coefficient, y;, the turbulent viscosity
and Sc, the turbulent Schmidt number. At t = 0's the tracer
mass fraction at the inlet is set to one and after a pulse time
of 1's the mass fraction is set to zero. [6]
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Thermo-physical properties of an ethylene-polymer-mix-
ture under supercritical conditions are determined by em-
pirical correlations [19]. The tracer is assumed to behave
identical to the fluid with the same thermo-physical proper-
ties. The pure component densities of ethylene and polyeth-
ylene are given by Eq. (2) and Eq. (3) depending on temper-
ature and pressure. With the mass-weighted mixing rule in
Eq.(4) the density of an ethylene-polyethylene-mixture is
calculated.

p. = 3203.35 — 601.2 Ig(10p) — 1267.75 Ig(T)

2
+335.8 1g(10p) 1g(T) @
Ppe= (9611074 +7.107-T —52-10"%) " 3)
Y. Y\
pmix - —= + . (4)
Pe  Ppe

The empirical correlations for the viscosity of ethylene
and polyethylene are shown in Eq.(5) and Eq.(6) while
Eq. (7) states the mixture viscosity.

7. =10.25-107° — 10.39 - 107°(T — 347)°?

(5)
+4.68-1077(10p)"*

log<npe) =0.227 +2015/T +3.33- 10 '%p ©

Yie
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4 Results and Discussion

The combined experimental and CFD modeling approach
for determining the mixing behavior inside high-pressure
polymerization reactors is evaluated regarding the applic-
ability of water as reference substance for the high-pressure
polymerization. Therefore, Tab. 1 shows an overview of the
operating conditions and thermo-physical properties of a
polymerization experiment and the respective tracer experi-
ment. Here, typical process conditions of a high-pressure
mini-plant experiment with an operating temperature of
180°C, a pressure of 2000 bar and a conversion of 10 % are
assumed. In the tracer experiment the volumetric flow rate
V of the polymerization experiment is adopted.

Further, two CFD simulations were performed, one with
water and one with the LDPE-ethylene mixture as fluid.
Due to the adopted volumetric flow rate, the differences in
densities and operating conditions have a neglectable im-
pact as the residence time behavior of both simulations is
nearly identical. The simulations’ outcome underlines that
water at room temperature is applicable as a modeling
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Table 1. Comparison of operating conditions and thermo-
physical properties of a tracer experiment and a polymerization
experiment.

Polymerization experiment Tracer experiment

fluid 10 wt % LDPE in ethylene water

p [bar] 2000 1.013
T[K] 453.15 298.15

p [kgm™] 526 [19] 997 [20]
7 [mPa s] 0.689 [19] 0.890 [20]
V [mL min™!] 64 64

system for the supercritical high-pressure polymerization of
LDPE. This transferability has also been proven in the
experimental work of Busch in 1993 [21]. In case of other
polymerization systems (e.g., solution polymerization) with
higher conversions and thus higher viscosities, water glycer-
ol mixtures can be used as fluids.

The comparison is drawn between the experimental mod-
el system water and the LDPE CFD model with a polymer
content of 10wt % at 180°C and 2000bar. The stirring
frequency is varied and the impact on the hydrodynamic
behavior compared. Fig. 4 depicts the residence time distri-
butions in dependence of time for a) 800 rpm, b) 100 rpm,
and ¢) O rpm.

In general, the residence time distributions of experiment
and CFD simulation are in good agreement. At a stirring
frequency of 0rpm, the maximum is in experiment and
simulation explicitly higher than at 100 rpm and 800 rpm.
This is caused by the presence of short-circuiting as the
tracer is not mixed in after the pulse but directly shot to the
reactor outlet. The maximum of the residence time distribu-
tion at 100 rpm is shifted to a higher residence time com-
pared to 800 rpm what indicates a longer mixing time at
lower stirrer frequencies. A slight increase of all maxima of
the simulated curves in contrast to the experimental ones
and small deviations in the curve shape, more differing with
lower stirring frequencies, are identifiable. Better agreement
between experiment and simulation can potentially be
gained with a more complex
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Figure 4. Comparison of the experimental and simulated resi-
dence time distributions at different stirrer frequencies.

The time-resolved pictures for all stirring frequencies
show that blue ink is a suitable tracer for the flow behavior
visualization. Since blue ink ensures a distinct contrast in
the picture of the transparent reactor, the flow lines are
made visible. Furthermore, the mixing behavior changes
with the stirrer frequency. At O0rpm, the tracer is directly
flowing to the reactor outlet and the mixing takes place
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higher simulation time. The
Reynolds stress model would for 0 rpm
example account for the anisotro-
py of the flow. When leaving the
group of RANS (Reynolds-aver-
aged Navier-Stokes) models, a
large eddy simulation (LES) has
the potential to resolve smaller
flow structures. This would also 800 rpm
be necessary to capture the flow

turbulence model on cost of a 0.0
i'

100 rpm
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lines shown in Fig.5, especially
for lower stirrer frequencies.

Figure 5. Experimental visualization of flow lines at different stirrer frequencies for the first

period after the injection of the tracer.
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from bottom to top. This short-circuiting matches with the
residence time distribution results. For a stirring frequency
of 100 rpm, the short-circuiting is much less pronounced
and the mixing in of the tracer is rather from top to bottom.
In contrast, the tracer is directly mixed in from top to
bottom for 800 rpm with a mixing time of only 5s.

5 Conclusion and Outlook

A model approach for describing the mixing behavior in
high-pressure polymerizations was presented. Therefore, an
experimental measuring device was set up, realizing repro-
ducible pulse experiments with water as fluid and ink as
tracer. This fluid-tracer-system proofs to be a suitable mod-
el system for illustrating the mixing in LDPE reactors.
Using this setup, a CFD model can be validated as the
experimental residence time distributions are in good agree-
ment with the simulation. This work exemplifies the differ-
ent flow behavior inside reactors depending on the stirrer
frequency.

Future efforts can now concentrate on extending the CFD
model with the polymerization kinetics. Especially the mix-
ing of the initiator feed is of major interest regarding the
initiator efficiency. Furthermore, with the experimental
setup and the CFD model in combination, there could be
attempts to scale-up reactors and predict new stirrer geome-
tries.
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I Symbols used

D [m mass diffusion coefficient

E [s” ] residence time distributions
k [m%s7] turbulent kinetic energy

p [bar] pressure

Sc, [-] turbulent Schmidt number, 0.7
t [s] time

T (K] temperature

v [ms™] overall velocity vector

Vv [mLmin™'] volume flow

Y (-] mass fraction of tracer
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I Greek letters

e [m%s7] turbulent dissipation rate
n [mPa s] dynamic viscosity

e [m turbulent viscosity

P (kg m’3 ] density

I Sub- and Superscripts

e ethylene
mix mixture
pe polyethylene

I Abbreviations

CFD  computational fluid dynamics
LES large eddy simulation

LDPE low-density polyethylene
LLDPE linear low-density polyethylene
PMMA poly(methyl methacrylate)
RANS Reynold-averaged Navier Stokes
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