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Research Overview

Heat Transfer

= Radial, circumferential and
axial temperature distribution

= Heat transfer coefficients

= Heat transport coefficients

Solid Material Transport

=  Transversal solid bed motion
= Axial solid transport

= Residence time

Process Engineering in Rotary Drums
Modelling - Simulation - Measurements

: Gas Solid k~ar tion
Flame simulation = Recction kinetic
= Fluid dynamics = " Masschange

Experimental Tools
Pilot plant rotary kil o1 nroc.'ss analyses
Pilot rotary drum f~. he.t transfer analyses
Pilot rotary drur s 1or ~.olid motion behavior analyses
Pilot tube dr'... fo. reaktion analyses
Thermo arl, <ic.l laboratory
Thermng, cn'y laboratory

Numerical Tools
* Modell development and simulation (Matlab Simulink)
Software development with user interface
Simulation of fluid dynamics and temperature distribution (CFD, ANSYS,
Fluent)
Particle based simulation (Discrete Element Method - DEM)
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Process modeling and simulation C

A mathematical model was developed to describe the complex phenomena of heat transfer and solid
transport inside the rotary drum. The model considers all influencing process parameters like:

— Dimension parameter: Diameter, Length, Inclination angle
— Operation parameter: Mass flow, Rotational speed, Gas throughput

— Heating parameter: Kind of fuel, Flame length, Flame shape, Heat distribution (indirect) 6
— Solid parameter: Particle size, Particle distribution, Particle shape, Bed density, Dynamic angle
of repose, Heat capacity, Heat conductivity, Reaction behavior 0

With the model the axial temperature profiles of the gas phase, the solid bed, the inner wall, the adte
wall shell as well as the axial profiles of the filling degree (bed height) and reaction. Furthe@

parameters are the Exhaust gas and product temperature, the exhaust gas compositio at
losses through the drum wall and the residence time of the material. 0
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&del could be used for a safe and accurate design of kilns as well as for an effective optimization
f

the processes. Moreover the model is suitable to train and educate the employees and to control
the process.




Software Development
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C

Commercial software has been developed to ensure an intuitive work with the process model. For this
purpose a user-friendly interface that is specially adapted to the wishes of the company was designed.
So parameter variations can be performed quickly and easily. The output data can be transmitted via
the software directly in MS Office.
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Transversal Motion Behavior C

To describe the transversal motion behavior at rolling mode a mathematical model was developed.
This allows for the first time the calculation of the boundary line between active and passive layer
without adjusting parameters. From this, the thickness of the active layer over the entire bed cross-
section as well as the average particle velocities and residence times in the active layer were
determined. As in rotary kilns different transverse motion types may occur, the criteria for the
transitions between the types were defined. The limits for the Froude number (rotational speed, drum
radius), coefficient of friction and filling degree (bed height) were determined. Furthermore, the
relationship between the angle of repose (lower, upper and dynamic) could be determined.

characteristics and occur in parti¢ polydisperse packings. While the grain size caused
segregation in the field of Rollin ickle the smaller particles in the active layer through the
interstices of the larger particl oligh - what is referred to as percolation. On emerging from the

active layer, these particle ge in the core of passive layer. This process is repeated until the
particles in the packed b c@ompletely segregated.
LR s

Mellmann, J.; Specht, E.: Mathematical Modelling of the Transition Behaviour between the various Forms of Transverse Motion of Bulk
Materials in Rotating Cylinders (Part 1 and 2). English and German. Cement, Lime, Gypsum International 54 (2001), 380-402.
Liu, X.: Experimental and theoretical study of transverse solids motion in rotary kilns. PhD Thesis University Magdeburg, 2005
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Axial Solid Transport C

The bulk material is fed with a defined feed rate at the inlet of the rotary kiln, flows along its length to
the outlet, and occurs at this. As a result, that adjusts an axial solid bed height profile. The axial
transport of bulk materials is thereby caused by the height difference between the inlet and outlet
ports as well as the longitudinal inclination of the pipe. The resulting axial filling degree profile is
calculated using a numerical model. Thus, the mean residence time of the solid material can be
determined on the one hand, the heat transfer surfaces at each position of the rotary kiln can be
determined on the other hand. Experimental measurements on industrial and pilot plants are in good
agreement with the simulations.

h(z)+dh(z) h(z)

z=0 dz
Rotary drum length

W

Due to the decrease of the filling degree it can cause ac iMEhe transverse motion behavior during
the process. This can lead to a change in the mixing chatécteristics and thus the homogeneity of the
& eeh mo

product stream. To determine this transition pointdetw des of motion, an analytical model was
developed. This makes it possible to define a cr@ ational speed, depending on the operating and

dimensioning parameters.
. \'

5
. o D=44m
Solid flow direction dp = 200 mm
“ 8=0.92rad
4 n=25rpm

Critical Roational Speed

Operation Rotational speed

\\ Slumping Rolling

Liu, X.; Specht, E.: Mean residence time and hold-up of solids in rotary kilns. Chemical Engineering Science 61 (2006), 5176-5181.
Liu, X.; Zhang, J.; Specht, E.; Shi, Y.; Herz, F.: Analytical solution for the axial solids transport in rotary kilns. Chemical Engineering Science 64
(2009) 2, 428-431
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Solid Outlet Flow C

Solid bed motion behavior at the outlet of rotary kilns is especially important for the design of
downstream equipment such as coolers. To define the discharge behavior, the axial and radial velocity
of the particles must be calculated at the outlet. For this purpose, a model for the filling degree at the
outlet cross-section has been developed which is related to the axial filling degree profile.

The dependence of the operating and design parameters will be described on the newly introduced
bed number. Thus finally the offset of the outflowing material in radial and axial directions can be
calculated from the discharge velocity. To validate the model data experimental measurements with
different materials were performed on different pilot plants. The particle distribution was measuredo
below the discharge opening in the axial and radial direction in order to determine the offset.@

model data was validated with good accuracy. @
L 2

Shi, Y.: The outflow behaviour of particles at the discharge end of rotary kilns. Dissertation Universitat Magdeburg, 2009
Shi, Y.; Specht, E.; Herz, F.; Knabbe, J.; Sprinz, U.: Experimental investigation of the axial discharging velocity of particles from rotary kilns.
Granular Matter 13 (2011), 465-473.
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Particle Based Modeling (DEM) C

The motion and heat transport processes in the rotary kiln are previously set forth with continuum
models. Hence effects on the individual particles cannot be demonstrated. The interactions of the
individual particles in the collective of the bed are described with the particle-based modeling
approach of discrete element methods (DEM). This makes it possible to quantify for the first time the
movement of the particles along the boundary line, and in the active layer. Thus, for the time
proportions and residence times of the particles on the free and covered bed surface and the mixing %

characteristics were determined. @

Experimental and numerical investigations for transverse motion behavior, the heat transfer in the bedo
as well as for thermal mixing characteristic were conducted on different batch plants. A
agreement between the DEM simulations and the measured results could be shown. @

v_ges

0.35
0.311111
0.272222

Komossa, H.; Wirtz, S.; Scherer, V.; Specht, E.; Herz, F.: Transversal bed motion in rotating drums using spherical particles: Comparison of
experiments with DEM simulations. Powder Technology, 264 (2014), 96-104

Nafsun, A.l.; Herz, F.; Specht, E.; Scherer, V.; Wirtz, S.; Komossa, H.: The contact heat transfer in rotary drums in dependence on the particle
size ratio. Proceedings of the 15th International Heat Transfer Conference (IHTC-15), August 10-15, 2014, Kyoto, Japan

8
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Regenerative Heat Transport C

The wall gains heat at the free surface and transports it under the bed, where it is transferred to the
bed by conduction. This two-dimensional heat transport in the radial and circumferential direction is
referred to as regenerative heat transport. It is composed of the effective heat transfer by convection
and radiation from the gas to the free wall surface, the peripheral heat transport in the wall and the
contact heat transfer from the covered wall on the covered packed bed surface. Through numerical
simulations (FVM, FEM) it was observed that the temperature penetration depth in the wall with a few
millimeters is relatively low. This results in a thin thermally active layer near the surface, in which the
peripheral temperature change due to the rotation of the drum takes place, and an inactive stationary
layer whose temperature does not change in the circumferential direction. The temperature
fluctuation was calculated in the wall as a function of various parameters. An analytical model fo

heat transfer coefficient was defined by approaching the active layer as a semi-infinite body, t
the computing time could be minimized. The numerical results are in good agreemeﬂ\@he

analytical. 0
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Queck, A.: Untersuchung des gas- und wandseitigen Warmetransportes in die Schittung von Drehrohréfen. PhD Thesis University
Magdeburg, 2002

Agustini, S.: Regenerative action of the wall on the heat transfer for directly and indirectly heated rotary kilns. PhD Thesis University
Magdeburg, 2006

9
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Contact Heat Transfer C

The contact heat transfer between the covered wall surface and the lower packed bed is made up of
the series of a contact resistance between the wall and particle penetration and a resistor in the other
layers of the particle bed. For a description of the contact heat transfer coefficient exist some
mathematical models in literature, but they differ quantitatively to a factor of three and are validated
by experimental measurements inadequate. That is why a huge number of experiments in an indirectly
heated batch rotary drum were carried out with different materials and extensive parameter variation.
In particular for the first time polydisperse packings were analyzed. Based on these analyzes, new good
validated coefficients for calculating the contact resistance could be determined for both

monodisperse and polydisperse systems. 0
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Herz, F.; Mitov, |.; Specht, E.; Stanev, R.: Influence of operational parameters and material properties on the contact heat transfer in rotary
kilns. The International Journal of Heat and Mass Transfer 55 (2012), 7941-7948.

Herz, F.; Mitov, |.; Specht, E.; Stanev, R.: Experimental study of the contact heat transfer coefficient between the covered wall and solid bed
in rotary drums. Chemical Engineering Science 82 (2012), 312-318.
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Heat Transport at the Free Solid Bed Surface C

The heat transport from the free surface into the inner core of the bulk bed is mainly determined by
the heat transport through the active layer. To describe this heat transfer, the effective thermal
conductivity of the active layer is introduced. As part of a research project this thermal conductivity
could be quantified for the first time and the influence of different operational and design parameters
are shown for various materials. For this purpose, experimental tests were carried out in an internally
heated batch rotary drum and the temperature distribution in radial and peripheral direction of the
bed was detected. So the thermal conductivity in the active layer with the known heat flux and the
temperature gradient could be determined. The thickness of the active layer is here calculated with
the self-developed models for transverse motion behavior. 0
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Herz, F.; Sonavane, Y.; Specht, E.: Analysis of local heat transfer in direct fired rotary kilns. Proceedings of the 14th International Heat
Transfer Conference (IHTC14-22086), August 8-13, 2010, Washington, DC, USA.

Nafsun, A.l.; Herz, F.; Specht, E.: Analysis of heat penetration into the solid bed of rotary drums. Proceedings of the 10th International
Conference on Heat Transfer, Fluid Mechanics and Thermodynamics (HEFAT 2014), July 14-16, 2014, Orlando, USA
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Mixing Characteristic C

To describe the temperature distribution in the solid bed the mixing behavior must be analyzed. The
mixing is an essential criterion to ensure product quality, as large temperature gradients occur in the
solid bed inhomogeneity of the final product cannot be excluded. The thermal mixing was
experimentally studied in a batch rotary drum. Two fractions of particles were introduced with
different thermal conditions from one another in the drum, and the radial temperature distribution
measured until reaching the mixing temperature for the experiments. From the curves, the mixing time
and the necessary number of bed changes and drum rotations can be determined. Based on this a
dimensionless mixing quality depending on the different materials and operating parameters was
defined.

As part of a research project with the University of Dortmund (Prof. Walzel) the results of |
experiments were compared with results from cold experiments. A good agreement wé be
observed. This also showed up at particle-based DEM simulations that as part of ano Nﬁearch
project with the University of Bochum (Prof. Scherer) were carried out. b

Hot layer

Quartz sand
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0 10 20 30 40 50 60 70 80
Q Timeins

Herz, F.; Sonavane, Y.; Specht, E.; Bensmann S.; Walzel, P.: Mixing Behaviour of Granular Material in the Agitated Bed of Rotating Drums.
Bulk Solids and Powder-Science and Technology 4 (2009), 109-116.
Sonavane, Y.: Influence of the wall on the heat transfer process in rotary kilns. PhD Thesis University Magdeburg, 2010
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Flame Modeling C

In direct-fired rotary kilns usually diffusion burners are used, so that the combustion intensity along

the flame is mainly determined by the mixing speed and long flame shapes can be produced. In
particular, the local profile of heat release along the flame is a decisive factor in the process modeling.
Because thus it is possible to calculate the amount of heat that is produced per volume proportion of

the flame and is transferred to the solid bed and the inner kiln wall. Through our own CFD simulations

the flame length can be analyzed as a function of various influencing parameters. Thus, the influence 6
of different burner designs, the kind of fuel, the air ratio, the swirl of the combustion air and
temperature were analyzed by parametric studies. For this purpose, a two-dimensional axisymmetric
model to simulate the free and confined jet flame was developed. Due to the validation of theo
numerical calculations based on experimental and analytical data, additionally a three-dimensi

flame simulation could be carried out in an industrial rotary kiln. @

/ -
5 3 do A=13
Primary air, d =1
p i
20°C,a=1 !
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Giese, A.: Numerische Untersuchungen zur Bestimmung der Flammenldngen in Drehrohréfen. PhD Thesis University Magdeburg, 2003
Elattar, H.F.M.: Flame simulation in rotary kilns using computational fluid dynamics. PhD Thesis University Magdeburg, 2011
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Rotary Drums with Constructions C

At the feeding inlet of a rotary kiln typically low temperatures occur, so that the radiation heat transfer
is significantly lower. Here, however, a lot of heat is often required when for example the material
must be dried. To increase the convective heat transfer therefore constructions like lifting flights are
used in the inlet area, which raise the bulk material and then drop steadily. The effectiveness of the
use of such installations is dependent on the extent and uniformity of the gas-solid contact and the
residence time of the material in the drum. These in turn are largely determined by the number, size
and shape of the flights. Based on force balances and geometric relationships, a macroscopic
description of the transverse motion behavior in rotary drums with L-shaped flights was developed. @
With the help of experimental studies at different batch rotary drums, the model could be wello
validated. In addition, models were analyzed for axial solid transport and heat transfer. In a reseaf’c
project with the University of Bochum (Prof. Scherer) models were developed on basis of DE

coupling in order to describe the particle based motion behavior, axial transport and heatﬂ@

O

R-11I: (4 . .
RILy <SS (y+a+ ) (r+a+p)<d <4,

Sunkara, K.R.: Granular flow and design studies in flighted rotating drums. PhD Thesis University Magdeburg, 2013
Sunkara, K.R.; Herz, F.; Specht, E.; Mellmann, J.: Transverse flow at the flight surface in flighted rotary drums. Powder Technology, 275
(2015), 161-171
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Pilot Rotary Kiln for Process Analyses C

A direct fired rotary kiln is available, which can be operated in both continuous counter and co-current
mode or in batch mode. Thus, it is possible to simulate processes, to drive campaigns and quantify
parameters influencing the process.

Inner Diameter 400 mm Length 5m

Solid Throughput <700 kg/h Energy Input 50...200 kW 6
Product Temperature 1300°C Rotational Speed 0..10 rpm

Inclination Angle -5°..5° @

Over the entire length of the rotary kiln measuring connections are provided in the wall, w Q
thermocouples were introduced in the interior of the rotary kiln. The thermocouples are ins

different radial distances from the inner tube wall. With special measuring technology, th& ral
positions of the thermocouples are determined so that simultaneously the radial, axial a ipheral
temperature distributions in the packed bed in the wall and in the gas phase are d ted. Infaddition

to the temperature curves in the interior of the rotary kiln, the outer shell t ure and the
composition of the exhaust gas are recorded. The outer shell tempegature 4 easured by
thermocouples and radiation pyrometers at different axial positions. The co ition of the exhaust

gas is measured by extraction by means of a flue gas analyzer to verify the ai e through the seals

on the two furnace head housings and to detect solid reactions. ’\\
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Herz, F.: Entwicklung eines mathematischen Modells zur Simulation thermischer Prozesse in Drehrohréfen. PhD Thesis University
Magdeburg, Docupoint Verlag GmbH, Magdeburg, 2012 (ISBN 978-386912-075-1)
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Pilot Rotary Kiln for Heat Transfer Analyses C

For the analysis of heat transfer and temperature distribution in the solid bed a batch rotary kiln is
available. This is electrically heated, the heat can be entered both indirectly from outside through the
outer shell surface as well as directly from the inside on the free bed surface.

Diameter 600 mm Length 450 mm
Energy Input 5 kw Product Temperature 200°C
Rotional Speed 0..10 rpm

In order to detect the temperature profile in the solid bed, thermocouples were installed at differento
radial distances to the inner drum wall at two measuring lances. One measuring lance was positiqfie
stationary in the bed to measure the radial temperature distributions. The second measurij
rotates continuously with the rotary drum wall, so that in addition recorded simultafieo he
peripheral distribution of temperature in the packed bed. Also simultaneously, t xr wall
temperature and the outer shell surface temperature are measured with radiati ymers and
other thermocouples.
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Herz, F.: Entwicklung eines mathematischen Modells zur Simulation thermischer Prozesse in Drehrohréfen. PhD Thesis University
Magdeburg, Docupoint Verlag GmbH, Magdeburg, 2012 (ISBN 978-386912-075-1)

Herz, F.; Mitov, |.; Specht, E.; Stanev, R.: Influence of the motion behavior on the contact heat transfer between the covered wall and solid
bed in rotary kilns. Experimental Heat Transfer, 28 (2015), 174-188
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Pilot Rotary Drum for the Motion Dynamics Analyses C

The transverse motion dynamics of the bulk bed in rotary kilns with and without internals is studied in
batch rotary drums of various dimensions.

Diameter 200...1000 mm
Length 100...300 mm

Rotational Speed 0..30 rpm 6

The rotary drums are positioned horizontally and provided on the front side with a glass wall. Thus, an
insight is offered into the bed. The motion behavior of the particles is taken both with high—resolutiono
cameras as well as with high-speed cameras. With the help of various software and evaluation rou@

the frames are analyzed. @
L 2

Liu, X.: Experimental and theoretical study of transverse solids motion in rotary kilns. PhD Thesis University Magdeburg, 2005
Sunkara, R.K.; Herz, F.; Specht, E.; Mellmann, J.: Influence of flight design on the particle distribution of a flighted rotating drum. Chemical
Engineering Science 90 (2013), 101-109.
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Pilot Tube Furnace for Reaction Analyses

In order to analyze the reactive behavior of a solid bed a thermobalance is available. This is an
electrically heated tube furnace with the following characteristics:

Height 1200 mm Diameter 80 mm
Energy Input 7 kW Temperature 1500°C
In order to ensure a defined atmosphere in the tube a gas stream, such as Air, nitrogen or CO2, is 6

injected at the lower end of the tube. The bulk sample to be examined is located in a cylindrical mesh

tube (V = 300 ml). This vessel is installed on a precision balance, so that continuously change in masso
of the sample can be detected. In addition, thermocouples are in different layers of the sample be
positioned to simultaneously measure the temperature gradients. An exhaust gas analysis at th r

end is provided. \
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Hallak, B.; Woche, H.; Herz, F.; Specht, E.: Einfluss der Ascheschicht auf das Abbrandverhalten stiickiger Kokse und Anthrazite. 26.
Deutscher Flammentag, September 11-12, 2013, Duisburg, Germany

Herz, F.; Hallak, B.; Specht, E.: Experimental study of the combustion of lumpy coke and anthracite particles. Proceedings of the 10th
European Conference on Industrial Furnaces and Boilers (INFUB 2015), April 07-10, 2015, Porto, Portugal
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Laboratory

Measuring Possibilities
= Specific Heat Capacity ¢, (T)
= Phase Change Enthalpy
= Density p (T) (bulk, true, gross)
= Temperature Conduction Coefficient a (T)

= Heat Conductivity A (T) %
= Particle Size Distribution

= Dynamic Angle of Repose @

= Particle Velocity Q

= Fracture Behavior Q

up to 2400°C for example ¢

= Metals (also fluid) o
= Ceramics
* Insulations a

Technology *

= Drying Oven Memmert UN 55 (Temperature range: RT till 300°C\‘\

= Muffle Furnaces (Nabertherm N60/H: Temperature till 1340° herm L5/C6: Temperature
till 1100°C)

= Infrared Pyrometer (Temperature range: RT till 16002

» Infrared-Thermography-System FLIR TG167 (Tempe e: -25°C—-380°C)

= Thermal Analyzer (Simultaneous, calorific und rmo\gravimetric Measurement, coupled
DTA/DSC and TG with a Mass Spectrometry; T erature range -100°C — 2400°C)

= Hot-Disk-Plant (Determination of the Heat ctivity Solids, Fluids and Solid Beds;
Measurement Range: 0.01 — 500 W/m/K; Te rature Range: RT till 750°C)

= Flue gas analyzer

*
= High Speed Camera X-Stream N e 2.0 (420 fps with a resolution of 2560 x 1440; 5000 fps

with a resolution of 2560 x ohng time recording by PCle Highspeed Streaming (till 15 min))
= Ultra High Definition Ca SL

Panasonic DC-GH5 (Sensor 20 MP, Foto and Video 6K-30p and
4K-60p)
= Dynamic ImageAn%‘ ) CAMSIZER P4 (Particle Size: 20 um till 30 mm)
= Sieves / Classifi &r e Size: 20 um till 22 mm)
= Pyknometer é
= Rheometer
= Particle'ardness Tester
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Location C

Kéthen

Kéthen’s graceful historical city center invites visitors to take a stroll. You can discover traces of the

city’s history everywhere - in its over 900 years of existence, this is not only to be found in the

impressive towers, churches, and the castle. Its people were what made Ko&éthen famous
internationally. Especially Johann Sebastian Bach, from whom K&then has the title “City of Bach.” The

composer worked as the conductor for Prince Leopold von Anhalt-Kéthen. A second name is also %
known around the world: Dr. Samuel Hahnemann, founder of homeopathy, worked and researched in

Koéthen. As the global association of doctors “Liga Medicorum Homoeopathica Internationalis” moved

its headquarters from Geneva to Kothen, the city is now considered the “world’s capital ofo

homeopathy.” Q
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