
http://www.diva-portal.org

Preprint

This is the submitted version of a paper presented at Simcenter user conference 2022,
Gothenburg, Sweden, October 6-7, 2022.

Citation for the original published paper:

Holmgren, P. (2022)
Multiphysics simulation of regenerative shaft furnace
In:

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:umu:diva-208131



MULTIPHYSICS SIMULATION OF 
REGENERATIVE SHAFT FURNACE

“TWO STEPS FORWARDS, ONE STEP BACK”

Per Holmgren
Center for Sustainable Cement and Quicklime Production, Umeå University



• Per Holmgren

Ph.D.

per.holmgren@umu.se

• Muhammad Aqib Chishty

Ph.D.

aqib.chishty@umu.se

• Marcus Svensson

Project assistant
marcus.svensson@umu.se

CFD-DEM modelling of shaft kiln 1

mailto:aqib.chishty@umu.se
mailto:aqib.chishty@umu.se


Disposition

1. Background

2. Geometry and meshing strategies

3. Fluid phase modelling and chemical kinetics

4. Solid phase – DEM modelling

5. Future work

CFD-DEM modelling of shaft kiln 2



CHECK

CENTRUM FÖR HÅLLBAR PRODUKTION AV 
CEMENT OCH BRÄND KALK

- Ett mineraltekniskt forskningssamarbete mellan MinFo och Umeå universitet.

Institutionen för tillämpad fysik och elektronik

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

CENTRE FOR SUSTAINABLE CEMENT 
AND QUICKLIME PRODUCTION

- A mineral-technical research collaboration between MinFo and Umeå University.
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Ongoing projects

1. NK-BIO: Förnybara energibärare vid produktion av bränd kalk, Umeå universitet, Nordkalk AB och Energimyndigheten, 2019-2024, 11.2 MSEK.

2. IDS1: Nya bränslen och askreaktioner vid hållbar produktion av cementklinker och bränd kalk, Umeå universitet, Nordkalk AB, SMA Mineral AB, Cementa AB, MinFo och 
Företagsforskarskolan vid Umeå universitet, 2019-2023, 3.0 MSEK.

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

4. TOMO: Karaktärisering av kalksten med synkrotronbaserad mikrotomografi. Umeå Universitet, Nordkalk AB, Vinnova, 0.9 Mkr

5. IDS2: Hållbar produktion av cement och bränd kalk: Termokemiska råvaruegenskaper, Umeå universitet, Nordkalk AB, SMA Mineral AB, Cementa AB och 
Företagsforskarskolan vid Umeå universitet, 2019-2024, 3.0 MSEK.

6. CZ-RP2: CemZero - direktavskiljning av koldioxid från kalcinering av karbonatbaserade råmaterial vid produktion av cementklinker och bränd kalk, Umeå 
universitet, Nordkalk AB, SMA Mineral AB, Cementa AB, MinFo och Energimyndigheten, 2020-2025, 9.0 MSEK. 

7. CZ-RP3: CemZero – Koldioxidfria produkter med elektrifierad tillverkning – reaktivitet hos cementklinker kopplat till tillsatsmaterial, Umeå universitet, Cementa 
AB, SMA Mineral AB, Abetong AB, Betongindustri AB, MinFo och Energimyndigheten, 2021-2025, 16.4 MSEK. 

8. BET-SIM: Increasing the use of renewable energy carriers in Swedish mineral processing industries, Umeå university, Luleå University of Technology, RISE Energy 
Technology Center - Piteå Science Park, and Bio4Energy, 0.7 MSEK, 2021.

9. 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, Umeå University, 3.2 MSEK, 2022-2025.

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

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

12. BET-SIM 2: Paving the road for introducing renewable energy carriers in large industries, Umeå universitet, Luleå  tekniska unversitet, RISE Energy Technology Center, 
och Bio4Energy, 1.6 MSEK, 2022-2023.

13. O2/H2: Syrgas och vätgas i schaktugnar. Umeå Universitet, Cimprogetti, MinFo, SMA Mineral AB, KPAB, Volupe AB, Energimyndigheten. 8.6 Mkr. 2022-2025

14. CircSlag: Cirkulär användning av insatsmaterial och restprodukter vid användning av direktreducerad järnråvara i ljusbågsugn. Umeå universitet, Luleå  tekniska
universitet, Cementa AB, SMA Mineral AB, Nordkalk AB, MinFo, Jernkontoret, LKAB, Höganäs AB, SSAB, ReSource. Förstudie. 500 kkr.

O2/H2: Syrgas och vätgas i schaktugnar. Umeå 
Universitet, Cimprogetti, MinFo, SMA Mineral AB, KPAB, 
Volupe AB, Energimyndigheten. 8.6 Mkr. 2022-2025
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𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2

~16 m tall
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What is a regenerative shaft kiln? 7

Continuous phase

-fast chemical reactions

-short residence time (total residence time 
less than a minute)

Discrete phase

-slow chemical reactions

- Long residence time (total residence time
over 24 hours)
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Geometry

-double shafts that alternate operational 
mode (approx. 12-15 min burn time)

-(Almost) radial symmetry for each shaft

Transient or steady?

Simplifications?
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Model goals?

Model current operation

Allow for fuel changes

Allow for geometry changes

Allow for operational parameter changes

Allow for more solid chemistry (limestone 
composition and impurities)



Geometry and meshing Top (stones and air)

Lances

Outlet

Bottom

Periodic

Periodic
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120°?
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DEM phase modelling. 
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DEM phase modelling. 

?
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GEOMETRY

Support pillars

Lance numbers and distribution
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Bed Packing 16

Size distribution and bed packing assumptions?
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“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
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GEOMETRY

Images
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DEM phase modelling. 

Evaluation geometry 
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Multi-Physics

Parameters influencing the coupled DEM-CFD         
simulation.

Fluid phase (CFD) Solid phase (DEM)
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Energy Sink Energy Source

Pressure drop Solid/void fraction

Gas composition Mass source (CO2, H2O)

Mass source (CO2) Solid reactions
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Particle-particle
Evaluation

Red particle=high residence time



Multi-Physics

Gas phase

• Turbulence (reaction rates via EBU).

• Fuel reactions

Solid phase

• Coarse grains (10 particles per parcel)
• Size distribution (~40-90 mm diameter)

• Particle-particle friction and heat transfer

• Calcination
• Porosity

• Evaporation

Solid-Gas interactions

• Drag and pressure drop

• Heat and mass transfer

• Carbonization (local CO2 partial pressure, 
“CaCO3_B”)
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Multi-Physics

Modelling steps

• Step 1: heating and dehydration: 𝐻2𝑂 𝑠𝑜𝑙𝑖𝑑 → 𝐻2𝑂 (𝑔𝑎𝑠)

• Step2: Calcination 𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2

• Step 3: Carbonization 𝐶𝑂2 + 𝐶𝑎𝑂 → 𝐶𝑎𝐶𝑂3

• Step 4: Gas phase reactions
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CFD & Chemistry

• Step 4: Gas phase reactions (𝑛 and 𝑠 are ‘0’)

• 𝐶𝑥𝐻𝑦𝑂𝑧𝑁𝑛𝑆𝑠 → 𝑥𝐶𝑂 +
𝑦

2
𝐻2 +

𝑛

2
𝑁2 + 𝑠𝑆𝑂2

• 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2

• 𝐻2 + 0.5𝑂2 → 𝐻2𝑂

• Eddy Break-Up?

• 𝐵𝑖𝑜𝑓𝑢𝑒𝑙𝑠!

• Unknown and unclear mechanisms.

• Methane usually used as stand-in.
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Burning limestone to lime?

Two calcination reactions and one carbonization reaction
1. CaCO3(A) -> CaO + CO2

2. CaO + CO2 -> CaCO3(B) – Limited by CO2 partial pressure

3. CaCO3(B) –> CaO + CO2

Calcination – Carbonization - Recalcination

22



Burning limestone to lime?

• 𝑅α= Heat Transfer Resistance
• 𝑅λ= Heat Conduction
• 𝑅𝑘= Chemical Reaction
• 𝑅𝐷𝑃= CO2 Diffusion
• 𝑅β= CO2 Mass Transfer
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Data transfer between shafts? 

Calculate DEM as transient, CFD as steady?
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DEM phase modelling. 

Evaluation geometry (requires less resources) 

DEM CFD

Fine mesh 
Flame chemistry
Turbulence

Coarse mesh
Slow calcination

Granular flow
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DEM phase modelling. 

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

DEM CFD
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DEM phase modelling. 

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

DEM CFD
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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
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Star comes with cell clustering 29



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?
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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 challenging.

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