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CFD-DEM modelling of shaft kiln 2

Disposition

1. Background

Geometry and meshing strategies

Fluid phase modelling and chemical kinetics

Solid phase — DEM modelling

9P »® N

Future work
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CHECK 3

CENTRUM FOR HALLBAR PRODUKTION AV
CEMENT OCH BRAND KALK

- Ett mineraltekniskt forskningssamarbete mellan MinFo och Umed universitet.

CENTRE FOR SUSTAINABLE CEMENT
AND QUICKLIME PRODUCTION

- A mineral-technical research collaboration between MinFo and Umeda University.

https://www.umu.se/centrum-for-hallbar-produktion-av-cement-och-brand-kalk

MinFo CEMENTA sma $ON
Foreningen Mineralteknisk Forsknin I - rd kal k
Swedisr? Mineral Processing Flesealgz:h Association ' lI‘Ilﬂ erﬂ' » o

HEIDELBERGCEMEMNT Group

UMEA UNIVERSITY
Institutionen for tilldm sik och elektronik

en for tillimpad fy.


https://www.umu.se/centrum-for-hallbar-produktion-av-cement-och-brand-kalk/

Ongoing projects

NK-BIO: Fornybara energibérare vid produktion av brind kalk, Ume3 universitet, Nordkalk AB och Energimyndigheten, 2019-2024, 11.2 MSEK.

IDS1: Nya briinslen och askreaktioner vid hallbar produktion av cementklinker och brind kalk, Umea universitet, Nordkalk AB, SMA Mineral AB, Cementa AB, MinFo och
Foretagsforskarskolan vid Umea universitet, 2019-2023, 3.0 MSEK.

REFRA: Mechanisms of wearing and ageing of rotary lime kiln burn zone refractory, Umea University and the Government of India, 4.0 MSEK, 2019-2023.

TOMO: Karaktirisering av kalksten med synkrotronbaserad mikrotomografi. Umea Universitet, Nordkalk AB, Vinnova, 0.9 Mkr

O2/H2: Syrgas och vatgas i schaktugnar. Umea
Universitet, Cimprogetti, MinFo, SMA Mineral AB, KPAB,

Volupe AB, Energimyndigheten. 8.6 Mkr. 2022-2025

10.

11.

12,

13

14.

IDS3: Trace elements and reactivity of cement clinker in conventional and future production processes, Cementa AB, and the Industrial Doctoral School for Research and
Innovation, Umea University, 3.2 MSEK| 2022-2025.

PRE-TRACE: A pre-study on the fate of trace elements in quicklime and cement clinker production, Ume university and J. Gust. Richert foundation, 0.4 MSEK, 2021.

CZ-RP4: Fundamental Progerties of stand-alone plasma and plasma in combination with calcium-based bed materials in rotary kilns, Umeé universitet, Chalmers
tekniska hogskola, Nordkalk AB, SMA Mineral AB, Cementa AB, MinFo och Energimyndigheten, 36.5 MSEK, 2021-2025

BET-SIM 2: Pavinﬁ/[the road for introducing renewable energy carriers in large industries, Ume3 universitet, Luled tekniska unversitet, RISE Energy Technology Center,
och BiogEnergy, 1.6 MSEK, 2022-2023.

|02/ Hz2: Syrgas och viitgas i schaktugnar. Umed Universitet, Cimprogetti, MinFo, SMA Mineral AB, KPAB, Volupe AB, Energimyndigheten. 8.6 Mkr. 2022-2025 I

CircSlag: Cirkulir anviindning av insatsmaterial och rest})rodukter vid anviindning av direktreducerad jirnravara i lJjusbagsugn. Umea universitet, Luled tekniska
universitet, Cementa AB, SMA Mineral AB, Nordkalk AB, MinFo, Jernkontoret, LKAB, Hoganas AB, SSAB, ReSource. Forstudie. 500 KKr.

UMEA UNIVERSITY



Regenerative shaft

Exhaust gas

Burner lances

Preheating zone

Cooling zone

feedstone

IHH U ~16 m tall

—

Burning shaft

H Crossover
channel

S~

I
Tyt

Inlet cooling air and
quicklime discharge

feedstone

Combustion air

(MY

)\
INRE

Inlet cooling air and
quicklime discharge

&= Fuel gas

Burner lances

Im ”I ”I - Calcination zone

CaC0O5 - Ca0 + CO,

Cooling zone
~I N = = / //

Limestone bed




Regenerative shaft

feedstone

12-15 min cycle

Burning shaft

Exhaust gas ﬂ
)
Burner lances
Preheating zone m Ql w
Calcination zone \\ I Crossover
channel

Cooling zone

S~

I
Tyt

Inlet cooling air and
quicklime discharge

feedstone

Combustion air

)\
INRE

Inlet cooling air and
quicklime discharge

H H Preheating zone

A &= Fuel gas

Burner lances

m Ql ﬁ Calcination zone

Cooling zone
~I N = = / //

Limestone bed




What is a regenerative shaft kiln?

‘ Regenerative shaft ‘ ‘ Burning shaft ‘
° feedstone feedstone
Continuous phase
Exhaust gas Combustion air
-fast chemical reactions | [ JES—

-short residence time (total residence time

o . o W r T W = Fuel gas
Burner lances
less than a minute)

Burner lances

Preheating zone 2 — w m m Caleination zone
I Crossover l/
. channel /
Cooling zone Cooling zone
Discrete phase N o e o | Cooling

~ ~

-slow chemical reactions 3 ﬂ A\
. . . . H ﬂ H ﬂ ﬂ H | Limestone bed

- Long residence time (total residence time e e
Over 2 4 hourS) quicklime discharge quicklime discharge

UMEA UNIVERSITY



What is a regenerative shaft kiln?

‘ Regenerative shaft ‘ ‘ Burning shaft ‘
Ge O m e try feedstone feedstone
Exhaust gas Combustion air
-double shafts that alternate operational | J—
mode (approx. 12-15 min burn time) _H -r T H,a -t g
Burner lances Burner lances
-(Almost) radial symmetry for each shaft 1
Preheating zone 2 —— Caleina tion zone
I Crossover l/
channel
Transient or steady? el N = = e / Ps Coling zone
Simplifications? \ A A\
H ﬂ H ﬂ ﬂ H ‘leestone bed

Inlet cooling air and Inlet cooling air and
quicklime discharge quicklime discharge

UMEA UNIVERSITY



What is a regenerative shaft kiln?

‘ Regenerative shaft ‘ ‘ Burning shaft ‘
MOdel goals? feedstone feedstone
Exhaust gas Combustion air
MOdel Current Operation /Preheatlngzone1
&= Fuel gas
Allow for fuel changes o ‘ i r T H7 |
Allow for geometry changes preheatingrones —| L —
Allow for operational parameter changes I Crossover l/
. o . Cooling zone / Cooling zone
Allow for more solid chemistry (limestone s N N ¢
composition and impurities) \ ﬂ \
H ﬂ H ﬂ ﬂ H ‘leestone bed
Inlet cooling air and Inlet cooling air and
quicklime discharge quicklime discharge

UMEA UNIVERSITY



Geometry and meShing Top (Stones and air)

Lances

120°7?

Outlet |

Periodic

Bottom
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DEM phase modelling.

farticle Residence Time (s)

146.16
—
126.23
106.31
86.389

66.466

46.543

Temperature (K)

-2635.3

2168.2
1701.2
1234.1
767.06

300.00

UMEA UNIVERSITY




DEM phase modelling.

Particle Mass Fraction of CaO

-0.013056

Temperature (K)

0.010444 2473.9

0.0078334 1922.9

| 0.0052222 11371.9

0.0026111 820.97

?)

0.0000 270.00
?Y
2l

UMEA UNIVERSITY



Support pillars

Lance numbers and dist

14

Temperature (K)
1250.0

1058.0

866.00

674.00
482.00
290.00
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Bed Packing

Size distribution and bed packing assumptions?

“An example of where the porosity plays an important role is the
modelling of thermal rock beds where the rocks are modelled by

DEM, followed by CFD modelling of air flow through the bed”
C.J Coetzee 2016

Bed Porosity
1

<+~ 63 mm—>

<~ 63 mm-—

0.598

mm

«— 100

0.196

UMEA UNIVERSITY

< 63mm-



Rolling resistance 0,02
Restitution 0.8
38°

Rolling resistance 0,01
Restitution 0.8
34,75°

Rolling resistance 0,008
Restitution 0.8
34°

Rolling resistance 0,02
Restitution 0.2
42°

1317.3

1122.5

927.63

7.32.79

537.94

343.09

17
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Particle Temperature (K)



DEM phase modelling.

Particle Mole Fraction of CaO

1.0000

0.80000

0.60000

0.40000

0.20000

0.0000




Multi-Physics

Parameters influencing the coupled DEM-CFD

simulation.
Fluid phase (CFD) Solid phase (DEM)
2 Energy Source — Energy Sink
% Energy Sink —— Energy Source
.&g Pressure drop < Solid/void fraction
;%f Gas composition < Mass source (co,, 1,0)
™ Mass source (co,) —— Solid reactions

Particle-particle
Evaluation
UMEA UNIVERSITY Red particle=high residence time




Multi-Physics

Gas phase Solid phase

» Turbulence (reaction rates via EBU). » Coarse grains (10 particles per parcel)
 Size distribution (~40-90 mm diameter)

* Fuel reactions
» Particle-particle friction and heat transfer
« Calcination

» Porosity
« Evaporation

Solid-Gas interactions

« Drag and pressure drop

 Heat and mass transfer

 Carbonization (local CO, partial pressure,

“CaCO,_B") . &
UMEA UNIVERSITY



Multi-Physics

Modelling steps

 Step 1: heating and dehydration: H,0(solid) - H,0 (gas)
» Step2: Calcination CaC0O; - CaO + CO,

» Step 3: Carbonization CO, + Ca0 — CaC Oy

« Step 4: Gas phase reactions

UMEA UNIVERSITY



CFD & Chemistry

» Step 4: Gas phase reactions (n and s are ‘0’)
CxHy0;NpSs = xCO + 2 Hy + 2Ny + 550,

. CO + H,0 - CO, + H,
¢ HZ + 0502 — H20

« Eddy Break-Up?
* Biofuels!
e Unknown and unclear mechanisms.

* Methane usually used as stand-in.

UMEA UNIVERSITY



Burning limestone to lime?

Calcination - Carbonization - Recalcination

Two calcination reactions and one carbonization reaction
1. CaCO3(A) -> CaO + CO2
2. CaO + CO2 -> CaCO3(B) — Limited by CO, partial pressure
3. CaCO3(B) —> CaO + CO2

UMEA UNIVERSITY



Burning limestone to lime?

N Ry . R, . * Ry=Heat Transfer Resistance
L e * R;= Heat Conduction
DI * R, = Chemical Reaction
H . . Rpp= CO2 Diffusion
e, * Rp= CO2 Mass Transfer
_—>

UMEA UNIVERSITY



Data transfer between shafts?

Calculate DEM as transient, CFD as steady?

UMEA UNIVERSITY



DEM phase modelling.

Soli g : . :
olid Inlet /8as oy et Evaluation geometry (requires less resources)
\

Coarse mesh Fine mesh
Slow calcination Flame chemistry
Granular flow Turbulence

\
.35 000¢ DEM

CFD

UMEA UNIVERSITY



DEM phase modelling.

Data transfer (bed porosity, energy transport, mass transport)

Co-Simulation: Bed porosity

- o

Particle Residence Time (s)

- o

764.31 0.73341
573.55 0.62986
382.78 0.52630
192.02 0.42275
12500 0.21919

DEM

CFD

UMEA UNIVERSITY



DEM phase modelling.

Data transfer (bed porosity, energy transport, mass transport)

Co-Simulation: Flame energy

-T.25559+U‘6

Chemistry Heat Release Rate (W/m#3)

-T.4664E+06

1.0054e+06 1.1731e+06
7.5538e+05 8.7986e+05
5.0533e+05 -5.865?e+ﬂ'5
2.5528e+05 2.9329e+05
0.0023592

DEM

CFD

; 2
¢ Ny

UMEA UNIVERSITY



Data transfer between shafts?

Calculate DEM in each shaft as transient, CFD as steady?
-Unstable and difficult to solve heat transfer.

Star-CCM+ comes with in-built cell clustering for DEM

UMEA UNIVERSITY



Star comes with cell clustering 29

Particle Smooth Source Group

l693e+03

4.53e+03

2.12e+03




Data transfer between shafts?

Calculate DEM in each shaft as transient, CFD as steady?
-Unstable and difficult to solve heat transfer.

Star-CCM+ comes with in-built cell clustering for DEM

Run one shaft, save outlet data to use as inlet data with time delay?

UMEA UNIVERSITY



Data transfer between shafts?

Mole Fraction of CO2 Particle Residence Time (s)

-0.15595 -107.32

0.12482 85.854

0.093692 64.390

0.062563 42.927

0.031433

0.00030320 0.00050000




Data transfer between shafts?

Calculate DEM in each shaft as transient, CFD as steady?
-Unstable and difficult to solve heat transfer.

Star-CCM+ comes with in-built cell clustering for DEM

Run one shaft, save outlet data to use as inlet data with time delay?
-inbuilt naming scheme makes such solution challenging.

Run two shafts in parallel, export/import the DEM parcels between them?

UMEA UNIVERSITY



Regenerative shaft

feedstone
[ ] L
DEM A

Tyt

Inlet cooling air and
quicklime discharge

M

Crossover
channel

Burning shaft

feedstone

(MY

DEM B

INRE

Inlet cooling air and
quicklime discharge

Limestone bed
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Data transfer between shafts?

Calculate DEM in each shaft as transient, CFD as steady?
-Unstable and difficult to solve heat transfer.

Star-CCM+ comes with in-built cell clustering for DEM

Run one shaft, save outlet data to use as inlet data with time delay?
-inbuilt naming scheme makes such solution somewhat challenging.

Run two shafts in parallel, export/import the DEM parcels between them?
-table injector cannot handle parcels.

Two shafts, change boundary conditions?

UMEA UNIVERSITY



Regenerative shaft

feedstone

'l

Exhaust gas

Burning shaft

I Crossover
channel

I
Tyt

Inlet cooling air and
quicklime discharge

\hh’

feedstone

Combustion air

I* 0

)\
INRE

Inlet cooling air and
quicklime discharge

&= Fuel gas

Limestone bed
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Data transfer between shafts?

Calculate DEM in each shaft as transient, CFD as steady?
-Unstable and difficult to solve heat transfer.

Run one coupled shaft, save outlet data to use as inlet data with time delay?
-inbuilt naming scheme makes such solution very challenging.

Run two setups in parallel, export/import the DEM parcels between them?
-table injector cannot handle parcels.

Two shafts, transfer data from outlets. Change boundary conditions?
-closest to realistic, require macros but doable.

-ramping functions

-numerical stability

UMEA UNIVERSITY



Finalize work of base model.

Resolve ramping and switching macros (Winter 2022)
Run on computer cluster (HPC2N High Performance Computing Center North)
Validate against experimental measurements (April 2023)

Add new fuels for future experiments

UMEA UNIVERSITY



Thank you
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