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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, nor any of their employees, makes any warranty, express or implied, or assumes
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information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
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States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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« Develop a Biogenic Coke Oxidation Kinetic for Biogenic Fluid Catalytic Cracking (BFCC)
Catalyst Regeneration in MFiX.

« Validate the model based on experimental results.
« Design of a 2,500 metric ton per day (mTPD) BFCC regenerator.
« Investigate key parameters regarding the reactor performance.
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Renewable Energy through Catalyst Fast Pyrolysis

« The full CFP process has been experimentally studied

. S at National Renewable Energy Laboratory (NREL).
L — — = « Biomass was pyrolyzed for biofuel.
[%L * Gassiinssnd * Low molecular weight hydrocarbon was formed in
sl Moo pyrolysis vapors.
" L . LQW molecular weight hydrocarbon can be upgraded
FluidizodBod  VaporPhase  pyarotreating with the catalyst.
R sy « A packed bed Vapor Phase Upgrading Reactor (VPU)

Focus of this work

was used.

Catalytic Fast Pyrolysis (CFP)

« Catalyst needed to be regenerated.
+ A fixed bed has been used for catalyst regeneration.

« Different sectors have been studied thoroughly with
MFiX.

* New systems need to be designed for continuous
operation and industrial applications!

Catalytic Upgrading
~ 350-500 °C

Reactors

* Fluidized
+ Bubbling Beds
- BFCCs

Pyrolysis
L )| ~ 500 °C, 100 °C/sec [
Various Reactors

Lignocellulosic
Biomass
Pretreatment

Hydrotreating
Hydrocracking

* Gasoline

C5+

» Debarking
+ Deashing
» Milling

« Grinding
+ Drying

Gases
« CO, CO,H,0

+ Trace Gases
Vapors

* Tars & Oils

+ 35-40 w% Oxygen
Char

» Ren. Diesel
* SAF
+ Fuel Oil

+ Fixed Bed

C4- Gases
+ €O, CO,H,0

+ HC’s & Oxy’s
C5+ Vapors

+ HC’s & Oxy’s

+ 15-25 w% Oxygen
Catalytic Coke
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Biogenic Coke Oxidation Kinetics for Catalyst Regeneration

Kinetics Extraction
via COMSOL

W COMSOL

Chemical Catalysis for Bioenergy

'\‘ ChemCatBio

. Project Background

Zeolite based catalyst regeneration and BFCC optimization

-  Biogenic FCC coke is very different than petroleum FCC coke

Closed cyclone

—  Combined particle scale (simplified) and reactor scale system
—  Two spent catalysts: (a) Geldart B (~700 um) from 2FBR for method development, and (F:I:I’rzllil?ii
(b) FCC (80 um) catalyst from Davison Circulating Riser (DCR) Cracker
Staged
«  Consortium for Computational Physics and Chemistry (CCPC) Toolset Applied: (FCC)  strioper
Split feed
-  COMSOL bed models for deconvolution of combustion kinetics and mass/heat quench
transport effects from Temperature Programmed Oxidation (TPO) data complimented
by spent and partially regenerated particle/coke characterization Jheatng
- MFiX models for pilot- and commercial-scale regenerators, with afterburn (freeboard
combustion), catalyst cooler, etc. Lateral

. Impact and Relevance:

—  First R&D program specifically aimed to understand nature of biogenic coke and
consequences for BFCC design
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Lower Lower

02 Concentration

Coke
Regeneration
Model for BFCC in
MFiX/MFiX-Exa

*e® ®
Regenerator

Spent catalyst distribution

Temperature

Disengager

External plenum

Air distributor

i Y
1 i) L/ &y Dense phase catalyst cooler
!
y

FCC Cracking in
Petroleum Refining,
Fig. 21 (Letzsch, 2014)

Bruce Adkins (ORNL), Mehrdad Shahnam (NETL)




Biogenic Coke Combustion Kinetic Model

(a). Microscopy of sliced partides

Characterization data showing (a)
some core-shell coke profiles in the

particles, (b) coke does not deeply =t

penetrate zeolite pores, and () carbon | |
is present in both aromatic aliphatic

forms (courtesy Kinga Unodic) ——e et

(b). STEM-EELS

A _F

1 " (). 3CNMR

10 %50y inHe, 50 scem  Quanz reacar
10= 10 mm -
Wall thizkress= 1 mm

Therral couple [ 11167
Irsered in calalyst bed | 1500°
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Parameters

200mg L T L ]

Temparatue 'C)

Rate Equations

TPO set-up and typical M5 spectra showing evolution of CO, CO2 and H20
sl {courtesy Huamin Wang)

Reaction Rate Equation Units
1 Low temperature CO> B beos low —Ea%%z,znw
formation on surface Reoz 0w = @coz_tow €Ciow €0, €
High temperature CO; . —Eacoz ni
2 R _ I ObCOZJLL —FRT
formation on surface co2_hi = Ycoz_ni Clni €Y ¢ mol/(m?.s)
Low temperature CO —Eaco low '
3 ) R _ C ObCO_lDW —=&T
formation on surface co_tow = Uco_tow Cliow €U, e
High temperature CO bon . —EGcohi
4 - R =a cCpy; cO, %" e RT
formation on surface co_ni = Qco_ni Clpi CU3
—Eaco_coz
N b X 3
5 CO oxidation Reo co2 = Gco coz Pp €CO €0, e RT mol/(m®.s)

Parameter Units Solver Value
Uco coz m3/(kg.s) 0.2925
Acoz_low 1,087
Acoz hi 1/s 5,102
dco fow 33,881
Uco hi 594,715
beo coz 0.0695
bcoz 1ow 0.5384
beos hi - 0.4793
beo tow 0.6650
beo hi 0.9739
Eaco cos 14,680
Eacos jow 88,103
Eaco; pi J/mol 118,197
Eaco jow 109,677
Eaco pi 143,340
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Kinetics Comparison

Excel, Barracuda, COMSOL, MFiX, MFiX-Exa

« Assumed no internal tfransfer resistances in
the FCC particles, and converted the rate
constants fo use mass basis for carbon
concentration

« Single cell simulation

« Domaini:TmxImx1m (1 m3volume)

* No flow, isothermal

«  MSA 60 m?/g, particle density 1,380 kg/m3
« Four C oxidafion reactions

« (Catalytic) CO oxidation
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Typical Commercial FCC Reactor Operation N = |NATIONAL
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Example of KBR
Orthoflow design
FCC unit.

The cracking reactions take place in 3 seconds or less.

Depending on the feed preheat, regenerator bed, and riser outlet temperatures, the ratio of
catalyst to oil is normally in the range of 4:1 to 10:1 by weight.

The typical regenerated catalyst temperature ranges between 1,250 °F and 1,350 °F (677-732 °C).
The cracking or reactor temperature is often in the range of 925-1,050 °F (496-565 °C).
Typicalrisers are 2 to 7 feet (61 to 213 cm) in diameter and 75 to 120 feet (23 to 37 m) long.

Risers are normally designed for an outlet vapor velocity of 40-60 ft/s (12-18 m/s).

The spent catalyst entering the regenerator usually contains between 0.5 and 1.5 wt.% coke.
Components of coke are C, H, and frace amounts of S and organic nitrogen molecules.

Air distributors are often designed for a 1.0- to 2.0-psi (7-15 kPa) pressure drop to ensure positive air
flow through all nozzles.

In traditional bubbling bed regenerators, there are two regions: the dense phase and the dilute
phase. At velocities common in these regenerators, 2-4 ft/s (0.6-1.2 m/s), the bulk of catalyst
particles are in the dense bed, immediately above the air distributor.

During regeneration, the coke level on the catalyst is typically reduced to, 0.10%.

Sadeghbeigi, Reza. Fluid catalytic cracking handbook: An expert guide to the practical operation, design, and optimization of FCC units. Butterworth-Heinemann, 2020.
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A DEMO FCC regenerator: geometry, dimensions and other parameters.

« A 5t/day DEMO unitis used as a proof-of-concept.
« Reactor dimensions were available.
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MFiX-Exa Settings and BFCC Properties

Gas outlet

Spent catalystinlet

Point source Air inlet

Regenerated Catalyst outlet

(Unitin mm)
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Reactor type: FCC Catalyst regeneration
Reactorsize: 1.5x4.5x 1.5 m

Domain cells: 48 x 48 x 144 (331776)

Drag closure: Wen_Yu

Convective heat transfer correlation: Gunn
Initial bed inventory: ~327.8 kg

Particle tracking method: Particle-In-Cell (PIC)
Parcel number: > 510,000
pic.parcels_per_cell_at_pack = 36.0
Circular point source for air inlet

Biomass feed rate = 5 mTPD

Catalyst to Biomass (CTB) = 9

Spent catalyst flow rate: 0.5208 kg/s

Coke on catalyst: 1.0%

Stoichiometric airflow (AF = 1): 0.0598 kg/s
A real E-catalyst was simulated

Catalyst Particle Size Distribution (PSD)/density were
provided

Initial Temperatures 711°C (984 K)

Gasinlet =711°C (984 K) and Spent catalyst inlet =
544°C (817 K)

274,000 Pa

Volume (%)
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100

80
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40

20

0 —
10°

Paticle diameter (um)

Properties of FCC catalyst

. Coke on spent catalyst: 1.0%

. Mass Fraction C in LOW species: 61.00%
. Mass Fraction C in HIGH species: 39.00%
. Spent catalyst density (kg/m3):1,380.95

. Catalyst D50 (um): 80.0
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Results of 5 Ton Per Day DEMO Reactor with MFiX-Exa NAT'ON,M
Sttt Atk

Catalyst Temperature (K)

» The gas volume fraction, O,, CO,. CO, T, of the central cross-section are shown together with the catalyst
temperature.
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Comparison Between MFIX and MFIX-Exa
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« Both MFIX-Exa and MFIX predicted similar
exit gas composition.

« The MFIX-Exa can reach > 140 s of
simulation time per day with 1 GPU node
on Joule 3 (8 NVIDIA Hopper H100 using
NVLink). (Only 1 GPU node is allowed for
each user.)

* The MFIX-Exa can reach > 300 s of
simulation time per day with 6 CPU nodes
(648 CPU Cores) on Joule 3 (128 cores with
AMD EPYC 9534 64-Core Processor per
node.)
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Scale-up from 5 mTPD to 2,500 mTPD
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1136

252

Gas outlet

Spent catalystinlet

8

Point source Air inlet

Table 1. Dimensions of the FCC regenerator

Khartoum Refinery Company
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Table 2. The data for the regenerator air inlets the for the three

Regenerated Catalyst outlet

(Unitin mm)

U.S. DEPARTMENT OF
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Parameters CASCS
Length of the regenerator (m) 26.19 Base Case  Case (1)&(2)
Length of the top section (m) 12.69 Mass flow rate ( kg/s) 147.5 29.5
Length of the middle section {m) 3.89 Pressure (kPa) 300 300
Length of the bottom section (m) 9.61 H ulic di e 1.5 0.78
Diameter of the top section (m) 9.6 ydraulic diameter (m) ‘ ‘
Diameter of the bottom section (m) 8 Temperature (K) 473 473
Diameter of air inlet {m) 1.95
Diameter of catalyst inlet (m) 1.1
Diameter of outlet{m) 3.51 Table 3. The data for the regenerator catalyst inlet for the three
cascs
Mass flow rate | kg/s) JRR.89
Pressure (kPa) 240
Hydraulic diameter{m) 1.1
Temperature (K) 973

Fig.1. Complete peometry of the Regenerator

Catalyst flow rate = 288.29 kg/s
= 25,000 mTPD (of catalyst)

With the Catalyst to Biomass = 10,
this reactor is the perfect match.

Ahmed, N. A. M., Mustafa, M. A., & Seory, A. M. A. (2016).
Computational fluid dynamics simulation of a fluid catalytic cracking
regenerator. University Of Khartoum Engineering Journal, 5(1).




Numerical Settings

Catalystinlet
288.89 kg/s, 973K

U.S. DEPARTMENT OF

Air distributor
32.10 kg/s, 473K

Reactor type: 2500 mTPD FCC Catalyst
regeneration

Reactor size: 10x 10 x 30 m
Domain CFD cells: 64 x 64 x 192 (786,432)
Drag closure: Wen_Yu

Convective heat fransfer correlation:
Gunn

Initial bed inventory: ~150,700 kg

Particle fracking method: Particle-In-Cell
(PIC)

Parcel number: ~ 1,260,000
pic.parcels_per_cell_at_pack = 24.0
Circular point source for air inlet
Biomass feed rate = 2,500 mTPD
Catalyst to Biomass (CTB) = 10
Spent catalyst flow rate: 288.89 kg/s
Coke on catalyst: 1.0%

Air flow rate: 32.10 kg/s

A real E-catalyst was simulated
Catalyst PSD/density were provided

Volume (%)

100
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80

60

40 -

20 A

10? 10°
Paticle diameter (um)

Coke on spent catalyst: 1.0%

Mass Fraction C in LOW species: 61.00%
Mass Fraction C in HIGH species: 39.00%
Spent catalyst density (kg/m3): 1,380.95

Catalyst D50 (um): 80.0




Air distributor ring configuration study

(a)

Slanted wye bathtub
Distributor
(raised crotch) (weir)

Figure 3. FCC regenerator full combustion designs: (a) single-stage regeneraator; (b) TechnipFMC
two-stage regenerator (adapted from Singh and Gbordzoe [88]).

N- NATIONAL

= |[ENERGY

T L TECHNOLOGY

LABORATORY

Primary Diplegs
Cat Return

WDW Vent
Inlet

Entrained Catalyst Return
Through Cyclone Diplegs

Catalyst OQutlet

Pressure BC

Iﬂuw BC

Injection BC

Secondary Diplegs
Cat Return

I Air Inlet
L I
¥
¥

Fig. 3. Regenerator model — boundary conditions.

“...the airring is the most effective, since the cantilever arms of pipe grid due to their geometry suffer from arms cyclic oscillations and fatigue resulting in
low mechanical life and more downtime, while the ring grid, on the other hand, could sit concentrically, providing maximum coverage of the entire
cross-section of the catalyst bed, providing excellent gas distribution in the annulus of the regenerator. They further argued that the jet penetration from
the ring nozzles enhances uniform mixing and combustion with high resistance to erosion of internals and catalyst attrition.”

Oloruntoba, A., Zhang, Y., & Hsu, C. S. (2022). State-of-the-art review of fluid catalytic cracking (FCC) catalyst regeneration intensification technologies. Energies, 15(6), 2061.

RAJ SINGH, PAUL MARCHANT and STEVE SHIMODA. (2019) Improved distribution of spent catalyst

Singh, R., & Gbordzoe, E. (2017). Modeling FCC spent catalyst regeneration with computational fluid dynamics. Powder Technology, 316, 560-568.
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Air distributor ring configuration study ﬁm&%‘:}“
N T

o . 2 air distributor rings 2 air distributor rings
1 air distributor ring of same heiaht

of different heights




Parcel size study N=|BiERay
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Parcel size x0.5 Parcel size x1/3

Time: 29s Time: 46s Time: 48s

parcels_per_cell_at_pack
= (Vc / Vp) * (ep_cp / statwt)

2 air distributor rings
of different heights

2 w, U.S. DEPARTMENT OF




Grid convergence study N=|NATIONAL
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Time: 46s Time: 36s

2 air distributor rings
of different heights




Summary and Future work N=[HmvA:
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Summary

> A new kinetic model for BFCC catalyst regeneration derived from TPO and COMSOL DNS dataset
were developed and implemented both in MFiX and Exa.

> A new E-catf PSD was incorporated in the new simulations.

» A demo 5 ton-per-day BFCC regenerator was simulated.

> An industrial 2,500 mTPD BFCC regenerator was simulated.

» Key parameters regarding the reactor performance were investigated.

> Air distributor configuration and other simulation parameters were determined.

Next Steps
» Reacting case study of the 2,500 mTPD reactor.

» Reactor optimization and improvement.
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@NETL_DOE

@NationalEnergyTechnologylLaboratory

CONTACT:
Yupeng Xu
yupeng.xu@netl.doe.gov
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